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The reaction of the cyclotetraphosphazene, [NsP4Clg], with the difunctional reagent, 2,2'-biphenal, in the presence
of potassium carbonate in acetone produced the spiro-substituted derivatives, 2,2'-dioxybiphenylhexachlorocy-
clotetraphosphazene, bis(2,2'-dioxybiphenyl)tetrachloro-cyclotetraphosphazene, and tris(2,2'-dioxybiphenyl)dichlo-
rocyclotetraphosphazene. Both cis and trans geometrical isomers of the bis compound are observed. Although
chromatographic separation of these was unsuccessful, a sample of the trans isomer was obtained by fractional
crystallization. The compounds all show non-first-order 1P NMR spectra which were simulated to extract the spectral
parameters. Single-crystal X-ray structures of both the trans bis and the tris compounds show that the
cyclophosphazene rings exhibit conformational flexibility which gives rise to different crystalline forms being obtained
from the same solvent systems. Crystals of trans-bis(2,2'-dioxybiphenyl)tetrachloro-cyclotetraphosphazene were
obtained in two different space groups: Pnna (orthorhombic) and P2,/n (monoclinic). In the orthorhombic structure,
the dominant (72%) conformation of one phosphazene ring is a chair form, and the other (28%) resembles a boat.
While for the monoclinic structure, the ring is virtually flat with an oval shape. In both cases the dioxybiphenyl
groups are found in R and S configurations in the same molecule and are sz stacked in columns (Pnna) or involved
in zz—7t or r—H interactions (P24/n), thus anchoring the phosphorus atoms of the cyclotetraphosphazenes but still
allowing flexibility in the ring conformations. Three crystalline modifications of tris(2,2'-dioxybiphenyl)dichloro-
cyclotetraphosphazene were obtained: two in space group P1 (triclinic), which contained two molecules of
dichloromethane in the unit cell, and one solvent-free form in space group P2,/n (monaclinic). The cyclophosphazene
rings exhibit puckered conformations with the trans-dioxybiphenyl moieties having opposing RS or SR conformations.
DFT calculations were carried out on each of the phosphazene ring conformations in trans-bis(2,2'-dioxybiphenyl)-
tetrachlorocyclotetraphosphazene identified from the X-ray diffraction analysis. It is concluded that intermolecular
interactions (i.e., t—s or t—H) between the dioxybiphenyl groups is a factor that modifies the nature of the potential
energy surface between the different conformers. The flexibility of the phosphazene ring is supported computationally
through the calculated low-energy barriers and experimentally through the highly disordered phosphazene ring
conformations observed in the solid state. The results on 2,2'-dioxybiphenyl-substituted cyclotetraphosphazenes
provide evidence that microcrystalline domains in their 2,2'-dioxybiphenyl-substituted polyphosphazene analogues
will be generated by similar 7—m and z—H interactions.

Introduction diverse range of material properties. Appropriately substi-
Phosphazenes, particularly polyphosphazenes, continue tduted, polyphosphazenes have been employed as flame
receive considerable commercial interest because of theirresistant materials, elastomers, membranes, solid ionic
conductors, and inert biomateridldn addition, the rich
substitution chemistry at the phosphorus center not only
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allows the manipulation of these and other material properties While a large variety of cyclotriphosphazene derivates
but also has the possibility for immobilization of catalytic containing aromatic spirocyclic groups are knovwingluding
or bioactive moietie$? the homologous series of cyclotriphosphazenes incorporating
Cyclic or short-chain linear phosphazenes are valuable Mono-spiro, bis-spiro, and tris-spiro 2@oxybiphenyl
small molecule models for the polymeric systems, which are Substituent§229 there are few examples for the cyclic
often difficult to characterize because of their higher mo- tetramers. In the case of the 2¢ftoxybiphenyl substituent,
lecular weight and structural complexity. Of these model ©nly the tetrakis-spirocyclic derivative is knowiience, we
systems, the cyclotriphosphazenes;AiR], are the most have undertaken a study on cyclic phosphazene tetramers
prevalent. Structural data for tetrameric systems are lesscontaining 2,2dioxybiphenyl groups to gain an insight into
common, although these and higher oligomers provide betterthe interactions that may result from the loading of phosp-
structural analogues. This is primarily because of the flexible hazene polymers/oligomers with these functions. We have
nature of the ring, which can assume a number of different also performed DFT calculations to assess the contribution
conformations, whereas the cyclic trimers are generally Of the spirocyclic groups to the energy barriers that influence
planar. For example, in a series of cyclic trimers containing the flexibility of the phosphazene ring.
large or sterically demanding substituents reported by Al- Hence, in this report, we describe the synthesis and
Icock and co-workers, the PNP angle deviated little from characterization of partially substituted 2¢2oxybiphenyl-
around 122, while this angle in corresponding tetramers cyclotetraphosphazenes and find that because of the flexible
varied between 121 and 157In linear polyphosphazenes, nature of the tetrameric ring and concomitant interactions
the angle at the nitrogen is estimated to be in the range ofbetween the 2,ioxybiphenyl substituents, these com-
130-160C°, and the low-energy barrier to this variation pounds are more appropriate model compounds for the
contributes significantly to the flexibility of the polymer corresponding partially substituted polyphosphazenes than
backboné. the trimer analogue®:"” The compounds are also useful
Polyphosphazenes containing spirocyclic groups such asPrecursors for preparing other models of mixed-substituent
2,2-dioxybiphenyl and 2,2dioxynapthyl, recently reported ~ Phosphazenes.
by Carriedo and co-workers, have shown interesting proper- ) .
ties For example, the fully substituted polymers are resistant R€sults and Discussion
to extreme.c_hemical conditions and have some of the highest SynthesesThe reaction of 2/2biphenol with octachlo-
glass transition temperatures known for polyphosphaz‘éf?e.s. rocyclotetraphosphazene, fRClg], in acetone in the pres-
The group have recent!y reported a stable polymercontalnlngence of excess #CO; gave mixtures composed of 2,2
2,2-dioxybiphenyl, amino, and PCI groups (the later having dioxybiphenylhexachloro-cyclotetraphosphazet)elis(2,2-

