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Summary: The C=C bond plays numerous roles in polymer science. This moiety is
used as a precursor to polymers by addition polymerization and has been incorporated
into m-conjugated polymers. The addition polymerization reaction has been extended
to P=C bonds and the first example of a poly(methylenephosphine) has been
prepared. The new macromolecule is of moderate molecular weight (ca. 10* g/mol)
and the oxidized polymers are air-stable. Poly(p-phenylenephosphaalkene), the first
m-conjugated polymer containing P=C bonds in the backbone, has been prepared. The
UV/Vis spectrum of this polymer shows a red shift in Amax When compared with
molecular model systems.
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Introduction

The development of synthetic methodologies to prepare new polymeric materials with novel
structures and properties is a challenging frontier in chemistry.! Most known polymers contain
backbones composed of combinations of carbon, nitrogen and oxygen, and their properties are
tailored by structural modification of the side-group or main-chain architecture. The
incorporation of inorganic elements into macromolecules is known to lead to materials possessing
unique properties not obtainable by modification of known organic macromolecules. In principle,
it should be possible to prepare a wide range of polymers with interesting structures and
properties using various combinations of main group elements and/or transition metals. A
limitation which has slowed the development of inorganic polymers has been the lack of suitable
synthetic methods for their preparation.

The carbon-carbon double bond in alkenes is one of the most versatile functional groups in

chemistry. The numerous transformations of this functionality form the basis for many important
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industrial and academic pursuits. In polymer science, molecules containing C=C bonds are
essential precursors to many commodity materials through addition polymerization processes. For
example, macromolecules such as polyethylene, polypropylene, polystyrene and poly(acrylates)
are prepared using this route. Recently, the incorporation of the C=C functionality into =-
conjugated polymers has received significant attention due to the remarkable electronic properties
exhibited by these materials.”” For example, doped polyacetylene shows metallic conductivity
and poly(p-phenylenevinylene) is an electroluminescent material.

Despite the remarkable diversity exhibited by the C=C bond in polymer synthesis, there is a
virtual absence of research into using heteroatom containing (p-p)n bonds in polymer chemistry.
We have embarked on a research program directed towards: (i) extending addition polymerization
to other E<E’ bonds (where E and E’ are p-block elements); and (ii) incorporating E=E’ bonds
into n-conjugated macromolecules. Herein, a review of our recent work in these areas will be

provided.

Addition Polymerization

The addition polymerization of olefins is the most important process for the preparation of
commodity polymers. The driving force for the addition polymerization reaction is the
thermodynamic preference of two sigma (o) bonds in the polymer over a sigma (o) plus a pi ()
bond in the alkene. This renders the process highly exothermic. For styrene, the enthalpy of
polymerization (AH,) is —73 kJ/mol.®! The stability of a two 6 bonds over a ¢ bond plus a =
bond is not unique to olefins. Most element-element combinations of the heavier p-block
elements (n>2) have a thermodynamic preference to form compounds with a fully sigma bonded
structure rather than one containing (p-p)n bonds. Thus, by analogy to olefins, the polymerization
of compounds possessing E=E’ bonds should also be thermodynamically favourable.

The key feature of alkenes that makes them suitable for polymerization is that, in addition to their
thermodynamic instability with respect to polyolefin, there is a large activation barrier to this
reaction. This kinetic stability allows olefins to be isolated, purified and later treated with an
initiator for polymerization to obtain high molecular weight polymers. Unfortunately, double
bonds containing elements of the second and subsequent rows lack kinetic stability and it was

long believed that heavier elements could not form stable compounds with multiple bonds
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involving pn-pn overlap.m For example, the structure of phosphorus is P4 rather than P, and
silicon dioxide (SiO;) is polymeric whereas its congener CO; is molecular.

