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Figure 5. Isomer possibilities for complexes 13a,b. 

It is apparent from these complexes 12, 13, and 14 that N-H 
addition to iridium(1) will occur with the ligand PNH(CPh0) .  
Although the reaction is apparently induced by intramolecular 
cyclization, this premise needs to be tested. We have therefore 
mixed IrCl(PPh3)2 with 1 mol of benzamide or benzanilide, both 
with and without 1 equiv of added triphenylphosphine. These 
conditions are designed to mimic those used to prepare complex 
12. The first experiment with no added PPh3 is designed to 
simulate a pathway for P N H ( C P h 0 )  addition where N-H 
cleavage by IrCI(PPh3)2 is the initial step. The second experi- 
mental condition with 1 mol of added PPh3 reproduces the con- 
ditions for a pathway where phosphine complexation is the first 
step, and N-H addition is induced by IrC1(PPh3)3. The only 
difference between PNH(CPh0) and these above sets of conditions 
is the intramolecularity of N H  additions from PNH(CPh0) .  
Under the two sets of conditions with added benzamide or ben- 
zanilide we observe, by IR spectroscopy, no loss of the amide N-H 
functionality or the formation of an iridium hydride. Our claim 

of intramolecular “chelate-assisted” oxidative addition with 
PNH(CPh0)  therefore appears to be justified. 

Now that our finding of iridium(II1) hydrides from PNH-  
(CPhO) and iridium(1) complexes is fully justified, we must return 
to discuss the formation of the hydride complex IrHCl( 1,s- 
COD)(PN(CPhO))  (15) from the treatment of IrCl(1,S- 
COD)(PNH(CPhO)) with Dabco. The reaction was carried out 
with the amido iridium(1) complex Ir( 1,s-COD)(PN(CPhO)) 
being the targeted product. Complex 15 shows no IR bands due 
to v(NH) or amide 11, but shifted amide I and 111 bands at 1610 
and 1330 cm-’ are observed. Medium-intensity bands due to 
v(IrH) are found at 2160 and 2140 cm-l. We do not find a hydride 
resonance in the IH N M R  spectrum (CD2C12 solvent). The 
phenyl, methylene, and olefinic protons are in the expected regions 
(Table I). The 3’P(1HJ N M R  spectrum (CD2C12 solvent) shows 
a broad resonance a t  6 15.4 (vl /2  = 12 Hz) at 27 OC, which shifts 
and narrows to 6 9.4 (vIj2 = 3 Hz) at -72 OC. It appears therefore 
that the complex is undergoing intramolecular exchange, which 
may explain why the upfield hydride resonance is not 0b~erved . l~  

It is not obvious at present as to why this hydride complex, 15, 
is formed under the identical experimental conditions that can 
be used to prepare compounds 9, 10, and 11. A plausible ex- 
planation is that an initially formed anionic iridium(1) complex 
IrCl( 1,s-COD)(PN(CPhO))- is protonated a t  iridium by Dab- 
coH+ faster than it undergoes chloride ion loss, resulting in the 
formation of IrHCl( 1,s-COD)(PN(CPhO)). Nevertheless this 
explanation remains speculative, and further investigation of these 
amido complexes of the later transition metals is needed before 
variations in their reaction chemistry can be fully explained. 
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The crystal structure of a-Mo2C14(dppe)2.0C4H8, in which the two dppe ligands chelate each of the Mo atoms of the dimer, has 
been determined. The space group is C2/c with a = 32.946 (5) A, b = 9.876 (4) A, c = 23.179 (3) A, p = 119.67 ( 1 ) O ,  V = 
6548 (7) A’, and 2 = 4. The midpoint of the Mo-Mo unit resides on an inversion center. The Mo-Mo bond distance is 2.140 
(2) A, and the mean Mo-P and Mo-CI distances are 2.548 [2] 8, and 2.423 [ l ]  A, respectively. The light brown product of the 
solid-state transformation of a - M ~ ~ C l ~ ( d p p e ) ~  was characterized by its far-IR spectrum, which is identical with that of pure 
crystalline p-M~~Cl,(dppe)~. The same transformation in CH2CI2 solution was found to be a reversible process of the first order 
in both directions. The initial rate constant, assumed to be that of the forward process, was 1.13 X s-I, and the rate constant 
for approach to equilibrium, which is a sum of the rate constants for the forward and reverse processes, was found to be 1.22 X 
low5 SKI. These rates were essentially unaffected by the presence of a 20-fold excess of dppe. These results provide support for 
our earlier proposal that the isomerization processes occur by an “internal flip” of the Mo, unit within the ligand cage. 