remained unreacted from the chloropolymer precur_@p_r), dioxybiphenyl)tetrachlorocyclotetraphosphaze?)et(is(2,2-
which is remarkable given the hydrolytic susceptibility

usually associated with the polymeric phosphazer€P
bond.

(5) For examples, see: (a) Carriedo, G. A.; Fadez-Catuxo, L.; Garcia-
Alonso, F. J.; Gmez-Elipe, P.; Gorizez, P. A.Macromolecule4996
29, 5320-5325. (b) Allcock, H. R.; Stein, M. T.; Stanko, J. A.Am.
Chem. Socl1971, 93, 3173-3178. (c) Allcock, H. R.; Turner, M. L.;

(2) (a) Dubois, R. A.; Garrou, P. E.; Lavin, K. D.; Allcock, H. R.
Organometallics1986 5, 460-466. (b) Pertici, P.; Vitull, G.;
Salvadori, P.; Pitzalis, E.; Gleria, Mhhosphazene®004 621-631.

(c) Chandrasekhar, V.; Athimoolam, Arg. Lett. 2002 4, 2113~
2116. (d) Chandrasekhar, V.; Athimoolam, A.; Srivatsan, S. G.;
Sundaram, P. S.; Verma, S.; Steiner, A.; Zacchini, S.; Butcher, R.
Inorg. Chem2002 41, 5162-5173.

(3) (a) Allcock, H. R.; Al-Shali, S.; Ngo, D. C.; Visscher, K. B.; Parvez,
M. J. Chem. Soc., Dalton Tran$996 3549-3559. (b) Allcock, H.

R.; Al-Shali, S.; Ngo, D. C.; Visscher, K. B.; Parvez, Nl.. Chem.
Soc., Dalton Trans1995 3251-3532. (c) Allcock, H. R.; Ngo, D.
C.; Parvez, M.; Visscher, Kl. Chem. Soc., Dalton Trank992 1687~
1699. (d) Ainscough, E. W.; Brodie, A. M.; Derwahl, Rolyhedron
2003 22, 189-197.

(4) (a) Carriedo, G. A.; GaratAlonso, F. JPhosphazenes: A Worldwide
Insight Gleria, M., de Jaeger, R., Eds.; Nova Science Publishers
Inc.: New York, 2004; pp 174190 and references therein. (b)
Carriedo, G. A.; Gara-Alonso, F. J.; Pancorbo, D. Eur. Polymer.

J. 2007, 43, 57—64.

2576 Inorganic Chemistry, Vol. 46, No. 7, 2007

Visscher, K. B.Inorg. Chem.1992 31, 4354-4364. (d) Allcock, H.
R.; Kugel, R. L.Inorg. Chem.1966 5, 1016-1020. (f) Dez, I,
Levalois-Mitjaville, J.; Gitzmacher, H.; Gramlich, V.; de Jaeger, R.
Eur. J. Inorg. Chem1999 1673-1684. (e) Brandt, K.; Porwolik-
Czomperlik, I.; Siwy, M.; Kupka, T.; Shaw, R. A.; Davies, D. B.;
Hursthouse, M. B.; Sykara, G. O. Am. Chem. Socl997 119
12432-12440. (f) Kumaraswamy, S.; Vijjulatha, M.; Muthiah, C.;
Swamy, K. C. K.; Engelhardt, U. Chem. Soc., Dalton Tran$999
891-899. (g) Carriedo, G. A.; Garcia-Alonso, F. J.; Garéilvarez,
J. L.; Pappalardo, G. C.; Punzo, F.; RossiHer. J. Inorg. Chem.
2003 2413-2418.

