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Studies of Phosphazenes. Part 33." Thermal Rearrangement
of Alkoxy(p-methylphenoxy)cyclophosphazenes: A Synthetic
Route to Oxocyclophosphazanes, Phosphazadienes and

Phosphaz-1-enest
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Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore 560 012, India

The aryloxy(alkoxy)cyclotriphosphazenes N,P,(OR), ,.(OC,H,Me-p), (R=Me, n=1-3; R=Et or
CH,Ph, n = 3) rearrange on heating to give trioxocyclotriphosphazanes; the di- and mono-methoxy
derivatives, N;P,(OMe),_,(OCsH,Me-p),(n =4 or 5), yield dioxophosphaz-1-enes and an oxo-
phosphazadiene respectively. The 'H, '3C and ¥P NMR data for the starting materials and the
products are presented. No evidence has been found for partially rearranged products. The
geometrical disposition of the aryloxy groups in the starting material is retained in the rearranged
products. Some aspects of the mechanism of the thermal rearrangement are discussed.

We have earlier reported that thermolysis of the methoxy-
(aryloxy)cyclotriphosphazene derivatives cis- and trans-N;P5-
(OMe)3(OCH Me-p); gives the respective cis- and trans-tri-
oxo-N-methylcyclotriphosphazanes.? In this paper we elaborate
this synthetic approach to obtain a range of trioxocyclotri-
phosphazanes and the mixed six-membered cyclic phosphazene—
phosphazane derivatives from the thermolysis of a series of
alkoxy(aryloxy)cyclotriphosphazenes N;P5(OR)y_,(OCcH,-
Me-p), (R = Me, n = 1-5; R = Et or CH,Ph, n = 3). In
contrast to the extensive literature available on cyclodiphos-
phazanes, cyclotriphosphazanes are sparsely investigated. Tri-
oxocyclotriphosphazanes may be accessible from oxidation
reactions of cyclotri-A3-phosphazanes but these reactions have
not been explored in detail.? Recently, Murray and co-workers
reported the isolation of trioxo-N-arylcyclotriphosphazanes by
a direct condensation reaction between POC]I; and an aromatic
primary amine hydrochloride.

Experimental

The chloro(p-methylphenoxy)cyclotriphosphazenes N;P;-
Clg-,(OC¢H Me-p), (rn = 1-5) were prepared by treating
hexachlorocyclotriphosphazene (N;P;Clg) with sodium p-
methylphenoxide in tetrahydrofuran (thf) as described previ-
ously.® The chloro(aryloxy) derivatives were converted into the
alkoxy(aryloxy) derivatives by treatment with an excess of
sodium alkoxide in boiling thf. The preparative details are
summarised in Table 1. A typical procedure is given below.

Preparation of N3P;(OEt),(OC¢H, Me-p); 7—A solution of
sodium ethoxide (45 mmol), prepared from sodium metal (1.0 g)
in absolute ethanol (75 ¢cm?), was added dropwise to a stirred
solution of N;P,Cl;(OC¢H, Me-p); (5.0 g, 9 mmol) in an-
hydrous thf (100 cm?). The reaction mixture was heated under
reflux for 36 h. A TLC examination showed the absence of the
starting material. Solvent was removed under reduced pressure
and the residue dissolved in benzene-Et,O (1:1, 200 cm?). The
solution was filtered to remove sodium chloride; the filtrate was
washed successively with a 59, NaOH solution (1 x 50 cm?),
0.2 mol dm™ HCI (1 x 50 cm?), and water (2 x 50 cm?) and
dried over anhydrous Na,SO,. Solvent was evaporated from

+ Non-SI unit employed: Torr ~ 133 Pa.

the solution to obtain N;P;(OEt);(OCsH Me-p); 7 as a
colourless oil (4.1 g, 79%). '"H NMR: & 3.80 (OCH,), 1.20 (CH )
and 2.30 (p-CH,).

Sodium hydride was used instead of sodium metal for the
preparation of sodium benzyl oxide. The methoxy(p-methyl-
phenoxy)cyclotriphosphazenes were isolated by filtering the
reaction mixtures through a silica gel column intead of the work-
up procedure described above.

