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nent. However, such a description of this molecule and of Registry No. [(C,(CH,>,)CF,Pt(P(CH,),C,Hs),I SbF6, 
other n-cyclic organometallic complexes is of dubious value, 
because of the limitations of the formal concepts of coordi- 
nation number and oxidation state. 
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The crystal and molecular structures of two low-spin five-coordinate cobalt(I1) complexes containing the same set of donor 
atoms have been determined from three-dimensional X-ray data collected by counter methods. The red complex [Co- 
(dpe),Cl]SnCl, (dpe = (C,H,),PCH,CH,P(C,H,),) crystallizes in space group C2h5 -P2,/c of the monoclinic system, with 
four formula units in a cell of dimensions a = 17.727 (7), b = 16.431 (6), and c = 19.741 (8) A; p = 122.13 (1)'. The ob- 
served and calculated densities aye 1.51 and 1.520 g/cm3, respectively. The green complex [Co(dpe),Cl] SnCl,.C,H,Cl 
crystallizes in space group Cil-Pl of the triclinic system, with two formula units in a cell of dimensions u = 11.781 ( l l ) ,  
b= 12.846 (12), a n d c =  19.893 ( 1 9 ) A ; a =  106.38 (2 ) ,p=93 .76  (2), a n d 7 =  101.81 (2)". The observedandcalculated 
densities are 1.47 and 1.456 g/cm3, respectively. The structures of both the red and the green complexes have been 
refined by least-squares techniques to final R factors on F of 0.065 for the red complex and 0.101 for the green complex. 
The structures both consist of discrete five-coordinate cations and pyramidal SnC1,- anions. The difference in color can be 
ascribed to a difference in the stereochemistry of the cation: the red complex is a tetragonal pyramid with an apical C1 
atom and four P atoms in the basal plane, whereas the green complex is based on the trigonal-bipyramidal geometry with 
two P atoms at the axial positions and two P atoms and one C1 atom in the equatorial plane. Distortions from the two 
idealized geometries can be attributed to the 81-83' bite of the diphosphine ligand. The Co-Cl distance of 2.398 (2) A 
in the tetragonal pyramid is 0.15 A longer than that in the trigonal bipyramid of 2.251 (5) A. The average Co-P distances 
are 2.276 and 2.258 A in the red and green forms, respectively. The SnCl; anion is pyramidal in both complexes. In 
organic solvents there is an equilibrium between the red and green forms, with the green form predominating. It is 
suggested that the interconversion of forms takes place through a four-coordinate intermediate involving rupture of a Co-P 
bond. 

Introduction 

cobalt(I1) complexes of the type [CoL,X]Y, where L is a 
neutral bidentate ligand and X a coordinating anion. Dyer 
and Meek3 prepared several complexes of this type where 
L =  AP, X = C1, Br, I, Y = SnX,, C10,; L = S P ,  SeP, X = Br, 

There have been several reports of low-spin five-coordinate 

Y = ClO, . All these complexes formed by ligands with 0- 
phenylene linkages exhibit a deep red color and have been 
formulated as square-pyramidal Co(I1) complexe~ .~  When 
L = cis- 1,2-bis(diphenylphosphino)ethylene, a ligand which 
has steric requirements similar to those of SP, SeP, and AP, a 
series of dark green complexes has been isolated for X = C1, 

Y = CO(NCS)~ ., 
ethane (dpe), Sacco and Gorieri' have reported a series of 

Br, I, NCS, Y = B(C6Hs)4 ; X = CI, Y = SnC13 ; and X = NCS, 
And when L = 1,2-bis(diphenylphosphino)- 

(1) Presented in part at the Symposium on Five-Coordinate 
Complexes at the 162nd National Meeting of the American Chemical 
Society, Washington, D. C., Sept 1971; see Abstracts, No. INORG 96. 

(2) Ohio State University Postdoctoral Fellow, July-Dec 1970; 
Postdoctoral Research Associate, Jan 1971-Sept 1972. 

(3) G. Dyer and D. W. Meek, J. Amer. Chem. SOC., 89, 3983 
(1967). 

(4) J. K. Stalick, G. Dyer, C. A. McAuliffe, and D. W. Meek, to  be 
submitted for publication. 

( 5 )  A. Sacco and F. Gorieri, Gazz. Chim. Iral., 687 (1963). 

red or orange compounds where X = NO3, Y = NO3, 
B(C6H5), ; X = I, Y = NO3, I, ClO4, B(C6H5), ; and X = NCS, 
Y = NCS, ClO, ; and a series of green compounds where X = 
Br, Y = Br, ClO, ; X = NCS, Y = CO(NCS)~ ; and X = C1, Y = 
Co&. The dark green complex [C~(dpe)~Br]Br  had 
previously been reported by Chatt, et al. Horrocks. 
VanHecke, and Hall also assigned a square-pyramidal geo- 
metry to the green series [Co(dpe),X]X (X = C1, Br, I) on the 
basis of the electronic spectra and detailed esr  result^.^ 

Several new complexes of empirical composition Co(dpe),! - 
SnX, (X = C1, Br. I) have been isolated from nonaqueous 
solutions containing a mixture of a cobalt(I1) halide, the 
corresponding stannous halide, and the diphosphine ligand., 
For the bromide and chloride cases, either a deep red or a 
deep green crystalline material of identical composition can 
be isolated depending on the solvent, temperature, and isola- 
tion procedures. The analytical, conductance, magnetic, 
and electronic spectral data indicate that both the red and 
green series are low-spin, five-coordinate cobalt(I1) com- 
plexes. The magnetic moments (pe f i  = 2.03-2.14 BM) of 
the red series are somewhat higher than those of the green 
series (peff = 1.89-1.97 BM).4 However, both ranges are 
consistent with the values reported previously for five- 
coordinate cobalt(I1) c o m p l e x e ~ . ~ , ~  The electronic spectra 

(6) .I. Chatt, F. A. Hart, and D. T. Rosevear, J. Chem. SOC., 5504 

(7) W. D. Horrocks, J r . ,  G. R. VanHecke, and D. D. Hall, Inorg. 
(1961). 

