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ABSTRACT 

Oxidation of the cis isomer of the h3-cyclotriphos- 
phazane [EtNP(OCH2CF3)13 with trimethylamine- 
N-oxide (TMNO) gives the cis isomer of trioxo- 
A'-cyclotriphosphazane [EtNP(O)(0CH2CF3)],; the 
trans isomer of [EtNP(0)(OCH2CF3)]3 is obtained 
by the treatment of a cis and trans mixture of 
[EtNP(OCH2CF3)13 with aqueous H202. The two 
trioxocyclotriphosphazanes have been characterized 

elemental analysis, IR, and NMR ('H, I3C, " F ,  and 
'P) spectroscopy. The solid state stmctures of both 
the isomers have been determined by single crystal X -  
ray diffraction. The six-membered P3N3 ring in both 
the isomers exhibits a twist-boat conformation; in the 
cis isomer, the trifluoroethoxy substituents lie on the 
same side of the ring, whereas, in the trans isomer, 
two trifluoroethoxy groups are on one side of the ring 
and the third on the other side o f  the ring. Crystal 
data for cis-[EtNP(O)(OCH2CF3)I3: monoclinic, y2 ,  / 
n, a = 13.593(3), b = 9.721(2), C = 17.539(3) A, p 
= 99.49(2)", V = 2286(1) A3, 2 = 4,  and Final R = 
0.047. Crystal data for trans-[EtNP(O)(OCH,CF,)],: 

Dedicated to Prof. Shigeru Oae on the occasion of his seventy- 

"To whom correspondence should be addressed. 
fifth birthday. 

monoclinic, P2,/n, a = 11.685(4), b = 15.1105(5), c 
= 13.233(5) A,  p = 102.21(3)", V = 2284(1) A3, Z = 
4, and Final R = 0.078. 

INTRODUCTION 
The rearrangement of alkoxycyclophosphazenes 
[NP(OR),], (n  = 3,4) to N-alkyl oxocyclophospha- 
zanes [RNP(O)(OR)], was first reported by Fitz- 
Simmons et al. [1,2]. Subsequently, this approach 
was further developed and exploited in our labo- 
ratory to obtain a range of trioxocyclotriphospha- 
zanes [3,4] and mixed cyclic phosphazene-phos- 
phazane derivatives [S] from the thermolysis of a 
series of alkoxy(ary1oxy)cyclotriphosphazenes 
N3P3(0R)6-,(OC6H4Me-4)n (R = Me, Et, or CH2Ph). 
Recently, Murray and co-workers reported the 
preparation of trioxo-N-aryl cyclotriphosphazanes 
by a direct condensation reaction between Poc13 
and an aromatic primary amine hydrochloride 
[ 6 ] .  These trioxocyclotriphosphazanes can exist in 
two different geometrical isomeric forms (cis and 
trans). The crystal structures of the trans isomers 
of three compounds, viz. [MeNP(0)(OMe)13 [71, 
[MeNP(O)(OC6H4Me-4)I3 141, and [PhNP(0)Cl13 [61, 
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have been determined. Murray and Woodward have 
recently reported in a conference proceedings [S] 
that the P3N3 ring of cis-[PhNP(O)Cl], exists in an 
almost planar chair or boat conformation in its two 
independent crystallographic modifications. 

We have earlier reported that the cis and trans 
isomers of A'-trioxocyclotriphosphazanes are ac- 
cessible from oxidation reactions of A3-cyclotri- 
phosphazanes with TMNO or H202 [9]. Using this 
approach, we herein report the preparation, spec- 
troscopic data, and solid state structures of both 
the cis and trans isomers of the trioxocyclotri- 
phosphazane, [EtNP(0)(OCH2CF3)13 (la,  lb). This 
work is part of our program to obtain structural 
data on a range of cyclic and acyclic phosphorus- 
nitrogen compounds with a view to understanding 
the nature of the P-N bond [lo]. 

EXPERIMENTAL. 
Apparatus and Chemicals 
All experimental manipulations were performed 
under an atmosphere of dry dinitrogen in a vac- 
uum system using the Schlenk apparatus [ 1 13. Sol- 
vents, such as petroleum ether (bp 60-80°C), tol- 
uene, dichloromethane, chloroform, thf, and 
methanol, were purified by conventional proce- 
dures and freshly distilled prior to use [12]. Tri- 
fluoroethanol (Fluka) and trimethylamine-N-oxide 
(TMNO) (Sigma) were used as purchased. The 'H, 
13C (Me4Si-internal standard), I9F (CFCl,-exter- 
nal standard), and 3'P (85% H3P04-external stan- 
dard) NMR spectra were recorded on a Bruker 
AMX-400 spectrometer operating at 400.0, 100.6, 
376.3, and 161.9 MHz, respectively. Chemical shifts 
downfield from the standard were assigned posi- 
tive values. Infrared spectra were recorded on a Bio- 
Rad FT-IR Spectrometer. 