Fractional crystallisation was effective in the separation of
trans-N3P3(OMe)3(OCgH Me-p); 5 from its cis and gem
isomers. The residual mixture (enriched in cis and gem isomers)
was subjected to multiple development preparative TLC over
silica gel using benzene as the eluent to isolate pure cis- and gem-
N;P3(OMe);(OC¢H Me-p);, 4 and 6. Column chromatog-
raphy over silica gel was employed to separate the isomers of
other methoxy(p-methylphenoxy) derivatives. The yields of
geminal isomers were very low. In particular, the gem-
N;P5(OMe),(OCcH,Me-p), was only detected by 'H NMR
spectroscopy; it could not be isolated in a pure state. No attempt
was made to separate the isomers of ethoxy and benzyloxy
derivatives 7 and 8. The details of the chromatographic
separations are given in Table 1.

Thermal Rearrangement of Alkoxy(p-methylphenoxy)cyclo-
triphosphazenes 1-11.—Alkoxy(p-methylphenoxy)cyclotri-
phosphazenes 1-11 were subjected to thermal rearrangement
under reduced pressure either in a sealed tube or under con-
tinuous pumping using a rotary pump.>® The experimental
details are given in Table 2.

Analytical and Spectroscopic Measurements—The analytical
data for alkoxy(p-methylphenoxy)cyclotriphosphazenes 1-11
and their rearranged N-alkyl(p-methylphenoxy)oxocyclophos-
phazanes 12-21 are given in Table 3. Details of !H, '*C and
3P NMR spectroscopic measurements were described previ-
ously.2® The data are summarised in Tables 46 and also
Fig. 1.

Results and Discussion
Alkoxy(p-methylphenoxy)cyclotriphosphazenes: Synthesis and
NMR Spectra—The alkoxy(p-methylphenoxy)cyclotriphos-
phazenes N;P;(OR),(OC¢sH,Me-p)g_,(n = 1-5,R = Me;n =
3, R = Et or CH,Ph) have been obtained by treatment of
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Table 1 Experimental details of the preparation of alkoxy(p-methylphenoxy)cyclotriphosphazenes “

Chloro precursor Sodium metal Yield®
Reaction TLC
Reaction g mmol g mmol time/h Product R, g %
) N,P,Cl(OC¢H Me-p) 10.0 24 3.8 167 26 1 0.72¢ 7.6. 80
)] N,P,CI,(OC,H,Me-p), 10.0 20 2.8 122 28 2 0.55¢ 75 79
3 0.58¢ :
3) N,P,Cl,(OC,H Me-p), 10.0 18 20 89 24 4 0.22¢
5 0.28¢ 7.9 82
6 0.25¢4
() N,P,Cl,(OC H Me-p), 5.0 9 1.0 45 36 7 0.62¢ 41 79
) N,P,Cl,(OC H Me-p), 50 9 1.3¢ 53 25 8 0.454 5.8 84
6) N;P,C1,(OC¢H, Me-p), 10.0 16 1.5 63 20 9 0.41 "} 73 77
10 0.43¢ ’
%) N,P,CI(OC4H,Me-p)s 10.0 14 0.7 28 24 11 0.67¢ 79 80

“ An excess of alcohol [ 50 cm? methanol in reactions (1)-(3), (6) and (7); 50 cm? ethanol in (4); 6.7 g benzyl alcohol in (5)] was used. Solvent: boiling thf
(250 cm?). ® Separation of isomers effected by column chromatography or preparative-scale TLC over silica gel (see text). ¢ Eluent: benzene—acetone
(1:1). ¢ Eluent: benzene. ° Sodium hydride was used instead of sodium metal.

Table 2 Experimental details of the thermal rearrangement reactions of alkoxy (p-methylphenoxy)cyclotriphosphazenes

Alkoxy Amount Temperature? Time Yield®
Reaction derivative /mg /°C /h Product (VA)
1 1 500 160¢ 20 12 954
2 1 500 160 20 12 100
3 2 250 165 40 13 954
4 3 250 165 4.0 14 954
5 4 200 185 5.0 15 100
6 5 200 180 5.0 16 95¢
7 5 200 185 5.0 16 100
8 6 150 185 S0 f 95¢
9 7 200 285 5.0 17 90°
10 8 250 185 S0 18 100
11 9 200 190 4.0 19 95¢
12 10 200 190 40 20 954
13 11 200 205 5.5 21 90
14 5 + 87 300 185 5.0 22" 100

“ Variation in temperature + 5°C; reactions carried out in a sealed tube evacuated to 0.1 Torr before being sealed. ® Based on 'H NMR data. ¢ Carried
out under continuous pumping at 0.5 Torr. ¢ Remainder is insoluble material. * Remainder is starting material. ¥ A complex mixture of fully and
partially rearranged products (NMR evidence). ¢ A 1:1 mixture. " A mixture of fully rearranged products (see Fig. 5).

