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Abstract

(2)]The first examples of uncharged aryl substituted fluorinated hydridophosphazenes, N3P3F4(Ar)H [Ar — C6H5 (1), p-
were obtained in an unprecedented manner upon fluorination of diaryloctachlorobi(cyclophosphazenes) ðN6P6Cl8ðArÞ2Þ
[Ar — C6H5, p-ClC6H4] using KF in acetonitrile. The compounds (1) and (2) were stable to air and moisture, and were characterized
by spectral and analytical methods. Compound (1) on reaction with FcCH2PðSÞðCH2OLiÞ2 (Fc — Ferrocenyl) gave endo (3) and exo
(4) isomers of ansa substituted hydridophosphazenes. The crystal structure of (4) was determined and the structure shows the ansa
substitution on the phosphazene ring, trans to the phenyl group with the hydridophosphazene ring puckered to a partial chair
configuration.
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1. Introduction

Hydridophosphazenes which contain one or more
P-H bonds on the cyclophosphazene skeleton are useful
in the synthesis of a variety of interesting phosphazene
derivatives, which are difficult to obtain from normal
reactions of perhalogenated cyclophosphazenes [1]. The
usefulness of hydridophosphazenes stems from the fact
that the P-H bond can undergo a wide variety of reac-
tions, such as metallation, followed by reactions with
alkyl halides and heavier halogens [2], as well as with
metallic and organometallic halides leading to the for-
mation of stable compounds of cyclophosphazenes with
direct phosphorus-metal covalent bonds [3]. The first
example of a tris(hydrido)cyclotriphosphazene, which
was obtained by the cyclization of a zirconium complex
of an amino phosphane was reported only recently [4].
Although the monoalkyl substituted cyclophosphazenes
that contain both hydrogen and chlorine atoms on the
phosphazene ring are prepared by the reaction of

N3P3Cl6 with organocopper [5] or alkyllithium [6] re-
agents, the analogous monoaryl substituted hydrido-
chlorophosphazenes are realized only from P-P bonded
bi(bicyclophosphazenes) after reaction with LiBEt3H.

Chemistry of fluorinated cyclophosphazenes differ
considerably from that of their chlorinated analogues
and fluorophosphazene compounds are in general more
volatile and stabler [7-9]. Fluorinated hydridocyclo-
phosphazenes having hydrogen atoms directly bonded
to the phosphorus atom has not been studied in detail so
far except for a brief report on a cyclophosphazene
anion [10]. No examples of octafluorinated diarylbi(cy-
clophosphazenes) are also known except for a brief
report by Allen and coworkers on {P3N3F4C6H4N
(CH3)2]}2 obtained in very low yield (0.24%) from a
Grignard reaction of N3P3F6 [11].

As an alterative method for obtaining octafluorinated
diarylbi(cyclophosphazenes), we have attempted fluori-
nation of the corresponding chloro diarylbi(cyclo-
phosphazenes). However, instead of the fluorinated
bi(cyclophosphazenes), we have obtained the first ex-
amples of fluorinated neutral arylhydrido phosphaz-
enes N3P3F4(H)Ar, in moderate to good yields as the
result of an unprecedented P-P bond cleavage. In this
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communication we report the synthesis and character-
ization of the first examples of neutral arylhydrido flu-
orophosphazenes and also report the crystal structure of
the ansa derivative of one of the hydridofluorophosp-
hazenes, which is also the first example of a neutral ansa
substituted hydridofluorophosphazene.

2. Experimental

The diphenyloctachlorobi(cyclophosphazene) [12],
ðC6H5Þ2N6P6Cl8 and the diol, FcCH2PðSÞðCH2OHÞ2

[15] were prepared by literature methods. ðp-ClC6H4Þ2

N6P6Cl8 was prepared by a modified procedure similar
to that used for ðC6H5Þ2N6P6Cl8.