The cis-trans isomeric mixture of [EtNP- 
(OCH2CF3)13 was prepared and purified as de- 
scribed previously [9], and the cis isomer was 
separated from the mixture by fractional crystal- 
lizat ion. 

Preparation of cis-[EtNP(O)(OCH,CF,)], (la) 
The cis isomer of [EtNP(OCH2CF3)I3 (0.5 g, 1 mmol) 
was stirred with an excess (fivefold) of TMNO (0.53 
g, 4.8 mmol) in CH2CI2/methanol mixture (50 mL/ 
10 mL) for 7 days at  25°C and the solvent was re- 
moved in uacuo to give ~is-[EtNpo(OCH2cF3)]~ (la) 
in almost quantitative yield. The product was re- 
crystallized from toluene. Mp: 90-92°C; CHN anal. 
[found (calcd)]: C, 25.3 (25.4); H, 3.5 (3.7); N, 6.9 
(7.4). IR (KBr pellet): 2990 (m), 1448 (w), 1424 (w), 
1388 (w), 1356 (w), 1317 (m); 1290 (s), 1253 (s), 1170 
(vs), 1068 (s), 967 (vs), 877 (w), 864 (w), 835 (m), 
785 (s), 702 (m), 672 (w), 655 (m), 566 (m), 536 (m), 
483 (w), 427 (w) cm-'. 'H NMR (CDC13): 6 1.26 (t, 
CH3, 9H, 3JHH = 7.1 Hz), 6 3.54-3.66 (br multiplet, 

NCH2, 6H), 6 4.36-4.39 (br multiplet, OCH2, 6H). 
I3C NMR (CDCI3): 6 16.5 (s, $H3, 3C), 6 42.5 (s, NCH2, 
3C), 6 63.4 (q, OCH2, 3C, JCF = 38.3 Hz), 6 122.4 

-76.2 (t, CF,, 9F, 3Jm = 7.8 Hz). 31P NMR (CDC13): 
(q, CF3, 3C, ' J C F  = 277.5 Hz). 19F NMR (CDC13): 6 

6 3.6 (s, 3P). 

Pre aration of trans-[EtNP(0)(OCH2CF3)13 

The trans isomer lb  was prepared from the cis-trans 
isomeric mixture of the A3-cyclotriphosphazane. To 
a stirred solution of cis/trans-[EtNP(OCH2CF3)I3 (1 
g, 1.9 mmol) in methanol (50 mL) was added 20% 
aqueous H202 (10 mL) in drops at 0°C. The reaction 
mixture was slowly brought to room temperature 
and stirred for 24 hours, and the solvent and water 
were removed. The resulting oil was dissolved in 
chloroform (50 mL) and dried over anhydrous 
Na2S04. The solvent was removed and the residue 
was recrystallized from CH2C12/petroleum ether 
(1 : 3) at 0°C to yield trans-[EtNP(0)(OCH,CF3)]3 in 
>90%. Mp: 100-102"C, CHN anal. [found (calcd)]: 
C, 25.4 (25.4); H, 3.5 (3.7); N ,  7.0 (7.4). IR (KBr pel- 
let): 2995 (m), 1467 (w), 1431 (w), 1391 (w), 1357 
(w), 1323 (m), 1289 (s), 1253 (s), 1167 (vs), 1074 ( s ) ,  
975 (vs), 868 (w), 844 (w), 782 (m), 713 (w), 699 (w), 
658 (w), 566 (m), 553 (w), 535 (w), 492 (w). 'H NMR 

multiplet, NCE12, 6H), 6 4.32-4.44 (br complex 
multiplet, OCK2, 6H). 13C NMR (CDC13) 6 16.2 (s, 

(1bP 

(CDCIJ: 6 1.26 (t, CH3, 3H, 3JHH = 8.3 HZ), 6 1.28 
(t, CH,, 6H, 3JHH = 7.2 Hz), 6 3.41-3.66 (complex 

CH,, 2C), 6 17.1 (s, CH3, lC), 6 41.8 ( s ,  NCHz, lC), 
6 43.3 (s, NCH2, 2C), 6 62.6 (dq, OCH2, lC, ~ C F  = 
38.2 Hz, 'Jpc = 4.3 Hz), 6 63.1 (9, OSH2, 2C, JCF = 
38.3 Hz, 'Ipc = unresolved), 6 122.3 (q, CF,, lC, 'JCF 

NMR (CDCI,): 6 -76.0 (t, CE3, 3F, 'Jm = 7.9 Hz), 
6 -76.3 (t, CE3, 6F, 3Jm = 7.9 Hz). 31P NMR (CDC13): 
A2X pattern, 6* = 4.8 (d), ax = 6;7 (t), 'Ipp = 25.7 
Hz . 

