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The crystal and molecular structure of tricarbonylbis(triphenylphosphine)osmium(O), Os( CO)3(P(CeHs)3)2, has been deter- 
mined from three-dimensional X-ray data collected by multiple-film methods. The structure has been refined by least- 
squares techniques down to a final R factor on F of 9.1%. The material crystallizes in space group D3d4-P%1 of the trigonal 
system, with six molecules in a cell of dimensions a = 15.80 (2) fi  and c = 23.20 (3) A. The observed and calculated 
densities are 1.60 3t 0.02 and 1.59 g/cm3, respectively. The crystal structure is made up of well-separated monomeric 
molecular units. Threefold crystallographic symmetry is imposed upon four of the molecules in the unit cell; the remain- 
ing two molecules are crystallographically required to possess D3-32 point symmetry. Thus the inner coordination about 
the two independent Os atoms is trigonal bipyramidal with the phosphine ligands at th: apices and the three carbonyls in 
the equatorial plane. The Os-C-0 linkage is linear. The average Os-P and OS-C distances are 2.36 (3) and 1.92 ( 5 )  A. 

Introduction 
The preparation of tricarbonylbis(tripheny1phos- 

phine)osmium(O) was reported by Collman and Roper 
in 1965.l This represented the first known phosphine 
complex of osmium(0); since that time, the mono- 
phosphine complex Os(CO)g(P(C6H5)3) has also been 
prepared.2 The only other osmium(0) complex known 
is Os(C0)6, a liquid which readily trimerizes to form 
O S ~ C O ) ~ ~  with loss of carbon monoxide. The X-ray 
structure3 of this trimer shows the osmium atoms to 
be arranged in a metal-metal-bonded triangle with each 
Os in a nearly octahedral environment. 

The phosphine complex O S ( C ~ ) ~ ( P ( C P & , ) ~ ) ~  is of 
structural interest as it is a monomeric complex of 
osmium(0). As such, a determination of its structure 
is part of a long-range series of studies in this laboratory 
on the structures of five-coordinate transition metal 
complexes containing monodentate ligands. It is not 
a t  present possible to predict which, if either, of the 
idealized geometries-trigonal bipyramidal or tetrag- 
onal pyramidal-will be utilized in a given transition 
metal ~ o m p l e x . ~ ’ ~  The indirect evidence’ in the present 
case strongly favors the trigonal-bipyramidal geometry. 
Moreover, Fe(C0)5, the only other d8 zerovalent 
complex studied by diffraction methods, has no sig- 
nificant distortions from the idealized trigonal-bi- 
pyramidal geometry.6 J Calderazzo8 has investigated 
the infrared spectra of Ru(C0)5 and O s ( c 0 ) ~  in the 
vapor phase and concluded that these pentacarbonyls 
must possess DSh symmetry. Similarly, for Ru(C0)3- 
(P(C6H5)3)2 Collman and Roper1 measured only one 
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carbonyl stretching frequency, and Cotton and Parishg 
reported that Fe(C0)3(P(C~H5)3)2 exhibits a single 
CO stretch; the structures of these complexes then 
may be analogous to that of the corresponding osmium 
compound, although the infrared evidence alone is 
inconclusive. 

Distortions from an idealized geometry appear to be 
rather common in five-coordinate complexes. Thus, 
even in MXb complexes, for example, the Ni(CN)53- 
ion based on the trigonal-bipyramidal geometry, 
severe distortions appear.1° It is important to as- 
certain if such distortions result from more funda- 
mental and interesting causes than “packing forces.” 
In complexes of the type MX3YZ or MX4Z the metal 
atom is not usually in the X3 plane, as evidenced by 
the structures of P (C~H~)~AUCO(CO)~ ,  l1 Co(SiC13)- 
(CO)4,12 CO(CO)~(P(CBHS)~)(CFZCFZH),~~ and RhH- 
(CO)(P(C6H5)3)3.14 In each case the metal atom lies 
from 0.05 to 0.36 A out of the trigonal plane. Whether 
such distortions are a result of Y # Z or of some more 
fundamental reason, such as an intermediate ground 
state which would lead to distortions even for MX3Y2 
complexes, can be determined only through further 
structural studies. 

