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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~,Cl~(dppe)~ ,  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 metall~porphyrins.~ 

(1) (a) University of Oxford. (b) University of Nottingham. (c) Present 
address: Department of Chemistry, Massachusetts Institute of Tech- 
nology, Cambridge, MA 02139. 

(2) Sheldon, R. A.; Kochi, J. K. "Metal-Catalyzed Oxidations of Organic 
Compounds"; Academic Press: New York, 198 1. 

(3) (a) Huber, H.; Klotzbiicher, W.; Ozin, G .  A.; Vander Voet, A. Can. J .  
Chem. 1973,51,2722. (b) Tevault, D. E.; Smardzewski, R. R.; Urban, 
M. W.; Nakamoto, K. J .  Chem. Phys. 1982, 77, 577. 
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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. 
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Table I. Wavenumbers (cm-I) of v(C-0) IR and Raman Bands of 02-Containing Metal Carbonyl Intermediates’ 
Mob W Craib 

intermediate IR IR R IRC Rb 
A 2128 vw 2133 w d d d 

2062.1 m, sh 2064.2 ms 2060 m 2053 m 2058 m 
2027.5 ms 2016.3 ms 2008 w, sh 2007 m 2006 ms 
2007.4 m 1996 m d d d 

d e 2175 e 2160 
e” d 2110.05 e 2096 e 

C 2108 w 2106 w a 2091 m a 
2050 m 2025 m a 1998 m a 

M(O),(CO), (B) 

M(O),(CO), (D) 
a1 2125 s 2123 m, br d 2112 m, br 2115 sh 
bl 2065 s 2041 m, br d 2018 m, br d 

“Raman spectra of these species could not be obtained because of photosensitivity under the exciting radiation. b C H 4 / 0 2  matrix: IR bands f 0 . 5  
cm-l, Raman bands f 5  cm?. ‘Ar/O, matrix. dNot  observed due to weakness or overlap with other bands. eInactive. /Abbreviations: w, weak; m, 
medium; s, strong; sh, shoulder, br, broad. 

bony1 complex isolated in an 0,-doped matrix. In this way we 
generate a 16-electron fragment which may then react with 0,. 
Thus, we have shown that UV photolysis of Cr(C0)6 in the 
presence of O2 gives rise to Cr(O),(CO), (4) as the major product: 
while similar photolysis of Mo(CO), or W(CO)6 produces7 several 
species including the trans-dioxo metal tetracarbonyl M(O),(CO), 
(M = Mo, W; 5 ) .  

Scheme I 

L 5 

These oxo-metal species are of interest because they may be 
akin to those involved in the Mo-SiO, heterogeneous catalysts 
used in olefin epoxidation8 and metathesis reactions., The M- 
(O),(CO), species are coordinatively saturated compounds, and 
we have alluded7 to the possibility that they may survive in the 
liquid phase at temperatures substantially higher than 20 K. Since 
the submission of our earlier manuscript,’ there have been reports 
that oxo metal carbonyl anions of the type [M(CO),(O),]- exist 
in the gas phase9 and that 0, reacts with ($-Me5CS)Re(CO),- 
(THF) to form the curious trioxo complex (q5-MesCs)Re(0),.lo 
WO has recently been detected as one of the products arising from 
UV flash photolysis of a gaseous W(CO)6-02 mixture.” 

Our earlier experiments6,’ did not provide a detailed under- 
standing of the mechanism of photooxidation. In the absence of 
further information, we rationalized our results on the basis of 
Scheme I. In this paper we describe new results derived from 
experiments aimed at  a fuller elucidation of the steps of the 
reaction. In particular, we have concentrated on determining when 
the cleavage of the 0-0 bond occurs. Our strategy has involved 
three stages: (i) narrow-band UV-vis photolysis combined with 
a careful study of the v ( C - 0 )  region of the IR spectrum of assess 
the number of the intermediates appearing in the photooxidation 
process; (ii) a study of the relatively weak absorptions in the region 
1000-700 cm-’ that develop with photolysis and that are associated 
with coordinated oxygen to determine their assignment to the 
different intermediates; (iii) the use of 1802 and 160’80 to find 
ou t  how the oxygen is bonded in each intermediate. In this way 
we have observed that the peroxcrmetal complex (v2-02)M(CO), 

(6) Poliakoff, M.; Smith, K. P.: Turner, J. J.; Wilkinson, A. J .  J .  Chem. 
Soc., Dalton Trans. 1982, 65 1. 

(7) Crayston, J.  A,; Almond, M. J.; Downs, A. J.; Poliakoff, M.; Turner, 
J. J. Inorg. Chem. 1984, 23, 3051. 

