
BIS(~,~’-DIISOPROPYLPHOSPHOROTHIONYL) DISULFIDE Inorgunic Chemistry, Vol. 9, No. 10, 1970 2263 

CONTRIBUTION FROM THE MOBIL RESEARCH A N D  DEVELOPMEST CORPORATION, RESEARCH DEPARTMEST, 
PAULSBORO LABORATORY, PAULSBORO, NEW JERSEY 

The Crystal and Molecular Structure of 
Bis(0,O’-diisopropylphosphorothionyl) Disulfide, [ (i-C3H70),PS2 l 2  
BY STEPHEN L. LAWTON 

Received March 6 ,  1970 

Bis(0,O’-diisopropylphosphorothionyl) disulfide, [(i-S8H;0)2PS2I2, crystallizes in the triclinic space group P i  (el1) with unit cell 
parameters a = 8.412 i 0.002 A, b = 8.471 f 0.002 A, c = 8.259 i 0.002 A, a! = 110.79 f 0.02”, B = 94.86 f 0.02”, y = 
97.91 i 0.02”. The observed and calculated densities are 1.30 =!= 0.02 and 1.313 i: 0.002 g/cm3 (for 2 = 1 molecule/unit 
cell), respectively. The structure was refined by least-squares methods to a final conventional R index of 0.059 using three- 
dimensional X-ray diffraction counter data. I ts  backbone 
consists of a planar zigzag array of S=P-S-S-P=S linkages about a straight line passing more or less through the mid- 
point of each of the five bonds. About each tetrahedrally coordinated phosphorus are two OC& groups oriented such that 
each P(OC3H7)2 is centrosymmetrically related about the midpoint of the S-S bond. The methyl groups have staggered 
conformations with respect to the C-H bonds radiating from the vertex carbon atoms. Important parameters are as 
follows: S-S, 2.109 f 0.004 A; P-S, 2.072 i: 0.002 A; P=S, 1.908 =!= 0.003 d; P-0, 1.561 f 0.005 A (average); 
P-S-S, 100.5 i 0.1”; S===P-S, 104.8 f 0.1’; 0-P-0, 96.6 =t 0.2’. Correction of the phosphorus-sulfur and phos- 
phorus-oxygen bond lengths for thermal effects2 using the Busing-Levy model of sulfur and oxygen “riding” on phosphorus, 
results in increases ranging from 0.008 to 0.015 A. 

The molecule possesses a crystallographic center of symmetry. 

Introduction 
Recently several metal 0,O’-dialkylphosphorodithio- 

ates have been investigated by X-ray diffraction. 
Structures reported thus far include those of 
zinq5s6 cadmium,j lead,7 tellurium,* and p o t a s s i ~ m . ~  
In  all cases, except that of ionic potassium, the molecules 
consist of (R0)*PS2 ligands coordinated to the metal 
through the sulfur atoms. Owing to the widely dif- 
fering coordination characteristics of the metal atoms, 
wide variations in the stereochemistry of the complexes 
result. Monomers, dimers, and polymers, for example, 
have been found. Moreover, the phosphorus-sulfur 
bonds within the phosphorodithioate ligands have been 
shown to be strongly influenced by the metal atom. 
This strong metal influence has been observed to have a 
marked effect on the properties of the materials as 
antioxidants and lubricating oil additives. lo 

In  view of the conspicuous variability induced in the 
dialkylphosphorodithioates by the metal atom, it is of 
interest to examine the derivative 

containing no metal atom. Presumably this compound 

(1) J.  F. McConnell and 1‘. Kastalsky, Acta Ciyslallogr., 22 ,  853 (1967). 
(2) Q. Fernando and C.  I). Green, J .  Iizovg. ,Vucl. C h r m . ,  29, 647 (1967). 
(3) S. Ooi and (2. Fernando, I i ioig.  Chem.,  6, 1558 (1967). 
(4) V. Kastalsky and J. F. McConnell, Arla L r y s f ~ l l o g ? . ,  SecL. B, 26, 9OY 

(1969). 
( 5 )  T. I t a ,  T. Igarashi, and H. Hagihara, ibid., Sect. B, 26, 2303 (1969). 
(6) S. L. Lawton and G. T. Kokotailo, Inorg.  Chem., 8, 2410 (1969). 
(7) S. L. Lawton and G. T. Kokotailo. Natuve (London),  221, 550 (1969). 
(8) S. Husebye, Acta Chem. Scaad., 20,  24 (1966). 
(9) P. Coppens, C. H. MacGillavry, S. G. Hovenkamp, and H. Douwes, 