Collection and Reduction of Intensity Data 

Crystals of O S ( C ~ ) ~ ( P ( C ~ H ~ ) ~ ) Z  were kindly supplied 
by Collman and Roper and were used without further 
recrystallization. The crystals were thin, pale yellow, 
hexagonal prisms. Uniaxial interference figures were 
obtained with the light beam perpendicular to the 
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hexagonal face. The optical evidence was strongly 
in favor of the crystals belonging to the hexagonal or 
trigonal system. Preliminary precession photographs 
taken with the beam perpendicular to the hexagonal 
face exhibited threefold symmetry on the upper levels, 
suggesting a trigonal space group. Cell dimensions 
at 22” obtained from these precession photographs 
using Mo K a  radiation, X 0.7107 8, are a = 15.80 
(2) A and c = 23.20 (3) A, where the standard devia- 
tions are estimated from repeated measurements. 
For six formula units per cell the calculated density is 
1.59 g/cm3, which agrees well with the experimental 
value of 1 .GO 0.02 g/cm3 obtained by flotation in 
CHaI-CH2C12 solutions. Systematic absences only 
for hhl when 1 is odd observed on h k l ,  hk3, and hk5 
precession photographs suggested possible space groups 
C3v3-P3cl or D8d4-P3c1. The extreme weakness of 
the layers when 1 is odd indicated that the osmium and 
perhaps the phosphorus atoms were not contributing 
to these reflections. 

A single crystal of approximate dimensions 0.3 X 
0.3 x 0.06 mm was attached to a small glass fiber and 
mounted perpendicular to the flat plate (parallel to 
the c axis) for data collection by the Weissenberg equi- 
inclination method. A series of multiple-film in- 
tegrated exposures was taken for the layers hkO through 
hk22, for 1 even only, using zirconium-filtered Mo K a  
radiation. The intensities were visually estimated by 
comparison with a standard film strip, and the data 
were corrected for Lorentz-polarization effects. For 
purposes of a numerical absorption correction, the 
crystal was carefully measured by means of a microm- 
eter eyepiece, and the faces were identified by optical 
and X-ray means. The crystal is a second-order prism 
with bounding faces of the forms {OOl) and {llO). 
The 785 independent reflections above background 
were corrected for absorption, l5 using a calculated 
absorption coefficient of 41.8 cm-l. Transmission 
factors ranged from 0.33 to 0.58. The extremely weak 
layers (1 odd) could not be collected using the Weissen- 
berg technique, as streaking from adjacent levels ac- 
counted for most of the intensity. Accordingly, a 
second crystal was mounted perpendicular to its c axis 
and a seyitts of timed precession exposures for the layers 
1 = 1, 3, and 5 was taken using zirconium-filtered 
M o  K a  radiation. There were 14 reflections of mea- 
surable intensity, and these were estimated as before 
and corrected for Lorentz and polarization effects. 
Absorption errors are unimportant in this procedure as 
the crystal used was a large, flat plate of approximate 
diameter 0.8 mm. The crystal intercepted the entire 
beam, giving a constant absorption effect for each 
layer. 

Solution and Refinement of the Structure 
A three-dimensional Patterson function was com- 

(15) Programs used for this analysis included local modifications of 
Burnham’s GNABS Weissenberg absorption program, Baur’s I PBPRE Lorentz- 
polarization program, Zalkin’s BORDAP Fourier program, the Busing-Levy 
OXFFE error function program, and Johnson’s ORTEP plotting program. 

puted, and the six osmium atoms were found to occupy 
two independent special positions, two a t  (0, 0, and 
(0, 0, 3/4) (or ( O , O ,  0) and (0, 0, l / 2 ) )  and four a t  (1/3, 2/3, 

