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Cyclodiphosphazanes
A.F.Grapov, N.N.Mel'nikov, and L.V.Razvodovskaya
The chemistry of four-membered cyclic compounds containing both nitrogen and phosphorus, which may find application
in the preparation of thermostable plastics and the synthesis of biologically active compounds, has been widely investigated
in recent years. This review deals with problems concerning the determination of the structure, the investigation of the
physical and chemical properties of cyclodiphosphazanes containing trivalent tetraco-ordinate and pentaco-ordinate phos-
phorus atoms, and the methods of their synthesis and chemical reactions.
20 The bibliography includes 103 references.
CONTENTS
I. Introduction 20

I1. The structure of the cyclodiphosphazane ring 20

I11. Cyclodiphosphazanes with trico-ordinate phosphorus atoms 23
1V. Cyclodiphosphazanes with tetraco-ordinate phosphorus atoms 24

V. Cyclodiphosphazanes with pentaco-ordinate phosphorus atoms 27

I. INTRODUCTION S
[
C4H,0P—NCH, ClsP—NCH
Towards the end of the 19th and the beginning of the e ? . H’N pc; ’
CIE] Rt 2]

20th century, Michaelis!»? described for the first time
compounds containing a four-membered ring with
alternating phosphorus and nitrogen atoms. The work of
Michaelis and his school led to the development of the
simplest methods for the synthesis of such compounds.
Then for a long time this class of organic phosphorus
derivatives remained sidetracked from the mainstream of
the development of organic chemistry. It was not until a
few years ago that four-membered ring compounds con-
taining both phosphorus and nitrogen atoms again attracted
the attention of investigators. The year 1959 must be
regarded as the start of the new period in the study of
these compounds, when Kirsanov and Zhmurova published
their investigation of dimeric trichlorophosphazoareness3,
In recent years new synthetic methods have been developed
for these compounds, their reactivity has been investigated,
and physicochemical studies have been made to determine
their structure and to elucidate the mutual effects of the
atoms.

Four-membered ring compounds containing bothtrivalent
and tetraco-ordinate and pentaco-ordinate phosphorus
atoms have now been obtained.

There is no agreement as regards the nomenclature of
such cyclic systems. In Sasse's monograph? they are
referred to as derivatives of imidophosphorous, imido-
phosphoric, imidophosphonic, imidothiophosphoric, and
imidothiophosphonic acids. In chemical literature in
English they are sometimes called 1,3,2,4-diazadiphos-
phetidiness. The term “dimeric phosphazo-compounds”
is fairly frequently encountered. The name cyclodiphos-
phazanes proposed by Shaw et al® and also by Davydova
and Voronkov? is the most apt. For example:

o
j
CyH;NHP—NC,Hy
C¢H;N—PNHC,H,
|

C4HyNHP—NCH,
CyH;N—PNHCH,

2,4-dianilino-2 ,4-dioxo-1,3-diphenyl-
cyclodiphosphazane

2,4-dianilino-1,3-diphenylcyclo-
diphospha(Ill)azane

CH;N—POC,H,
I

1,3-dimethyl-2,4-diphenoxy- 2,2,2,4 4 4-hexachloro-1,3diphenyl-
2,4-dithionocyclodiphosphazane cyclodiphosphazane

This nomenclature will in fact be adhered to in the present
review.

II. THE STRUCTURE OF THE CYCLODIPHOSPHAZANE
RING

To establish the structure of cyclodiphosphazanes,
various physicochemical methods have been used: X-ray
diffraction measurements of dipole moments, infrared and
ultraviolet spectroscopy, Raman spectroscopy, and
nuclear magnetic resonance (NMR). The data obtained
made it possible not only to establish the relative positions
of the atoms in the molecule but also to arrive at certain
conclusions concerning the nature of the nitrogen—phos-
phorus bond.

Unfortunately almost all studies of this kind deal with
compounds with tetra- and penta-co-ordinate phosphorus
atoms. There are no physicochemical data in the litera-
ture for cyclodiphosphazanes with a trivalent phosphorus
atom,

1. Vibration and Electronic Spectra

Most investigators attribute the intense absorption in
the region 850-865 cm™! in the infrared spectra of dialkyl-
or diaryl-hexachlorocyclodiphosphazanes to P-N vibra-
tions of the four-membered ring 8-, The intense band at
1160-1165 cm ™! may be assigned to N—alkyl vibrations 1!
but not to P-N-P bridge vibrations or P-N stretching
vibrations 872,

The vibration frequencies in the infrared and Raman
spectra of hexafluorodimethylcyclodiphosphazane have been
assigned (Table 1)13 by analogy with the spectra of alkyl-
fluorophosphoranes 14515,
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The spectra of dithionocyclodiphosphazanes have been
investigated in greatest detail!, The intense absorption
bands in the region 850-900 cm=! in the infrared spectra
1,3-dialkyldithionocyclodiphosphazanes are due to anti-
symmetric vibrations of the four-membered ring. The
replacement of the N-alkyl group by an N-aryl group leads

to an increase of the vibration frequency by about 100 cm~-!.

The symmetrical vibrations of the ring are revealed only in
the Raman spectrum in the region 430-570 cm™1, The
infrared spectroscopic data for bis(diphenylthiophos-
phono)-N-alkylamines are satisfactorily consistent with
these results. The P-N-P antisymmetric vibration band in
their spectra lies in the region 912-928 cm™?, while the
band due to the P-N-P symmetrical vibrations is in the
regionl® 528-583 cm™!,

The absorption bands at 1150-1180 cm™ in the infrared
spectra of 1,3-dialkyl-2,4-dithionocyclodiphosphazanes
have been assigned to N-C (alkyl) vibrations. In the
spectra of the N-aryl analogues these bands occur at
1250-1270 cm™. 2,4-Dialkyl-2,4-dithionocyclodiphos-
phazanes absorb in the region 615~630 cm™, which may be
attributed to P=S8 vibrations. In the spectrum of
2,4-diphenyl-2,4-dithionocyclodiphosphazane the absorption
shifts to the region 650—-670 cm™. Such as increase in
the P=S vibration frequency as a function of the immediate
environment of the phosphorus atom is consistent with the
available data 17,18,

Table 1. Infrared and Raman spectra of
hexafluorodimethylcyclodiphosphazane

Frequencies of _ 1
band maxima, cm

Assignment
ir. Raman
(vapour)| (liquid)

1264 | 1202 | C-N antisymmetric
~964 960 | C-N symmetrical
934 904 P‘Feq antisymmetric

858 | 839,5 P'Feq symmetrical

807 | 41,5 | P-F
614 | 626 | P-Nog
535 | 563 | P-N,,

The ultraviolet spectra 2,4-dialkyl-1,3-diaryl-2,4-
dithionocyclodiphosphazanes are virtually identical with
those of the dianilides of methylthiophosphonic [methyl-
phosphonothioic? (Ed. of Translation)] acid! (Table 2).