Chem., 6 ,  694 (1967). 
(8) L. Sacconi, J.  Chem. SOC. A ,  248 (1970). 
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of the corresponding red and green complexes in the solid 
state give the same number of absorption peaks at similar 
positions. The only significant difference in the spectra of 
the two series is the greater relative intensity in the bands at 
-15,000 cm-' for the green isomer. Both the red and green 
forms of these complexes convert rapidly (immediately on 
dissolving) to an equilibrium mixture (predominantly the 
green form) in all common organic solvents. Three logical 
possibilities could be proposed to account for the difference 
in the magnetic and spectral properties of the crystalline 
compounds: (1) coordination isomerization, e.g., [Co- 
(dpe),W SnX3 and [Co(dpe),SnX3] x, ( 2 )  bridging halide 
ligands in the solid state, or (3) different structures for the 
five-coordinate cations. The l1%Sn Mossbauer spectra 
helped eliminate the possibilities of coordination isomeriza- 
tion and bridging halides;' consequently, the X-ray crystal 
structures of [C~(dpe)~Cl]  SnC13 (1, red) and [Co(dpe),Cl] - 
SnC13 .C6H,C1 (2, green) were determined. A preliminary 
account of this work has appeared." 
Experimental Section 

Crystals of the red form of [Co(dpe),Cl]SnCl, were readily obtained 
upon mixing stoichiometric amounts of CoCl,.6H,O (0.24 g, 1 mmol), 
SnC12.2H,0 (0.23 g, 1 mmol), and dpe (0.81 g, 2 mmol) in 50 ml of 
boiling 1-butanol Red crystals immediately precipitated from the 
dark olive green solution, however, several crystals examined using 
X-ray and optical means exhibited twinning to  mimic orthorhombic 
symmetry. A large twinned crystal was cleaved, and preliminary 
precession photographs of the kOl, k l l ,  k21, and kkk nets indicated 
monoclinic symmetry with systematic absences for kOl, I # 2n, and 
OkO, k # 212, characteristic of space group C 2 h 5 P 2 , / c .  The cell 
dimensions, obtained with Mo Kor, radiation ( h  0.70926 A) at 23" 
(see below) are a = 17.727 (7), b = 16.431 (6), and c = 19.741 (8) A ,  
p =  122.13 (1)'. The calculated density of 1.520g/cm3 for four 
formula units in the unit cell agrees well with the observed value of 
1.51 g/cm3 obtained by flotation in CC1,-hexane solutions. 

Collection and Reduction of Intensity Data. The crystal used 
for data collection was obtained from a batch containing predom- 
inantly green crystals prepared using o-dichlorobenzene and ethanol 
as solvents. An apparently untwgned red crystal of dimensions 
0.28 X 0.26 X 0.17 m m i n  the [ l l o ] ,  [110], and [OOl] directions, 
respectively, was mounted on a glass fiber on  a eucentric goniometer 
head and shown to have the same monoclinic symmetry as the 
fragment used for the space group determination. The crystal was 
aligned on a Picker FACS-111 four-circle diffractometer in conjunc- 
tion with an EMR Advance 6130 computer control, with the [110] 
direction approximately coincident with the diffractometer @ axis. 
The crystal orientation matrix and unit cell parameters were obtained 
from a least-squares refinement of the setting angles of 1 8  carefully 
centered reflections." 

Mo K a  radiation was selected for data collection with a graphite 
monochromator crystal. The data were collected by the 8-28 scan 
technique at  a takeoff angle of 2.9". The diffracted beams were 
counted using a scintillation counter which was placed 22 cm from 
the crystal and had an aperture of 4.0 X 4.0 mm; when necessary 
the diffracted beams were attenuated with brass foil to  prevent 
coincidence losses. The pulse height analyzer was set to admit 
approximately 98% of the maximum intensity of a Mo Ka,  peak at  
full window width. A symmetrical scan range of 1.5" about the Kor, 
peak was used at  a scan rate of 2.Oo/min. Stationary-crystal, 
stationary-counter background counts of 10 sec were taken at  each 
end of the scan. 

sin e = 0.5, fol- 
lowed by a second shell to A-' sin e = 0.53 which still exhibited 

[Co(dpe),CI]SnCl, (1, Red). Unit Cell and Space Group. 

A unique data set was initially collected to 
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significant scattering. A second form was then collected to A-' sin 
e = 0.53, followed by  the collection of a third shell (both forms) t o  
X I  sin B = 0.59. Since relatively few reflections with intensities 
above background were observed in this shell, data collection was 
terminated. Eighteen reflections were monitored as standards after 
every 500 reflections had been processed; all decreased slightly, and 
nearly linearly with crystal exposure time, in intensity throughout 
the data collection process. The average total intensity loss was 5%, 
and the data were corrected for this apparent decomposition. The 
data were then corrected for background and standard deviations 
were assigned to the intensities.lZa A factor @I>, was added to the 
estimated variances of each intensity, I ,  in an effort to allow for 
cumulative systematic errors.lZb A value of 0.05 for p was chosen 
in the present case. The data were also corrected for Lorentz and 
polarization effects. A gaussian integration absorption correction 
was a ~ p l i e d , ' ~  using a calculated absorption coefficient of 12.54 cm-I;  
transmission coefficients ranged from 0.71 to  0.82. In all, 17,413 
reflections were observed; the two equivalent forms collected were 
averaged t o  yield 8407 independent observations. Only the 5705 
reflections for which Fo2 2 30(FO2) were used in the solution and 
refinement of the structure. 