z ) ,  (‘1’3, l / 3 ,  4, ( ‘ /3 ,  ‘/3, ‘/z + z ) ,  and P / 3 ,  l /3,  - z ) ,  
where z ‘v 0.52 (or z 0.27). The Patterson function 
has an ambiguity of ‘/4 in the z coordinates for the two 
independent Os atoms ; the coordinates were chosen a t  
this stage to permit an ordered arrangement of car- 
bonyls about the Os atom a t  (0, 0, These results 
suggest space group Pgcl rather than P3c1. Because of 
the absence of a detectable piezoelectric effect, the 
centric group Pgcl was assumed and confirmed by 
subsequent refinement. The Os atoms thus occupy the 
2a and 4d positions, with point symmetries D3-32 and 
C3-3, respectively. Three cycles of least-squares refine- 
ment of this arrangement of Os atoms gave a con- 
ventional RI factor of l G %  on F. Throughout this 
analysis, the atomic scattering factors used for P, C, 
and 0 were those tabulated by Ibers;I6 the atomic 
scattering factor for Os was taken from Cromer and 
Waber.I7 The values for the anomalous dispersion 
terms AS’ and AS” for Os were those given by Cromer.’8 
The function minimized in the least-squares refinement 
was Zw(lF,, - lF01)’, and the discrepancy factors 
quoted are XI = 21[Foi - [ F , l ~ / Z ~ F ,  and RS = 

A Wilson plot was made to determine approximate 
scale factors, and these were held in a fixed ratio during 
a least-squares refinement based on the Os positions 
alone. The difference map readily yielded the P 
positions and the carbonyl groups appeared as well- 
defined peaks about the Os atoms in the x y  planes, 
with the C and 0 peaks quite distinct. Two of the 
three independent phenyl rings could also be discerned. 
These were refined in a group refinementlg along with 
Os, C, 0, and P atoms. -4 subsequent difference 
Fourier map led to the position of the remaining phenyl 
ring. Three cycles of least-squares refinement varying 
individual scale factors, using isotropic temperature 
factors, and treating the phenyl rings as rigid groups 
with a single group temperature factor led to values of 
R1 of 9.1% and R2 of 8.6% for the 799 reflections 
observed. (For the 14 1 odd reflections, A1 = 10 G%.) 
In keeping with past experience, the weighting scheme 
used assigned values of u = F/lG for I > 16 and u = 

F / I  for I < 18, where I is the raw intensity on a scale 
where I = 2 is barely visible. Unobserved reflections 
were omitted from the refinements. In these cal- 
culations, the single positional parameter and the 
temperature factor for the carbon atom of the carbonyl 
group associated with Osl would not converge, although 
the corresponding oxygen atom was well behaved. 
Anisotropic refinement of the Os atoms did not solve 
this problem nor did it significantly improve the overall 

(Zw ( 1  F, I - j F, 1 )  2 /ZWF02)  l’z. 
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Atoma 

os1 
PI 
c1 

0 1  

os2 
p2 

P 3  
c2 

0 2  

Wycko5 
position 

2a 
4c 
6f 
6f 
4d 
4d 
4d 

1% 
1% 

TABLE I 
FINAL ATOMIC AND GROUP PARAMETERS FOR OS( co)s(P(c6&)3)2 

Site 
symmetry X Y Z 

Da-32 0 0 '/4 

cz-2 0. 88OOb 0 '/4 

2 0.8078 (30) 0 1/4 

3 2/3 '/3 

c3-3 0 0 0.3499 (17) 

3 '/3 /a 0.5230 (1) 
3 1/3 2/3 0.4187 (16) 

0.3758 (19) 
c1-1 0,6591 (30) 0.4511 (37) 0.4817 (21) 
1 0.6517 (32) 0.5274 (35) 0.4801 (15) 

B ,  
3 . 0  (1) 
3 . 1 ( 6 )  
3.0b 
4 . 0  (10) 
3 . 3  (1) 
2 . 3  (5) 
3 .3  (6) 
3 .0  (9) 
7 .2  (11) 

GroupC X C  Yo zo 6 e r)  B ,  A2 

Ring 1 0,1217 (16) 0.2165 (17) 0.4067 (9) 0.69 (3) 2.51 (2) -2.62 (2) 5 .7  (5) 
Ring 2 0.4067 (15) 0.5303 (14) 0.3614 (7) 1 .62 (2) 2.46 (2) 0.53 (2) 4 .1  (4) 
Ring 3 0.4587 (16) 0.1980(15) 0.3141 (8) -2.49 (2) 2.47 (2) 2.45 (2) 4 . 8  (4) 

a x, y ,  and z are in fractional coordinates. B is the isotropic thermal parameter. The standard deviations of the least significant 
figures are given in parentheses. The x fractional coordinate (taken from the difference Fourier map) and thermal parameter for 
C1 were not refined. The angles 6 ,  e, and 17 (in radians) which bring 
about alignment (except for translation) of an internal coordinate system within the ring with a fixed external coordinate system are 
those previously described. le 

c xo, yc, and zo are the fractional coordinates of the group centers. 