(8) Iwasawa, Y . ;  Nakamura, T.; Takamatsu, K.; Ogasawara, S .  J .  Chem. 
Soc., Faraday Trans. I 1980, 76, 939. 

(9) Lane, K.; Sallans, L.; Squires, R.  R. J .  Am. Chem. Soc. 1984. 106, 
2719. 

(10) Klahn-Oliva, A. H.; Sutton, D. Organomerallics 1984, 3, 1313. 
(1 1)  Samoilova. A. N.; Efremov, Yu. M.; Gurvich, L. V. J .  Mol. Spectrosc. 
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(M = Cr, Mo, W; x is probably 4) is formed initially and that 
UV photolysis results in rupture of the 0-0 bond to produce 
dioxo metal carbonyls O,M(CO), 0, = 2-4). Finally we propose 
a unified reaction scheme for all three metals. 
Experimental Section 

The experiments were carried dut in accordance with procedures de- 
scribed e l ~ e w h e r e . ’ , ’ ~ , ~ ~  Although the spectra illustrated in this paper 
were all recorded at Nottingham on a Nicolet 7199 FTIR interferometer 
(32K data points, 256K transform points, and 0.5-cm-I resolution), most 
of the IR spectra relating to the photooxidation of W(CO)6 were recorded 
at Oxford on a Perkin-Elmer Model 580A dispersive spectrophotometer 
(0.5-cm-’ resolution and accuracy). All the Raman studies were carried 
out at Oxford, the spectra being excited at 5145 8, by means of a 
Spectra-Physics Model 165 Ar’ laser and recorded on a Spex Ramalog 
5 spectrometer (typically 2-6-cm-’ resolution and accuracy). UV-vis 
spectra were recorded on Perkin-Elmer Lambda 5 (Nottingham) and 
Perkin-Elmer 330 (Oxford) spectrophotometers. 

Matrix gases (Messer Griesheim or BOC Grade X), I3CO and 1 8 0 2  
(BOC Prochem), Cr(C0)6 (BDH or Ventron Alfa Products), Mo(CO)~ 
(BDH or Ralph N. Emmanuel), and W(CO)6 (Koch-Light) were used 
without further purification. The isotopically scrambled 0 2  was prepared 
by using a new procedure developed by Appelman14 and taking advantage 
of the fact that the fluoroxysulfate anion, S04F-, transfers one oxygen 
atom quantitatively to H 2 0  to form H 2 0 2  and subsequently oxidizes the 
Hl02 to 0 2 .  

(12) Crayston, J. A. Ph.D. Thesis, University of Nottingham, 1984. 
( 1  3) Almond, M. J. D.Phi1. Thesis, University of Oxford, 1984. 
(14) Appelman, E. H., unpublished results. Appelman, E. H.; Basile, L. J.; 

Thompsoir, R. C. J .  Am.  Chem. SOC. 1979, 101, 3384. 
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Total t ime /w n - 
Figure 1. Plots showing changes in the concentrations of the species A, 
B, C,  and free CO during photolysis at different wavelengths and an- 
nealing of W(CO)6 isolated in a CH4 matrix doped with 0, at 20 K. The 
concentrations were deduced from integrated IR absorbance measure- 
ments made on spectra recorded at 0, 30, 60, 70, 80, 90, and 100 min. 
The wavenumbers (cm-I) of the bands used to estimate the concentrations 
were as follows: A, 2053; B, 2096; C, 1998; CO, 2140. 

Table 11. Wavenumbers (cm-') of the Low-Frequency Bands of A" 

Cr Mo W 
1 6 0 ,  995.2 954 914 
1 6 0 1 8 0  6 (966.0) 929.1 (927.1) 899' (888.2) 
'80, 6 (937.1) 899 (899.4) 6 (861.7) 
A ( 1 6 0 2 , ' 8 0 2 )  - (56.9) 55 (54.6) - (52.3) 
Pd - (0.98) 0.91 (0.98) - (0.99) 

Calculated frequencies in parentheses. Calculations are based on a 
diatomic harmonic oscillator. Predicted to lie beneath strong M0,  
bands. 'Tentative assignment. dAsymmetry parameter as defined in 
the text (eq 2). 

