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I. INnTRODUCTION

A, HISTORICAL

The phosphazenes have distinguished ancestry.
The reaction between phosphorus pentachloride and
ammonia was described by Rose in 1834 (303), and in
an editorial comment, Liebig reported work carried
out in conjunction with Wéhler (206). The major
reaction product was phospham (Section VII-E),
and a small quantity of a stable crystalline compound
containing nitrogen, phosphorus, and chlorine was ob-
tained (206). The formula was given incorrectly,
but Gerhardt and Laurent (121, 122, 205) established
that the empirical composition was NPCl,, and Glad-
stone and Holmes (136, 137) and Wichelhaus (380)
measured the vapor density and deduced the molecular
formula, N;P;Cls. Several workers became active in
the field (37, 131, 132, 133, 134, 135, 138, 309), aromatic
amino derivatives were characterized (80, 168, 169),
and a bromophosphazene was prepared (36, 38).

The cyclic structure of hexachlorotriphosphazene
(I) was proposed by H. N, Stokes, whose classical work
in the last years of the nineteenth century provided
the foundations of phosphazene chemistry (351, 352,
353, 354, 355, 356, 357). Stokes established that hexa-
chlorocyclotriphosphazene was the first member of a
series, (NPCly),, and homologs (n = 3-7) were identi-
fied. Ammonolysis and hydrolysis were studied, and
salts of tautomerized acids were prepared. Polymeri-
zation to an inorganic rubber occurred on heating chlo-
rophosphazenes, and depolymerization occurred on
stronger heating under reduced pressure. It was shown
subsequently that equilibria are attained when dif-
ferent chlorides are heated at 600° (311, 312), and the
structures and physical properties of the inorganic
rubber were studied (217, 218, 219, 220). Monomeric
phosphazenes (phosphine imines), RN=PR./, were
prepared by Staudinger and his co-workers from re-
action of azides with tertiary phosphines (340, 341,
342, 343). Compounds of formulas NPX, and N,P.,X,
have not yet been isolated.

Cl, Ll
Cl___N,_.Cl ¢P—N\P/Cl
C1”y I1I\C] Cl\lla IV\CI
P g o SN—p7
CI Ql ¢t Cl
1 II

Schenk and Rémer modified the chlorophosphazene
synthesis (308) and methods involving the use of an
inert solvent are used widely today. Moureu and his
co-workers carried out a series of investigations of am-
monolysis, hydrolysis, and polymerization of chloro-
phosphazenes, and the thermal decomposition of
aminophosphazenes (101, 102, 103, 104, 105, 106, 107,
108, 109, 224, 225, 226, 227, 228, 229, 230, 231, 232,
233, 234, 235, 236, 237, 239, 378). Schmitz-DuMont
and his co-workers studied the conversion of chlorides
to fluorides (310, 313, 314, 315), and Bode and his co-
workers prepared aryl derivatives of chlorophospha-
zenes, and investigated aminolysis to obtain chemical
evidence of cyclic structures (46, 47, 50, 51, 52, 54).

X-Ray diffraction patterns of hexachlorocyclotri-
phosphazene (I) and octachlorocyclotetraphosphazene
(IT) were investigated (180), and a complete structure
determination of the latter by Ketelaar and de Vries
established that the puckered eight-membered ring
contained alternate nitrogen and phosphorus atoms,
with two chlorine atoms attached to each phosphorus
(190, 191). Electron diffraction measurements of hexa-
chlorocyclotriphosphazene by Brockway and Bright
(57) and Schomaker (316) gave satisfactory agreement
with the planar model (I) proposed by Stokes (353).

Interest in the phosphazenes has renewed during the
past five years, and modern theories and techniques
have enabled significant advances to be made in a
relatively short time. Approximately one hundred and
fifty publications have appeared since the beginning of
1959. Phosphazenes were discussed in recent Presi-
dential Addresses to the Chemical Society (98) and the
Society of Chemical Industry (302), at a Gordon
Conference in August, 1960, and at the Chemical
Society Symposium on Inorganic Polymers, held in the
University of Nottingham in July, 1961 (151, 326).

B. SCOPE OF REVIEW

Cyclophosphazenes and open-chain derivatives of
quinquevalent phosphorus based on one or more
!

—N=P— units are within the scope of this review.
|

Monophosphazenes (phosphine imines) are included,
but not, in general, phosphazines (375d) and compounds
|

containing —S0;—N=P— groups prepared by the
i

Kirsanov reaction (375¢).
An important review by Audrieth, Steinman, and
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Toy appeared in these pages in 1943 (19). Paddock and
Searle have given an excellent account of more recent
work (259) and shorter articles are concerned with
aspects of phosphazene chemistry (14, 15, 55, 130,
146, 254, 256, 295, 322, 323, 324, 325). It is hoped
that this review contains references to most important
publications from the time of Liebig, up to and includ-
ing papers listed in the November, 1961, issue of Current
Chemical Papers. The reviewers have endeavored to
consult each paperin the original.

I1. NOMENCLATURE

Many structural varieties of phosphorus-nitrogen
compounds are known and the difficulties of nomen-
clature have been discussed by Audrieth, Steinman,
and Toy (18). The name phosphonitrilic chloride was
suggested by Stokes (351) and the compound N;P;Cls
has been called the trimer of phosphonitrilic chloride,
trimeric phosphonitrilic chloride, and tri(phospho-
nitrile)hexachloride. The name phosphonitrile suggests
a phosphorus—nitrogen triple bond, for which there is
at present no evidence except in short-lived gaseous
monomeric phosphorus nitride, N=P. Names such as
phosphorus chloronitride, phosphorus chloride nitride,
phosphoronitridic dichloride, chlorophosphinic nitride,
and nitrilophosphoric chloride have been used. There
is no satisfactory method of naming the many deriva-
tives which have now been prepared.

Using nomenclature familiar from silicon-nitrogen
compounds (silazanes) and boron-nitrogen compounds
(borazanes), the name phosphazane is proposed for
phosphorus-nitrogen compounds. To this could be
added thiazanes (S-N compounds), alazanes (Al-N
compounds), arsazanes (As~N compounds), arsoxanes
(As—0O compounds), ete.

The name phosphazane can be used for compounds
derived from quinquevalent and tervalent phosphorus,
with qualification by Roman numerals where necessary.

NH,-PH, phospha(V)azane
NH,-PH, phospha(III)azane

Unless specified otherwise, the names di- and ftri-
phosphazane, efc., imply head-to-tail linkages of phos-
phazane units, N-P-N-P.... It is suggested that
numbering should begin at nitrogen. The naming of a
structure does not necessarily indicate the existence of
a chemical compound; ¢f. phosphorane, PH;.

A. QUINQUEVALENT PHOSPHORUS DERIVATIVES

Roman numerals are omitted from names in this
section.

NH,—PH, phosphazane
NH=PH; phosphazene
N==PH, phosphazyne

1 2 3 4 5 6
NH.-PH,-NH-PH,-NH-PH, triphosphazane

cyclotriphosphazane

I\!/Ie
VRN
CL,PY 2PC)
Nos

3

'
Me
2,2,2,4.4 4-hexachloro-1,3-
dimethyleyclodiphosphazane
(117, 158)
1 2 3 4
NH=PH,—N==PHj, diphosphaza-1,3-diene or
diphosphazadiene

~~N=PCl;—N=PCl,—  poly-(dichlorophosphazene)

NEt==PPh; 1-ethyl-2,2,2-triphenylphospha-
zene (10, 340)
I"h Il’h
NH=P—N=P—NH,-HC!  4-amino-2,2,4,4-tetraphenyl-
i | diphosphaza-1,3-diene hydro-
Ph Ph chloride (197)

Kekulé-type resonance is assumed for phosphazene
ring systems, and numbers indicating the positions of
double bonds usually are omitted.

/N\
H21|:|’6 1\zl"Hz
N& 4 AN

H:

cyclotriphosphaza-1,3,5-triene
or cyclotriphosphazatriene

/N\
CI;I”J \II’CIZ

Np#
Cl

2,2,4,4,6,6-hexachlorocyclo-
triphosphazatriene, or hexa-
chlorocyclotriphosphazatriene

MeHN._ N, __NH,
MeHN” || | >NH,

~L 7

VAR
MeHN NHMe

2,2-diamino-4,4,6,6-tetrakis-
methylaminocyclotriphos-
phazatriene (28, 30)

MeHN_ _N___NH,

MeHN”Ji | “NHMe

~ 7

VAN
MeHN NH,
2,4-diamino-2,4,6,6-tetrakis-
methylaminocyeclotriphos-
phazatriene (28, 30)
Acids derived from the halides have been described
as phosphonitrilic acids (ITIA) and their tautomers as
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metaphosphimic acids (IIIB), but this does not indi-
cate that they are derived originally from the same
structure (269). The salts probably contain mesomeric
anions, but it is suggested that for nomenclature
purposes they should be regarded as salts of hydroxy-
oxophosphazanes (111B).

HO\P/N\P/OH HO> N~
HO”J, | OH P 07| | “OH
I\\P/ HN\P,NH

/N
ug~ “oH ud o

IIIA, 2,2,4,4,6,6-hexahydroxy-

11IB, 2,4,6-trihydroxy-2,4,6-
cyclotriphosphazatriene

trioxocyclotriphosphazane

Bt

EtO~ /NQP/ OEt EtO. /N\P¢o

Et07 i | ~OEt 07| | SOE¢
N___N EtN._ _NEt
N N
Et0” OEt Etd 0
2,2,4,4,6,6-hexaethoxy- 2,4,6-triethoxy-1,3,5-triethyl-
cyclotriphosphazatriene 2,4,6-trioxocyclotriphospha-
zane (112, 279)
Redicals:
—NH—PH, phosphaz-1-yl
NH.—PH;— phosphaz-2-yl
~—N=PH; phosphazen-~1-yl
NH=PH.— phosphazen-2-yl
Cl_ Ny ,-Cl
Cl7i ™
~ P¢l
of

pentachlorocyclotriphosphazatrienyl

Cl,__Ny_.Cl Cl___N_ _Ci
cry | I i >Cl
N_ _N N _

F A

Cl cr ool

hi-(pentachloroeyclotriphosphazatrienyl)

N\

~

-
a

Cl___ Ny _ Cl

CI7] |.\ 2,4,6,6-tetrachlorocyclotri-
N___N phosphazatrienylene

P
/

Cl

/

B. TERVALENT PHOSPHORUS DERIVATIVES

NH Me
Hll’/ \li:’H cul>/ \11:01
HN. _NH MeN. _NMe

o 3

2,4,6-trichloro-1,3,5-trimethyl-

cyclotriphospha(IIT)azane
cyclotriphospha(11I)azane

C. STEREOCHEMISTRY

The six-membered phosphazene ring is approximately
planar, with two exocyclic bonds on each phosphorus
atom projecting above and below the ring. It is possible

that the ring might pucker under the influence of suit-
able substituents, but if conformational isomerism
and optical isomerism are neglected, three disubstituted
derivatives are possible. The substituents are enumer-
ated in the usual order of organic chemistry and the
first substituent which can act unambiguously as a
point of reference projects, by definition, below the
plane of the ring. The cis—trans notation is employed
where necessary to define the positions of remaining
groups.

MezN\‘ /¥§P’Cl
P 2P
Me,N” i [ ~Cl
\443N
N
cl

IVA, 2,2 4,4-tetrachloro-6,6-bis-
(dimethylamino)cyclotriphos-~
phazatriene

CL. {Iﬁi ~Cl
MeN“]L - 17Cl
NE, 2N
RN
Cl N MEz
IVB, 2,2,4-cis-6-tetrachloro-4,6-
bis-(dimethylamine)cyclotri-
phosphazatriene

ClI" it | ~Cl
Le N

g

o “NMe,
1VC, 2,2,4-trans-8-tetrachloro-

4,6-bis(dimethylamino )cyclotri-

phosphazatriene
The cis~trans notation is not required for compound
IVA, In compound IVB, the 4-chloro substituent acts
as point of reference, the remaining chlorine atom at 6
is cts, and the positions of the two dimethylamino
groups are thus defined. A similar argument applies to
IVC. In the next example, V, the 2-amino group is
the reference point and this, by definition, projects
below the plane of the ring. The 4-chloro atom is cis
with respect to the amino group. The two dimethyl-
amino groups in positions 2 and 4 are located un-
ambiguously. The 6-methyl group is cis with respect
to the amino group, and the 6-phenyl group needs no
further description.

Cl” “NMe;
V, 2-amino-c¢is-4-chloro-2,4-bis-
(dimethylamino)ers-6-methyl-6-
phenyleyclotriphosphazatriene

D. GENERAL REMARKS

It is not expected that the proposed nomenclature
will be applied rigorously in every case, but it would
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be available for use in abstracts and for the naming
of complex structures. The positions of double bonds
could be specified where necessary. Suitably shortened
names can be used, and in this review the (NPCly),
family will be called chlorophosphazenes. The com-
pounds N;P3;Clg and N,P4Cls will be called hexachloro-

cyclotriphosphazene and octachlorocyclotetraphos-
phazene,

I11. STEREOCHEMISTRY AND REACTION PATTERNS

The cyclotriphosphazene ring is approximately
planar, and although it may be sufficiently flexible
to permit deformation by suitable substituents, the
possibility of conformational isomerism has been
neglected for both cyclotriphosphazenes and cyclo-
tetraphosphazenes. Figure 1 illustrates possible isomers

Row 1

OO
sgios
LA
Yo

FigTre 1

Row 4

o
ORI
)

when the chlorine atoms in hexachlorocyclotriphos-
phazene are replaced by a second substituent. For the
sake of clarity, hexachlorocyelotriphosphazene is drawn
as a hexagon with positions of phosphorus atoms indi-
cated by dots. Chlorine atoms are omitted and positions
of the second substituent are represented by solid or
dotted lines. Asterisks indicate the absence of elements
of symmetry and the possibility of optical isomerism,
although no examples of optical isomers have been
reported. Possible substitution products when up to
four chlorine atoms in octachlorocyclotetraphosphazene
are replaced by a second substituent are shown similarly
in Fig. 2.

A distinction can be made between cis—trans iso-
merism, and position isomerism. Two different 24,6-
trichloro - 2,4,6 ~ triphenylcyclotriphosphazenes  (VI)
(175, 328) and three different 2,4,6,8-tetrachloro-

Row 1

S

Row 2

SROL0JOL 4
LT LA

Row 4
Row 5
Figure 2

2,4,6,8 - tetraphenyleyclotetraphosphazenes (VII) have
been prepared (327, 328). One chlorine atom and one
phenyl group are attached to each phosphorus atom,
but the absolute configurations are not known. These
compounds and some of their derivatives are discussed
in Sections VI-A and VII-B. It may be seen from Fig.
1 that two cis—frans isomers would be expected for
compounds of formula N,P;Ph;Cly, and from Fig. 2
that four cis—irans isomers would be expected for
non-geminal compounds of formula N,P,Ph,Cl,

Ph Cl
NS
e ~ N P\
PRI | >al cl >l
\P¢ Ph” §N—P4
7/ N\
Cl  Ph Cl Ph
VI VII

A. REACTION PATTERNS OF CYCLOTRIPHOSPHAZENES

Two different reaction schemes have been con-
sidered for the progressive replacement of chlorine atoms
in hexachlorocyclotriphosphazene. The differences de-
pend on whether replacement occurs preferentially at
phosphorus containing one chlorine atom (geminal
replacement) or at phosphorus containing two chlorine
atoms (non-geminal replacement). The two reaction
schemes, with cis—trans isomers omitted, are illustrated
in Fig. 3.

The preparation of phenyl derivatives N;P;Ph.Cl,
(VIII), N;P;Ph,Cl: (IX), and N;P;Ph, (X) is discussed
in Section VI B and it has been established that geminal
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Scheme 1, geminal replacement

Q- - -0

Scheme 2, non-geminal replacement

O-17 - Q J -

Fra. 3.—Reproduced, with permission, from the J. Chem. Soc.
(281).

o
e

replacement (scheme 1) is predominant in phenylation
by the Friedel- Crafts reaction (50, 330).

Cl\_ Ny, Ph Cl__Ny__Ph Ph__ N _Ph
cr I~Ph CI7l (“Ph Pl | “Ph
N\ = NP \Pé
RN /N VAN
cl ol Ph  Ph Ph Ph
VIII X1 X

Non-geminal replacement (scheme 2) ocecurs preferen-
tially in reactions with ammonia and some amines. Two
isomeric bisaminotetrakismethylaminocyclotriphospha-
zenes (XI, XII) were prepared from reaction with
ammonia and methylamine, and it is clear that position
isomers would not be formed as a result of geminal
replacement. The configuration of the 2,2-bisamino-
4,6-dichloro-4,6-bismethylamino intermediate (X1II)
was confirmed by the phosphorus nuclear magnetic
resonance spectrum (28, 30).

MeHN N. NH
4NH;, 8MeNH; R G

NPsCl; ———————— MeHN"|| | >NHMe
\P¢
2\
MeHN NH,
4MeNH,, XI
4NH;

cl___N___NH, MeHN.__N___NH,

NN Sp
MeHN”]| [>NH, 4MeNH, MeHN"]| i SNH,
N NP
/N VRN
Cl NHMe MeHN NHMe

XIIT XII

The proton magnetic resonance spectra of a series
of dimethylaminophosphazene derivatives, N3P3Clo—,-
(NMey), (n = 1, 2, 3, 4, and 6), provided conclusive
evidence of non-geminal replacement (scheme 2)
in reactions of hexachlorocyclotriphosphazene with
dimethylamine (379).

Non-geminal replacement by amino and anilino
groups would lead to the formation of 2,4-bis(amino)-
2,4,6,6-tetrakis(anilino)cyclotriphosphazene (X1V),
whether prepared from bis(diamino) or tetrakis-
(anilino) intermediates, although formation of a single
bis(amino)tetrakis(anilino)eyclotriphosphazene was
considered to result from geminal replacement (47, 51).

cx\P,N\ NH,

aNH;  ~>p7 Spl 8PhNH,
— a7y 1o ——
\P4N
of “wm, PRHNS Ny _NH;
PhHN”|| | “NHPh
N3PyClg ~Np#
PhHN NH,
8PhNH. PREN | Np €1 4NHXIV
“ PhHN"J | NHPh ——7

N #
AN
PhHN (]

Examples of preferential geminal replacement by
amines occur in the reaction of hexachlorocyclotriphos-
phazene with aromatic o-diamines (51) to give spiro
derivatives (XV).

Cl /I\\P
C1y l\NH/

~p#

SCeHSR

7N
ct
XV, R=H, Me

Mixed chlorofluorides prepared from hexachloro-
cyclotriphosphazene were assigned structures on the
basis of nuclear magnetic resonance spectra (70, 160).
The high yields of 2,2-difluoro-4,4,6,6-tetrachlorocyclo-
triphosphazene (XVI) and 2,2,4,4-tetrafluoro-6,6-di-
chlorocyclotriphosphazene (XVII) provide evidence
of preferential geminal replacement (scheme 1).
2,2,4 - Trifluoro - 4,6,6 - trichlorocyclotriphosphazene
(XVIII) was obtained also, but the isolation of a
small quantity of 2,2,4,6-tetrafluoro-4,6-dichlorocyclo-
triphosphazene (XIX) suggested concurrent non-gemi-
nal replacement (70).