2.1. Preparation of (1)

The compound, diphenyloctachlorobi(cyclophospha-
zene) ðC6H5Þ2N6P6Cl8 (0.32 g, 0.45 mmol) was dis-
solved in 5 ml of dry acetonitrile and KF (0.26 g, 4.5
mmol) was added to it. The mixture was stirred at 33 °C
for 12 h. Then, 50 ml of cold water was added to it and
the products were extracted with diethylether. After
analysis of the ether layer by TLC, two compounds were
isolated using column chromatography over silica gel,
by a gradient elution of dichloromethane/hexane mix-
ture. The first fraction obtained as a viscous solid was
characterized as N3P3F4ðC6H5Þ(F), (0.06 g, 13%). The
spectral data of this compound were compared with the
authentic sample [17]. The second fraction obtained was
characterized as [N3P3F4(C6H5)(H)], (0.08 g, 61%) M.p.
57°C. IR (cm"1): 2402 (P-H). NMR: 1H, d 7.49 (m, 2H,
m-H), 7.58 (m, 1H, p-H), 7.73 (m, 2H, o-H), 7.76 [dm,
1H, P-H (JPH = 583 Hz)]; 31Pf1Hg, d 9.96 [tm, PF2,
(1JPF = 922 Hz)], 15.62 [dt, P-H (1JPH = 582 Hz,
2JPNP = 46 Hz)]; 19F, d - 67:652 [dm, PF2, (1JPF = 943
Hz)]; 13Cf1Hg, d 129.08 [d, o-C (JPC = 15 Hz)], 129.94
[d, m-C, (JPC = 12 Hz)], 133.55 [d, p-C (JPC = 3 Hz)].
MS(EI): 289 (Mþ). Anal. Calcd for C6H6P3N3F4: C,
24.93; H, 2.09; N, 14.54. Found: C, 24.87; H, 2.00; N,
14.60.

2.2. Preparation of (2)

The compound, di(p-chlorophenyl)octachlorobi(cy-
clophosphazene), ðp-ClC6H5Þ2N6P6Cl8 (0.26 g, 0.33 mmol)
was dissolved in 10 ml of dry acetonitrile and KF
(0.19 g, 3.34 mmol) was added to it. The mixture was
stirred at 33 °C for 12 h. After the analysis of reaction
mixture by TLC, two compounds were isolated using
column chromatography over silica gel, by a gradient
elution of dichloromethane/hexane mixture. The first
fraction obtained as a viscous solid was characterized as
N3P3F4ðp-ClC6H4)(F), (0.02 g, 17%). The second frac-
tion obtained was characterized as [N3P3F4ðp-ClC6H4Þ

ðHÞ], (0.09 g, 83.1%) M.p. 77 °C. IR (cm"1): 2393 (P-H).
NMR: 1H, d 7.47 (m, 2H, m-H), 7.67 (m, 2H, o-H), 7.75
[dm, 1 H, P-H (JPH = 588 Hz)]; 31Pf1Hg, d 7.26 [tm,
PF2 (JPF = 923 Hz)], 12.17 [dt, P-H, (JPH = 582 Hz,
JPNP = 44 Hz)]; 19F, d - 67:58 [dm, PF2 , (JPF = 938
Hz)]; 13Cf1Hg, d 129.49 [d, o-C (JPC = 16 Hz)], 131.46
[d, m-C (JPC = 14 Hz)], 140.35 [d, p-CCl (JPC = 4 Hz)].
MS(EI): 323 (Mþ). Anal. Calcd for ClC6H5P3N3F4: C,
22.28; H, 1.56; N, 12.99. Found: C, 22.30; H, 1.50; N,
12.90.