Results and Discussion 
Observation of New Intermediates in the Matrix Photooxidation 

of M(CO)6. Our previous experiments' with Mo and W dem- 
onstrated two successive intermediates A and B. By using more 
selective and controlled photolysis and annealing, we have now 
found another oxygen-containing intermediate, C. l 5  The three 
intermediates are formed and decay in the sequence A - C - 
B (see Figure 1). In addition we have also found a fourth 
intermediate, D, which is also formed from C and which, for Mo 
and W, has IR bands with frequencies and relative intensities 
similar to those of Cr(0)2(CO)2. A similar, careful study of the 
photooxidation of matrix-isolated Cr(C0)6 has revealed the 
formation of Cr analogues of the intermediates A and C. All 
u(C-0) data are collected in Table I. Before considering these 
v(C-0) bands of A, C, and D in any detail, we examine the 
low-frequency region of the spectra to determine in which in- 
termediates the 0-0 bond has been cleaved. 

Low-Frequency Region (750-1100 cm-'). (i) IR Spectrum of 
A. The data for the Cr, Mo, and W versions of A are given in 
Table 11. The Mo version has given the fullest results, and so 
we discuss these in some detail. The IR spectrum in Figure 2a 
was measured after irradiation of Mo(CO)~ isolated in a CH4 
matrix containing I6O2 and I8O2 in roughly equimolar proportions. 
The band at 954 cm-' associated with A (Table 11) shifts on I8O 
substi tution to  899 cm-' a n d  so must arise from the  motion of a t  
least one oxygen atom. A similar experiment using a mixture of 
all three isotopomers, in the approximate proportions 
I6O 2. .160180:1802 = 1:2:1, gave an IR spectrum (Figure 2b, Table 
11) including the symmetrical triplet 954, 929, and 899 cm-'. Such 

(15) Although C is an intermediate in the conversion of A to B, we have 
chosen not to reflect this sequence by relabeling the three intermediates 
alphabetically. Instead, we use labels consistent with those adopted in 
our previous paper.' 
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Figure 2. I80 isotopic spectra of the low-frequency IR band due to 
intermediate A(Mo): (a) photolysis (2 min, unfiltered Hg arc) of Mo- 
(CO), in a CH4 matrix containing -1:l 1602:1802; (b) photolysis of 
M o ( C O ) ~  in a matrix containing 1602:160180:1802 in the approximate 
ratio 1:2:1. Other bands are due to MOO, (*) and C.  

Table 111. Wavenumbers (cm-I) 6f 0-0 and M=O Stretching 
Vibrations of M 0 2  Species with Asymmetry Parameters, p 

v ( 0 - 0 )  
1 6 0 ,  1 6 0 1 8 0  1 8 0 2  p ref 

Peroxo u ( 0 - 0 )  
Ir(PPh3),(CO)C1(O2)" 858 834 810 1.00 c 
Ni(t-BuNC),(O,)" 898 873 848 1.00 17 
Pt(PPh,),(O,)" 828 805.5 782 0.98 d 
Li02b 1097 1067 1035 0.97 23 
N i 0 2  966 940 914 1.00 3a 
Fe(TPP)OZb 1195 1162 1122 0.97 4 

Dioxo v(M=O) 
Mooz (8 = l lOO)b 905.6 875.5 864.6 1.47 23 
W 0 2  (8 = 119°)b 937.2 901.2 899.8 1.52 5 
Sn02 ( h e a r ) b  863.1 847.2 824.7 0.83 e 
CeO, (8 = 146°)b 736.8 714.8 708.3 1.71 f 
U 0 2  (linear)b 776.1 771.1 737.1 0.23 22 

Room temperature. Matrix. Horn, R. W.; Weissberger, E.; 
Collman, J. P.  Inorg. Chem. 1970, 9, 2367. dAndrews, L. J .  Chem. 
Phys. 1969, 50, 4288. e B o ~ ,  A,; Ogden, J. S. J .  Phys. Chem. 1973, 77, 
1513. /Gabelnick, S. D.; Reedy, G. T.; Chasanov, M. G. J .  Chem. 
Phys. 1974, 60, 1167. 

a pattern argues that the vibration involves two equivalent 0 atoms 
and rules out the possibility that the absorption originates in the 
M=O stretching mode of a monoox-molybdenum group. Sim- 
ilarly the 1602-'802 isotopic shift of 55 cm-' is substantially in 
excess of that predicted (-45 cm-') for an isolated M=O os- 
cillator. The presence of two equivalent 0 atoms in A is consistent 
with the results described in our earlier papers6,' relating to the 
species that arise from the reaction of a single molecule of 0, with 
a group VI (6)33 metal center; it is consistent too with 0, con- 
centration studies.13 As we have pointed out el~ewhere,~, '  the 
absence of a ~ ( ~ ~ 0 ~ ~ 0 )  band in the 1602-1802 experiment (Figure 
2a) implies that 0, is neither dissociating prior to coordination 
at  the metal center nor undergoing scrambling with another 0, 
molecule once it is coordinated. 