Cly N P:F C1>P/N§P<F
Cl 1% 11\1 F Cl ll\[I | °F
N2 ~.,.Z
/P\ /P\

Cl Ci F F
XVI XVII
cl u, | >F F7i OF
2N \P4
7\ 7N
Cl F Cl F
XVIII XI1X

The reaction pattern of hexachlorocyclotriphos-
phazene is considered to depend on both polar and
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steric effects (281). Both replacement schemes may be
followed, but frequently one scheme is predominant.
When the polar effects of chlorine and the replacing
group are similar, the position of replacement depends
on the relative sizes: if the replacing group is smaller
than chlorine, geminal replacement occurs, but if the
replacing group is larger, replacement will occur at a
different phosphorus atom. When the replacing group
is of similar size but provides a higher electron den-
sity at the attached phosphorus atom, subsequent
nucleophilic attack at the same phosphorus is discour-
aged, and non-geminal replacement would be preferred.
When the electron density on phosphorus is lowered by
a replacing group, geminal replacement at the same
phosphorus is encouraged.

B. REACTION PATTERNS OF CYCLOTETRAPHOSPHAZENES

Phosphorus nuclear magnetic resonance spectra
established the 2,6:2,4,4,6,88 configurations of three
bisarylaminohexachlorocyclotetraphosphazenes,  and
non-geminal replacement has been suggested for other
disubstituted and tetrasubstituted aminophosphazenes
(187, 188).

IV. SyntHESIS OF PHOSPHAZENE RiNGgs

Cyclophosphazenes are synthesized conveniently
by methods involving ammonolysis and cyclization of
quinquevalent phosphorus halides. Difficulties of in-
terpreting the reaction mechanism are common to all
reactions of this type, and it is not known which of
many possible species in solution lead directly to the
formation of phosphazenes. Phosphorus pentachloride
vapor has a covalent trigonal bipyramid structure, and
the compound is monomeric in certain non-polar sol-
vents, but crystalline phosphorus pentachloride con-
tains PCli* PCls~ ions, crystalline phosphorus penta-
bromide contains PBrs* Br— ions, and both com-
pounds ionize in polar solvents (265). Thermal dis-
sociation oceurs also.

PCls = PCl; + Clz

Two different series of compounds, cyclic phos-
phazenes, (NPCly),, and open-chain phosphazenes of
reported composition CLP(NPCL),Cl, are formed
from reaction between phosphorus pentachloride and
ammonium chloride (212). The open-chain compounds
can be distinguished by solubility hehavior, greater
reactivity with water, and by their ultraviolet spectra
(212, 259). No individual members of the open-chain
series have been separated from the reaction, and it has
been suggested (33) that they might be a mixture of
end-stoppered polymers, H(NPCl),Cl (31) and com-
pounds such as N;P,Cly; (XX) (33).

CLP(N=PCl;); or CIP(N=PC]l;); *Cl~
XX

The effects of different reaction conditions have been

investigated (388, 395). Near room temperatures in
solvents of high dielectric constant, e.g., nitrobenzene,
one of the major products is NP;Cliz (32) for which
the structure CI;PN=PCIl;+PCl;~ has been suggested
on the basis of the nuclear magnetic resonance spectrum
and the conductivity in nitrobenzene. Reaction of this
compound with sulfur dioxide gave CLPN=POCI,
(32), which has been prepared also by reaction of phos-
phorus pentachloride with amino derivatives of phos-
phoric aeid, H.NPO(OH), (H.N).PO(OH), and
(H.N);PO (33, 114), and by reaction of phosphorus chlo-
rides with hydroxylamine salts (189) or dinitrogen
tetroxide (27). Two aminolysis products have been
prepared (27, 33). Reaction of phosphorus pentachlo-
ride with (H.N);PO gave also a small quantity of
hexachlorocyclotriphosphazene, and reaction with
(H.N);PS gave N;P,Cly; (XX) (33).

The proposed mechanism involves initial formation
of ammonium hexachlorophosphate, and decomposi-
tion to NH=PCl; which then polymerizes with elimi-
nation of hydrogen chloride, or reacts with phosphorus
pentachloride (259).

—HCl
NH,Cl + PCly — NH/PCly, ——

—HCl —-HCl
NH=PCl; —— H(NPCL)sCl —— (NPCL).

PCls | —HCI PCl; | - HCl

CI(NPCl,).PCl,

Ammonium hexachlorophosphate is unstable, but tetra-
methylammonijum hexachlorophosphate has been re-
ported (100). Reaction of phosphorus pentachloride
with methylammonium chloride gave a hygroscopic
product, (NMePCl;);, which has been formulated as
a saturated cyclic phosphazane (XXI) (68). A similar
reaction with phenylammonium chloride gave a prod-
uct of analogous composition, NPhPCls, but the molec-
ular weight was not determined (126).

Me
Ph  Ph
ar” ear, NH—P—N—b_NH, HCl
v Bh bh
XXT  Me XXII

Reaction of diphenyltrichlorophosphorane with liquid
ammonia gave an open-chain diphosphazadiene addi-
tion compound (42, 197) for which structure XXII has
been proposed (197). Octaphenyleyclotetraphosphazene
and a smaller quantity of hexaphenylcyclotriphospha-
zene were obtained on pyrolysis (42, 197). Other pos-
sible intermediates are discussed in Section VI-A.

An important variation of this method involves
chlorination of aminobisperfluoromethylphosphine and
dehydrohalogenation of the intermediate in situ to
give perfluoromethylphosphazenes (151, 365)
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2EtsN
(CF:).PNH, + Cl. — (CF;),P(NH;)Cl, —;—I:I—C‘)l [NP(CF3)2] »

(n=3,4, z) -

The intermediate has not been prepared by direct
ammonolysis and it is not known whether compounds
of this type occur as intermediates in the ammonolysis
of quinquevalent phosphorus halides.

It is clear that the degree of polymerization of cyclo-
phosphazenes depends on a number of factors. Under
conditions investigated, ammonolysis and cyclization
of phosphorus pentachloride gives preferentially a
six-membered ring (212, 355), but with PhPClL and
Ph,PCl; the cyclotetraphosphazene ring is preferred
(152, 327, 328). With phosphorus pentabromide the
relative proportions of different ring systems depend
on the reaction conditions (23, 186). Reaction of methyl-
ammonium chloride gives a cyclic diphosphazane
(XXTI) (68). Monophosphazenes are formed from re-
action of triphenyldihalogenophosphoranes with aryl-
amines in the presence of triethylamine (171, 172).

INEt;
Ph;PX; + ArNH; ——— ArN=PPh;,
~2HCl
The same products are obtained from reactions of
tertiary phosphines with azides (170, 340, 342).

Disproportionation of phenyl derivatives of cyclo-
tetraphosphazene, and the interconversion of halogeno-
phosphazenes are discussed in Sections V-D, VI-C,
and IX.

Reactions of ammonium chloride with niobium (358),
tantalum (141), and molybdenum (140) pentachlorides
have been investigated in attempted preparations of
phosphazene analogs.

V. HALOGENOCYCLOPHOSPHAZENES

A, PREPARATION OF CHLORIDES

The synthesis by Liebig of hexachlorocyclotriphos-
phazene from phosphorus pentachloride and ammonia
or ammonium chloride is of historical interest (206),
and modifications included the use of sealed tubes
(351, 352, 355) or use of an inert solvent such as
sym-tetrachloroethane (246, 308). Other preparative
methods include the reaction of ammono-basic mercurie
chloride with phosphorus pentachloride (136, 317,
138), the high temperature chlorination of phosphorus
nitrides (232, 234, 239, 378), and reaction between
tetrasulfur tetranitride, thionyl chloride, and phos-
phorus trichloride (143).

Stokes discovered that hexachlorocyclotriphospha-
zene was the first of a homologous series, (NPCly),,
of which lower members (n is 3-6) were isolated in a
pure state, and an impure heptamer was obtained.
Recent improvements in technique have led to the
isolation and purification of compounds N7P;Cly
and N;sPsClys (212), and there is indirect evidence of
higher members (n is 9-17). The relative proportions

depend on reaction conditions; cyclic phosphazenes
are extracted with light petroleum, and separated by
solvent extraction, fractional crystallization, fractional
distillation, chromatography, ete. (45, 127, 212).

The compound N;PsCl; also reported by Stokes
(355) has been assigned a tricyclic structure like that
of eyameluric chloride (199, 200).

The compound NP:Cl; has been prepared from re-
action between phosphorus trichloride and tetrasulfur
tetranitride, and from the high temperature reaction
between hexachlorocyclotriphosphazene and phospho-
rus pentachloride in phosphorus oxychloride (148).

A new reaction leading to the formation of chloro-
and bromophosphazenes from tervalent phosphorus
azides is discussed in Section VI-D.

B. PREPARATION OF BROMIDES

The preparation of hexabromocyclotriphosphazene
from reaction of phosphorus pentabromide with am-
moniza (38) and ammonium bromide (147) has been re-
ported. Octabromocyclotetraphosphazene has been
characterized (46, 49), and lowering of the degree of
dissociation of phosphorus pentabromide by addition
of excess of bromine gave increased yields of both
compounds (23, 186).

Preparation of the compound NP.Br; has been
reported (186).

Mixed chlorobromides, N;P;Cls_,Br, (n = 1, 2, 4),
have been prepared from reactions of ammonium
chloride and ammonium bromide with suitable quin-
quevalent phosphorus halides (301).

C. IODIDES

Quinguevalent phosphorus compounds containing
phosphorus—iodine bonds have not been prepared, and
there is no evidence for the existence of iodophos-
phazenes despite their mention in the patent literature
(21, 74, 209). Reaction of chlorophosphazenes with
sodium iodide in acetone or sulfur dioxide solution is
slow and accompanied by the liberation of iodine (45,
259), and precipitation of sodium chloride. It is possible
that these observations can be explained by initial
reaction of chlorophosphazene with the solvent.

D. FLUORIDES

Reactions of phosphorus pentafiuoride with ammo-
nium fluoride (204) and of anhydrous hydrogen fluoride
with hexachlorocyclotriphosphazene (53) give am-
monium hexafluorophosphate. Fluorophosphazenes and
chlorofluorophosphazenes were prepared from the re-
action of lead difluoride with hexachloroeyclotriphos-
phazene (310, 313, 314, 313). A feature of this work
was the change in ring size and the formation of fluoro-
chlorocyclotetraphosphazenes. These polymerized at
300° to form a rubber, which depolymerized to chloro-
fluorocyclotriphosphazenes.
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The reaction of potassium fluorosulfite, KSO,F, with
chlorophosphazenes to give corresponding fluorides
without change of ring size (319, 320) has been simpli-
fied by use of a mixture of potassium fluoride and sulfur
dioxide (69, 153). By this method, mixtures of higher
chlorides were converted to fluorides (NPFy), (n =
3-17), which could be separated by means of fractional
distillation and gas-liquid chromatography. Cyeclic
structures were deduced from the infrared spectra;
and, because the lower chlorides could be converted to
fluorides without change in ring size, the existence of
higher eyeclic chlorides was inferred (69). Mixed chloro-
fluorides have been prepared similarly (70). Geminal
replacement (scheme 1, Section III-A) is preferred,
although small quantities of products are formed by
non-geminal replacement (scheme 2).

Good yields of cyclic fluorides were prepared from
chlorides without change in ring size by reaction with
sodium fluoride in nitrobenzene using aqueous hydro-
gen fluoride as catalyst (223) and by reaction with
argentous fluoride. Direct reaction of chlorophospha-
zenes with argentic fluoride was vigorous, and decom-
position occurred, but chlorofluorides were converted
to fully fluorinated phosphazenes by the use of argentic
fluoride (275). Hexafluorocyclotriphosphazene and
octafluorocyclotetraphosphazene have been prepared
by reaction of nitrogen trifluoride or CF,SF; with
N:P;at 700° (214).

[PCL=N] [ PCL=N],—
N N PCIX
I -l !

CLP N Chb N
v !
— [PCL=Nj;— —[PCL=N}, —
N PX, N BCIX
CLp 3 XCIP N
L IN=PCljm—! L iN=PClyjm—

Geminal replacement (X = F)
Non-geminal replacement (X = NMe,)

Fic. 4.—Reproduced, with permission, from the J. Chem. Soc.
(281).

E. PSEUDOHALIDES

No products have been obtained from attempted
reactions of chlorophosphazenes with silver cyanide
(80) or hydrogen cyanide (384), but reaction of sodium
azide with hexachlorocyclotriphosphazene gave an
oily explosive hexa-azide (150).

NaN3
NeP;Cly ——  NPs(Ni)e

2,4 - Diamino - 2,4,6,6 - tetrachlorocyclotriphosphazene
was converted similarly to a less explosive diamino-
tetra-azidophosphazene (67).

Chlorophosphazenes dissolved in suitable non-
aqueous solvents, e.g., acetone, react with alkali metal

or ammonium thiocyanates to give fully substituted
isothiocyanates. The isothiocyanate structure has
been established by the infrared spectra, and these
compounds react with ammonia, n-butylamine, aniline,
phenylhydrazine, and ethanol. It is reported that poly-
merization of isothiocyanatophosphazenes to form an
elastomer oceurs at 150° (186, 253, 367).

KSCN 8NH;
NPLCls —— NP(NCS)y — N,P(NHCSNH.,)

F. CHEMICAL PROPERTIES

Halogenophosphazenes are comparatively stable to
electrophilic and nucleophilic attack. Replacement of
halogen and the formation of phosphorus—carbon, phos-
phorus—nitrogen, and phosphorus-oxygen bonds are
discussed in Sections VI, VII, and VIII. Properties of
chlorides have been most investigated. Octachloro-
cyclotetraphosphazene appears more susceptible than
hexachlorocyclotriphosphazene to nucleophilic attack.
Complete replacement of chlorine is easier in the former,
perhaps for steric reasons. Hydrolysis is slow, partly
because of the hydrophobic nature of the compounds;
hexachlorocyclotriphosphazene can be steam distilled.
Octachlorocyclotetraphosphazene is less stable to
hydrolysis, and fluorides appeared less stable than
chlorides (259, 320).

Unsuccessful attempts to prepare derivatives of
hexachlorocyclotriphosphazene by reaction with so-
dium, sodium amalgam, potassium, silver, and zine,
have been reported (80, 133, 300). Reaction with
sodium in liquid ammonia has been used in the de-
termination of chlorine (364) and reaction with zine
and acetic acid gives phosphine (351).

Addition compounds of hexachlorocyclotriphospha-
zene and octachlorocyclotetraphosphazene with per-
chloric acid have been reported (51). Early work indi-
cated addition compound formation between hexa-
chlorocyclotriphosphazene and nitrogen dioxide and
sulfur trioxide (39). The compound N;P;Cls:3S0;
has been isolated (25, 144). Melting point diagrams of
a number of binary mixtures of chlorophosphazenes
and aminochlorophosphazenes gave no indication of
compound formation (107). Studies of chlorophospha-
zenes with hydrogen chloride or sulfuric acid are re-
ported to indicate association (259). No solid complexes
of hexachlorocyclotriphosphazene with stannic chloride
or antimony pentachloride were observed. A ternary
complex of hexachlorocyclotriphosphazene with alumi-
num chloride and benzene (147) and a binary complex
with aluminum chloride (50) have been reported.

G. PHYSICAL PROPERTIES

Melting points and boiling points of halogenophos-
phazenes and configurations of mixed halides are given
in Tables 1 and 2. Tables 2 and 3 contain values of the
density of liquid phosphazenes and viscosity data
appear in Table 3. Density measurements of solid
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phosphazenes are included with crystallographic data
in Table 25 (Section XI-C). Vapor pressure data for
halogenocyclophosphazenes and polydichlorophospha-
zene are given in Table 4. Tables 5 and 6 contain physi-
cal constants of other phosphorus-nitrogen halogen
derivatives, and of pseudohalides and their derivatives.
Solubilities of chlorophosphazenes in organic solvents
have been reported (107, 259, 351, 396).
Hexafluorocyclotriphosphazene, hexachlorocyclo-

TABLE 1

HALOGENOCYCLOTRIPHOSPHAZENES AND
HALOGENOCYCLOTETRAPHOSPHAZENES

B.p.,, Configura-

Compound M.p., °C. °C. tion References

N:P:Fs 27.8 50.9 (69, 153, 223, 319,
320)

N3PsF4Cle 114.7 2,2,4,4:6,6 (70,313)

NiP3;FiCla 84.4 2,2,4,6:4,6 (70)

N:P:F:Cls 150.1  2,2,4:4,6,6 (70)

N;3PsF2Cls 181.6  2,2:4,4,6,6 (70)

N:PsFCle 140-142 (313)

NisPiCle 114 256.5 (41, 57, 64, 191, 200,
212, 351, 354)

N:P:ClsBr 122.5-123.5 301)

N3P:Cl:iBr: 134.5-136.5 (301)

N;P:ClaBry 167.5-169 (301)

N;3PsBrg 192 (23, 38, 46, 186)

N:iP4Fs 30.5 83.7 (89, 153, 216, 223,
319, 320)

NiP4FsCly —12.4 to —12.1 105.8¢ (314)

N{PFLCle —-25.2t0 —24.9 130.5% (313)

N«P«Cls 124 328.5 (188, 191, 200, 212,
351, 354)

N4P4Brs 202 (23, 46, 49, 186)

4 Estimated from vapor pressure data.

triphosphazene, and octafluorocyclotetraphosphazene
have similar heats of fusion. The unusual properties
of both fluorochlorocyclotetraphosphazenes merit fur-
ther investigation. These compounds provide the only
recorded examples of reported dissociation in the vapor
state (310, 313, 314), and their boiling points are rela-
tively low. The boiling points of fluorochlorocyclo-
triphosphazenes suggest that the lower-boiling di-
fluoride, N3P;F.Cly, may have a non-geminal configura-
tion. This compound and the higher-boiling geminal
tetrafluoride were both obtained from N.P,F,Cly by
polymerization and subsequent depolymerization. It
is possible that two fluorine atoms are geminal and two
are non-geminal in NPF,Cl,, or that fluorine migration
occurs at high temperatures.