(6) Allcock, H. R.; Walsh, E. Jinorg. Chem.1971, 10, 1643-1647.
(7) (@) Marcelo, G.; Saiz, E.; Mendicuti, F.; Carriedo, G. A.; Gascl

Alonso, F. J.; Gara-Alvarez, J. L Macromolecule006 39, 877—
885. (b) Carriedo, G. A.; Crochet, P.; GaeAlonso, F. J.; Gimeno,
J.; Presa-Soto, Aur. J. Inorg. Chem2004 3668-3674. (c) Carriedo,
G. A,; Gar¢a-Alonso, F. J.; Valenzuela, C. D.; Valenzuela, M. L.
Polyhedron2006 25, 105-112. (d) Carriedo, G. A.; GaratAlonso,

F. J.; Presa, AJ. Inorg. Organomet. Polymer2004 14, 29-37.



2,2-Dioxybiphenyl-chloro-cyclotetraphosphazenes

Figure 1. 3P NMR spectrum forl with assignments: (a) observed

spectrum and (b) simulated spectrum. Figure 2. Simulated (above with assignments) and observed (beltiv)

NMR spectra for2 (mixture of cis and trans isomers).

dioxybiphenyl)dichlorocyclotetraphosphazene3), ( and
tetrakis(2,2-dioxybiphenyl)-cyclotetraphosphazend) (as
depicted in Scheme 1. Compouhés obtained in good yield
(~90%), using a 1:1 ratio, with only minor contamination
of 2 ( ~3—4%), which can be removed by recrystallization
from CH,Cl,—hexane. This is comparable to the analogous
1.1 reaction with hexachlorocyclotriphosphazeneFiSl4],
where the mono-spiro-substituted derivative is formed in an
~91% yield containing~3% of the bis-spiro derivative

In a similar manner, compoun@s(54% yield) and3 (72%
yield) were also obtained, using molar ratios of 2:1 and 3:1,
respectively, although with lower selectivity and requiring
chromatographic separation. Both cis and trans geometrical
isomers of compoun@® are observed, although a small
preference for the trans-substituted derivative is found
(~1.4:1 at 0°C), presumably because of the increased steric
hindrance of the 2;ioxybiphenyl moiety to substitution  Table 1. 3P NMR Spectroscopic Data fdy, 2, and3*

Figure 3. 3P NMR spectrum for3 with assignments: (a) observed
spectrum and (b) simulated spectrum.

at an adjacent center, even at an elevated temperat(ra:{ 5 (ppm) J(Hz)
at 56 °C). While chromatographic s_eparation was unsuc- spinsystem A/AAA' BJBB' C  Ja' Jae Jscldes'
cessful,. small portlo.ns pf the trans isomer can be isolated ] AB,C 337 433 495 650 292
by fractional crystallization. trans2  AB; —-245 -3.18 64.7
31 ; _ ) cis-2 AA'BB’ 171 -3.92 29.0 60.8 846
P NMR Spectra. Since compound$—3 all show non 3 AB,C 738 394 —270 864 632

first-order3'P NMR spectra, it was necessary to carry out
simulation analysis to extract the appropriate spectral pa-
rameters. Following this analysis, we have assigned hoth
and 3 as AB,C spin systems (Figures 1 and 3), and the ¢, ent system.

corresponding parameters are listed in Table 1. In the ponce “crystallization o2 was achieved on two separate
case of2, two unique spin systems, corresponding to the ,.casions from CbCl,—hexane, giving crystals dfans2
different geometrical isomers, are observed (Figure 2) and;, wwo different space groups:nRa (orthorhombic) (rans-
unambiguously assigned by comparison to the spectra °f2A) and P2,/n (monoclinic) ¢rans2B). The orthorhombic
puretrans-2 which was obtained by fractional crystallization.  girycture trans2A, exhibits molecules that have a highly
Thecis-2 isomer shows two multiplets at1.71 and=3.92  isordered phosphazene ring conformation (Figure 4). The
ppm which are assigned to an A8’ spin system, whereas  gisordered portion of the structure was satisfactorily refined
the resonances for theeans2 isomer are observed as a nto three parts, containing two different phosphazene ring

a2 Obtained from simulation analysis. Measured in CP&il298 K.

and that different crystalline forms can arise from the same

multiplet centered ab ~ —2.8 ppm matching an 8, spin conformations. The dominant (72%) conformatidrags-
system. 2Aa andtrans-2Ab, Figure 4) resembles a chair form, with
Single-Crystal X-ray Structures. X-ray diffraction analy- the P2 phosphorus centers deviating (0.7 A) above and below

ses of bothtrans2 and 3 show that in the solid state the a plane defined by the remaining ring centers. The minor
cyclotetraphosphazene rings exhibit conformational flexibility conformation {rans-2Ac) is more twisted and resembles a

Inorganic Chemistry, Vol. 46, No. 7, 2007 2577
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sible® and that favorable packing interactions probably govern
the occurrence of a particular conformer in the crystalline
staté&9.8 |eading to stereoisomer discriminatiem.