Table 3 Analytical data (calculated values in parentheses) for alkoxy(p-methylphenoxy)cyclotriphosphazenes and N-alkyl(p-methyl-
phenoxy)cyclophosphazanes

Analysis (%)
Compound M.p./°C C H
1 N,P4(OMe)(OCH,Me-p) Liquid 36.20 (36.25) 5.95 (5.55)
2 ¢is-N,P,(OMe),(OC H ,Me-p), Liquid 45.10 (45.65) 6.15 (5.50)
3 trans-N,P,(OMe),(OC,H,Me-p), 60 45.65 (45.65) 5.85 (5.50)
4 cis-N,P5(OMe);(OC¢H Me-p), Liquid 51.95 (52.45) 6.00 (5.45)
5 trans-N,P,(OMe);(OC4H,Me-p), 87 52.40 (52.45) 5.75 (5.45)
6 gem-N,P,(OMe),(OCH,Me-p), Liquid 51.75 (52.45) 6.05 (5.45)
7 N,P4(OEt);(OC H Me-p); Liquid 54.00 (54.80) 6.20 (6.10)
8 N,P,(OCH,Ph),(OCH,Me-p), 100 64.40 (64.85) 5.90 (5.40)
9 ¢is-N,P,(OMe),(OC4H,Me-p), 83 57.70 (57.60) 5.85 (5.45)
10 trans-N,P,(OMe),(OC H ,Me-p), Liquid 58.15 (57.60) 5.75 (5.45)
11 N,P,(OMe)(OC4H,Me-p), 80 61.45 (61.65) 5.90 (5.40)
12 N,Me,P,0,(0Me),(OC,H, Me-p) Liquid 35.85 (36.25) 6.05 (5.55)
13 cis-NsMe;P;0,(OMe)(OC H Me-p), Liquid 44.80 (45.65) 6.10 (5.50)
14 trans-N3;Me; P,05(OMe)(OCcH,Me-p), Liquid 44.85 (45.65) 5.75 (5.50)
15 cis-N3Me, P,0,(0OCH,Me-p), 101 52.00 (52.45) 5.95 (5.45)
16 trans-N;Me, P,0,(0C,H,Me-p), 117 5220 (52.45) 5.70 (5.45)
17 N,Et,P,0,(0C,H,Me-p), Liquid 53.80 (54.80) 7.75 (6.10)
18 N,(CH,Ph),P,0,(0CH,Me-p), Liquid 64.15 (64.85) 5.85 (5.40)
19 cis-N3Me,P,0,(0OC4H Me-p), Liquid 56.45 (57.60) 5.90 (5.45)
20 trans-N3Me, P,0,(OCH,Me-p), Liquid 56.50 (57.60) 5.95 (5.45)
21 N,MeP,O(OC H,Me-p)s Liquid 60.10 (61.65) 5.90 (5.40)
chloro precursors with the respective alkoxides. The geometrical 2-4) were separated by column chromatography or TLC over

and positional isomers of N3;P3;(OMe) (OCgH, Me-p)s _, (n = silica gel. The yields of the pure compounds are low mainly
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Fig. 1 Proton NMR data (OCH, chemical shifts) for methoxy (p-
methylphenoxy)cyclotriphosphazenes 1-6 and 9-11; 3J,y, values are
shown in parentheses. Signals marked * show virtual coupling. The
three ring phosphorus atoms are projected on the plane of the paper
with the substituents lying above and below this plane.

owing to the closeness of the R; values of the isomers and
partly as a result of hydrolytic decomposition of the alkoxy-
(aryloxy)phosphazenes on the column. The elution sequence
of the positional and geometrical isomers is found to be
Ri(trans) > R(gem) > Ry(cis). This sequence may be com-
pared with that observed for aminocyclotriphosphazenes, viz.
Ri(trans) > Ry(cis) > Ri(gem).”