VI. ProspHAZENE DERIVATIVES CONTAINING
ProsprORUS-CARBON BoONDS

Apart from the isolation of hexaphenyleyclotriphos-
phazene (304, 305), nothing was known about cyclic
phosphazenes containing phosphorus-carbon bonds
until Bode and his co-workers investigated the am-
monolysis and cyclization of phenyl derivatives of
phosphorus pentachloride, Friedel-Crafts type pheny-
lation of chlorophosphazenes, and reactions of phenyl
Grignard reagents and phenyllithium compounds with
chlorophosphazenes (50, 54, 369). This work has been
re-investigated and expanded recently (2, 268, 327,
328, 330). Two novel methods of synthesis have been
developed by the Corona group: one based on the de-

TABLE 2
HigeeR HALOGENOPHOSPHAZENES
Compound M.p., °C. B.p., °C. (mm.} 7458 n¥p a2, References
NsPiFu —50 120.1 1.3550 1.3482 1.8259 (69)
NiPsClis 41.3 223-224.3 (18) (200, 212, 354)
NePsFus ~45.5 147.2 1.3604 1.8533 1.8410 (69)
NsPsClae 92.3 281-282 (26) (200, 212, 354)
NP1Fu —61 170.7 1.3644 1.8570 1.8496 (69)
N:P1Clu 8-12 289-204 (13) 1.890 (200, 212, 354)
NsPsFue ~16.9 192.8 1.3677 1.3602 1.8567 (69)
NsPsClis 57-58 (212)
NyPsFis <78 214.4 1.3699 1.3632 1.8589 (69)
NuPuFx ~51 230.8 1.3710 1.3633 1.8638 (69)
NuPuPae <-178 246.7 1.3723 1.3645 1.8644 (69)
NisPisFae 143-148 (12.65) (69)
NuPuFee 154-159 (12.65) (69)
NiuPuFss 166-170 (12.65) (69)
NuPuFa 136-142 (1.7) (69)
N1sP1sFs: 143-148 (1.85) (69)
NuPnFu 152-157 (1.85) (69)
TABLE 3 composition of tervalent phosphorus azides (151,
DENSITY AND VISCOSITY 162, 163, 366). and the ot1.1er on the dehydrohalogena~
tion of aminodichlorobisperfluoroalkylphosphoranes
Tempera- AH, ~ . o s
ttee —log 7 (ep) = visc. (15_1, 365). Monophosphazgnes .(phosphlne‘ imines),
range, @ =d —at —(4/T) + B keal./ which bear a structural relationship to other linear and
°C. 3 1 . . . . . .
Compound c £ 0a 4 B mide R cyclic phosphazenes, are also considered in this section.
NiPF(CL 0-30  1.9568 1.36 (313)
NePiFu 20-80  1.8811 2.76 556 1.728  2.54 (69) A. AMMONOLYSIS AND CYCLIZATION OF SUBSTITUTED
NsPiFus 10-60  1.8009 2.10 602 1.512  2.75  (69) QUINQUEVALENT PHOSPHORUS HALIDES
i . . . .
NPHECl,  dut = 1.8742 @14 Ammonolysis and cyclization of phosphorus halides
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TABLE 4
Vapror PrEssURE Dara
Temperature logw p(mm.) = (4/T) + B AH, sub., AH, vap., AS, vap., AH, fus.,
Compound range, °C. A B keal./mole keal./mole cal./deg. keal./mole Reference
2810 11.82 12.9 (320)
NiPiFe 0-m.p. 2806 11.81 12.8 (153)
) 1670 8.04 7.6 23.5 5.3 (320)
M.p-50 1679 8.065 7.68 23.7 5.1 (153)
NiPsCl 75-m.p. 3078 11.187 18.2 (350)
M.p.-190 2880 8.357 13.2 24.9 5.0 (350)
M.p.-b.p. f2830 8.215 12.9 23.9 (225)
) 3013 11.76 13.8 (320)
NePFs 0-m.p. %3046 11.85 13.9 (153)
i 1952 8.26 8.9 24.6 4.9 (320)
M.p-90 1947 8.247 8.91 24.5 5.0 (153)
NiPiFiCla 60-77 1911 7.923 8.74 23.07 (314
N:PAFCle 88-123 1911 7.615 8.74 21.66 (313)
NP(«Cls M.p.-275 3400 8.560 15.6 25.9 (225)
N:PsF1o 25-120 2141.7 8.3373 9.8 24.9 (69)
N7P7F1s 11.6 26.2 (69)
NsPsFis 12.0 25.8 (69)
NsPsFis 12.7 26.1 (69)
Ni1oP1oFso 13.5 26.9 (69)
NuPuFa: 14.6 28.0 (69)
(NPClL), 330-470 3380 7.24 15.5 (225)
TABLE 3 ture-sensitive intermediates which yield a mixture of
OtHER HALOGEN DERIVATIVES products including octaphenyleyclotetraphosphazene
Compound M.p., °C.  B.p., °C. (mm.) References and some hexaphenyleyclotriphosphazene on heating.
e—— Py 02y 7,35, 159) Botl_l corgpounds are so%uble in benzene e.u_1d glacial
n#p 1.5256 acetic acid and neither is attacked by boiling water
NPl 510-515 am 1.798 32 (152). The liquid ammonia method gave a crystalline
NPCly; 200~202 (33) intermediate, N3H,P,Ph,Cl, for which open-chain strue-
N:MesP:Cls 160 dec. (68, 117) 1 Imi 1
Nooen b 251-26113) (196, 200, 355) tures were proposed, anfi which gave s1.rmlar ylelds' of
cyclic products on heating (42). A similar crystalline
intermediate (XXIII), having the same composition and
TABLE 6 molecular weight, was obtained during a detailed in-
PSEUDOHALIDES AND DERIVATIVES vestigation of the ammonolysis of diphenyltrichloro-
Compound M.p., °C. References phosphorane (197). Proposed reaction paths are shown
NePa(Nae <—20 (150) in Fig. 5, and postulated structures of compounds
NsPsy(NHy2(Naka (2,4:2,4,6,6) 81-82 (67) which were not isolated are shown in brackets.
NaPa(NCS)s 42 (253, 367) P sedi d phosph d
NPy NHCSNHa)s 190 dec. (367) enta-cofrdinated phosphorus compounds are rare
N3Py NHCSNHBu")s 155 (367) (375b) and the salt-like structure XXIII seems likely
N:Ps(NHCSNHPh)s 151 (367) A f the hich basici ¢ lic ohosph
N:Ps(NHCSOEb)s 174 (367) in view of the high basicity of cyclic phosphazenes
gzgaggsc)smﬂzph)« 1659%%- ggg (99, 282) and the formation of addition compounds by
NAP«(NHOSNHas 120 dec. (367) monophosphazenes (Section VI-G). Structure XXIVA
NP« NHCSNHBu-n)s 105 (367) was proposed for the compound N;HP.O.Phs but the
NPs(NCS)2(NHCSNHBu-n)s 155 (367) XXIVB i - .
N4P(NHCSNHPh)s 139 (367) tautomer B is a possible alternative.
N(Py(NHCSOEt)s 189 (367) Reactions of corresponding alkyl compounds (197)
N:Py(NHCSN:HsPh) 153 dec. (367)

is the main synthetic route to chloro- and bromo-
phosphazenes, and the method has been extended to
the preparation of phosphazenes containing phos-
phorus—carbon bonds. The first attempt to prepare
phenylphosphazenes gave a mixture of products, and
on treatment with acetic acid a small quantity of a
partially hydrolyzed derivative, N;P;Ph;ClO.H,, was
obtained (50).

Diphenyltrichlorophosphorane and ammonium chlo-
ride give low yields of phenylphosphazenes. Reaction
with liquid ammonia gives colorless crystalline mois-

are shown in Fig. 6. The basic nature of some cyclo-
phosphazenes (99, 282) suggests that compound
XXV might have a cyclic structure, N;P;Etqs- HCI,
and a tautomeric form (XXVIB) of compound
XXXVIA is considered.

Shaw and Stratton re-investigated the reaction of
phenyltetrachlorophosphorane with ammonium chlo-
ride: three isomers of formula N,P,Ph,Cl,, and a deriva-
tive, NyP3Ph,Cl;, were isolated (327, 328). A different
derivative, N;P;Ph;Cl;, has been obtained from & simi-
lar reaction (175), and these compounds provide the
first examples of cis—trans isomerism in the phos-
phazene fleld. The non-geminal configurations were
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FiGgure 6

demonstrated by the method of synthesis and by the
formation of phenylphosphonic acid on hydrolytic
degradation.

Reaction of liquid ammonia with diethyltrichloro-
phosphorane gave unidentified chlorine-containing,
moisture-sensitive products; on heating, a 379, yield
of hexaethyleyclotriphosphazene and a 209, yield of

octaethylcyclotetraphosphazene were obtained. Both
compounds were soluble in water, ligroin, benzene,
chloroform, carbon disulfide, carbon tetrachloride,
and ethyl aleohol; on pyrolysis, both compounds gave
black resinous products and one mole of ethane per
mole of cyclic phosphazene (43). A similar reaction
of dimethyltrichlorophosphorane gave 3-59%, yields of
cyclic phosphazenes, but treatment with triethylamine
and ammonium chloride increased the yields to 70—
75% (318).

A variation of the synthetic method involving the
chlorination and subsequent dehydrogalogenation of
aminobisperfluoromethylphosphine (151, 365) is dis-
cussed in Section IV,

B. FRIEDEL—CRAFTS REACTION

Friedel-Crafts-type reactions of aromatic hydro-
carbons include a number of reactions with organo-
metallic and inorganic halides such as boron trichloride
(240) and phosphorus trichloride (198a) but few similar
reactions of quinquevalent phosphorus halides have
been reported (198b).

Hexachlorocyclotriphosphazene and refluxing ben-
zene give 2,2-diphenyl-4,4,6,6-tetrachlorocyclotriphos-
phazene in the presence of aluminum chloride (50).
The preparation has been repeated (29, 330) and
moderate yields of 2,2,44-tetraphenyl-6,6-dichloro-
cyclotriphosphazene are obtained after longer reaction
time (330). The geminal configuration of phenyl groups
in both compounds was established by hydrolytic
degradation to diphenylphosphinic acid (29, 330).
The best method of preparation of hexaphenylcyclo-
triphosphazene is by reaction of hexachlorocyclotri-
phosphazene with benzene and aluminum chloride
in an autoclave (330).

Three chlorophenyl derivatives, N;3P3(p-CeHCl)Cls,
Nan(p-CaH401)2CI4, and Nng(ﬂ-CeH;CIhCIz, have been
prepared by the Friedel-Crafts reaction, and hydrolytic
degradation to appropriate phosphorus acids estab-
lished para substitution and a preferred geminal re-
action pattern (scheme 1). Reaction with toluene or
m-xylene gave mixtures whose analyses corresponded
to di- and tetrasubstituted tolyl- and xylyl-phospha-
zenes. The four chlorine atoms of the diphenyl deriva-
tive, N3P;Ph,Cls, were replaced by toluene to give a
mixture of isomeric 2,2-diphenyl-4,4,6,6-tetratolyl-
cyclotriphosphazenes. None of the tolyl and xylyl
derivatives was shown to be a single pure compound
and individual isomers could not be separated, although
it was established that geminal substitution occurred.
Hydrolysis of 2,2-ditolyl-4,4,6,6-tetrachlorocyclotri-
phosphazene (XXVII) gave a quantitative yield of
phosphorie acid, but the phosphonic acid fractions con-
tained a mixture of isomeric acids.

Arylphosphazenes were not obtained from reactions
of hexachlorocyclotriphosphazene with mesitylene,
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durene, biphenyl, naphthalene, furan, or thiophene (2),
and decomposition of the aromatic compound was
probably catalyzed by the presence of aluminum chlo-
ride (370). Similar behavior has been observed in
Triedel-Crafts reactions of boron trichloride (240).

Attempts to prepare chloroalkylphosphazenes by the
T'riedel-Crafts method were unsuccessful (64).

No pure compounds have been obtained from Iriedel~
Crafts reactions of octachlorocyclotetraphosphazene,
and isolation of products is complicated by hydrolysis
(2).

Discussion of the mechanism of these Friedel-
Crafts reactions is restricted by lack of evidence. It
has been suggested that hexachlorocyclotriphosphazene
forms a ternary complex with aluminum chloride and
benzene (147), and a binary complex with aluminum
chloride has been observed in carbon disulfide solution
(50). It is possible that the active intermediate is
similar to those involved in acylation (20). Hydrogen
in an aromatic hydrocarbon might be replaced by means
of a complex involving a quasi-phosphonium ion whose
reactivity might be reduced inter- or intramolecularly
by the lone pair of electrons on nitrogen.

C. ORGANOMETALLIC REAGENTS

No products were obtained from the earliest reactions
of hexachlorocyclotriphosphazene with organometallic
reagents (80, 331), but in 1925, Rosset obtained a
small quantity of hexaphenyleyclotriphosphazene from
reaction of phenylmagnesium bromide with hexachloro-
cyclotriphosphazene (304, 305). The preparation has
been repeated successfully (197, 274). It has been sug-
gested that reaction of hexachlorocyclotriphosphazene
with phenylmagnesium bromide does not occur under
normal conditions of a Grignard reaction in ether.
Toluene caused decomposition, but mixtures of anisole
and toluene gave small yields of hexaphenyleyclotri-
phosphazene, The main reaction product, containing
bromine and chlorine, could not be purified by recrys-
tallization. Treatment with silver perchlorate gave a
perchlorate derivative containing seven pheny! groups
and three phosphorus—nitrogen units. Destructive
distillation yielded triphenylphosphine oxide, but not
aniline. It was assumed that the seventh phenyl group
was attached to phosphorus and an open chain struc-
ture, Ph;P==N—PPh=N—PPh==NH. HClO;, was
suggested. The heptaphenyl derivative was not ob-
tained by addition of phenylmagnesium bromide to
hexaphenyleyclotriphosphazene, which suggests that
ring cleavage occurred before the chlorine atoms were

replaced completely (50). It seems likely that the
presence of one geminal PCl; group may lead to cleavage
of the ring by organometallic compounds. Reaction
occurs hetween hexachlorocyclotriphosphazene and
phenyllithium, but the expected substituticn products
are not obtained. Formation of a small quantity of di-
phenylphosphinic acid on hydrolysis indicates that
some phenylation oceurs (50), and phenylphosphazenes
have been obtained by reaction of phenyllithium with
fluorophosphazenes (45).

Reaction of phenylmagnesium bromide with octa-
chlorocyclotetraphosphazene gave two tetraphenyl
derivatives, two octaphenyl derivatives, and two
phenylated cleavage products (54, 369). The two
tetraphenyl compounds, which differed in melting point
and solubility, could be obtained by recrystallization
from the same solvent and it is likely that they are
position isomers rather than different crystalline
modifications of the same substance. The higher
melting compound gave diphenylphosphinic acid on
complete hydrolysis,

Conformational isomerism has been suggested (257)
to account for the existence of two octaphenyl deriva-
tives, The higher melting octaphenyl compound has
been obtained from ammonolysis and cyclization of
diphenyltrichlorophosphorane (152). The lower-melting
compound has not yet been reported by other authors.
The melting point is similar to that of hexaphenyl-
cyclotriphosphazene, but it was stated that the mixed
melting point with a sample of hexaphenyleyclotri-
phosphazene showed that the two compounds are dif-
ferent. Hydrolysis of tetrachlorotetraphenylcyclotetra-
phosphazenes gave some hexaphenyleyclotriphospha-
zene and phosphoric acid, and hydrolysis of a higher
concentration of the phosphazenes gave octaphenyl-
cyclotetraphosphazene, suggesting depolymerization
and repolymerization of suitable fragments (54, 369).

Work up to this stage can be summarized by saying
that with aryl organometallic compounds, small
vields of definite compounds could be obtained. Some
of these compounds appeared to be formed by ring
opening, but most of the phosphazene was unaccounted
for. No reaction was reported between hexachloro-
cyclotriphosphazene and methyllithium; and with
sodium acetylide an uncharacterized, insoluble, poly-
meric product was obtained (64). Reaction with alkyl
and aryl Grignard reagents gave low yields of high-
melting solids, or viscous, undistillable oils, containing
chlorine (394).

A variety of organoclithium compounds react with
hexachlorocyclotriphosphazene. Reaction with n-butyl-
lithium takes place at —30° and viscous oils and solids
of indefinite melting points are obtained. The molecular
weights vary from 1000 to 3500, and the degree of
butylation, n-Bu:P from approximately 1:1 to 2:1.
All the products were soluble in benzene and some in
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petroleum ether. Analyses of compounds containing a
low n-Bu:P ratio suggested that some hydrolysis had
occurred. Most of the products contained small
quantities of chlorine which could be removed as
triethylamine hydrochloride, suggesting a salt-like struc-
ture. The chemical properties of these polymers show
some resemblance to the properties of monomeric
phosphazenes (Section VI-G). The polymeric mixtures
were partially separated by chromatography and crys-
tallization, but none yielded any individual molecular
weight species and all decomposed on attempted dis-
tillation (268).

It is well-known that removal by organometallic
reagents of one or all three of the chlorine atoms in
phosphorus trichloride is relatively easy, but that dif-
ficulties are experienced in replacing two chlorine atoms.
Protection of one of the three positions by a dimethyl-
amino group and reaction with an organometallic
reagent, followed by removal of the dimethylamino
group with hydrogen chloride under carefully con-
trolled conditions, gave dialkylchlorophosphine (553).

Pcla knad ClzPNRg - RzPNRz b d RzPCl

This reaction was applied by Tesi and Slota to 2,4,6-
trichloro - 2,4,6-trisdimethylaminocyclotriphosphazene,
whose configuration has been established (30, 281).
The corresponding methyl derivative, N;P;Mes(NMey)s,
was obtained from a Grignard reaction, and anhydrous
hydrogen chloride in refluxing xylene removed the
three dimethylamino groups. 2,4,6-Trichloro-2,4,6-
trimethylcyclotriphosphazene was recovered as a crys-
talline solid. The authors state that similar reactions
take place with phenyl- and vinylmagnesium bromide
(368).

MezN\PéN\P,CI
ol I "NMe.

cl_N___Cl

6Me,NH
a’l I ——
N_ _N

Ry X’
/

/P\ P\
cl CI Mel‘V Me:N Cl

Me:N___N___Me CI\P¢N\ _Me
HCl
Me” | [SNMe, —> Me” | il
X X n”
/N SN\
Me:N Me Cl  Me

D. SYNTHESIS FROM TERVALENT PHOSPHORUS
AZIDES

Preparation by this method of linear and cyclic phos-
phazenes (162, 163, 366) represented the most signifi-
cant advance in synthetic procedure since discovery of
the ammonolytic method. Phosphorus substituents
which are unstable to high reaction temperatures or the
action of hydrogen chloride or liquid ammonia, can be
prepared by treating a tervalent phosphorus compound
with a metal azide to give the azidophosphine which
is not usually isolated, and polymerization occurs

on heating. It is probable that this reaction involves
a mechanism whereby the azido group is attacked by
the lone pair of electrons of nucleophilic phosphorus
which becomes quinquevalent.

heat
Y.PX + MN; = Y:PN; + MX  nY,PN; —s (NPY)s + nNs

Herring (162) obtained polymeric products by this
method from reactions of PBr;, PhPCl,, and Ph,PCl.
Polydibromophosphazene gave the known elastomer
(NPBry), (23, 186) on heating under vacuum; poly-
meric (NPPhCI), had an average molecular weight of
5,000; on heating polymeric (NPPh;), under vacuum
a 339 yield of octaphenylcyclotetraphosphazene was
obtained. Tesi, Haber, and Douglas isolated bisper-
fluoromethylphosphine azide which decomposed to
polymeric  bisperfluoromethylphosphazene, [NP-
(C¥s),]., the first perfluoroalkylphosphazene. The white
amorphous solid was insoluble in common organic
solvents, and appeared to be unaffected on boiling with
sulfuric, nitric, and perchloric acids. The action of 109,
caustic soda caused some decomposition and one mole
of fluoroform was obtained per NP(CF;); unit (366).

