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INTRODUCTION 

The crystal and molecular structure of bis(tribenzy1- 
phosphine oxide)dichlorocobalt (11) has been under- 
taken as part of a continuing comparative study of 
the tribenzyl, dibenzyl phenyl, benzyl diphenyl, and 
triphenyl phosphine oxide complexes in solution and 
solid state.' The purpose is the elucidation of the 
molecular geometry of this complex. 

EXPERIMENT A L 

The samples were obtained by mixing alcoholic 
solutions of salt and organic ligand in the proper 
stoechometric proportions. The solution was con- 
centrated and cooled in a refrigerator until crystal- 
lization. Usually the crystals were well formed blue 
bipiramids. 

Bis(tribenzy1phosphine oxide)dichlorocobalt (11) 
iias the following cell dimensions a = 15.133( 1) 8, 
b =  13.905(1)& ~ = 1 6 . 4 9 2 ( 1 ) 8 , a = / 3 = ~ ~ 9 0 " ,  
V = 3954 A.3 These were obtained using a Philips 
automatic diffractometer PW 1100 and refined by 
least squares calculations. It crystallizes in the ortho- 
rhombic system. The following systematic extintions, 
hOO for h = odd, OkO for k = odd and OOQ for Q = odd 
were observed fixing the space group as 21 21. 
The observed density = 1.29 g/cm3 (by flotation), 
calculated density = 1.293 g/cm3 assuming 2 = 4 
molecules/cell. 

The intensities of 21 10 independent reflections 
were recorded using the PW 1100 Philips automatic 
single crystal diffractometer by courtesy of Philips 

Company and their Laboratories in Eindhoven. The 
radiation was graphite monochromatized Moka using 
the 8-28 scan type with a scan width of 1" and a 
speed of O.OS"/sec. Background counts were done on 
each extreme of the scanning interval taking 1/2 of 
the scan time on both sides. The intensity of three 
standard reflections, (141), (230) and (330) were 
measured each 100 reflections and did not show any 
appreciable change in intensity during all data 
collection. 

Data Reduction 

The data were corrected for the Lp factor and 
reduced to the corresponding moduli of structure 
factors. All reflections in which the observed F was 
greater than three times the value of the correspond- 
ing standard deviation (o(F)) were considered to be 
statistically above background. 2085 reflections were 
classified in this category. As the largest and smallest 
dimensions of the crystal used in data collection were 
respectively only of 0.5 and 0.3 mm and 1-1 = 8.2 no 
absorption cbrrection was applied. 

Structure Analysis 

As we intended to use direct methods, we proceeded 
to the determination of the scale factor and average 
temperature factor using the Wilson plot procedure 
and to the calculation of the normalized structure 
factors. A program written by R. Shiono2 was used. 

The program Multan3 was used for the phasing of 
the 470 largest E values (E > 1.24). 16 sets of phases 
were generated; the corresponding E maps were 
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TABLE I 
Non hydrogen atoms thermal and positional parameters of bis(tribenzy1phosphine oxide)dichlorocobalt (11) 

and their estimated standard deviationsa 
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calculated for the two with the best figure of merit. 
In those we found five well defined peaks which 
could be attributed to  Co*, C1- and P. At this 
stage we did not attempt to  discriminate betwzen 
chlorine and phosphorus. Structure factors were 
calculated for both and the solution that gave the 
smallest value of the agreement index R was chosen. 
The coordinates for the heavy atoms were in this way 
definitely established. Difference Fourier maps 
disclosed all the remaining atoms, except hydrogen. 
The coordinates of all atoms were then refined by the 
full matrix least squares refinement of w(lFo I -  IF0 I)'  
using the corresponding program included in the 
Enraf-Nonius Structure Determination Package 
(SDP)4 written for use on the PDP-11 series of 
computers to an R value of 0.075, when all shifts 
were smaller than three times their standard 
deviations. 