Compared with the spectra of NN’-dialkyldiaminophenyl-
phosphonothioates, those of 1,3-dialkyl-2,4-diphenyl-2,4-
dithionocyclodiphosphazanes show a bathochromic shift of
the nearest absorption band [band at the lowest frequency ?
(Ed. of Translation)] together with an increase in its
intensity, and an additional maximum appears at 245 nm.

2. Nuclear Magnetic Resonance Spectra
The 'H-NMR spectra of hexachlorodimethylcyclo-

diphosphazane show a 1:2:1 triplet at 3.00 p.p.m. { with a
spin-spin interaction constant Jp_n_c-g = 20 Hz. %

1 In the 'H-NMR spectra the chemical shifts are given
in terms of the 6 scale relative to tetramethylsilane as
an internal standard.
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The signal due to H-C~N~P protons in the homologues of

this compound occurs in the region 3.29-3.58 p.p.m. with

an interaction constant of 28-29 Hz. In the NMR spectra

of the fluoro-analogues [CH,NPF,X],, where X = F, alkyl,

or aryl, the chemical shift of the protons is 2.32-2.48
.p.m, with an interaction constant J = 12.5-12.9 Hz

Ffor [CH,NPF;},, Jp_N-C-H = 14.5 Hz 19,20},

The 3'P chemical shifts in the spectra of [RNPCL,], and
[CH,NPF,C.H,], are +78.2~79.8 and +56.1 p.p.m. respectively
(relative to 30% of phosphoric acid)8?!, i.e, the phosphorus
nucleus in chlorocyclodiphosphazanes is more screened
than in the fluoro-derivatives. The marked shift indicates
that the phosphorus atom in these compounds has a
co-ordination number of 5 (for PCl,, I = +80 p.p.m.). 22

Table 2. Positions and intensities of the

ultraviolet absorption bands of solutions in

heptane

Compound Afnaxe iM €max

[CH;P(S)NCHg], ) 220 10500
[CH;P(S)NC,H], (11) 222 11000
[CH;P(S)NCgH ), 1)) 236,280 29000,1500
{CH,P(S)NC(H,CH;—4], (1) 239,280 42000,1800
[CH;P(S)NC,H,Cl—4], ) 243,285 42800,1900
[CH;P(S)NC,H,OCH;—4], (V1) 238,282 40000,2700
[CH;P(S)NC{H,0C,H,—4], (VII) ' 238,282 47000,2500
[CsHyP(S)NCH;], (VIN) | 220,242,283f 20000,11500 s, 8500
[CsHyP(S)NC3H,-#30], (IX) | 220,245,292 25000,12800,9000
[CsHgP(S)NCeHjlg X) 236,265,300| 41700,9500, 3000 s
[CeHsP(S)NCHOC,Hs—4), (XI) | 236,270,295 41200,9000,4000 s
CqH;P(S){ NHCyH,-130], (XI1) 255 2500
CH,P(S)(NHC4H{)(NHC,H,) (X111) 238,278 477000,1300
CH;P(S)(NHC,Ny), (X1v) | 238,278 28000,2300

*In alcohol. The letter s denotes a shoulder.

In the spectra of 1,3-dialkyl-2,4-dioxocyclodiphos-
phazanes the constant for the spin-spin interaction of the
proton with the phosphorus nucleus via three H-C~N-P
bonds is 13.0~16,3 Hz, the chemical shift of the proton
signal amounting to 2.6-3.37 p.p.m.1®

In the 3$P-NMR spectra there is a signal in the region
between ~7.0 and +5.7 p.p.m.,1%® which is characteristic
of the P=0 group 23,

In the 'H-NMR spectrum of 1,3-dimethyl-2,4-diphenyl-
2,4-dithionocyclodiphosphazane Trippett2¢ observed a
1:2:1 triplet (6 = 2.32 p.p.m., J = 14 Hz) and a second
triplet, 10 times less intense, at 2.56 p.p.m. (J = 15.5 Hz).
According to Mel'nikov et al.!!, the NMR spectrum of a
preparation obtained by a different method contains 1
triplet at 2.52 p.p.m. f = 15 Hz). The 'H-NMR spectrum
of the 1,3-dibenzyl analogue of this compound was found to
have two triplets of approximately equal intensity at 4.14
and 3.99 p.p.m. (J = 15.0 and 18.0 Hz). The two triplets
are probably due to the presence in the specimens investi-
gated of cis- and trans-isomers of 1,3-dimethyl- and
1,3-dibenzyl-2,4-diphenyl-2,4-dithionocyclodiphosphazanes.
These data agree satisfactorily with the results of the
measurements of the dipole moment of 1,3-dimethyl-2,4-
diphenyl-2,4-dithionocyclodiphosphazane 25,
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The chemical shifts in the 32P-NMR spectra of dithiono-
cyclodiphosphazanes are in the range between -51.5 and
~60 p.p.m,,10 i.e, the screening of the phosphorus atom
decreases in the sequence

o] S
AN N\p/ \p/
/PCI,> /P\R >/P\R

3. Bond Lengths and Valence Angles

Hess and Forst 28 and also Hoard and Jacobson?” deter-
mined by X-ray diffraction the angles and bond lengths in
2,2,2,4,4,4-hexachloro-1,3-dimethylcyclodiphosphazane.
Cox and Corey?8 and Weiss and Hartmann2® made similar
measurements (Table 3) for 2,2,4,4-tetrafluoro-1,3-
dimethyl-2,4~diphenylcyclodiphosphazane [MeNPF,Ph],
and a compound which was isolated by Becke-Goehring et
al.10 (see p. 27).