E. MISCELLANEOUS REACTIONS

Homogeneous films of chlorocyclophosphazenes do
not undergo reaction during 40 hr. irradiation with a
mercury are, but some reaction occurs with solutions
in hydrocarbon solvents (96). No pure compounds were
obtained, but analysis of the products indicated that
some chlorine atoms had been replaced by hydrocarbon
residues. It is probable that reaction proceeds by a free
radical mechanism, and the authors suggested that the
phosphazene rings were unchanged. This work may
be compared with that of Kharasch on reactions of
hydrocarbons with phosgene and oxalyl chloride (192).

Reaction with the solvent was observed during a
study of polymerization of chlorophosphazenes in
benzene, toluene, xylene, and hexane (264). The prod-
ucts appear similar to those mentioned above, but it
was suggested that substitution was accompanied by
cleavage of the phosphazene ring. In the absence of
oxygen no reaction was observed, and the authors postu-
lated a free radical mechanism.

F. PHYSICAL PROPERTIES

Melting points of alkyl- and aryl-phosphazenes, and
of alkyl- and aryl-chlorophazenes, with configurations
when known, are reported in Tables 7 and 8.

G. MONOPHOSPHAZENES (PHOSPHINE IMINES)

Monophosphazenes, discovered by Staudinger and
Meyer, and investigated in detail by Staudinger and
Hauser, are isosteric with phosphine methylenes,
R:P=CH,, and phosphine oxides, R;P=0 (340, 342).
2,2,2-Triphenylphosphazene, HN=PPh;, acts as a
ligand like triphenylphosphine oxide in the forma-
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TABLE 7
ALKYL AND ARYL PHOSPHAZENES
Compound M.p, °C.  Configuration References
NiP:Mes 195-196 (318)
NiPsMesCls 156-157 2,4,6:2,4,6 (368)
NaP:Ets 117.5-119 (43)
NiP3(CFs)s 64 (365)
N:Ps(CsF7)s QOil (365)
N;3PsPhg 232-233 (42, 50, 54, 152, 197,
268, 274, 304, 305,
330, 369)
N:P:Ph«Cle 142-143 2,2,4,4:6,6 (330)
NiP3;PhsCls 188 2,4,6:24,6 (328)
161-163 2,4,6:2,4,6 (175)
NsPsPh:Cle 95 2,2:4,4,6,6 (29, 50, 330)
NiPs(CsHiC1)4Cl, 188 2,2,4,4:6,6 2)
NiP3(p-CeHiCL)2Cla 137 2,2:4,4,6,6 (2)
NsPs(p-CsH4Cl) Cls 91 2:2,4,4,6,6 (2)
Ni«PiMes 163~164 (318)
N«PiEts 0il (43)
N(P«(CF3)s 109 (365)
N+P:Phs 319.5~321 (42, 54, 152, 197,
328, 369)
230 (54, 369)
N+P«Ph«Cls 176 Geminal (54, 369)
205 Geminal (54, 369)
148 2,4,6,8:2,4,6,8 (327)
248 2,4,6,8:2,4,6,8 (327)
202 2,4,6,8:2,4,6,8 (328)
[NP(CF3):2]z 95~100 (365, 366)
(NPPhy)z 85-110 (162)
(NPPhCl), 60-110 (162}
(softening)
TABLE 8
OPEN-CHAIN ALKYL AND ARYL PHOSPHAZENES
Compound M.p., °C. Referencea
NP,PhO:H 270-272 (197)
N:P3;BusOCl 171-172 (197)
N:PsBusO:H 86-87 (197)
N3P:PhsH4Cl 233-235 (197)
245-246.5 (42)
N:PsEt¢HCH 132~134 (197)
NsP«PhsOH 171-171.5 (197)

tion of codrdination compounds of cobalt(II), nickel-
(I1), and copper(11) (12).

Reaction of tertiary phosphines with alkyl, aryl,
and acyl azides gives unstable phosphazides, RN==
N—N=PR;, some of which have been isolated, and
which decompose to phosphazenes, RN=PR;, with
evolution of nitrogen. Reaction is more vigorous in the
formation of alkyl- than of aryl-phosphazenes (340,
342). Kinetic studies indicated a second-order reaction
for a series of para-substituted phenyl azides. Electron-
withdrawing groups like -NO, increased the reaction
rate, and electron-supplying groups like —-NMe,
decreased the reaction rate (170). Reactions of diazides
and diphosphines have been investigated, and poly-
meric phosphazenes have been prepared (151, 163).

Tertiary phosphines and hydrazoic acid (340),
chloramine (5, 9, 331, 332), or hydroxylamine-O-sul-
fonic acid (5,6) give phosphazene addition compounds,
regarded as aminophosphonum salts [R'R"NPR;]+X~.
Free phosphazenes have been liberated from the salts
by treatment with ammonia (7), sodamide in liquid

2PhN; + thPO—Pth -
PhN =Pth—©— PPh;==NPh

) S S
(=N—©'N=Pth—©— PPh,=)y

ammonia (8, 9), or magnesium hydride (331). Reaction
of triphenyldihalogenophosphoranes with primary
aromatic amines in the presence of pyridine gives amino-
phosphonium salts, but in the presence of triethylamine,
phosphazenes are obtained (171, 172).

PhsPX,; + ArNH; + 2NEt; ~ ArN=PPh; 4 2Et;,NHX

Similar reactions with aromatic diamines give bisphos-
phazenes. Reactions of triphenyldihalogenophospho-
ranes with ammonia, primary aliphatic amines, hydra-
zine, and phenylhydrazine give aminophosphonium
salts, even in the presence of triethylamine (172).
Aminophosphonium salts are prepared from phos-
phazenes by the addition of hydrogen halides (9, 10,
11, 172, 340, 377), or alkyl halides, when alkylation of
hydrogen also occurs. Decomposition to alkyl phospha-
zenes and alkyl halides oceurs on heating (10, 172).

’

HN=PR; — [R,'NPRs]X — R'N=PR; + R'X

The basicity of phosphazenes decreases with nitrogen
substituents alkyl > aryl > acyl. Soluble aminophos-
phonium salts, e.g., chlorides, have been converted to
less soluble salts, e.g., picrates and perchlorates. The
compound [H;NPPh;JOSO;H has been converted
by boiling methanol to the methyl ester, [H.NPPh;]-
0OSO;Me, and by benzoyl chloride to the 1-benzoyl
phosphazene, PhCON=PPh; (6). Tertiary phosphines
heated with NO-dibenzoylhydroxylamine, PhCONH-
OCOPh, also give 1-benzoylphosphazenes, PhCON=
PR, (377).

Phosphazenes in which hydrogen, alkyl, or aryl groups
are attached to nitrogen are thermally stable, and distil-
lation and sublimation have been achieved. Compounds
in which acyl groups are attached to nitrogen decom-
pose on heating to phosphine oxides and organic nitriles.
Thioacyl derivatives have not been isolated, and de-
composition to phosphine sulfide occurs (10, 331, 340).

PhCON; + PR, — PhCON=PR, — R,PO + PhCN
PhCSN; + PR; — [PhCSN=PR;] — R:;PS + PhCN

Monomeric phosphazenes are hydrolyzed to phos-
phine oxides and amine derivatives (8, 170, 172, 340,
342). The salts behave similarly, but are usually more
stable (6, 10, 332), and increased hydrolytic stability is
achieved if the phosphorus contains aryl rather than
alkyl substituents. Hydrolytic stability decreases in
the order of nitrogen substituents acyl > aryl > alkyl.
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The compound EtN=PEt; decomposes on contact TABLE 9
with moisture (340), but boiling acid is required for MONOPHOSPHAZENES
hydrolysis of (ROCO),CR/'N=PPh; (170). M.p., °C., o

Monophosphazenes react readily with cumulative Compound b.p., °C. (mm.) References
double bonds, e.g., in carbon dioxide and isocyanates,  ciNpPPh; 179-180 dec. an
but less readily with isolated or conjugated double  BrNPPh 170-172 dec. (10,11

4 . INPPhs 174-175 dec. an
bonds, when higher temperatures are required. Re- HNPPhs 122.5-123.5 (7,8,9,331)
action occurs also with acid halides. ey et gig;

(] 3 —~ b
_ EtNPMes 56 (10) (76)
RN=PR; + CO, — RNCO + R;PO (340, 342) EtNPEG 03.5 (11) (340)
RNCO - RNCNR 4+ R;PO (340, 342) EtNP(Pent~i)s 119 (0.23) (340)
R:C=CO — R.C=C=NR + R;PO (340, 341,  EtNPPhs 96 (10,76, 340)
343) PRNPE 198 (0.5)
- NPEt 116 (0.08) 340
S80. — RNSO + R:PO (340) PhNP(Pantei)s 161 (0.04) 53405
R.CO — RC=NR + R;PO (340) PhNPEt.Ph 69-70 (340)
PhCO;H — PhCONHR + R,PO (170) s PP 1318 g;g) 342)
o-NMelsghkis 3 —
CS: — RNCS + R.PS (340,342) - MeC:HNPPh: 107-169 (172)
RNCS — RNCNR + R;PS (340, 342) p-MeCsHsNPPhs 134-135 (172, 342)
3,5-Me:CeHi;NPPhs 130-131 (342)
HN=PR; 4 CO; — [H:.NPRG]NCO 4+ R:PO (9) 0-CICeHiNPPhy 137-138 (172)
Ph,CO — Ph,C=NH -+ R,PO (9) m-ClC¢HsNPPhs 118-119 (172)
p-ClCsHuNPPhs 121 (170, 172)
CS, — [HNPR;JCNS + RPS  (9) 5~ NCCsHNPPh, 191-102 (172)
PhCOClI — PhCON=PR, (6,8) 0-NO:CsH:NPPhs 151-152 (172)
H,NSO,Cl — H,NSQ,N=PR; (10) m-NO:CsHiNPPhs 137-138 (172)
p-NO:CoHNPPh; 159 (170, 172)
: : : r - : 2,4-(NO2)2CsH:NPPhs 200-201 (172)
Re:actlc.)n of triphenylphosphine with p az1d?benz01c 24,6-(NODOH:NPPhs 183184 (172
acid gives the phosphazene, p-HOCOC;H,N==PPh;, P~Me;NCHiNPPh; 123-124 dec. (172)
and a phosphazene-end-stoppered polyamide, which Z:;he%ﬁ;‘g;’lfx [au1T8 833) 172
was also formed by pyrolysis of the phosphazene (172).  -HOCOC:HNPPhs 222 (170)
: : : : 0-MeOCOCsHNPPhs 148 (170)
Th(? use of pho.sphazenes.m the introduction of primary T 6t NPPh, 195-136 a2
amine groups into organic compounds has been applied  2-(CsH:N)NPPhs 142-143 (172)
. : : 1-C1oH:NPPhs 141-143 (340)
to the synt.hesm of amino acids (10, 170). 2 CLHENPPL, L42-143 (112)

2,2,2-Triphenylphosphazene was converted by halo-  PhCONPEt 62.5-63 (340)

: gy _ _ PhCONPE:Ph 73-74 (340)
gens to a mixture coptammg the l_halogfsnophospha PhGONPPh, 104-105 5 (6. 340, 377)
zene, XN==PPh;, which reacted with triphenylphos-  PhCONHNPPh: 177-180 (172)

. . 1 : I, : o-HOCsH(CONPPhs 207 170)
phine to give a salt-like bromide, s't.able to b.01hng aled HNCONPPh, 120 (170)
and decomposed only slowly by boiling alkali. Reaction = Pnso.NPph, 156-157 (170, 172)

. . : : : »-MeCsH:SO;NPPh; 193 (9,172)
with silver nitrate gave the correspom%mg nitrate. D PhyPNCeH SO:NDPhs 254256 (172
It was suggested that the compounds NP,X; (X = H,NSO;NPPh; 198 (10)

. : 0-PhsPNCsHiNPPhs 206 (172)

Cl, Br) (Section V) m.lght hj&ye analogous structulies, o PhPNC.HNFPhe 255257 (163, 172)
and the great hydrolytic stability of the complex cation  p,p*-PhsPNCHiCsHNPPh, 269-270 (172)

: _ 2,3-PhPNCyiH:NPPhs 226-228 (172)
was ascribed to a resonance structm:e. The same com o PLNPPhiCiH.PPLaNPh 208-210 (169
pound has been obtained from reaction of triphenyldi-
bromophosphorane and 2,2,2-triphenylphosphazene.
HN==PPh; + Br; — BrN==PPh; + [H,NPPh;|Br TABLE 10

AgNOs N
BrN=PPh; + PPh; — [PhyP—N=PPh,]Br —— AMINOPHOSPHONIUM SALTS
[PhyP—N=PPh;] NO, Compound M.p., °C. Reference

Ph;;PBl‘z -+ 2HN=PPh; — [PhsP——-N=PPh3] Br + [HzNPPhs] Br [H:NPMaes]Cl 122 9

o . . (HeNPEt:]Ns (340)

Similar products have been obtained from reactions (H:NP-n-Bus]Cl 62-65 (332)
. . . {HsNP-n-Bus] [PFs] 72-73 332)

of. 1-halogenophosphazenes with triphenylarsine and  |5ixp . Bulanthraquinone-2-sulfonate] 89-90 832
dialkyl sulfides (10, 11). [H:NP(CH:Ph)]Cl 220-221 (331)
[HeNP(CH:Ph)s][picrate] 179.5-180.5  (331)

.A numbe.r ?f phosphazene§ where .the phosphorus—  |FINB(CHPh) (HPLCL] 190-101 331)
nitrogen unit is part of a cyclic organic structure have [H:NP(CH:CH:CN)s)[picrate] 154 (331)
been prepared, and their ultraviolet spectra discussed {gggl{\fﬁ;ﬁ]}gﬁmauﬁmcm 210 dec. ngn

(91). [HNPMePhs]Cl 167 9
Physical constants of monophosphazenes and amino- ~ FENF@lsD:Ph]lanthraquinone-2-

| . sulfonate] 181-183 (331)
phosphonium compounds are reported in Tables 9 and (H:NP(ally)):Ph][HPtCl] 192-193 (331)

10 [H:NPPL(CHz)d][PF¢] 76 (332)
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TABLE 10—Concluded

Compound M.p., °C. References

[H:NPPh(CHos)s][anthraquinone-2-

sulfonsate] 207-208 (332)
{H:NPPh(CHz)4][picrate) 171-172 (332)
[HaNPPh(CH:z)5][PFs] 120-121 (332)
[H:NPPh(CH;z)s] [anthraquinone-2-

sulfonate] 243 dee. (332)
[H:NPPh(CHj)s][picrate] 150-151 (332)
[H:NPPh;]Cl1 236 (9, 332)
[H:NPPh:]Br 248 (10,172)
[H:NPPhs]I 254 (10)
[HoNPPhs] N3 196 dec. (340)
[H2NPPh;}[Cl04] 172-175 (332)
[H:NPPhs][104] 163-165 (332)
[H:NPPh;3][NCO] 120 (9, 332)
[H:NPPh;3][CNS] 173 (€]
[HaNPPhs] [HSO4) 205 (6)
[H:NPPhs]{MeSO:} 146 (6)
[H:NPPhs]|[picrate] 133 (6)
[H:NPPh;][{PFs] 185-187 (332)
[H:NPPh;][HPtCls] 190-193 (332)
[H:NPPhs][anthraquinone-2-sulfonate] 214-216 (332)
[H:NPPhs] [nitroprusside] 193-195 (332)
[MeHNPPhs][PFs] 185-188 (332)
[MeHNPPh;][C104] 175-177 (332)
[MeHNPPh;] [HPtCle] 185-187 (332)
[MeHNPPh;][picrate] 118-120 (332)
[n-BuHNPPhs)Br 141-143 (172)
[CsHuHNPPh3)Br 176-177 (172)
[PhHNPPh;]Cl1 228-231 (340)
[PhHNPPh;]Br 201-203 (172)
[m-MeCeH«<HNPPh:]Br 171-172 (172)

[p-CeHsCsH4sHNPPh3]Cl 180 (170)
[HNHNPPh;)Br 210-212 dee.  (172)
[PhENHNPPh:]Br 218-219 dec.  (172)

[(EtOCOCH:)MeNPPhs]I 103-104 (340)
[Et:NPPhs]I 164-165 (10, 340)
[PhsPNPPhs]|Br 256 10)
[PhsPNPPhs}[NOs] 232 (10)
[Me:SNPPh;s]Br 188 dec. 10
[Et:SNPPhs])Br 148 10)
[Et:SNPPhs]l 158 (10)
[PhsAsNPPhs]Br 226 10)
[HNPPhs]s[ColICly] 217 (12)
[HNPPh;)s[CullCl,] 193 (12)
[HNPPhsl([Nil 1] 226 (12)
O ~
unZp-Y

X = OPh 288-289 (91)

X = Ph 283 (91)

X =H 193-194 (91)

|
uNEp-Me|
I
X = Me 230-233 dec.  (91)
X = Ph 214 (91)

VII. ReacrioNs oF HALOGENOPHOSPHAZENES
wITH NITROGENOUS BASES

A. AMMONOLYSIS

Ammonolysis of hexachlorocyclotriphosphazene was
investigated by Stokes who isolated the diamino deriva-
tive, N;PsCL,(NH;), (351, 352); the bromine analog,

N:P;Bry(NH,),, has been reported (147). Small quanti-
ties of the former have been isolated from reaction of
gaseous ammonia with phosphorus pentachloride in
carbon tetrachloride solution (40). Ammonolysis of
chlorophosphazenes has been studied and a number of
aminophosphazenes have been reported (17, 40, 101,
107, 221, 224, 229, 334). Hexa-aminocyclotriphospha-
zene and octa-aminocyclotetraphosphazene are very
soluble in water (this may be contrasted with the slight
solubility of melamine), but are virtually insoluble in
common organic solvents, except glacial acetic acid
with which there is some reaction (221, 334).

Ammonolysis of tetrachlorodiphenyleyclotriphospha-
zene gives a diamino derivative, N;P;Ph,Cly(NHs),,
and a tetra-amino derivative, N;P;Phy(NH,)s, which
exists in two crystalline modifications with different
melting points. Complete ammonolysis is slow and
a polymeric compound mixed with ammonium chloride
was regarded as an intermediate (29). The basicity of
aminophosphazenes is comparable with that of the
parent amines, and addition compounds are formed
with one molecule of hydrogen chloride even in the
presence of ammonia (99, 221, 282), It is possible that
the suggested polymeric intermediate is an addition
compound, N3P;Ph,(NH,),- HCl, and a related product,
also regarded as a polymeric compound mixed with am-
monium chloride, might have a salt-like structure,
N3P3;Pho(NH,)(NMe,),-3HCIL. Addition of more than
one molecule of hydrogen chloride occurs with excess of
acid (45, 51, 99). Salts would be expected to regenerate
the parent aminophosphazenes on treatment with
ammonia, or primary, secondary, or tertiary amines,
but the polymeric substances would behave differently
with each base.