In contrast to the orthorhombic structure, the monoclinic
structure contains molecules with a well-ordered phosphazene
ring conformation frans-2B, Figure 7). Of the four pairs of
angles in the phosphazene ring, the angles in the NPN sets
are similar [119.29(15) and 123.14(1p)but the angles in
the PNP sets are quite different [131.14(18) and 163°V(2)
The four pairs of P-N distances in the ring vary between
1.516(3) and 1.571(3) A. Consequently, the phosphazene ring
has an oval shape, and it is also virtually flat (the mean
deviation of the atoms in the ring from the mean plane of
the ring is 0.049 A). The packing interactions of this
polymorph are less symmetrical and more varied in nature
than those observed trans-2A. Although both the R and S
configurations of the biphenol rings are still found on the

Figdure 4. ORTEP r]?pr:esintati?jn mlfgn&%j/\a (maiorfdisord_ered fzfxm) same molecule, in this case each aromatic ring of a biphenol
e e derdered g conlomaltned2na , moiety is involved in— of z—H interactions with the
at the 50% probability level. aromatic rings on two different adjacent molecules. This
means that the molecules are involvedrimteractions with
four neighboring molecules per biphenol rather than two.
The sheet-like packing motif afans2A is lost as is the
opportunity for thermal displacement of the P2 phosphorus
atoms, since both bonded chlorine atoms now exhibit close
approaches to chlorine or oxygen atoms of the more
encroaching adjacent molecules. Specifically,-€QI1# is
3.411 A (sum of van der Waals radii is 3.7 A), and €12
O2# is 3.054 A (sum of the van der Waals radii is 3.25 A).
The tris-dioxybiphenyl cyclotetraphosphazene compound
Figure 5. Packing diagram ofrans-2A viewed down thec axis. was obtained in three different crystalline modifications all
crystallized from CHCl,—hexane. Thu8A (Figure 8a) was
boat form where the ring nitrogen atoms lie alternating obtained as colorless blocks in the triclinic space grBip
above and below a plane defined by the phosphorus centersvhich contained, in addition, two molecules of dichlo-
(Figure 4). romethane in the unit cell. On another occasion, the
The phosphazene rings are anchored by a rigid set ofcompound again crystallized in the space grBaith two
dioxybiphenyl groups that are-stacked in columns along dichloromethane molecules but now with two crystallo-
thec axis (Figure 5). Since the chiral axes of the overlapping graphically independent molecules 8f(3B" and 3B") in
dioxybiphenyl moieties have the same configuration, both the asymmetric unit. A third solvent-free crystalline form
aromatic rings of each dioxybiphenyl moiety can achieve 3C was observed in the monoclinic space gré#/n. The
strong r-overlap with both of the aromatic rings in the structures of3 exhibit rather puckered phosphazene ring
dioxybiphenyl moieties of its stacking partners. The mean conformations (Figure 8b): the rms deviations of the ring
planes of the overlapping rings in the dioxybiphenyl groups atoms about the least squares are 0.1355, 0.1628, 0.1394,
are ~3.57 A apart and nearly coplanar (the planes are and 0.2014 A foBA, 3B', 3B", and3C, respectively. In all
displaced to one another by ©)4Thus, the close interlinking ~ four molecules, the dioxybiphenyl moieties on opposite sides
of both dioxybiphenyl groups in a molecule with dioxybi- of the phosphazene ring (subtending P1 and P3AN3B’,
phenyl groups on adjacent molecules above and below theor 3C and P5 and P7 iBB") have opposing conformations,
mean plane of the phosphazene ring gives rise to two-that is, RS or SR, similar to the conformers wéans2
dimensional sheets of molecules that propagate along the reported above. Hence the various solid-state form§ of
axis. Since R and S configurations of the biphenol group observed here have SSR or SRR conformations.
occur at either end of the same molecule, the overall motif The packing in the two triclinic crystals is virtually
within the sheets is an alternating series of columns of R- identical, and the difference in the unit cells is brought about
and S-configured dioxybiphenyl groups, and the displacementby the flexibility of the phosphazene ring. Figure 9 shows
of the atoms in the disordered phosphazene ring occurs in asimilar views of the packing in each crystalline form. The
direction roughly parallel with these columns (Figure 6). It figure shows how two distinct ring conformationsds (3B
has been shown previously for the cyclotriphosphazene _ : _ . _
analogues that, in solution, rapid interchange of the con- ® ﬁ”?_?;toté\fﬁfé'rdco"””ge.d&’_;Glggbbgg;g'g‘:g(_’”é_‘)'cﬁé}]ﬁ’. %%Fg‘!vgfltz(;n
figurations of the spirocyclic dioxybiphenyl groups is pos- Trans.2002 3047-3053.
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Figure 6. (a) Scheme showing the stacking of dioxybiphenyl ringgams-2A. (b) Cartoon showing the discrimination of stereoisomers in columns along
the ¢ axis. The double headed arrows in b indicate the space in which the disordered phosphazene ring atoms are displaced.