In the late seventies and early eighties methods were developed to kinetically stabilize (p-p)n
bonds involving the heavier p-block elements. The employment of sterically bulky groups
imposes a large activation barrier to oligomerization and facilitated the preparation of numerous
compounds with (p-p)x bonds (see Figure 1). In particular, early breakthroughs in this area
involved the isolation of compounds with P=N,"¥ p=C 6 7 p=C ® si=C,® 8i=Si"'¥ and p=P!'!
bonds. Today, the development of multiply bonded systems containing the heavier main group
clements remains an active area of invcstigation.[m Like olefins, these systems are kinetically
stable but thermodynamically unstable with respect to polymerization. Therefore, by employing
the right combination of bulky substituents, the compounds in Figure 1 are potential monomers

for the synthesis of inorganic polymers using addition polymerization.

(vii) (viii)

Figure 1. Examples of known systems which possess stable multiple bonds involving the heavier
elements of Groups 14 and 15.

Addition Polymerization of Phosphaalkenes
As a starting point to the investigation of addition polymerization for inorganic multiple bonds,
we chose to investigate the polymerization of the well-established phosphaalkenes (or

methylenephosphines).“3] We have been exploring the reactions of kinetically stable
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phosphaalkenes with potential initiators for polymerization. Our initial studies focused on the
hindered phosphaalkene (1) which possesses the very bulky supermesityl (Mes*=2,4,6-tri-tert-
butylphenyl) substituent on phosphorus and hydrogen substituents on carbon. Compound 1 was
chosen because large substituents would only be found on every second atom in a polymer which
may hinder cycloaddition reactions and favour chain formation. Phosphaalkene 1 was
conveniently prepared from supermesitylphosphine and CH,Cl, in the presence of KOH

following the literature procedure.”*!

Bu o
KOH P=C
Mes*PH, + CH,Cl, ————= \
tBu
Bu
1

The stoichiometric reaction of 1 with Lewis and protic acids was explored as a means to

understand the possible initiation step in a cationic polymerization reaction.!'”

Two possible
modes of coordination were considered. Based on electronegativity arguments it is possible that
electrophiles would add to the double bond at carbon generating a phosphenium ion 2. This
would represent the desired initiation step in a polymerization reaction. Alternatively, due to the
close energy of the (p-p)n orbital and the lone pair on phosphorus, the electophilic reagent may
simply form a coordination adduct 3. There is precedence for this mode of coordination from the

reaction of the phosphaalkene '‘BuP=C('Bu)H with AICl;."'®!

e
we © Cl,G H
P .GaCl, a\p=c/
Mes C /® A\
H, Mes* H
2 3

Interestingly, when 1 was treated with the Lewis acid GaCls, neither the phosphenium ion 2 nor
the adduct 3 were observed.!'” An X-ray crystallographic analysis of the product 4 revealed that
an intramolecular C-H activation of one of the ortho-Bu groups of Mes* had occurred. The
organometallic compound 4 may be envisaged as a coordinated ylide. Mechanistic studies of this
reaction and a related reaction of 1 with triflic acid showed that the mechanism involved initial
formation of the adduct 3 followed by rearrangement to 2 and subsequent rapid intramolecular

oxidative addition of the C-H bond to the divalent phosphenium centre giving 4.
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Due to the problem of C-H activation when employing the supermesityl substituent, other stable
phosphaalkenes with minimal steric protection were sought which would not show the same
propensity for intramolecular C-H activation. The phosphaalkene 5, which contains the smaller
mesityl substituent at phosphorus, attracted our attention. This compound was first prepared in
1978 from the base-induced dehydrochlorination of MesP(CD)C(H)Ph,."! We followed another
procedure which involves the reaction of bis(trimethylsilyl)mesitylphosphine with benzophenone
in the presence of a catalytic quantity of NaOH.'”! Compound 5 was vacuum distilled and the
residue from distillation contained a gummy material which solidified upon cooling. The p, 'H
and 'C NMR spectra of the residue were consistent with a polymeric material containing
trivalent phosphines. Poly(methylenephosphine) 6 was purified by precipitation with hexanes to
remove molecular impurities.[lg] The molecular weight of this new polymer was estimated to be

about 14,000 g/mol using GPC vs. polystyrene.

