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Stereochemistry of Phosphorus Compounds. Part 1. The Crystal and 
Molecular Structure of 1,3-Di-t-butyl-2-trans-4-dichloro-2,4-dioxo- 
cyclodiphosphazane t 
By Ljubica Manojlovid-Muir and Kenneth W. Muir," Chemistry Department, University of Glasgow, 

Glasgow G12 8QQ 

The structure of the title compound has been determined from 841 X-ray intensity data measured on a diffracto- 
meter. Crystals are tetragonal, space group P4,/n, a = 13.428(5), c = 8.1 52(3) A, Z = 4. The structure w a s  
solved by Patterson and Fourier methods and refined by full-matrix least-squares to R 0.036. The crystals are 
built of discrete monomeric molecules, which exhibit exact Ci symmetry. The chlorine atoms thus adopt a 
mutually trans-configuration. Selected bond lengths are: P-CI 2.007(2), P-0 1.448(3), mean P-N 1.661 (5) ,  
mean N-C 1.507(5) 8. 

THE oxidation of phosphorus(m) compounds by dimethyl 
sulphoxide is now a well established route to phos- 

C Me, 
1 

CMe3 

(I) x = o  
( II) X = lone pa i r  

phorus(v) o~ides . l -~  Thus the title compound, (I), was 
obtained by oxidation of (11) in methylene chloride 

solution at  -78 0C.4 To obtain an insight into the 
stereochemistry of this reaction we have determined the 
crystal and molecular structure of (I) by X-ray diffraction 
methods. A preliminary account has been published.* 
The molecular structure of (11) has been established 
earlier. 

EXPERIMENTAL 

The crystals were transparent needles, slowly decom- 
The crystal used in this analysis was ca. posing in air. 

0-02 x 0.03 x 0.06 cm. 
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H. H. Szmant and 0. Cox, J .  Org. Chern., 1966, 31, 1595. 
E. H. Amonoo-Neizer, S. K. Ray, R. A. Shaw, and B. C. 

S. Oae, A. Nakanishi, and S. Kozuka, Tetrahedron, 1972, 28, 

R. Keat, Lj. ManojloviC-Muir, and K. W. Muir, Angem. 

K. W. Muir and J.  F. Nixon, Chem. Comrn., 1971, 1405. 

Smith, J .  Chem. Soc., 1965, 4296. 

649. 

Chem. Interwat. Edn., 1973, 12, 311. 

http://dx.doi.org/10.1039/DT9740002395


J.C.S. Dalton 
Crystal Ucrta.-C,H,,Cl,~;,O,P,, ilI = 307.1, Tetragonal, 

D, = 1.383 6 ~ m - ~ ,  F(000) = 640. Mo-I<, radiation, 
h = 0.7106’3 A, p(Mo-I<,) = 6.4 cm-l. Space group P4,/n. 

The space group was determined from systematic 
absences of reflexions on Weissenberg photographs. 
Unit-cell constants were initially obtained from oscillation 
and Weissenberg photographs, and were later adjusted by a 
least-squares treatment of the setting angles of 12 reflexions 
centred on a Hilger and Watts’ Y 290 four-circle diffracto- 
meter, controlled by a PDP 8 computer. 

Inteizsity Meusurenzents.-The intensities of all in- 
dependent reflexions with 8 (h10-K~) < 30” were measured 
on a Y 290 diffractometer, by use of molybdenum radiation 
in conjunction with a graphite monochromator and a pulse- 
height analyser. The orientation of the crystal was such 
as to malrc the crystallographic c axis approximately co- 
incident with the 4 axis of the diffractometer. The 8-26 
scan technique was used; the scan step in 6 was 0.02” and 
the counting time for each step was 2-5 s. Each reflesion 
was scanned through a 26 range of 1.4”, and the local 
background \\-as counted for 26 s a t  each end of the scan 
range. The intensities of four strong reflexions, monitored 
periodically throughout the experiment, dropped by ca. 2004 
during data collection. 