B. AMINOLYSIS

The earliest aminolysis experiments were described
by Hoffman (168, 169) and Couldridge (80). The work
was extended (210, 307, 308, 393), and it was observed
that complete aminolysis is difficult for amines con-
taining large substituents (349). Spiro derivatives of
o-phenylenediamine and diaminotoluene were prepared,
and in an investigation of the aminolysis of chloro-
cyclotriphosphazenes, the products contained even
numbers of amino groups. It was assumed that geminal
replacement had occurred (51), but more detailed
studies with ammonia, methylamine, and dimethyl-
amine indicated that a non-geminal reaction pattern is
followed (scheme 2, Section III). Some mixed amino
derivatives were prepared, and these included a pair
of position isomers (XI, XII) (28, 29, 30).

Reactions of a large number of primary and second-
ary amines with hexachlorocyclotriphosphazene give
aminophosphazenes, N3P;Cls_,(NRy), (n = 1-4, 6)
(280, 281). Penta-amino derivatives were not obtained
and elementary analyses of such compounds would be
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close to those of hydrochlorides N;P3;(NR,)s- HCL
Piperidinophosphazenes, NzP:Cli—,(NCsHi)n (n =
1-6), have been reported recently (203).

Primary amines with unbranched alkyl groups give
fully aminolyzed products at or near room tempera-
ture, and primary amines with branched alkyl groups
give partially aminolyzed products under the same
conditions. Higher temperatures were required for
complete replacement. In refluxing ether, isopropyl-
amine and {-butylamine gave excellent yields of tetra-
amino derivatives, and dichlorotetra-isopropylamino-
cyclotriphosphazene was converted to hexa-isopropyl-
aminocyclotriphosphazene by reaction with excess of
amine in a sealed tube at 120°. The tetra-t-butylamino
derivative does not react with excess of {~butylamine
under these conditions, but reaction with methylamine
to give tetrakis-t-butylaminobismethylaminocyclo-
triphosphazene indicates the importance of steric effects
in this type of reaction. Steric effects are even more
pronounced with secondary amines. Temperatures of
60-80° are necessary for complete reaction with di-
methylamine and piperidine, but sealed tube reactions
did not always produce fully substituted phosphazene
derivatives of higher amines (281). The reaction re-
gsembles that of amines with cyanuric chloride (333b)
or 1-chloro-2,4-dinitrobenzene (56).

Chlorophosphazenes react with esters of amino
acids to give substituted aminophosphazenes (203,
306), and with acetanilide to give acetyl chloride,
hydrogen chloride, and uncharacterized, probably
polymeric phosphazenes (60, 386). Diphenylurea gives
phenyl isocyanate, and reactions of other amides have
been reported (60).

Reactions of amines with octachlorocyclotetraphos-
phazene follow a similar pattern. Di-, tetra-, and octa-
aminophosphazenes (187, 188, 308), one monoamino
derivative, N,P,.CI;NMe, (283), and alkylamino and
arylamino derivatives of the three non-geminal isom-
eric tetrachlorotetraphenyleyclotetraphosphazenes (327,
328) have been prepared.

No products were isolated from the reaction of hexa-
fluorocyclotriphosphazene with ammonia or aniline
(320), but partially substituted products have been
obtained from reaction with dimethylamine and piperi-
dine (45).

Alkyldimethylaminophosphazenes are converted by
anhydrous hydrogen chloride to alkylchlorophospha-
zenes (368) and the reaction is discussed in Section
VI-C. Similarly, the compound N;P;CL(NH,), is
reported to give hexachlorocyclotriphosphazene with
hydrogen chloride or aniline hydrochloride (51).

Addition compounds with hydrochloric acid and per-
chloric acid are formed in the presence of excess of acid
(51), and it has been observed that monohydrochlorides
of hexa-~aminocyclotriphosphazenes, N;P;(NHR)q- HCI,
are formed even in the presence of excess of amine.

The hydrogen chloride can be removed by triethyl-
amine (282). It is clear that aminophosphazenes are
relatively strong bases, and an addition compound
with boron trifluoride, N;P;(NHEt)s-BF;, has been
prepared (2). In aqueous solution, aminophosphazenes
are about two pK units weaker than the parent amines,
but they are stronger bases than the parent amines
in nitrobenzene solution and some other non-aqueous
solvents (99). The relative basic strengths may depend
on the structure of the aminophosphazene and on the
nature of the solvent. It is possible that reported chlo-
rine-containing intermediates, some of which have been
regarded as open-chain end-stoppered phosphazene
polymers (29, 42, 43, 152, 197, 318), are hydrochlorides.

Most of the compounds reported in Tables 11, 12, 13,
14, 15, and 16 are crystalline solids. Melting points re-

TABLE 11
AMINOPHOSPHAZENES
Compound M.p., °C. References
N;Ps(NHs)e ca. 220 dec. (17, 221)
NiPs(NHMe)e 258 (30, 281)
NiPa(NMez)s 104 (30, 280, 281)
NiPy(NHE)s 118-119 (280, 281)
NP3 (NEts)s 205 (281)
NiPs(NHPr-n)s 59 (194, 281)
NiPs(NHPr-7)s 81 (281)
NyP:(NHBu-n)s 48 (194, 281)
NiP:(NHBu-?)s 59 (281)
N3P:s(NHPent-n)s 38 (194)
NiPy(NHHex-n)s 49 (194)
NiPy(NHCeHu)s 166 (280, 281)
NsPa:(NC:Ha)s 147.5 (276)
NiP3(NCsHio)s 266 (51, 80, 168, 203, 281)
N:Ps(NHNHPh)s 200 (80)
NiP:(NHCH:CO:Et)s 72-72.5  (203)
N:P:[NH(CHz:):CO:Mel]s 0il (203)
NiP:(NH-0-CeHiMe)s 241-242 (80)
N;sPs(NH-p-CeHiMe)a 249 (168, 281)
NiPs(NMePh)s 141-142 (45)
N¢Ps(NHs)a ca. 220 dec. (17,221)
NP« NHMe)s 208 (188, 283)
NP«(NMe2)s 238 (280, 283)
N{P«(NHE)s 122 (188)
N«P«(NHPr-n)s 99.5 (188, 283)
NP« NHBu-n)s 86 (188)
N«P(NHBu-i)s 94 (283)
NP« NHBu-s)s 111 (283)
N4P«(NHPent-n)s 79 (188)
N«P«NHHex-n)s 70 (188)
NP« NHCH:Ph)s 121.5 (188)
NP«(NC:Hds 262 (276)
NP«NC:H;s0)s >230 dec. (188)
NiP«(NCsHio)s 295 (2, 188)
NP« NH-0-CeHiMe)s 229 dec. (188)
NP« NH-m-CeHiMe)s 199 (188)
NP« NH-p-CsHiMe)s 207 (188)

TABLE 12
Mixer AMINOPHOSPHAZENES

Compound M.p., °C. Contiguration References
NsPs(NHz)a(NHMe)s 161.5 2,4:2,4,6,6 (28, 30)
204 2,2:4,4,6,6 (28, 30)
N:Ps(NHz)a(NMe:) 144 2,4:2,4,6,6 (30)
NPs(NH:)s({NHMe):(NMe:): 76 2,2:4,6:4,6 (30)
N:Pa(NH2):s(NHPh)4 256-257 2,4:2,4,6,6 (51)
NiPy(NHMe)s(NMez)s 125 2,4:2,4,6,6 (30)
NiPs(NHMe)s(NMes)s 119 2,4,6:2,4,6 (30)
NaPs(NHMe)«(NMes)s 124 2,2,4,6:4,6 (30)
NiPy(NHMe)s(NHBu-t)4 199 (281)
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TABLE 13
AMINOHALOGENOPHOSPHAZENES
M.p., °C,,
or Configu-

Compound b.p., °C. (mm,) ration References
N3;P:ClsNH: >140 2,2,44,6:6 (107)
N3P;CliNMe: 12-14 2,244,6:6 (281)

70-72 (0.01)
NiP:CLiNEts 81-83 (0.01) 2,24,4,6:6 (281)
n??p 1.3310
NP:ClsNHCH;CO:Et 74-75 2,2,4,4,6:6 (203)
NaP:ClsNH(CH2):CO:Me 58-59.5 2,2,4,4,6:6 (203)
N1iPsClsNCsHio 68-69 2,2,4,4,6:6 (203)
N;3P:Cly(NH2)s 163-165 2,2,4,6:4,6 (107, 221,
351)
N3P:Br«(NHs)2 (147)
NiPsCly(NHMe)2 100-100.5 2,2,4,6:4,6 (30, 51,
281)
85 2,2,4,6:4,6 (28, 30)
N3PiCli(NMez)s 103 2,2,4,6:4,6 (28, 30,
280, 281)
NiPsCly(NEt2)2 134 (280, 281)
NIP:Cli(NBu-i2)2 73 (281)
N3PsCLN(CeHn)ala 200 (280, 281)
NaP:Cli(NHCH:CH.N Hs). 188 (51)
NsP:ClL(NHCH.CO:Et): 83-84 (203)
NiPsCliNH(CH2):CO:Me): 59-60 (203)
NiP:ClyNHCH«NH) >3350 2,2,44:6,6 (51)
NiP:Cly(NHCsH:MeNH) 211 2,2,4,4:6,6 (51)
NsPsClL(NCsHio)z 104~105 2,2,4,4:6,6 (203)
N;3P:Cls(NMes)s 104.5-105.5 2,4,6:2,4,6 (281)
107 (28, 30)
NiPsCly(NEt2)s 102 (2) (280, 281)
n?p 1.3100
162 (61, 281)
NiPsCly(NBu-na)s 170 (0.01) (281)
NsP3Cly(NCsHio)s 113.5-114.5 (203)
NiP:Cla(NHz)2(NMes) 87 2,4,6:2,4:6 (28, 30)
NiP:Cls(NHMe)(NMez)s 82 2,4,6:2:4,6 (28, 30)
NiP:Cl:(NH3)s(NHMe): 140 2,4:6,6:2,4 (28, 30)
NiP:Cla(NMes)s 103, 5-104 2,4:2,4,6,6 (280, 281)
101-101.5 (281)
NiP:Cl:(NEta)s 125 (0.02) (281)
n%p 1.5103
NsP;Cl:(NHPr-n)4 93 (281)
NPsCla(NHPr-i)4 126 (281)
NiPsCle(NHBu-s)4 71 (281)
N3PsCle(NHBu-t)4 153.5 (281)
NiPsCl:(NHPh)4 191 2,4:2,4,6,6 (81)
N;P3Cly(NH-p-CeHaMe)4 174 (51, 281)
NiP:iCl:(NHCH:CO:Et)+ 73-7T4 (203)
N;3P:Cl[NH(CH3):CO:Mels 42 (203)
N:P:Cla(NCyHio)e 111-112 (203)
N3PsCL{NCsHio)s 121--123. 5 (203)
N«P«Cle( NHMe): 143 (187)
NiP«Cls(NMez): 171 (187)
NP«Cls(NEt2)o 113 (187)
NP«Cls(NHBu-t)2 124 (187)
169 (283)
NP:Cls(NHPh): 166 2,2,4,6,6,8:4,8 (187)
NP4Cls(NMePh): 146 (187)
N¢P«Cls(o-NHCsHiMe): 172 2,2,4,6,6,8:4,8 (187)
N4P«Cls{m-NHC:HiMe): 204 2,2,4,6,6,8:4,8 (187)
NP«Cle(p-NHCsHiMe): 196 (187)
NP«Cle( NCsHuio)2 104 (187)
NiPiCle(NC4Hs0)2 205 (187)
NP:Cli(NHPr-)4 187 (283)
NP«CL(NCsHio)s 204 (188)
NPsClsy(NMePh)s 146 (188)

corded in the reviewers’ laboratory refer to samples in
melting point tubes. Some of these compounds exist in
several solid modifications possessing different melting
points which can be observed with a polarizing micro-
scope. Compounds of the same formula, for which dif-
ferent physical constants are reported, may be isomers or
different crystalline modifications of the same substance.
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TABLE 14
ALKYL AND ARYL AMINOCHLOROPHOSPHAZENES AND
AMINOPHOSPHAZENES
M.p., °C.,
or
Compound b.p., °C. (mm.) Configuration References
N:PsPh«CINHMe 166 2,2,4,4:6:6 (165)
N3:PsPhiCl1NMes 166 2,2,4,4:6:6 (165)
N;P:PhiCINEte 148 2,2,4,4:6:6 (165)
N:sP3sPh«CINCsHio 175 2,2,4,4:6:6 (2)
NiP:Ph«(NHMe): 190 2,2,4,4:6,6 (165)
N:PsPh«(NMes): 145 2,2,4,4:6,6 (165)
N3PsPha( NHEt) 165 2,2,4,4:6,6 (165)
N:PsPhs(NHBu-t): 163 2,2,4,4:6,6 (165)
NsPsPh« NHCeHn): 122-123 2,2,4,4:6,6 (165)
N;P:Ph«(NHPh): 224 2,2,4,4:6,6 (165)
NsPsPho(NCsHio)z 181 2,2,4,4:6,6 (185)
N:sPsMeas(NMez)s 146-147 (3) 2,4,6:2,4, (368)
NiPsPhsCls 188 2,4,6:2,4,6 (328)
N3P;Phi(NHMe): 167 2,4,6:2,4,6 (328)
N3PsPhs(NCsHio)a 185-187 2,4,6:2,4,6 (328)
NsP:PhsCIsNHMe 151 2,2:4,4,6:6 (165)
NsP3Ph:CliNMes 110 2,2:4,4,6:6 (165)
N3sP:Ph.CLNHEt 97 2,2:4,4,6:6 (165)
N;sPsPh:ClaNHCeH1 111-112 2,2:4,4,6:6 (165)
NiP3sPhsCl:NCsH1o 125 2,2:4,4,6:6 2)
NiP3:Ph.Cl(NH;s)e 162-163 2,2:4,6:4,6 (61)
N:P3sPhiClo(NHMe): 170~171 2,2: (165)
N3P3PheCla(NMes)2 143-144 2,2: (165)
N3PsPh:Cl:(NEts): 64.5-66 2,2: (165)
N;3PsPheCla(NHCsHu)e 144 2,2: (165)
N;P:Ph:Cl:(NHPh): 193 2,2:4,6:4,6 (51)
NiP:sPh:Cla(NCsHio)s 144-145 2,2: (165)
131 2,2: (165)
NiPsPhs(NH)4 275 and 106  2,2:4,4,6,6 (28, 29)
N;P:Ph:(NHa):(NHMe): 140 2,2:4,6:4,6 (28, 29)
N;3P:Ph:(NHz2)a(NMesz)s 137 2,2:4,6:4,6 (28, 29)
NiP:Phe(NHj)2(NHPh). 218 2,2:4,6:4,6 (51)
NsPsPh:(NHMe)s 174 2,2:4,4,6,6 (28, 29, 165)
NaP3sPha(NMe:z)e 120 2,2:4,4,6,6 (28, 29, 185)
N3sP:Ph:(NHEt) 122 2,2:4,4,6,6 (165)
N3sPsPhe(NHC:Hu )¢ 136.5 2,2:4,4,6,6 (165)
N:P:Phe(NHPh)4 198-199 2,2:4,4,6,6 (51)
NsPsPhe(NHCH;Ph)« 92.5 2,2:4,4,6,6 (165)
NsPsPhs(NCsHio)s 195-197 2,2:4,4,6,6 (165)
N«P«PhCle 248 2,4,6,8:2,4,6,8 (328)
NP:Ph«(NHz)« 228-229 2,4,6,8:2,4,6,8 (328)
N¢P:Pho NHMe)« 130 and 151 2,4,6,8:2,4,6,8 (328)
N«P«Ph«(NMes)s 178-180 2,4,6,8:2,4,6,8 (328)
NiPPh( NHEt)4 99.5-101.5 2,4,6,8:2,4,6,8 (328)
N+PPh(NEtz}4 310-320 dec.  2,4,6,8:2,4,6,8 (328)
N«P«Ph«(NHPr-n)¢ 97-98 2,4,6,8:2,4,6,8 (328)
N4PPhi(NHPr-1)¢ 139.5-140 2,4,6,8:2,4,6,8 (328)
N:P«Phs( NHBu-t)« 250-252 2,4,6,8:2,4,6,8 (328)
N«PPh«( NHCsHur)s 131.5-132 2,4,6,8:2,4,6,8 (328)
NiP«Ph«(NCsHio)s 258-259 2,4,6,8:2,4,6,8 (328)
N:P:Ph NHPh)4 241.5-242.5 2,4,6,8:2,4,6,8 (328)
N«P«Phe NHNHPhH)4 173-175 2,4,6,8:2,4,68 (328)
NP«PhCls 202 2,4,6,8:2,4,6,8 (328)
N:P:«Ph« NHMe)s 130-131 2,4,6,8:2,4,6,8 (328)
NsPPh(NMez)e 154 2,4,6,8:2,4,6,8 (328)
N:P:Phy(NHEt): 121-122 2,4,6,8:2,4,6,8 (328)
NPPh«(NHPr-i)+ 133-133.5 2,4,6,8:2,4,6,8 (328)
NP«Ph(NCsHuo)e 224 2,46,8:2,4,6,8 (328)
N4PPhiCls 148 2,4,6,8:2,4,6,8 (328)
N4«P.Phy(NHMe)s 112-113 2,4,6,8:2,4,6,8 (328)
N4P«Phe(NCsEi10)e 239-240 2,46,8:2,4,6,8 (328)
TABLE 15
AppiTION COMPOUNDS OF AMINOPHOSPHAZENES
Compound M.p., °C. Reference
NiPsCle(NH,):(NHC:H.NH)-0.5HCl1 160-161 (51)
N3PiCl(NHPh)+-0.5HCl 217 (51)
NsPs(NHEt)s- HC1 197 (282)
N;iPs(NHPr-n)s- HC1 184 (282)
N:P:(NHPr-t)s- HCI 203 (282)
NiPs(NHBu-n)s- HCI1 132 (282)
N:Ps(NHBu-7)s- HCl 211 (282)
NaPy(NHPh)s- HCI 221 (61)
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TABLE 16
OPEN-CHAIN AMINOPHOSPHAZENES
Compound M.p., °C. B.p.,, °C. (mm.) Reference
NP:O(NMesz)s ca. 26 152 (2.2) 27
n2p 1.4830
NPO(NHPh)s 228-229 (33)

Using non-geminal assignments of amino groups in
the compounds N;P;ClL(INH,), and N;P;Ph,ClL(NH,).
(28, 29, 30) it is possible to assign configurations to
compounds prepared previously (47, 51). The configu-
ration of 2,4-bisamino-2,4,6,6-tetrakisanilinocyclotri-
phosphazene (XIV) was discussed in Section ITI-A.