Acla Cr>slallogr., 15, 765 (1962). 
(10) (a) I. J. Heilweil, Amev. Chem. SOC., Div. Petvoleum Chenr., Preprinls, 

10, No. 4-D, 19 (1965); (b) J. J. Dickert and C. N. Rowe, J. Ovg. Chem., 82,647 
(1967); (c )  C. AT. Rowe and J. J. Dickert, A S L E  Tra?rs., 10, 85 (1967); 
(d) G. J. J. Jayne and J. S. Elliott, Arne?. Chem. Soc., Diu. Pelroleuin Chem., 
Puepviirts, 14, No. 4-A, 139 (1969): (e) T. V. Liston, H. G. Ingersoll, Jr . ,  
and J. Q. AddmS, ibid., 14, 83 (1969). 

commits the various phosphorus-sulfur bonds to adopt 
their extreme single- or double-bond characters. It 
should therefore serve as a useful reference. 

Experimental Section 

Preparation.-Bis(O,O’-diisopropylphosphorothionyl) disul- 
fide, abbreviated (dtp)z,  was prepared as described elsewhere.loc 
Yellow prismatic crystals for use in the X-ray investigation were 
obtained by recrystallization of the compound from a warm 
ethanol-acetone mixture. 

Crystal Data.-Bis(0,O’-diisopropylphosphorothionyl) disul- 
fide, [ ( ~ - C ~ H ; O ) Z P S ~ ] ~ ,  of formula weight 426.56, has the follow- 
ing characteristics: triclinic, space grotp P i  (Cll); lattice 
parameters a t  24’ are a = 8.412 f 0.002 A ,  b = 8.471 i: 0.002 
d, c = 8.259 I!= 0.002 d, a = 110.79 i 0.02’, P = 94.86 i 

f 0.02 g/crnS (by flotation) and dealod = 1.313 i 0.002 g/cm3 
for Z = 1 formula unit/unit cell. 

The assigned triclinic symmetry resulted from an examination 
of Weissenberg and precession X-ray photographs. Of the two 
possible space groups P1  and P i ,  the centrosymmetric space 
group was initially indicated on the basis of intensity statistics,” 
from an analysis of the Patterson function utilizing the super- 
position technique, and later confirmed by the successful refine- 
ment of the derived structure. The lattice parameters were de- 
termined by a least-squares fit12 to 111 independent pairs of high- 
angle Ka reflections measured from zero-level oweissenberg 
zones taken with copper radiation [X(Ka!r) 1.54050 A and X(Ka2) 
1.54434 A] using crystals mounted in three different orientations; 
each film was calibrated with superimposed aluminum powder 
lines (a0 = 4.0330 d).  The Selson-Riley extrapolation func- 
tion was employed in the refinement. Indicated errors in the 
cell parameters are 2u. The observed lattice parameters cor- 
respond to the Niggli reduced cell. No symmetry higher than 
primitive triclinic was detected; the lack of higher symmetry 

0.02”, y = 97.91 Z!2 0.02’, v = 539.3 f 0.6 As; dab5d = 1.30 

(11) (a) H.  Lipson and W. Cochran, “The Determination of Crystal 
Structures,” G. Bell and  Sons, London, England. 1957, pp 32-41; (b) L. 
Guggeaberger, “WSTAT, a Fortran Crystallographic Intensity Statistical 
Analysis Program,” Experimental Station, E. I. du Pont  de Nemours & 
Co., Wilmington, Del., 1967. 

(12) D. E. Williams, “LCR-2, a Fortran Lattice Constant Refinement Pro- 
gram,” Report IS-1052, Ames Laboratory, Iowa State University, Ames, 
Iowa, 1964. 
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was subsequently verified by the computer program TRACER 