combination of Patterson, Fourier, and least-squares methods.14 
Cl atom and the Sn and Co atoms were found to have y = from 
the Patterson function, resulting in a pseudomirror plane a t  y = 1/4 ; 
in addition, the four P atoms are symmetrically located above and 
below this pseudomirror. This led to  two possible positions for 
the Sn and Co atoms, at x, y ,  z or  at x, y ,  z t I/,, . Least-squares 
refinements of the two solutions led to R , values of 0.54 and 0.52 
and R, values of 0.61 and 0.58, respectively, where R = Z llFo I - 
lFcll/~lFol and R, =(Zw(lF,I - IFc1)2/~wF,2)"2. In theseand 
succeeding refinements the function Z w (  lFol - was 
minimized, where lFol and lFCl are the observed and calculated 
structure amplitudes and where the weights, w ,  were taken as 
4F02/lo2 (Fez). The atomic scattering factors for Sn were those of 
Cromer and Waber," while the usual tabulation was used for Co, C1, 
P, and C.16 The scattering factors for H were from the calculations 
of Stewart, e t  al. The values of the anomalous terms Af' and Af" 
were taken from Cromerl8 and were included in FC.l9 

A difference Fourier map based on the refinement of the Co and 
Sn atomic positions which resulted in the lower R values clearly 
indicated the C1 and P atoms. The methylene and phenyl carbon 
atoms were readily located in a like manner. These were included in 
two cycles of full-matrix isotropic least-squares refinement, treating 
the phenyl rings as rigid groupszo of known geometry and dimension 
(D6h symmetry, c-C = 1.392 A) with individual isotropic thermal 
parameters assigned to group carbon atoms. This was followed by 
three cycles of refinement with anisotropic thermal parameters 
assigned to all nongroup atoms, resulting in values of R , and R, of 
0.072 and 0.095. A difference map using only the reflections for 
which A-' sin 0 < 0.35 gave reasonable positions for all hydrogen 
atoms. These positions were idealized, assuming C-H = 1.09 A, 
H-C-H = 109" 28' for the methylene hydrogens and C-H = 1.0 A,  
C-C-H = 120" for the phenyl group hydrogens; each hydrogen atom 
was assigned an isotropic thermal parameter corresponding to  that 
of the carbon atom to which it is bonded. The H atom scattering 
was added as a fixed contribution to  the calculated structure factors, 
and two further cycles of anisotropic refinement reduced the values 
of R, and R, to 0.065 and 0.082, respectively. An analysis of IF, I 
and IF, I as a function of scattering angle, magnitude of IFo I ,  and 

Solution of the Structure. The structure was solved by  the usual 
One 

(9) J. K. Stalick, D. W. Meek, B. Y .  K. Ho, and J. J .  Zuckerman, 
J. Chem. SOC., Chem. Commun., 630 (1972). 

(10) J. K. Stalick, P. W. R. Corfield, and D. W. Meek, J. Amer. 
Chem. Soc., 94, 6194 (1972). 

(1 1) The following programs by P. W. R. Corfield and G. J .  
Gainsford were used with the EMR computer: COZLS, for least- 
squares determination of cell parameters; ASSET, for automatic 
collection of intensity data; PLPIC, for Lorentz and polarization 
corrections; PICABS, for gaussian integration absorption corrections; 
MERGE, for data averaging; and FOUR and FPRNT, for Patterson 
and Fourier syntheses. 

(12) (a) P. W. R. Corfield and S .  Shore, J. Amer. Chem. SOC., 95, 
1480 (1973); (b) W. R. Busing and H. A. Levy, J. Chem. Phys., 26, 
563 (1957). 

(1957). 

with the IBM 370/165 computer included local versions of the 
Busing-Levy ORFFE error function program, Johnson's ORTEP 
plotting program, Zalkin's FORDAP Fourier program, and the Ibers- 
Doedens group least-squares program. 

(15) D. T. Cromer and J. T. Waber, Acta Crystallogr., 18, 104 
(1965). 

(16) J.  A. Ibers, "International Tables for X-Ray Crystallography," 
Vol. 3, The Kynoch Press, Birmingham, England, 1962, Table 3.3.1A. 

(17) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. 
Phys., 42,  3175 (1965). 

(18) D. T. Cromer, Acta Crysfallogv., 18, 17 (1965). 
(19) J .  A. Ibers and W. C. Hamilton, Acta Crystallogr., 1 7 ,  781 

(20) S. J .  La Placa and J .  A. Ibers, Acta Crystallogr., 18, 5 1 1  
(1965); R. Eisenberg and J. A. Ibers,Inorg. Chem., 4,  773 (1965). 

(13) W. R. Busing and H. A. Levy, Acta Crystallogr., 10, 180 

(14) Programs used in the structure solutions and refinements 

(1964). 
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Table I. Final Atomic and Group Parameters 
CCo(dpej2C11SnC1, ( l - r e d )  

m a  

Sn 

z - 
0.1L202 ( 4 ; 

Ring 1 
Sing 2 
Xi% j 
Ring 4 
Ring 5 
Ring 5 
Sing 7 
Ring 8 

0. &9(1'5) 

0.0005(2)  

0.0014(7) 

----- ~ 

C e k C 1  0.2;33(iG) 0.39?0(13 -0. i 643(9 )  -1 .715( l l )  2.913(9) 0.2B(24) 19.4(5) 

Q x , y ,  and z are fractional coordinates. The form of the anisotropic thermal ellipsoid is exp[-(pl,hz + p2,kZ + p 3 3 1 2  + 2p1,hk + 
2p13hl + 2pZ3kl)]. b Numbers in parentheses here and in succeeding tables are estimated standard deviations in the least significant digits. 
c xc, yc ,  and zc are the fractional coordinates of the phenyl ring centers. The angles 8 ,  E ,  and (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.,' Bi  is the isotropic thermal parameter of atom i in a given ring. The rings are numbered so that C ( l )  is attached to  P; C(4) is 
para to C(1). The chlorobenzene molecule of structure 2 was refined with a single-group temperature factor, 5. 
Miller indices indicated that reflec,tions with low values of X1 sin 0 
were being slightly overweighted. An empirical correction was 
applied to  the weights, and one final cycle of refinement with 223 
variables and 5705 observations gave values of R and R ,  of 0.065 
and 0.078. The error in an observation Of unit weight was 1.02, and 
the maximum parameter shift was 0 . 2 5 ~ ,  which was associated with 
one of the rigid groups. A final difference Fourier synthesis showed 
one peak greater than 1.0 e/A3 (an average carbon atom peak was 
2.4 e/A3) of 3.4 e/.&' located 1.4 A away from the Sn atom toward 
Cl(2). We can offer no definitive explanation for this peak. 