The re  a r e  three possible models for the  M 0 2  moiety in A: (a) 
a superoxc-metal unit, (q1-02)M, as in 1; (b) a peroxc-metal unit, 
(v2-02)M, as in 2; (c) a dioxo-metal unit, O=M=O, as in 6 .  

0-B f\o 
6 
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Figure 3. Predicted I80 isotopic splitting patterns in the IR spectra of 
(a) the u ( 0 - 0 )  band of a dioxygen complex and (b) the s,(M=O) and 
u,,(M=O) bands of a bent dioxometal complex, assuming a scrambled 
1:2:1 1602:160180:1802 mixture (0 = I6O, 0 = I8O). The horizontal 
arrows in (a) and (b) indicate that Au(1602 - 160180) wavenumber 
spacing which is equal to the Au(1802 - I6O1*0) spacing in (a) but not 
in (b). 

Table I11 summarizes I6O2 and leg2 data for a number of es- 
tablished compounds containing M 0 2  moieties. The table shows 
that superoxo-metal units are characterized by a u ( ~ ~ O - I ~ O )  
stretching frequency in the range 1200-1050 cm-' and peroxo- 
metal units by a frequency in the range 950-800 cm-', whereas 
dioxo-metal units are characterized by M=I60 stretching fre- 
quencies in the range 1000-750 cm-I. In principle, it shoij!d also 
be possible to distinguish between a side-on-bonded speci-s such 
as 2 and an end-on-bonded species such as 1 on the basis of 
whether M ' 6 0 1 8 0  exhibits one or two distinct 0-0 stretching 
modes: in practice, the difference in energy between the two modes 
of the end-on-bonded species may be too small to be detected.16 
A dioxo-metal unit should have two infrared-active M=I60 
stretching modes unless it is linear (cf. 5), although in practice 
the symmetric stretching mode is usually only weak in infrared 
absorption. It follows that the I6O2 band of A at 954 cm-' is most 
probably due to a peroxo-metal, 2, or a dioxo-metal group, 6 .  
Substitution with l 8 0  provides two criteria for distinguishing 
between a band due to 0-0 stretching, v ( 0 - 0 ) ,  as in 2, and 
one due to antisymmetric M=O stretching, vas(MO), as in 6. 

(a) First, if one supposes that the observed band is due to 
uas(M=O) of a dioxo-metal species, then the Y ( ' ~ O ~ ) / V ( ~ ~ O ~ )  ratio, 
R, allows an estimate of an upper limit, 6,, to the O==M=O bond 
angle (eq 1). The upper limit to the bond angle calculated in 

m(M)[m( I60)  - ( m ( 1 8 0 ) ) R ]  

2 2(m(160))(m(180))(R - 1) 
sin - = 

this way for the Mo version of A is an unlikely 20°, effectively 
eliminating the dioxo possibility. By contrast, the V ( ' ~ O ~ ) / U (  I6O2) 
ratio for v(O=O) of a peroxo-metal group can be predicted well 
by neglecting coupling with v(M-0) and treating the 0-0 
ligand as a diatomic o ~ c i l l a t o r ~ ~ ~ ~ ~  (Table 111). This predicted ratio 
is 0.9428, close to the observed value of 0.942 for the Mo version 
of A. 

(b) Second, we derive crucial support for the presence of a 
peroxo group in A from the observation that the V('~O--- '~O) band 
is symmetrically disposed between v(I6O2) and u(lSO2) (Figure 
2b) as predicted by a simple harmonic model. A useful measure 
of the asymmetry of the 1602/160180/1802 band pattern is the 
asymmetry parameter, p, defined by eq 2. A symmetrical pattern 

P =  (2) 
2[v('60180) - v ( 1 8 0 2 ) ]  

u ( ' 6 0 2 )  - 4 8 0 2 )  

has p = 1. As can be seen from Table 111, p is close to unity for 
typical dioxygen complexes. This behavior contrasts with the 

(16) See for example: Darling, J. H.; Garton-Sprenger, M. B.; Ogden, J. 
S. Faraday Symp.  Chem. SOC. 1973, 8, 75. A similar problem arises 
with group VI-dinitrogen derivatives: Burdett, J. K.; Downs, A. J.; 
Gaskill, G. P.; Graham, M. A.; Turner, J. J.; Turner, R. F. Inorg. Chem. 
1978. 17. 523. 

(17) Nakamura, A.; Tatsuno, Y.; Yamamoto, M.;  Otsuka, S. J .  Am. Chem. 
Soc. 1971, 93, 6052. 