C. REACTION WITH TERTIARY AMINES

The suggestion that chlorophosphazenes react with
tertiary bases to form addition compounds of formula
NPX,-2NR; (306) appears unlikely (64, 195), and re-
ported addition compounds of hexachlorocyclotri-
phosphazene (147) remain unconfirmed (64, 195).

Trimethylamine reacts with hexachlorocyclotriphos-
phazene to give tetramethylammonium chloride and a
mixture of partially substituted dimethylamino deriva-
tives, N3P;Cls_,(NMe,),. No reaction was observed
with pyridine or triethylamine, or between trimethyl-
amine and hexafluorocyclotriphosphazene (64). De-
alkylation of dimethylaniline to form hexa-N-methyl-
anilinocyclotriphosphazene (45) and a similar reaction
of cyanuric chloride with diethylaniline have been
observed (145a). Hexachlorocyclotriphosphazene, like
other acid halides, gives a red crystalline dye with
pyridine and aniline. The reaction involves opening of
the pyridine ring (147).

D. REACTION WITH HYDRAZINES

Hexaphenylhydrazinocyclotriphosphazene (80, 307,
308) and hexahydrazinocyclotriphosphazene, which
forms crystalline derivatives with six molecules of
benzaldehyde or salicylaldehyde (252), have been pre-
pared. A phenylhydrazine derivative, N,PPhs(NH-
NHPh),, prepared from one of the isomeric 2,4,6,8:-
2,4,6,8-tetrachlorotetraphenyleyclotetraphosphazenes,
forms an addition compound with benzene (328).

E. PHOSPHAMS

Phosphams are insoluble, gray-white solids, formed
by reaction of phosphorus pentachloride with am-
monia (121, 122, 132, 226, 330).

PCl; + 2NH; — (NPNH).

Similar products have been formed by reaction of
ammonia or ammonium chloride with molten hexa-
chlorocyclotriphosphazene (80, 224), or liquid am-
monia with chlorophosphazenes followed by thermal
decomposition of the resulting amides (17, 40, 221,
230, 334). It has been reported that the reaction is not
reversible (349).

Similar compounds are obtained by the thermal de-

composition of tetra-aminotetrachlorocyclotetraphos-
phazene or octa-aminocyclotetraphosphazene (101).
These reactions have been investigated in some detail,
and thermogravimetric and differential thermal analy-
sis of the pyrolysis of hexa-aminocyclotriphosphazene
and octa-aminocyclotetraphosphazene to correspond-
ing phosphams show that the reaction path and thermal
stability depend markedly on the material of the pyroly-
sis crucible (221).

—~NH;
N;Py(NH;)y — (NPNH),

Clt
N4P4cl4(NHz>4 —_— (NPNH);,
H

NyP(NH;)s — (NHNH),

Some of the early work has been summarized by
Steger (346), who suggests that P==N—P and P—
NH—P groups occur in an irregular spatial array
(334, 344, 345, 346, 348).

Cyclotriphosphazenes and cyclotetraphosphazenes
are distinguished readily by their infrared spectra
(88, 321), but phosphams obtained by pyrolysis of
different aminophosphazenes give broad diffuse absorp-
tion areas with little indication of original ring struc-
tures (221, 347). Cyclotetraphosphazenes have higher
densities than analogous cyclotriphosphazenes, and
density measurements provide a method of distinguish-
ing between phosphams (Table 17), which suggests
that six- and eight-membered ring structures are re-
tained under some conditions (221).

TABLE 17
DExsiTY OF AMIDES AND DERIVED PHOSPHAMS
Method
dis-
Compound d Compound d placement  Ref.
N:Ps(NHz)e 1.68 = NiP«NHo:)s 1.77 = Toluene (221)
0.04 0.04
[NePs(NH)ale 2.17 = [NP«(NH)]z 2.43 == Toluene (221)
0.04 0.04
2.21 £ 2.49 = Hydrogen (118)
0.02 0.02

Further thermal decomposition of phosphams gives
successively (NsPs), and (NP), (107, 227); the former
has been obtained by heating N;P;CL(NH,). (224).

Phosphams containing phenyl groups have been
prepared by the thermal decomposition of anilino-
phosphazenes (52, 168). Initial products were slightly
soluble in nitrobenzene and nitromethane, but it was
concluded that polymerization increased on further
heating, as insoluble final products were formed without
further weight loss. Reaction with aniline in sealed
tubes gave back the starting materials without change
in ring size (52).

I‘Dh

~,,~NHPh N N
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Ph Ph
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VIII. ComrouNDps CONTAINING PHOSPHORUS—
OxyGEX Boxps

A. ACIDS AND SALTS

Hydrolysis of halogenophosphazenes under acidic,
neutral, or alkaline conditions gives hydroxyoxo-
phosphazanes (imidophosphates) as suggested by
Stokes (353) rather than hydroxyphosphazenes (79);
¢f. cyanuric acid (333a). The acids contain one re-
placeable hydrogen atom per phosphazane unit, and
the hexasilver salt prepared by Stokes is considered

to contain nitrogen—silver bonds, N;Ag;P3(0:Ag)s
(279, 353).
X\ OH] /H O
L Ho [ | [ |
TN=P—| = N=P— 5 NP
Coxh L om. OHx

Phosphazane structures have been confirmed by the
infrared spectra of a number of anhydrous salts (269).
The spectrum of the hydroxyoxotetraphosphazane
provides evidence of O—H...0 and N—H...N
(or O) hydrogen bonding. Bands due to the former
do not appear in the spectrum of the tetrasilver salt,
and in the octasilver salt this region of the spectrum
is transparent (348). Conductometric titration of tri-
and tetraphosphazane acids has established that neu-
tralization occurs in three and four distinet steps,
respectively (103).

Studies of hydrolysis have been confined mainly to
chlorophosphazenes, but no quantitative data are avail-
able. Hydrolysis in the presence of moist pyridine
gives pyridine salts which are converted to amorphous
powders by loss of pyridine on heating (308).

It has been suggested that salts of phosphazane acids
give N-chloro derivatives on treatment with hypo-
chlorite (360, 361). Reaction of hexachlorocyclotri-
phosphazene with sodium benzoate gave benzonitrile,
benzoic anhydride, and sodium chloride, and initial
formation of a hexabenzoate and subsequent rearrange-
ment with the formation of carbon-nitrogen bonds
was suggested (41).

X-Ray powder diffraction patterns of a number of
acids and salts have been reported (164).

1. Hydrolysis of Cyclotriphosphazenes

Hydrolysis of an ether solution of hexachlorocyclo-
triphosphazene by aqueous sodium acetate gives the
tetrahydrate of a trisodium salt (XXVIII), and the
monohydrate has also been obtained. Decomposition
to ammonia and phosphoric acid occurs on acidification,
and the three intermediates obtained under milder
conditions were regarded as di-imidotriphosphoric acid,
N.P;OsH7; imidodiphosphoric acid, NP;0sH;; and
pyrophosphoric acid, P,O;H, (353).

An intermediate, N;P;Cl,O.H,, has been obtained,

i i
NE;—O—\P/N\ 40 HO\ /N\ &0
07 ™0 Nat 077 i ~OH
H/N\ <" SH H/N\P/N\H
Na'o- 0 10" Yo
XXVIII XXIX

but the structure is not known with certainty (273,
351). Hydrolysis of an ether solution of N;P;CL(NH,),
gave di-imidophosphoric acid rather than the expected
hydroxyoxophosphazane (102) and further investi-
gation using modern methods would be informative.

An improvement in technique involves the use of
dioxane as solvent. Reaction is more rapid and mono-
hydrates of trisodium or tripotassium salts are obtained
directly (45, 247, 248). Acidification of the tripotassium
salt with perchloric acid gave a dihydrate of the parent
acid, and the anhydrous acid XXIX also could be
obtained (245).

Hydrolysis of the acid XXIX has been followed using
paper chromatographic and ion-exchange techniques,
and it has been shown that the intermediates isolated by
Stokes are cyclic compounds. It is believed that water
can add to hydroxyoxophosphazane ions to form an
intermediate from which ammonium ions are eliminated
without ring-opening, and the following scheme was
proposed IEI241, 271,272).

N 0 0
“0,P” POy ~0,P” “PO;S ~0,P” PO,
| I’ - | | - | |
HN___NH HN_ _NH HN\P/O
02— 02— OZ_
[
! 1
i 7 8.1
HO-— ——O—l—NH—P—OH HO—IT——O—IID—O—IID—OH
H OH OH OH OH
’ i 1 (1?
HO-—1|>—O—I|’~OH - HO—Pl’—OH
OH OH OH

Hexafluorocyclotriphosphazene is decomposed less
readily than hexachlorocyclotriphosphazene by meth-
anolic potassium hydroxide (319, 320).

2. Hydrolysis of Cyclotetraphosphazenes

Octahalogenocyclotetraphosphazenes are hydrolyzed
more readily than hexahalogenocyclotriphosphazenes
(319, 320, 354). Stokes prepared salts containing two,
four, and in the case of silver, eight metal atoms. A
stable dihydrate of the hydroxyoxophosphazane (XXX)
was obtained on acidification (108, 164, 273, 348,
354). The water of crystallization is lost with dif-
ficulty (109, 354) and a hydrogen-bonded structure is
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indicated by the infrared spectrum. The acid dihydrate
is isomorphous with dipotassium, dirubidium, and
diammonium salts, and an ionic structure containing
H;O+ ions has been proposed (78).

HO_ 40 /H

H__ _P-N___OH

3. Hydrolysis of Higher Chlorophosphazenes

Hydrolysis of the compounds NgP;Clys, NgPeCli,
and NyP;Clyy was studied by Stokes. The metal salts
are amorphous, and, on heating with acetic acid, small
quantities of the tetraphosphazane acid XXX were
obtained (356). It has been established that the hy-
droxyoxocyclotriphosphazane is an important inter-
mediate (266) and hydrolysis of a polymeric chloro-
phosphazene has been investigated (129).

B. ESTERS

Compounds derived from halogenophosphazenes by
replacement of halogen by ~OR or —SR groups may be
regarded as esters or thio-esters of hypothetical hy-
droxyphosphazene acids. This replacement is achieved
by reaction with a metal alkoxide or thio-alkoxide,
an alcohol or thio-alcohol in the presence of a hydrogen—
halide aceeptor.

1. Phosphazene Alkyl Esters

No cyclic phosphazene esters were isclated from the
earliest investigations of reactions of alcohols and
phenols with chlorophosphazenes (208, 209, 384) and
the first successful preparation was reported by Dishon.
Methyl and n-butyl esters (XXXI, R = Me, n-Bu)
were prepared from sodium methoxide and 1-butanol-
pyridine, respectively, and purified by vacuum distil-
lation, but the yield of the methyl ester was reduced
by partial conversion to an undistillable residue.
Preparation of the allyl ester XXXI (R = allyl) was
attempted, but the product decomposed rapidly to a
viscous oil (94). The subsequent preparation of this
compound from the sodium alkoxide and by heating
the chloride with allyl alcohol was described, but no
physical constants were given (397).

RO_ OR
RO~_.Ns__OR N;P~N§P/OR
RO/llJI L or RO, II\I\OR
~p? RO” SN—P?
RO "OR RO” OR
XXXI XXXII

The ethyl ester XXXI (R = Et) was prepared from
sodium ethoxide and hexachlorocyclotriphosphazene

(279). Satisfactory analyses were obtained, but it is
possible that the product, which changed from a viscous
oil to a gelatinous solid on standing and decomposed
to form ethyl ether on heating to 120°, contained
impurities which catalyzed thermal decomposition.
The preparation was later re-investigated, and the
ester, which can be purified by vacuum distillation
(111, 389), is insoluble in water; but the compound
described previously was separated from an insoluble
compound, N,P,Cl,(OEt),, by extraction with water.

Alkyl esters (XXXI, R = Et, n-Pr, n-Bu; XXXII,
R = Me, Et, n-Pr, n-Bu) were prepared from reaction
of aleohols with chlorophosphazenes in the presence
of pyridine, but the methyl ester XXXI (R = Me)
decomposed on removal of excess of solvent, possibly
because of nucleophilic attack by pyridine on carbon
(111). Hexa-alkyl esters XXXI are liquids whose
boiling points increase with increasing carbon chain-
length, and octa-alkyl esters XXXII are less volatile.
Unidentified products were obtained from alecohol-
pyridine reactions, but use of sodium alkoxides was
more successful (389). Sodium alkoxides have been
used also in the preparation of the methyl ester XXXI
(R = Me) (94, 111), a mono-alkoxychlorophosphazene,
N;P3;CLEOMe (165), and fluoro-alkylmethylene esters
of high thermal stability (277). The infrared spectra of
a number of phosphazene esters have been described,
but the method of preparation was not stated (89).

2. Phosphazene Aryl Esters

Aryl esters (XXXI, XXXII; R = Ph, p-CeH,OMe,
B-CiH7) and some partially phenoxylated derivatives,
N;PyPhyCl,(OPh),, N,;P;Cl;OPh, N,;P;Cl(OPh)s, and
N;P3;Cl(OPh);, have been prepared conveniently from
metal aryloxides and chlorophosphazenes (90, 111).
Phenols did not give well-defined products on heating
with hexachlorocyclotriphosphazene in the presence
of aqueous sodium hydroxide (60), but a number of
aryl esters (XXXI, R = p-C:HX, X = H, C], NOy)
were prepared when pyridine was used as the condensing
agent. An ionic intermediate was postulated (391).
Heating hexachlorocyclotriphosphazene with dibenzyl
ether yielded benzyl chloride, but no phosphazene
derivatives were isolated (384).

3. Phosphazane Esters

Alkylation of the trisilver salt of the phosphazane
acid gives the N-alkyl ester XXXIIT (R = Et) (279).

Etl
N3H3P3(02AAg)3 EO')D NaEtaPa( OzEt)a

This compound is obtained also by thermal rearrange-
ment at 200° of the phosphazene ester XXXI (R = Et).
The tetraphosphazane ester XXXIV (R = Et), which
is a crystalline solid, is also prepared by thermal rear-
rangement (112). Reaction of the tetrasilver salt,
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NH.P,(0:Ag)s, with ethyl iodide gives an oil (279)
which is not identical with the rearranged product,
and it is possible that the oil contains a mixture of
isomers.

R
, RO O R
RO.__N___O Ry PN, OR
07] I OR Ol )
Ay G T
RO” O R o” OoRrR
XXXIII XXXIV

4. Polymeric Esters

Little is known about esters of higher phosphazene
and phosphazane acids. A chlorophosphazene polymer
of approximate composition H(NPCly);,Cl reacts with
sodium methoxide to give a methyl ester of the same
degree of polymerization, but reaction with sodium
t-butoxide gives isobutene and the sodium salt of a
polymeric acid. With small quantities of water the
chlorophosphazene polymer gave a higher polymer
containing P-O-P bonds. The methyl ester could be
prepared, but reaction with sodium t-butoxide gave
isobutene and a polymeric acid as before (31).

Alcoholysis of a polymeric chlorophosphazene of de-
gree of polymerization ca. 200 has been investigated.
With ethanol, isopentyl alcohol, and 2-ethylhexanol,
almost complete replacement of chlorine occurred at
room temperature in the presence of pyridine. Sodium
alkoxide gave products containing a higher proportion
of chlorine, but products obtained by both methods were
deficient in alkoxyl and presumably contained P=0
groups in addition to P(OR); groups (145).

5. Thiovesters

Alkyl- and aryl-thicesters (XXXV) have been pre-
pared from chlorophosphazenes and thioaleohol-pyri-
dine mixtures (890) or by reaction with sodium mer-
captides in tetrahydrofuran (66). Reaction of sodium
mercaptides in ether gave compounds of formulas
NsP:Cli(SAlk)s, N;PiCLi(SAr),, N;P;(SAr)s, NsP.Cls-
(SAlk)s, and N P,ClL(SAr)s (66). Densities and refrac-
tive indices at 20° have been reported by Yokoyama
(390) and other physical constants are reported in
Table 20.

RS.__N___SR
RS | “SR
N ¢N

4N
RS SR
XXXV

6. Properties

The esters are generally insoluble in water and
moderately stable to hydrolysis, but no quantitative
hydrolytic studies have been carried out. The N-ethyl-
phosphazane ester XXXIII (R = Et) formed an

addition compound with three molecules of hydrogen
chloride. One molecule was lost and the dihydrochloride
formed on standing in a desiccator for 48 hr. The ester
was recovered by treatment with potassium hydroxide.
On boiling with 2 ¥ hydrochloric acid, ethylammonium
chloride and phosphoric acid were obtained, and treat-
ment with 6 N potassium hydroxide gave an amorphous
solid for which an open-chain structure was proposed
(279).

Fitzsimmons and Shaw (112) discovered that phos-
phazene alkyl esters undergo thermal rearrangement to
isomeric N-alkyl phosphazanes on heating at 200°, and
the benzyl ester XXXI (R = CH.Ph) rearranges to the
N-benzyl isomer XXXIII (R = CH,Ph) at a lower
temperature of 160°. Phenyl esters (XXXI, XXXII;
R = Ph) are stable for prolonge'd periods at 300°.

Aliphatic carbon atoms of P"-O-C- groups are often
!

susceptible to nucleophilic attack, and it is suggested
that ring nitrogens act as inter- or intra-molecular nu-
cleophiles (112). The phosphazene allyl ester, which
contains reactive a~carbon atoms, is known to de-
compose readily (94), possibly via a rearrangement of
this type or polymerization of the allyl groups. A
formal analogy to this rearrangement involves the con-
version of 2,4,6-trimethoxy-s-triazine to the N-methyl
isomer (167).

OMe (¢]
\%F ) N/Ie\N)J\N/Me
MeOJ\\N/LOMe O')\N/LO
Me

The high thermal stability of phosphazene fluoro-
alkyl esters is of interest (277) since compounds con-
taining e-carbon atoms adjacent to powerful electron-
attracting groups might be expected to rearrange
more readily than their unfluorinated analogs; but the
reported thermal stability probably is greater than that
of phenyl esters. Substitution by chlorine of hydrogen
attached to «- and w-carbon atoms occurs under the
influence of ultraviolet light (278).

N A . v ~ ~
?T OLHQ(LFQ)QCFQH —a—> | OCC]z(CFz)gC}"(l

2 L
Z° =

Refractive indices of some phosphazene esters have
been measured by Yokoyama (389); other physical
constants of phosphazene esters, phosphazane esters,
and thioesters are recorded in Tables 18, 19, 20.