Table I presents the final positional, thermal, and group pa- 
rameters, along with the corresponding standard deviations. Table I1 
gives the positional parameters for the group carbon atoms which 
may be derived from the data in Table I. The final values of IFo I 
and IFc I (in electrons) are presented in Table IIIA for those reflec- 
tions used in the refinements." 

[Co(dpe),Cl]SnCl, .C,H,Cl(2, Green). Unit Cell and Space 
Group. Stoichiometric amounts of CoC1, 6H,O (0.24 g, 1 mmol) 
and SnCl, .2H,O (0.23 g, 1 mmol) were dissolved in 20 ml of ethanol 
and added to  a solution of dpe (0.8 g, 2 mmol) in 30 ml of chloro- 
benzene. The resulting dark olive green solution was flushed with 
nitrogen gas, stoppered, and allowed to stand a t  room temperature, 
After several days a few very large olive green crystals were collected. 
Small fragments exhibited a characteristic red-green pleiochroism 
and under polarized light appeared alternately red and green as the 
stage was rotated 90". Elemental analyses indicated the presence 
of 1 mol of chlorobenzene per mole of [Co(dpe),Cl] SnCl, . 

A large crystal was cleaved to  give a needlelike fragment of 
dimensions 0.05 X 0.07 X 0.19 mm. The fragment was mounted on 
a glass fiber parallel to  the needle axis, and preliminary precession 
and Weissenberg photographs failed to yield any special symmetry or 
systematic absences. Space group Ci' -P1 of the triclinic system was 
assumed and was confirmed by subsequent solution of the structure. 

(21) Tables IIIA and IIIB, listings of observed and calculated 
structure factor amplitudes for 1 and 2,  will appear following these 
pages in the microfilm edition of this volume of the journal. Single 
copies may be obtained from the Business Operations Office, Books 
and Journals Division, American Chemical Society, 1 1  5 5  Sixteenth 
St., N.W., Washington, D. C. 20036. Remit check or money order 
for $3.00 for photocopy or $2.00 for microfiche, referring to  code 
number INORG-7 3- 1668. 

Celldimensionsofe=11.781 ( l l ) ,  b=12.846(12) ,andc=19.893 
(19) A; or = 106.38 (2), p = 93.76 (2), and y = 101.81 (2)" (tem- 
perature 24") were obtained by a least-squares refinement of the 
setting angles of 18 centered reflections using a Picker four-circle 
diffractometer and Mo Kor, radiation." The [loo] direction was 
assigned to  be nearly coincident with the diffractometer @ axis. The 
calculated density of 1.456 g/cm3 for two molecules of complex and 
two molecules of chlorobenzene in the unit cell agrees well with the 
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Table 11. Derived Parameters for Group Carbon Atomsa 

L 

I n g  1 

nw 2 

nw 3 

mnB 4 
0.1580121 

0. 0 z z l b l  
-0.me131 

0. c929(6! 

0.1l26(5) 

0 . 4 2 5  (5) 

RIM 6 

=ng 1 

a Estimated standard deviations are derived from those of the 
group parameters. Intra-ring distances are fixed (C-C = 1.392 A). 

observed value of 1.47 g/cm3 obtained by flotation in CC1,-hexane 
solutions. 

Collection and Reduction of Intensity Data. A unique data set 
to k-' sin 8 = 0.50 was collected using the 8-28 scan technique and 
Mo Kor radiation (graphite monochromator) at a takeoff angle of 3.0". 
A symmetrical scan range of 2.0" about the Koc, peak was used at a 
scan rate of 2.0" /min. Stationary-crystal, stationary-counter back- 
ground counts of 10 sec were taken at each end of the scan. The 
scintillation counter had an aperture of 6.5 X 6.5 mm and was 
placed 25 cm from the crystal. The diffracted beams were attenuated 
with brass foil when necessary to prevent coincidence losses. 

The intensities of 18 reflections were monitored as standards 
throughout the data collection process. Although all reflections 
remained centered in the scan range, intensity losses of 0-20% were 
observed (very strong reflections remained essentially constant, 
weaker reflections exhibited marked intensity losses). The average 
intensity loss of 10% was corrected for as a function of crystal X-ray 
exposure time, and the data were corrected for background, with 
standard deviations assigned as in the red compound. Of the 5868 
independent reflections collected, only the 3481 for which Fo2 > 
30(FOz) were used in the solution and refinement of the structure. 
The data were corrected for Lorentz and polarization effects. A 
gaussian integration absorption correction (b = 11.43 cm") was 
applied," and transmission coefficients ranged from 0.84 to 0.91. 