Table 3. Bond lengths (in 4ngstroms) and angles
(in degrees).
Bonds and angles Ref.26 Ref.27 Ref.28 | Ref.29
Bonds
P—C! axial 2.152 21433 | — | 2,16
P—N axial 1.776 1.760 | 1.78 | 1.7
P—F axial 1.62
P—Cl radial 2.022;2.018 | 2.026 2.05
P—N radial 1.629 1835 | 1.64 | 1.66
P—F radial 1.57
P—C 1.79
N—C 1.476 1.475 | 1.44
Angles
P—N—P 98.3 9.5 |99.4 |99.1
N—P—N 81.7 8.5 |[s80.6 |[80.7

A centrosymmetric structure with a planar four-
membered ring is characteristic of the molecules of
cyclodiphosphazanes with a pentacovalent phosphorus atom
(see Figure). Each phosphorus atom exhibits dsp3
hybridisation and consists of a trigonal bipyramid. In
such hybrid structures the axial orbitals are longer than
the radial orbitals by a factor of 1.1-1.2, This ratio is
1.05-1.07 for P-Cl bonds, 1.085-1.09 for P-N bonds, and
1.08 for P~F bonds. The P-N-P and N-P-N angles are
98.3-99.5°C and 80.5~81.7°C respectively.

In 2,4-dichloro-1,3 -dimethyl-2,4-dithionocyclodiphos-
phazane containing an sp3-hybridised phosphorus atom,
P-N bonds are of the same length (1.67 A), i.e. they
assume the average value for the radial and axial bond

lengths %0, The lengths of other bonds and the angles
between them are given below.
Bond length P—S(Cl)* 1.93A
N—C 1.46 A
Angle N—P—N  84.0°
P—N—P  96.0°
N—P—S(Cl) 114.7°
S—P—Cl  111.5°

*Weiss and Hartmann do not distinguish § and Cl;
usually the P-Cl bond length is 0.01 A. =
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4. Dipole Moments

Cyclodiphosphazanes with a tetraco-ordinate phosphorus
atom can exist as cis- or {rans-isomers25:

¥

R' R
'Y '
S Wl N2 I Wl e
R \N/ R R \N/ x
R R
cis- trans-

The occurrence of cis- and {vans-isomerism in the
series of 2,4-dithionocyclodiphosphazanes has been fairly
convincingly confirmed by the measurements and calcula-
tions of their dipole moments (Table 4), although the
calculations were based on a simplified scheme and the
extrapolated results of a relatively small number of
measurements by different investigators. The consider-
able deviation of experimental dipole moments of the
trans-isomers from zero may be explained by their
partial inversion in solution.

Table 4. Dipole moments of certain dithionocyclo-
diphosphazanes.
R R’ Hexp Heis. cale
CH, CH, 6.11 7.18
GH, | CH, 5.8 | 6.70
CH CgHj 1.82 7.18
¢H, | ch, 0.7 6.70
1 C,Hj 1.32 3.57

5. Bond Energies

Only one study has been made on the thermochemistry
of cyclodiphosphazanes, namely that of Fowell and
Mortimer 3!, who found that the average P-N bond energy
in 2,2,2,4,4,4-hexachloro-1,3~dimethylcyclodiphos-
phazanes is 74.3 kcal mole™! according to measurements
of the heat of hydrolysis. This is close to the P-N bond
energy in cyclotriphosphazenes (72.3 kcal mole™) and
cyclotetraphosphazenes (72.5 kcal mole™?) 32 and greatly
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exceeds the energy of the same bond in tri(diethylamino)-
phosphine (66.8 kcal mole~1),3% The fact that the forma-
tion of the cyclodiphosphazane ring is favoured by thermo-
dynamic factors is indicated also by chemical data. The
reaction of tri(diethylamino)phosphine with aniline yields
the corresponding cyclodiphospha (III) azane 34,

The P-Cl1 bond energy is 63.1 kcal mole™,3! j.e, is
smaller by 13.1 kcal mole™ than in PCI,. %

6. The Nature of the Phosphorus—-Nitrogen Bond

The available physicochemical data on the structure of
cyclodiphosphazanes permit certain conclusions concern-
ing the nature of the P-—N bond. The shortening of the
P~N bond, the planarity of the dimer, the location of the
N atoms in the same plane (according to X-ray diffraction
analysis), the thermochemical data, and the relatively
high stability of the ring in cyclodiphosphazanes with tetra-
and penta-co-ordinate phosphorus atoms (see sections IV
and V) are evidence of an additional interaction between
nitrogen and phosphorus atoms.

The idea that dithionocyclodiphosphazane molecules are
stabilised by isomerisation, described by the resonance
of the structures?

R R
R
\ /
\N/ "( © §/P\s
¥ ri

is not confirmed by physicochemical investigations.

It is most probable that the molecules of cyclodiphos-
phazanes are stabilised by the interaction of the unshared
electron pairs of the nitrogen atoms with the d orbitals of
the adjacent phosphorus atoms 26,38 via three-centre
m-molecular orbitals 37,38;

lp/ N\pé
@)%

OI. CYCLODIPHOSPHAZANES WITH TRICO-ORDINATE
PHOSPHORUS ATOMS

The reaction of phosphorus trichloride with aromatic
amines in a non-polar solvent yields 2,4-diaminocyclo-
diphospha (IIT) azanes 38,40;

CoH,NHP—NC,H,
10 C,H;NH; + 2PCl; — + 6 C;H,NH; - HCI.
CoHsN—PNHCH,

An excess of the amine introduced into the reaction or a
tertiary amine may be used as the acceptor of hydrogen
chloride5. Phenyldichlorophosphine reacts similarly 3.
The reaction of phosphorus trichloride with ammonia
and primary aliphatic amines does not take place unam-
biguously., With ammonia, a number of products are
formed, according to the following mechanism 41s42;

PCly+ NHy - P (NHy)s — [HNP (NH,)], ~(PNH), — PN,
The reaction of phosphorus trichloride with methylamine
gives a compound with a urotropine-like structure3,44;

\/\ FHa

/ I\lf—CH \

N,
céa S~ \Ha
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When straight-chain primary amines containing two and
more carbon atoms are introduced into the reaction, the
corresponding cyclodiphospha(III) azanes are formed*,