Introduction 
The synthesis of single crystals of both a- and &Mo2C14(dppe)2, 

which were originally prepared by Walton and co-workers,l and 
the crystal structure of /3-MozCl4(dppe) have been described in 
a previous publication by the present authors.2 The isomerization 
of the a-isomer to the p-isomer in CH2C12 solution was known 
to occur3 and has been studied in detail! A mechanism involving 

(1)  Best, S. A.; Smith, T. J.; Walton, R. A. Inorg. Chem. 1978, 17, 99. 
(2) Agaskar, P. A,; Cotton, F. A. Inorg. Chem. 1984, 23, 3383.  
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an internal reorientation (or internal flip) of the Mo:’ moiety 
inside the cavity formed by the eight ligand atoms was proposed5 
for a similar reaction of a-Mo2Br4(dppe)2 on the basis of the 
observed first-order nature of the process and other considerations. 

(3) Agaskar, P. A,; Cotton, F. A,; Fraser, I .  F.; Peacock, R. D. J .  Am.  
Chem. SOC. 1984, 106, 1851. 

(4) Peacock, R. D., private communication. 
(5) Agaskar, P. A,; Cotton, F. A,; Derringer, D. R.; Powell, G. L.; Root, 

D. R.; Smith, T. J. Inorg. Chem. 1985, 24, 2786. 
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Figure 1. Far-IR spectra of a - M ~ ~ C l ~ ( d p p e ) ~  (I), @ - M ~ ~ C I ~ ( d p p e ) ~  (111), 
and heat-treated a - M ~ ~ C l ~ ( d p p e ) ~  (11). 

35- ' 
I 0.15 mmol 

) I  

300 400 500 EQO 700 EOO 
WAVELENGTH/ n m 

Figure 2. Electronic absorption spectra of a - M ~ ~ C l ~ ( d p p e ) ~  (-) and 
P - M ~ ~ C l d d p p e ) ~  (- -1. 

The isomerization process might be expected to occur also in 
the solid state if the internal flip mechanism is correct. The 
isomerization would also be expected to be insensitive to the 
presence of excess diphosphine ligand. Experiments reported here 
have confirmed these expectations. 

The occurrence of such an internal flip process is of further 
significance with respect to the racemization of p-Mo2X4(PP), 
type complexes, some of which are spontaneously resolved on 
crystallization,6 but are apparently subject to rapid racemization 
when redissolved. 
Experimentat Procedures 

Synthetic methods used to obtain bulk samples, and single crystals of 
a-Mo2C14(dppe)2 have been described in a previous p~blication.~ 

The isomerization of a - M ~ ~ C I ~ ( d p p e ) ~  to @-M~~Cl,(dppe)~ was ef- 
fected by heating a sample of the green powder, sealed under vacuum 
in a Pyrex tube, to 250 "C and maintaining it at that temperature for 
2 days. The light brown powder that was obtained was shown to be 
entirely the @-isomer by its far-IR spectrum, Figure 1 .  

The same process was observed in CH2CI2 solution by monitoring the 
UV-visible spectrum of a 0.15 mM solution of a - M ~ ~ C l ~ ( d p p e ) ~ .  The 
final spectrum observed after a period of 3 days was identical with that 
of the p-isomer, Figure 2. 

(6) Cotton, F. A.; Powell, G. L. Inorg. Chem. 1983, 22, 1507. 

Table I. Kinetic Data for the CY- to @-Isomerization of 
Mo2Cl,(dppe), in CH2CI2 Solution 

(11) presence of 20-fold 
excess of dppe (I) absence of excess dppe 

time/min absorbance time/min absorbance 
0 0.425" 0 0.435 

280 0.360 290 0.370 
460 0.310 470 0.325 

1150 0.195 1165 0.215 
1470 0.155 1480 0.175 
1725 0.135 1730 0.145 
1975 0.1 15 1985 0.125 
2675 0.095 2680 0.100 
2990 0.085 2995 0.085 
4050 0.067 4055 0.060 
4465 0.058 4485 0.055 

= 1.5 x mol. 

