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BIFUNCTIONAL PHOSPHAZENES-PRECURSORS FOR THE 
SYNTHESIS OF CYCLIC AND ACYCLIC 

METALLAPHOSPHAZENES 
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Institut fiir Anorganische Chemie der Universitiit G6ttingen, TammannstraDe, 
D-3400 Gijttingen, F.R.G. 

Abstract-Several pathways for the synthesis of six-membered metallacyclophosphazenes 
C1&NPR2NPR2h with different substituents on phosphorus are reported. Acyclic inter- 
mediates are discussed. The reaction of a persilylated aminophosphazene, 7, with VOC13 
affords the eight-membered ring (C12VNPPh2N-)2 (6b), WC16 yields an acyclic compound, 
8, and group IV tetrachlorides lead to the formation of four-membered rings, 9, with a 
&PNM-skeleton. Me3SiOPPh2NSiMe3 (10) and TiC14 form an eight-membered ring 
(C12TiNPPh20-)2 (11) with the shortest Ti-N bond found so far. The X-ray structures 
of each type of metallacyclophosphazenes are discussed. 

Depending on the nature of the ligands, metal che- 
lates have been found useful catalysts in various 
aspects of organic chemistry. ’ Thus, we were inter- 
ested in synthesizing metallaphosphazenes to test 
their applicability in catalysis. Furthermore, 
another crucial aspect of our work is the vast area 
of phosphazene chemistry, namely poly-’ and cyclo- 
phosphazenes. 2*3 Incorporating metal centres in 
phosphazenes might afford materials with unusual 
properties depending on the metal atom and the 
substituents on both the metal and phosphorus 
centres. In this paper we summarize our present 
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results in building up novel ring systems and 
open-chain compounds, as well as in attaching 
new organic groups on phosphorus. 

RESULTS AND DISCUSSION 

Recently, we have reported the synthesis of 
metallatriazadiphosphorines, 2a-q from the reac- 
tions of [H2NPPh2NPPh2NH2]‘Cl- (la) with 
metal halides or metal nitride halides in their highest 
oxidation state, or by passing chlorine through solu- 
tions containing lower metal halides [eq. (l)] : 4 

R M x method 
a Ph V 2 ii 
b Ph Nb 2 i 
c Ph MO 3 ii 
d Ph W 3 ii,iii 
e Ph Re 6 ii 
f &CIPh MO 3 ii 
g 4-CIPh W 3 ii 
h 1-CIPh Re L ii 

2 

R M x method 
i Me V 2 ii 
j Me W 3 ii. 
k Me2N W 3 III 
I Mor V 2 iv 
m Mor Mo 3 iii 
n Mor W 3 iii 

(1) 

Starting from the p-chlorophenyl-, lb, and methyl- 
substituted, lc, precursors, the metallacycles 2f-j 

* Author to whom correspondence should be addressed. have been synthesized according to method (ii). 
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The phenoxy-substituted phosphazenium salt failed in the 3’P NMR spectrum.’ In the reaction of le 
to form the expected rings. 5 with NbCls and pyridine an open chain compound, 

Since aminophosphazenes are known to be 4, has been isolated as the sole product as shown 
affected by both elemental chlorine and hydrogen by 3 ‘P NMR, IR and elemental analyses.6 These 
chloride,’ these conditions had to be avoided in facts give rise to the reaction sequence depicted in 
the reactions of the amino-substituted phospha- eq. (2): 
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zenium chlorides, Id, e. The metallaphosphazenes 
2k-n are accessible only to methods (iii) and (iv).6 

Monitoring the progress of the reactions by 3’P 
NMR spectroscopy showed the mechanism to be 
rather complex. The first intermediates identified or 
isolated were the hexachlorometallates 3, which on 
heating, e.g. in CHC13, subsequently yield two sets 

A somewhat surprising product has been found in 
the reaction of the CF,-substituted P-chlorophos- 
phazene, 5a, and Cl,V=NSiMe,: instead of the 
expected eight-membered ring system, 6 (uide 
in&), the CF,-substituted derivative, 20, was iso- 
lated in low yields as a volatile solid, melting with 
decomposition at 22.5”C :8 