The reaction of aniline hydrochloride with phosphorus
trichloride yields 2,4-dichloro-1,3-diphenylcyclodi-
phospha (IIT) azane 5, Its 1,3-dimethyl analogue has been
obtained by the amination of phosphorus tetrachloride with
heptamethyldisilazane 46:

CIP—NC,H,

2C4H;NH, - HCl + 2 PCl; — +6HCI,

CeHyN—PC1

! CIP—NCH,
2[(CHy)s Sils NCH, + 2PCly — cH Nl |

. + 4 (CHy), SiCl.
SN—]

It is noteworthy that the reaction of N-ethylhexamethyl-
disilazane with phosphorus trichloride yields a mixture
containing 2,4,6-trichloro-1,3,6-triethylcyclotriphos-
phazane and 2,4,6,8-tetrachloro-1,3,5,7-tetraethylcyclo-
tetraphosphazane?,

The reaction of tri(triethylamino)phosphine with aniline
or p-toluidine at 60-70°C leads to the formation of 2,4-
dianilino-1,3-diarylcyclodiphospha (IIT) azanes 3¢:

AsNHP—NAr

Ar]‘}—Fl’NHAr .

The synthesis of 1,3-dibenzyl-2,4-di(benzylamino)-
cyclodiphospha (Ill)azane by the thermal dissociation of the
di(benzylamide) of pentafluorophenylphosphonus acid4® is
interesting:

3 ArNH, + [(CqHg)s N} P —

aope  CeH;CH,NHP—NCH,C,H,;
C4HCH,N—PNHCH,C¢H,
Cyclodiphosphazanes can form part of certain polymeric
compounds. Thus the thermal decomposition of the
amides of pentafluorodimethylphosphinous acid, obtained
by the ammonolysis of di(trifluoromethyl)phosphine with

2C,F,P (NHCH,CH,)s

_ liquid ammonia at -78°C, yields linear and cross-linked

polymers:
NH,
|
(CFy)a PH + NH, — CF, PCHF, 2% (CF.P—NH),,.
The mechanism of their formation is probably as follows 4®:
rp=NH RP—NH pp_ny RP—N—PNH,

RP=NH [ [ -
HN—PR HN—PR R

RP—NH
l‘}N —PR

i S T R |
~N-brk

RP—N—-P—N—PR N RP—N—P—
HN—PR R RP—NH [ J

Cyclodiphosphazanes containing a trivalent phosphorus
atom are present in solution with a corresponding
phospha (Ill)azo-compounds. On raising the temperature
and increasing the polarity of the solvent, the equilibrium
shifts to the right 5s40;

—P—N—
] | & —P=N-— .,
—N—P—

This equilibrium accounts to a large extent for the ease
of the dissociation of the cyclodiphosphazane ring under the
action of nucleophilic reagents.

When water reacts with diaminocyclodiphospha (IIT)-
azanes, diamides of phosphorous acid are formed.
Inorganic acids decompose cyclodiphosphazanes to phos-
phorous acids and substituted ammonium salts, Organic
acids react with formation of carboxylic acid amides 8,50,51;

RN—PNHR
I} + 2R’COOH — 2R'CONHR -+ 2H;PO, ,
RNHP—NR
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The salts of carboxylic acids do not react with cyclo-
diphosphazanes. Preparative methods for the synthesis of
acid amides, substituted ureas, and di-, tri-, and tetra-
peptides have been developed on the basis of these data 50-56,
In the synthesis of peptides, amino-acid derivatives are
allowed to react with phosphorus trichloride, the reaction
mass being subsequently treated with the amino-acid without
isolating the cyclodiphospha (IlI)azane in a pure form. The
following elegant synthesis of glutathione may be quoted as
an example 5:

PCl; 4 H,NCH,COOC,H,
CeH SCH20—NH(I:HCOOH [C,H.OCOCH,NHP—-NCH,COOC,H, ]
CHaS?HnC-Hs

c,u,ococxla,N—pNHCHzcooc,H.

CeH SCHZO_NHCt{CONHCH,COOC,H,
(!H,SCH,C.H,
H(’?l(/:gf.ohol-
H,NCHCONHCH,COOC,H;
ICH,SCHzCsHs
PCl,
COOC,H; CH,SCH,C¢H;

HOCOCH,CH,CHNH—OCH,C(Hg | —P—N—CHCONHCH,COOC,H;
—N—P—NHCHCONHCH,COOC,H,

|
| | CH,SCH,CoH,

€ g CH,ONH CH,SCH,CsHs

C,H,0COCHCH,CH,CONHCHCONHCH,COOC,H;
— protecting groups
NH, CH,SH
HOCOICHCH.CH,CONHCHCONHCH,COOH .

2,4-Dichloro-1,3-diphenylcyclodiphospha (ll)azane also
readily reacts with nucleophilic reagents, undergoing ring
rupture, under the conditions of acid catalysis. It under-
goes substitution reactions with alkaline nucleophilic
reagents (sodium alkoxides, piperidine, aniline)%5,58;

— 19 H.PO, 4 CH,NH, - HCI

_GHOR_, (C.H,0); P 4 CeH NH, - HCl

CIP—NCeH, o

e - PCl; -+ CeHgNH, - HCl
oHsN—PCl C,H,ONa C,H,OP—NC,H,
CeH,N—POC,H,

C,HyNHP—NC,H,

CoHN—PNHC,H, .

CoH,NH,

Cyclodiphospha (ITI) azanes also enter into addition
reactions with electrophilic reagents via the unshared
electron pairs. Thus in the reaction with alkyl halides,
arylalkyl halides, and halogenomethyl ethers, 1,3-dialkyl-
2,4-di(alkylamino)cyclodiphosphazanes are converted into
the corresponding salts 5: :

RNHP—NR [%NHI:—I?R ]* x-
Rr!J—E"NHR * N—PNHR .

The charge distribution in this molecule has not been
investigated.

N-Methylaniline has been isolated after the reaction of
2,4-dianilino-1,3-diphenylcyclodiphosphazane with methyl-
magnesium iodide and dimethyl sulphate 3.
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IV. CYCLODIPHOSPHAZANES WITH TETRACO-
ORDINATE PHOSPHORUS ATOMS

Cyclodiphosphazanes with tetraco-ordinate phosphorus
atoms are obtained both from linear molecules and from
pre-formed cyclic structures.

