Main-group-based rings and polymers
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The synthesis and study of heterocycles containing main-group
elements have played a pivotal role in the development of
inorganic chemistry. Well known ‘text-book’ classes of
inorganic rings include the cyclic phosphazene 1, which was
first prepared by Liebig and Rose! in 1834, and borazines
such as 2, the initial example of which was first synthesized by
Stock and Pohland? in 1926. A further example is provided by
sulfanuric chloride 3 which has been known since the 1950s. It
is noteworthy that the ring skeletons in phosphazenes 1 and
borazines 2 have been shown to be very robust and to permit
facile halogen atom replacement reactions.* This chemistry has
been well studied and has provided much useful information on
nucleophilic substitution reactions in inorganic chemistry. The
bonding used to describe structures such as 1-3 and the pos-
sible application of the label ‘inorganic benzene’ has been the
subject of much debate.

Current research continues to uncover fascinating new ring
systems which pose intriguing questions with respect to their
bonding or which exhibit unexpected reactivity. Some note-
worthy examples include 6n-electron gallium-based systems
and pseudo aromatic cyclic silylenes,>® novel cyclic tellurium
imides,” and interesting aluminum-pnicogen heterocycles®
among others.® In addition to these important fundamental
questions, a further reason for studying inorganic rings is their
potential use as precursors to polymers and solid-state
materials.

The synthesis of long chains of atoms of inorganic elements,
inorganic polymers, provides a substantial synthetic challenge
but is motivated by the possibility of accessing new materials
with interesting and useful properties.’® The most well known
and widely used current routes to high molecular weight poly-
siloxanes 4,** polyphosphazenes 5, and poly(carbosilanes) 6*3
involve a ring-opening polymerization (ROP) reaction. With
this in mind, interest in the polymerization behaviour of other
inorganic rings has recently gathered momentum. Polysilanes
7, poly(carbophosphazenes) 8,** and poly(thiophosphazenes)
9% represent examples of well characterized polymers which
have been successfully prepared by ROP in the past decade.

The use of inorganic rings to construct solid-state materials
with novel properties has also been successfully developed. For
example, materials with interesting electronic, magnetic and
conductive properties have been prepared from sulfur—nitrogen
or selenium-nitrogen heterocycles.'’”*® In addition, inorganic
rings have attracted considerable attention as precursors to cer-
amics via thermolysis: examples include the use of aluminum-
nitrogen or gallium-arsenic heterocycles to prepare AIN and
GaAs, respectively.’*®

In this perspective we describe two areas of research on main
group heterocycles which have been pursued in our research
group. These involve, first, boron—-nitrogen—phosphorus hetero-
cycles and secondly, rings of sulfur(vi), nitrogen and phos-
phorus atoms. Our focus has been on the discovery of new
structures and reactivity and, in particular, on the potential use
of these species as precursors to new polymers via ROP
reactions.
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Boron-Nitrogen—Phosphorus Rings
Early work on B-N-P heterocycles

Cyclic species containing boron, nitrogen, and phosphorus
atoms were first described about 30 years ago. The first report
of a BP,N; ring was published by Sherif and Schmulbach?
in 1966 and described the use of a [5 + 1] cyclocondensation
reaction between [H,NPh,P=N=PPh,NH,]JClI and RBCI,
(R=Ph or CI) to yield boron-nitrogen—-phosphorus heterocy-
cles. However, by present day standards, the characterization
was poor.?* Nevertheless, applications of these rings as pesti-
cides were claimed in a patent.?

The perchlorinated boratophosphazene 10 was subsequently
synthesized by two very similar routes. In 1968 Becke-Goehring
and Miller® reported the reaction of [Cl,;P=N=PCIL,]CI with
BCl; and [MeNH,]CI in 1,2-dichloroethane and gave a 77%
yield of 10. In 1971 a slight modification of the Becke-
Goehring synthesis was reported by Binder.** This route
involved the reaction of [Cl;P=N=PCI,]BCI, with [MeNH]CI
and gave improved yields of 84-90%. Convincing structural
characterization of this white crystalline compound was pro-
vided by NMR spectroscopy. For example, *'B NMR showed a
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Fig. 1 Molecular structure of the boratophosphazene 10. Reproduced
from ref. 26 with permission
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singlet resonance ["'B § 6.2 (t) in 1,2-dichloroethane] which
indicated that the boron atom was four-co-ordinate and there
was no dissociation of the B-Cl bonds in solution.?® In add-
ition, Binder and co-workers reported studies of the halogen
replacement reactions of 10 to afford a variety of well charac-
terized products. In most cases, the reactivity of the B—Cl bonds
was found to be greater than those of the P—CI units.