Figure 7. ORTEP representation ¢fans-2B. The thermal ellipsoids are
drawn at the 50% probability level.

and 3B") (Figure 9b) can exist, in comparison to the one
conformation observed f@A (Figure 9a), without signifi-
cantly changing the packing motif. It should be noted that
in 3A, atoms N1 and N2 exhibit slightly larger thermal
parameters than the other atoms in the phosphazene ringgigure 8. (a) ORTEP representation 8A. The thermal ellipsoids are
which may also suggest that further atomic displacement drawn at the 50% probability level. (b) Comparison of the four phosphazene
is possible. The data foBA and 3B were collected at ring conformations observed in the crystal structure8.of

different temperatures [150(2) and 87(2) K] and so the
occurrence of the different conformations is probably the
result of a phase transition at some point between the two.
A similar phenomenon has been reported for the compound
[N4P4Fg].°

DFT Calculations. To further investigate the structure of
trans2, DFT calculations on each of the conformations
identified from the X-ray diffraction analysiswere carried
out. The gas-phase structures of both the full system and a
model system, where the dioxybiphenyl groups are replaced

(9) Elias, A. J.; Twamley, B.; Haist, R.; Oberhammer, H.; Henkel, G;
Krebs, B.; Lork, E.; Mews, R.; Shreeve, J. N.. Am. Chem. Soc. (10) Some of the computed geometeries are the corresponding mirror
2001, 123 10299-10303. images of those found in the crystal structures.
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Figure 9. (a) Packing in3A and (b)3B. The solvent molecules have been removed for clarity.

Figure 10. Optimized structures: chair, boat, and oval isomers. Top row: Full structures. Bottom row: Corresposdiflg @odel structures.

by a model moiety (@C;H;), were used (Figure 10). primarily originates from the change in the-R—P angles
Agreement between the observed and calculated structurafrom symmetric in the chair conformation (exptk133;
parameters of the oval conformation is generally good (seecalcd full, 142.8; calcd model, 1459 to asymmetric in
Table S2 and S3, Supporting Information), although poor the oval conformation (exptl, 131.1(21163.7(2); calcd full,

for the conformations found in the disordered structure. 131.2, 151.0; calcd model, 1322 159.F), while the
Notably, in both the full and model calculated boat confor- N—P—N angles remain unchanged-ai2C. This observa-
mations the opposing exocyclic systems are twisted with tion is in agreement with the general observation that the
respect to each other, with-@—P—0 dihedral angles of = P—N—P angles are more flexible than that of the-R-
—30.1 and—28.3, respectively. Slight twisting is observed N, and the computed force constants for theP-N bend
experimentally (in the non-disordered portion of the orthor- in CINPCLNCI, (17.5 kJ mot* rad?) and the P-N—P bend
hombic structure), with a G1P1-P3-02 dihedral angle  in CIsPNPC} (577 kJ mot? rad?).1?

of —12.43 (14), but absent (by symmetry) in the calculated  The observed disorder in the orthorhombic structure was
structures of the chair conformation. There is also a lack of investigated through a relaxed potential energy surface scan
twisting in the oval conformation, although in this case the of the model system where the ROH, moieties were fixed
phosphorus centers are offset because of the deformation ofn place (to model the effect of the-stacked dioxybiphenyl
the phosphazene ring. Analysis of the calculated vibrational groups) and the Cl(axiahP—P—Cl(axial) dihedral angle was
frequencies confirmed that both the boat and oval conforma-varied (Figure 11). The resulting conformation is twisted
tions are local minima, although the chair conformation is from the Gy, symmetry of the chair form to h|gher energy,
not found to be a local minima; possessing two imaginary with a corresponding force constant of 75.0 kJ Mohd 2.
frequencies for both the full and model systems. There is, For larger values of the dihedral angte]l5—20°, and higher
however, a small energy difference between the oval andenergy, the conformation approach&ssymmetry, similar
chair conformations (full system, 3.0 kJ mgimodel system,  to that of the boat conformation, consistent with the lower
2.3 kJ mof*) emphasizing the flexible character of the occupation of the disorder byans-2Ac. In the case of the
phosphazene ring. From comparison of the crystal packing,

the driving force for this conformational change can be (11) (a) Alicock, H. R Phosphorous-Nitrogen Compounds: Cyclic, Linear

attributed to ther stacking of the dioxybiphenyl substituents Zﬂd H:(thP%ygﬁric Séstelr,néczac;gm;i;rggz: New York, 1972. (b)
. : . e COCK, R. R. em. Re. . .
observed in the orthorhombic structure, but significantly (12) Ludim, V.; Penda, A. M.: Costales, A.; Carriedo, G. A.; Gaael