$F3 
N 

2 CI~=NSiMe3 l Cl3V=NSiMe3 - 
W2; ’ ‘7ICF3)2 

l 3 Me3SiCI 

CF3 Ny N 

Ch 

sa 20 

of pairs of doublets, indicating unsymmetric acyclic The expected tetrazadiphosphadivanadocine, 6a, 
compounds disappearing with the growth of the has been isolated in high yields as a brick-red 
singlets of 2. microcrystalline solid from the reaction according 

A second method to avoid acidic conditions, to eq. (4) :9 
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besides the use of metal nitrides, is the reaction in A derivative, 6b, is accessible via silyl migration 
the presence of a tertiary base, e.g. pyridine. While from aminoiminophosphorane, 7, and VOCl, in 
with la’and NbCIS, 2b is formed, TaCl, yields an 80% yield, which after recrystallization from 
inseparable mixture of the hexachlorotantalate, 3a, CHzClZ-CH3CN forms translucent brick-red 
and two compounds showing two pairs of doublets rhombs : 9 
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Up until now, attempts to extend this synthetic 
pathway to other tetrazadiphosphadimetallocines 
have been unsuccessful. The reaction of 7 with WCl, 
yields an acyclic metal-substituted phosphazene, 8, 
characterized by elemental analysis and NMR spec- 
troscopy [eq. (6)] : 6 

Th 
(MgSi)2N~=NSiMe3 l WClg 

,NSiMq 
- fizp, 

ph 
YSiMej c6) 

WC15 

Since multiple bonds to group IV metals are rather 
unfavourable, the reactions of 7 with TiC14” and 
ZrCld6 proceed in a different way [eq. (7)] : 

Spectroscopical and X-ray investigations 

Mass spectroscopical measurements (EI, FI and 
FD techniques) show the parent ion or M+ -Cl as 
the peaks with the highest masses for most of the 
six-membered rings, 2. Of the eight-membered 
rings, only tetrazadiphosphadivanadocine, 6a, gave 
the molecular ion, as well as the trichlorosubstituted 
four-membered rings, 9a, b. The other metalla- 
phosphazenes showed fragmentation and rearrange- 
ment patterns, e.g. in the EI mass spectrum of 6b, 
M+ -Cl for 2a had been detected.6 Interestingly, 
the open-chain intermediates [H2N(PPh2N)2H2]+ 
MC& (3h-d) failed to show the signal for the 
cation. Instead, FI mass spectra consisted of the 
parent ions of the corresponding six-membered 
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1 5: Zr, b: Ti z!! 

While the reaction of 7 with ZrC14 proceeds 
unequivocally, TiCl, yields a mixture of different 
products, 9h-d. By varying the reaction conditions 
(see Experimental) the yields of the respective com- 
pounds could be optimized, the products have been 
isolated by fractional crystallization from CH3CN. 

The analogous reaction of silyloxyphosphazene, 
10, with TiCl, leads to the unexpected formation of 
the eight-membered ring system, 11, besides several 
silicon-containing species which have not yet been 
identified : ’ ’ 

Ph 

““2 
&N. 

2 Me3SiOlf=NSiMes l 2TiClb - Ct2Ti/e 
\ 

8. 
8TiCI2 + 2 MesSiCI 

Ph 
/ 

N,@,O 
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(7) 

rings, 2hd6 This is in contrast to the homolo- 
gous compounds [H2N(PPh&H2]+MC;, where 
the cation peak, together with the parent ions of 
the tetrazatriphosphametallocines with intensities 
between 0 and 30%, have been observed.12 

31P NMR studies show downfield shifts for all 
metallaheterocycles compared to their acyclic 
phosphazene precursors. The chemical shifts of 
the six-membered rings, 2, have been found 20-30 
ppm downfield of the corresponding bis(amino- 

(8) 
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phosphoranylidene)immonium precursors, 1.4,5,8 
While the “P signal of the open-chain compound, 
8, is shifted downfield ca 50 ppm, compared to 
7, an upfield shift of 17 ppa and line broadening 
has been observed for the phosphorus atom in 4 
bearing the -N=NbC14 unit. The other phos- 
phorus atom shows a signal at 14 ppm as does the 
precursor 2e.6 Interestingly, the 3’P signals of the 
vanadium heterocycles 21,20, 6a and 6h have half- 
widths of ca 1000 c.p.s., which is not due to para- 
magnetic influence. ’ 3 