Me Ph

/ Ph
P=q pt
- - —
Ph | 1
Mes Ph |,
Me
Me
5 6

Polymer 6 has proven to be easily functionalized."® An air stable phosphine oxide polymer 7
was prepared rapidly and quantitatively from 6 using hydrogen peroxide. This new material
shows no weight loss until 320 °C when analyzed using TGA. The phosphine sulfide polymer 8
was prepared from the reaction of 6 with elemental sulfur. The new polymers 7 and 8 had

molecular weights comparable to that of 6.
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In experiments with potential initiators, we found that the polymerization of 5 can be initiated at
150 °C using anionic initiators such as MeLi or BuLi'® The poly(methylenephosphine) 6 was
isolated in good yields and exibited spectroscopic properties identical to those for the polymer
obtained by thermolysis. Reasonable molecular weights (ca. 5,000 — 10,000 g/mol) were

obtained for several experiments using methyllithium as an initiator.

): h MeLl
_P=C
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Incorporation of P=C Bonds into n-Conjugated Polymers

Polymers containing n-conjugated backbones are currently attracting significant attention due to
their interesting properties. We have been investigating the possible incorporation of inorganic
multiple bonds into m-conjugated polymers by the replacement of the C=C bonds in poly(p-
phenylenevinylene) with P=C bonds. The synthetic strategy employed involves the condensation
of a bis(trimethylsilyl)arylphosphine with an acid chloride followed by [1,3]-silatropic
rearrangement as the key P=C bond forming step.! ' Y The thermal condensation reaction of
the silylated 1,4-diphosphinobenzene 9 and the bis(acid chloride) 10 gave poly(p-
phenylenephosphaalkene) 11 which was purified by precipitation with hexanes.*"! A molecular
weight of ca. 6,300 g/mol was estimated for one sample of the polymer 11 by using end-group
analysis. The ratio of Z-isomer (phenylenes are frans) to E-isomer (phenylenes are cis) for

several samples of polymer ranged from 1.05-1.14.
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Two molecular models for the polymer were prepared using the route described for the synthesis
of 11. Compounds 12 and 13 were fully characterized using NMR spectroscopy, mass

spectrometry and microanalysis.’?"]

The Z/E ratios were 0.85 and 1.27, respectively. The
electronic structure of the polymer and the two model compounds was investigated using UV/Vis
spectroscopy. Absorbances were observed for 12 (Amax = 310 nm) and 13 (Amax = 314 nm), whilst
the polymer 11 which had a molecular weight of 6,300 g/mol showed a significant red-shift in its
absorbance maximum (Apgx = 334 nm).*"! This red-shift suggests some degree of m-conjugation

through the phenylene and P=C moieties in the polymer.
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Summary

In closing, we have shown that the addition polymerization reaction, a general method for the
polymerization of alkenes, can be extended to P=C bonds. A new air-stable class of
macromolecule containing phosphines in the main chain has been prepared from a
phosphaalkene. The first mn-conjugated polymer containing alternating phenylene and
phosphaalkene moieties has been prepared and is an inorganic analogue of poly(p-

phenylenevinylene).



278

[1] See, for example: R. D. Archer, “Inorganic and Organometallic Polymers”, Wiley-VCH, New York, 2001; L.
Manners, Angew. Chem. Int. Ed. Engl. 1996, 35, 1602; H. R. Allcock, Adv. Mater. 1994, 6, 106; J. E. Mark, H.
R. Allcock, R. West, “Inorganic Polymers”, Prentice Hall, New Jersey, 1992.