= 277 Hz), 6 122.4 (q, CF3, 2C, 'JCF = 278 Hz). I9F 

X-ray Structures of cis and trans- 
[EtNP(O)(OCH2CF3)I3 (la, lb) 
Crystals suitable for X-ray diffraction were ob- 
tained as colorless needles for la and rectangular 
plates for lb.  A suitable crystal of each isomer was 
mounted on a glass fiber and centered on an En- 
raf-Nonius diffractometer equipped with a Mo K, 
source (graphite monochromator). A total of 25 re- 
flections in the 28 range 24-35' were used to de- 
rive the lattice parameters. Three reflections mea- 
sured after every 3600 seconds of exposure time 
showed no decrease in their intensities. The data 
were corrected for Lorentz and polarization ef- 
fects; no absorption correction was made as the 
absorption coefficient p was very small. 

The structures of both the isomers were solved 
by direct methods using SHELXS-86 [13]. Full- 
matrix least-squares refinement was carried out on 
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TABLE 1 
and l b  

Details of Crystal Data and Refinement for l a  TABLE 2 Atomic Coordinates (x104) and Equivalent Iso- 
tropic Displacement Parameters (A2 x lo3) for l aa  

i b  Atom x la  Y/b z /c  UeQ la 

Empirical formula 
Formula weight 
Temperature, K 
Wavelength, 8, 
Crystal system 
Space group 
a, A 
b, 8, 
c, 8, 
h deg 
Volume, A3 
Z 
D,, g / m 3  
Radiation 
p,  mm-’ 
F(OO0) 
Crystal size, mm 
0 range, deg 
Index ranges 

Reflections, unique 
with positive 
with [I > 2~(1)] 

Final Rla 
wR,b 
Parameters 
S o n  F2‘ 
Residual peak, e . k3 
Negative peak, e. k3 

290( 1 ) 
0.7107 
monoclinic 
R1/n 
13.593(3) 
9.721 (2) 
17.539(3) 
99.49(2) 
2286(1) 
4 
1.648 
Mo K, 
0.37 
1152 
0.4 X 0.2 X 0.15 
1 to 25 
O < h < 1 6  
O < k < l l  
-20 < I < 20 
401 4 
3673 
3002 
0.047 
0.115 
30 1 
1.04 
0.81 
-0.30 

290( 1 ) 
0.7107 
monoclinic 

11.685(4) 
15.1 15(5) 
13.233(5) 

e 1 / n  

102.21(3) 
2284( 1 ) 
4 
1.649 
Mo K, 
0.37 
1152 
0.45 x 0.2 x 0.2 
1 to 22.5 
O < h < 1 3  
O < k < 1 7  

2970 
261 1 
2036 
0.078 
0.190 
30 1 
1.09 
0.55 
-0.73 

-15 < I < 15 

F’ using SHELXL-93 1141. All the unique reflec- 
tions with positive F2 values were used in the re- 
finement. The hydrogen atoms were placed in the 
calculated positions and were allowed to ride on 
the attached atoms during refinement. The non- 
hydrogen atoms were refined with anisotropic 
thermal parameters. The refinement converged for 
the cis isomer at  R ,  = 0.047 and wR2 = 0.115, for 
the tram isomer, convergence occurred at R1 = 0.078 
and wR2 = 0.190. The weighted R factor wR2 is 
based on F2 and, hence, will be statistically about 
twice as large as those based on F .  

The details pertaining to data collection and 
structure refinement are summarized in Table 1. 
The final fractional atomic coordinates with the 
associated equivalent isotropic temperature fac- 
tors are listed in Tables 2 and 3. 

RESULTS AND DISCUSSION 
Synthesis and Spectra 
The reaction of [EtNPCl], with NaOCH2CF3 in THF 
yielded a 1 : l  cis-trans isomeric mixture of 
[EtNP(OCH,CF,)],. Repeated recrystallization of this 
mixture yielded pure cis-[EtNP(OCHzCF,)],. How- 
ever, the trans isomer of this compound could not 

161(1) 
1576(1) 
815(1) 
474(2) 

1757(2) 
140(2) 
-38(4) 

-836(4) 
2788(3) 
2991 (4) 
-482(3) 
- 141 3(3) 
-972(2) 
1313(2) 
114(2) 
759(2) 

241 7(2) 
1148(2) 

- 1401 (3) 
- 1555(4) 
- 20 1 4(3) 
-705(2) 
- 21 05(2) 

2092(3) 
1605(4) 
904( 2) 

1 196(3) 
2268(2) 
31 7(3) 

-578(3) 
- 1371 (2) 
-409(3) 
-841 (2) 

1042(1) 
1636( 1 ) 
3835( 1 ) 
1054(3) 
2925(3) 
2694(3) 

104(5) 
791 (8) 

31 88(4) 
2495(6) 
3137(4) 
3852(5) 
626(2) 

2249(3) 
4204(2) 

178(3) 
688(3) 

5007(2) 
-331 (4) 
- 1673(5) 
-2530(3) 
-2247(3) 
- 1571 (3) 

2587(4) 
2769(5) 
371 3(4) 
1639(4) 
31 39(4) 
5377(4) 
5678(4) 
5928(3) 
6788(3) 
4677(3) 