TABLE I1 
DERIVED PARAMETERS FOR GROUP CARBON ATOMS 

X Y z 

Ring 1 
Cl" 0,0727 (32) 0.1230 (20) 0.3826 (13) 
cz 0.1428 (32) 0.1451 (24) 0.4254 (14) 
Ca 0,1919 (22) 0.2386 (25) 0.4495 (12) 
c4 0.1708(30) 0.3101 (18) 0.4308 (13) 
c5 0.1006(29) 0 2880(25) 0.3880(15) 
c6 0.0515 (20) 0.1945 (26) 0.3638 (12) 

Ring 2 
c1 0,3699 (27) 0.5867 (27) 0.3850 (11) 
C2 0.4571 (22) 0 5961 (18) 0.4059 (9) 
c3 0.4940 (20) 0.5397 (25) 0.3822 (11) 

c6 0.3563 (23) 0.4646 (17) 0.3169 (10) 
Ce 0.3194 (19) 0.5210 (26) 0.3405 (12) 

Ring 3 
c1 0.5456 (18) 0.2548 (29) 0.3444 (12) 
cz 0.4601 (23) 0.2533 (20) 0.3615 (9) 
c3 0.3732 (19) 0.1965 (30) 0.3312 (12) 
c4 0.3718 (18) 0.1413 (28) 0.2838 (12) 
c6 0.4573 (25) 0.1428(19) 0.2667(11) 
CS 0.5442 (21) 0.1995 (30) 0.2970 (14) 

c4 0.4435 (27) 0.4740 (26) 0.3377 (12) 

a The rings are numbered so that C1 is attached to P; Ch is 
Estimated standard deviations are derived from 

Intra-ring distances are fixed 
para to Q. 
those of the group parameters. 
(C-C = 1.397A). 

agreement. The two parameters for this carbon atom 
were fixed a t  reasonable values for a final least-squares 
cycle. The K factors did not change, and no 
parameters shifted by values greater than their standard 
deviations. A difference Fourier map based on the 
final parameters contained no peak higher than 1.7 
e/A3, compared with a value of 2.6 e/A3 for a 
carbonyl carbon atom. A structure factor calculation 
for unobserved reflections showed none with intensity 
greater than twice the minimum observed. In  par- 
ticular] only one reflection had lF,l greater than the 

Figure 1.-Perspective drawings of the molecular structure of 
O S ( C O ) ~ ( P ( C ~ ~ ) ~ ) Z .  Molecule 1 (left) has imposed symmetry 
D3-32; molecule 2 (right), symmetry (23-3. 

minimum IF,] for the hk l ,  hk3, and hk5 layers. 
Table I presents the final positional, thermal, and 

group parameters] along with the corresponding 
standard deviations as derived from the inverse matrix. 
The derived positional parameters for the group carbon 
atoms are presented in Table 11. The final values of 
IFo/ and IF,/ (in electrons) are given in Table 111. 
The contributions of hydrogen atoms to IF,] have been 
ignored. 

Description of the Structure 

Interatomic distances and angles and their standard 
deviations as computed from the final parameters and 
the correlation matrix are given in Table IV. A 
perspective view of the two independent molecules is 
given in Figure 1 ; Figure 1 also presents selected bond 
distances. It can be seen that  both molecules have 
essentially the same geometry, a trigonal bipyramid 
with phosphine ligands at the apices, as was predicted 
from the infrared spectrum. The individual molecules 
are well separated, the closest Os-Os distance being 
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Figure 2.- Stereoscopic views of OS(CO)~(P(CP,H&)~ looking down the threefold axes: top, molecule 1 ; bottom, molecule 2. 