Solution of the Structure. The structure was solved using the 
usual combination of Patterson, least-squares, and difference Fourier 
methods.14 The Patterson function was readily deconvoluted to give 
the positions of the Sn, Co, four P, and one C1 atoms. Two dif- 
ference Fourier maps interspersed with least-squares refinements 
located the three C1 atoms bonded to the Sn atom and all C atoms, 
with the exception of those in the chlorobenzene solvent molecule. 
This model was refined assigning anisotropic thermal parameters to 
all nongroup atoms and treating the phenyl rings as rigid groups of 
known geometry and dimensions (D6h symmetry, C-C = 1.392 A) 
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with individual isotropic thermal parameters for each group carbon 
atom, resulting in values of R , and R ,  of 0.137 and 0.165, respec- 
tively. A difference Fourier synthesis clearly indicated the position 
of the solvent chlorobenzene molecule, and this was included in three 
cycles of least-squares refinement treating the chlorobenzene molecule 
as a rigid group (C-C = 1.392 A,  C-C1= 1.70 A)22 with a single group 
temperature factor, reducing R ,  and R ,  to 0.110 and 0.133. The 
temperature factor for the chlorobenzene ring was quite high (B = 
18.6 (4) A'), indicating a probable disorder of the solvent molecule. 
However, no distinct alternate positions for the chlorobenzene could 
be located on a difference Fourier map, and refinement of the 
occupancy parameter of the group did not significantly improve the 
agreement factors or temperature factor. The positions of all hydro- 
gen atoms in the cation were found on a difference Fourier map, and 
these were idealized to  fit the known geometry (C-H = 1 .O A for the 
phenylrings; for the methylene hydrogens, C-H = 1.09 A, H-C-H = 
109' 28'). Each hydrogenatom wasassigned an isotropic thermal pa- 
rameter corresponding to that of the carbon atom to which it is 
bonded, and two cycles of least-squares refinement were carried out 
including the hydrogen atom scattering as a fixed contribution to 
the calculated structure factors. The values of R and R , were 
reduced to 0.102 and 0.123. An analysis of the weighting scheme as 
a function of magnitude of IFo I ,  sin 8 ,  and Miller indices indicated 
that (1) the value of 0.05 chosen for p in the assignment of standard 
deviations was reasonable and (2) reflections at low values of h;' sin e 
were being overweighted slightly. An empirical correction was 
applied to the weights, and two final cycles of least-squares refine- 
ment using 3481 observations and 230 variables resulted in final 
values of R ,  and R ,  of 0.101 and 0.121. The error in an observa- 
tion of unit weight was 1.03 and the maximum parameter shift was 
1/6u. A final difference Fourier map showed no peaks greater than 
1.0 e/A3 except in the area of the solvent chlorobenzene molecule 
and SnC1,- group located nearby. These peaks ranged from 1.23 to 
1.86 e/A3, compared to an average value of 2.9 for a carbon atom, 
and gave no good indications of alternate chlorobenzene group posi- 
tions. 

their standard deviations, are presented in Table I. Table I1 gives the 
derived positional parameters for the group atoms. The final values 
of IFo I and lFcl (in electrons) are presented in Table IIIB for those 
reflections used in the refinements." 

Description of the Structures 
The crystal structure of [Co(dpe),Cl] SnC13 (1, red) 

consists of discrete, well-separated [C~(dpe)~Cl]+ cations 
and SnC13- anions. The shortest Co-Co, Sn-Sn, and Co-Sn 
distances are 11.4,9.9, and 7.6 a, respectively, indicating 
that there are no metal-metal interactions, either direct or 
indirect through bridging groups. All intermolecular contacts 
are normal, with the closest approaches of phenyl ring hy- 
drogen atoms between adjacent molecules being 2.16 and 
2.19 8. A stereoscopic view of the unit cell is presented in 
Figure 1. 

is composed of discrete [Co(dpe),Cl]+ cations and SnC13- 
anions, in addition to having a molecule of chlorobenzene 
located in a large hole in the packing structure near the 
SnC13- anion. The Co-Co and Co-Sn distances of 9.49 and 
7.31 A are again long enough to rule out metal-metal 
interactions; however, the SnC13- group is located near a 
center of symmetry in the unit cell leading to a short Sn-Sn 
distance of 3.597 (4) A (see below). The closest H-H inter- 
actions are 2.34 and 2.35 A between phenyl ring hydrogen 
atoms on adjacent molecules, and all intermolecular contacts 
appear normal. Figure 2 presents a stereoscopic view of the 
unit cell. 

The Molecular Structure of the [C~(dpe)~Cl]+ Cation in 
[C~(dpe)~Cl]SnCl~ (1, Red). The structure of the [Co- 
(dpe),Cl]+ cation is shown in Figure 3; Figure 4 presents a 
view of the inner coordination sphere about the Co atom, 
including selected bond lengths. Relevant interatomic bond 
lengths and angles are presented in Table IV. It can be seen 

The final positional, thermal, and group parameters, along with 

The structure of [Co(dpe),Cl] SnC13 *C6H,C1 (2, green) also 

(22) Chem. SOC., Spec. Publ., No. 11, SI4 (1958). 
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Table IV. Selected Interatomic Distances and Angles for the [Co(dpe),ClJ+ Cation in [Co(dpe),Cl] SnCl, (1, Red) and 
[Co(dpe),C1]SnCI;C6H,C1(2, Green) 

Stalick, Corfield, and Meek 

Distance, aeg 
2-green - 1-red - 2-green Atoms - 1-rea - Atoms - - 
176.2(2 ) 
81.2(2) 
107.6 (6 ) 

a RiC(1) refers to  carbon atom 1 on phenyl ring i. 

C 

Figure 1. A stereoscopic view of the unit cell of [Co(dpe),Cl]SnCl, (1, red). For the sake of clarity hydrogen atoms have been omitted and 
phenyl ring carbon atoms have been drawn artificially small in this and subsequent figures. All atoms refined anisotropically are shown a t  50% 
electron probability. 

that the five-coordinate cation possesses a tetragonal py- trigonal bi~yrarnid. '~  The Co-C1( 1) distance is also 0.15 A 
ramidal geometry, with the four P atoms in the basal plane longer than that found in the corresponding green cation (see 
and the C1 atom occupying the apical position. The cation, below). The possible sixth coordination site is effectively 
including the phenyl rings, has approximate Cz, symmetry blocked by the phenyl rings, with the two shortest H atom 
as shown in the figures. The tetragonal pyramid is slightly distances from the Co atom being 2.97 and 2.98 A to the 
distorted owing to the steric requirements of the diphosphine ortho hydrogen atoms of rings 4 and 7 ,  respectively. 
ligand (Table IV). As expected, the Co atom lies 0.141 A The diphosphine ligands are almost symmetric in their 
above the plane of the four P atoms, with C1-Co-P angles coordination, the Co-P distances ranging from 2.254 to 
ranging from 90.04 to 95.85 (7)'. The Co-Cl(1) distance 2.291 (2) 8. The average bond length of 2.276 A is longer 
of 2.398 (2) a is longer than might be expected from the than that usually found with monodentate ligands; for 
sum of the covalent radii of 2.3 a, as is usually the case for example, distances of 2.18-2.23 (1) A were reported for the 
apical bonds in a square-pyramidal ~omplex . '~  CO-p bonds in CO(HP(C6H5)2)3Br2 ,25 and a value of 2.232 
ture of another low-spin [CoP,Cl]+ complex, [Co(QP)Cl] - (4) A was found in trans- [C~(mesityl)~(P(C~H~)~(C~H~))~] .26 
B(C6H5 14 (Qp = tris(o-diPhenYlPhosPhinoPhenYl)PhosPhine), With polydentate phosphine ligands, a much wider range of 
Blundell and Powell reported a Co-C1 distance of 2.309 (6) 8, 
where the C1 atom lies in the axial position of a distorted 