Table IV. Trends in 0-0 Stretching Frequency (cm-I) and 0-0 
Bond Length (A) for Transition-Metal Complexes 

Cr, Mo, W 
u ( 0 - 0 )  u ( 0 - 0 )  

Cr(02)(CO)4 995.2 W(OJ(CO)4 914.0 
Mo(O,)(CO), 954.0 

Co. Rh. Irb,c 

u ( 0 - 0 )  d (0 -0 )  u ( 0 - 0 )  

L = t-BuNC L = PPh, 
u ( 0 - 0 )  d(0-0)  u ( 0 - 0 )  

N i L 2 ( 0 2 ) c 893 
PdL2(02) 875 1.37 893 
PtLAO2) 822 1.43 c 

"This work. *Valentine, J. S. Chem. ReL;. 1973, 73, 235.  'Obscured 
or too weak to be observed. 

unsymmetrical 1602/160180/1802 pattern with p # 1 generally 
observed for the v,,(M=O) mode of dioxo complexes (Table 111). 
The reasons for the unsymmetrical pattern are illustrated in Figure 
3. Irrespective of whether the two oxygen atoms form a peroxc- 
(2) or a dioxo-metal group (6) ,  introduction of 160180 lowers the 
local symmetry from C2, to C, and allows mixing between modes 
previously belonging to different symmetry classes. In the case 
of the peroxo structure, this coupling is likely to be relatively small 
since the other modes are energetically well removed from v- 
(0-0) and so u ( ' ~ O - - ' ~ O )  is almost exactly halfway between 
V('~O--'~O) and V ( ~ ~ O - - ' ~ O )  (Figure 3a). In a dioxo-metal 
group, however, there is likely to be substantial coupling between 
the two M-0 stretching fundamentals of M 1 6 0 1 8 0  so that Y- 
(M=O) appears at energies significantly shifted from the mean 
values [V,(M='~O) + vs(M='80)] and '/2[vas(M=160) + 
u,,(M='~O)] derived from the symmetrical C2, species MI6O2 
and M1802. Where the positions of both v(M=O) modes have 
been located, it is evident that the coupling has the effect of causing 
mutual repulsion between the modes of M160180 (Figure 3b). 

Our experiments have shown that the V ( ~ ~ O - ' ~ O )  band of 
A(Mo) (Figure 2b, Table 11) corresponds to p = 0.98, lending 
persuasive support to the view that A is a peroxo-metal (2) and 
not a dioxo-metal (6 )  derivative. It was unfortunate therefore 
that IR bands due to other species masked one or more of the 
'60180 and IsO2 bands associated with the Cr and W versions of 
A. However, the results with I6O2 imply that ~(0-0) of A 
decreases in the order Cr > Mo > W. A similar trend is displayed 
by those few peroxo systems that permit a group comparison by 
allowing the ligand environment to be held constant while the 
metal is changed (Table IV). Since there must be some mixing 
between v ( 0 - 0 )  and u ( M - 0 ) ,  part of this trend may be due 
to the effect of increased metal mass on the G-matrix elements. 
It is likely, however, that the trend reflects also changes in 0-0 
bond length (Table IV), which depend in turn on the degree of 
charge transfer to d i o ~ y g e n . ~ . ' ~  

Thus, we conclude that the addition of O2 to the unsaturated 
d6 center gives as the first identifiable species A, a peroxo metal 
carbonyl. Such a product is not totally unprecedented. For 
example, the major product formed on cocondensation of Co atoms 
with CO-O2 mixtures is believed to be a peroxo cobalt carbonyl 
complex, tentatively formulated as (02)C~(CO)4.19  

(ii) IR Spectrum of C. The changes in the low-frequency region 
of the IR spectrum accompanying the generation of intermediate 

( 1  8)  Gubelmann, M. H.; Williams, A. F. Struct. Bonding (Berlin) 1983, 55. 
1. 

(19) Ozin, G. A.; Lee Hanlan, A. J.; Power, W .  J. Inorg. Chem. 1979, 18, 
2390. 
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0 I 
11.1 

0 A0 
a Legend: (i) Cr, 544 n m ;  Mo, 403 nm; W, 435 nm. (ii) Cr, W, 

367 nm; Mo, 314 nm. (iii) Mo and W only; Mo, 403 nm or anneal 
at 35 K;  W ,  anneal a t  35 K.  (iv) Cr, 314 nm or anneal at 35 K ; M o ,  
W, 314 nm. (v) Cr, Mo, W (?), 314 nm; W tentative because bands 
due to WO, may be obscured. 