When the hydrochlorides of aromatic amines 2557558 or
the free amines themselves®® are heated for many hours
with phosphorus oxychloride, phosphoramidic dichlorides,
aryl phosphorodichloridates, or phenylphosphonic dichlor-
ides in xylene, 2,4-dioxocyclodiphosphazanes are obtained:

(o}

1
RP—NC¢Hj
RPOCI, + CH,NH,HC! — |
C:H;N—PR
I

The reaction of this phosphoryl chloride with aniline
hydrochloride leads to 2,4-dianilino-1,3-diphenyl or
2,4-dichloro-1,3-diphenyl-2,4-dithionocyclodiphos-
phazanes depending on the reactant ratio and the process
conditions °;

S
C,H,NH!”J—NC,Hs

CeH,N—PNHC,H,
]
PSCly + CgHyNH,HCl — s 5
I
CIP—NC,Hj
i
C.H,N—"PCI

S

—

The thermal dehydrochlorination of the chlorides of
pentavalent phosphorus acid amides containing a primary
or a secondary nitrogen atom results in the formation
of the corresponding 2,4-dioxo- or 2,4-dithionocyclo-
diphosphazanes 1,11,58:

o

|
:? ArNHP—NAr

2 (ArNH),PCl g~ Arlll—IIJNHAr R
I
(o]
S
I
RP—NR’

p/ 2HCI |1
e T R'N—PR
[

R S
2 \

R'NH/

The last reaction is carried out at a reduced pressure
of 100-200 mmHg and 120-150°C. Methylphosphono-
thionic dichloride and the hydrochloride of the correspond-
ing amine were isolated as side products. Their forma-
tion may be explained by the following mechanism:

S

S
CHy l/NHR-*- 2HCL — cn,ga, + RNHHCI .
et
The attempts to employ tertiary amines as acceptors

for hydrogen chloride in this process were unsuccessful.
However, quite unexpectedly, it was found that organo-
magnesium compounds may be used as dehydrochlorinating
agents. Thus the reaction of butyl- or pentyl-magnesium
bromide with aryl N-alkylphosphoramidochloridothionates
led to the corresponding dithionocyclodiphosphazanes
together with aryl (N-alkyl)alkylphosphonoamidothionatesst:

S
Il
ArO. S —
\p” + R'MgBr —— ArOP—NR
RNH/ I

RN -—l?OAr
|
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The most general niethod for the synthesis of dioxo-
and dithiono-cyclodiphosphazanes of different structures
is thermal deamination of the amides of phosphorus acids
containing at least two secondary amide groups 1s24,58,62~66;

i

X |

I At YP—NR

2 (RNH); PY —srwm, er\r-—lliY .

[
X

Compounds of the following types have been used as the
starting materials:

A . wps
(RNH)sP=0, (RNH);P=S; (RNH)?P\NR;; (R H)xP\R,-

The reaction is carried out in a stream of an inert gas
at 200~-300°C. The derivatives of thioic acids usually
decompose at a lower temperature and give higher yields
of the final products than oxygen analogues. When phos-
phorothionic tri(isobutylamide) was heated in the tempera-
ture range 260-280°C, the corresponding dithionocyclo-
diphosphazane was isolatedina 56% yield. The preparation
of the oxygen analogue required a temperature of 280-
295°C and the yield fell to 21%. &

Ibrahim and Shaw 5 obtained data demonstrating
indirectly that thermal cyclisation of phosphorus acid
amides takes place in steps. Thus on heating to 180°C
phenylphosphonothionic di(ethylamide) is converted into
di-N-ethylphenylphosphonamidothionylethylamine, while the
reaction at 200°C leads to the formation of the correspond-
ing dithionocyclodiphosphazane:

s s
ﬁ - H5C5>I]L__ _g<ccH5
CeH;P (NHC,Hy), —— CHsNH | H, NHC.H,
s
C,H,{:I’—NC,H.

200°

CHN—PCH,
N
S

The synthesis of dioxo- and dithiono-cyclodiphosphazanes
by the thermal deamination of the amides of phosphorus
acid is accompanied by a side process-—polycondensation
involving the formation of polymers with phosphorus—
nitrogen bonds 6776¢:

| ol
RP (NHR'), — [—ll)—-N —]n .

Cleavage of the dianilide of phenylphosphonothionic
acid at 265°C leads to the formation of 1,1,4,4-tetraphenyl-
2,5-diaza-3,6-dithia-1,4-diphosphacyclohexa-1,4-diene 8%
and not tetraphenyldithionocyclodiphosphazane:

H,,C.,\P, /C.Hl

s s/ \N

l | !
NHCH)a— N S
CeH;P ( sHy)a \p /
HIC‘/ \CCHE
Thermal deamination of phenylphosphonothionic diamide
at 160°C results in the formation of 2,4,6-triphenyl-2,4,6-
trithionocyclotriphosphazane, while N-alkyl homologues
yield under these conditions dithionocyclodiphosphazanes 5.

0
s NN
CHP (VD e/t G,
HN NH
N

s/ NcH, .
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Probably the polymeric products formed in the thermal
condensation of hexa-anilinocyclotriphosphazenes include
cyclodiphosphazane structures?:

CeHs
N=P (NHCHga = /Ny NN
I
CoH, .

2,4-Diphenyl-2,4-dithionocyclodiphosphazane in a yield of
17% together with bisdiphenylphosphonothionic imide and
2,2,4,4,6,6 -hexaphenylcyclotriphosphazene were isolated
from a mixture obtained on thermal decomposition of
diphenylphosphinothionic amide at 280°C for 30 min™:

s ﬁ HBCO\P/N\p/CGHB S S
C H,P—NH / AN (I
CHOMNH, > ] 4+ BCTL IOCHs () PNHP Gy
651p)2 2 HN—PC,H, o/
[ P\
CH,” CeH,

The reaction of the dichlorides of alkyl(aryl)phosphonic
acids with primary aliphatic or aromatic amines in the
presence of bases (molar ratios of the reactants 1:1:2) in
inert solvents constitutes a convenient method for the

" synthesis of 1,3-dialkyl(aryl)-2,4-dialkyl(aryl)-2,4-

dioxocyclodiphosphazanes 6,72-76;

o Il
I g RP—NAr
2RPCl, +2ArNH, — | | .
2 + 2 ArN -—PR
1

(o]

According to Binder and Heinle 72, the reaction of one
mole of an alkylenediamine with two moles of a phosphonic
acid dichloride can lead to the formation of dioxocyclo-
diphosphazanes with an alkylene bridge between the
nitrogen atoms:

o
1]
RP.