The structures of the methoxy(p-methylphenoxy)cyclotri-
phosphazenes 1-6 and 9-11 have been established from their
'"H NMR spectroscopic data which are summarised in Fig.
1. The spectral patterns are almost the same as those of
the corresponding dimethylamino derivatives, N;P3;(NMe,),-
(OC4H Me-p)s_, (n = 1-5);° however the *Jpy values for the
methoxy derivatives do not follow the trend observed for the
dimethylamino derivatives. The 3J,, values for the methoxy
derivatives 1-6 and 9-11 are higher than those for the cor-
responding dimethylamino derivatives; the benzyloxy derivative
8 [Scn, = 4.98 (cis isomer); 4.75, 4.51 (trans isomer)] on the
other hand shows a low *Jpy value (7-8 Hz). The '3C-{'H}
NMR data for the alkoxy(p-methylphenoxy)cyclotriphospha-
zenes (Table 5) support the structures assigned on the basis of
'H NMR data. The 2Jpc value associated with the alkoxy group
decreases with increasing number of p-methylphenoxy groups.
This coupling is not observed for several compounds (Table 5)
and the reasons for this are not clear.

The phosphorus-31 chemical shifts of the methoxy(p-methyl-
phenoxy)cyclotriphosphazenes 1-6 and 9-11 move slightly

30t

downfield as the number of aryloxy groups increases. How-
ever, the 2Jpp value does not vary significantly throughout the
series (Table 6). The *'P-{'"H} NMR spectrum of gem-N,P;-
(OMe),;(OC¢H Me-p); 6 is that of an ABC spin system
and its analysis has been carried out by iterative comput-
ation.® The three phosphorus—phosphorus couplings lie in a
narrow range (84-88 Hz) but follow the order 2J[P(OR)-
(OMe)-P(OR),] > 2J[P(OMe),-P(OR),] > 2J[P(OMe),-
P(OMe)(OR)] [R =C¢H Me-p).

N-Alkyl(p-methylphenoxy)oxocyclophosphazanes: Synthetic
and NMR Spectroscopic Studies.—Thermolysis of alkoxy(p-
methylphenoxy)cyclotriphosphazenes leads to a rearrange-
ment to N-alkyl(oxo)cyclophosphazanes, in which a geminal
=P(OC4H Me-p), centre is retained. An increase in the number
of aryloxy groups or a lengthening of the alkyl chain (R = Meto
Et) results in an increase in the rearrangement temperature
(Table 2). The geometric disposition of the aryloxy groups in the
starting material is retained in the rearranged products. All
oxocyclophosphazanes are moisture-sensitive; exposure of these
products to atmospheric moisture even for a short time leads to
hydrolytic ring cleavage and formation of phosphonic acids and
alkylamines (*H and *'P NMR evidence).

In analogy with cyclohexane derivatives, cyclotriphospha-
zanes may be represented as having either a chair or a boat type
of conformation. Crystallographic investigations on trans-
N;Me;P;04(0R); (R = Me® or C¢H,Me-p?) and trans-
N;Ph;P;0;Cl;* show that the NP5 ring adopts a twist-boat
conformation. Recently Murray and Woodward ' reported
that the NP5 ring in ¢is-N;Ph;P,0,4Cl; is flat. It is not yet
clear how general this result is. On the basis of NMR data we
had earlier proposed a chair conformation for the N5 P, ring in
cis-N3;Me; P;O3(0OC¢H,Me-p);.2 On steric grounds a chair
conformation is more likely than a planar arrangement when
bulky substituents are attached to the phosphorus centres.
Hess and Zeiss!! reported that the symmetrical isomer of the
cyclotri-A*-phosphazane [MeNP(OC4H,Br-p)], has a chair
conformation with the p-bromophenoxy groups occupying the
axial positions. In the absence of any other evidence, we assume
that the N3P; ring in cis-oxocyclotriphosphazanes adopts a
chair conformation. The NMR data for the mixed phosphazene—
phosphazane derivatives (Tables 4-6) can also be interpreted on
the above basis, viz. products derived from cis-(aryloxy)cyclo-
triphosphazene precursors have a chair conformation of the
ring whereas those derived from trans-(aryloxy)cyclotriphos-
phazenes have a boat conformation. The NMR data for the cis
isomers would also be consistent with a planar ring. The
structures proposed for all the rearranged N-methyl derivatives
are shown in Fig. 2 and the spectroscopic data in support of
these structures are discussed below.