Table 11. Summary of Crystallographic Data and Data Collection 
Procedures 

formula 
fw 
space group 
syst absences 
a, A 
b, A 
c, A 
a, deg 
6, deg 
7,  deg v, A' 

dcalcd, g/cm' 
2 

cryst size, mm 
p(Mo Ka) ,  cm-' 
data collcn instrum 
radiation (monochromated in incident 

beam) 
orientation reflcns: no.; range (28), 

deg 
temp, OC 
scan method 
data collcn range (28), deg 
no. of unique data, total with F> > 

no. of params refined 
transmissn factors: max, min 
R" 

quality-of-fit indicator' 
largest shift/esd, final cycle 
largest, peak, e/A3 

34F,2) 

Rwb 

M O ~ C I ~ P ~ C ~ ~ H ~ ~ * O C ~ H ~  
1202.66 

hkl,  h + k # 2n; h01, I # 2n 
32.946 (5) 
9.876 (4) 
23.179 (3) 
90.0 
119.674 (9) 
90.0 
6548 (7) 
4 
1.224 
0.3 X 0.2 X 0.1 
6.68 
Enraf-Nonius CAD-4 
Mo Ka 

25; 12 I 28 I 2 4  

c2 /c  

22 f 3 
6/28 
4.0 5 28 5 45.0 
5533, 1872 

300 
99.6%, 92.1% 
0.069 
0.086 
1.65 1 
0.3 
0.659 

Kinetic data for this process were also obtained in the presence of a 
20-fold excess of bis(dipheny1phosphino)ethane. Both sets of data are 
listed in Table I. 
X-ray Diffraction Procedures 

Data Collection. The crystal was placed in a thin-walled glass ca- 
pillary and surrounded by a mineral oil/THF mixture. It was held in 
place by a dab of epoxy cement. 

Unit cell constants were determined from the geometric parameters 
of 25 well-centered reflections with 28 values in the range 10" < 28 < 
25" and are listed in Table 11. These were consistent with a C-centered 
monoclinic lattice. The C-centering was subsequently confirmed by the 
systematic absence of hkl reflections with h + k = 2n + 1 .  The sys- 
tematic absences also revealed the presence of a c-glide, and the correct 
space group was determined by a successful refinement to be C2/c. 

The total number of reflections measured was 5689, of which 156 were 
intensity standards. Only those unique reflections with a I / o ( l )  ratio 
greater than 3, which numbered 1872, were used. Corrections were made 
for Lorentz and polarization effects. The intensity standards showed a 
decay of 1.9% over the period of 46.3 h of exposure time, and the data 



Transformation of a - M ~ ~ C l ~ ( d p p e ) ~  to P - M ~ ~ C l , ( d p p e ) ~  
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Figure 3. ORTEP drawing of the entire molecule of a - M ~ ~ C l ~ ( d p p e ) ~  with 
thermal ellipsoids at 50% level for Mo, C1, and P atoms and C(l)  and 
C(2). Those of the atoms in the phenyl rings have been arbitrarily 
reduced. Unlabeled phenyl carbon atoms follow from those given. Only 
half the atoms are labeled; the others are related by a center of inversion 
at the midpoint of the Mo-Mo bond. 

Figure 4. View of the molecule of a - M ~ C l ~ ( d p p e ) ~  down the Mo-Mo 
bond axis. 

were corrected to account for this decay. Empirical absorption correc- 
tions were applied on the basis of a transmission function derived from 
azimuthal scans of six reflections with values of the X-angle around 90°. 
The maximum and minimum transmission factors were 99.59% and 
92.13%, respectively. 

The positions of the 
molybdenum atoms were obtained by using direct methods. The rest of 
the atoms were located from difference Fourier maps computed after 
least-squares refinement of atoms already found. 

Anisotropic displacement parameters were used for all atoms except 
those of the THF molecule. The final R factor was 0.069. This is listed 
in Table I1 along with all other relevant data. The positional parameters 
and equivalent isotropic displacement parameters of all atoms are listed 
in Table 111. 

Results 
The entire molecule is shown in Figure 3, where the atom- 

numbering scheme is also given. The C,, symmetry of the 

Solution and Refinement of the Structure.' 