In the struc- 

(24) T. L.  Blundell and H. M. Powell, Acta Crystullogr., Sect. E ,  

(25) J .  A. Bertrand and D. L. Plymale, Inorg. Chem., 5 ,  879 (1966). 
(26) P.  G. Owston and J .  M. Rowe,J. Chem. SOC., 3411 (1963). 

27 ,  2304 (1971). 

(23) D. W. Meek and J. A. Ibers, Inorg. Chem., 8 ,  1915 (1969). 
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Figure 2. A stereoscopic view of the unit cell of [Co(dpe),Cl]SnCl,~C,H,Cl (2, green). The atoms of the chlorobenzene ring as well as those 
of the phenyl rings have been drawn artificially small. 

to the mean value of 82.7" found in [ R h ( d ~ e ) ~ ]  C104 ,Z8 but 
less than the 88.8 (1)" found for n-(CHZC(CH3)CHZ)Ni- 
(dpe)BrZ9 and those values found for several other dpe com- 
p l e ~ e s . ~ ' - ~ ~  

The P-C and C-C bond distances appear normal for dpe 
complexes, with average values of 1.840 A for P-C(alkyl), 
1.828 A for P-C(aryl), and 1.513 A for C-C. The C-P-C 
angles average 103.6", less than the tetrahedral value of 
109.45", as has been previously noted.% The average 
Co-P-C(alky1) angle is 106.5", while the Co-P-C(ary1) 
angles average 118.8", much greater than the tetrahedral 
value. The average P-C-C angle is 1 1 1.4". 

The Molecular Structure of the [Co(dpe),ClI+ Cation in 
[Co(dpe),C1]SnC13 *C6H5Cl (2, Green). The [C~(dpe)~Cl]+ 
cation structure in the green complex is shown in Figure 3 ;  
Figure 4 presents a view of the inner coordination sphere 
about the Co atom, including selected bond distances. 

IV. The geometry about the Co atom can best be described 
as a distorted trigonal bipyramid, with two P atoms axial and 
two P atoms and the C1 atom occupying the equatorial plane. 
The cation has approximate CZ symmetry as is evident from 
Figure 3. There are two major distortions from the ideal DX 
symmetry: (1) a 10" tilt of the equatorial plane to accom- 
modate the 81" bite of the diphosphine ligand and (2) angular 
deviations from threefold symmetry in the equatorial plane, 
with Cl-Co-P angles of 126.1 (2) and 128.1 (2)" and a P-Co- 
P angle of 105.7 (2)'. The latter type of distortion has 
usually been found for trigonal-bipyramidal, low-spin, five- 
coordinate Co(I1) c o m p l e x e ~ ~ ~ 9 ~ ~  and has been attributed to 
Jahn-Teller effects. The degeneracy of the dxy and d:C2-y2 

energy levels can be removed by distorting the threefold axis 
of the trigonal plane. However, steric factors may be impor- 
tant in this case; there are several close contacts between the 
equatorial Cl(1) and phenyl H atoms on the same molecule, 

(28) M. C. Hall, B. T. Kilbourn, and K. A. Taylor, J. Chem. SOC. 

(29) M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  206 

( 3 0 )  W. D. Bonds, Jr., and J .  A. Ibers, J. Amer. Chem. SOC., 94, 

(31) J .  A. McGinnety, N. C. Payne, and 3. A. Ibers, J .  Amer. 

(32) A. P. Gaughan, K. S. Bowman, and Z. Dori, Inorg. Chem., 1 1 ,  

(33) A. P. Caughan, R.  F. Ziolo, and 2. Dori, Znorg. Chem., 10, 

( 3 4 )  M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  2970 

2 ,  green 

Figure 3. Perspective views of the [Co(dpe),Cl]+ cations in [Co- 
(dpe),Cl]SnCl, (1, red) and [C~(~P~),C~IS~C~,.C,H,C~ (2, green). 

C Other pertinent bond lengths and angles are given in Table 

CI 

- 1 ,  red 

c2 
c 4  

C 
A ,  2539 (1970). 

(1970). 

3413 (1972). 

Figure 4. The inner coordination sphere about the Co atom in 
[Co(dpe),Cl]SnCl, (1, red) and [Co(dpe),Cl]SnC1,~C,HsCl (2, 
green). 

bond lengths is observed owing to steric requirements of the 
Chem. SOC., 91, 6301 (1969). ligands (e.g., 2.057-2.318 (4) A in [CO(QP)CI]'B(C~H~)~*~ 

and 2.229-2.279 (8) A in [CO(N(CH~CH~P(C~H~)~)~)I]I~~). 
The P-Co-P angles are 82.77 (7) and 81.71 (7)", similar 

(27) C. Mealli, P. L. Orioli, and L.  Sacconi, J. Chem. SOC. A ,  

601 (1972). 

2776 (1971). 