The integrated intensities, I, and their variances, o s ( I ) ,  
were calculated from the relationships I = P - (B, -i- 
B2)p/2b and ~ ~ ( 1 )  = P -+- (B,  -i- B,)P2/4b2 + (qI)2,  where 
P is the p d i  count, B, and B,  the background counts, fi 
the time spent counting the peak, and b the time spent 
counting each background. The empirical factor, q, was 
assigned a value of 0.04. The I and o(1) values so derived 
were corrected for Lorentz, polarisation, and crystal decom- 
position effects, but not for absorption. 

841 Reflexions having I >  341)  were used in the 
subsequent analysis. 

Structure A naZysis.-The positions of the phosphorus and 
chlorine atoms were determined from a Patterson synthesis, 
and those of the other non-hydrogen atoms from the 
subsequent difference synthesis. 

The structure was refined by the method of full-matrix 
least-squares. The function miniinised was CwA2, where 
A = IIFol - lFcll and the weights, w, were derived iron1 
the variances of Fo2 as described earlier.6 Atomic scatter- 
ing factors for non-hydrogen atoms were taken from ref. 7, 
that  €or hydrogen from ref. 8. Corrections for anomalous 
scattering of chlorine and phosphorus (Af’, Af”) were taken 
irom ref. 9. 
The refinement of the scale factor and of the positional 

and isotropic thermal parameters of all non-hydrogen atoms 
gave 22 of 0.099 and R’ of 0.124 [R’ = ( C w A 2 / Z w F O 2 ) ~ ] .  
Allowance for the anisotropic thermal vibrations of all 
non-hydrogen atoms decreased 22 to 0.053 and R’ to 0.071. 
The positions of all hvdrogen atoms were then determined 
from a difference synthesis, and these atoms were assigned 
isotropic temperature factors and included in further 
refinement. The refinement finally converged a t  R 0.036 
and R’ 0-042. 

In  the last cycle of refinement all parameters shifted by 
( 0 . 6 ~ .  The standard deviation of an observation of unit 

* Throughout the paper limits of error (in parentheses) are 
estimated standard deviations, derived either from the appro- 
priate least-squares matrix or, in the case of mean values, from the 
range of individual measurements. 

t See Notice t o  Authors No. 7 in .T.C.S. Dalton, 1973, Index 
issue (items less than 10 pp. arc supplied as full size copies). 

CL = 13*428(5),* c = 8.152(3) A, U = 1469.9 Pi3, 2 = 4, 
weight was 1.5. The adequacy of the weighting scheme was 
confirmed by an analysis of the mean wA2 as a bivariant 
function of IFo] and sin 8/A. The function values in the 
final difference synthesis ranged from -0.24 to 0.37 eA-3, 
and the minimum peak height of a carbon atom in the 
final synthesis of electron density was 5.3 eA-3. Final 
atomic parameters are shown in Table 1.  Observed 
structure amplitudes and the calculated structure factors 
are listed in Supplementary Publication No. SUP 21 119 
(7 pp., I microfiche).? 

TABLE 1 
Final fractional co-ordinates and thermal parameters of 

atoms 
vim( x lo2)/ 

Atom Y 3’ z A2 

I’ 0.05608(7) 0-01593(7) 0.1 147( 1) * 
c1 0*0874( 1) 0.16001 (9) 0*1552(2) * 
0 0*1093(2) - 0.045 1 (2) 0.23 19( 3) * 
N -0*0656(2) 0.0058(2) 0*0858(3) * 
C(l) -0*1552(3) 0*0333(3) 0.187665) rk 

C(2) -0.2352(4) -0*0440(5) 0*1549(9) * 
C(3) -0.1238(5) 0*0284(6) 0*3679(6) * 
C(4) -0.1883(5) 0*1370(6) 0.1433(11) * 

H(22) -0*265(4) -0*033(4) 0*041(8) lO(2) 
H(23) -0*291(5) -0*025(5) 0.211(8) l l ( 2 )  
H(31) -0*191(6) 0*042(6) 0.436(10) 19(3) 
H(32) -0*072(5) 0*088(5) 0*375(8) 13(2) 
H(33) -0*097(5) -0*037(5) 0.386(9) 12(3) 

