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Figure 3. MO coefficients concerning with the strengthening of 
the X,-Rj and X,-Rj bonds. Superscript a signifies the partial 
bond order between the carbon p,, and the hydrogen 1s orbitals. 

away from the platinum atom, the C-H bonding interactions 
in the 6211 and 6b2 MO's, as well as the C-H antibonding 
interaction in the 7al MO, strengthen. Since the bonding 
interaction is stronger than the antibonding one (see the partial 
bond order for this interaction given in Figure 3A), the C-H 
bond becomes strong relative to that at 0 = 0". As the cis 
bending increases, the contribution of the 7ai MO eventually 
becomes large, which would make the C-H bond,weak. This 
situation is also seen in the ethylene complex. 

In the cases of the carbon disulfide and carbon dioxide 
complexes, the interaction shown in Figure 3B is formed by 
the ligand distortion, which makes the C-S(2) and C-0(2) 
bonds strong. It is apparent that the d,-pTg r-acceptor bond 
plays an important role. 

In conclusion, besides the a-donor and a-acceptor coor- 
dination bonds, the s orbital of the L ligand atom contributes 
substantially to the Pt-L interaction, which suggests a large 
three-membered ring type of interaction between the platinum 
and the L ligand. It appears that the L ligand distortion is 
induced by the stabilization of the Pt-Xi, Pt-X2, XI-Ri, and 
X2-Rj bonds; Le., the driving forces of the L ligand distortion 
stem from the intraligand and the Pt-L interactions. On the 
other hand, the bond involved in the L ligand coordination is 
weakened by the distortion, by which the L ligand distortion 
is reduced. 
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The oxygen sensitivity of [RhCl(PPh3)3] and the dimer 
[RhCl(PPh3)2]2 which derives from it, eq 1, has long been 

(1) 

noted.' Solutions of either complex rapidly absorb oxygen 
and turn red-brown, and solid [RhCl(PPh3)2] 2 decomposes 
within hours following exposure to air. Traces of oxygen have 
been r e p ~ r t e d ~ - ~  to greatly enhance the catalytic ability of 
[RhCl(PPh3)3] in a variety of reactions, and the complex has 
been sh0wn~3~ to Serve as an oxidation catalyst. The mech- 
anism of oxidation of the complexes and the nature of their 
final oxidation products have never been fully elucidated, and 
a variety of conflicting reports have appeared. 

In one of the first descriptions of [RhCl(PPh3)3], a com- 
pound formulated as [RhC1(02)(PPh3)2].0SCH2Cl2 was 
isolated when solutions were exposed to oxygen.' A complex 
of similar composition, [RhC1(02)(PPh3)2] ~2CHzC12, was 
obtained by Bennett and Donaldson7 from concentrated, 
oxygen-saturated solutions of [RhCl(PPh3)3] and was fully 
characterized by a complete crystal structure analysis which 
showed the unusual dimeric, dioxygen bridged structure, I. In 

2[RhC1(PPh3),] f [RhCl(PPh,),], + 2PPh, 

I 

contrast, other  worker^^,^ have instead isolated products arising 
from oxidation of PPh3. Augustine and Van Peppen 
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demonstrated8 that the amount and rate of oxygen uptake by 
[RhCl(PPh3)3] is solvent dependent, and Ph3PO and a 
complex formulated as { [RhC1(02)(PPh3)2]20) were isolated 
from oxygenated benzene and methanol solutions. Dudley et 
aL9 found that benzene solutions of [RhCl(PPh3)3] absorbed 
1 SO-1.75 mol of 0 2  per mol of complex and that the rate of 
absorption was dependent on the stirring rate. These solutions 
deposited a red-brown precipitate which exhibited IR bands 
at 1094, 1120, 1190, and 850 cm-' assignable to PPh3, Ph3P0, 
and coordinated 0 2 .  The precipitate was formulated as 
[RhCl(PPh3)(Ph3P0)03].C6H6, and a detailed, but com- 
plicated, oxidation scheme was proposed to account for the 
stirring rate dependence. 