2691 (1971). (1968). 
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with six Cl(1)-H distances ranging from 2.66 to 2.79 A (the 
sum of the van der Waals radii for C1 and H is 3.0 A). This 
could result in the increase of the Cl-Co-P angles from the 
trigonal value of 120" to the angles of 126.1 (2) and 128.1 
(2)" that are observed. The tilt of the equatorial plane im- 
posed by the chelating diphosphines can be described as a ro- 
tation of the plane about the Co-Cl(1) bond. The P(2)-Co- 
P(4) (axial) angle of 176.2 (2)" remains nearly linear, and the 
P(2)-P(4) vector makes an angle of 80.2" with the Co-C1( 1)- 
P(l)-P(3) equatorialplane. (The Co, C1(1), P(1), and P(3) 
atoms are coplanar, with the Co atom 0.001 (5) A from the 
plane being the largest deviation.) The Co-Cl(1) distance of 
2.25 1 (5) Ais 0.15 A shorter than the apical Co-C1( 1) bond in 1. 
It is also 0.06 A shorter than the Co-C1 bond in [Co(QP)Cl]- 
B(C6H5), ,24 the only other low-spin five-coordinate cobalt- 
(11) complex containing a C1 atom to  be studied, but this 
difference may result from steric effects as QP is a bulky, 
rigid, tetradentate ligand. The Co-P bond lengths show iess 
variation than in 1, having a range of 2.252-2.268 (5) a, and 
the average Co-P distance of 2.258 a is 0.02 A shorter. This 
could indicate that the distorted trigonal-bipyramidal geo- 
metry is sterically more favorable than the tetragonal- 
pyramidal one (see below). The P-C and C-C bond lengths 
are within experimental error the same as found for 1,  with 
average distances P-C(alky1) = 1.83 A, P-C(ary1) = 1.82 A, 
and C--C = 1.53 A. The angles about phosphorus are also 
comparable, with average values of C-P-C = 103.6', Co-P- 
C(alky1) = 107.4", and Co-P-C(ary1) = 1 18.5'. The average 
P-C-C angle is 112.4'. 

Conformations of the Five-Membered Rings. The con- 
formations of the five-membered chelate rings in both red 
and green cations are described in the data presented in 
Table V. In all four chelate rings the two carbon atoms lie 
on the same side of the plane formed by the corresponding 
Co and P atoms, as was found for ~I-(CH~C(CH,)CH~)N~- 
( d ~ e ) B r . ~ '  The torsion angles for the C-C bonds in three 
of the rings are very similar, with values of 11.0, 9.4, and 
10.7". These small values reflect the partial eclipsing of 
the P-C bonds in the five-membered ring that occurs when 
the carbon atoms are both displaced fairly symmetrically on 
the same side of P-Co-P plane. The chelate ring formed by 
atoms Co, P(1), C(1), C(2), and P(2) in the red cation has a 
different conformation from the others, the C-C torsional 
angle being 4 1.7", and this is related to the unsymmetrical 
displacement of C( 1) and C(2) from the P( l)-Co-P(2) plane. 
The difference in this chelate ring relative to the other 
three rings extends to some of the bond angles. Thus the 
P-C-C angles in the unique ring are 110.7 and 108.2", com- 
pared with an average of 112.7" in the other three rings, 
and the angle at Co in the unique ring is 82.8" compared 
with an average of 81.3" in the other rings. The reason for 
the buckling of one of the chelate rings is not clear to us, as 
there do not appear to be any abnormally short intramolec- 
ular or intermolecular contacts involving this ring. 

possess a pyramidal geometry, as shown in Figure 5 ,  where 
the 50% electron probability ellipsoids are drawn. It can be 
seen that in the SnC13- anion in [C~(dpe)~Cl]SnCl, (1, red) 
the Sn atom thermal ellipsoid is fairly isotropic, with the 
anisotropic thermal ellipsoids of the C1 atoms vibrating 
perpendicular to the Sn-C1 bonds. The thermal motion in 
the SnC13- group in [Co(dpe),C1]SnC13 .C6H5C1 (2 ,  green) is 
much more pronounced and could well indicate a degree of 
disorder. This SnC1,- group is located near the partially 
disordered chlorobenzene molecule (Figure 2); it is clear that 

The SnC1,- Anions. The SnC13- anions in both 1 and 2 

Stalick, Corfield, and Meek 

Table V. Conformation of the Chelate Rings 

Distances from P-Co-P Planes 

Distance, A 
Plane Atom 1, red 2, green 

P(l)-CO-P(2) C(1) 0.48 -0.99 
C(2) 1.04 -1.11 

P( 3)-Co-P(4) C(3) 1.11 -0.96 
C(4) 0.99 - 1.09 

Torsion Andes about C-C Bonds 
Angle, deg 

Atoms 1, red 2, green 
C(l)-C(2) 41.71 9.4 
C(3)-C(4) 10.97 10.7 

Dihedral Andes between Co-P-C Planes 
Dihedral angle, deg 

Plane 1 Plane 2 1, red 2, green 
Co-P(l)-C(l) Co-P(2)-C(2) 40.56 54.4 
Co-P(3)-C(3) Co-P(4)-C(4) 53.60 53.7 

Table VI. Bond Lengths and Angles for the SnC1,- Anion 

Distance, A 
Atoms 1, red 2, green 

Sn-Cl(2) 2.440 (4) 2.437 (12) 
Sn-Cl( 3) 2.445 (2) 2.429 (8) 
Sn-Cl(4) 2.447 (2) 2.425 (8) 

Angle. detr 
Atoms 1, red 2, green 

C1(2)-Sn-C1(3) 94.79 (11) 91.4 (4) 
C1(2)-Sn-C1(4) 93.96 (12) 96.2 (3) 
C1(3)-Sn-C1(4) 94.64 (9) 93.5 (3) 

A\ Sn 

-13 13 

( a )  ( b )  

Figure 5 .  The SnC1,- anions: (a) in [Co(dpe),Cl]SnCl, (1, red), 
(b) in [Co(dpe),C1]SnC1,.C6H,C1 (2, green). The 50% probability 
ellipsoids are shown. 

this area of the structure is not as well defined as the struc- 
ture of the cation or of the SnC1,- group in 1. 