IX. POLYMERIZATION AND DEPOLYMERIZATION

A. CHANGE IN RING SIZE

Compared with sulfur-nitrogen compounds (142)
few examples of change in ring size without interme-
diate high polymer formation have been reported among
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TABLE 18

PuosrHAZENE ESTERS
M.p., °C,,
or
Compound b.p. °C. (mm.) References

NiPs(OMe)s 114 (0.1) (94, 111)
NP3 (OEt)s 115-116 (0.1) (111, 112, 389)

N3Ps(0OPr-n)s

146-148 (0.1)

(111)

N:P3(OBu-n)s 162-164 (0.01) (94, 111)
n28p 1,4473
d®s.81.0342
NsP3(OCsHui)s 184 (34)
N3P3(OCH:Ph)s 51.5 (113)
N3P3(OPh)s 110-111 (111)
NiP3(p-OCsHsOMe)s 103-104 (113)
N3Ps(0—g-CioHr)s 168-169 (113)
N:P3(OCH:CFs)s 38 277
248 (743)
N:Ps(OCH:CF:CFs)s 16-18 @77
136.5 (8)
n®%p 1.3365
NP3 (OCCL.CF:CFy)s 147-148 (278)
176 (0.5)
NiP:(OCH:{CF2):CFs)s 154 (3) 277
n2p 1.3309
NsP3(OCCl2(CF2):CF3)s 94 (278)
N:P3(OCH:(CF3)sCF:H)e 32-36 277
258-260 (2)
N3;P3(OCH;(CF)CF.H)s 103-105 277
320-324 (2)
N:PsC1(OPh)s 68-69 (113)
N3sPiCl2(OPh)a 75-76 (90)
N3PsPh:Cl:(OPh)s 143-144 90)
N:P;ClsOMe 30-32 (165)
N:P3;ClsOPh 48 (90)
N¢P:s(OMe)s 41 (111, 321)
N4P4(OEt)s 45-47 (111, 112)
NeP:¢(OPr-n)s 38-38.5 (111)
NiP4{(OBu-n)s 196198 (0.005) (111)
N«P(OCH:Ph)s 38-39 (113)
N:P4(OPh)s 85-86 (111)
NiPy(O-p-CsHiOMe)s 73-74 (113)
NPi(OCH:CF3)s 65 277y
139-140 (3)
NiP(OCH:CF:CFy)s 142-144 (8) 277
7D 1,3530
NP{(OCH:(CF2):CF3)s 84-85 77
169.5~171.5(3)
NiPy(OCCl:(CF2)2CFs)s 129-132 278)
234 (0.3)
NeP{(OCH:2(CF2)sCF:H)s 398-401 (760) 277
NPy(OCH:(CF2)CF:H)s 102-105 @7
312-320 (0. 1)
N«P«(OCCl:(CF2)sCF:Cl)s 145-150 278)
N:PPhy(OMe)s® 142-143 (328)
(2,4,6,8:2,4,6,8)
NP:Phi(OEt)* 103-104 (328)
(2,4,6,8:2,4,6,8)
N«P«Ph«(OEt)L 121.5-122 (328)
(2,4,6,8:2,4,6,8)
N4P:Phi(OPh)* 132.5-133.5 (328)

(2,4,6,8:2,4,6,8)

¢ Derived from N«P.PhiCl¢, m.p. 248°.

202°,

b Derived from NsP:PhiCle, m,p.

phosphazenes. Partially phenylated tetraphosphazenes
are reported to depolymerize and repolymerize in the
presence of dioxane and aqueous alkali (54, 369).
It is reported that two chloroflucrocyclotetraphospha~-
zenes dissociate into diphosphazene fragments, but
there is no evidence of whether symmetrical cleavage
occurs with the formation of identical fragments.
1t was considered that the tetraphosphazenes, obtained
by fluorination of hexachlorocyclotriphosphazene, were

TABLE 19
ProsprazaNE EsTeRs
Compound M.p., °C. References

N3EtsP3(0:Et)s 74.5 (112, 279)
Ns(CH:Ph)3sPs(0:CH:Ph)s 88-89 (113)
NEWP(O:Et)4 208-210 L (112)

TABLE 20

THIOESTERS

Compound M.p., °C. B.p., °C. {(mm.) Reference

NsPsCl(SEt): 128 (0.2) (66)
NaPsCls(SPr-n): 124 (0.1) (66)
N3P3Cl(SPr-i)2 53-54 117 (0.03) (66)
NiPsCli(SBu-n)2 150 (0.08) (66)
N3PsCly(SBu-1)2 138 (0.08) (66)
N3PsCle(SPh): 107 (66)
N:P:i(SEt)s 35.5 196 (0.06) (66)
NsP:(SPr-n)s 209 (0.02) (66)
N3sP3(SBu-n)s 238 (0.04) (66)
NgPa(SCeHu)s 80-81 (66)
N:Ps(SCH:Ph)¢ 77.5-78.5 (66)
N;P:(SPh)s 153.5 (66)
NPCL(BEt) 105-106.5 (66)
NPiCla(SPr-n)s 74.5~75 (66)
N¢P:Cls(SBu-njs 148-150(0.2) (66)
NiPsCly(SPh)s 156 (66)

cracking products of an intermediate high polymer
(310, 313, 314).

B. HIGH POLYMERS

Inorganic polymers (317, 323, 325) and phosphazene
polymers (259, 322, 324, 336) have been reviewed,
and phosphazene polymers have been classified into
addition and condensation polymers (324). Condensa-
tion polymers were discussed in Section VII-E.

Lower cyclic chlorophosphazenes are converted on
heating to a high molecular weight, insoluble elastomer,
which is colorless and transparent when pure. There is
a resemblance to unvuleanized rubber, and it was dis-
covered by Stokes that depolymerization to lower cyclic
oligomers occurred at higher temperatures, particularly
under vacuum (355). Similar observations of polymeri-
zation have been recorded (385, 392), but further heat-
ing did not lead always to depolymerization, and porous
horny materials have been obtained (105, 308), pos-
sibly because of the presence of impurities. At lower
temperatures the gums and rubbers have a glass-like
appearance (299, 300, 383). It was considered that
phenomena such as hardening on standing at room
temperature are due to crystallization of enmeshed lower
cyclic oligomers, which could be extracted by suitable
organic solvents (297, 298, 299, 300). The mechanism
of polymerization was discussed (105) and it was
shown by Schmitz-DuMont that equilibrium in the
gas phase is achieved without formation of an inorganic
rubber. When 1 g. of hexachlorocyclotriphosphazene
was heated in a 100-ce. quartz ampoule at 600°, a
mixture of crystalline and liquid oligomers was obtained,



TuE PHosPHAZENES (PHOSPHONITRILIC COMPOUNDS) 271

but no rubber. Similar results were obtained when the
starting material was octachlorocyclotetraphosphazene
or the inorganic rubber, and the effects of temperature
and pressure on the equilibrium were discussed. In-
organic rubber was among the products only when
excess of starting material was used (311, 312).

Bromophosphazenes (23, 147, 186) and fluorophos-
phazenes (69, 319, 320) polymerize similarly to elasto-
mers, Isothiocyanatophosphazenes also polymerize at
ca. 150° (367) and it is possible that ring opening and/or
polymerization of isothiocyanate groups may occur.
The azide method of polymerization has been discussed
(Section VI-D). All high-polymeric halogenophospha-~
zenes hydrolyze easily. Alcoholysis also has been studied
(Section VIII-B) (31, 145, 387).

Irradiation of liquid hexachlorocyclotriphosphazene
and octachlorocyclotetraphosphazene by ultraviolet
light did not cause polymerization, although volatile
and resinous products were obtained in the presence
of hydrocarbons (Section VI-E) (96). Polymerization
of chlorophosphazenes did not occur on irradiation with
y-rays or electron beams (313, 337) although in the
presence of oxygen open-chain compounds containing
pyrophosphate links were formed (337). Graft co-
polymers with styrene also have been prepared by ir-
radiation (338). Irradiation with high energy electrons
of chlorophosphazenes in 1-butanol or dioxane at room
temperature in the presence of air gave viscous poly-
mers (339).

Alkyl- and aryl-phosphazenes are not easily poly-
merized, and thermal decomposition occurs with evolu-
tion of hydrocarbons and formation of insoluble resi-
dues (43, 152, 197, 318, 324). The higher-melting octa-
phenyleyclotetraphosphazene and the lower-melting
geminal tetraphenyltetrachlorocyclotetraphosphazene
were converted to non-elastic products on heating for
several hours at 300° (54, 369). Heating of octaphenyl-
cyclotetraphosphazene gave mixtures of cyclic tri-,
tetra-, penta-, and hexaphosphazenes, whose relative
proportions depended on the reaction temperature.
It was suggested that at high temperatures phenyleyclo-
triphosphazenes are more stable than phenyleyelo-
tetraphosphazenes. At the highest temperatures in-
vestigated, evolution of benzene and formation of an
intractable residue was observed.

The physical properties of polymeric chlorophospha-
zene were first observed by Stokes (355) and investi-
gated by Meyer and his co-workers (217, 218, 219, 220).
It was concluded that the elastomers consist of chains
which are not cross-linked and which have been com-
pared with plastic sulfur and natural rubber (174,
217, 219, 220). Molecular weights of 37,000 to 78,000
{x = 320 to 700) (335) and 38,000 to 173,000 (z =
330 to 1500) (390) were estimated from elastic moduli.
Molecular weights of 12,000 to 130,000 for products
obtained by polymerization in carbon tetrachloride

solutions were measured by viscometry (262) and
molecular weights of ca. 300,000 were observed in
chloroform and toluene solution (193). It has been sug-
gested that the structure consists of phosphazene rings
(e = 30 to 150) which are statistically interlocked to
form chains whose particle weight is of the order of
one million (262).

It is reported that bulk polymerization of hexachloro-
cyclotriphosphazene and octachlorocyclotetraphospha-
zene is initiated thermally and inhibited by small
quantities of carbon tetrachloride. Polymerization in
carbon tetrachloride solution requires the presence of
oxygen. Equilibrium was not achieved at 300°, but de-
polymerization and repolymerization of pure materials
could be carried out any number of times without
residue. The kinetics have been discussed in terms of a
free radical mechanism, and a resonance contribution
of a polar structure has been considered (1, 261, 262,
263, 264). Traces of impurities caused erratic results,
and the effect of catalysts such as ether and benzoic
acid was investigated, and polymerization was studied
at 210°, Octachlorocyclotetraphosphazene reacted more
slowly than hexachlorocyclotriphosphazene, and solu-
tion polymerization in benzene was slower than bulk
polymerization. An ionic intermediate was regarded
as the reactive species (195, 196). Different reaction
rates were noted in different reaction vessels (130).
Branched chains were postulated to account for the
formation of chlorine-deficient insoluble products in
the presence of benzoic acid (128), but it is possible
that reaction was similar to that observed between
hexachlorocyclotriphosphazene and sodium benzoate
(Section VIII-A) (41). Commercial samples of cyeclic
chlorophosphazenes do not polymerize under the in-
fluence of ~v-rays (213) or electrons from a linear
accelerator (337) which suggests that a free-radical
mechanism is unlikely.

An investigation of floor and ceiling temperatures
below which or above which polymerization would not
oceur has been suggested for a number of inorganie
systems, including the chlorophosphazenes. The neces-
sity of distinguishing between kinetic and thermody-
namic control of the reaction products has been dis-
cussed (120).

X. SPECTROSCOPY

A. ULTRAVIOLET AND VISIBLE SPECTRA

Phosphazenes do not absorb in the visible region of
the spectrum. The ultraviolet spectra of different
chlorocyclophosphazenes are similar, and appear to be
almost independent of ring size. Absorption begins
near 250 mu and rises toward shorter wave lengths in
the vacuum ultraviolet region (45, 115, 329). Maxima
have been reported between 190 and 225 mu (92, 193,
199, 200, 372), but these observations have been
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questioned (115, 212, 259). Bromophosphazenes absorb
at longer wave lengths from about 310 my and there are
signs of a shoulder near 260 mu. There is little change
in the spectra of solutions of bromides or chlorides on
changing the solvent from n-hexane to sulfuric aecid,
and it is considered that absorption is caused by the
excitation of unshared electrons on halogen atoms
(259).

Open-chain chlorophosphazenes, CI(NPCI,),,PCly, ab-
sorb quite strongly in the near ultraviolet, and exhibit
maxima near 320 and 370 mu (259).

Fluorophosphazenes show no appreciable absorption
in the visible or near ultraviolet regions of the spectrum
(69, 320) and continuous absorption begins near 170-
180 mpu (115). The far ultraviolet spectra of hexa-
fluorocyclotriphosphazene and octafluorocyclotetra-
phosphazene exhibit maxima of high intensity (log
e 4.0) at 149 £ 0.5 mu and 147.5 % 0.5, respectively,
and both compounds absorb more strongly beyond
minima near 141 mgu. No further minima occur until
beyond 110 mu (115).

Absorption near 260 mu in the spectra of phenyl-
phosphazenes (330) is characteristic of unconjugated
phenyl groups, and resembles the absorption of other
phenyl derivatives of four-cotérdinate phosphorus
(181, 182, 183). Fluorescence has been observed in
solutions of some phosphazene derivatives (54, 96,
369).

B. INFRARED AND RAMAN SPECTRA

Raman and infrared spectra of hexafluorceyclotri-
phosphazene, hexachlorocyclotriphosphazene, octa-
fluorocyclotetraphosphazene, and octachlorocyclotetra-
phosphazene have been investigated in detail.

The Raman spectrum of hexachlorocyclotriphospha-
zene was the first to receive attention and the number
and nature of observed lines supported the existing
evidence for a planar molecule of symmetry Ds (108).
Numerical values were given for force constants of
P-Cl and P-N bonds (178, 179). Raman and infrared
spectra of both chlorophosphazenes were examined by
Daasch (88). Bands in the spectrum of hexachlorocyclo-
triphosphazene agreed closely with those expected from
a molecule of symmetry Ds. Bands in the spectrum
of octachlorocyclotetraphosphazene corresponded to
those expected from a planar ring of symmetry D,
although symmetry Doy was not eliminated. Fewer
bands were observed than would be expected from a
puckered ring of symmetry 8. The infrared spectra of
solid samples were similar to those of samples dissolved
in conventional solvents (88) and therefore assumption
of a higher symmetry by the eight-membered ring in
solution is unlikely. Investigation of the infrared and
Raman spectra of hexafluoroeyclotriphosphazene and
octafluorocyclotetraphosphazene suggested D and
Can symmetry, respectively (24).

The infrared and Raman spectra of cyclotriphospha-~
zenes and cyclotetraphosphazenes are dominated by
strong P-N stretching bands in the region 1150-
1450 ¢m.—%; these bands are useful in determination of
ring size (88, 301, 321). The positions depend on the
nature of the attached groups, and P-N stretching
frequency plotted against electronegativity gives a
smooth curve for cyclotriphosphazenes (257). A selec-
tion of P-N stretching frequencies of compounds
N;P; X, and N,P.X; is recorded in Table 21. The in-
frared spectra of acids (79), polymeric perfluoroalkyl-
(363), chloro-, and alkoxy (89) phosphazenes have been
examined; P-N stretching bands occur at lower fre-
quencies, 116-1180 cm.—}, in the spectra of monophos-
phazenes, p-XCeH,N=PPh, (172).

TABLE 21
P-N StrETCHING FREQUENCIES
N3P:X, NiPXs,
X ecm, 1 em, 3 References
F 1297-1305 1419-1425 (24, 69, 320)
1438~1445

cl 1218-1220 1310~1315 (88, 212, 321)
Br 1170-1184 1277 (259, 321)
Me 1180 1220 (318)
CFs 1205 1216 (365)
Bt 1157 1231 (43)

1280
Ph 1190 1213 (43)

1170
OMe 1239 1337 (113)
OEt 1225 1320 (112)
NH: 1170-1177 1235~1240 (17, 221, 334, 337)
NyHa 1218 (252)

The P-N stretching frequency in the compounds
(NPFy), increased from 1297 to 1439 em.~! (n = 3-5)
and decreased to 1357 em.—! (n = 11). Gradations in
a PF, symmetrical stretching band near 900 cm.—!
were also observed, and it was suggested that these
changes were consistent with flexible cyclie structures
(69).

A comparison of the spectra of several chlorophos-
phazenes (NPCly), (n = 3-7) (199, 200, 212) showed
increased intensity of a band near 750 cm.-! with in-
creasing values of n (259). This was considered to be
caused by a gradual decrease in the phosphorus-
nitrogen bond order and an increase in absorption of
the P—N stretching frequency of bond order one (259).
The infrared spectrum of the supposedly tricyclic com-
pound N;P¢Cl, has been investigated (199, 200).

C. NUCLEAR MAGNETIC RESONANCE SPECTRA

Nuclear magnetic resonance spectra of a consider-
able number of phosphorus compounds have been
observed, including hexachlorocyclotriphosphazene,
polymeric chlorophosphazenes, and the sodium salt,
NsHaPs(OzNa)g (376)

Nuclear magnetic resonance spectra were used to
investigate the substitution of hexachlorocyclotri-
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phosphazene and tetrachlorodiphenyleyclotriphospha-
zene by ammonia, methylamine, and dimethylamine.
Evidence of non-geminal replacement (scheme 2,
Section IV) was obtained, but only one line was ob-
served for some compounds when phosphorus atoms
were in different chemical environments (30). It may
be seen from Van Wazer’s tables (375a) that replace-
ment of chlorine by nitrogen when attached to four-
coérdinate phosphorus is unfavorable for phosphorus
nuclear magnetic resonance studies. Of eleven bis-
aminocyclotetraphosphazenes, three aromatic amino
derivatives showed two triplet bands indicating
2,6-disubstitution. Only one line was observed in the
spectra of aliphatic and heterocyclic amino deriva-
tives (187). One line was observed in the spectra of two
tetra-aminocyclotetraphosphazenes (188).

Proton magnetic resonance spectra of a series of
dimethylaminocyclotriphosphazenes, NyP;Cls,
(NMey), (n = 14, 6), established conclusively a non-
geminal reaction pattern (379). A band was observed
in the spectrum of the monodimethylamide, and a band
in the same position was obtained for the bisdimethyl-
amino and trisdimethylamino derivatives. A band in a
different position was obtained for hexakisdimethyl-
aminocyclotriphosphazene, and the spectrum of
tetrakisdimethylaminodichlorophosphazene exhibited
two bands of equal intensity. All the bands exhibited
fine structure, and mean values of the chemical shifts
on the high field side of water are given in Table 22,

TABLE 22

ProroN MAGNETIC RESONANCE SPECTRA
Reproduced, with permission, from the J. Chem. Soc. (281).

Compound c./sec.
N:PiCliNMes 83
NiPsCly(NMes): 84
NsPiCls(NMes)s 84
N:P:;Cl:(NMez)e 81 93
N:Ps(NMes)s 91

Nuclear magnetic resonance spectra were used as
evidence of the cyclic nature of fluorophosphazenes
(69) and in the assignment of structures of chloro-
fluorocyclotriphosphazenes. Fluorination of chloro-
phosphazenes occurs predominantly by reaction scheme
1 (Section ITI) (70). Phosphorus nuclear magnetic reso-
nance spectra of the chlorophosphazenes tend to a
constant value with increasing ring size (212).

It has been shown that chemically different phospho-
rus atoms are present in open-chain chlorophosphazenes,
CI(NPCly),PCL. (212) and H(NPCL),Cl, but only
two peaks were observed in the spectra compared
with the expected three bands. Higher soluble elas-
tomers (NPCl;) g, exhibit one broad band (31).

The spectra of the compounds NP,Cl; (139) and
NP;Cl;z (32) have been measured and the structures
PCL+PNCl;— and C3P=NPCI;*PCl;~ suggested. Two

different lines corresponding to two chemically dif-
ferent phosphorus atoms have been observed for the
compound CL,P=NPOCI, (27, 114).