9.18 A. This is in direct contrast to the trimerization 
of Os(CO), to form Os3(CO)12. Apparently the phos- 
phine ligands help to stabilize the trigonal-bipyramidal 
configuration with respect to the octahedral. Steric 
factors may be important in this stabilization. 

If one looks down the crystallographic threefold 
axis of each molecule (Figure 2 ) ,  it  is seen that both 
molecules approximately belong to the point group 32, 
although this symmetry is crystallographically required 
only for molecule 1. Any distortion from idealized 
trigonal-bipyramidal geometry in molecule 2 is not 
significant. The packing of the crystal can thus be 
considered to consist of layers .of nearly identical 
molecules stacked perpendicular to the c axis. The 
layers made up from molecule 1 (z  = l /4,  3/4) contain 
half as many molecules as those made up from molecule 
2 (2 ‘v 0, l/~). The molecular packing does not 
appear to be inefficient, as one might assume; the 

volume per triphenylphosphine group is 418 A3, 
compared with that of 423 A3 in Mn(NO)(C0)2(P- 
(C6H5)3)ZZ0 and in Ir(CO)C1(S02)(P(C6H6)3)2,21 404 A3 
in ReNClz(P(C~H~)3)2,22 and 364 A3 in triphenyl- 
phosphine itself.23 

The Os-C distances of 1.90 and 1.93 A compare 
favorably with the values reported by Corey and Dah1 
of 1.79-2.04 k (average 1.95 A) for the 12 Os-C bonds 
in O S ~ ( C O ) ~ ~ . ~  The Os-P distances of 2.32, 2.42, and 
2.35 k represent the first determination of this bond 
length for Os(0). They are similar to the values of 
2.34, 2.34 (P cis to H),  and 2.56 A (P trans to H) 
found in OsHBr(C0) (P(CGHS)3)324 and to those gen- 
erally found for second- and third-row transition metal 

(20) J. H. Enemark abd J. A. Ibers, Chenz. Inoyg., 6, 1575 (1967). 
(21) S. J. La Placa and J. A. Ibers, ibid., 8, 405 (1966). 
(22) R. J. Doedens and J. A. Ibers, ibid., 6, 204 (1967). 
(23) J. J. Daly, J. Chem. Soc., 3799 (1964). 
(24) P. L. Orioll and L. Vaska, Pvoc. Chem. Soc., 333 (1962). 
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TABLE IV 
SELECTED INTERATOMIC DISTANCES (A)  

AND BOND ANGLES (DEG) ---- Molecule 1------- ,------ Molecule 2------- 
Atoms Distance Atoms Distance 

OSl-Pl 
2.42 (4) 
2 .35  (4) 

OS1-0* 3.04 (5) OSZ-O* 3.19(5)  
os1-c1 1.90 os*-cz 1.93 (5) 
c1-01 1.14 cz-02 1.27 (5) 

1 .81 (5) 
1.83 (3) 

Atoms Angle Atoms Angle 

0s1-c1-01 180b OS2-C*-02 175.0 (4 .0)  
Pl-oSl-01 906 Pz-0%-02 91.3  (6) 

OSz-PrRgCi 115.6 (1 .5)  
Osl-P1-R1C1 114.0 (1 .4)  { Ost-Pa-RaCi 113.4 (1.5)  

RICi-Pi-R1'CiC 104.4 RKi-PrR*'Ci 102.7 
R ~ C ~ - P ~ - R ~ ' C I  105.2 

a RiCl refers to carbon atom 1 on phenyl ring i. a Required 
Ri'C1 refers to  carbon atoms related to those by symmetry. 

given in Table I11 by the threefold symmetry operation. 

,d 

..... 

! 

I o  ..... , 

complexes containing  phosphine^.^^ The C-P distances 
and C-P-C angles are within the range usually found 
for triphenylphosphine complexes. 

The fact that  Os(CO)a(P(C&,)3)2 exists as a trigonal 
bipyramid, rather than a tetragonal pyramid or some 
intermediate form, lends support to the view that this 
configuration may be the preferred geometry for ds 
complexes in low oxidation states.26 
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