(7 )  All computations were carried out by using programs of the VAX-SDP 
package on a VAX 11/780 computer. The direct-methods program 
MULTAN-81 was used. 
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Table 111. Positional and Thermal Parameters for 
a-M~~Cl~(dppe)~.THF" 

atom X Y Z E. A2 
Mo(1) 0.74463 (4) 
Cl(1) 0.8173 (1) 
Cl(2) 0.7154 (1) 
P(1) 0.6615 (1) 
P(2) 0.7533 (1) 
O(1) 0.576 (1) 
C(l) 0.6577 (5) 
C(2) 0.7055 (5) 
C(3) 0.6449 (5) 
C(4) 0.6708 (6) 
C(5) 0.6586 (6) 
C(6) 0.6177 (6) 
C(7) 0.5897 (6) 
C(8) 0.6035 (5) 
C(9) 0.6074 (4) 
C(10) 0.5912 (6) 
C(11) 0.5462 (7) 
C(12) 0.5189 (7) 
C(13) 0.5361 (6) 
C(14) 0.5816 (5) 
C(15) 0.7448 (5) 
C(16) 0.7085 (5) 
C(17) 0.7044 (6) 
C(18) 0.7348 (5) 
C(19) 0.7701 (6) 
C(20) 0.7755 (5) 
C(21) 0.8048 (5) 
C(22) 0.8006 (6) 
C(23) 0.8423 (6) 
C(24) 0.8862 (6) 
C(25) 0.8895 (7) 
C(26) 0.8477 (5) 
C(27) 0.545 (1) 
C(28) 0.569 (2) 
C(29) 0.590 (1) 
C(30) 0.609 (1) 

0.2689 (2) 
0.3333 (5) 
0.4977 (5) 
0.1825 (5) 
0.0288 (5) 
0.246 (4) 

-0.001 (2) 
-0.078 (2) 
0.204 (2) 
0.279 (2) 
0.290 (2) 
0.225 (2) 
0.149 (3) 
0.134 (2) 
0.251 (2) 
0.375 (2) 
0.424 (3) 
0.339 (3) 
0.213 (3) 
0.167 (2) 

-0.053 (2) 
0.026 (2) 

0.054 (2) 
0.020 (2) 
0.090 (2) 
0.098 (2) 

-0.212 (2) 
-0.074 (2) 

-0.297 (2) 
-0.244 (2) 
-0.107 (3) 
-0.012 (2) 

0.227 (4) 
0.261 (6) 
0.343 (5) 
0.341 ( 5 )  

0.45124 (5) 
0.4573 (2) 
0.4154 (2) 
0.3799 (2) 
0.4178 (2) 
0.783 (2) 
0.3906 (8) 
0.4161 (6) 
0.2937 (6) 
0.2734 (7) 
0.2060 (7) 
0.1564 (8) 
0.1774 (8) 
0.2443 (8) 
0.3735 (6) 
0.3391 (9) 
0.3297 (9) 
0.350 (1) 
0.382 (1) 
0.3960 (8) 
0.3331 (6) 
0.2830 (6) 
0.7177 (7) 
0.2061 (7) 
0.2561 (7) 
0.3213 (6) 
0.4563 (6) 
0.4447 (7) 
0.4734 (7) 
0.5119 (8) 
0.5241 (9) 
0.4951 (8) 
0.687 (2) 
0.551 (3) 
0.697 (2) 
0.775 (2) 

3.79 (3) 
4.9 (1) 
5.1 (1) 
4.7 (1) 
4.5 (1) 

35 (2)* 
5.9 (5) 

5.7 (5) 
6.2 (5) 

6.1 ( 5 )  
7.4 (6) 
8.9 (7) 
8.9 (7) 
7.3 (6) 
6.6 (5) 
8.4 (7) 

11.0 (8) 
10.8 (9) 
10.6 (8) 
7.9 (6) 
4.8 (4) 
6.1 (5) 
6.5 (6) 
6.7 (6) 
7.7 (6) 
5.6 (5) 
4.5 (4) 
6.0 ( 5 )  
7.0 (5) 
7.6 (6) 

10.0 (8) 
7.2 (6) 

20 (1)* 
31 (3)* 
24 (2)* 
21 (1)* 

Starred values denote isotropically refined atoms. The isotropic 
equivalent displacement parameters of the anisotropically refined at- 
oms correspond to the expression E = 4/3[a2E(l,l) + b2B(2,2) + c2B- 
(3,3) + ab(cos y)B(1,2) + ac(cos P)B(1,3) + bc(cos a)B(2,3)]. 