X-ray crystallographic work on the four-mem- 
bered rings, 9a-d, “,r ’ on the six-membered rings, 
2c,4b 2d4” and 20, ’ and on the eight-membered rings, 
6h,’ and 11,’ ’ has been done. All structures except 
that of 11 show the ring skeletons to be essentially 
planar. While donor solvents such as CH,CN are 
attached to the metals in the crystal state in 2c, 
d, 9a-c and 11 resulting in a distorted octahedral 
environment, the vanadium compounds, 20 and 6b, 
as well as the titanium heterocycle, 9d, contain no 
solvent in the crystals, thus resulting in distorted 
tetrahedral and trigonal-bipyramidal geometries, 
respectively. Compounds 9c, 6I.r and 11 are centro- 
symmetric and 20 contains a C2 axis through 
vanadium and the opposite nitrogen, causing pair- 
wise equal bond lengths and angles. Trans-effects 
due to the CH3CN and Cl bond in the ring planes 
of 2c, d make the ring bonds and angles differ 
slightly. Due to steric effects a somewhat greater 
deviation from equality is found in the four-mem- 
bered rings 9a, b, d. While bond lengths and angles 
in the P-N sections of the ring systems do not 
differ significantly from those of these non-metal- 
lated analogues, some unusual features have been 
found around the metal atoms. While the Ti-N 
and Zr-N bond lengths in the PN,M moiety in 
9a-d can be regarded close to single bonds, the 
Ti-N bonds in the central Ti*N, ring of 9c are 
189.0 pm, in the exocyclic Ti-N-PPh2N(SiMe3)z 
moiety of 9d are 179.2 pm, and in 11 are 173.9 pm, 
which are definitively shorter than single bonds, 11 
having the shortest Ti-N distances found so far. 
The Ti-N-P angles in 9d (exocyclic) are 170.3” 
and in 11 are 175.9” and are almost linear. The 
angles at the ring nitrogen atoms adjacent to the 
metal atoms are also increased from 158.4” in 6h to 
129.0” in 20. The M-N separations in the fully 
unsaturated rings, 2 and 6b, have to be regarded as 
double bonds, the bond angles at the four coor- 
dinated vanadium atoms are close to the tetrahedral 
angle (104.2” in 20 and 110.8” in 6b), while the 
octahedral angles in 2c, d are slightly bigger than 
90” and around 75” in the four-membered rings, 9a- 
d. The exocyclic Si-O-V angles in 6h are almost 
linear. 

EXPERIMENTAL 

General methods 

All manipulations were carried out under an 
atmosphere of dry argon or nitrogen or in uacuo. 
Solvents were dried and degassed by conventional 
methods and stored over molecular sieves. If not 
otherwise noted, solvents and volatile starting 
materials were transferred into the reaction vessel in 
vacua at - 190°C and the reaction mixtures slowly 
warmed up to ambient temperatures, solids trans- 
ferred to the flask in a dry box (prior to con- 
densation) and liquids injected with a syringe. Metal 
halides and VOC13 were commercial products, 
C13VNSiMe3, C13MN (N = MO, W), and the phos- 
phazene precursors were prepared as described in 
the papers referred to in this article and the original 
papers cited therein. The syntheses of the six-mem- 
bered rings, 2a-e, have been described elsewhere,4 
the syntheses of Zf-j’ closely follow these pro- 
cedures and are therefore omitted in this article. As 
a fully characterized example of an amino-sub- 
stituted metallacyclophosphazene, the synthesis of 
21 together with the CF,-substituted 20 are given. 

Synthesis of 2,2,4,4-tetramorpholino-l,3,5,2A5,4AS, 
616-triazadiphosphatungstenine~THF (21)6 

4.9 g (10 mmol) of le and 3.1 g (10 mmol) of 
NWC13 were refluxed in 100 cm3 of CHC13 for 5 
h. The solvent was evaporated and the remainder 
extracted with hot THF. 21.TI-IF precipitates as a 
microcrystalline, yellow solid in 26% (2.1 g) yield. 
Found for 21.THF: C, 28.9; H, 5.1; Cl, 13.4; N, 
11.9. C20H,oC13N,0SP2W requires: C, 29.63; H, 
4.97; Cl, 13.12; N, 12.09%. 