D. NUCLEAR QUADRUPOLE RESONANCE SPECTRA

Nuclear quadrupole resonance investigations of
solids are capable of distinguishing between chlorine
atoms which are crystallographically different, but
which need not be chemically different.

The spectra of hexachlorocyclotriphosphazene and
octachlorocyclotetraphosphazene were reported to con-
tain two lines (371), but four closely spaced lines in the
former and four wider spaced lines in the latter have
been observed (210a, 243, 244). It is possible that the
discrepancy is caused by different crystalline modi-
fications. It has been stated that nuclear quadrupole
resonance spectra indicate no fundamental differences
in the bonding of chlorine atoms in chlorophosphazenes
and in phosphorus oxychlorides (92).

E. ELECTRON SPIN RESONANCE SPECTRA

Observations of electron spin resonance have been
applied to the study of polymerization of octachloro-
cyclotetraphosphazene. Free radicals could not be de-
tected either during or after thermal polymerization,
and their concentration, if any, must be lower than
10*® spins per gram (177).

XI. STRUCTURES

A. ELECTRONIC STRUCTURE

Chlorophosphazenes are derived from tervalent
nitrogen and quinquevalent phosphorus. A cyclic
structure, with alternate single and double bonds be-
tween nitrogen and phosphorus, was proposed for hexa-
chlorocyclotriphosphazene by Stokes (353). The sta-
bility was compared with that of aromatic compounds
(351) and XKekulé-type resonance structures (119)
became accepted.

A molecular orbital description of the aromatic model
was developed by Craig and Paddock (81, 82, 83, 84,
85, 87, 259) and an alternative allylic structure involv-
ing three-center =-bonds was suggested by Dewar,
Lucken, and Whitehead (92). Common features of
both theories are a o-bonded framework of sp2-hybri-
dized nitrogen and sp®-hybridized phosphorus with a
superimposed w-bonded system derived from pw-
nitrogen orbitals and dr-phosphorus orbitals. The theo-
ries differ in the choice of phosphorus d=-orbitals.

Taking the zy-plane as the plane of the molecule,
Craig and Paddock considered nitrogen pz-orbitals
to combine with phosphorus dxz-orbitals directed tan-
gentially to the phosphazene ring in the formation
of molecular orbitals covering all the nuclei. A mis-
match of atomie orbital signs is inevitable for any
cyclic phosphazene containing odd numbers of NP
units, e.g., hexachlorocyclotriphosphazene, but not
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for those containing even numbers of NP units, eg.,
octachlorocyclotetraphosphazene, which should there-
fore be more stable.

Dewar, Lucken, and Whitehead used phosphorus
dyz-orbitals directed normally to the ring, in addition
to dxz-orbitals. Each pair of phosphorus d-orbitals was
replaced by a pair of linear combinations, both of which
could combine efficiently with one adjacent nitrogen pz-
orbital giving a system of almost independent three-
center m-bonds containing two phosphorus atoms and
one nitrogen atom. This does not constitute an aromatic
system, and the heat of formation per NPCl; unit should
be independent of ring size.

An attempt to estimate the extent of dyz-orbital
participation by measurement of the diamagnetic
anisotropy of hexachloroeyclotriphosphazene, AK =
—10.5 X 10-% c.g.s.u., and the average susceptibility
of hexachlorocyclotriphosphazene and higher chloro-
phosphazenes, was inconclusive (86).

B. THERMOCHEMISTRY

The heats of combustion of hexachlorocyclotriphos-
phazene and octachlorocyclotetraphosphazene (158)
and of hexacyclohexyloxyeyclotriphosphazene, hexa-
methyleyclotriphosphazene, and octaphenyleyclotetra-
phosphazene (34) have been used to calculate heats of
formation of the gaseous compounds. Heats of forma-
tion of 2,2,2,4,4,4 - hexachloro - 1,3 - dimethylcyclo-
diphosphazane (XXI) (117) and of 1-ethyl-2,2,2-
trimethylphosphazene and 1-ethyl-2,2,2-triphenyl-
phosphazene (76) have been estimated from heats of
hydrolysis. The data are recorded in Table 23.

Estimated bond energy terms, £(N-P), of hexachloro-
cyclotriphosphazene and octachlorocyclotetraphospha-

zene are identical within the limits of experimental
error (158) and very similar to the bond energy term,
E(N-P), of the phosphazane XXI (117). Bond dissocia-
tion energies of two monophosphazenes show remark-
able differences which have been ascribed to differences
in nitrogen—phosphorus bond order resulting from dif-
ferent effects of P-methyl and P—phenyl groups (76).
Estimated bond energy terms, £(N-P), and bond dis-
sociation energies, D(N-P), of a variety of phosphorus-
nitrogen derivatives are recorded in Table 24. Variations
within one type of structure, e.g., monophosphazenes,
are greater than variations between apparently dif-
ferent types of structure, e.g., phosphazene and phos-
phazenes. In view of the different types of chemical
bonds involved and the unknown influences of sub-
stituents, it would be difficult to make reasonable assign-
ments of phosphorus—nitrogen bond orders in phospha-
zenes. Additional thermochemical data would be
valuable.

C. CRYSTAL STRUCTURES

Early observations of chlorophosphazene crystals
(149, 222, 355, 359) were followed in 1932 by investi-
gations of X-ray powder diffraction patterns of hexa-
chlorocyclotriphosphazene and octachlorocyclotetra-
phosphazene (180). Unit cell dimension of a number of
phosphazenes, with recent values preferred, are recorded
in Table 25. Hexachlorocyclotriphosphazene and hexa-
bromocyclotriphosphazene, but not hexafluorocyclo-
triphosphazene, are isomorphous. The same holds for
octahalogenophosphazenes.

Electron diffraction measurements of hexachloro-
cyclotriphosphazene (57, 316) were in agreement with
the planar model (I) suggested originally by Stokes

TABLE 23
THERMO-CHEMICAL DATA
AH?,, AH%(c), AH%(g),

Compound Eq. keal./mole keal./mole keal./mole Reference
N:P:Cls 1 —345.9 —104.1 —175.9 (158)
N4P:Cls 1 —460.8 —259.2 —236.1 (158)
NsP:Mes 2 —1665.1 = 2.7 —-125.1 = 2.7 —107 = & (34)
NiP:(OCeHu)s 3 —5669.6 + 4 —-528.0 £ 4 —564.0 &= 4 (34)
NP«Phs 4 —6736.5 £ 11.5 40.7 = 11.5 58 = 13 (34)

AH, hydrolysis,
keal./mole
N:Me:P:Cls —154.8 = 0.5 -217.3 = 0.5 —~200.0 £ 2 (117)
EtN=PMe: 6 —~51.7 £ 0.5 —36.6 £ 2.5 —103 + 3 (76)
(liquid)
EtN=PPh; 7 -11.7 = 0.5 27.0 = 3.5 —21.9 + 2.6 (76)
Eqrarrons

NiPuClan(e) + (5n/4)0g) — (n/4)P:Ow(c) + (n/2)Nx(g) + nCl(g) (1)
N:P:Meg(e) + 28.5 Ox(g) — 3H:POuc) -+ 6COx(g) + 4.5H0(1) + 1.5N:(g) (2)
NP (OCeHu)e(e) + 53.25 Ox(g) — 3H:;POu(c) + 36C0O«(g) + 28.5H.O(1) + 1.5N:(g) (3)
NiPPhg(c) + 63 Ox(g) — 4H;PO.(c) + 48COx(g) + 14H:0(1) + 2Nx(g) 4)
NaoMeP:Cle(c) + 8H.0(1) — 2H;PO4(aq) + 2MeNH;Cl(aq) + 4HCl(aq) (5)
EtN=PMey(l) + H.O(1) + HCl(aq) — EtNH,Cl(aq) + Me;PO(aq) (6)
EtN=PPhy(e) + H;0(1) + HCl(aq) — EtNH;Cl(aq) + PhsPO(c) (7)
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TABLE 24

NITROGEN-PHOSPHORUS BOND STRENGTHS

275

(351). Two complete X-ray structure determinations
have been reported. Wilson and Carroll confirmed the
existence of an almost planar phosphazene ring with

D(N-P), ¢

Compound keal. References equivalent phosphorus—nitrogen bonds (381, 382),
N=P 163.7 (173) but non-equivalence of phosphorus—nitrogen bonds
EtN=PPh; 125.4 (76) was reported by Giglio (123). Bond lengths and bond
EtN=PMes 96.7 (76) .

BN-P), keal angles are recorded in Table 26.
(PLEN)P(0)Me 820 4+ 2.0 (242) The strueture determination of octac}{lorocyclotetra-
(PhEN):P(0)Es 82.5 = 2.0 (242) phosphazene by Ketelaar and de Vries (190, 191)
N:MezP:Cls 74.3 (117) . . . .
NPsOLe 723 (158) estabhshed'the existence of an §1ght-membered ring
NPiCls 72.5 (158) of alternating phosphorus and nitrogen atoms, with
(EteN)sP 66.8 = 0.8 (118) . :
two chlorine atoms attached to each phosphorus.
TABLE 25
CrysTaL DATa
— —Unit cell parameters:

Compound System a b c Dm zZ D Space group References
N;P:Fs Orthorhombic 6.95 12.20 8.70 2.34 4 2.26 Pn2ia (184, 185)
N:PsCls Orthorhombic  14.15 =+ 0.02 12.99 = 0.02  6.19 = 0.01 1.99 £ 4 2.02 Pnma (180, 212, 300,

0.03 381, 382)
Orthorhombicg 6.17 12.91 14.03 (75, 267)
NsPsClsBr Orthorhombic 14.24 6.28 13.00 2.27 2.24 (301)
N3P3ClsBr: Orthorhombic  14.27 6.34 13.02 2.44 2.46 Pna2; or Pnam  (301)
N3PsCl.Brs Orthorhombic  14.29 6.48 13.33 2.84 2.83 (301)
N3P;:Brs Orthorhombic  14.38 13.35 6.64 4 3.182 Pnma (46, 48)
NP4Fs Monoclinic 5.15 14.00 7.53 2.24 2 2.18 P2/c (184, 185)
B = 111.1°
Monoclinic 7.40 13.83 5.16 2 P2i/a (215, 216)
8 = 109.5°
N(P:Cls Tetragonal 10.844 =+ 0.002 5.961 £ 0.005 2.18 2 2.20 Pdy/n (119, 159, 180,
190, 191)
(above 60°) Tetragonal 10.82 V32 5.95 P4y/n (212)
N4P«Brs Tetragonal 11.18 6.29 2 3.439 Pd4:/n (46)
NeP«(NMez2)s Tetragonal 13.00 8.59 1.219 2 1.218 14 (62, 63)
NH:P4OsH:(H;0)2 Orthorhombic  13.92 =+ 0.04 8.3¢ + 0.04 5.05 = 0.02 1.95 2 1.97 P22 (78)
N:HPOsHo Ko Orthorhombic 13.89 8.07 5.03 2.31 2 231 P2:2,2 (78)
NHP4OsH:Rb: Orthorhombic 14.03 8.23 5.06 2.74 2 2.75 P2:2:2 (78)
NHPsOsH2(NHy): Orthorhombic 5.08 2 P2:2,2 (78)
NsPsClio 19.37 15.42 6.23 2.02 4 P2:12:2 (212)
N¢PesCliz Triclinie 10.6 10.7 11.4 1.96 2 (212)
a = 93.5° g = 90° 5 = 117°
NsPsClis 24.7 6.2 20.4 1.99 4 C2/c¢ or Ce (212)
(NPCla) Orthorhombic  11.07 =+ 0.1 4.92 + 0.05 12.72 + 0.1 1.98 8 2.21 Pna2; (218, 219)
TABLE 26
MOLECULAR STRUCTURE
Compound P-N, &. P-X, A. Angle PNP Angle NPN Angle XPX Remarks References
N3PsCls 1.65 = 0.03 1.97 £+ 0.03 120 = 3° 120 =+ 3° 107-110° Electron diffraction, satisf. (57)
agreement with planar model
ca. 1.6 2.04 ca. 120° ca. 100° Electron diffraction (316)
1.531 1.949 124°26’ 118°52’ 102°50’ Slight chair conform. (123, 267)
1.609 1.968 121°07’ 118°54/ 101°19’ Non-equiv. P~N bonds
1.544 1.979
1.989
1.61 £ 0.017 1.98 £+ 0.013 120.38 == 0.75° 120.93 =+ 1.10° 101.77 = 0.52° Almost flat ring, (381, 382)
1.57 £ .017 1.97 = .013 118.48 + 1.25° 118.33 = 1.30° 102.05 = 0.32° Symmetry m
1.60 = .011 1.98 = .008
1.97 = .008
N:iPsBrs 1.53 (mean prelim. value) Slight chair conform. (124)
1.58 2.08 Planar ring (48)
NP:Fs 1.507 £ 0.017 1.514 = 0.015 147.2 =+ 1.4° 122.7 = 1.0° 99.9 = 0.9° P-N bond lengths equal, planar (185, 215,
ring, symmetry approx. 2186)
4/mmm
N:PiCls 1.66 1.975 123° 117° 105°30/ P-N bond lengths equal within (190, 191)
1.69 2.015 exptl. error, puckered ring
1.570 = 0.01 1.989 = 0.004 Symmetry 4 (159)
NiPy(NMez)s 1.576 = .010 1.68 = .011 133.0 = 0.6° 120.1 £ 0.5° 103.8 £ 0.5° Puckered ring (62, 63)
1.580 = .010 1.671 + .010 Symmetry 4
(NPCls)z 1.60 127° 119° P-N bond lengths equal (125)
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Phosphorus—nitrogen bond lengths are equivalent, and
the structure resembles the tub-like form of cyclodcta~
tetraene (22). The molecular symmetry has been con-
firmed and more accurate values of phosphorus-
nitrogen and phosphorus—chlorine bond lengths are
available (159). A complete structure determination
by Bullen, of octadimethylaminocyclotetraphosphazene
has established the existence of a similarly puckered
eight-membered ring with equivalent phosphorus—
nitrogen bonds (62, 63). Phosphorus-nitrogen bonds
in octafluorocyclotetraphosphazene are equivalent,
but much shorter, and the phosphazene ring is ap-
proximately planar (215, 216).

Polydichlorophosphazene, (NPCly),, becomes crystal-
line when stretched (218, 219). Recent investigation of
X-ray fiber photographs suggests that the structure
is consistent with a twofold helical conformation
(125). Stretched polydi-isothiocyanatophosphazene did
not exhibit X-ray fiber patterns (367).

Estimates of multiple bond character can be mis-
leading, even in carbon chemistry where the greatest
amount of information is available, and discussions of
phosphorus-nitrogen bond order have been based on
the single bond distance (166) observed in one com-
pound. Recent work has suggested that assumptions of
similar covalent radii for carbon atoms in different
states of hybridization may be erroneous (93). Details
of stereochemistry and hybridization of other elements
are understood less well, and complications of different
valency states and participation in bonding of d-
orbitals occur with elements in the second row of the
Periodic Table. It is not known whether covalent bond
radii in different types of structures are the same in all
directions, and, for these reasons, detailed deductions
of phosphazene bond order have not been based on
relatively small changes in bond angles and bond dis-
tances.

XII. APPLICATIONS

Numerous patents are concerned with the synthesis
of chlorophosphazenes and derivatives (21, 26, 97,
110, 189, 238, 255, 258, 260, 276, 277, 278, 362). Use
as adhesives for glass, ceramics, and metals, and as
lubricant additives, biocides, plasticizers, polymers and
co-polymers of various types, and modifying agents for
resins, have been suggested. Some general articles deal
wholly or partly with possible applications (55, 71, 72,
73, 270, 295, 296, 322).

Semi-ceramic materials have been obtained from
chlorophosphazenes and various silicates such as
asbestos. It is suggested that these might be suitable
for high temperature gaskets, brake linings, abrasives,
and insulators (284, 285, 286, 287, 289, 290). Glass
fibers coated with chlorophosphazenes possess increased
resistance to flexing and abrasion (363). Asbestos and
other fibrous materials treated similarly are reported

to form electrical insulators with improved heat, flame,
and moisture resistance (201, 202).

Resins obtained from chlorophosphazenes and poly-
hydric phenols have been suggested as suitable for heat-~
stable coatings, laminates, plasticizers, adhesives,
moulding compounds, and fireproofing agents (4,
288, 292). Phenolic resins with improved thermal
stability are formed from mixtures of chlorophospha-
zenes, polyhydric phenols, and inorganic chlorides such
as boron trichloride or phosphorus oxychloride (291).
Resins, made by reaction of chlorophosphazenes with
butylamine (210), or organic amides, e.g., urea (58,
59, 74), are suggested as ingredients for rubbers (74).
Octachlorocyclotetraphosphazene can be used as a cata-
lyst to make rubbers from diorganosiloxanes (249, 250).

Hexachlorocyclotriphosphazene acts as a chemical
polishing agent and provides an increased wear preven-
tion factor in white oil (35). Use of phosphazenes as
additives to increase the load bearing capacity of lubri-
cants has been suggested (207, 208, 209). Alkoxyphos-
phazenes with long alkyl chains are reported to depress
the pour-point of mineral oils (251). Polymeric alkoxy-
phosphazenes are reported to improve the film-forming
properties of nitrocellulose (95, 145).

Flameproofing has attracted attention, and chloro-
phosphazenes have been used in modifying cotton.
Allyloxyphosphazenes combined with bromine or
bromoform appear to be particularly useful (155, 156,
157). Other compositions of chlorophosphazenes with
amino derivatives (176) and partly or completely hy-
drolyzed or ammonolyzed chlorophosphazene deriva-
tives are reported to be effective (44, 293, 294, 373,
374). Treatment of unsaturated alkyd resins with
chlorophosphazenes and styrene is supposed to im-
prove the fire extinguishing properties (3).

It is suggested that N-chloro derivatives of phospha-
zane acids are useful bleaching and disinfecting agents
(360, 361).

XIII. PHYSIOLOGICAL ACTIVITY

Early workers commented on the aromatic odor of
chlorophosphazenes and noted that discomfort was
caused to eyes, lungs, and mucous membranes (300,
351). The susceptibility varies with the individual
and severe eye pain has been reported. Medical exami-
nations show the effects are similar to acid burns and,
although painful, recovery appears to be complete.
No discomfort from skin contact has been reported,
but in view of the potential biological activity of many
phosphorus compounds, considerable care should be
taken in the handling of phosphazenes and their
derivatives.

Chlorophosphazenes and their derivatives have been
investigated for cytotoxic (161) and anti-thyroid (13)
activity. Several compounds have been screened in
cancer chemotherapy investigations (45, 154).
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Brief references have been made to pesticide proper-
ties of hexachlorocyclotriphosphazene (19) and to the
toxicity of polymeric butoxyphosphazenes to aphids
(211). Biological properties of phosphazenes appear
to have been neglected, and would merit further study
in view of the structural and chemical similarity to s-
triazines and other synthetic and naturally occurring
phosphorus compounds which are biologically active.
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