N;Me;P;0,(0OMe),(OCgH Me-p) 12. Thermal rearrange-
ment of the hexamethoxy derivative N;P,(OMe), gives trans-
N;Me,P;0,(0OMe);;%!? although the formation of a cis
isomer has been reported, it has not been adequately
characterised.’*>~!5 However, N,P3(OMe)s(OC¢H,Me-p) 1,
upon thermal rearrangement yields an isomeric pair of
oxocyclotriphosphazanes, N;Me;P;0,(OMe),(OC,H,Me-p)
12, as indicated by the 'H and '3C NMR spectra of the product
(Fig. 3, Tables 4 and 5). The two isomers are formed in the ratio
3:2. A trans configuration of phosphoryl groups is proposed for
the more-abundant isomer 12b and a cis configuration for the
less-abundant isomer 12a based on the NMR data. The signals
arising from the NCH; protons of 12b lie in between those
arising from 12a in both the 'H and '3C NMR spectra.
Presumably the NCH; protons of the cis isomer experience
more shielding and deshielding by the phosphoryl and/or the
aryl groups than do those of the trans isomer. The protons of the
two OCHj; groups in each of the isomers are magnetically
equivalent; accordingly, a doublet is observed for each isomer
(Fig. 3). The 3'P NMR spectrum of isomer 12b is of an AMX
type; the cis isomer 12a exhibits an ABX spin pattern. The
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Table 4 Proton NMR data for N-alkyl(oxo)cyclophosphazanes®

Compound 3(OMe) 3J(PH)/Hz
12a’® 3.62 12.1

12b 384 121
13 3.78 12.1
14 362 12.1
15 — —
16 — —
17 — -

18a°® — —
18b¢ L —

19 — —

20 — —

21 — —

22 — —

3(NMe) 3J(PH)/Hz 3(CH,-p)
326! 9.7 2.33
3022 9.9
317! 11.0 233
3.092 10.1
3082 10.1 222
3.06! 9.7
331! 9.6 233!
3.09! 10.1 2321
307! 10.1
321 9.9 230
3271 9.7 2.321
3.142 10.1 2302
2.804 7 224!
2202
4.76¢ 14.2 2.29
48714 140 224
47524 14.6
3211 10.1 2332
2991 109, 230!
9.0 2261
328! 101 2281
29017 109, 2272
9.4 2241
3229 10.5, 2293
83 2262
4722 s 225
3202 !

“ Superscripts denote relative intensities. ® ¢is isomer. © trans isomer. ¢ NCH, protons. ¢ A complex multiplet is observed at & 1.2 for NCH,CH,
protons. / Complex multiplet, 3J,,, could not be determined. ¢ Doublet of doublets.

phosphorus nuclei of the PO(OMe) groups resonate downfield
compared to that of the PO(OCgH,Me-p) group.

N;Me;P30;(0OMe)(OCgH Me-p),, 13 and 14. The thermal
rearrangement of cis 2 and trans 3 isomers of N;P;(O-
Me),(OCcH,Me-p), yields the respective cis 13 and trans 14
isomers of N3Me;P;0;(OMe)(OC¢H Me-p),. The 'H NMR
spectrum of isomer 13 (Fig. 4) shows two partially overlapping
triplets at 6 3.08 and 3.06 (intensity ratio 2:1) for the NCH,
protons. The protons of the two NCHj; groups flanking the
PO(OC4H Me-p) and PO(OMe) groups (Fig. 4) are mag-
netically equivalent and resonate downfield of the region
associated with the protons of the remaining NCH, group. The
"H NMR spectrum of the trans isomer 14 (also illustrated in
Fig. 4) shows three triplets for the NCH; protons. The protons
of the two NCHj groups that flank the PO(OC¢H,Me-p) and
PO(OMe) groups [Me(2) and Me(3) in Fig. 4] are nearly
equivalent and their signals appear upfield of those arising from
the remaining NCH , protons. The non-equivalence of the NMe
groups is corroborated by '*C NMR data (Table 5).