As the positions of the hydrogen atoms were not 
revealed by a difference synthesis, their coordinates 
were generated from the positions of the atoms to 
which they are bonded by assuming tetrahedral and 
trigonal angles and C-H distances of 1 .O A. The full 

matrix least squares refinement gave a final value of 
R = 0.065 taking w as constant up t o  the end of the 
refinement which was considered completed when all 
coordinate shifts were less than twice the correspond- 
ing standard deviations. The hydrogen positional and 
thermal parameters were not refined. An attempt was 
made towards improving the refinement using weights 
proportional to the standard deviation of measured 
F's4 and the pivot point scheme4 with no further 
improvement. In all calculations the atomic scattering 
factors were used taking into account the anomalous 
scattering coefficients. Their numerical values were 
taken from the Vol. 4 of the International Tables for 
X-ray Crystallography.' 

Structural Data 

Tables I and I1 give the final parameters of the atoms 
in the asymetric unit and their estimated standard 
deviations in parenthesis. The intramolecular 
distances and angles are given in Table 111. Equation 
for the best plane of the phenyl rings was obtained by 
least squares fitting. Table IV gives the equations for 

TABLE I1 
Hydrogen positional and thermal parameters of bis(tribenzy1phosphine oxide)dichlorocobalt (11) and their 

standard deviationsa 

A m  X P Z B  ATOH X Y 2 0 

81 16630( 0) 6224( 0) 36080( 0) 680000( 0) IU2 49744( 0) 15244( 0) -9500( 0) 8500oo( 0) 
82  13150( 0) 9425( 0) 27230( 0) 700000( 0) H23 59545( 0) 19513( 0)  -9030( 0) 65oooo( 0) 
P3 18122( 0) 24469( 0) 22601( 0) 85oooo( 0) 36571( 0) 24468( 0)-lO396( 0) 650000( 0) 
114 20857( 0) 38338( 0) 26519( 0) 8SWoo( 0) H25 31239( 0) 38359( 0)-13924( 0) 850000( 0) 

85 22699( 0) 41242( 0) 40686( 0) 8SOOOo( 0) H26 41120( 0) 49557( 0)-16003( 0) ~ ~ O O O O (  0) 
El6 24051( 0) 29543( 0) 50363( 0) 8 ~ 0 0 0 0 (  0) H27 56597( 0) 47615( 0)-12530( 0) 850000( 0) 

87 20323( 0) 15786( 0) 46063C 0) ~ S O O O o (  0) R28 61579( 0 )  33936( 0) -9165( 0) 850000( 0) 
27840( 0) -7672( 0) 31777( 0) 690000( 0) 829 53624( 0) 31548( 0) 7576( 0) 650000( 0) 

89 33084( 0) -7450( 0) 23126( 0) 7200oO( 0 )  H30 63753( 0) 28127( 0) 6699( 0) 650000( 0) 

810 10014( 0)-10001( 0) 31521( 0) SSOOOO( 0) 831 71582( 0 )  22559( 0) 18931( 0) ESOOOO( 0) 
811 -1107( 0)-15082( 0) 24701( 0) SSOWO( 0) K32 71620( 0 )  20476( 0) 33390( 0) ESOOOO( 0) 
812 35( 0)-18593( 0) 10203( 0) ESOOOO( 0) ?I33 59198( 0) 23419( 0) 41118( 0) SSOOOO( 0) 
813 12541( 0)-14418( 0) 3333( 0) 85OOOO( 0) H34 45839( 0 )  28615( 0) 34958( 0) ESOOOO( 0)  

814 25655( 0) -9322( 0) lOZSS( 0) 8SOOOo( 0) H35 44848( 0) 28967( 0) 20231( 0) SSOOOO( 0) 
815 33941( 0) 6978( 0) 39445( 0) 690000( 0) H36 62218( 0) 7906( 0) 10982( 0) 650000( 0) 
816 37626( 0) 14452( 0) 33559( 0) 720000( 0) H37 67870( 0)  11864( 0) 3460( 0) 6S0000( 0) 
817 45559( 0) 264( 0) 45402( 0) 8SOOW( 0) H38 70710( 0)  5251( 0) -8450( 0) 850000( 0) 