Synthesis of borazine—phosphazene cations

When our group initiated research in this area in 1991 we were
surprised to find that there were no reports of X-ray crystallo-
graphic studies of these boron-nitrogen—-phosphorus ring sys-
tems. We therefore determined the structure of the boratophos-
phazene 10 (Fig. 1) which was synthesised by Binder’s route.?®
The structure showed that the BP,N, ring deviates significantly
from planarity with the boron atom substantially removed [by
0.39(1) A] from the best plane of the other five ring atoms.
However, the most interesting features of the structure of 10
involve the environment at the boron atom. Surprisingly, one
boron—chlorine bond adopts an equatorial position approxi-
mately located in the best plane of the ring, whereas the other
boron—-chlorine bond is in an axial position and is approxi-
mately perpendicular to the ring plane. Moreover, the axial
boron—chlorine bond is much longer than the equatorial bond
[1.903(4) vs. 1.847(5) A] suggesting that the axial chlorine atom
is fairly close to heterolytic dissociation. Significantly, as men-
tioned above, this structure was not predicted by B NMR
spectroscopy which indicated that boron was in a tetrahedral
environment (in 1,2-dichloroethane).

In view of the distorted environment at boron in 10, we
attempted halide abstraction using the Lewis acid GaCl,. This
allowed us to access the borazine—phosphazene hybrid ring 11,
which was well characterized spectroscopically by B, *'P, *H,
and **C NMR spectroscopy.? Significantly, the *'B NMR spec-
trum in CH,CI, of 11 clearly showed that boron was in a planar
‘borazine-like’ environment with a broad resonance at § 31.7
which is similar to that of [CIBNMe], (**B § 31.2). Conclusive
evidence for the abstraction of chlorine at boron was provided
by X-ray analysis of colourless crystals obtained from the reac-
tion mixture. The structure of 11 (Fig. 2) clearly showed that
there are no significant interactions between the tetrachlorogal-
late anion and the borazine-phosphazene hybrid cation. In
addition, and in contrast to the situation in 10, the structure of
11 showed that the B-N-P ring was virtually planar. Of particu-
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Fig. 2 Molecular structure of the borazine-phosphazene hybrid 11.
Reproduced from ref. 26 with permission
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lar note is that the boron-nitrogen bond length in 11 [1.429(10)
A] was significantly shorter than that in 10 [1.533(5) A] and is
typical for borazines (1.43 A),% suggesting a large degree of n-
bonding in 11 which is formally a 6r-electron system.

Skeletal substitution reactions

Remarkably, attempts to generate further examples of salts of
the borazine—-phosphazene cation in 11 with fluorinated coun-
ter anions rather than [GaCl,]” have uncovered a new class of
reaction for heterocycles containing boron.?® Thus, treatment
of the boratophosphazene 10 with the silver(1) salts Ag[AsF]
or Ag[SbF;] gave the completely unexpected arsenic(v)- and
antimony(v)-containing heterophosphazenes 12 and 13a or
13b.

A side view of the structure of 12 (Fig. 3) shows that the six-
membered ring adopts a boat conformation with both the
arsenic and a nitrogen atom [N(1)] above the plane of the other
four ring atoms. Although arsenic(v)-nitrogen—-phosphorus
rings such as [(NAsPh,)(NPPh,),] are known,?** to our know-
ledge there are no structurally characterized examples of
antimony(v)-containing heterophosphazenes.t This reaction has
potential to generate a wide variety of heterophosphazenes and
may even be generalized to other boron-containing ring
systems.

t An SbY heterophosphazene was claimed,®* however recent unsuccess-
ful attempts to reproduce these results® raise some doubts about the
validity of the original work.



Fig. 3 Molecular structure of the arsenic(v) heterophosphazene 12.
Reproduced from ref. 28 with permission
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Of particular note is that, in general, reactions where an
atom in a ring is replaced by another atom (‘skeletal substitu-
tion’) are extremely rare, and to our knowledge unprecedented
for boron-containing heterocycles. Previous examples of skel-
etal replacement in inorganic rings include the reactions of
titanocene chalcogenide heterocycles with Group 16 dihalides
to form rings where titanium has been replaced by a chalcogen
atom,* and the use of zirconocene-containing metallacycles to
prepare various main-group heterocycles.® In addition, trans-
metallation reactions of SnS,N, rings with Pt complexes to
yield PtS,N, rings have been observed.* The zirconocene reac-
tion has been generalized to allow the synthesis of a number of
new rings, including heterocycles containing gallium and
phosphorus.®*

A major interest for us concerning boron-nitrogen—
phosphorus rings involves their polymerization behaviour. To
date, attempts to induce the ROP of species such as 10 at
elevated temperatures have been unsuccessful. Some of the
products formed at 250 °C include the borazine [CIBNMe]; and
oligophosphazenes [CI,PN], (x = 4-8). However, studies of the
ROP behaviour of related species are ongoing. In this article we
now turn to our studies of another ring system which we found
does afford ring-opened polymers on thermal treatment.