The bond lengths and angles for the two anions are pre- 
sented in Table VI. The geometry of the SnC13- anion in 1 
is obviously more regular, with a mean Sn-C1 distance of 
2.444 (2) A and a mean Cl-Sn-C1 angle of 94.46". The 
anion in 2 exhibits a range of bond angles (9 1.4 (4)-96.2 
(3)"), but the mean C1-Sn-C1 angle of 93.7" is in qualitative 
agreement with that found in 1. The Sn-C1 bond lengths 
are equivalent within the standard deviations given; the mean 
distance of 2.430 A is within experimental error of that 
found in 1. The bond lengths and angles reported here do 
not agree with those found in an earlier structure determina- 
tion of the SnC1,- anion in KC1.KSnC13*H20,35 in which 
mirror symmetry was imposed on the SnC13- group. Values 
of 2.63 and 2.54 
Sn-C1 distances, and C1-Sn-C1 angles of 87.7 and 90.8" were 
found. The geometry of the SnC1,- group found in the pre- 
sent two structures probably resembles more closely that of 
the "free" anion, owing to the absence of short-range ionic 
interactions. 

were reported for the two independent 

(35) B. Kamenar and D. Grdenic, J.  Inorg. Nucl. Chem., 24, 1039 
(1962). 
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resulting in a short Sn-Sn distance of 3.597 (4) A; the three 
C1 atoms bonded to the Sn atom are directed away from the 
Sn-Sn vector. It seems unlikely that there is any chemical 
interaction between the two adjacent SnC13- groups, how- 
ever. The Sn-Sn distance is much larger than the sum of 
the covalent radii of 2.90 A:6 furthermore, the geometry of 
the SnC13- anion is clearly pyramidal rather than tetrahedral 
and closely resembles that found in 1. The 119mSn 
Mossbauer parameters also indicate a similar electronic 
environment for the Sn atom in 1 and 2, with IS values of 
3.10 (6) and 3.08 (6 mm sec at 77'K vs. a Ba11gmSn03 
source, respectively.' Th/ese values lie in the range previously 
reported for SnC1,- and clearly specify the tin as Sn(II).,' 
Discussion 

The difference in color between 1 and 2 can be ascribed to 
a difference in the geometry of the [Co(dpe),Cl]+ cations. 
However, it would be difficult to predict which, if either, of 
the two idealized configurations-the trigonal bipyramid or 
the square pyramid-is formed by a particular low-spin cobalt- 
(11) complex on the basis of electronic spectra alone. The 
solid-state spectra of the red and green forms appear quite 
similar, as can be seen from Figure 6. The number of bands 
and their positions are comparable; only the relative intensity 
of the bands at - 15,000 cm-' , particularly in relation to the 
intensity of the low-energy band at -7000 cm-I , serves to 
distinguish the two types of cations. (Solution spectra are 
not useful in this regard, owing to the red =+ green 
equilibrium.) Thus while it is probable that the series of 
green [CoL2X]Y complexes discussed in the Introduction 
are based on a trigonal-bipyramidal geometry and the red 
[CoL2X]Y complexes on a square-pyramidal geometry, it is 
not at all probable that this analogy can be extended to 
include other classes of five-coordinate cobalt(I1) complexes. 
The assignment of a square-pyramidal geometry to the cation 
in the green [Co(dpe),Cl]Cl complex and similar [CoL2X]X 
compounds on the basis of esr and electronic spectra by 
Horrocks, e t  al. however, should be reexamined in view of 
the present structural evidence. 

On the basis of qualitative observations it appears that the 
green trigonal-bipyramidal configuration is favored in these 
particular complexes. The solution spectra most closely 
resemble the solid-state spectrum of the green complex (2),4 
and the more regular configuration of the chelate rings in 2 
also suggests less strain in the trigonal-bipyramidal cation. 
However, since energy differences between the two idealized 
geometries are slight changes in the molecule can 
result in quite different geometries. For example, for the 

The SnC1,- anion in 2 is located near a center of symmetry, 
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(36) A value of 1.45 A for the Sn(I1) covalent radius was cal- 

(37) R. J. H. Clark, L. Maresca, and P. J. Smith, J. Chem. SOC. A ,  

(38) E. L. Muetterties and R. A. Schunn, Quart. Rev., Chem. SOC., 

culated from the average Sn-Cl bond length. 

2687 (1970), and references therein. 

20,245 (1966). 
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Figure 6. The solid-state electronic spectra of (a) [C~(dpe)~Cl]  SnC1, 
(1,  red) and (b) [Co(dpe),C1]SnC1,.C6H,C1 (2, green) at 77 K 
(Nujol mull). 

complexes [Co(dpe),X]Y, where X = C1 and Y = BF4 or 
C104, only the green complex is i ~ o l a t e d . ~  That the red 
complex crystallizes when Y = SnC13 is probably due to 
favorable crystal packing forces. 

The rapid interconversion red =+ green (square pyramid 
trigonal bipyramid) could occur either by a mechanism 
involving internal reorganization of bonds, e.g., analogous to 
conformational changes in a cyclopentane ring, or by the 
dissociation of one end of a chelating ligand followed by the 
formation of either the square-pyramidal or trigonal-bi- 
pyramidal cation. We favor the latter interpretation, as 
inspection of molecular models based on the X-ray results 
indicates considerable steric hindrance to reorganization. 
As can be seen from Figure 4, in the square pyramid (1, red) 
the diphosphine ethylene bridges are directed toward the 
Co-C1 bond, whereas they are directed away from this bond 
in the trigonal bipyramid (2, green). Reorganization of 1 
to 2 would involve large conformational changes in the 
ethylene bridge, with concomitant interactions of the phenyl 
rings. 

Not many crystal structures have been determined of five- 
coordinate complexes of cobalt(II), and these represent the 
first determinations of the two limiting stereochemistries 
with the same set of donor atoms. In addition, the structure 
of the SnC13- group has been determined where it functions 
as a discrete anion in a transition metal complex rather than 
as a bonded Sn(IV) ligand. 

Registry No. [Co(dpe),Cl] SnCl, , 38542-27-7; [Co(dpe), - 
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