C from A were seen most clearly during the matrix photooxidation 
of W(CO)6 giving the fullest IR data (Table V); the buildup of 
the Cr and Mo analogues was restricted, it appeared, by their 
greater photosensitivity under the conditions used to promote the 
conversion of A to C (see Scheme 11). Photolysis of the W version 
of A at  wavelengths near 367 nm resulted in the appearance of 
two IR absorptions, at 962.5 and 901 .O cm-', which showed the 
same growth characteristics at the v(C-0) absorption associated 
with C (Table I) and which shared the same decay behavior when 
the matrix was annealed at 35 K. Absorbance measurements 
indicated that annealing resulted in the conversion of C to B, with 
the consumption of C O  (Figure 1): 

0 

B 

Thermal CO recombination reactions of this sort are often en- 
countered in matrices containing unsaturated metal carbonyl 
fragments,20 and here the recombination has implications about 
the number of coordinated CO groups in C (see below). In this 
section we are concerned with the mode of ligation of the oxygen 
in C. We believe that C is the dioxo metal carbonyl M(O),(CO), 
for three reasons. 

~~ 

(20) See for example the following: Burdett, J. K.; Turner, J. J. 
"Cryochemistry"; Moskovits, M., Ozin, G. A,, Eds.; Wiley-Interscience: 
New York. 1976: D 493. Turner. J. J.: Burdett. J. K.: Perutz. R. N.: 
Poliakoff, M. Pur: Appl. Chem. 1977, 49, 271. Burdett, J. K. Coord. 
Chem. Rev. 1978, 27, 1. 

900 860 820 
Wavenumber I cm-1 

Figure 4. Low-frequency region of the IR speectrum of the intermediate 
C(W) showing the I8O isotopic pattern. (The spectrum was recorded 
after successive 30 min at 314 nm, 30 min at 432 nm, and 10 min at 367 
nm photolysis of W(CO)6 in a CH4 matrix doped with 10% O2 having 
the isotopic composition 1602:160180:'802 = ca. 3:l:l. 

Table V. Observed and Calculated 
Low-Frequency Bands of C(Mo,W) 

Isotopic Shifts (cm-') of the 

W Mo 
obsd" obsd" calcdb 

us (4 )  y o  962.5 962.0 
941.9 944.1 

1 8 0 *  914 (?) 907.6 
"as ( U J  I 6 0 2  88 1 901 .O 901 .O 

1 6 0 1 8 0  869.6 869.7 
1 8 0 ,  841 856.7 856.9 

CH,-02 matrix. an O=W=O bond angle of 152' and f, 
= 761 N m-l andf,, = 103 N m-'. 

(a) Indirect support for the presence of an O=M=O group 
in C comes from the observation that the v(C-0) modes of C 
(Table I) occur at higher energies than those of the peroxo metal 
carbonyl A, indicating a metal center in C that is more highly 
oxidized than that in A. 

(b) It is hardly likely that the thermal energies available to the 
matrix through annealing at temperatures up to 35 K are sufficient 
to break the 0-0 bond of a coordinated dioxygen ligand. Since 
C takes up CO at low thermal energies to generate B, which 
contains a linear O=M=O unit, it is likely that rupture of the 
0-0 bond has also occurred in C. 

(c) Crucial support for the dioxo moiety and elimination of the 
peroxo possibility comes from the behavior of the low-frequency 
bands of C on enrichment. If both the low-frequency bands 
shift when l6O is replaced by I s 0 ,  then the bands can arise only 
from a dioxo-metal group. Although the ''0 analogue of the 
weaker band at  962.5 cm-I was partially obscured by absorption 
due to other species, the isotopic shift of both bands was clear. 
Furthermore, by using a mixture of the isotopomers I6O2, 160180, 
and le02 (in the proportions 1602:16018,0:1802 = ca. 3:1:1), we 
were able to show that the feature a t  901 cm-I produced the 
unsymmetrical pattern ( p  = 0.58) characteristic of the antisym- 
metric stretching vibration of a dioxo-metal group (compare 
Figure 4 with Figure 3b). The isotopic shifts (Table V) lead via 
eq 1 to upper estimates of bond angles: 152 & 5' for O=W=O 
and 160 & loo for O=Mo=O. We can use the value of v- 
(160180) for the W species to calculate approximate W=O 
stretching force constants off, = 761 N m-' andf,, = 103 N m-I. 
On the basis of these parameters, we predict'2,21 an intensity ratio 
of 3.3:l for the absorptions arising from the antisymmetric and 
symmetric stretching vibrations, in reasonable agreement with 
the observed value of 3.0: 1. However, uncertainties in the mea- 

(21) Ogden, J. S. Ber. Bunsen-Ges. Phys. Chem. 1982, 86, 832. 
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Table VI. Wavenumbers (cm-’) of IR and Raman Bands Associated 
with Species D, M(O),(CO),, in the Low-Frequency Region. 