8644( 1 ) 
7640(1) 
8502( 1 ) 
7760( 1 ) 
8259( 1 ) 
8880(2) 
7143(3) 
6660(3) 
8679(2) 
9447(3) 
9466(2) 
91 06(3) 
8467( 1 ) 
67954 1 ) 
7719(1) 
921 6(1) 
7721(1) 
8989( 1 ) 
8934(2) 
8531 (3) 
8944(2) 
8440(2) 
7841 (2) 
6370(2) 
5556(2) 
5473(2) 
5259(2) 
51 24(2) 
7289(2) 
6720(2) 
7034(2) 
631 8(2) 
6223(2) 

“U, is defined as one-third of the trace of the orthogonalized I/, 
tensor. 

be isolated in a pure form. Reaction of cis- 
[EtNP(OCH2CF3)I3 with an excess of TMNO (5 
equivalents) at  ca. 25°C for 7 days yielded cis- 
[EtNP(0)(OCH2CF3)], (la). The ~ u n s  isomer lb was 
obtained by the oxidation of the cis-trans isomeric 
mixture of [EtNP(OCH2CF3)J3 with aqueous H202 
at 0°C (Scheme 1). 

TMNO 
cis- [ EtNP( OCH,CF3)]3 ) 

CH2Cl2, 25”C, 7 d 

cis-[ EtNP(O)( OCH,CF,)], 
(la> 

20% aqueous H202 
methanol, O’C, 24 h 

cis/tr~ns- [ EtNP( OCHZCF,)] 3 ) 

trans- [ EtNP( 0)( OCH,&F,)] 3 

(1b) 
SCHEME 1 

Both la  and lb have been characterized by el- 
emental analysis, IR, and NMR (‘€I, 13C, I9F, and 
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TABLE 3 Atomic Coordinates (x  1 04) and Equivalent Iso- 
tropic Displacement Parameters (A2 x 1 03) for 1 ba 

P(1) 1934(2) 
1220(2) 
1 13(2) 

2238(4) 
40(4) 

1006(5) 
3482(6) 
3775(8) 

C(3) - 1 132(7) 
C(4) -1562(13) 

P(2) 
P(3) 
NU) 
N(2) 
N(3) 
(71) 
C(2) 

C(5) 
C(6) 
O(1) 

O(3) 
O(4) 
O(5) 

1025(8) 
1752(9) 
1141(4) 

O(2) 898(4) 
866(4) 

2973(4) 
1551 (4) 

O(6) - 1047(4) 
C(11) 1636(6) 
C(12) 732(7) 
F(11) 1112(5) 
F(12) -165(5) 
F(13) 269(5) 
C(21) 1544(6) 
C(22) 1061 (7) 
F(21) 1152(5) 

F(23) 1642(6) 
C(31) 41 l(7) 
C(32) 1 1 12(8) 
F(31) 731 (5) 
F(32) 221545) 
F(33) 1095(7) 

F(22) -47(5) 

8314(1) 
6496( 1 ) 
7500( 1 ) 
7246(4) 
6944(4) 
8345(3) 
6932(6) 
6857(7) 
6655(9) 
7309( 1 0) 
91 1545) 
8975(7) 
8588(3) 
6564(3) 
6923(3) 
8857(3) 
5608(3) 
7742(4) 
8816(5) 
91 84(6) 
9389(4) 
8627(4) 

6048(4) 
6233(5) 
7069 (3) 
6026(4) 
5762(4) 
61 58(5) 
5962(6) 
5267(3) 
5821 (6) 
6649(5) 

991 7(4) 

631 7(1) 
6592( 1 ) 
4792( 1 ) 
6542(4) 
5852(4) 
5181 (4) 
6625(6) 
5622(6) 
6025(8) 
661 6( 1 0) 
4465(6) 
3722(7) 
7069(3) 
7679(3) 
41 93(4) 
6382(4) 
6344(4) 
41 76(3) 
8120(5) 
8602(6) 
9569(4) 
8562(4) 
81 14(4) 
8542(5) 
9429(6) 
9719(3) 
931 9(4) 

10236(3) 
3633(6) 
2886(7) 
231 l(4) 
3291 (6) 
2234(5) 

"U,, is defined as one-third of the trace of the orthogonalized U,, 
tensor. 

P) spectroscopy. The IR spectra of la and lb show 
strong absorptions in the region 1250-1290 cm-' 
attributable to the P=O stretching mode [ 15 3 .  

The 31P NMR spectrum of la  shows a single 
resonance at 6 3.6 indicating the equivalence of the 
three phosphorus nuclei in the P3N3 ring; the spec- 
trum of the trans isomer l b  shows an A2X pattern 
(6, = 4.8, ax = 6.7, J = 25.7 Hz), revealing the pres- 
ence of two types of phosphorus nuclei in solution. 
The phosphorus chemical shifts observed for la and 
l b  are comparable with the values reported for 
other trioxocyclotriphosphazanes [3-61. The 'JPp 
value of 25.7 Hz observed for the trans isomer l b  
is more than twice that observed for the parent h3- 
cyclotriphosphazane trans-[EtNP(OCH2CF3)13 (1 1.7 
Hz) [9]. The variable temperature 31P NMR spec- 
tral studies of the cis isomer la  between 20 and 
50°C did not show any interconversion into the trans 
isomer. 