reduced in the triclinic structure. The conformation difference Alonso, F.J. Phys. Chem. 2001, 105 5280-5291.
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which is supplemented by smallerbonding contributions
originating from negative hyperconjugati&hT heser-bond-

ing interactions appear to build multiple- N bond character
with little hindrance to rotation. Indeed, the computed
rotation barrier of the PN bond in [HNPC}] (5.9 kJ moi™)

is of similar magnitude to the projected packing energies.
Furthermore, in solution, the observedBA spin system is
indicative of the presence of the more symmetric boat
phosphazene ring conformation consistent with the computed
energies.

Conclusion

The spiro-substituted derivatives, 2doxybiphenyl-
Figure 11. Relaxed potential energy surface (model system) simulating hexachlorocyclotetraphosphazene, bls@’ﬁxyblphenyl)'
disorder in the orthorhombic structure; generated by fixing the(2, tetrachlorocyclotetraphosphazene, and tris@@&ybiphenyl)-
moieties and varying the Cl(axiafP—P—Cl(axial) dihedral angle. dichloro-cyclotetraphosphazene have been prepared from the
reaction of [NP4Clg] with 2,2'-biphenol with potassium
carbonate as base. The compounds all show non-first-order
3P NMR spectra which were simulated to extract the spectral
parameters. Crystals dfansbis(2,2-dioxybiphenyl)tetra-
chloro-cyclotetraphosphazene were obtained in orthorhombic
(Pnng and monaoclinic P2,/n) space groups. In the orthor-
hombic structure, the dominant (72%) conformation of one
phosphazene ring is a chair, and the other (28%) resembles
a boat. For the monoclinic structure, the ring is virtually flat
with an oval shape. In both cases, the dioxybiphenyl groups
are found in R and S configurations in the same molecule
and arer stacked in columns or involved im—sm or 7—H
interactions, thus anchoring the phosphorus atoms of the
cyclotetraphosphazenes but still allowing flexibility in the
ring conformations. Three crystalline modifications of tris-
(2,2-dioxybiphenyl)dichlorocyclotetraphosphazene were ob-
tained: two with a triclinic P1) space group and one with
a monoclinic P2;/n) space group. The cyclophosphazene
rings exhibit puckered conformations with ttrans-dioxy-
biphenyl moieties having opposing RS or SR conformations.
Figure 12. Potential energy diagram for the oval-boat conformation system DET calculations on each of the phosphazene ring conforma-

dioxybiphenyls omitted for clarity). : . . : )
(_'Oxy 'F_) enyis omite _Orca” V) ) . tions in transhbis(2,2-dioxybiphenyl)tetrachlorocy-
dioxybiphenyl-substituted systems, the adoption of this ring ¢|otetraphosphazene support the view that intermolecular

conformation could mediate the ring flipping from one chair ;ieractions (i.e.qi—x or 7—H) between the dioxybipheny/
conformation to another, as depicted pictorially in Figure groups are a significant factor in the composition of the
11 by the intersection of two potential energy curves, becausegyerall potential energy surface. The flexibility of the
the _resultlng dlrectlons_ that _the ring may twist back to the phosphazene ring is supported computationally, through the
chair conformation are inequivalent (as opposed to the model5|culated low-energy barriers, and experimentally, through

system). . the highly disordered phosphazene ring conformations
The lowest-energy conformer is found to be the boat ,pserved in the solid state.

conformer: ~1.7 kJ mot™ lower in energy than the oval
conformation. A transition state structure connecting the oval phosphazenes indicate that interactions between the aromatic
and boat conformations was located for both the full and rings (r—z or 7—H) will generate microcrystalline domains
:;OdEI sys:jem_s,t a(\jn_d ;he co;rzeslpotﬂdlng tF’Otfn]}'tar: en%gyin 2,2-dioxybiphenyl-substituted polyphosphazenes which

lagram IS depicted in Figure Le. In the context of Ine Solid- separate regions where the polymer chain is more randomly
state structures, we conclude that the presengestcking orientated. The observation that a series of-g8i@xybiphe-

significantly modifies the nature of the potential energy nyl-amine polyphosphazenes has high glass-transition tem-
surface and places the energetic importance of this interaCtionperatures T, = 122 — 150 °C), which increase with
g - L

» 1 i ! . . . AT .
on the ord_er oF-5 k.‘] mol™ (from the comparison of the increasing 2,2dioxybiphenyl substitutiod? is consistent
conformation energies). A recent bonding analysis of phos-

phazenes has ;uggested th'at fthe origin of the flexibility in (13) Chaplin, A. B.: Harrison, J. A.; Dyson, P.ldorg. Chem 2005 44,
phosphazenes is the largely ionic character of thélBond, 8407-8417.