Collection and Reduction of X-Ray Intensity Data.-Complete 
three-dimensional X-ray diffraction intensity data were taken 
a t  room temperature with zirconiurn-filtered molybdenum Ka 
radiation from a crystal of dimensions 0.12 X 0.17 X 0.17 mm. 
The crystal was mounted in a 0.3-mm Lindemanri glass capillary 
with a* (a  0.17-mm axis) coincident with the + axis of the dif- 
fractonieter. The half-widths of a number of narrow-source, 
open-counter 29 scans14 ranged from 0.03 to 0.06' 8 .  indicating 
that the crystal mosaicity was acceptably small. X General 
Electric quarter-circle Eulerian cradle mounted on a Siemens 
diffractometer equipped with a Siemens scintillation detector 
and a pulse height discriminator was used with the moving- 
crystal, moving-counter measurement technique (8-28 coupling) 
and a 3.5" takeoff angle. The receiving aperture size selected 
to minimize extraneous background was 5.5 mm wide by 5.5 
mm high. The counter angle, 28, was scanned over 2' a t  a 
speed of l ' imin.  Background counts of 24 sec were taken 
a t  each end of the 20 scan. A11 scans were recorded on a chart 
recorder to provide visual evidence for the existence of observed 
reflections, proper peak shape, reflection centering in 28, and 
nonoverlap of adjacent reflections. total of 2644 intensities 
in the range 28 5 55' were collected. Of these, 83 were sym- 
metry related to others and were averaged; the deviation from 
the average for equivalent pairs did not exceed 6'3 for those re- 
flections with F, > 3 u ( F 0 ) .  Three standard reflections were 
measured periodically as a check on crystal decomposition and 
a total 3 5% decrease in intensities was observed. 

The raw intensity of each reflection was corrected for back- 
ground, crystal decomposition, Lorentz, and polarization effects. 
Transmission factors ranged from 0.91 to 0.93 based on a linear 
absorption coefficient of 5.84 cm-1; no absorption corrections 
were therefore applied. Standard deviations were assigned to 
the intensities as described by Corfield, Doedens and Ibers,'; 
using a value of 0.03 for p .  The estimated standard deviation 
in each F, was calculated by employing the method of finite dif- 
ferences.16 A total of 1290 reflections were observed above the 
background level, of which 1073 had FO2 2 u ( F o 2 ) .  Those with 
FO2 < u(F,*) were considered as unobserved and thus wcre 
omitted from the refinements. 

11.13 

Solution and Refinement of the Structure 

The structure was solved using Patterson superposi- 
tion and Fourier techniques. l7 Two successive super- 
positions of an unsharpened Patterson function revealed 
a direct image of the phosphorus-sulfur-oxygen frame- 
work with an indicated C; symmetry. A series of three- 
dimensional electron density functions ( F ,  and F, - F,) 
and isotropic least-squares refinements in the space 
group Pi led to the location of all remaining nonhydro- 
gen atoms in the structure. 

The structure was refined by using a full-matrix 
least-squares procedure. The function minimized was 

(13) (a) S. L.  Lawton, "TRACER 11, a Fortran Lattice Transformation- 
Cell Reduction Program," Mobil Reseal-cb & Development Corp..  Research 
Ilepartment,  Paulsboro, S. J . ,  1967; (b) S. L.  Lawton and I?. A. Jacobson, 
"The Reduced Cell and  I t s  Crystallographic Applications," Report IS-1141, 
Ames Laboratory, Inwa State University. Ames, Iowa, 1965. 

(1 L) I n  the  region examined, 20 < 15", the 20-scan and w-scan techniques 
yield comparable I-esul : T. C. Fuinas,  "Single Crystal Oi-ienter Instruc- 
tion Manual," General 

(15) P .  W. I?,  Corfield. I < .  J. Iloedens, and J. A .  Ibers, Z i z o v ~ ,  C h ~ i i i . ,  6, 
197 (1967). 

(16) 11 E;. Williams and L I .  k:. Rundle, J A ~ P : .  Chrin.  Sol . ,  86, 1660 
(1964). 

(17) I n  addition t u  vai.ioub lucal programs for the C U C  1GO4B cvmyutti ,  
local modifications of the  following programs were used in the solution and 
refinement of this structure' Guggenberger's FOUR Fourier program; Bus- 
ing. AIartin, and Levy's OKFIS crystallographic least-squal-es program; 
Busing and Levy's ORPSI: function and error pl-vgi-am; and Johnson's 
OR1i:P the1 mal e1lipsoid plotting pi-ogram. 

lecti-ic Cu , Milwaukee, \\'is., 1966. 