H(42) -0*212(4) 0*132(4) 0*035(9) lO(2) 
H(43) -0.134(5) 0*184(6) 0.186(10) 14(3) 

H(21) -0.213(4) -0.119(4) 0.184(6) 9(2) 

H(41) -0*249(4) 0*147(4) 0.194(7) 9(2) 

* These atoms were assigned anisotropic temperature factors 

of the form exp(-Z2;s2 x lo-” C Utjai*gj:klzihj). The U,  

parameters are : 

3 3  

i = l j = l  

Atom u,, u z z  u33 u,, u,, UZ, 
P 449(6) 492(6) 333(4) 27(4) -15(5) -22(5) 
C1 833(8) 697(7) 701(8) -107(6) -39(6) -163(6) 
0 669(20) 759(21) 434(17) 126(16) -122(14) 65(15) 
N 423(16) 552(18) 305(17) 26(13) 36(14) -22(13) 
C ( l )  473(22) 615(25) 443(24) YS(19) 127(19) -4(19) 
C(2) 557(31) 950(43) 962(50) -49(28) 257(32) - 106(37) 
C(3) 869(40) 1092(49) 490(31) 140(38) 176(27) -68(34) 
C(4) 824(40) 810(37) 977(56) 384(32) 274(41) G4(36) 

The computer programs used were the Univac 1108 
vcrsion of J. N. Stewart’s ‘ X-Ray ’70 System,’ and the 
Hilger and Watts software package for the Y 390 diffracto- 
meter fitted with a DF 32 magnetic disc unit. 

DISCUSSION 

The crystal structure is b d t  of discrete monomeric 
molecules. A calculation of all intermolecular distances 
(3.8 A revealed none less than the sum of the appro- 
priate van der Waals radii. 

The molecular structure of (I) is shown in the Figure, 
and bond lengths and valency angles in Table 2. Differ- 
ences between chemically equivalent bond lengths are 
within the limits expected from the standard deviations 
calculated from the inverse least-squares matrix. 
Between equivalent interbond angles statistically sig- 

Lj. ManojloviC-Muir, J .  Chew. SOC. ( A ) ,  1971, 2796; K. W. 

7 ‘ International Tables for X-Ray Crystallography,’ vo!. 111, 

8 K. F. Stewart, E. K. Davidson, and W. T. Simpson, J .  

Muir, ibid., p, 2663. 

Kynoch Press, Birmingham, 1962. 

Chew. Phys., 1965, 42, 3175. 
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nificant differences do occur, but these are small in 
absolute magnitude. Accordingly, the mean bond 
lengths and interbond angles (Table 2) are used in the 
subsequent discussion. 

n 

lfolccular structure of (I) ; hydrogen atoms are omitted for 
clarity 

TABLE 2 
Molecular geometry 

(a )  ~ o n d  lcnqths (A) 
P-c1 2*007(2) 
P-0 1*448(3) 
l'-X 1.656 (3) 
P-X/ 1.665( 3) 
N-C( 1) 1.507 (5) 
C( 1)-C(2) 1*517( 7) 
C( 1)-C(3) 1630(  7) 

M 0 6 (  8) 
1*08(5) C(2)-H(21) 

c1-P-0 1 0 9 q  1) 

Cl-P-N' 108*3( 1) 
0-1'-N 122.3 (2) 
O--P-X/ 120*7( 2) 
N-P-E' 86*5(2) 
P-N-c ( 1) 1 3 3.6 (2) 
P/-N-C( 1) 130-1 (2) 
P-hT-P' 94.5 (2) 
N-C(1)-C(2) 107*5(4) 
N-C I 1 )-C (3) 107.3 (4) 
N-C( l)--C(4) 109*3(4) 
C(2)-C(l)-C(3) 109.6(5) 
C(2)-C(l)-C(4) 112-4(5) 
C(3)-C(l)-C(4) 110*6(5) 
C(l)-C(2)-H(21) 114(3) 
C( 1)-C( 2)-H (22) 105( 3) 

C( 1)-C(4) 