818 59747( 0) -5991( 0) 4507U( 0) 8SOOOO( 0) H39 68782( 0 )  -5888( 0)-17339( 0) 8SOOoD( 0) 
819 67301( 0) -7890( 0) 32483( 0) 8SOOW( 0) H40 57014( 0)-15352( 0)-15359( 0) SSOOOO( 0) 
820 61601( 0) -1268( 0) 20847( 0) ESOOOO( 0) H41 47424( 0)-14243( 0)  -398l( 0)  ESOOOO( 0) 
821 47490( 0) 5330( 0)  21224( 0) 8SOOOO( 0) 842 497" 0 )  -3158( 0) 5662( 0) 8SOOOO( 0)  

Positional and Thermal Parameters X 10 5 
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TABLE I11 
Bis(tribenzy1phosphine oxide)dichlorocobalt (11) intramolecular distances and angles 

At.1 At.2 At.3 

C L l  c o  
c11 c o  
C l l  c o  
CL2 co 
CL2 co 
01 co 
co 01 
co 02 
01 P1 
01 P 1  
01 P1 
cl P i  
c1 P l  
C8 P1 
02 P2 
02 P2 
02 P2 
a 2  P2 
C22 P2 
c29 P2 
P l  c1 
C l  C2 
C l  C2 
c2 c 3  
c3 c 4  
c4 c 5  
C5 C6 
C6 C7 
c 7  c 2  
P1 C8 
C8 c 9  
CB C9 
c9 c10 
ClO c11 
C l l  c12  
C l 2  C13 
C13 C14 

CL2 
01 
02 
01  
02 
02 
P1 
P2 
c1 
C8 
C l 5  
C8 
C15 
C15 
C22 
cz 9 
C36 
C2 9 
C36 
C36 
C2 
c3 
c7 
c4 
c5 
C6 
c7 
C2 
c 3  
c9 
c10 
C14 
c1 I 
c12 
C13 
C14 
c9 

d 12 d 23 A n g l e  At.1 A t 2  At.3 

2.255(31 2.249131 113.0111 
2.255(31 
2.255 (31 
2.249131 
2.249(31 
1.937 ( 7  I 
1.937 (7 I 
1.920(61 
1.517(7) 
1.517171 
1.517(71 
1.808(111 
1.808(11 I 
1.819I121 
1.505[7 1 
1.505 (7 I 
1.505 ( 7 I 
1.795(31 
1.795131 
1.748(31 
1.608[11 I 
1.479(131 
1.479(131 
1.449 ( 1  31 
1.345(151 
1.353U.161 
1.47(171 
1.370(151 
1.356 (131 
1.8191121 
1.5291141 
1.529(141 
1.322(131 
1.432(141 
1.429(151 
1.306[141 
1.424(141 

.937171 110.6(21 

.920(61 109.1121 

.937171 109.6(21 

.920[61 109.2(21  

.920(61 104.9(31 
.517(71 176.0(81 
.507[71  153.0(81 
.808(111 113.6(51 
.819(12 I 109.41 51 
.824(111 114.5(51  

1.819(121 
1 .824 ( 1 1  I 
1.824[11 I 
1.795 (31 
1.748(31 
1.756(31 

1.756131 
1.75613) 
1.4791131 
1.449(131 
1.3561131 
1.3451151 
1.353[161 
1.470(171 
1.370 ( 1  5 I 
1.3561131 
1.4491131 
1.529(141 
1.322 (131 
1.4201121 
1.432(141 
1.429(151 
1.306(141 
1.424(141 
1.420(121 

i .74a(31 

110.3151 
102 .O( 51 
106.5( 5 I 
113.3(31 
111.3(31 
109.3 ( 31 
109.5 I 1) 
194.9 I1 I 
108 .z ( 2  I 
113.1(8 I 
124.i" C I 
120.5 ( 1c  I 
125.61 131 
116.6( 1 2 1  
122.0( 11 I 
116.9(101 
123.7 ( 12 I 
115.0(101 
?12.6(81 
122.3fC 1 
118.OlCl 
1 2 1 . 5 ( 1 C l  
118.7(1CI 
118.5( 111 
123.1(101 
l l B . l [ l C l  

the planes in the form Ax + By + Cz - D = 0 where 
A, B, C and D are constants and x, y and z are ortho- 
gonalized coordinates. Also are given the standard 
deviations of each atom from the mean plane. 
Dihedral angles between planes are given in Table V. 