The results for 2,2dioxybiphenyl-substituted cyclotetra-
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Table 2. Crystal and Refinement Data for the Compout@®s-2A, trans2B, 3A, 3B, and3C

Ainscough et al.

trans-2A trans-2B 3A 3B 3C

empirical formula Q4H;|_5C|4N404P4 C24H16C|4N404P4 C37H26C|4N406P4 C37H26C|4N406P4 C37H26C|4N406P4
M 690.09 690.09 888.30 888.30 803.37
T (K) 150(2) 150(2) 150(2) 87(2) 87(2)
cryst syst orthorhombic monoclinic _triclinic _triclinic monoclinic
space group Pnna F21/n P1 P1 P2:/n
a(A) 20.9596(4) 9.8389(5) 11.9325(2) 12.3430(1) 14.2015(2)
b (A) 18.2750(4) 7.4607(3) 12.3467(2) 15.4971(1) 12.0582(1)
c(A) 7.5787(2) 19.2015(9) 15.4345(3) 20.7351(3) 20.7909(3)
o (deg) 90 90 69.354(1) 105.069(1) 90
p (deg) 90 99.749(1) 67.676(1) 97.033(1) 95.880(1)
y (deg) 20 90 68.037(1) 93.288(1) 20
U (A3) 2902.92(11) 1389.13(11) 1891.18(6) 3784.53(7) 3451.60(8)
A 4 2 2
abs coeff (mm?) 0.668 0.698 0.536 0.535 0.418
reflns measured 15654 8133 16 352 33237 30827
independent refins 3029 2940 7120 13739 6717

(Rint = 0.0200) (Rnt = 0.0191) (Rnt = 0.0192) (Rnt = 0.0341) (Rnt = 0.1006)
final R indices R1=0.0451 R1=0.0495 R1=0.0386 R1=0.0565 R1=0.0581
[I > 20(1)] wR2=0.1131 wR2=0.1007 wR2=0.0870 wR2=0.1179 wWR2=0.1116
R indices (all data) R%* 0.0512 R1=0.0595 R1=0.0505 R1=0.0835 R1=0.0990

wR2=0.1166 WR2=0.1066 wWR2=0.0948 wR2=0.1328 WR2=0.1268

with this. (The fully substituted 2 2dioxybiphenyl-ho- solid residue was extracted with @El, (3 x 10 mL) to yield 112
mopolymer has an exceptionally hidghvalue of 160°C.)* mg (90%) of a white solid containing-34% bisubstituted side-

Evidence that 2/2dioxybiphenyl interactions may persistin Product. Recrystallization from Gigl,—hexane overnight at 2C
solution comes from the bimodal nature of the GPC 9ave the pure producti NMR (CDCk): ¢ 7.561-7.538 (m, 2H),

chromatograms of these polymers which have been inter- 2'4|8;7f'44ch_|' gl-'?\l 7642 727 éngH?_' 71'3:6.7"\]32;”71'12:;')' Agf"l"c
preted in terms of interchain aggregatesVhile the 2,2- aled forfaztletleulra. L, 28,99, 1, 44, T 9. £L. Found. &,

. . . . . 25.05; H, 1.40; N, 9.70%. ESMSmWz 577 [MH]*.
dioxybiphenyl interactions in such polymers have not been Bis(2,2-dioxybiphenyl)tetrachlorocyclotriphosphazene {rans-
studied in detail, it should be noted that the excimer X ybipheny Y phosp

. ). [N4P4Clg] (500 mg, 1.08 mmol) and ¥COs (1.491 mg, 10.8
flgorescence results strongly sqggest the ex!stenc_e of sever mol) were added to a stirred solution of 2@phenol (402 mg,
different types of aromatic ring interactions, includimg, 2.18 mmol) in acetone (12 mL), cooled in an ice bath. After 1 h,
between aryl side groups in poly(diphenoxy)phosphazene,the mixture was allowed to warm to room temperature, and it was
[NP(OPh}]n.** In view of the increasing interest in the stirred for another hour. The progress of the reaction was followed
properties and applications of 2@doxybiphenyl-substituted by TLC. Evaporation of the solvent in vacuo and extraction with
polyphosphazenes, more detailed studies on these polymer€H:Cl; (3 x 20 mL) yielded 529 mg of a flaky white solid
are warranted. composed of 50%rans2, 37% cis-2, and 10%3, shown by3!P
NMR. Purification by column chromatography on silica with £H
Cl,—hexane (1:1) as the mobile phase allowed the isolation of 400
mg (54%) of a cis/trans mixture & Fractional recrystallization