(.» N
|
2RPCly + HN(CH,) g NHy —>

(cH,

n

N

PR .
il
0

However, the structure of the compound obtained was not
proved.

Bock and Wiegrabe ® proposed an interesting method
for the synthesis of dioxocyclodiphosphazanes with various
substituents at the nitrogen atom. When the dichloride of
NN-diethylphosphoramidic acid was heated with phosphoric
NN-diethyldi (N’-propyl)triamide in benzene in the presence
of triethylamine, the product was 1,3-dipropyl-2,4-
di(diethylamino)-2,4-dioxocyclodiphosphazane:

o)
1l
(C+Hy)yNP—NC,H,
C,H,N—I;I’N (CHy)s
o]

o}
I [
(C4Hy),NPCl, + (CsH,NH),PN (C,H,), -

The conversion of 2,2,2,4,4,4-hexachlorocyclodiphos-
phazanes into 2,4-dichloro-2,4~dioxo- or 2,4-dichloro-
2,4-dithiono-cyclodiphosphazanes takes place when the
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former compounds are treated with sulphur dioxide or
hydrogen sulphide in the presence of pyridine 0,

)
so, . cib—ncH,
CHN—PCI
ClP—NCH, ¢
cHN—bet,
s
CIb—NCH,

7 calba

Treatment of hexachlorocyclotriphosphazanes with
sulphur dioxide in the presence of moisture in phosphorus
oxychloride results in ring rupture and the formation of
NN'-diaryl-N-(dichlorophosphinyl)phosphorodiamidic
chloride 7:

Ar
P—NA ct e 1
ClP—NAr so,4H,0 | Np/ g/c
ArN—PCl, o/ N/ N

A

Substitution of a halogen in 2,4-dichloro-2,4-dioxo- or
2,4-dichloro-2,4-dithiono-cyclodiphosphazanes may be
used for the introduction of various substituents into the
molecule. Thus the reaction with sodium alkoxides or
phenoxides under mild conditions leads to the formation
of 2,4-dialkoxy-derivatives. The reactions with amines
or anilines yield 2,4-diamino-derivatives of 2,4-dioxo- or
2,4-dithiono~-cyclodiphosphazanes 2,%:

S s
i [
CIP—NC,H, + 2MaOR ROIT—NC,H.
| al —_— )
C H;N—PCl C.H‘N—IL-’OR
I I
S
(o]
cu"> NC¢H, e TN l?
T peEN — Ndlnen
C H;N—PCl N N___/ | /
Y C,.H,N—PN .
I\
o

Halogen substitution in 2,4-dichloro-2,4-dioxocyclo-
diphosphazanes by dialkylamino- and alkylthio-groups has
also been achieved by reaction with dialkylamino- and
alkylthio-trimethylsilanes respectively!?:

0 (o]
CILITR + (CHy)sSIN (CHg)y —— (Nt
RN-—-l”’Cl RN—1">N (CHy), .
(o] (o]

Cyclodiphosphazanes with tetraco-ordinate phosphorus
atoms are fairly stable. However, nucleophilic reagents
witha labile hydrogen atom, suchas water, alcohols, phenols,
amines, B-diketones, esters of B-keto-acids, etc. ata high
temperature rupture the four-memberedring 1,2,8:82,63,78:7,
The process takes place in steps:

X R X /R
bR Y>p< /\P\NHR.
| | H—Y N
R'N—PR ]
I R
X
HY
X l X X
A NHR’ Rgay 2Rl}’/ N
RP (NHR'), + RPY, (CU—
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Initially one P-N bond dissociates and an unsymmetrical
diphosphoric imide (or a diphosphonic imide or their thio-
analogues) is formed and reacts with a molecule of the
nucleophilic reagent with dissociation of the second P~N
bond. This may result in the formation of both sym-
metrical and unsymmetrical compounds %79,

The cleavage reactions of 2,4-dioxocyclodiphosphazanes
have been investigated in greater detail. Michaelis!,?
showed that the process may also be stopped at the first
stage. For example, when one mole of phenol, ethyl
alcohol, or sodium alkoxide reacts with 2,4-dianilino-
1,3-diphenyl-2,4-~dioxocyclodiphosphazane, the correspond-
ing diphosphoric imides are formed?,58:

o C4H NH.
c.H.NHLNc.H,

| + ROH——
C.H,N—PNHCH,
1

O Onp, NHCHs
RO/ \N / \NHC,H,
[ .

G:H,

Esters of NN-diphenylphosphorodiamidic acid have been
isolated after reaction with two moles of phenol or alcohol.
The reaction with two moles of water gives phosphoric
trianilide. The latter was also isolated after the reaction
with aniline:

o

I
ROM L, (CeHyNH),POR

o
Il
CoHyNHP—NC,H,
CeH;N—PNHC,H,
|

— [N 6 HNH),P=0

2O, (CH,NH)P=0 .

The reaction of 2,4-dianilino-1,3-diphenyl-2,4-dithiono-
cyclodiphosphazane with benzylamine at 30-60°C leads to
a mixture of phosphorothionic triamides, which could not
be separated. If the mixture is heated with an excess of
benzylamine at 180°C, transamination takes place and
phosphorothionic tri(benzylamide) is formedss:

s (CoHyCH,NH), PS
1 S
- |
CeHsNHP—NCH, CHGHNH, _ | (CeH,CHyNH),PNHC(H, | GHCH.NH,
CH,N—PNHCH; 3050 ﬁ 180°
i
s CoH,CH,NHP (NHC,H,),
(CsH;NH);PS

——— (CeH,CH,NH)PS .

The reaction of 2,4-dimethyl-1,3-diphenyl-2,4-
dithionocyclodiphosphazane with butylamine in a sealed
tube at 160-170°C for several hours yielded a mixture of
products containing the dianilide, N-butyl-N’-phenyl-
diamide, and di-(n-butylamide) of methylphosphonothionic
acid. The mixture could be separated by thin-layer and
column chromatography 7.