2.3. Reaction of (1) with FcCH2PðSÞðCH2OLiÞ2

The diol, FcCH2PðSÞðCH2OHÞ2 (0.25 g, 0.79 mmol)
was dilithiated by addition of n-BuLi (0.68 ml, 1.58
mmol) in THF (10 ml) at -80°C. After four hours, the
compound, [N3P3F4ðC6H5ÞðHÞ] (1) (0.23 g, 0.79 mmol)
dissolved in THF (5 ml) was added to the solution of the
dilithiated diol which was kept at -80°C. The mixture
was allowed to reach room temperature slowly and
stirred for 12 h. Afterwards the THF was evaporated off
and the products were dissolved in dichloromethane to
filter off the LiF formed. The mixture was analyzed by
TLC and separated using column chromatography over
silica gel, by a gradient elution of ethylacetate/hexane
mixture. Analysis of the 31P and 19F NMR spectra of the
first fraction (24.20%), which came out of the column at
7-9% of ethylacetate in hexane, showed the presence of
number of compounds. The separation of these com-
pounds was not possible by column chromatography or
by sublimation and crystallization methods. Upon dis-
solving the mixture in ethylacetate/hexane, it slowly
yielded a precipitate, which was characterized as endo-
FcCH2P(S)(CH2O)2[P(F)N]2[NP(C6H5)(H)], (3) (0.05
g, 11%). Mp. 163 °C. IR (cm"1): 2371 (P-H). NMR: 1H,
S 7.78 [dm, 1H, P-H (1JPH = 574 Hz)], 7.67 (m, 5H,
C6H5), 4.87 (m, 4H, PCH2O), 4.60 (m, 4H, Cp), 4.26 (s,
5H, Cp), 3.19 [d, 2H, FcCH2 (J = 12 Hz)]; 31P, d 44.75
(s, P@S), 12.29 [dm, P(C6H5)H (1JPH = 572 Hz)], 14.91
[dm, OPF (1JPF = 927 Hz)]; 19F, d - 68:51 [dm, OPF
(1JPF = 934 Hz)]. MS (FAB): 573 (Mþ), 199 (FcCHþ).
Anal. Calcd for C19H21O2P4N3F2FeS: C, 39.81; H, 3.69;
N, 7.33. Found: C, 39.77; H, 3.61, N, 7.78. The second
fraction which came out of the column at 10-12% of
ethylacetate in hexane was characterized as exo-
FcCH2P(S)(CH2O)2[P(F)N]2[NP(C6H5)(H)], (4) (0.13
g, 28.5%). M.p. 181 °C. IR (cm"1): 2381 (P-H).NMR:
1H, d 7.75 [dm, 1H, P-H, (1JPH = 581 Hz)], 7.67 (m, 5H,
C6H5), 4.56 (m, 4H, PCH2O), 4.43 (m, 4H, CpCH2),
4.15 (s, 5H, FeCp), 3.49 [d, 2H, FcCH2P, (J = 12 Hz)];
31P, d 46.93 (s, P@S), 16.70 (dm, P(C6H5)H (1JPH = 581
Hz)], 13.96 [dm, OPF, (JPF = 901:47 Hz)]; 19F, d - 71:07
[dm, OPF, (JPF = 906 Hz)]. MS (FAB): 573 (Mþ), 199
(FcCHþ2). Anal. Calcd for C19H21O2P4N3F2FeS: C,
39.81; H, 3.69; N, 7.33. Found: C, 39.74; H, 3.66, N,
7.76.
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3. Results and discussion

The attempted fluorination of the diaryloctachlo-
robi(cyclophosphazenes) [N6P6Cl8(Ar)2] [Ar = C6H5

(1),p-ClC6H4 (2)] [12] using KF=CH3CN, resulted in the
cleavage of the P-P bond and formation of the hydri-
dofluorophosphazenes, N3P3F4(Ar)H [Ar = C6H5 (1),
p-ClC6H4 (2)] in yields ranging from 61% to 80%. Small
amounts of arylpentafluorophosphazenes, (N3P3F5Ar)
(Ar = C6H5, p-ClC6H4) were also obtained from this
reaction (Scheme 1). The compounds were separated by
column chromatography and characterized unambigu-
ously by spectroscopic techniques.

The hydridofluorophosphazene compounds (1) and
(2) are low melting solids which are stable compared to
their chlorophosphazene analogues towards air and
moisture. Unlike the preparation of aryl substituted
hydridochlorophosphazenes, which requires reduction
of bi(cyclophosphazenenes) using LiBEt3H, followed by
reaction of the lithium salt of the anion with an alcohol,
the fluorination of diaryloctachlorobi(cyclophosphaz-
enes) affords a direct route to realize arylhydridoflu-
orophosphazenes.