DISCUSSION AND DESCRIPTION OF THE 
MOLECULAR AND CRYSTALLINE STRUCTURE 

An ORTEP representation of the molecular struc- 
ture of bis(tribenzy1phosphine oxide)dichlorocobalt 
(11) is shown in Figure 1. The cobalt is coordinated 
tetrahedrally by two chlorines and two oxygens. The 
chlorine and oxygen atoms are close-packed, as is 
in&cated by the fact that their interatomic distances 
are equal to the sum of the van der Wads radii similar 
to the structure of bis(N-benzyldiphenyl-phosphonic 
amide) dichlorocobalt (II).6 The angles CI1 -Co-U2, 
01-c0-02,0I-C0-U1,01-c0-U2,02-c0-cI1 

C14 C 9  C l O  
P1 C1S C16 
C l 5  C16 C17 
C15 C16 C21 
C16 C17 C18 
C17 C18 C19 
C l 8  c19 c20 
c19 c20 c21 
C20 CZ1 C16 
C 2 l  C16 C17 
PZ €22 c23 
C22 C23 2 4  
C22 C23 C28 
C23 C24 C25 
t 2 4  CZ5 C26 
C25 C26 c27 
C26 C27 C28 
C27 C28 C23 
t 2 6  C23 C24 
PZ C29 C30 
C29 C30 C31 
C29 C30 C35 
C30 C31 C32 
C31 C32 C33 
C32 C33 C34 
c 3 3  c34 c35 
C34 C35 C30 
C35 C30 C31 
P2 C36 C37 
C36 C37 C38 
C36 C37 C42 
c37 C38 c39 
C38 C39 C40 
C39 C40 C41 
C40 C41 C42 
C41 C42 C37 
C42 C37 C38 

d 1 2  d 2 3  

.42OI12 I 

.a24 ( 1  1 I 
,5341131 
.534 (131 
.384(12 1 
.357 (14  I 
.407(141 
.351(131 
,360 ( 131 
.362 ( 1.3 I 
.795 ( 9 1  

.322 1131 

.534 ( 1  31 

.364 ( 1 2  I 

.360 I 13 I 

.357(141 

.407 114 1 
-351 ( 1 3  I 
.394 (141 
.394 (14  I 
.384 (12  I 
.527 ( 1  2 I 

1.527(121 1.353(121 
1 . 5 2 7 ( 1 2 )  1.383[111 
1.353 (12  1 1.361 (121 
1 .361(121 1.335(131 
1 .335(131 1.395(14) 
1.395(141 1..312[121 
1.312(:21 1.383(111 
1.3831111 1.3531121 
1 .748(101 1.5251121 
1 .525(121 1.348(131 
1 .525(12)  1.440(141 
1 .348(13)  1.4135(151 
1.405 ( 1  5 )  I .356 ( 1  81  
1.356 ( 1  61  1.308(17 I 
1.308(171 1.321(141 
1 .321(141 1.440(141 
1.440(141 1.348(131 
1.756[91 1.493(111 
1.493(111 1.379(121 
? .493(111 1.393(131 
1.379(121 1.310(141 
1.3101141 1.345 ( 1  71  
1.345 ( 1  71 1,319 ( 1  7 )  
1.319(171 1.331(141 
1.331(141 1.393(131 
1.493(111 1.379(121 

A n g l e  

119.5( 101 
116.9(71 
118.8(51 
123.9 ( 9  I 
121.3(1CI 
121.4 (101 
117.1(  101 
1 2 1 . 0 ~ 1 1 1  
121.9(101 
117.1(91 
116.9(61 

119.9(8)  
122.5 [91  
120.1(91 
118.4(101 
120.5(101 
122.1(91 
116.3(91 
117.1(71 
124.8 ( 11 I 
120.6 (101 
122.1 ( 121 
119.2(121 
119.8 I111 
122.4[141 
121.8(121 
114.4[91 
115.8(61 
122.4(91 
122.51 91 
123 .8 (  121 
119.1 (131 
119.9[121 
122.3( 131 
119.7 1121 
115 .O ( 9 1  