Mo(O)z- W(012- 
(Co)2b (Co)2b cr(o)2(co)2‘ ~ 

assignt IR IR R IR R 
uas( ‘60=M=’60) 98 1 834 837 825.9 834 
uas( 160=M=180) 974 806 c 798.6 c 
ua3( 180=M=’80) 944 798 c 786.0 c 

Wo)2(co)2 Mo(O)2(CO)2 W(O)~(CO)Z 
Pd 0.38 1.60 1.37 
O=M=O bond 129 150 - I60 

angle,‘ deg 

Reference 6; Ar matrix (no Raman measurements possible because 
of the photosensitivity of Cr(0)2(CO)2). bThis work; CHI matrix. 
‘Not observed. dAsymmetry parameter, see text. ‘Upper limit based 
on eq 1. 

sured intensities of the IR bands illustrated in Figure 4 precluded 
attempts to exploit the method described by Gabelnick et a1.22 
to analyze the intensities of all the bands observed in this region 
of the spectrum. 

(iii) IR Spectrum of D. Although the species Cr(O),(CO), 
contains a dioxo-metal group, only one of the Cr=O stretching 
modes was sufficiently intense to be observed6 in IR absorption 
during photooxidation of matrix-isolated Cr(C0)6. Similar results 
have now been observed on photooxidation of Mo(CO), and 
W(CO)6. The intermediate D produced by UV photolysis of C 
was characterized by only one low-frequency band (Table VI), 
which was observed to shift on I8O2 substitution by only 36 cm-’ 
(M = Mo) and 39.9 cm-I (M = W). This shift is substantially 
smaller than predicted for a peroxo group (48 cm-l), but the results 
for the tungsten species are consistent with a dioxo-metal group 
having an O==W==O angle not exceeding 160 f 10’ (eq 1). The 
presence of a dioxo group was again confirmed by the unsym- 
metrical band pattern observed after photolysis of W(CO)6 in a 
matrix doped with a mixture of the isotopomers I6O2, 160180, and 
I8O2 (see Figure 5a). This spectrum can be simulated, as shown 
in Figure 5b, with use of a bond angle of 160’ and the W=O 
stretching force constantsf, = 651 N m-I andf, = 101 N m-1.12,21 
No allowance was made in these calculations for significant in- 
tensity “borrowing” between u,(~~O=W=’*O) and U ~ ~ ( ’ ~ O =  
W=’80).22 A similar pattern was observed for the Mo version 
of D (Table VI). The surprisingly low frequencies of the uas- 
(O=M=O) vibrations in the Mo and W versions of D, compared 
to that of Cr(O),(CO),, are largely a consequence of increased 
0-M-0 bond angles (see Table VI). 

In many respects the Mo and W versions of D are analogous 
to “chromyl carbonyl” (4).6 All three occupy identical positions 
in the photolysis scheme (Scheme 11), and all three are dioxo- 
metal complexes with highly unsymmetrical 1602/160180/1802 
band patterns, with the p values listed in Table VI. It may be 
remarked that p is in the opposite sense for “chromyl carbonyl” 
because for dioxo derivatives of first-row transition metals vas is 
higher in frequency than us.  

Number of CO Groups in A, C, and D. On the evidence of the 
number of unambiguously assigned u(C-0) bands (Table I), the 
intermediates A, C, and D must contain the following minimum 
numbers of CO groups: A, 2 3 ;  C, 2 2 ;  D, 3 2 .  In addition, 
changes of absorbance associated with free CO show that (a) the 
concentration of free C O  increases when A is formed from M- 
(CO), and O2 and (b) the concentration of free C O  decreases 
when the trans-dioxo metal tetracarbonyl B7 is formed from C.  
The conditions leading to the buildup of A, involving irradiation 
of the matrix with visible light (see Figure 1 and Scheme 11), must 
also favor the consumption of free CO by the competing reactionZo 

M(CO), + CO - M(CO)6 

This makes the observed increase in free CO all the more striking, 

(22) Gabelnick, S. D.; Reedy, G. T.; Chasanov, M. G. J .  Chem. Phys. 1973, 
5,,  4468. 

o’o’Al 1 I 

820 770 820 770 
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Figure 5. (a) Observed IR spectrum of intermediate D(W) showing the 
I80 isotopic pattern of the low-frequency band. This was obtained after 
photolysis of W(CO), in a CH, matrix doped with 10% O2 having the 
isotopic composition 1602:160180:1802 = ca. 3:l: 1. (b) Simulated spec- 
trum using an O=W=O bond angle of - 160’ and the force constants 
fw4 = 651 N m-’ andfw=o,w4 = 101 N m-’ and assuming no cou- 
pling between U , ( ~ ~ O = W = ~ ~ O )  and U , ~ ( ’ ~ O = W = ~ ~ O ) . ~ ~  

leading us to conclude that A must contain fewer than five CO 
groups. The conversion of C to B occurs when the matrix is 
annealed (q.v.) and seems not to be accompanied by any other 
reaction. Accordingly, we deduce that free CO is consumed by 
C to form the tetracarbonyl B and that C therefore contains fewer 
than four CO groups. 