Sulfur—Nitrogen—Phosphorus Rings and Polymers
Previous work on SY'-N-P rings

One of the most well studied heterophosphazenes is the thio-
nylphosphazene 16 which was first prepared in 1972 by two
different low yield routes. van de Grampel and co-workers®
reported the synthesis of small quantities of this species via the
vacuum thermolysis of CI;P=N-PCI=N-SO,CI. An alternative,
low yield route was provided by Klingebiel and Glemser * using
a [3 + 3] cyclocondensation route between [Cl;P=N=PCI,]PCl;
and sulfamide SO,(NH,),. The best synthetic route to 16 is
that described by Suzuki et al.*®* in 1983, which involves
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the reaction of sulfamide with PCl; followed by a [5 + 1]
cyclocondensation reaction between the bis(phosphazo)sulfone
14 with hexamethyldisilazane. The chlorination of the cyclic
species 15 is accomplished by reaction with PCI; in a mixture of
EtOH-CHCI, affording 16 in yields of 40-75%. Two com-
prehensive reviews on the chemistry of 16 with particular
emphasis on halogen side group replacement reactions have
been published by van de Grampel “°** in 1981 and 1992.

ROP of cyclic thionylphosphazenes

In 1991 we reported that when the cyclic thionylphosphazene
16 is heated in the melt at 165 °C, thermal ROP takes place to
yield the poly(thionylphosphazene) 17 with chlorine substitu-
ents at both sulfur and phosphorus.

The fluorinated derivative 18, which can be prepared by reac-
tion of the perchlorinated thionylphosphazene with AgF,* or
alternatively with HgF,~AICl,,* also undergoes thermal ROP
when heated in the melt at 180 °C.**

As a consequence of the hydrolytically sensitive main-group-
element-halogen bonds the gummy polymers 17 and 19 are
very sensitive to moisture and must be handled under an inert
atmosphere. Therefore, molecular weight measurements on
these perhalogenated poly(thionylphosphazenes) have not yet
been reported. Nevertheless, insight into the conformational
flexibility of the main chain present in these new polymer struc-
tures was obtained from an analysis of their thermal transition
behaviour by Differential Scanning Calorimetry (DSC). Glass—
rubber transitions, Tgs, which reflect the onset of large-scale
conformational motion of the polymer chain, were detected at
—46 °C for 17 and —56 °C for 19. These values are intermediate
between those of related polyphosphazenes [N=PCl,],
(Ty,=—63°C)* and poly(oxothiazenes) such as [NS(O)Me],
(T, =55-65°C)* reflecting the hybrid nature of the polymer
structure. This increase in T, for 17 and 19 relative to [N=PCl,],
suggests that there is a decrease in conformational flexibility of
the perhalogenated polymers when S(O)CI or S(O)F groups
replace a PCIl, unit in the backbone. This is probably a con-
sequence of: (i) the smaller size of sulfur relative to phosphorus
and (ii) increased intermolecular interactions when a highly
polar S=O moiety is present. The lower T, (—56 °C) of polymer
19 which has fluorine at sulfur, compared with that of 17
(—46 °C) which has a chlorine substituent can be attributed to
the smaller size and lower polarizability of a fluorine side group
compared with chlorine. This trend is also observed with poly-
phosphazenes and organic polymers. For example, the T, of
[N=PF,], (—96 °C) is significantly lower than that of [N=PClL,],
(—66 °C) and the T, of poly(vinylidene fluoride) [CH,CF,],
(=39 °C) is lower than that of poly(vinylidene chloride) [CH,-
CCl,], (=19 °C).

Ab initio molecular orbital calculations on short-chain model
compounds of poly(thionylphosphazenes) 17 and 19 have also
been carried out to study the conformations and bonding pres-
ent, and to provide insight into the factors that influence chain
flexibility.*® Geometry optimizations show that the model com-
pounds adopt a non-planar trans-cis structure which has been
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attributed to the presence of two different substituents on sul-
fur. The calculations suggest that the isotactic polymer [i.e. one
in which the sulfur(vi) stereocentres have the same configur-
ation] would form a 12/5 helix in an extended conformation and
that highly polar S-N and P—-N bonds are present where sulfur
and phosphorus are electron deficient and nitrogen is electron
rich. The torsional flexibility was also studied, and revealed that
the torsional barriers for rotation of the S-N-P and P-N-P
bond angles decrease when changing from chlorine on sulfur in
17 to fluorine on sulfur in 19. This calculated increase in flexibil-
ity in 19 is consistent with the observed lowering of the T, when
fluorine replaces chlorine as a substituent on sulfur.

Isolation of macrocycles

The dominant compounds present in the crude reaction mix-
ture after heating 16 for 4 h at 165°C are unreacted cyclic
thionylphosphazene 16 and polymer 17 (ca. 80%). In addition
to these species several other minor products can be detected by
%P NMR spectroscopy.® Furthermore, Fast Atom Bombard-
ment mass spectrometry indicated that 12-, 18-, 24-, 30- and 36-
membered rings, [(NSOCI)(NPCI,),], (n=2-6), are also
formed. From this mixture the cis and trans isomers of the 12-
membered ring 20a and 20b have been successfully isolated and
characterized by X-ray diffraction. The two rings were found to
be significantly non-planar which was not unexpected as the
rings formally have 12rn-electrons and are anti-aromatic. The
P-N-P bond angles are highly expanded [134(1)-163(1)°]
relative to 16 [122°], whereas the S—-N-P angles are only slightly
expanded. Interestingly, the angles at sulfur are much smaller in
20a and 20b than in 16, whereas the angles at phosphorus are
similar. The bond lengths in the heterocycles are typical for
P-N and S-N double bonds.