The 'H, 13C, and 19F NMR spectra of the cis iso- 
mer la  show the presence of only one type of NEt 

31 
I I I 

64 63 62 
6 (ppm) 

FIGURE 1 13C NMR spectra (1 00.6 MHz, OCHp region only) 
of (a) cis-[EtNP(0)(OCH2CF3)], (la) and (b) trans-[EtNP- 
(O)(OCH&F3)13 (1 b). 

and OCH2CF3 groups. On the other hand, the spec- 
tra of the trans isomer l b  show the presence of two 
sets of NEt and OCH2CF3 groups with an integral 
ratio of 2: 1. All the methyl protons in la  resonate 
as a triplet at 6 1.26 with a J H H  of 7.1 Hz, whereas 
the NCHz and O M z  protons give rise to unre- 
solved multiplets centered at S 3.60 and 4.38, re- 
spectively. In the case of lb, the resonances for CH3, 
NCI-12, and OCG, protons are observed in a 2: 1 ra- 
tio at 6 1.27, 3.54, and 4.38, respectively. The var- 
ious coupling constants of these resonances remain 
unresolved even at high field (400 MHz). 

The 13C NMR spectra of la and l b  are, how- 
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"" d 
F(12) 

FIGURE 2 Molecular structure of cis-[EtNP(0)(OCH,CF3)j, 
(la). 

ever, more revealing, and the coupling constants 
are resolved at room temperature. The OCHz re- 
gion of the 13C NMR spectra of la and lb are shown 
in Figure 1. The carbon nuclei of OCHz groups in 
l a  resonate as a quartet at 6 63.4 with 'JCF of 38.3 
Hz (Figure l(a)). Two sets of quartets centered at 
6 62.6 and 63.1 (1 :2) are observed for the OCHz 

FIGURE 3 Molecular structure of trans-[EtNP(O)- 
(OCHzCFdI3 Ub). 

TABLE 4 Selected Bond Lengths (A) 

la lb 

1.673(3) 
1.647(3) 
1.650(3) 
1.668(3) 
1.646(3) 
1.659(3) 
1.573(2) 
1.583(2) 
1.579(2) 
1.450(2) 
1.456(3) 
1.451 (2) 
1.504(5) 

1.498(4) 
1.425(4) 
1.431 (4) 
1.41 9(4) 

1.494(4) 

1.666(6) 
1.655(6) 
1.659(5) 
1.653(6) 
1.661 (6) 
1.657(6) 

1.566(5) 
1.567(5) 
1.452(5) 
1.453(5) 
1.473(5) 

1.553(5) 

1.51 l(7) 
1.500(8) 
1.504(8) 
1.431 (8) 

1.41 518) 
1.455(7) 

TABLE 5 Selected Bond Angles (Deg) 

la lb 

O(4)-P( 1 )-O(1 ) 
0(4)-P(l)-N(3) 
0(1 )-P( 1 )-N(3) 
O(4)-P( 1 )-N(l ) 
O( 1 )-P(l )-N( 1 ) 
N(3)-P( 1 )-N( 1 ) 
0(5)-P(2)-0(2) 
0(5)-P(2)-N(l) 
0(2)-P(2)-N(l) 
0(5)-P(2)-N(2) 
0(2)-P(2)-N(2) 
N(l)-P(2)-N(2) 
0(6)-P(3)-0(3) 
0(6)-P(3)-N(3) 
0(3)-P(3)-N(3) 
0(6)-P(3)-N(2) 
O( 3)- P( 3) -N (2) 
N(3)-P(3)-N(2) 
C(l )-N(l)-P(2) 
C( 1 )-N( 1 )-P( 1 ) 
P(2)-N( 1 )-P(l) 
C(3)-N(2)-P(2) 
C(3)-N(2)-P(3) 
P(2)-N(2)-P(3) 
C(5)-N(3)-P(3) 
C(5)-N(3)-P(l) 
P(3)-N(3)-P(l) 
C(2)-C(l)-N(I ) 
C(4)-C(3)-N(2) 
C(6)-C(5)-N(3) 
C( 1 1 )-O( 1 )-P( 1 ) 
C(21)-0(2)-P(2) 
C(31)-0(3)-P(3) 

11 4.0(1) 
11 4.7(2) 
104.0( 1 ) 
1 16.4(2) 

103.9(1) 
1 12.4( 1) 
119.1(2) 
100.3(1) 
1 12.8(2) 
108.4(1) 
102.5(1) 
114.7(1) 
115.7(1) 