The proton coupled 31P NMR (Fig. 1(a)) of the
compound (1) showed a triplet of a multiplet with
coupling constant of 922 Hz, which appeared at 9.96
ppm corresponding to the PF2 phosphorus and a dou-
blet of a triplet with coupling constants of 582 and 46
Hz, which appeared at 15.62 ppm corresponding
P(H)Ar phosphorus atom. To confirm the P-H cou-
pling, we also recorded the proton-decoupled 31P NMR
(Fig. 1(b)), which showed a multiplet around 15.68 ppm
overlapping with the triplet of the PF2 phosphorus. The
phosphorus coupled 1H NMR (Fig. 1(c)) of the com-
pound (1) showed a doublet of a multiplet, centered at
7.75 ppm with a coupling constant of 583 Hz. The 31P
and 1H NMR spectra of the compound (2) were also
similar to that of compound (1). The P-H coupling
constants observed around 582-588 Hz in the 31P and
1H NMR of the compounds (1) and (2) are comparable
to that observed for hydridochlorophosphazenes (540-
570 Hz) [6]. Apart from the NMR studies, the IR

31P NMR
(a)

25 20 15 10

1 HNMR (C)

A

= C6II,(1) R = C6I15

= p-ClC6a, (2) - p-CIC6H4

Scheme 1.

Fig. 1.31P and 1H NMR spectra of compound (1): (1a) Proton coupled
31P NMR; (1b) proton decoupled 31P NMR; (1c) phosphorus coupled
1H NMR.

spectrum of the compounds (1) and (2) showed char-
acteristic P-H stretching at frequencies of 2402 and 2393
cm"1 respectively.

To account for the proton source in this reaction, we
have carried out a reaction of the diphenyloctachlo-
robi(cyclophosphazene) with KF=CH3CN, for 24 h un-
der protection from moisture. Part of the reaction
mixture was evaporated to dryness and the residue an-
alyzed by 1H and 31P NMR, which indicated the pres-
ence of P-H hydrogens. One can therefore expect that
the fluorination of a diaryloctachlorobi(cyclophosphaz-
enes) results in the cleavage of the P-P bond and for-
mation of an anion, which is similar to the one that is
obtained in the reactions of alkoxides and aryloxides
with the diaryloctachlorobi(cyclophosphazenes) [13].
The anion thus formed can abstract a proton from
acetonitrile, giving the hydridofluorophosphazenes. It is
to be noted that the abstraction of proton from aceto-
nitrile by anions is well documented in organic chemis-
try [14].

To find out the stability of the P-H bond dur-
ingfurther reactions and also to find the influence of
the presence of a proton on the phosphazene ring
on substitution reactions of bifunctional reagents,
we have reacted compound (1) with a dilithiated diol,
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(4)

Scheme 2.

FcCH2PðSÞ ðCH2OLiÞ2. Our previous studies on reac-
tions of this diol with N3P3F6 had exclusively yielded
ansa substituted products [15]. The reaction yielded
the ansa substituted product, exo-FcCH2PðSÞðCH2OÞ2

[P(F)N]2[NP(C6H5)(H)] (4) as the major product and
eKdo-FcCH2P(S)(CH2O)2[P(F)N]2[NP(C6H5)(H)] (3)
as minor product along with other minor products
(Scheme 2).

Spectral analysis of the compounds (3) and (4)
showed that the P-H bond of the phosphazene ring re-
mains intact even after the reaction with a dilithiated
diol, indicating the stability of the P-H bond in the
arylhydridofluorophosphazene. Compound (4) was also
characterized by X-ray crystallography [16], which is the
first known structure for a neutral hydridofluorophos-
phazene.

C18

F1

C11

Fig. 2. Molecular structure of the compound (4). Selected bond lengths
(A) and angles (°): P(3)-H(21) 1.339, P(3)-C(14) 1.796(12), P(3)-N(1)
1.601(9), P(3)-N(2) 1.602(9), P(1)-N(1) 1.550(9), P(1)-N(3) 1.575(10),
P(1)-O(1) 1.562(8), P(2)-N(2) 1.573(9), P(2)-N(3) 1.585(10), P(2)-F(2)
1.537(8), P(4)-S(1) 1.939(5), H(21)-P(3)-C(14) 110.25, N(1)-P(1)-
N(3), 120.1(6), N(2)-P(2)-N(3) 120.7(5), N(1)-P(1)-O(1) 110.3(5),
N(2)-P(2)-O(2) 111.9(5), C(1)-P(4)-C(2) 110.2(6), C(2)-P(4)-C(3)
104.8(6).