,Zw(IF,I - ] F c / ) 2 ,  where IF,I and IF,; are the observed 
and calculated structure amplitudes, respectively, and 
'io, is the weight defined as l / a 2 ( F , ) .  Atomic scattering- 
factors for neutral atoms tabulated by Hanson, et a1.,I8 
were used. Effects of anomalous scattering of S and P 
were included in the structure factor calculations, l9 

using values for Af' and Af" given in ref 23 .  The 
best fully weighted isotropic refinement of all 11 atoms 
plus the scale factor resulted in K1 = 8ilF,/  - [Fell/ 
ZIF,i = 0.108 and R2 = (Zw(!F,I - (F,~)2/~w/Fo~2)1" 
= 0.107. h difference Fourier map calculated a t  this 
stage revealed anisotropic vibrational patterns of all 11 
atoms which seemed physically reasonable. h sub- 
sequent refinement in which ellipsoidal thermal param- 
eters were introduced for sulfur and phosphorus reduced 
R1 and Ra to 0.082 and 0.086, respectively; extension of 
anisotropic refinement to oxygen and carbon reduced XI 
and Rz still further to 0.073 and 0.076, respectively. 

Careful analysis of a new difference Fourier map 
revealed the location of all 14 independent hydrogen 
atoms, with the methyl groups oriented to adopt 
staggered conformations with respect to  the C-H bonds 
radiating from the vertex carbon atoms. Inclusion of 
the positional and isotropic thermal parameters of 
these atoms in the refinement resulted in 121 = 0.058 
and Ra = 0.051, The refined isotropic temperature 
values were in the range 1.1-i .4 A2. The C-H distances 
ranged from 0.85 to 1 .I1 A and the C-C-H and H-C-H 
angles from 86 to 12i0.21-24 In  keeping with the belief 
that  constraints imposed upon the carbon-hydrogen 
bond lengths and methyl group geometries are to be 
preferred on physical grounds, idealized hydrogen 
coordinates were computed assuming an average C-H 
bond length of 0.98 k and an H-C-H bond angle of 109" 
28'. The methyl groups were rotated to give perfect 
staggered conformations with respect to the C-H bonds 
radiating from the vertex carbon atoms, in best agree- 
ment with the refined positions. These hydrogen 
atoms were included in the final cycles of refinement as 
fixed atoms with average isotropic temperature factors 
of 4.5 az. 

(18) H. P. Hanson, F. Herman, J. D. Lea, and  S .  Skillman, Acta Cryslal- 

(19) J. A. Ibers and  W. C. Hamilton, ibid., 17, 781 (1964). 
(20) "International Tables for X-Kay Crystallography," Vol. 111, Kynoch 

Press, Birmingham, England, 1962, pp 215, 216. 
(21) Although these wide variations showed no discernible trend with 

location of the  atoms in the  molecule, this distribution was believed t o  re- 
sult from combined effects of anisotropic thermal motion of the carbon atoms 
and from random errors in the  intensity data.  T h e  apparent shortening of 
the  carbon-hydrogen bond relative to the  true mean i?zte:,nzrcleai distance 
of 1.11 found in electron diffraction studies22 is typical of X-ray analysesZs 
and  is associated with the concentration of the bonding electron density 
between the nuclei.24 

( 2 2 )  See, for example: (a) I<. A. Ronham and I,. S. Bartell, J. A m e r .  
Chevz. Soc., 81, 3491 (1969); (b) I<. A. Bonham, I,. S. Bartell, and  U. A. 
Kohl, ib id . ,  81, 4765 (1959); (c) I,. S. Bartell, K .  Kuchitsu, and I<. J. de- 
&-eui, J .  Chrm.  P h y s . ,  33, 1254 (1960); (d) L. s. Bartell, K. Kuchitsu, and 
I<. J. del;eui, ibid., 35, 1211 (1961); (e) K. Kuchitsu and L. S.  Bartell, J .  
Phys.  Soc. Jap., SzippZ. B-IT, 17, 23 (lQ62);  ( f )  L. S. Bartell and  €1. K. 
Higginbotham, J .  Chem. Phys. .  42, 851 (1965); (g) L .  S. Bartell, E. A. Roth,  
and  C. D. Hollowell, ibid., 42, 2683 (196.5); (h) I,. S .  Bartell a n d  B. I, 
Carroll, ibid., 42, 3076 (1965); (i) E. J. Jacob, H. B. Thompson, and  L. S 
Bartell, ib id . ,  47, 3736 (1967); (j) L .  S. Bartell, J .  Ciaem. Educ., 45, 754 
(1968). 