Our interest in the reactions of these complexes with 
molecular oxygen arose from a studylo into the mechanism 
of the photoinduced oxidation of coordinated ligands in 
trans-[RhCl(CO)(PPh3)2]. The original aim of the research 
reported herein was to clarify the nature of the final oxidation 
products and spectroscopically observe intermediates involved 
in the reactions. We have chosen to concentrate our efforts 
on [RhCl(PPh3)2]2, principally because it has one less PPh3 
that can be oxidized to Ph3PO. Success has not been achieved 
in characterizing the oxidation products, but we now report 
our spectroscopic results and propose a simple oxidation 
scheme for [RhCl(PPh3)2]2. 
Experimental Section 

T h e  complexes [ RhCI(PPh3)3] , I  I [RhCI(PPh3)&,'  and 
[RhC1(02)(PPh3)2].2CH2C127 were prepared by published procedures. 
Electronic absorption spectra were measured on a Cary 17 spec- 
trophotometer using an evacuatable quartz 1-cm spectrophotometer 
cell. Infrared spectra were recorded on a Perkin-Elmer 621 infrared 
spectrophotometer using standard 0.5-mm path length NaCl solution 
I R  cells. The electronic absorption spectral changes were recorded 
by first measuring the spectrum of a solution prepared by distillation 
of degassed solvent into the UV cell containing the complex to be 
examined. The cell was then opened to the atmosphere and rapidly 
shaken for 5-10 s, and the spectrum recorded immediately and at  
appropriate time intervals thereafter. The infrared spectral changes 
were recorded in a similar manner by filling the infrared cells in an 
Nz filled glove bag with a deoxygenated solution of the complex, 
recording the spectrum, opening the solution to air, and recording 
spectra a t  appropriate time intervals thereafter. 

A product was isolated from oxygenated toluene and CHzCl2 
solutions of [RhCl(PPh3)2]2 by stirring the solutions under an oxygen 
purge for 3-5 days followed by precipitation with E t20  or by 
evaporation of solvent on a rotary evaporator. The resultant red-brown 
solid was washed with Et20 to remove any free PPh3 and with ethanol 
to remove uncoordinated Ph3PO. The elemental analysis (Galbraith 
Laboratories) of this product did not agree with any reasonable 
stoichiometry. The following results were obtained. From CH2C12 
solution: Rh, 15.75; CI, 10.99; P,  6.22; C, 47.82; H, 3.98. From 
benzene solution: Rh, 27.11; CI, 10.20; P, 5.72; C, 42.02; H, 3.94. 
From oxidation of solid [RhCI(PPh3)2]2: Rh, 16.74; CI, 8.17; P, 6.41; 
C ,  44.32; H, 3.80. 

Results and Discussion 
[RhCl(PPh3)2]2 is very air sensitive, both in the solid state 

and in solution. The solid changes color from pink to brown 
after 1-2 h in air, and solutions immediately turn red-brown 
upon exposure and give the electronic absorption spectral 
changes shown in Figure 1. [RhCl(PPh3)2]2 in degassed 
CH2C12 solution shows an absorption band at  457 nm ( e  = 
960). Admission of air followed by a 5-10-s shaking of the 
spectrophotometer cell results in complete replacement of this 
absorption feature by a new band at 366 nm (e = 8000) which 
then very slowly decreases in intensity upon standing. Ab- 
sorption features characteristic of Ph3PO simultaneously 
appear and grow in around 270 nm. In the 800-1300-cm-' 
infrared spectral region, [RhCl(PPh3)2] 2 in degased CH2C12 
shows a triphenylphosphine band at 1090 cm-I, and exposure 
to air results in the spectral changes shown in Figure 2. A 

Notes 

nm 
Figure 1 .  Electronic absorption spectral changes following expo- 
sure of a degassed CH,Cl, solution of [RhCl(PPh,),], to air. 
Spectrum (a) was recorded prior to exposure and spectra (b-f) a t  
the following time intervals after exposure: (b) immediately; (c) 
1.5 h ;  (d) 4.5 h ;  (e) 10 h ;  (0 24 h. 