Synthesis of 2,2,4,4-tetrakis(trijluoromethyl)- 

1,3,5,215,4A5,615-triazadiphosphavanadinine (20)’ 

2.4 g (10 mmol) of C13V=NSiMe3 and 60 cm3 of 
CH2C12 were cooled to - 190°C and 5.8 g (20 mmol) 
of 5a were added. After warming up to room tem- 
perature the mixture was stirred for 5 h. Volatiles 
were removed at - 10°C in uacuo and the crude 
product was sublimed twice in a cold finger held at 
- 10°C. Compound 20 was isolated as translucent 
yellow crystals, which melt at 22.5”C with decompo- 
sition, in 28% (1.4 g) yield. Found for 20 : C, 9.7 ; 
Cl, 14.4; N, 8.4. C4C12Fr2N3P2V requires: C, 9.57; 
Cl, 14.13; N, 8.37%. 

Synthesis of the bis(aminodiphenylphosphoranyl- 
i&ne)immoniumhexachlorometallates (3ad)6 

Of the intermediates, 3, only hexachloro- 
tungstate, 3d, has been fully characterized. 



1740 M. WITT and H. W. ROESKY 

Equimolar amounts of la and WC16 were stirred 
in CH2C12 at room temperature for 1 h. Cl* evol- 
ution was observed. After removal of the solvent, 
3d was recrystallized from CH3CN. It forms brown 
blocks melting at 239°C with decomposition. The 
yield (before recrystallization) was virtually quan- 
titative. Found for 3d : C, 34.8 ; H, 3.0; Cl, 27.2; 
N, 4.7. C&H2&leN3PZW requires: C, 35.46; H, 
2.98; Cl, 26.16; N, 5.17%. 

Synthesis of [(aminodimorpholinophosphoranyl- 
iakneimino) aminodimorpholinophosphoranylideneim - 
ino] aminoniobiumtetrachloride. CSH5N (4)6 

4.9 g (10 mmol) of le and 2.35 g (10 mmol) of 
NbC15 were refluxed in a mixture of 100 cm3 of 
CHzClz and 10 cm3 of pyridine for 6 h. After 
cooling, pyridine hydrochloride was filtered off, the 
solution evaporated and the residue extracted with 
CH2C12. The compound was isolated as yellow crys- 
tals in 15% (1.2 g) yield by slow diffusion of the 
solvent in an evacuated two legged Schlenk vessel 
from 21 to 18°C. Found for 4 - C,H,N : C, 34.1; 
H, 5.4; Cl, 19.2; N, 15.1. C2,H3&,‘,NsNb04P2 
requires: C, 33.0; H, 5.14; Cl, 18.56; N, 14.66%. 

Synthesis of 2,2,6,6-tetraphenyl-4,4,8,8-tetrachloro- 
1,3,5,7,21*,615,415,825 - tetrazadiphosphadivanado- 
tine (6a)9 

2.4 g (10 mmol) of C13V=NSiMe3 and 3.1 g (10 
mmol) of 5b in 120 cm3 CH,CN were heated for 4 
h at 40°C. The solid was filtered off, washed with a 
little CH3CN and dried in vacua. The brick-red 
microcrystalline powder, melting at 225°C with 
decomposition, was isolated analytically pure in 
75% (5 g) yield. Found for 6a : C, 42.2 ; H, 3.2 ; Cl, 
21.3 ; N, 8.4. C&,H2,,C14N4P2N2 requires: C, 43.02; 
H, 3.01; Cl, 21.16; N, 8.36%. 

Synthesis of 2,2,6,6-tetraphenyl-trans-4,8-dichloro- 
4,8 - bis(trimethylsilyloxy) - 1,3,5,7,215,6~5,415,815- 
tetrazadiphosphadivanadocine (6b)9 

1.7 g (10 mmol) of VOCl, and 4.3 g (10 mmol) 
of 7 in 120 cm3 of CH3CN were stirred at room 
temperature for 24 h. The residue was filtered off, 
washed with a little CH,CN, and then redissolved 
in CH2C12 and a little CH&N. At -30°C 6b 
crystallizes in brick-red rhombs of m.p. 206°C 
with decomposition. The yield of crude 6b was 
80% (6.2 g). Found for 6b: C, 46.1 ; H, 4.9; 
Cl, 9.3; N, 7.3. C H C N 0 P Si V requires: 30 38 12 4 2 2 2 2 

C, 46.34; H, 4.93; Cl, 9.12; N, 7.4%. 

