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Abstract

The phosphazene ligands spiro(biph)tetrakis(2-oxypyridine)cyclotriphosphazene (L"),
spiro(biph)tetrakis(4-methyl-2-oxypyridine)cyclotriphosphazene (L), and
spiro(biph)tetrakis(6-methyl-2-oxypyridine)cyclotriphosphazene (L?) have been
synthesised and characterised as small molecule templates for the polymeric analogues.
Complexes of each ligand with selected transition metals have been synthesised and
characterised. Where X-ray crystal structures have been obtained, the predominant
geometry is a five-coordinate trigonal bipyramidal (TBP) form, though variations exist.
In solution, [CuL*Cl,] retains the TBP form whereas [CoL*Cl,] rearranges to a
tetrahedral geometry. In order to elucidate this behaviour, diamagnetic complexes were

synthesised and variable temperature NMR (VITNMR) studies conducted.

The complexes [ZnL?Cl,], [CAL*Cl,] and [HgL2C12] exhibit fluxional behaviour as
monitored by VINMR studies. The X-ray structure of [CdL*Cl,] contains three
molecules in the unit cell that demonstrate what is thought to be the first evidence for a
fluxional mechanism in phosphazene compounds. The complex [ZnL*Cl,] exists at low

temperature as discernable major and minor species.

Polyphosphazene analogues have been synthesised and complexed with selected
transition metals. The polymer complexes display variations in solubility and stability
which is postulated to be due to the ratio of side group substitution, position of the
pyridyl methyl group and the nature of the complexing metal. A number of the
polymers degrade prior to workup, possibly as a result of base-promoted attack on the
backbone by the pyridyl nitrogen atoms. Electronic spectra reveal that where soluble,
the Co(II) polymer complexes have a tetrahedral geometry, whereas the Cu(Il) polymer
complexes distort between TBP and square-based pyramidal dependent on the ratio of

metal used. Polymer complexes with Zn(II) demonstrate fluxional behaviour.
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Figure 31 "H VT NMR spectra for proton H3 in [CdL*Cl,] in CD,Cl,
relative to TMS

Figure 32 "H VT NMR spectra for proton H3 in [HgL*Cl,] in CD,Cl,
relative to TMS

Figure 33 "H VT NMR spectra for [ZnL*Cl,]

Figure 34 "H VT NMR spectra for [ZnL*Cl,]

Figure 35 Experimental (left) and calculated (right) lineshape
fitting for [CAL*Cl,]

Figure 36 Attempted lineshape modelling of the [ZnL*Cl,]
'H VT NMR spectrum

Figure 37 [HgL’Cl,]*'P{'H} NMR at 298 K (top) and 223 K

Figure 38 *'P{'"H} NMR for [ZnL*Cl,] at 298 K - 193 K

Figure 39 Schematic diagram of the major and minor species present
in the *'P{'"H} NMR of the [ZnL’Cl,] complex at 193 K

Figure 40 *'P{'"H} COSY NMR for [ZnL’Cl,] in CD,Cl, at 193 K
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Figure 41 *'P{'"H} NMR at 198 K — Top [ZnL>Cl,], bottom [ZnL>Cl,]
plus free L*

Figure 42 *'P{'H} NMR at 223 K - Top [HgL>Cl,] and bottom [HgL>Cl,]

plus free L2

Figure 43 *'P{'"H} NMR at 198 K — Top [CdL*Cl,] and bottom [CdL*Cl,]

plus free L*

Figure 44 Top: Room temperature configuration with rapid exchange between

pyridine rings. Bottom: Possible configurations at low temperature

Chapter 5

Table 1 Results of water concentration reported by MacCallum et al.
Samples were heated for 24 hours at 236°C

Table 2 Data for reactions of [NP(biph)s(20-4-MePy)g13], With
MCI; in CH,Cl,

Table 3 Data for reactions of [NP(20-6-MePy),], with MCl, in CH,Cl,

Table 4 Effect of side group on T,

Table 5 T, values for the free polymers

Table 6 GPC results for the free polymers

Table 7 Electronic Spectral Data for the polymer/CoCl, complexes
and with tetrahedral [CoCl,(4-MePy),] for comparison

Table 8 Change in J coupling with addition of CoCl,

Table 9 UV-visible data for [NP(20-6-MePy)], coordinated to CoCl,

Table 10 Summary of Electronic Spectral Data for
[NP(biph).66(20-4-MePy)( 33]n With CuCl,

Table 11 UV-visible peak data for varying mole ratios of CuCl,

Table 12 UV-visible data for [NP(20-6-MePy), ], with CuCl,

Table 13 Summary of *'P{'H} NMR data for the Zn(1I)
polymer complexes

Table 14 NMR shifts (ppm) relative to phosphoric acid on formation
of polymer complexes

Figure 1 General scheme for thermal ROP

Figure 2 Proposed reaction mechanism for bulk thermal

polymerisation of [N3P3Cl¢] from De Jaeger et al.
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Figure 3 Two possible routes to polymer substitution

Figure 4 Ring strain induced by transannular ferrocene

Figure 5 Schematic route for the living cationic polymerisation reported

by Allcock et al.