The *'P NMR spectrum of the cis isomer 13 shows a simple
AX, pattern whereas a more complex ABX pattern is observed
for the trans isomer 14. The *'P nucleus of the PO(OMe)
group is deshielded compared to the *'P nuclei of the two
PO(OC¢H Me-p) groups for both the isomers; however, this
deshielding is more pronounced for the cis isomer 13.

N;3Me;P3;05(0C H Me-p);, 15 and 16. We have earlier
reported that the thermolysis of the cis or trans isomer of N;P,-
(OMe);(OCcH Me-p),, 4 or 5, yields the respective isomeric
trioxocyclotriphosphazanes N3;Me;P;0;(OC¢H Me-p);, 15
and 16. In the same paper we discussed the assignments
of the NMR (*H and '3C) signals on the basis of the X-ray
crystal structure of the trans isomer 16.> In contrast to the
behaviour of isomers 4 and 5, the geminal isomer 6 gives a
complex mixture of products (NMR evidence) when subjected
to thermal rearrangement.

N,Et;P,0,(0CH,Me-p); 17 and Ny (CH,Ph),P,0;-
(OC¢H Me-p); 18. The thermal rearrangement reaction of
N;P53(OR);(0OCcH,Me-p); (R = Et 7 or CH,Ph 8) (in each

case a 1:5 cis—trans mixture) affords the N-ethyl, 17a and 17b
and N-benzyl, 18a and 18b, cyclotriphosphazanes, N;R;P;-
O;3(0C4gH, Me-p); (R = Et or CH,Ph), as an isomeric mixture
in each case. The NMR spectroscopic features of the N-benzyl
derivatives are similar to those of the analogous N-methyl
derivatives, 15 and 16 (Tables 4-6), suggesting that they have
similar structures in solution. Proton NMR spectroscopy is less
informative for the N-ethyl derivatives as only broad signals are
observed for the CH, and CHj; protons. The !'3C NMR
spectrum shows two resonances at & 46.1 and 41.8 (relative
intensities 1:2) for the N-'*CH, carbon nuclei attributable to
the trans isomer 17b. The '*CH, resonances appear at & 10.9
and 8.6 (relative intensities 2: 1); the intensity pattern is thus the
reverse of that found for the '*CH, resonances. The signals
arising from the cis isomer 17a are presumably buried under-
neath those of the trans isomer 17b.

cis- and trans-N;Me,P;0,(OC¢H Me-p),, 19 and 20. The
isomeric configurations are retained in the thermal rearrange-
ment reactions of cis- and trans-N; P;(OMe),(OC¢H Me-p), to
afford the dioxophosphaz-1-enes 19 and 20. The 'H NMR
spectrum of 19 as well as that of 20 shows a triplet for the
protons of the NCH , groups flanked by the two PO(OC4H Me-
p) groups and a doublet of doublets for the protons of the
remaining NCH; group which is flanked by P(OC¢H Me-p),
and PO(OC¢H,Me-p) moieties. The signals due to the non-
equivalent p-CH; groups on the aryl rings are well resolved in
the spectra of both isomers.

The '3C NMR spectrum of the cis isomer 19 shows two
singlets for the N-">*CH; groups; on the other hand only a
single line is observed for the N-'*CHj; groups for the rrans
isomer 20. A possible explanation for the accidental coincidence
of the chemical shifts of the two non-equivalent N-13CH,
carbon-13 nuclei is that whereas the protons of the NCH,
groups are influenced by the magnetic anisotropy of the
phosphoryl group, the *3C nuclei are far less affected. The ‘ring
current’ associated with the phenyl ring may also contribute to
the accidental equivalence of the '3C nuclei. The *'P NMR
spectra of both isomers 19 and 20 are of the ABX type; of the
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Table 5 *3C-{"H} NMR data for alkoxy (p-methylphenoxy)cyclotri-
phosphazenes and N-alkyl(oxo)cyclophosphazanes®

Compound 3(OMe) 2J(PC)/Hz 3(NMe) 3(CH;-p)