1200 1000 800 
cm-1 

Figure 2. Infrared spectral changes following exposure of a de- 
oxygenated CH,Cl, solution of [RhCl(PPh,),], to air. Spectrum 
(a) was recorded prior t o  exposure and spectra (b-d) at the fol- 
lowing time intervals after exposure: (b) immediately; (c) 15 
min; (d) 29 h .  

band assignable to coordinated 0 2  appears at 851 cm-', the 
1090 cm-' band slowly decreases in intensity, and new bands 
characteristic of Ph3PO grow in at  11 17 and 1185 cm-'. 
Similar spectral changes obtain in benzene solution. These 
electronic and infrared changes clearly suggest that the ox- 
idation proceeds by a very rapid initial reaction with oxygen 
followed by a much slower reaction which produces Ph3PO. 
The observation that Ph3PO is produced only in the slower 
second step suggests that the initial rapid reaction involves 
formation of a dioxygen adduct. 

To test this hypothesis we prepared [RhC1(02)- 
(PPh3)2] 22CHzC12 according to directions given by Bennett 
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Scheme I 
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Figure 3. Electronic absorption spectral changes following expo- 
sure of a degassed CH,CI, solution of [RhCl(PPh,),] t o  air. 
Spectrum (a) was recorded prior to exposure and spectra (b-e) a t  
the following time intervals after exposure: (b) immediately; (c) 
15 min; (d) 4.3 h ;  (e) 25 h.  

and Donald~on.~ In CH2C12 solution their complex shows an 
absorption band at 366 nm, identical in position and shape to 
the spectrum resulting from the initial rapid reaction of 
[RhCl(PPh3)2]2 with 0 2 .  Further, storage of solutions of this 
dioxygen adduct gave infrared and electronic absorption 
spectral changes identical with and on the same time scale as 
those obtained under similar conditions during the oxidation 
of [RhCl(PPh3)2] 2. 

A red-brown powder can be isolated from solutions of 
[RhCl(PPh3)2]2 which have been exposed to oxygen for several 
days by precipitation with Et20 or by solvent evaporation. 
This powder can be reprecipitated from CH2C12/Et20 so- 
lutions, but a crystalline sample has not been obtained. The 
UV spectrum of this product in CHzClz solution is identical 
with the final spectrum obtained from exposure of [RhCl- 
(PPh3)2]2 solutions to oxygen, and the IR spectrum shows 
bands at 1185 and 11 18 cm-', assignable to Ph3P0, and a band 
at 850 cm-' attributable to coordinated 0 2 .  Satisfactory 
elemental analysis corresponding to any reasonable stoi- 
chiometry has not been obtained even though several carefully 
washed and reprecipitated samples were analyzed. 

The spectral changes detailed above for [RhCl(PPh3)2]2 and 
[RhC1(02)(PPh3)2]2 indicate that oxidation of [RhCl(PPh3)2]2 
proceeds by very rapid formation of Bennett and Donaldson's 
dioxygen adduct, or an adduct which derives from their 
complex in solution, which then slowly decomposes to form 
Ph3PO and Rh-Ph3PO-02 complexes, Scheme I. Since 
[RhCl(PPh3)2]2 has been shown12,13 to not dissociate to 
three-coordinate [RhCl(PPh3)2] to any significant extent in 
solution, the initial fast reaction must occur between 0 2  and 
the dimer. The slow decomposition to Ph3PO most likely 
proceeds through an intramolecular process similar to that 
proposed14 for the [Pt(PPh3)4] catalyzed oxidation of PPh3. 

The spectral changes which obtain during oxidation of 
[RhCl(PPh3)3] are similar to those observed for [RhCl- 
(PPh3)2]2. A degassed 7 X M CH2C12 solution of 
[RhCl(PPh3)3] shows an absorption band at 445 nm which 

upon exposure to 0 2  is rapidly replaced by an absorption 
shoulder at 365 nm, Figure 3. This shoulder over a period 
of hours decreases in intensity and Ph3PO features simul- 
taneously appear near 270 nm. The infrared spectral changes 
are virtually identical with those observed for [RhCl(PPh3)2]2. 
Although the spectral changes obtained for the two complexes 
are similar, the relatively lower intensity of the 365-nm 
shoulder in the spectrum resulting from the reaction of 
[RhCl(PPh3)3] with 0 2  suggests that the oxidation pathways 
may not be entirely the same. Further, the very rapid initial 
reaction of [RhCl(PPh3)3] with 0 2  and our observation that 
a fivefold excess of PPh3 does not inhibit the oxidation indicate 
that the reaction does not proceed entirely through [RhCl- 
(PPh3)2]2, and direct reaction of 0 2  with [RhCl(PPh3)3] is 
suggested. 