11 2.9(2) 
106.1 (1) 
104.3( 1 ) 
11 6.2(2) 
120.3(2) 
11 9.8(2) 
11 8.7(2) 
1 18.7(2) 
122.3(2) 
1 19.8(2) 
1 18.9(2) 

1 10.9(5) 
1 12.8(3) 
1 12.4(3) 
122.3(2) 

102.1 (1 ) 

101.9( 1 ) 

121.2(2) 

120.2(2) 
120.2(2) 

11 4.6(3) 

102.0(3) 
11 3.1 (3) 
106.1 (3) 
105.3(3) 

11 4.7(3) 

11 3.4(3) 
1 13.3(3) 
107.8(3) 
11 8.2(3) 
100.6(3) 
102.2(3) 
114.1(3) 
115.1(3) 
101.7(3) 
11 2.9(3) 
106.4(3) 
105.6(3) 
1 18.0(5) 
11 8.8(5) 
122.9(3) 
11 7.6(5) 
11 9.4(5) 
121 3 3 )  
1 19.5(5) 
11 9.9(5) 
120.5(3) 
11 1.7(6) 
108.9( 1 1 ) 

121.0(4) 
120.0(4) 
1 22.1 (4) 

11 3.9(7) 
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TABLE 6 Comparative Structural Data for As-Oxocyclotriphosphazanes 

cis trans trans trans trans 
Property [EtNP(0)(OCH,CF3)13 [EtNP(0)(OCH,CF3)], [MeNP(O)(OMe)l, [MeNP(0)(OC,H4Me-4)], [PhNP(O)(Cl)], 

Ring Conformation twist-boat 
av (P-N), A 1.657(3) 
av (P-0). A 1.578(2) 
av (P=O), A 1.452(2) 

av N-P-N, 
PN, 358.6 

A@ 8.2 
Reference this work 

av P-N-P, 121.1(2) 

Ac':' 4.9 

1 03.9( 1 ) 

twist-boat 
1.659(6) 
1.562(5) 
1.459(5) 

121.6(3) 
104.4(3) 
359.4 
8.5 
12.5 
this work 

twist-boat 
1.66( 1 ) 
1.56(1) 
1.45(1) 

121.6(6) 
105.2(6) 
360.0 
1.4 
6.5 
7 

twist-boat 
1.659(2) 
1.578(3) 
1.448(5) 

123.2(3) 
104.8(2) 
358.5 
7.1 

11.1 
4 

twist-boat 
1.661 (4) 
2.000(3)" 

127.1(2) 1.446(6) 

103.5(2) 
358.6 
10.5 
13.4 
6 

"P-CI distance. 

cis trans 

FIGURE 4 Ring torsional angles and asymmetry param- 
eters calculated for cis- and trans-[EtNP(O)(OCH,CF,)], ( la  
and lb) .  

groups in l b  as a result of the coupling with the 
adjacent CF3 group. The signal at  6 62.6 corre- 
sponding to the carbon nucleus of the unique OCHz 
group further splits into a doublet of quartets ('JPc 
= 4.3 Hz) (Figure l(b)). Likewise, the carbon nuclei 
of the CF3 groups in la  give rise to a quartet at 
122.4 with a large 'JCF of 277.5 Hz; in the case of 
lb, two sets of quartets are observed at 6 122.3 and 
122.4 (1 :2) with '.IcF of 277 and 278 Hz, respec- 
tively. 

The NMR spectral data clearly indicate that the 

TABLE 7 Deviations from the Mean Plane for the P3N3 
Ring in l a  and l b  

Deviation (A ) 
Atoms cis trans 

P1 a 0.1 69(1) 0.201 (2) 
P2a -0.1 74( 1 ) -0.206(2) 
N2" 0.1 91 (1) 0.229(5) 
N3" -0.187( 1 ) -0.224(6) 
P3 -0.552(3) -0.514(2) 
N1 - 0.623(3) -0.510(5) 

"Atoms used to calculate the mean plane. 

TABLE 8 Selected Dihedral Angles (Deg) for l a  and l b  

la lb 

O(1)-P( 1)-N(1)-C(1) 
0(2)-P(2)-N( 1)-C(l ) 
0(2)-P(2)-N(2)-C(3) 
0(3)-P(3)-N(2)-C(3) 
0(1 )-P( 1)-N(3)-C(5) 
0(3)-P(3)-N(3)-C(5) 
0(4)-P(l)-N( l)-C( 1) 
0(5)-P(2)-N( 1 )-C( 1 ) 
0(5)-P(2)-N(2)-C(3) 
0(6)-P(3)-N(2)-C(3) 
0(6)-P(3)-N(3)-C(5) 
O(4)-P( 1 )-N(3)-C(5) 

-30.5(3) 

- 1 10.7(3) 
53.2( 3) 

139.4(3) 
49.4(3) 

-96.8(3) 
94.3(3) 

-69.8(3) 
14.5(3) 
13.0(3) 
28.3(3) 

-75.9(3) 

- 135.4(5) 
105.6(5) 
-45.5(7) 
- 1 19.0(7) 

102.5(6) 
85.1 (6) 
,-9.0(6) 

-20.7(6) 
78.4(7) 
6.9(8) 

-38.7(6) 
-21.9(7) 

cis-isomer la  will have a structure with an ap- 
proximate C3 symmetry in solution. On the other 
hand, the data for l b  suggest that this isomer will 
have an approximate C, symmetry. 