(23) W. C. Hamilton and  J .  A. Ibers, "Hydrugen Bonding in Solids: 
Methods of 3Ioiecular Structure Iletermination," W. A.  Benjamin. S e w  
York, N. Y. ,  1968. 

Zosr., 17, 1040 (1964). 

(24) B. Ilawson, A i ~ s l .  J .  Cheiiz., 18, 595 (106.5). 
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TABLE I 
FINAL POSITIONAL AND ANISOTROPIC THERMAL PARAMETERS FOR [ (i-C3H70)zPSz] za 

i50 
equivC 

Atom X Y z P l i b  P Z Z  Pi? Pi3 P.3 B, A2 
S ( l )  -0.06668 (25) 0.09768 (26) 0.05566 (24) 187 (4) 184 (4) 122 (4) 82 (3) 17 (3) 49 (3) 4.07 
S(2) -0.31482 (25) 0.28251 (25) -0.08527 (27) 169 (4) 165 (4) 240 (5) 71 (3) 28 (3) 68 (4) 4.67 
P(1) -0,18715 (22) 0.10855 (22) -0,16851 (23) 120 (3) 125 (3) 127 (4) 24 (3) 10 (3) 46 (3) 3.10 
O(1) -0.05855 (50) 0.12949 (52) -0.28902 (53) 140 (8) 136 (9) 161 (9) -7 (7) 30 (7) 53 (7) 3 .71  
0 ( 2 )  -0.2i246 (49) -0.07672 (51) -0.28840 (54) 127 (8) 135 (9) 170 (9) -2 ( i )  40 (7) 32 (7) 3 .77  
C(1) 0.0567 (8) 0.2898 (8) -0.2419 (9) 147 (14) 140 (14) 206 (16) -16 (11) 18 (12) 70 (12) 4 . 2  
C(2) -0.4122 (9) -0.1659 (9) -0.2404 (9) 149 (14) 174 (15) 180 (16) -13 (12) 45 (12) 31 (12) 4 . 5  
(33) 0.0104 (11) 0.3710 (11) -0.3696 (13) 260 (20) 262 (21) 428 (28) 2 (16) 14 (19) 234 (20) 7 . 3  
C(4) 0,2222 (9) 0.2402 (10) -0.2552 (11) 170 (15) 214 (17) 297 (21) 9 (13) 42 (14) 111 (16) 5 . 5  

C(6) -0.3788(10) -0.3408(10) -0.2610(11) 210(17) lSZ(17) 350(24) -6 (14)  34 (16)  103(16) 6 .2  
C(5) -0,5605 (9) -0.1706 (11) -0.3588 (12) 126 (14) 282 (21) 372 (25) 8 (14) 12 (15) 107 (18) 6 . 5  

All atoms are in the general symmetry position (2i). 
deviations occurring in the least significant digit of the parameter. 
exp[-((Pllh2 + hnk2 + P3dz + 2p12hk + 2p1ahl + 2 p ~ & l ) l .  
lo4. 
p + 2P23bc cos a ) :  

Numbers in parentheses in all tables and in the text are estimated standard 
The form of the anisotropic temperature factor expression is 

The P’s and their estimated standard deviations have been multiplied by 
Calculated from the anisotropic thermal parameters by the equation B E 4 / 3 ( P ~ ~ a 2  + &bZ + p3& + 2p12ab cos y + 2Plsac cos 

W. C. Hamilton. Acta Crystallogv., 12, 609 (1959). +y 
02 

I-- +% 
Figure 1.-A stereographic view of the [(i-CaH70)2€’S2] 2 molecule parallel t o  the PsS4 plane 

TABLE I1 
FINAL POSITIONAL PARAMETERS FOR HYDROGEN IN 

[ ( ~ - C ~ H ~ O ) ~ P S Z I  2‘‘ 

H(1) 0.051 0,366 -0.122 
Atom X Y 2 

H(2)  -0,424 -0.103 -0.118 
H(3)  0.016 0.293 -0.489 
H(41 -0.100 0.393 -0,361 
H(5) 0.085 0.479 -0.342 
H(6)  0.226 0.164 -0.375 
H(7)  0,305 0.344 -0,224 
H(8)  0,243 0.181 -0.175 
H(9) -0.549 -0 234 -0.481 
H(10) -0.657 -0 .228  -0.329 
H(11) -0.573 -0.053 - 0.344 
H( 1 2 )  -0.367 - 0 ,404 -0,383 
H(13) -0.278 -0.329 -0.185 
H( 14) -0,469 -0.404 -0.228 

u Based on C-H = 0.98 A. 