Table IV. Principal Bond Distances (A) and Bond Angles (deg) 

Bond Distances 
Mo(l)-Mo(l)' 2.140 (2) Mo(l)-P(l) 2.544 (4) 

-Cl(lO) 2.411 (5) -P(2) 2.553 ( 5 )  
-C1(2) 2.436 (5) 

Bond Angles 
Mo (l)'-Mo (1 )-Cl(l) 1 10.1 (1 ) Cl( l)-Mo (1 )-P( 1) 147.5 (2) 

-C1(2) 110.6 (1) -P(2) 90.4 (2) 
-P(l) 101.0 (1) -C1(2) 89.3 (2) 
-P(2) 100.0 (1) Cl(2)-Mo(l)-P(l) 88.4 (1) 

P(lbMo(lbP(2) 74.8 (2) -P(2) 147.4 (1) 

molecule is clearly seen. Figure 4 shows a view of the molecule 
down the Mo-Mo bond. It can be seen here that though the Mo-L 
bonds of the halves of the dimer are  not eclipsed, the average 
L-Mo-Mo-L torsion angle is zero. 

Table IV is a list of important bond distances and bond angles. 
The Mo-Mo bond distance of 2.140 (2) A is almost exactly the 
same as that in M ~ , C l ~ ( d p p m ) ~ ,  2.138 ( 1 )  A, which also has an  
eclipsed Mo2C14P4 core.8 The average Mo-C1 bond distance, 
2.423 [ l ]  A, i s  longer than the corresponding distance in the 

while the average Mo-P distance, 2.548 [2] A, is 
shorter. Such differences are also seen in the tungsten analogues: 
and imply that the phosphine ligand exerts a greater structural 
trans effect than the chlorine ligand. 

The eight ligand atoms form an  almost perfect cube, and an 
alternative set of positions for the M o  atoms can be calculated 

(8) Abbott, E. H., Bose, K. S.; Cotton, F. A,; Hall, W. T ; Sekutowski, J. 
C. Inorg. Chem. 1978, 17, 3240. 

(9) Cotton, F. A,; Felthouse, T. R. Inorg. Chem. 1981, 20, 3880. 
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Figure 5. Central core of the molecules with calculated alternative 
positions for Mo atoms drawn in. The Mo atoms and the shaded bonds 
show a core with the actual a-structure, while the Mo' atoms and un- 
shaded bonds show a p-structure obtained merely by flipping the Moz 
unit  90'. 

m 
h 

L1 
I 0 0 80.0 160.0 240.0 3200 4000 400.0 

TIME MIN x 10' 
Figure 6. Plot of log C,, vs. time (min): (0) data without excess dppe; 
(A) data in the presence of a 20-fold excess of dppe. 

such that the Mo-L bonds are all around 2.5 8, and the Mo-Mo 
bond distance is about 2.18 8,. This is illustrated in Figure 5. The 
molecule formed when the Mo atoms are put in these calculated 
positions is of the bridged P-type. 

The isomerization process was followed as a function of time 
a t  23 f I OC by measuring the absorbance a t  the maximum of 
the 6 - 6* transition for the a-isomer (677.6 nm). Figure 6 is 
a plot of log C,, vs. time, where C,, is the concentration of the 
a-isomer a t  time t .  The circles are the data mints in the absence 
of excess dppe, and the triangles are the data points in the presence 
of a 20-fold excess of dppe. It is apparent that in neither case 
do the points fit a straight line. However, the first three points 
in both cases do so with correlation coefficients of >0.99. The 
slopes, which are assumed to be the rate of the forward process, 
are 1.13 X s-l (triangles). Figure 
7 shows a plot of log (Cat - Caq) vs. time, where C,, is the same 
as described above and Caeq is the concentration of the a-isomer 
a t  equilibrium. In this plot, if Caep is taken to be 0.1 all 
11 points, in both cases, can be fitted to a straight line. The 
correlation coefficients are 0.996 and 0.999, respectively. The 
slopes of the two linear regression lines are both 1.22 X 10-5 s-I. 

s-I (circles) and 1.03 X 

0 '  

F1 ul 

L I-, 
' 0.0 80.0 160.0 240.0 320.0 400.0 480C 

TIME MIN x 10' 
Figure 7. Plot of log (Ca, - Ceq) vs. time (min). 