1 5311 6.3 — 20.7

52.64 —
2 53.12 — — 20.7
5271 50
524! 5.2
3 530! — — 20.7
526! 48
4 53.1 — — 20.7
5 53.02 — — 20.7
52.81 —
6 53.0! 42 — 20.7
526! 6.2
5241 6.3
Tab 62.5¢ — — 20.7
1594
7he 62.47%¢ — — 20.7
62.1' — 15.9¢
8a’® 68.1¢ — — 20.7
8b° 67.82¢ — — 20.7
6751 —
9 53.0 — — 20.7
10 52.8 — — 20.7
11 52.8 42 — 20.7
12a® 537 6.3 339! 20.7
3132

12b° 539 6.3 33.7! 20.7
31.52

13 53.8 6.0 3182 20.7
316!

14 53.0 5.5 33.0! 19.70!
30.511 19.67!
30451

15 — — 326 20.7

16 — — 33.8! 20.7
3182

17b¢ — — 46,11/ 20.7
4182/ 10.9 29

8.6

18a’® — — 50.87 20.6

18b¢ — — 5141/ 20.6
4992/

19 - — 32,51 20.7
31.31

20 — — 31.1 20.7

21 — — 30.0 20.7

“ Superscripts indicate the relative intensities. ® cis Isomer. © Signal
assigned to OCH, carbon. ¢ Signal assigned to OCH,CH, carbon.
€ trans isomer. / Signal assigned to the NCH, carbon. ¢ Signal assigned
to the NCH,CH, carbon.

three types of phosphorus nuclei, the P(OC¢H,Me-p), phos-
phorus is the most deshielded.

N3;MeP;0(0OC¢H Me-p);s 21. The compound 21, a mono-
(oxo)phosphazadiene, is obtained from the thermal rearrange-
ment of the mono(methoxy)cyclotriphosphazene N;P;(OMe)-
(OC¢H Me-p)s 11; a small amount (< 5%) of a ring-degraded
material is also formed in this reaction. The formation of 21 is
clearly shown by the appearance of a doublet of doublets at §
3.22 in the "H NMR spectrum and a singlet at & 30.0 in the '3C
NMR spectrum which are assigned to the lone N-'*CH, group.
The *!P NMR spectrum is of the ABX type and is consistent
with the oxophosphazadiene structure of 21. The 2Jpp values
across the formal P-N double bonds (49 Hz) are only slightly
higher than the other 2Jpp coupling (46 Hz) involving a formal
P-N single bond. In general, P-P coupling constants decrease
as the formal unsaturation within the P-N ring decreases (Table
6).

Mechanistic Aspects.—Both inter- and intra-molecular mech-
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Table 6 *'P-{'H} NMR data for alkoxy(p-methylphenoxy)cyclotriphosphazenes and N-alkyl(oxo)cyclophosphazanes®
Compound S[P(OR),] S[P(OR’)OR)] S[P(OR),] 3[PO(OR)] §[PO(OR")] 2J(PP)/Hz

1 — 15.5 19.7 — — 84.2

2 — 14.7 18.7 — — 85.2

3 — 14.7 18.8 — — 84.3

4 -— 14.1 - — — —

5 -— 14.3 e — — —

6 9.9(A) 14.5(B) 18.7(C) — — 84.0(BC)
85.2(AC)
88.4(AB)

7a® — 12.7 — — — —

Tb¢ — 129 — — — —

8a® — 13.0 — — — —

8b* — 13.3 — — — —

9 9.4 14.0 — — — 87.3

10 9.5 14.2 e - — 87.0
11 8.7 13.3 — — — 87.2
12a® — — — 5.014(A) 0.64X) -
4.814(B)
12b¢ — — — 9.51(A) 1.4(X) 24.0(AM)
6.21(M) 24.0(MX)
- 24.0(AX)
13 — — — 8.1 0.2 234
14 - - 4.7(A) 3.6(B) 25.3(AB)
—-0.2(X) 12.6(AX)
24.5(BX)
15 — — — — —1.1 —
16 — — — — 26! 22.7
—-09°
18a® — — — — -0.5 —
18b°¢ — — — — 3.71 23.7
—042
19 5.1(X) e — —- —-991(A) 68.7(AB)
—6.51(B) 20.5(AX)
38.1(BX)
20 5.1(X) — — — —10.31(A) 51.9(AB)
—6.21(B) 26.8(AX)
41.0(BX)
21 7.21A) — — — —4.7(X) 49.5(AB)
3.6'(B) 49.0(AX)
45.8(BX)