Figure 6 Products from the reaction of pentaphenoxymonochlorocyclo-

triphosphazene with (a) aminopyridine and (b) 2-aminoethylpyridine.
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Figure 7 Left: achiral {[NP(O,C2Hg)]o7 [NP(OC5H4-Ru(776-p-cymene)C12)2]0.3}n

and Right: chiral {[NP(O1CaoH12)]0o[NP(OCsH4N)(OC sH4N-Ru(5°-p-

cymene)Cl;]o.1 } n» complexes reported by Carriedo et al.
Figure 8 Tungsten carbonyl complex reported by Carriedo et al.
Figure 9 31P{IH} NMR spectrum for [NP(TFE);],
Figure 10a [NP(biph)¢6(20-4-MePy)¢33]n + CoCl, (6:1)
Figure 10b [NP(biph)¢.ec(20-4-MePy)33]n + CoCl; (2:1)
Figure 11 [NP(20-6-MePy),], + CoCl, (6:1)

Figure 12 31P{IH} NMR in CH,Cl, for [NP(20Py),], showing degradation

during reaction

Figure 13 Possible initiation step for base-promoted degradation

Figure 14 *'P{'"H}NMR spectra showing degradation with time of
[NP(biph),, ,,(20Py), 1

Figure 15 *'P{'"H}NMR spectral study of [NP(biph)o.66(20Py)033]n
in CH,Cl,

Figure 16 Degradation of [NP(20-4-MePy); ],

Figure 17 Degradation of [NP(biph)g33(20-4-MePy)o.66]n

Figure 18 *'P{'"H}NMR spectrum for [NP(biph)g.¢6(20-4-MePy)33]n

Figure 19 Left: Hydrated polymer precipitated from water.
Right: Elongation in the hydrated form

Figure 20 *'P{'"H}NMR spectrum for [NP(20-6-MePy), ], relative to
phosphoric acid

Figure 21 31P{IH}NMR spectrum for [NP(biph)¢ 33(20-6-MePy)o.66]n
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Figure 22 *'P{'"H}NMR spectrum for [NP(biph)g.¢6(20-6-MePy)33]n -
Inset shows bimodal splitting in the peak at -7.9 ppm

Figure 23 Samples in CH,Cl, of [NP(biph)¢6(20-4-MePy)g 33], with,
from left: CoCl, 6:1. CoCl, 2:1, CuCl, 6:1, CuCl, 2:1

Figure 24 UV-visible spectra for the polymer/CoCl, complexes in
CH,Cl, solution

Figure 25 Tetrahedral arrangement around tet-[ZanClz]-SCHQCIZ
Thermal ellipsoids are drawn at 50% probability (hydrogen

atoms and occluded solvent removed for clarity)

Figure 26 Cis-trans planar skeletal conformation of polyphosphazene

Figure 27 Possible pseudo-tetrahedral geometry around the cobalt centre
from geminal or non-geminal 2-oxypyridine groups

Figure 28 Polymer doping with CoCl, in methanol

Figure 29 'H NMR spectrum of [NP(Biph)¢ 66(20-4-MePy)¢ 33], polymer with
successive sub-molar additions of methanol

Figure 30 "H NMR of [NP(Biph).6(20-4-MePy)33]» polymer showing line
broadening with low concentrations of CoCl; (the peak at 5.3 ppm is
due to the solvent)

Figure 31 Controlled doping experiment to assess the point of precipitation

Figure 32 Possible crosslinking through Co(II) centres

Figure 33 Proposed intramolecular rearrangement for the CuCl, (6:1) complex

Figure 34 Concentration dependence of CuCl, spectral shifts in CH,Cl,

Figure 35 Possible formation of a five coordinate polymeric copper complex
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Figure 36 A plausible geometric arrangement to explain the UV-visible spectrum 224

Figure 37 Summary of energy ranges for closely related CuNy chromophores
with different stereochemistries - (Modified from Lever)
Figure 38 Doping of [NP(20-6-MePy), ], with CuCl, in CH,Cl,
Figure 39 Possible crosslinking via the Cu(Il) centre
Figure 40 *'P{'H} NMR spectra at 298 K for ZnCl, polymer complexes
Figure 41 *'P{'H} NMR studies of [NP(20-6-MePy),], with ZnCl,
in CH,Cl,
Figure 42 *'P{'H} NMR studies of [NP(20-6-Mepy), ], with ZnCl, (6:1)
in CH,Cl,
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