The reaction of acetic anhydride with 1,3-diphenyl-
2,4-ditolyl-2,4~dioxocyclodiphosphazane gave the
N-acetylated mixed anhydride of phosphonic and acetic
acids, which is readily hydrolysed by water and yields the
corresponding phosphonoamidic acid?:

5’ o CeH,
CH,C,H,P—NC,H, +2(CHCON0 CH,C.H‘{,? /l&COCH, Hs0
C.H.N—llTC.H.CH, * \ococH,
o GCeH,
_— CH,C.H.'1'><g§°C”a
The reaction of 2,4-dichloro-1,3-dimethyl-2,4-dioxo-
cyclodiphosphazane or its sulphur analogue with methyl
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isocyanate results in the formation of 1-chloro-2,4,6-
trimethyl-1,2,4,6 -phosphatriazane-1,3,5-trione. The
process is carried out in a sealed tube in dry benzene at
100°C for several days :

X Cl
x Yo
Clrlx——ll\ICHa + CHyNCO —— CH,]!\{ 1|~1CH3 ,
CHaN_ﬁC‘ O/\N/\O
X |
CH,

where X = O or S.

V.CYCLODIPHOSPHAZANES WITH PENTACO-ORDINATE
PHOSPHORUS ATOMS

The simplest and most general method for the synthesis
of 1,3-dialkyl- or 1,3-diaryl-2,2,2,4,4,4-hexachlorocyclo-
diphosphazanes consists in the reaction between phosphorus
pentachloride and primary aliphatic amines and also the
hydrochlorides of aliphatic and aromatic amines 3,88 ~57;

ClP—NR
2 PCly + 2 RNH, - HCl —— RI!‘~1;CI‘+HC1 .
This reaction was discovered by Kirsanov and Zhmurova?
in 1959. The reaction of phosphorus pentachloride with
aniline hydrochloride was first investigated by Gilpin 2,
but the latter was unable to establish the structure of the
compound produced.

Whether or not the reaction occurs depends on the
basicity of the initial amines. An empirical rule has been
deduced from experimental data for substituted anilines,
according to which hexachlorocyclodiphosphazanes are
formed only if the basicity constant of the initial aniline is
higher than 1 X 1013,

With less basic anilines, the reaction leads to the
formation of trichlorophosphazoarenes %:87;

PClg + RNH; - HCI > ClP=NR 4 3 HCI .

On heating in benzene solution or without solvent up to
150°C and above, hexachlorodiarylcyclodiphosphazanes
are frequently converted into phosphazo-compounds, which
on evaporation of the solution dimerise and are reconverted
into cyclic products 8-87;

ClyP—NAr
| 2CIP=NAr.
ArN—PCly

In the case of aliphatic amines, the structure of the
aliphatic chain plays an important role rather than the
basicity of the compound®:®-8, While amines with an
unbranched chain and their hydrochlorides form hexa-
chlorodialkylcyclodiphosphazanes in the reaction with
phosphorus pentachloride, amines with substituents in o~
and B-positions yield as a rule trichlorophosphazoalkanes.
Substituents in the y~position do not have a significant
effect on the reaction.

CgH,PCl, can react with aliphatic and aromatic
amines 890 to form 1,3-dialkyl(diaryl)-2,2,4,4-tetrachloro-
2,4-diphenylcyclodiphosphazanes. Amines react with
phosphorus pentafluoride in the presence of tertiary
amines:

FsP—NCH,

6 PFg + 2CHyNH, + 4 (CHg); N——— |

-
-+ 4 (CH,)sNH—PF, ,
CHyN—PF,

In many cases it is convenient to employ adducts of amines
and phosphorus pentafluoride. Thus the 1:3 adduct of
aniline with phosphorus pentafluoride yields hexafluoro-
2,4-diphenylcyclodiphosphazane !»%2,
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As regards side reactions, mention should be made of
the formation of a tricyclic spirane when phosphorus
pentachloride reacts with methylamine hydrochloride 1°;

CH, CH; CH,

S EN N
SINLTN TN
ClP ) 4 PCl,

NN/ NN/ E}N/
CH; CHy CH,

M

Another side process is the chlorination of the carbon
chain of the amine by the excess phosphorus pentachloride.
For example, aliphatic amines can be chlorinated simul-
taneously in the @- and B-positions, This process
consists of many stages. A cyclodiphosphazane evidently
forms initially and is then chlorinated in stages and con-
verted into a trichlorophosphazochloroalkane93:

Cl Cl

1 1
—<|:—c—NH,+pc1, s —C—C—N—PCl, |
——s C1C~C~N=PCls .

b

)
o ranEs

This mechanism is confirmed indirectly by experi-
mental data. Thus the reaction of yy-dimethylbutylamine
with one mole of phosphorus pentachloride leads to the
formation of the corresponding cyclodiphosphazane and the
reaction with 3—-4 moles of phosphorus pentachloride yields
apB-trichloro-trichlorophosphazo-yy-dimethylbutane.

The latter has also been isolated as the product of the
reaction between two moles of phosphorus pentachloride
and 2,2,2,4,4,4-hexachloro-1,3-di- (yy-dimethylbutyl)
cyclodiphosphazane:

A mole®Cls  (CHL)CCH,CH,N—PCl,
ClP—NCH,CH,C (CHy)s
(Cﬂs)SCCHZCH’NH’ - 2 moles PCl
s

3-4 moles PCig i
——————2 (CH,),CCL,CHCIN=PCl; .
Similarly the reaction of glycine with two moles of
phosphorus pentachloride leads to the formation of
hexachloro-1,3-di(chlorocarbonylmethyl)cyclodiphos -
phazane. When the amount of phosphorus pentachloride is
increased, the product is trichlorophosphazochloro~
carbonylchloromethane 84,93,
2 moles PClg
———————» CICOCH,N—PCl,
HOCOCH,NH, — cl,l:,h-l\lICH,COCl

| 3 moles PCls _, (1COCHCIN=PCI,

Hexafluorocyclodiphosphazanes can be synthesised in
high yields by double decomposition of hexachlorocyclo-
diphosphazane with antimony trifluoride 4

CH,N—PCl, CH,N~PF,
| ~+ SbFy —— i
ClP—NCH, F;P—NCH; .
Fluorination can be also achieved with KSO,F in nitro-
benzene but the yields are low s,

An interesting method for the synthesis of fluorinated
cyclodiphosphazanes is the reaction of heptamethyl-
disilazane with phosphorus pentafluoride, alkyl- and aryl-
tetrafluorophosphoranes, or dialkyl- and diaryl-trifluoro-
phosphoranes 98:97;

I
R,lI:—NCH,
CH,N—PR,

RaPF3 + CHyN [Si (CHyJy)y ——
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When the methylamide of trifluoroacetic acid was
heated with phosphorus pentachloride, dimethylhexachloro-
cyclodiphosphazane and 1-chloro-2,2,2~trifluoro-N-
methylethylideneimine were isolated®s:

T
2 CF4CONHCHj -+ PCl; — CF,C=NCH, - CH,N—PCl;
ct,r’:-fwcmzﬂa .