[2] For reviews, see: “Handbook of Conducting Polymers”, T. A. Skotheim, R. L. Elsenbaumer, J. R. Reynolds,
Eds., Dekker, New York, 2 Ed., 1998; A. Kraft, A. C. Grimsdale, A. B. Holmes, Angew. Chem. Int. Ed. Engl.
1998, 37, 402; W. J. Feast, J. Tsibouklis, K. L. Pouwer, L. Groenendaal, E. W. Meijer, Polymer, 1996, 37, 5017.

[3]1 G. Odian, “Principles of Polymerization”, Wiley & Sons, New York, 1991.

[4] This is sometimes termed “the double bond rule” and it still holds true for simple systems. For recent
discussions of this rule and its history, see: P. Jutzi, Angew. Chem. Int. Ed. 2000, 39, 3797; P. Power, Chem.
Rev. 1999, 99, 3463.

[5]1 E. Niecke, W. Flick, Angew. Chem. Int. Ed. Engl. 1973, 12, 585.

[6] G.Becker, Z. Anorg. Allg. Chem. 1976, 423, 242.

[7]1 C.Klebach, R. Lourens, F. Bickelhaupt, J. Am. Chem. Soc 1978, 100, 4886.

[8] G. Becker, G. Gresser, W. Uhl, Z. Naturforsch. 1981, 36b, 16.

[91 A. G. Brook, F. Abdesaken, B. Gutekunst, G. Gutekunst, R. K. Kallury, J. Chem. Soc. Chem. Commun. 1981,
191.

[10]R. West, M. J. Fink, Science 1981, 214, 1343.

[11]M. Yoshifuji, I. Shima, N. Inamoto, J. Am. Chem. Soc. 1981, 103, 4587.

[12]For reviews, see: P. P. Power, Chem. Rev. 1999, 99, 3463; P. Jutzi, Angew. Chem. Int. Ed. 2000, 39, 3797, P. P.
Power, J. Chem. Soc., Dalton Trans. 1998, 2939; M. Yoshifuji, J. Chem. Soc., Dalton Trans. 1998, 3343; M.
Driess, H. Griitzmacher, Angew. Chem. Int. Ed. Engl. 1996, 35, 828; N. C. Norman, Polyhedron, 1993, 12,
2431; E. Niecke, D. Gudat, Angew. Chem. Int. Ed. Engl. 1991, 30, 217; M. Regitz, Chem. Rev. 1990, 90, 191;
R. West, Angew. Chem. Int. Ed. Engl. 1987, 26, 1201; A. H. Cowley, Polyhedron, 1984, 3, 389.

[13]1For reviews, see: K. B. Dillon, F. Mathey, J. F. Nixon, “Phosphorus: The Carbon Copy”, Wiley, New York,
1998; L. Weber, Eur. J. Inorg. Chem. 2000, 2425; A. C. Gaumont, J. M. Denis, Chem. Rev. 1994, 94, 1413; F.
Mathey, Acc. Chem. Res. 1992, 25, 90; R. Appel, in “Multiple Bonds and Low Coordination in Phosphorus
Chemistry”, M. Regitz, O. J. Scherer, Eds. Thieme, Stuttgart, 1990.

[14]1R. Appel, C. Casser, M. Immenkeppel, F. Knoch, Angew. Chem. Int. Ed. Engl. 1984, 23, 895.

[15]C.-W. Tsang, C. A. Rohrick, T. S. Saini, B. O. Patrick, D. P. Gates, Organometallics 2002, 21, 1008.

[16]E. Niecke, E. Symalla, Chimia 1985, 39, 320.

[1710. Mundt, G. Becker, W. Uhl, Z. Anorg. Allg. Chem. 1986, 540/541, 319.

[18]C.-W. Tsang, M. Yam, D. P. Gates, J. Am Chem. Soc. 2003, 125, 1480.

[19]G. Becker, Z. Anorg. Allg. Chem. 1977, 430, 66.

[20] G. Becker, O. Mundt, Z. Anorg. Allg. Chem. 1978, 443, 53.

[21]V. A. Wright, D. P. Gates, Angew. Chem. Int. Ed. 2002, 41, 2389.