(b)  Bond aiigles (") 

Cl-P-N 108*0( 1) 

C ( 2)-H ( 22) 
C (2)-H (23) 
C( 3)-H (3  1) 
C( 3)-H (32) 
C (3)-H (3 3) 
C( 4)-H (41) 
C (4)-H (42) 
C (4)-H (43) 

C (  1)-C( 2)-H (23) 
C( 1)-C( 3)-H( 3 1) 
C( 1)-C( 3)-H( 32) 
C( 1)-C( 3)-H( 33) 
C( I)-C( 4)-H (41) 
C( 1)-C(4)-H (42) 
C (  1)-C( 4)-H( 43) 
H (2 1)-C(2)-H (22) 
H( 21)-C( 2)-H(23) 
H( 22)-C( 2)-H( 23) 
H( 31)-C( 3)-H( 32) 
H( 3 1)-C( 3)-H (33) 
H (32)-C( 3)-H (33) 
H (41)-C( 4)-H (42) 
H (4S)-C( 4)-H (43) 
H (42)-C (4)-H (43) 

0.98 (6) 
0*91(6) 

1.06 (7) 
0.96 (7) 
0-92(6) 
0-95( 7) 
1*03(8) 

1-08(8) 

107(4) 
105(4) 
102(4) 
107(4) 
107(4) 
105(3) 
106(4) 
116(4) 
112(5) 
102(5) 
113(6) 
113(6) 
116(5) 

113(6) 
127(6) 

97(5) 

(c) Mean values of chemically equivalent bond lengths (A) and 
angles (") 
P-N 1.661(5) P-N-C 131.9 ( 18) 
c-c 1.51 8( 7) N-C-C 1 08 * 0 ( 7) 

106(1) C1-P-N 108*2( 2) C-C-H 
O-P-N 12 1 *5 (8) H-C-H 112(3) 

C-H l.OO(2) c-c-c 110.9( 8) 

Primed atoms are related to corresponding unprimed atoms 
by the  transformation 2, j i ,  2. 

The space group requires each molecule of (I) to 
possess exact Ci symmetry. Consequently the [P-N], 
ring is strictly planar, the equation of the ring plane 
being 0.732% - 13.186~ + 1.4742 = 0. The displace- 
ment of C( l )  from this plane is 0.28 A, indicating that 
the bonds from each nitrogen atom are disposed in a 
pyramidal fashion. In dithiocyclodiphosphazane mole- 

lo M. B. Peterson and  A. J. Wagner, J.C.S. Dalton, 1973, 106, 

11 D. W. J.  Cruickshank, Acta Cryst., 1964, 17, 671. 
l2  ,4. J .  Wagner and  A. Vos, Acta Cryst., 1968, B24, 1423. 

and refs. therein. 

cules, such as trans-[PhNP(S)Ph],, the three bonds in- 
volving each nitrogen atom are usually found to be 
coplanar.1° However, in [ButNPC1], the two nitrogen 
atoms adopt different configurations, one being pyramidal 
and the other planar.5 We consider that in these 
molecules the difference in energy between the two 
arrangements is unlikely to be large, and that crystal- 
packing forces may be sufficient to determine which 
co-ordination geometry a particular nitrogen atom will 
adopt. 

The bond lengths at the phosphorus atoni indicate 
that the phosphorus d orbitals accept $J electrons 
mainly from the oxygen and nitrogen atoms rather than 
from the chlorine atom. The mean P-N bond length 
[1.661(6) A] is much shorter than that (1.76 A) in 
H,NPO,-,ll where the P-N bond is formally single in 
character; however, it is not as short as those in phospha- 
zenes, where values between 1.51 and 1.62 have been 
found.12 The P-0 [1-448(3) A] and P-C1 [2.007(2) A] 
bond lengths in (I) agree excellently with the correspond- 
ing values in gaseous POCI, [1447(2) and 1-991(1) A], 
determined by electron diffra~ti0n.l~ -4n nb iititio 
SCFMO calculation on POCI, indicates that +& 
donation to phosphorus is extensive from oxygen, but 
not from ch10rine.l~ 