Fractional recrystallization also yielded the remarkable 24-
membered macrocycle 21 which was characterized via crystal-
lographic analysis. Compound 21 is among the largest
inorganic heterocycles to be structurally characterized to date.t

¥ To our knowledge, only two other examples of 24-membered
inorganic heterocycles have been structurally characterized: the 24-
membered phosphazene [N=PPh,],,;*®* and a 24-membered imidoan-
timony (i) metallacycle which was recently reported.>®
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Fig. 4 Molecular structure of the 24-membered thionylphosphazene
21. Reproduced from ref. 49 with permission
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The molecular structure of 21 is shown in Fig. 4, and the struc-
tural features of 21 are similar to those of 20a and 20b, however
in this case the crystal contained only the cis/trans/cis/trans
isomer in which the PCI, fragments alternate between being
exo- and endo-cyclic. Studies of this type may provide insight
into the mechanism(s) of polymerization/oligomerization and
also may also provide access to novel complexes with metal
ions.

Synthesis and properties of moisture-stable poly-
(thionylphosphazenes)

In order to prepare hydrolytically stable poly(thionylphos-
phazenes) the perchlorinated polymers were treated with nucleo-
philes to substitute the hydrolytically sensitive main-group-
element-halogen bonds.***® This type of post-polymerization
structural modification is well-established in polyphosphazene
chemistry.*®** Thus, aryloxide nucleophiles or primary amines
were used to substitute the polymers leading to poly[(aryl-
oxy)thionylphosphazenes] 22 and poly[(amino)thionylphos-
phazenes] 23 respectively.®>%

In the case of the reaction with aryloxides, only substitution
of the P-CI bonds can be achieved even after prolonged reac-
tion times. Interestingly, the sulfur—chlorine (in 17) or sulfur—
fluorine (in 19) bonds remain intact. This regioselective substi-
tution pattern is exactly the opposite to that observed with
poly(thiophosphazenes) 9 which contain sulfur(iv) centres
where perhalogenated derivatives substitute with aryloxides
preferentially at sulfur® In contrast to aryloxides, amines
readily substitute 17 or 19 at both the phosphorus and sulfur
sites at ambient temperature. The resulting moisture-stable
poly(thionylphosphazenes) range from elastomeric materials
(see Fig. 5) to glassy polymers (Table 1).

The poly[(aryloxy)thionylphosphazenes] 22 and poly[(ami-
no)thionylphosphazenes] 23 show no noticeable change after
storage in air for several years. However, in solution, polymer
22 rapidly decomposes in the presence of strong bases such as
NaOH or excess sodium aryloxide at elevated temperatures.



Fig. 5 A typical poly(thionylphosphazene) elastomer

Table 1 Characterization data for selected poly(thionylphosphazenes)

Molecular weight

R R’
17 Cl Cl
19 F Cl
22a Cl OPh
22b Cl OC¢H,Ph-p
22¢ F OPh
22d F OCgH,Ph-p
23a NHMe NHMe
23b NHEt NHEt
23c NHPr NHPr
23d NHBu NHBuU
23e NH(CsH,3) NH(CsH,3)
23f NHPh NHPh
239 OCH,CF;-NHBuU

M,, PDI? T, /°C Type of material
— — —46 Gum
— — —56 Gum
58 000 14 10 Gum
140 000 2.7 55 Glass
38000 15 —-15 Gum
90 000 1.6 48 Glass
5000° 15 22 Glass
37000 2.3 4 Gum
49 000 1.9 6 Gum
49 000 2.0 —-16 Gum
71 000 1.9 —-18 Gum
130 000 1.8 82 Glass
39000° 14 -30 Gum

2 Polydispersity index (PDI) is the measure of the distribution of molecular weights in a polymer sample and is defined as the ratio of the weight
average molecular weight (M,,) and the number average molecular weight (M,). ® The molecular weight of this water soluble polymer is likely a
dramatic underestimate because of its anticipated small hydrodynamic size in thf solution. ¢ ca. 80% OCH,CF, and 20% NHBu.