Convergence was reached with R1 = 0.059 and Rf = 
0.053 for the 1073 observed reflections. Corresponding 
values for all 1290 reflections were R1 = 0.083 and Rz = 
0.067. The final “error of fit” based on the 100 vari- 
ables was 1.09. The relative correctness of the weight- 
ing scheme, as judged by the variation of mean wA2 
(A = IFo/ - IFc]) with lFoI and (sin O ) / A ,  was satis- 
factory. A final difference map calculated on an 

TABLE 111 

VIBRATION (A) IN [(i-C3HiO)nPS212“ 
FINAL ROOT-MEAN-SQUARE THERMAL AMPLITUDES O F  

lMin Med Max 

0.193 (3) 0.256 (3) 0.274 (3) 
0.190 (3) 0 195(3)  0.208 (3) 
0.184 (7)  0.216 (6) 0.246 (6)  
0.188 (7) 0.204 (6)  0.258 (6) 
0.181 (11) 0 246 (10) 0.254 (10) 
0.201 (11) 0.216 (10) 0.287 (10) 
0.210 (12) 0 298 (12) 0.379 (12) 
0.224(11) 0.269(10) 0 .296(10)  
0 .207(12)  0.301(11) 0 .338(11)  
0.218 (11) 0.288 (11) 0.3’24 (11) 

0.190 (3) 0.202 (3) 0.279 (3) 

An indication of the directions of these principal axes of 
vibration is given in Figure 3. 

absolute scale showed no peaks greater than 0.2 e-/A3, 
consistent with good refinement. Comparison of the 
final values of i F,, and 1 Fcl indicated that a correction 
for secondary extinction was not necessary. 

The final positional and thermal parameters derived 
from the last cycle of least-squares refinement are 
presented in Table I, along with the associated standard 
deviations in these parameters as estimated from the 
inverse matrix. The hydrogen positions are listed in 
Table 11. Table I11 gives the final root-mean-square 
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TABLE IV 
OBSERVED AND CALCULATED STRUCTURE FACTORS (IN ELECTRONS X 10) FOR 

BIS(~,~'-DIISOPROPYLPHOSPHOROTHIONYL) DISULFIDE, [ ( ~ - C ~ H ~ O ) B P S ~ ] ~ ~  
II ~0 (c  E L 10 FL L L IO FC K L t o  SC I L P O  FC I L I O  FC I L f 0  f C  X L I O  f C  I L I O  FC K L PO I C  K L FD FC .". M . 0 .... 

.... H . I .... 

e... I( . 2 

0 Asterisks denote unobserved reflections 

e... n . I .... I 0 -. n 

amplitudes of vibration of the nonhydrogen atoms. 
Table IV lists the observed and calculated structure 
factors. 

Description of the Structure 
Molecules of [(i-C8H70)2PS2]a, illustrated in Figures 

1-3, contain a planar zigzag array of linkages about a 
P S S  

S // \/ \/ 
straight line passing more or less through the midpoint 
of each of the five bonds. Deviations of the six atoms 
from the best-weighted plane (see first equation of ref 

25 and ref 26) do not exceed 0.002 (2) A. About each 
tetrahedrally coordinated phosphorus atom are two 
OC3H7 groups, the two P(OCsH7)2 groups in the molecule 
in turn being related to each other by an inversion 
operation located at  the midpoint of the S-S bond. 
These isopropoxy groups are oriented such that a 
second plane is formed normal to  the P& plane. 

( 2 6 )  T h e  equations of the  best planes, expressed in triclinic coordinates, 
are: 5.639~ + 5 . 4 4 5 ~  - 2.761s - 0.000 = 0 for the  PiSa plane and 5 . 5 7 0 ~  
- 5 . 7 2 5 ~  + 4.8702 - 2.486 = 0 for the  P ( 0 C ) a  plane. 

(26) Weights were based on the  variance-covariance matrix as obtained 
from the  final cycle of least-squares refinement. T h e  conlputed standard 
deviations include the  standard deviations of the  lattice parameters, which 
contribute significantly less than  those of t h e  atomic parameters. 
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Figure 2.-A stereographic illustration of the molecular packing of [(i-CaH70)oPSn]2 in the unit cell. For clarity, the hydrogen atoms 
are not shown. 