The slopes in this plot are the sum of the rate constants in the 
forward and reverse direction, and hence the rates of the reverse 
processes are 0.9 X 10" s-l (circles) and 1.9 X 10" s-' (triangles), 
respectively. The equilibrium constants calculated from these rates 
are 12.5 and 5.4, reasonably close to the value used to generate 
these plots, given that the initial rate constants were calculated 
on the basis of only three points. 
Discussion 

Although our earlier work2 with the Mo2CI4(dppe), system 
allowed us to obtain crystalline samples of both the a and the @ 
isomers, our interest a t  that time was entirely concentrated on 
the P isomer because of its ring conformational properties and 
their relationship to the optical activity of such  molecule^.^ 
Subsequently, however, when the fact that a-M2X4(dppe), isomers 
isomerize unimolecularly to the /3-M2X4(dppe), isomers was 
recognized3j and we were led to suggestS as a mechanism a simple 
internal flip of the M 2  unit within the ligand cage, our interest 
in a-M~,Cl.,(dppe)~ was stimulated. In particular, we felt that 
studies of the a - /3 isomerization for this system could provide 
further tests of our proposed flip mechanism. 

As a basis for the study of the isomerization we first established 
the crystal and molecular structure of a-Mo2C14(dppe),. The a 
and isomers of this compound constitute only the second such 
pair to be structurally characterized. The first ones were the 
homologous isomeric W2C14(dppe),  compound^.^ While @- 
Mo2C14(dppe), and P-W,Cl,(dppe), are i s o m o r p h ~ ~ ~ , ~ - ~  that is 
not true for the a-isomers, since different molecules of solvation 
are present in each case. For ~t-W,Cl,(dppe)~ there were four 
molecules of the complex and two molecules of water in each unit 
cell, while in the crystalline material studied here there are four 
molecules of the complex and four molecules of tetrahydrofuran 
in the unit cell. 

The a - M ~ ~ C l , ( d p p e ) ~  and a-W2C14(dppe)Z molecules them- 
selves, however, are isostructural. In each case the molecules are 
crystallographically centrosymmetric, and they differ only in the 
exact values of bond lengths and angles involving the metal atoms. 
The W-W distance is 0.140 (2) 8, longer than the Mo-Mo dis- 
tance, which is about as expected,lOJ1 although in most other cases 
the difference is only about 0.10 8, and often less. On the other 
hand the W-Cl and W-P distances are slightly shorter than the 
corresponding Mo-C1 and Mo-P distances, which is a well-es- 
tablished" if slightly surprising relationship in compounds of this 
class. 

(10) Cotton, F. A,; Walton, R. A. "Multiple Bonds Between Metal Atoms"; 
Wiley: New York, 1982. 

(11 )  Cotton, F. A,; Extine, M. W.; Felthouse, T. R.; Kolthammer, B. W. S.; 
Lay, D. G .  J .  Am. Chem. SOC. 1981, 103, 4040. 
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The most likely alternative to our previously suggested internal 
flip mechanism for the a - interconversion would be a process 
in which one or both of the ligands would break at least one of 
their M-P bonds. It seems to us that for any process of the latter 
type, two predictions could be made. (1) It would not proceed 
cleanly in the solid state. (2) If such a process occurred in solution, 
it is likely that the presence of a large excess of dppe would affect 
the rate of isomerization, probably in the sense of retarding it. 
On the other hand, for the internal flip mechanism, isomerization 
would be possible in the solid state, and in solution the presence 
of excess dppe should have no influence on the rate. Experimental 
tests have been carried out relating to both of these points. 