These reactions are presumably initiated by nucleophilic attack
at the sulfur(vi) centre. The molecular weights of the polymers
22 and 23 have been estimated by Gel Permeation Chroma-
tography (GPC) relative to polystyrene standards (Table 1). In
addition, an absolute value of the weight average molecular
weight (M,,) for polymer 22b was determined by low-angle laser
light scattering (LALLS) studies in thf solution and gave a
value of M,, =64 000 compared to the value determined by
GPC (140000). This result showed that GPC, a relative
technique, overestimates the molecular weight of aryloxy-
substituted poly(thionylphosphazenes) by a factor of 2. In con-
trast, LALLS for 23d gave M,, = 105 000 which is substantially
greater than that determined by GPC (M, =49 000). Thus,
poly[(amino)thionylphosphazenes] appear to be poorly solvated
in thf and therefore the effective hydrodynamic size of the poly-
mer coils is compact with respect to polystyrene, whereas for
poly[(aryloxy)thionylphosphazenes] the exact opposite is true.
Thus, polymer molecular weights of 22 are overestimated and

underestimated for 23, since GPC separation of polymers is
based on effective hydrodynamic size.

The thermal transition behaviour of the aryloxy polymers
was studied by DSC and, as expected, bulkier aryloxy side-
groups, such as para-phenylphenoxide led to an increase in T,
over less bulky side groups such as phenoxide. For poly[(ami-
no)thionylphosphazenes], the T, values can be easily modified
by varying the type and length of side-chain used. The use of
bulky amines, such as aniline to substitute the polymer leads
to a high T, of 82°C for 23f. The T, values show a general
decrease as the length of the alkyl chain is extended from
methyl (23a) (T,=22°C) to hexyl (23e) (T,= —18°C). This
effect arises from the free volume increase as the longer alkyl
side groups push the polymer chains further apart. Interest-
ingly, in contrast to the situation for perhalogenated poly(thio-
nylphosphazenes), the aryloxy- and amino-substituted materials
generally possess lower T, than the analogous classical
polyphosphazenes. For example, the butylamino polymer 23d
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Fig. 6 Molecular structure of a regioselectively phenoxide-substituted
thionylphosphazene. Reproduced from ref. 56 with permission

has a significantly lower T, (—16 °C) than [N=P(NHBuU"),],
(T,=8°C).* This is a consequence of the presence of the small
S=0 group which leads to only five substitutents of significant
size per six skeletal atom repeat unit in poly(thionylphos-
phazenes) compared to six substituents for polyphosphazenes.
Providing that the substituents are not small this effect over-
rides the lower flexibility introduced by the replacement of a
phosphorus atom by a sulfur(vi) moiety discussed above.
Another interesting difference from polyphosphazenes is that
all of the poly(thionylphosphazenes) prepared so far are
amorphous and, to date, none shows melting transitions by
DSC. Their amorphous nature has been confirmed by wide-
angle X-ray scattering studies which give featureless
diffractograms.

Attempts completely to substitute the polymers 17 and 19
with alkoxide nucleophiles have led only to degradation of the
polymer backbone. The unexpected regioselectivity of substitu-
tion of the poly(thionylphosphazenes) with aryloxide nucleo-
philes and the rapid degradation of the polymer backbone
with alkoxide nucleophiles prompted us to model this
behaviour by studying the reactions of the cyclic thionylphos-
phazenes 16 and 18 towards representative aryloxide and alk-
oxide reagents.®® The substitution reactions with NaOPh were
found to conform to the following general order of reactivity,
PCl, > PCI(OPh) > S(O)X (X =Cl or F). As in the case of the
polymer, the substitution of the S—CI bonds did not take place
under normal reaction conditions, but it was found that upon
the addition of an excess of NaOPh and reaction for several
days at 25 °C or reflux for 4 h, the fully substituted cyclic thio-
nylphosphazene could be formed. In the case of the fluorinated
cyclic thionylphosphazene, even after prolonged reflux with
excess NaOPh, no substitution of the S—CI bond was detected
and only the regioselectively tetrasubstituted thionylphos-
phazene could be isolated (see Fig. 6).

Two alkoxide nucleophiles, trifluoroethoxide and butoxide,
were chosen to model the substitution pattern of 16 and 18. The
reaction of cyclic thionylphosphazene with NaOBu was found
to follow the same order of reactivity as NaOPh, however
unlike NaOPh the substitution of the S-CI bond was facile at
room temperature and the substitution of the S—-F bond
required an excess of nucleophile. Although following the same
general order of reactivity as NaOPh or NaOBu, the reaction
of the cyclic thionylphosphazenes with NaOCH,CF; was found
to differ in that a significant enhancement in reaction rate was
detected with each equivalent of trifluoroethoxide added.
Although the reason for the backbone degradation in the reac-
tion of 17 and 19 with alkoxides is still not clear, these results
have encouraged the recent synthesis of poly[(alkoxy)thionyl-
phosphazenes] such as 23g with high loadings (ca. 80%) of tri-
fluoroethoxide and low T,s (—30 °C).%" Further developments
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in this area are expected to furnish polymers with even lower
glass transitions.