PI e,’ 

(b) 
Figure 3 -Parallel projections of the [(i-CaH70)tPS2] 2 molecule, 

showing the principal root-mean-square thermal displacements of 
the atoms. The ellipsoidal boundaries (except those of hydro- 
gen) are drawn a t  the 72% probability level: ( a )  view parallel 
t o  the P2S4 plane; (b)  view normal to the PzS4 plane. 

0 0  
C / -\p/ 

Carbon exhibits the largest deviation, approaching 
0.03 if or 4rr, from the best-weighted plane (see second 
equation of ref 25 and ref 26). 

Interatomic distances, angles, and standard devia- 
tions are given in Table V. Corrections of the P-S and 
P-0 bond lengths for thermal motion may be estimated 

TABLE 1- 
INTERATOMIC DISTANCES AND ANGLES I N  

[(i-CaH70)nPSnlP 
Atoms Ilist, A Atoms Angle, dei, 

S(l)-S(l’) 2.109 (4)  S(l’)-S(l)-P(l) 100.5 (1) 
P(1)-S(1) 3.072 (2)  s(l)-P(l)-S(2) 104.8 (1) 
P(1)-S(2) 1.908 (3)  S(1)-P(1)-O(1) 108.1 (2 )  
P(1)-0(1) 1.564 (4)  S(l)-P(l)-O(’2) 108.2 ( 2 )  
P(1)-0(2) 1.557 (4)  S(2)-P(l)-O(l) 119.2 (21 

O(2)-C(2) 1.469 (8) O(l)-P(1)-0(2) 96.6 (2)  
C(l)-C(3) 1.502 (10) P(l)-O(l)-C(l) 121.0 (4 )  
c(1)-C(4) 1.510 (10) P(1)-0(2)-C(2) 121.3 (4)  
C(2)-C(5) 1.506 (10) O(l)-C(l)-C(3) 106.9 (6) 
C(2)-C(6) 1.498 (10) O(l)-C(l)-C(4) 105.9 (5) 

O(l)-C(lj  1.481 ( 7 )  s(2)-~(1)-0(2) 119.4 (2)  

0(2)-C(2)-C(5) 107.4 (6 )  

C(3)-C(l)-C(4) 112.8 (6) 
C(5)-C(2)-C(6) 113.2 (6) 

0(2)-C(Z)-C(6) 1Oi. 1 (6) 

The averages (plus associated root-mean-square deviations) 
of chemically equivalent bonds and angles are as fpllows: P-0. 
1.561 (5) A ;  0-C, 1.465 (6) b; C-C, 1.534 (5) A; S(l)-P-O, 
108.2 ( 1 ) O ;  S(2)-P-O, 119.3 (1)’; P-0--C, 121.2 (2)’; 0-C-C, 
106.8 (6)”;  C-C-C, 113.0 (3)”. The angle which each isopropyl 
%roup makes with its associated oxygen atom is as follows: 

(6)’; the coordinates of z-C3H7(1) and i-C3H7(2) were taken as 
the midpoint of C(3) with C(4) and C(5) with C(6), respectively. 

0(1kC(l)-i-C3Hi(l), 124.0 ( 6 ) ” ;  0(2)-C(Pj-i-CaH?(2), 122.6 

using the “riding” model of Busing and Levy.27 In 
making these corrections it was convenient to divide the 
dimer into its monomeric halves, each half being 
assumed to librate somewhat independently of the 
other, constrained only through the S-S linkage. The 
centroid of each half was taken at phosphorus, the atom 
which is tetrahedrally coordinated and, significantly, 
also the atom with the lowest temperature factor 
(Table I). Corrected bond lengths of P(l)-S(l) = 

(4), and P(1)-0(2) = 1.566 (4) A were achieved. The 
standard deviations cited do not take into consideration 
uncertainties in the thermal parameters from which the 
corrections were made or the arbitrariness of the 
“riding” model itself. These corrections may be con- 
sidered to represent upper limits. 