Finally, we have observed that the oxidation products of 
[RhCl(PPh3)3] and [RhCl(PPh3)2]2 can be readily converted 
back to [RhCl(PPh3)3] simply by refluxing ethanol solutions 
of the products with excess PPh3 under a nitrogen atmosphere. 

Acknowledgment. We thank the donors of the Petroleum 
Research Fund, administered by the American Chemical 
Society, and the National Science Foundation (Grant MPS 
7505909) for support of this research. 

Registry No. [RhCl(PPh3)2]2, 14653-50-0; [RhCl(PPh3)3], 
14694-95-2; 0 2 ,  7782-44-7. 

References and Notes 
M. C. Baird, D. N. Lawson, J. T. Mague, J. A. Osborn, and G. Wilkinson, 
Chem. Commun., 129 (1966). 
R. L. Augustine and J. F. Van Peppen, Chem. Commun., 495,571 (1970). 
H. van Bekkum, F. van Rantwijk, and T. van de Putte, Tetrahedron Lett., 
l(1969). 
K. W. Barnett, D. L. Beach, D. L. Garin, and L. A. Kaempfe, J .  Am. 
Chem. SOC., 96, 7127 (1974). 
K. Takao, M. Wayaku, Y. Fujiwara, T. Imanaka, and S. Teranishi, Bull. 
Chem. SOC. Jon.. 43. 3898 (1970). 
K. Takao, M. 'Wayak;, Y. Fujiwara, T. Imanaka, and S. Teranishi, Bull. 
Chem. Soc., Jpn., 45, 1505 (1972). 
M. J. Bennett and P. B. Donaldson, J .  Am. Chem. Soc., 93,3307 (1971). 
R. L. Augustine and J. F. Van Peppen, Chem. Commun., 497 (1970). 
C. W. Dudley, G. Read, and P. J. Walker. J .  Chem. SOC., Dalton Trans., 
1926 (1974): 
G. L. Geoffroy, D. A. Denton, M. E. Keeney, and R. R. Bucks, Inorg. 
Chem., 15, 2382 (1976). 
.I. A. Osborn and G. Wilkinson, Inorg. Synth., 10, 67 (1967). 
C. A. Tolman, P. Z. Meakin, D. L. Lindner, and J. P. Jesson, J .  Am. 
Chem. SOC., 96, 2762 (1974). 
J. Halpern and C. S. Wong, J.  Chem. SOC., Chem. Commun., 629 (1 973). 
J. P. Birk, J. Halpern, and A. L. Pickard, J .  Am. Chem. Soc., 90, 4491 
(1968). 

Contribution from the Departments of Chemistry, 
Baylor University, Waco, Texas 76703, and 

University of Houston, Houston, Texas 77004, 
and Brookhaven National Laboratory, Upton, New York 11973 

Crystal Structure of Cs&iFe(CN)6 by Neutron Diffraction 

G. W.  Beall,la W .  0. Milligan,*la J. Korp,lb I. Bernal,Ib 
and R .  K. McMullanIC 

Received June 7, I976 AIC60416V 

The structure of a series of isomorphous compounds of the 
general formula Cs2LiM(CN)6, where M = Mn, Fe, and Co, 
has been determineda2 These studies suggested a relation 
between the M-C bond distance and the amount of IT 
back-bonding. It was found that the Q and ?r contributions 
affected the M-C bond by approximately the same amount. 
The high symmetry of the crystals of these salts has also 
permitted a detailed vibrational a n a l y ~ i s . ~ , ~  Since these salts 
do not suffer any of the disorder problems associated with other 
Prussian Blue  analogue^^,^ and since the high symmetry 