General. All synthetic steps were carried out under nitrogen ) .
. . . from CH,Cl,—hexane first gave a small portion of NMR-pure trans
using standard Schlenk techniques. The solvents acetone, dichlo- HeCl 9 P P

romethane, and hexane (Analar) were used as received Anhydrou:%somer’ and although the later fractions show a concentration of
! ; . . he cis i , th isi I i MR
K,COs (BDH) and 2,2-biphenol (Sigma) were also used as e cis isomer, the pure cis isomer could not be obtaitted\

received. Column chromatography was carried out on silica gel 60 EEDQ:'E; /fn;'sg;rc (;Sfogmgq: HZ&|7N5é_7FfSC(n:"147H7),’ |_7| 2937432
from Merck. Microanalyses were performed by the Campbell 81’2 Fo.und' .C 42.00: H 2267,,3 3243;‘/'0 E,SMﬁ.sz’GQi [I\./IH]’+ '
Microanalytical Laboratory, University of Otago, Dunedin, New " L i '
Zealand3'P{1H} NMR spectra were recorded on a Bruker Avance Tris(2,2 -d|oxyb|phenyl)d|chIorocyclotetraphosphazene (3).
400 spectrometer and were referenced to an external sample of 850/£N4P4C|28] (500 rlng, 1d08 mmol) was rea(;_ted with lzb_lphenol (6022
H3PO,. For compoundd, 2, and3, spectra were simulated using mg, 3 4 mmo) and KCO; (4‘47_ mg, 32.4 mmol) in ace_tone (25
the PERCH software packade Electrospray ionization mass mL) in an ice bath for 1 h, following the procedure described above
spectra (ESMS) were collected from @EN solutions on a for 2. The reaction was monitored by TLC. The ice bath was
micromass ZMD spectrometer, run in positive-ion mode removed, and the solution was stirred for another hour. After

Syntheses of the compounds. (2:Dioxybiphenyl)hexachlo- evaporation of the solvent in vacuo, the residue was extracted with
rocyclotetraphosphazene (1)A mixture of [NsP,Clg] (100 mg, CH.CI, (7 x 10 mL) to yield 88_5 mg of crude product. Purification
0.22 mmol), 2,2biphenol (40.2 mg, 0.22 mmol), ancds&Os (162 by column chromatography yielded 625 mg (72%BofH NMR

mg, 1.1 mmol) in dry acetone (10 mL) was stirred for 15 min at §CD§I32|: 27'330_;5&2“}:'6'_‘%: 753(;50732|i (r;%_S:).?gil.FCalcgl

room temperature. The solvent was evaporated in vacuo, and the 0! 36 124-2NaBeFartMpblo ©, 5U.05, H, 2.95; IV, 6.51. Found:
C, 50.08; H, 2.75; N, 6.25%. ESMSnz 803 [MH]*.

(14) (a) Yeung, A. S.; Frank, C. W.; Singler, R. Wolymer199Q 31, Crystallography. Suitable crystals of bottrans2 and 3 were

’%A092—10€?9. Eb&;ﬁuSg, 5@35%55?”"’ C. W, Singler, R. W.  obtained from two different synthetic batches by vapor diffusion
acromolecule ) . i i .

(15) Laatikainen, R.; Niemitz, M.; Korhonen, S.-P.; HassinerRERCH, of hexar)e into a CkCl, SOI.Utlon' The X-ray data V\{ere Collgcted

on a Siemens P4 four-circle diffractometer, using a Siemens

An Integrated Software for Analysis of NMR Spectra on a\REsion ;
2000; University of Kuopio: Kuopio, Finland, 2000. SMART 1 K CCD area detector. The crystals were mounted in an

Experimental Section
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2,2-Dioxybiphenyl-chloro-cyclotetraphosphazenes

inert oil, transferred into the cold gas stream of the detector, and the stationary points was determined by vibrational analysis. The
irradiated with graphite-monochromated MacA = 0.71073 A) boat and oval conformations were found to be local minima for
radiation. The data were collected by the SMART program and both the full and model systems: a low imaginary frequenex (
processed with SAINT to apply Lorentz and polarization corrections cm~?) for the boat conformation using the full system was found,
to the diffraction spots (integrated 3-dimensionally). Crystal data although we attribute this to residual numerical noise, which is
are given in Table 2. The structures were solved by direct methodssupported by comparison to the model system which has no
and refined using the SHELXTL prograthHydrogen atoms were  imaginary frequencies. The chair conformations both possess two
calculated at ideal positions. Disorder in the solutiorirahs2A imaginary frequencies each: the model system being optimized to
was satisfactorily modeled by splitting the ring atoms into three a second-order saddle point following the initial optimization and
parts, depicted in Figure 4, and refined to completeness with vibrational analysis. Energies are not zero-point corrected. Opti-
occupations of 53, 28, and 19%. Constraints were applied to mized geometries and data for the relaxed potential energy scan
displacement parameters of the nitrogen and chloride atoms, and(Table S1) are included in the Supporting Information. lllustrations
atom pairs (P2C and P2C) and (CI2A and CI2A) were constrained were created using GaussView 3.0.
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