The molecular structure of the ansa substituted hy-
dridophosphazene compound (4) is shown in Fig. 2.
There are two independent molecules in the triclinic
crystal lattice. The structure shows the ansa substitution
of the diol on the phosphazene ring, trans to the phenyl
group and it depicts a boat-chair conformation of the
eight membered ring. The nitrogen atom bound between
the two phosphorus atoms that are bearing the ansa
substitution, is flanked away from the mean plane of the
phosphazene ring and becomes trans to the ansa sub-
stitution. The phosphorus atom that is bearing the
phenyl group is deviated from the mean plane of the
phosphazene ring and is positioned cis to the ansa
substitution thus making the phosphazene ring attain a
partial chair configuration.

Acknowledgements

A.J.E. and K.M. thank the Council of Scientific and
Industrial Research (CSIR), India for financial assis-
tance as a research grant and for a senior research fel-
lowship respectively.

References

[1] V. Chandrasekhar, K.R. Justin Thomas, Struct. Bond. 81 (1993)
41;
V. Chandrasekhar, V. Krishnan, Adv. Inorg. Chem. 53 (2002)
159.

[2] H.R. Allcock, M.S. Connolly, R.R. Whittle, Organometallics 2
(1983) 1514;
H.R. Allcock, M.N. Mang, G.S. McDonnell, M. Parvez, Macro-
molecules 20 (1987) 2060.

[3] R.A. Nissan, M.S. Connolly, M.G.L. Mirabelli, R.R. Whit-
tle, H.R. Allcock, J. Chem. Soc. Chem. Commun. (1983)
822;
H.R. Allcock, M.N. Mang, G.H. Riding, R.R. Whittle,
Organometallics 5 (1986) 2244;
A. Schmidpeter, K. Blanck, H. Hess, H. Riffel, Angew.
Chem. Int. Ed. Engl. 19 (1980) 650.

[4] G. Schick, M. Raab, D. Gudat, M. Nieger, E. Niecke, Angew.
Chem. Int. Ed. Engl. 37 (1998) 2390.

[5] H.R. Allcock, P.J. Harris, J. Am. Chem. Soc. 102 (1979) 6221.
[6] H. Winter, J.C. Van de Grampel, J. Chem. Soc. Dalton Trans.

(1986) 1269.
[7] C.W. Allen, Chem. Rev. 91 (1991) 119.
[8] A. Vij, S.J. Geib, R.L. Kirchmeier, J.M. Shreeve, Inorg. Chem. 35

(1996) 2915;
R.P. Singh, A. Vij, R.L. Kirchmeier, J.M. Shreeve, Inorg. Chem.
39 (2000) 375.

[9] E. Lork, D. Boehler, R. Mews, Angew. Chem. Int. Ed. Engl. 34
(1995) 2696.

[10] I. Manners, W.D. Coggio, M.N. Mang, M. Parvez, H.R. Allcock,
J. Am. Chem. Soc. 111 (1989) 3481.

[11] C.W. Allen, P. Toch, Inorg. Chem. 20 (1981) 8.
[12] H.R. Allcock, J.L. Desorcie, P.J. Harris, J. Am. Chem. Soc. 105

(1983) 2814.
[13] H.R. Allcock, M.S. Connolly, P.J. Harris, J. Am. Chem. Soc. 104

(1982) 2482.



588 A.J. Elias, K. Muralidharan / Inorganic Chemistry Communications 6 (2003) 584-588

[14] Nan-Sheng Li, Su Yu, G.W. Kabalka, J. Org. Chem. 60 (1995) c = 92.564(5)°, Z = 4, lðmg m"3) = 1:646, GOF1.011, Final
5973; R1(wR2) (2r data) = 0.0681(0.1196),: R1ðwR2Þ (all data) =
A.Ostrowicki,E.Koepp,F.V€ogtle,Top.Curr.Chem. 161(1991)38. 0.2546(0.1459). Data was collected at 20(2)°C by Enraf-Nonius

[15] K. Muralidharan, N.D. Reddy, A.J. Elias, Inorg. Chem. 39 (2000) CAD-4 X-ray diffractometer. The structure was initially solved by
3988. SIR97 and refined by SHELX incorporated in the WINGX

[16] Crystal data for (4): triclinic, space group P ) 1, with a = 9:955ð5Þ, program.
b = 14:010ð5Þ, c = 16.648(5) A a = 93.424(5)°, b = 92.300(5)°, [17] C.W. Allen, T. Moeller, Inorg. Chem. 7 (1968) 2177.