Applications of poly(thionylphosphazenes) as matrices for
0Xygen sensors

Poly(thionylphosphazenes) represent an interesting class of
new polymers and we have begun to explore the possible appli-
cations of these materials. One area where significant potential
has already been established involves their use as phosphor-
escent oxygen sensor matrices.® Phosphorescent sensors based
on composites comprising transition-metal-based dyes {e.q.
[Ru(L),*" (L = 4,7-diphenyl-1,10-phenanthroline)} with oxy-
gen quenchable excited states dispersed in polymer matrices of
high gas permeability (e.g. crosslinked polysiloxanes) have
attracted attention as oxygen sensors for biomedical appli-
cations.®® In addition, much interest exists in the use of such sen-
sors for barometric applications such as the determination of
the air pressure distribution over aircraft models in a wind tun-
nel. Information of this type plays a vital role in aircraft design
and testing. Current techniques involve the use of solid-state
pressure taps which are monitored individually. However, this
technology is very expensive, gives pressure information only at
points where the taps are located, and is limited to stationary
objects. The use of pressure sensing composites has the poten-
tial to overcome all of these problems. For example, simply
spray-coating a film of the composite onto a surface of interest
allows the pressure distribution over the whole surface to be
readily monitored via illumination of the excitation wavelength
of the dye and data acquisition in the region of phosphorescent
emission, the intensity of which depends on the air (i.e. oxygen)
pressure at that point.

As part of a broad collaborative effort we have shown that
poly[(amino)thionylphosphazenes], 23, offer significant advan-
tages over existing materials for pressure-sensing composite
technology (see Fig. 7) and it has even been found that rotating
objects such as propellers can be imaged. The key advantages
of poly[(amino)thionylphosphazenes] for this type of appli-
cation involve the high solubility and high diffusion coefficient
for oxygen in these materials,®® the good compatibility with the
dye due to the polar polymer structure, and the ability to
access high quality films without the need for crosslinking. In
addition, the relatively low Ts for 23 are important as large-
scale conformational motions are usually vital for effective gas
diffusion in a material. Glass transition values of less than
—10 °C, which represents a typical low-temperature limit in a
wind tunnel, are therefore critical.

Conclusion

Exploration of the chemistry of boron-nitrogen—phosphorus
and sulfur(vi)-nitrogen—phosphorus ring systems has led to the
discovery of interesting new inorganic heterocycles, unusual
reactivity, and new inorganic polymer systems. For example, an
investigation of boratophosphazene chemistry has shown that
pseudo-aromatic borazine—phosphazene hybrid rings can be
synthesised and has led to the discovery of unusual skeletal
substitution reactions involving normally unreactive non-co-
ordinating anions. Our study of the chemistry of cyclic thionyl-
phosphazenes has uncovered interesting reactivity patterns and
novel, stable sulfur-nitrogen—-phosphorus macrocycles and
polymers. The polymers have also been found to have interest-
ing properties which have led to their use as matrices for phos-
phorescent sensing composites with potential applications in
the aerospace industry.

Acknowledgements

I. M. acknowledges the experimental skill, and enthusiasm of
numerous co-workers who have carried out the research



Fig. 7 Phosphorescent image of a section of a model aircraft wing showing the surface pressure distribution during a wind tunnel experiment. The
colours, whilst artificial, reflect the pressure at different points on the surface. The upper section shows a polysiloxane matrix whereas the lower
portion involves a poly[(amino)thionylphosphazene] as the matrix. The dye in each case was [Ru(L);]Cl, (L = 4,7-diphenyl-1,10-phenanthroline). The
image is courtesy of Dr. X. Gu of the Ontario Laser and Lightwave Center and was obtained from a series of tests run at the National Research

Council Wind Tunnel in Ottawa

described in this article and whose names can be found in the
references. We are grateful to the Natural Science and Engineer-
ing Research Council of Canada (NSERC), the Ontario Center
of Materials Research (OCMR), the Ontario Laser and Light-
wave Research Center (OLLRC), and de Havilland Inc. for
funding the various aspects of this work. We thank Professor
Arnold Rheingold and Dr. Alan Lough for performing numer-
ous single-crystal X-ray diffraction studies, and Professor Julius
Vancso and his group for laser light scattering and the ab initio
calculations on poly(thionylphosphazenes). The research on
pressure sensing composites has been performed in collabor-
ation with Dr. Xijia Gu of the OLLRC, Professor Mitchell A.
Winnik and his polymer photophysics and photochemistry
group, and Dr. John B. Coll of de Havilland Inc. D. G. thanks
NSERC for a Postgraduate Fellowship and 1. M. thanks the
Alfred P. Sloan Foundation for a Research Fellowship (1994—
1998), NSERC for an E. W. R. Steacie Fellowship (1997-1998),
and the University of Toronto for a McLean Fellowship (1997-
2002). Thanks to Dave Balaishis and Jason Massey for assist-
ance in preparation of the cover illustration.

References

1 For ahistorical perspective, see, H. R. Allcock, Phosphorus-Nitrogen
Compounds, Academic Press, New York, 1972. The original refer-
ences, J. Liebig, Ann. Chem., 1834, 11, 139; H. Rose, Ann. Chem.,
1834, 11, 131.