When green a-Mo,Cl,(dppe), was heated under static vacuum 
at 250 "C it was converted completely and without decomposition 
to brown p - M ~ , C l ~ ( d p p e ) ~ ,  as monitored by the color change and 
by the infrared spectrum (Figure 1) of the product after 2 days 
of heating. If dissociation and recombination of dppe ligands were 
required for isomerization to occur, it seems extremely unlikely 
that such a clean, quantitative conversion would occur. The fact 
that isomerization occurs by a flip mechanism in the solid does 
not, of course, require that this be the only mechanism for isom- 
erization in solution. 
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In CH2C12 solution, as shown in Figures 6 and 7, the first-order 
conversion of the a- to the p-isomer and the approach to equi- 
librium are quantitatively the same in the presence of a 20-fold 
molar excess of dppe and in the absence of any added dppe. 
Clearly, any mechanism entailing the initial dissociation of an 
entire dppe molecule is ruled out. In addition, it would seem 
unlikely that even a process in which only one end of one dppe 
or only one C1- ligand would have to come adrift to initiate the 
process could fail to be retarded by the presence of so much dppe 
in the environment, since the vacancy created by this initial 
dissociation would be promptly filled by a dppe molecule to give 
either M ~ ~ C l ~ ( d p p e ) ~  or M ~ , C l ~ ( d p p e ) ~ ,  which would be unable 
to contribute to the isomerization process. 
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The photolysis of M(CO)6 molecules (M = Cr, Mo, W) isolated in 02-doped Ar or CH, matrices at 10-20 K hzs been monitored 
by reference to the IR, Raman, and UV-visible spectra of the matrices. These spectra indicate that the oxidation of M(CO), 
to binary oxide molecules like M02 (M = Cr, Mo) and MO, (M = Mo, W) proceeds viafour oxo-carbonyl intermediates, A-D. 
B has already been shown to be a trans-dioxo metal tetracarbonyl, M(O),(CO), (M = Mo, W). Isotopic enrichment with '*O 
indicates that (i) A is a peroxo-metal species, (q2-O2)M(C0),, where x is probably 4 and the molecular symmetry C,,, (ii) C 
is a dioxo metal carbonyl, M(O),(CO),, where y is probably 3, and (iii) D is a dioxo metal dicarbonyl, M(O),(CO), (the Cr version 
of which has been characterized previously). Hence we propose a unified reaction scheme for the matrix photooxidation of all 
three metal hexacarbonyls. Differences in behavior stem in part from differences in the photolability of the intermediates, but 
the intermediate Cr(O),(CO),, D, is favored under conditions where M o  and W favor the 18e species trans-M(O),(CO),, B. 

Introduction 
There is intense interest in finding transition-metal catalysts 

for the selective oxidation of organic substrates.2 One of the few 

Such matrix products derived from thermal reactions of 0, are 
tYPicalb metal-dioxygen complexes involving either 7' coordi- 
nation (sWroxo91) Or coordination (Froxo, 2) of the 0 2  ligand. 

successful autoxidation processes is the epoxidation of ethylene 
catalyzed by Ag. For a selective catalyst, it is desirable that both 
dioxygen and the substrate should bind reversibly to the transi- 
tion-metal center so that oxidation of the substrate can take place. 
In order to probe the types of unstable dioxygen complexes that 
may be active catalytic intermediates, coordinatively unsaturated 
metal complexes have been allowed to react with dioxygen and 
the products immobilized in low-temperature matrices. For ex- 
ample, matrix cocondensation of metal atoms3 with O2 gives rise 
to molecules that may emulate some of the different types of active 
centers created by adsorption of O2 on a metal surface. Matrix 
experiments have also revealed a wide range of metal-0, inter- 
actions in the adducts that O2 forms with metal l~porphyrins .~ 
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A different picture emerges from sputtering experiments involving 
matrix trapping of the species generated when a stream of dioxygen 
enters the discharge region of a hollow metal cathode: the IR 
spectra of these species suggest that they are not metal-dioxygen 
compounds but that the 0-0 bond has been ruptured to form 
binary metal oxide molecules, e.g., 3.5 

Unfortunately, partial aggregation of the unsaturated metal 
centers is an unavoidable complication in many of these cocon- 
densation experiments. Hence we have favored a different 
technique for generating the metal centers that overcomes this 
problem. Our technique involves UV photolysis of a metal car- 

(4) Watanabe, T.; Ama, T.; Nakamoto, K. J .  Phys. Chem. 1984,88, 440. 
(5) Green, D. W.; Ervin, K. M. J .  Mol.  Spectrosc. 1981, 89, 145. 

0 1986 American Chemical Society 