“ Superscripts indicate the relative intensities; R = Me, R" = OC¢H Me-p. ® cis Isomer. © trans Isomer. ¢ Centre of complex multiplets.

anisms have been proposed for the thermal rearrangement of
alkoxycyclotriphosphazenes.'? Evidence in favour of the inter-
molecular mechanism has been obtained from the thermal
rearrangement of a mixture of N;P3(OMe), and its deuteriated
analogue N;P3(OCD5),.'° The derivative N3 P;(OMe) under-
goes rearrangement when heated at 150 °C. For the series of
methoxy(p-methylphenoxy) derivatives N;P3(OMe), (OC,-
H ,Me-p)¢_,(n = 1-5)an increase of 10 °Cin the rearrangement
temperature is observed upon the introduction of each aryloxy
group. This observation is again consistent with an
intermolecular mechanism for the rearrangement. In order to
gain further insight into the mechanistic aspects of this
rearrangement reaction, the thermolysis of a 1:1 mixture of
trans-N;P;(OMe);(OC¢H Me-p); 5§ and N;P3;(OCH,Ph);-
(OC¢H Me-p); (cis:trans = 1:5) 8 has been studied. This
system was chosen because both the cyclotriphosphazenes §
and 8 undergo rearrangement at almost the same temperature
(ca. 185 °C). If the rearrangement were to occur entirely by an
intramolecular mechanism no interchange of substituents would
be expected in the products; in such a case only the unscrambled
products 16 and 18 would be formed (Fig. 5). On the other hand,
in an intermolecular process the probability of obtaining
scrambled products would be high compared to the individual
unscrambled products 16 and 18. Both scrambled, 22, and
unscrambled products are obtained in this experiment and the
relative yields of the three products 16, 18 and 22 are nearly
equal as shown by 'H NMR spectroscopy. This ratio of the
scrambled and unscrambled products cannot be explained

solely on the basis of an intermolecular mechanism; an
intramolecular mechanism is also probably involved.

In the thermal rearrangement reactions of all non-geminal
alkoxy(p-methylphenoxy)cyclotriphosphazenes no partially re-
arranged products are detected by NMR spectroscopy. The first
stage of the rearrangement appears to be much slower com-
pared to the subsequent stages. Even in a few incomplete
reactions only the fully rearranged product and the starting
material could be detected. These results can be explained
by assuming that the first stage of the thermal rearrangement
proceeds by a slow intermolecular pathway whilst the sub-
sequent stages involve a relatively faster intramolecular
mechanism.

In an earlier study it was shown that methoxycyclotri-
phosphazenes N;P;R,(OMe), (R = Ph or NHBu') contain-
ing a geminally substituted PR, centre undergo thermolysis
to yield both partially and fully rearranged products whereas
the non-geminally substituted bis(dimethylamino) derivative
trans-N;P3(NMe,),(OMe), gives only the fully rearranged
product.® We find in the present study that methoxy(p-
methylphenoxy) cyclophosphazenes except gem-N;P(OMe);-
(OC4H Me-p); do not give any partially rearranged products.
The reasons for these differences are not clear.

Conclusions
Controlled thermolysis of alkoxycyclophosphazenes containing
other substituents such as aryloxy, aryl or alkylamino groups
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Fig. 5 Thermal rearrangement of a mixture of N;3;P;(OMe);(OC¢H, Me-p); and N;P;(OCH,Ph);(OC¢H,Me-p);. Formation of scrambled and

unscrambled products.

that are inert to thermal degradation/rearrangement provides
a convenient route to a range of trioxocyclotriphosphazanes, di-
oxocyclotriphosphaz-1-enes and oxocyclotriphosphazadienes.
Such mixed phosphazene—phosphazane systems are not
readily accessible by other routes. The thermal rearrangement of
aryloxy(alkoxy)cyclotriphosphazenes proceeds with retention
of the orientation of the aryloxy substituents with respect to the
phosphazene ring.
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