2 For a review of borazines, see, W. Maringgelle, in The Chemistry of
Inorganic Homo and Heterocycles, Vol. 1, eds. I. Haiduc and D. B.
Sowerby, Academic Press, London, 1987, ch. 2; the original syn-
thesis, A. Stock and E. Pohland, Ber. Dtsch. Chem. Ges., 1926, 59,
2215.

3 For an improved route, see, K. Kliver and O. Glemser, Z. Natur-
forsch., Teil B, 1977, 32, 1209, and refs. to the original synthesis,
A. W. Kirsonow, Zh. Obsch. Khim., 1952, 22, 1346; J. Gen. Chem.
USSR (Engl. Transl.), 1952, 22, 93.

4 C. W. Allen, Chem. Rev., 1991, 91, 119.

5 D. S. Brown, A. Decken and A. H. Cowley, J. Am. Chem. Soc., 1995,
117, 5421.

6 M. Denk, R. Lennon, R. Hayashi, R. West, A. V. Belyakov, H. P.
Verne, A. Haaland, M. Wagner and N. Metzler, J. Am. Chem. Soc.,
1994, 116, 2691.

7 T. Chivers, X. Gao and M. Parvez, J. Am. Chem. Soc., 1995, 117,
2359.

8 R. J Wehmschulte and P. P. Power, J. Am. Chem. Soc., 1996, 118,
791.

9 See, for example, S. Qiao, D. A. Hoic and G. Fu, J. Am. Chem. Soc.,
1996, 118, 6329; L. Agocs, N. Burford, T. S. Cameron, J. M. Curtis,
J. F. Richardson, K. N. Robertson and G. B. Yhard, J. Am. Chem.
Soc., 1996, 118, 3225; C. Klofkorn, M. Schmidt, T. Spaniol,
T. Wagner, O. Costisor and P. Paetzold, Chem. Ber., 1995, 128, 1037,
S. Schulz, L. Haming, R. Herbst-lrmer, H. W. Roesky and G. M.
Sheldrick, Angew. Chem., Int. Ed. Engl., 1994, 33, 969.

10 1. Manners, Angew. Chem., Int. Ed. Engl., 1996, 35, 1602.

11 E. G. Rochow, Silicon and Silicones, Springer, Heidelberg, 1987.

12 See, for example, H. R. Allcock, Chem. Eng. News, 1985, 63, 22;
H. R. Allcock, J. Inorg. Organomet. Polym., 1992, 2, 197; Inorganic
and Organometallic Polymers, eds. M. Zeldin, K. J. Wynne and H. R.
Allcock, American Chemical Society, Washington, 1988, chs. 19-25.

13 See, D. R. Weyenberg and L. E. Nelson, J. Org. Chem., 1965, 30,
2618; C. S. Cundy, C. Eaborn and M. F. Lappert, J. Organomet.
Chem., 1972, 44, 291.

14 E. Fossum and K. Matyjaszewski, Macromolecules, 1995, 28, 1618.

15 1. Manners, H. R. Allcock, G. Renner and O. Nuyken, J. Am. Chem.
Soc., 1989, 111, 5478.

16 J. A. Dodge, I. Manners, H. R. Allcock, G. Renner and O. Nuyken,
J. Am. Chem. Soc., 1990, 112, 1268.

17 C. D. Brian, A. W. Cordes, J. D. Goddard, R. C. Haddon, R. G.
Hicks, C. D. MacKinnon, R. C. Mawhinney, R. T. Oakley, T. T. M.
Palstra and A. S. Perel, J. Am. Chem. Soc., 1996, 118, 330.

18 A. J. Banister, N. Bricklebank, I. Lavender, J. M. Rawson, C. 1.
Gregory, B. K. Tanner, W. Clegg, M. R. J. Elsegood and F. Palacio,
Angew. Chem., Int. Ed. Engl., 1996, 35, 2533.

19 F. C. Sauls and L. V. Interrante, Coord. Chem. Rev., 1993, 128, 193.

20 A. H. Cowley and R. A. Jones, Angew. Chem., Int. Ed. Engl., 1989,
28, 1208.

21 F. G. Sherif and C. D. Schmulbach, Inorg. Chem., 1966, 5, 322.

22 US Pat., 3538 155, 1970.

23 M. Becke-Goehring and H. Muller, Z. Anorg. Allg. Chem., 1968,
362, 51.

24 H. Binder, Z. Naturforsch., Teil B, 1971, 26, 616.

25 H. Binder and J. Palmtag, Z. Naturforsch., Teil B, 1979, 34, 179.

J. Chem. Soc., Dalton Trans., 1997, Pages 2525-2532 2531



26 D. P. Gates, R. Ziembinski, A. L. Rheingold, B. S. Haggerty and
1. Manners, Angew. Chem., Int. Ed. Engl., 1994, 33, 2277.