m . e ( g i  

and 02-Co-cI2 are 113.01", 104.98", 110.60", 
109.81", 109.10" and 109.21" respectively. The distor- 
tions in these angles from the tetrahedral value of 
109" 28'are severer for the Ul-Co-CZ2 and 01-Co- 
02. The reason for these distortions are, as pointed 
out by Roy and Jefferey,s the differences in the Co-0 
and Co-CI bond lengths and the differences in the 
van der Waals radii of chlorine and oxygen. Interatomic 
distances and angles in the phenyl rings are normal. 
As we can see from Table 11, there is a good agree- 
ment between the values of the interatomic distances 
Co-U1 and Co-CZ2, Co-01 and Co-02,Ol-PI 
and 02-P2 respectively within a value not larger 
than twice the standard deviations. There is good 
agreement of these bond length values and similar bond 
distances determined in the structure of bis(Kbenzy1- 
diphenylphosphonic amide)dichlorocobalt (11)6 and 
of bis(trimethy1phosphine oxide) dichlorocobalt 
(II).' 

The crystal packing consists of an arrangement of 
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TABLE IV 
Least square planes 

The equations of planes are expressed 
in orthogonalised space a8 Ax*By+Cz+D-0 

Plane 1 0 . 9 8 2 1 x - 0 . 1 0 9 4 y - 0 . 1 5 3 2 z - 1 . 7 0 6 ~ - 0  

cl 0.033 cC 0.000 c6 0.025 
c2 -0.036 c 5  0.006 c7 -0.028 
c3 -0.001 

Plane 2 - 0 . 3 3 9 6 x + 0 . 9 2 5 1 y - 0 . 1 7 0 0 z - 2 . 9 2 2 9 - 0  

c 8  0 , 0 0 7  ell 0.005 c13 0.025 
c9 -0.008 c12 -0.015 c14 -0.017 
c10  0.003 

Plane 3 0 . 4 6 6 8 x + 0 . 8 5 9 5 y + 0 . 2 0 8 1 2 + 4 . 8 5 9 1 - 0  

CIS 0.019 c l 8  0.019 c20 0.020 
el6 0 , 0 1 7  c19 0.021 c21 0.020 
c17 0.018 

TABLE V 
Dihedral angles between planes 

P L A N E  P L A N E  D I H E D R A L  
N O .  No. ANGLE - 

1 2 - 6 5 . 9  
1 3 - 7 0 . 6  
1 4 7 1 . 4  
1 5 - 8 0 . 1  
1 6 - 5 4 . 2  
2 3 - 5 3 . 0  
2 4 - 8 4 . 2  
2 5 - 3 9 . 4  
2 6 3 4 . 7  
3 4 7 0 . 8  
3 5 1 4 . 1  
3 6 - 8 5 . 5  
4 5 7 6 . 1  
4 6 7 2 . 2  
5 6 - 7 1 . 5  

Plane 4 0 . 1 4 9 6 x - 0 . 2 3 1 6 y - 0 . 9 6 1 2 ~ + 1 . 5 6 7 8 - 0  

c 2 3  0.006 c26 0.006 c28 0.014 
c24 -0.003 

PIane 5 0 . 2 9 1 4 x + 0 . 9 5 6 3 y + 0 . 0 6 5 7 z + 6 . 6 7 5 4 - 0  

c29 0 . 0 1 5  c32 0.019 c34 0.020 
c30 -0,027 c33 0.021 c35 0.019 

c22 -0.006 c25 0.000 c27 -0.017 discrete molecules of the title compound. This is 
illustrated in the ORTEP’ stereo view shown in 
Figure 2. 

c31 -0.001 ACKNOWLEDGEMENT 

Plane 6 - 0 . 6 1 9 4 x * 0 . 5 6 0 3 y - 0 . 5 4 9 9 z - 5 . 4 0 3 9 ~ 0  
c36 0.026 c39 0.013 c41 0.005 thesis and infrared studies of this complex, for suggesting the 
c37 -0.038 c40 0.003 c42 -0.055 problem and for valuable discussions. 
c 3 8  - 0 . 0 0 9  

We are grateful to  A. C. Massabni, who did the original syn- 

FIGURE 1 The molecular structure of bis(tribenzy1phosphine oxide)dichlorocobalt(II). 
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FlCURE 2 Stereo view of the molecular packing of bis(tribenzy1phosphine oxide)dichlorocobalt(II) 
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