Crystal Structures of  la and lb 
In order to further ascertain the molecular geom- 
etry, P3N3 ring conformations, and disposition of 
exocyclic phosphorus substituents, the structures 
of both the cis and trans isomers la  and l b  have 
been determined by single crystal X-ray difiac- 
tion. Perspective views of the molecules [161 are 
shown in Figures 2 and 3; selected structural pa- 
rameters are listed in Tables 4 and 5. The struc- 
tural features of la  and lb  are compared with those 
reported for other As-trioxocyclotriphosphazanes 
in Table 6 .  

Both mean plane calculations and torsional 
angles [I71 are used to establish the stereochem- 
istry of the P,N3-phosphazane ring in la and lb. 
The observed torsional angles of the phosphazane 
rings in la and l b  are shown in Figure 4. These 
torsional angles suggest the presence of two or- 
thogonal C, axes in structures la  and Ib, indicat- 
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ing a twist-boat conformation for the P3N3 rings. 
However, in the ring: svstems formed bv hetero- 

Factors Governing Ring Conformations and 
P-N Distances 

atoms, there are devyatibns from the ideal confor- 
mations; the degree of departure from the ideal 
twofold symmetry (known as an asymmetry pa- 
rameter, AC2) will give an estimate of the distor- 
tion from the idealized twist-boat conformation. 
The asymmetry parameters AC2 calculated for l a  
and lb  are shown in Figure 4; the AC2 for the other 
known structures are listed in Table 6. These val- 
ues suggest that the deviation of the cis isomer la  
(AC2 = 4.9 and 8.2) from the ideal twist-boat con- 
formation is less than that for the trans isomer (AC2 
= 8.5 and 12.5). 

Mean plane calculations indicate that, in both 
the isomers, P(1), P(2), N(2), and N(3) define the 
bottom of the twist-boat, and the “prow” and 
“stern” positions are occupied by P(3) and N( l), re- 
spectively. There are considerable deviations from 
the mean plane for the atoms defining prow and 
stern positions. The observed deviations for la  are 
larger than those for lb  (Table 7). The ring con- 
formations observed in la and lb  are different from 
those for A3-cyclotriphosphazanes. The P3N3 ring in 
cis-[EtNP(OC6H4Br-4)I3 adopts a chair conforma- 
tion, while in the trans isomer, the ring is in a reg- 
ular boat conformation [9]. In the cis isomer la ,  
all of the trifluoroethoxy groups lie on the same 
side of the ring while the 0x0 groups are on the 
other side of the ring (2a, 4a, 601). On the other 
hand, in lb  (201, 4p, 64, two of the trifluoroethoxy 
groups on the phosphorus atoms P(1) and P(2) are 
on one side of the ring while the third -OCH2CF3 
group on P(3) occupies the flagpole position, as ob- 
served in the case of trans-A3-cyclotriphosphazanes 
[EtNP(OC,H4Br-4)I3 and [EtNP(OC,H,Me2-2,6)l3 [ 171 
and also in other trans-A5-trioxocyclotriphospha- 
zanes [4,6,7]. 

The ring P-N distances fall in the range: 
1.646(3)-1.673(3) A for la and 1.653(6)-1.666(6) A 
for lb,  yith the average values of 1.657(3) and 
1.659(6) A, respectively. These values are in the 
range observed for As-trioxocyclotriphosphazanes 
(Table 6) and bicyclic tetraphosphFpentazane, 
[(EtN)5P404(0C6H3Me2-2,6)*] (1.647(4) A) [191. The 
average P-N distances on the whole are signifi- 
cantly shorter than th? normal P-N single bond 
distance of 1.75-1.80 A, indicating P-N multiple 
bond character in these molecules. The average P- 
N-P angles for la and lb are 121.1(2) and 121.6(3)”, 
respectively. These are considerably lower than the 
values observed for A3-cyclotriphosphazanes [9,18] 
(e.g., the av P-N-P angles for cis and trans isomers 
of [EtNP(OC6H4Br-4)], are 131” and 133”). The av- 
erage N-P-N values for la and Ib are 103.9(1)” and 
104.4(3)”, respectively. The sum of angles around 
the ring nitrogen atoms are close to 360”, as ob- 
served in many of the acyclic and cyclic P-N com- 
pounds [20]. 