Synthesis of N,N’-bis(trimethylsilyl)-N-penta- 
chlorotungstenamino - P - diphenyliminophosphorane 

(W 

7.9 g (20 mmol) of WC16 and 8.6 g (20 mmol) of 
7 were stirred for 10 h in 150 cm3 of CH2C12 at 
room temperature. The volatiles were evaporated 
and the tarry dark-brown residue extracted several 
times with hot PCl,. An olive-yellow micro- 
crystalline solid residue remained, which was 
dried thoroughly in vacua. Elemental analysis 
showed this material to be analytically pure 8 in 
55% (8.1 g) yield. Found for 8: C, 31.3; H, 4.4; 
Cl, 25.0; N, 3.8. C18H30C15NZPSi2W requires: C, 
29.92; H, 4.18; Cl, 24.53; N, 3.88%. 

Synthesis of 1,3-bis(trimethylsilyl)-2,2-dehenyl-4,4, 
4 - trichloro - 1 ,3,2L5,4L4 - diazaphosphazirconetidine - 
CH3CN (9a) and -titanetidine* CH3CN (9b)‘O 

2.4 g (10 mmol) of ZrCl, or 1.9 g (10 mmol) of 
TiC14, respectively, and 4.3 g (10 mmol) of 7 were 
stirred at 0°C in 100 cm3 of CHzClz for 2 h. Insol- 
uble material was filtered off, volatiles were evap- 
orated and 80 cm3 of CH3CN added. After several 
days at -25°C the products started to crystallize. 
Additional material has been obtained by partial 
removal of the solvent. The yields of 9a (colourless 
needles melting at 135°C with decomposition) and 
9b (orange cubes melting at 105°C with decompo- 
sition) were 48% (2.9 g) and 42% (2.3 g), respec- 
tively. Found for 9a* CH&N : C, 40.3 ; H, 5.6 ; Cl, 
17.7; N, 7.1. Cz0H3,C13N3PSi2Zr requires: C, 
40.17; H, 5.22; Cl, 17.78; N, 7.02%. Found for 
9b*CH,CN: C, 43.8; H, 5.7; Cl, 19.2; N, 7.1. 
C2,H3,C13N3PSi,Ti requires: C, 43.29; H, 5.63; 
Cl, 19.17; N, 7.57%. 

Synthesis of 3,7-bis(trimethylsilyl)-2,2,6,6-tetra- 
phenyl-4,4,8,8- tetrachloro- 1,3,5,7,21’,6A5,41E4,8A4- 
tetrazadiphosphadititanatricyclo[2, 2, 0, Oloctane * 
2CH3CN (9~)” 

1.1 g (2 mmol) of 9b - CH&N were dissolved in 
50 cm3 of CH 3CN and heated to 60°C for 3 h. After 
several days at -25°C a mixture of crystals of 9b 
and 9c precipitated, which after filtration were sep- 
arated manually, but were not pure enough for 
elemental analysis. 

Synthesis of 1,3-bis(trimethylsilyl)-2,2-diphenyl-4,4- 
dichloro - 4 - [N,N - bis(trimethylsilyl)aminod@henyl- 
phosphoranylideneimino] - N’ - amino - 1 ,3,212’,4A4 - di- 
azaphosphatitanetidine - CH ,CN (9d) ’ ’ 

8.6 g (20 mmol) of 7 and 1.9 g (10 mmol) of 
TiC14 were stirred at room temperature for 12 h. 
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Subsequently all volatiles were evaporated and the 
solid residue redissolved in 50 cm3 of CH3CN. After 
cooling, 9d * CH$N crystallized in dark yellow 
blocks melting at 135°C. This was slightly con- 
taminated with 9b * CH$N to give insufficient 
elemental analyses. 

Synthesis of 2,2,6,6-tetraphenyl-4,4,8,8-tetrachloro- 
1,5,3,7,21i,6~s,4~4,8L4 - dioxadiazadiphosphadititan- 

ocine*4CH,CN (11)” 

3.8 g (20 mmol) of TiC14 and 7.2 g (20 mmol) of 
10 were stirred in 120 cm3 of CH,CN at room 
temperature for 12 h. Insoluble material was filtered 
off and volatiles were evaporated. The residue was 
redissolved in a minimum amount of CH3CN and 
kept at -25°C for crystallization. Found for 
11.4%H,CN: C, 46.4; H, 4.2; Cl, 16.2; N, 9.0. 
C32H22C14N602P2TiZ requires : C, 46.19 ; H, 3.88 ; 
Cl, 17.04; N, 10.10%. 
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