All hexachloro- or tetrachloro-diphenylcyclodiphos-
phazanes are white crystalline materials readily soluble in
organic solvents and readily hydrolysed by atmospheric
moisture.

Photochemical chlorination converts hexachlorodimethyl-
cyclodiphosphazane into monomeric trichlorophosphazo-
trichloromethane #4:

CHyN—PCly +Ch, HcciN=PCl, |
Cl,P—NCH,

Hexachlorocyclodiphosphazanes readily react with
compounds having a polarised double bond®®. The reac-
tion takes place above 150°C. Under these conditions,
cyclodiphosphazanes probably dissociate to phosphazo-
compounds. For example, the reaction of hexachloro-
dimethyleyclodiphosphazane with phenyl isocyanate in
o-dichlorobenzene at 175-180°C yields methylphenyl-
carbodi-imide. Similarly diphenylcarbodi-imide is
obtained from hexachlorodiphenylcyclodiphosphazane. The
corresponding isothiocyanates and isocyanates are formed
analogously in the reaction with carbon disulphide and
carbon dioxide. The reaction probably involves the
formation of a four-membered cyclic intermediate:

R—N——PCl; R—.g‘=3%13 R—N==PCl,
= 43 -3 — —»= RN=C=NR'.
R'N=C=0 e
CHP——N—R RN=C—L-0 + POCI,

1-Chloro-2,4,6-trimethyl-1,2,4,6-phosphatriazane-
1,3,5-trione was obtained on prolonged heating of hexa-
chlorodimethylcyclodiphosphazane with methyl isocyanate
in a sealed tube with dry benzene at 100°C:%

O\p /CI
CI,P—NCH, CH,N/ \NCH,
CH,}‘I-—{’C), + CH,NCO —— /\
o/ \N/No
"

Phosphorus oxychloride and N-methyliminophosgene
were formed as side products.

To account for the mechanism of this reaction, one may
suppose that methyl isocyanate attacks the “intact” four-
membered ring with formation of a cyclic system com-
prising a large number of units as the result of the addition
of one or several methyl isocyanate molecules. Trans-
annular double decomposition reaction with other methyl
isocyanate molecules yields a six-membered cyclic system
which is energetically more favoured. The dissociated
bonds are reformed and the process can be repeated. On
the other hand, one may suppose that monomeric trichloro-
phosphazomethane reacts with methyl isocyanate:

i
Cl o]
PN e/
(Cl;P=NCHj,) 4 CHsNCO -» CHyN  NCHj, + CH,NCO — CH,N/ \NCH,
e/
I
(o] o/ \N/ \o

b .

The reactions of hexachlorocyclodiphosphazanes with
sulphur dioxide and hydrogen sulphide in the presence of
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bases were considered in the preceding section. The
reaction of hexachlorodiphenylcyclophosphazane with
liquid ammonia yields a phosphonium salt (II) in a yield of
419%:100

NH, NH, Tt
ClyP—NCH; | |
& NHy —— | CH,NHPz:o:- Neeeee: PNHGHy | CI= &
CH,N—PCl; {

NH, NH,
an

Hexachlorodimethylcyclodiphosphazane reacts similarly
with ammonia: both chlorine atoms are substituted with
simultaneous cleavage of the ring and the formation of the
salt (III), the structure of which has been confirmed by
X-ray diffraction analysis102,103;

NH, NHCH, 9+
[H,N1L=N—{>NH, ] cr-
NH, I!IHCH,

()

The reaction of methylamine and hexachlorodiphenyl-
cyclodiphosphazane leads to a polymer with a molecular
weight of 1450 and a melting point of 58°C; dimethylamine
yields monomeric products® with the general formula
CeHyN-PCIn[N(C,H,), ]s-n-

Hexachlorodialkylcyclodiphosphazanes react with an
excess of primary amines to form bisphosphonium salts,
the structure of which has not, however, been demon-
strated!04:

—— [(RNH) (R'NH),P—-I;J—P (NHR"),NHR]3+ 2CI~

RN—!I>CI, oR'NH &
Cl,‘P—NR + : a
—— [(RNH), (R'NH) p—x;l—p (NHR"),J3+ 2C1=
R
(\4)

Two mechanisms have been proposed for the aminolysis
of hexachlorocyclodiphosphazanesi®, In the first of these
the initial formation of a phosphazo-structure is postulated:

RN—P( N
NNHR P=NR —-
o] Jo R e PR e R
N
R'NH
roo + z“ " "+
o |.RN-_4'>_N_1I:-NHR} -, [RNH _N_p'_mm} .
| -
b NHR NHR

Compounds with the structure (IV) can also be formed by
this mechanism if one takes into account the possibility of
the tautomerism of the intermediate phosphazo-compound:

RN=P—NHR = RNH‘P:NR' .
! |

The second mechanism involves the dissociation of one
phosphorus—nitrogen bond at a definite stage in the
substitution of chlorine atoms by alkylamino-groups:

+ - 2+
RN el | [ R'NH, | | '
—'1"" RN=I'3—|‘II—II’CI ClI~ ——> RNHII’-—X’Q——l"—NHR 2C1°
R R

ClP—NR

The available experimental data are more consistent
with this mechanism; it also agrees with the mechanism
proposed for the reaction of cyclodiphosphazanes having
tetraco-ordinate phosphorus atoms with nucleophilic
reagents ™,
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