Of the valency angles at the phosphorus atom only 
0-P-C1 [109.5(1)"] and N-P-Cl [108.2(2)o] are close to 
the tetrahedral value. The acute N-Y-N angle 
[85.5(2)"] is a consequence of the participation of the 
phosphorus atom in a four-membered [P-N], ring. The 
rather large mean N-P-0 angle [121.5(8)"] maj7 be 
rationalised in terms of VSEPR theory,15 since both 
bonds involved possess multiple character and the 
electron pairs in such bonds are thought to occupy more 
space than the one electron pair of a single bond. The 
valency angles at phosphorus thus appear to be con- 
sistent with the suggested bonding scheme. In dithio- 
cyclodiphosphazanes the interbond angles at phosphorus 
display a pattern similar to that in (I). Thus, in trans- 
[PhNP(S)Ph], l2 the mean N-P-S angle [119-2(2)"] is 
comparable with the mean N-P-0 angle in (I) and may 
presumably be interpreted similarly. 

The dimensions of [P-N], rings have recently been 
discussed by Peterson and Wagner.lo In the dithio- 
cyclophosphazane compounds [RNP(S)Ph], (R = Me, 
Et, or Ph) the rings are either planar or only slightly 
puckered, and the P-N bond lengths lie between 
1.686(6) and 1.695(4) A. The P * * P separations, which 
lie in the range 2.49-2.56 A, and the N - * N separ- 
ations, ranging between 2.22 and 2-26 A, are nearly 
constant, and they are very much shorter than the van 
der Waals diameters of phosphorus (3.8 A) and nitrogen 
(3.0 A). These authors lo suggested that repulsions 
between diametrically placed atoms have a dominant 
effect on the shape of the [P-N], ring. This view is 

13 T. Moritani, K. Kuchitsu, and Y. Morino, Inorg. Chew., 

14 I. H. Hillier and  V. R. Saunders, Chew. Conztn., 1970, 1510. 
1 5  R. J .  Gillespie, J .  Chew Educ., 1970, 47, 18. 

1971, 10, 344. 
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supported by our results. The P-N bond length in 
(I) [1.661(5) A] is somewhat shorter than those in the 
dithiocyclophosphazanes,1° presumably because of the 
presence of more electronegative substituent atoms on 
phosphorus. An additional factor may be the strong 
electron-releasing inductive effect of the t-butyl group 
to the nitrogen atom in (I). The N * * N separation in 
(I) (2.255 A) is comparable to that in the dithiocyclo- 
phosphazanes. Hence, the shorter P-N bond length 
leads mainly to a reduction of the P - - - P separation to 
2439 A, with a consequent opening of the N-P-N angles 
by 1-2", compared with the dithiocyclophosphazanes, 
and a closure of the P-N-P angles by a corresponding 
amount. The similarity of the N . * N distances in 
these molecules appears surprising, since in (I) it leads 

l6 B. Beagley, A. R. Conrad, J .  M. Freeman, J. J. Monaghan, 
B. G. Norton, and G. C. Holywell, J .  Mol. Structztre, 1972, 11, 371. 

to a P - - * P separation only 0.22 A greater than the 
P-P single bond length (2.22 A) in P2H4.I6 

In (I) the chlorine atoms are trans, whereas in the 
parent phosphorus(Ir1) compound (11) they are mutually 
cis.5 I t  thus appears that the formation of (I) is 
stereospecific, and that it proceeds with an inversion, as 
well as a retention of configuration, a t  the phosphorus 
atoms. This mechanism is somewhat unexpected, since 
in the oxidation of cyclic phosphites by nitric acid and 
by dinitrogen tetroxide retention of configuration at  the 
phosphorus atom occurs with both 0~ idan t s . l~  

We thank Dr. R. Keat for a gift of crystals and for many 

[4/1062 Received, 30th May, 19741 
helpful discussions. 

l7 J. Michalski, A. Okruszek, arid W. Stec, Chem. Cornin., 1970, 
1495. 

http://dx.doi.org/10.1039/DT9740002395