27 P. Paetzold, Adv. Inorg. Chem., 1987, 31, 123.

28 D. P. Gates, L. M. Liable-Sands, G. P. A. Yap, A. L. Rheingold and
I. Manners, J. Am. Chem. Soc., 1997, 119, 1125.

29 D. B. Sowerby and R. J. Tillott, J. Chem. Soc., Dalton Trans., 1977,
455,

30 M. J. Begley, D. B. Sowerby and R. J. Tillott, Acta Crystallogr., Sect.
B, 1977, 33, 2703.

31 (a) C. D. Schmulbach and C. Derderian, J. Inorg. Nucl. Chem.,
1970, 32, 3397; (b) G. E. Forster, M. J. Begley and D. B. Sowerby,
Polyhedron, 1996, 15, 2151.

32 R. Steudel, in The Chemistry of Inorganic Ring Systems, ed. R.
Steudel, Elsevier, Amsterdam, 1992, vol. 14, p. 233.

33 P. J. Fagan and W. A. Nugent, J. Am. Chem. Soc., 1988, 110, 2310.

34 J. M. Jolliffe, P. F. Kelly and J. D. Woollins, J. Chem. Soc., Dalton
Trans., 1989, 2179.

35 A. H. Cowley, D. S. Brown, A. Decken and S. Kamepalli, Chem.
Commun., 1996, 2425.

36 T. L. Breen and D. W. Stephan, Organometallics, 1997, 16, 365.

37 H. H. Baalmann, H. P. Velvis and J. C. van de Grampel, Recl. Trav.
Chim. Pays-Bas, 1972, 91, 935.

38 U. Klingebiel and O. Glemser, Z. Naturforsch., Teil B, 1972, 27, 467.

39 D. Suzuki, H. Akagi and K. Matsumura, Synth. Commun., 1983,
369.

40 J. C. van de Grampel, Rev. Inorg. Chem., 1981, 3, 1.

41 J. C. van de Grampel, Coord. Chem. Rev., 1992, 112, 247.

42 M. Liang and . Manners, J. Am. Chem. Soc., 1991, 113, 4044.

43 H. H. Baalmann and J. C. van de Grampel, Recl. Trav. Chim. Pays-
Bas, 1973, 92, 1237.

44 D. P. Gates, M. Edwards and I. Manners, unpublished work.

45 M. Liang and I. Manners, Makromol. Chem., Rapid Commun.,
1991, 12, 613.

46 H. R. Allcock, Chem. Rev., 1972, 72, 315.

2532 J. Chem. Soc., Dalton Trans., 1997, Pages 2525-2532

47 A. K. Roy, G. T. Burns, G. C. Lie and S. Grigoras, J. Am. Chem.
Soc., 1993, 115, 2604.

48 R. Jaeger, J. B. Lagowski, I. Manners and G. J. Vansco, Macro-
molecules, 1995, 28, 539.

49 Y. Ni, A. J. Lough, A. L. Rheingold and I. Manners, Angew. Chem.,
Int. Ed. Engl., 1995, 34, 998.

50 (a) R. T. Oakley, S. J. Rettig, N. L. Paddock and J. Trotter, J. Am.
Chem. Soc., 1985, 107, 6923; (b) M. A. Beswick, M. K. Davies,
M. A. Paver, P. R. Raithby, A. Steiner and D. S. Wright, Angew.
Chem., Int. Ed. Engl., 1996, 35, 1508.

51 H. R. Allcock, Adv. Mater., 1994, 6, 106.

52 Y. Ni, A. Stammer, M. Liang, J Massey, G. J. Vancso and
1. Manners, Macromolecules, 1992, 25, 7119.

53 Y. Ni, P. Park, M. Liang, J. Massey, C. Waddling and I. Manners,
Macromolecules, 1996, 29, 3401.

54 H. R. Allcock, J. A. Dodge and I. Manners, Macromolecules, 1993,
26, 11.

55 H. R. Allcock, W. J. Cook and D. P. Mack, Inorg. Chem., 1972, 11,
2584.

56 D. P. Gates, P. Park, M. Liang, M. Edwards, C. Angelakos, L. M.
Liable-Sands, A. L. Rheingold and I. Manners, Inorg. Chem., 1996,
35, 4301.

57 D. P. Gates and I. Manners, unpublished work.

58 Z. Pang, X. Gu, A. Yekta, Z. Masoumi, J. B. Coll, M. A. Winnik
and I. Manners, Adv. Mater., 1996, 8, 768.

59 J. Kavandi, J. Callis, M. Gouterman, G. Khalil, D. Wright, E. Green,
D. Burns and B. McLachlan, Rev. Sci. Instrum., 1990, 61, 3341;
E. R. Carraway, J. N. Demas, B. A. DeGraff and J. R. Bacon, Anal.
Chem., 1991, 63, 337.

60 Z. Masoumi, V. Stoeva, A. Yekta, Z. Pang, I. Manners and M. A.
Winnik, Chem. Phys. Lett., 1996, 261, 551.

Received 28th February 1997; Paper 7/01432E