2.081 (2), P(l)-S(2) = 1.923 (3), P(1)-0(1) = 1.572 

(27) W R. Busing and H. A.  Levy, Acta C~yslal logi  , 17, 1-12 (1964) 
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Comparison of the observed S-S bond length (2.109 
(4) A) and sulfur bond angle (100.5 (I)') with those of 
other related compounds reveals no unusual bonding in 
(dtp)*. According to Pauling's convention of summing 
covalent radii, the length of an S-S single bond is 2.08 

From an extensive survey of sulfur-containing 
compounds, Abrahams found that the S-S bond varies 
in length from 1.89 to 2.39 A.29  By comparison, the 
length of the S-S bond in S8, in which a small amount of 
double-bond character is believed to exist, is 2.037 ( 5 )  

Therefore, i t  appears that the S-S bond in (dtp)z 
is essentially an unperturbed single bond. _4 survey of 
sulfur valency angles by ilbrahams reveals a range of 
from 66 to 119°.*9 Of these, S-S-S bond angles are 
found to vary only from 103 to 1 0 8 O  with a mean value 
of 106". The observed bond angle in SEI for example, is 
1O7.So .30 P-S-P angles in the phosphorus sulfides also 
fall into this range (102-109°).2g Consequently, our 
observed S-S-P angle, though slightly smaller than the 
sulfur valency angle found in most sulfur-containing 
compounds, does not reveal any unusual bonding. 

The two phosphorus-sulfur bonds are unequal in 
length. According to Pauling's scheme, the lengths of 
P-S single and double bonds are 2.14 and 1.94 A, 
respectively.** By comparison, our observed (cor- 
rected) bond lengths were 2.081 (2) and 1.923 ( 3 )  A, 
indicating the presence of multiple bonding in both 
cases. 

The phosphorus-oxygen bond lengths in (dtp)s are 
similar to those found in previously determined metal 

(28) L. Pauling, "The Nature of the Chemical Bond," Cornel1 University 

(29) S. C. Abrahams, Quail .  Reu., Cheiit. Soc., 10, 407 (1956). 
(30) S. C .  Abrahams, Acta Crystallog?., 18, 661 (1955). 
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phosphorodithioates.'-GsY If 1 . i 6  and I .44 A are 
accepted as the single and double P-0 bond lengths, 

(cor) in (dtp)2 indicates the presence of some double- 
bond character in these bonds as well, This presence 
would be consistent with the vast majority of other 
compounds containing P-0- bonds. The bond order 
estimated from the Robinson equation31 

the average measured value 1.569 ( 5 )  

~ I J - O  = L'3.8/;r-08 + 0.74 

is 1.4. Such a value would not seem unreasonable if 
some T bonding due to delocalization of lone-pair 
electrons on oxygen into vacant 3d,,-,, and 3dZ2 orbitals 
of phosphorus occurs.31-3Y 

The C-H. . .S and C-H. . '0 interactions are un- 
exceptional. No distances less than 3.1 and 2.6 A, 
respectively, were found, based on coordinates for the 
hydrogen atoms adjusted to give C-H bond lengths of 
1.1 A. 
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The dimeric carborane 1,2 ' :  1',2-di-~-carbonyl-bis[l,L'-dicarba-cZ~s~-dodecaborane(lL')], [o-BlaC2Hlo. CO]Z, crystallizes in the 
monoclinic space group P21/n, with two molecules per cell of dimensions ao = 9.528 (4) &&, bo = 13.704 (8) A, co = 7.078 ( 2 )  
b ,  and p = 95.64 (a)', with Z = 2, pcalor, = 1.228 (2), and pobsd = 1.23 z 0.01 g/cm3. The phases were determined by the 
symbolic addition method. Least-squares refinement with 1059 X-ray data resulted in a final unweighted residual of 7.1%. 
The molecules are located on crystallographicacenters of symmetry which fall at the centers of the planar, six carbon atom 
ring. S o  corrections for thermal motion were foynd neces- 

i 18 (8) A,  C-C = sary axnoyg the skeletal bond lengths where the average bond distances are C-B = 1.730 (7)  A,  B-B =- 1.-' 
1.645 (4) A4 [polyhedral], and C-C = 1.517 (4) d [exopolyhedral], 

The carbonyl bond length is 1.217 (4) A for the riding model. 

The average B-H length is 1.09 ( 5 )  A. 

Introduction to form exopolyhedral rings. No structural data have 
There is a pronounced tendency of the substituents Yet appeared for such species or for the related doubly 

attached to the carboll atoms in the o-carborane moiety connected his o-carboranes. MTe wish to report the 
structure for one such carborane, [o-B1,,H&. CO 12,  

48104. 1,2': 1',2-di-p-carbonyl-bis [lj2-dicarba-closo-dodecabo- (1) Ilepartment of Chemistry, University of Michigan, Ann Arbor, Mich. 