On the basis of structural data and theoretical 
studies, we had earlier proposed that the observed 
P3N3 ring conformations and short ring P-N dis- 
tances in the cis and trans isomers of A3-cyclotri- 
phosphazanes result from (1) minimization of vic- 
inal P-N lone pair and dipolar repulsions and (2) 
maximization of negative hyperconjugative inter- 
actions [211 between the nitrogen lone pair and an 
adjacent P-X 8 orbital [9]. Unlike in A3-cyclotri- 
phosphazanes, the vicinal lone pair repulsions (be- 
tween P and N) are absent as the 0x0 groups sub- 
stitute lone pairs on phosphorus in la  and lb. 
However, dipolar repulsions cannot be ruled out in 
the cis isomer la as all the OR groups are on the 
same side of the ring. For negative hyperconjuga- 
tive interactions to be effective, the nitrogen lone 
pair should have a parallel orientation with either 
P-0 or P=O bonds, i.e., 1.p.-N-P-X (X = -0 or 
=0) torsional angle should have a value close to 0 
or 180”. In terms of the C-N-P-X torsional angle, 
a value close to 90” is preferred for maximum neg- 
ative hyperconjugation. The C-N-P-X (X = -0 or 
=0) torsional angles for la and lb  are listed in Ta- 
ble 8 and indicate that each of the nitrogen lone 
pairs has a parallel orientation with a P-0 or P=O 
bond. However, there is a strong preference for the 
nitrogen lone pair to be oriented parallel with a 
P-0 bond rather than a P=O bond. This is consis- 
tent with our observation in the related P-N sys- 
tems such as bicyclic phosphazane tetraoxides [ 191 
and bisphosphinimines [22]. 

ACKNOWLEDGMENTS 
We thank the Sophisticated Instrument Facility, 
I.I.Sc, for NMR spectra. One of us (N. T.) thanks 
the Council of Scientific and Industrial Research, 
New Delhi, for a research fellowship. 

REFERENCES 
[I] B. W. Fitzsimmons, C. Hewlett, R. A. Shaw, J .  Chem. 

SOC., 1964, 4459. 
[2] B. W. Fitzsimmons, C. Hewlett, R. A. Shaw, J.  Chem. 

SOC., 1965, 7432. 
131 K. S. Dhathathreyan, S. S. Krishnamurthy, A. R. 

Vasudevamurthy, J.  Chem. SOC., Dalton. Trans., 1981, 
1928. 

[4] S. Karthikeyan, K. Vyas, S. S. Krishnamurthy, 
T. S. Cameron, B. R. Vincent, J.  Chem. SOC., Dalton 
Trans., 1988, 1371. 

[5] S. Karthikeyan, S. S. Krishnamurthy, J.  Chem. SOC., 
Dalton Trans., 1991, 299. 

[6] 0. Johnson, M. Murray, G. Woodward, J .  Chem. SOC., 
Dalton Trans., 1989, 821. 

[7] G. B. Ansell, G. J. Bullen, J. Chem. SOC. A, 1968, 
3026. 

[8] M. Murray, G. Woodward, Phosphorus, Sulfur Sili- 
con, 49-50, 1990, 389. 



70 Murugavel et al. 

, 
R. Murugavel, S. S. Krishnamurthy, J. Chandra- 
sekhar, M. Nethaji, Inorg. Chem., 32, 1993, 5447. 
S. S. Krishnamurthy, Phosphorus, Sulfur Silicon, in 
press. 
D. F. Shriver, M. A. Drezdzon: The Manipulation of 
Air-sensitive Compounds, 2nd ed., Wiley-Intersci- 
ence, New York, 1986. 
D. D. Perrin, W. L. F. Armargeo: Purification of 
Laboratory Chemicals, 3rd ed., Pergamon Press, 
London, 1988. 
G. M. Sheldrick: SHELXS-86: Program for Crystal 
Structure Solution, University of Goettingen, Ger- 
many, 1986. 
G. M. Sheldrick: SHELXL-93, J .  Appl. Cryst., in 
preparation. 
L. C. Thomas: Interpretation of Infrared Spectra of 
Organophosphorus Compounds, Heyden and Son 
Ltd., Chichester, United Kingdom, 1974. 

[16] W. D. S. Motherwell, W. Clegg: PLUT078: A Pro- 
gram for Drawing Crystal and Molecular Struc- 
tures, University of Cambridge, Cambridge, En- 
gland, 1978. 

[17] W. L. Duax, C. M. Weeks, D. C. Rohrer: Top. Srer- 
eochem., 9 ,  1976, 279. 

[18] N. Thirupathi, S. S. Krishnamurthy, M. Nethaji, 
unpublished results. 

[19] R. Murugavel, S. S .  Krishnamurthy, M. Nethaji, J. 
Chem. SOC., Dalton Trans., 1993, 2569. 

[20] R. Keat, Top. Cum. Chem., 102, 1982, 89. 
[21] A. E. Reed and P. V. R. Schleyer, J .  Am. Chem. SOC., 

112, 1990, 1435. 
[22] R. Murugavel, S. S. Kumaravel, S. S. Krishnamur- 

thy, M. Nethaji, J. Chandrasekhar, J .  Chem. SOC., 
Dalton Trans., 1994, 847. 