Attempts to confirm the stoichiometry and geometry of the 
M(CO), fragments in A and C by using I3CO enrichment were 
inconclusive because many of the bands of the products were 
obscured by residual absorptions of M(CO), or uncoordinated 
I3CO. However, the IR spectra of l3CO-enriched A were in- 
compatible with the presence of a tricarbonyl moiety.I2 Thus, 
we are led finally (Scheme 11) to infer that A is a peroxo metal 
tetracarbonyl, possibly with C, symmetry as in 7; this view receives 

7 E! 

support from the observation of a weak v(C-0) absorption near 
2130 cm-’ in the IR spectrum of the Cr and Mo versions of A, 
bringing the total number of v(C-0) bands to four. In the case 
of C, the mean frequency and relative intensity of the two v(C-0)  
bands are more characteristic of a tricarbony! (e.g., 8) than of 
a di- or tetracarbonyl species.12 

The similarity already noted between the Mo and W versions 
of D and Cr(O),(CO), extends to the v(C-0) region. Thus the 
Mo and W commpounds display the same number of IR-active 
u(C-0) modes as Cr(O),(C0),6 with similar frequencies and 
relative intensities. However, attempts to confirm that D is 
M(O),(CO), (M = Mo, W) by using 13CO-enriched M(C0)6 
were thwarted by the fact that the yield of the Mo and W com- 
pounds was substantially lower than that of Cr(O),(CO),, making 
the IR bands too weak. 

Binary Oxide Products and Mechanistic Details. Prolonged UV 
photolysis resulted ultimately in elimination of all the coordinated 
CO groups and production in one form or another of the binary 
oxide species M 0 2  (M = Cr, Mo, W) and MO, (M = Mo, W). 
There is close agreement between the IR bands we ascribe to CrO, 
and M o o 2  and the most prominent features23 of the same mol- 
ecules prepared in the absence of any matrix dopant. By contrast, 
the tungsten oxide species had an IR band at 899 cm-I, about 38 
cm-I lower in energy than the u,,(W=O) mode of W 0 2  isolated 

(23) Hewett. W. D., Jr.; Newton, J. H.; Weltner, W., Jr .  J .  Phys. Chem. 
1975, 79, 2640. Serebrennikov, L. V.; Mal’tsev, A. A.  Vestn. Mosk. 
Wniu., Ser 2: Khim. 1975, 16, 251. 
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in an Ar m a t r i ~ . ~ . ' ~  This tungsten oxide species also had a second 
band centered at 872 cm-'. The results of our experiments using 
different O2 isotopomers are c~ns is ten t '~  with the assignment of 
the band at 899 cm-I to v,,(W-0) of a W 0 2  unit (with 6" = ca. 
122') and of that a t  872 cm-' to v ( 0 - 0 )  of a peroxo group in 
a molecule such as 9, analogous to SO4, which has been generated 
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carbonyl gold(I1) derivative 12 produced, it is thought,29 on co- 

9 

in an argon matrix by the reaction of 0 atoms with so3.24 The 
final reaction product M 0 3  must arise through the incorporation 
of a further atom of oxygen. A possible path involves the reaction 
of a second molecule of 0, with a coordinatively unsaturated 
dioxo-metal species such as C, D, or even M 0 2 ,  e.g. 

That oxygen atom transfer takes place in the later stages of the 
UV photooxidation of W(CO)6 is shown by scavenging experi- 
ments employing reactive matrices, e.g., 0, (giving 03), N2 (giving 
N20),  and CH4 (giving C H 3 0 H  and H2C=O).1392s The results 
suggest that ( ~ ~ - 0 , ) w O ~  ( 9 )  is the principal precursor to this 
transfer: 

hu. X > 220 nm 
(T72-O,)WO, + x W 0 3  + XO 

e.g. X = 02, N,, CH4 

The majority of peroxo complexes appear on photolysis to 
undergo O2 loss or oxidation of the auxiliary ligands.I8 However, 
a reaction analogous to A + C has been noted for the diperoxo 
molybdenum porphyrin complex 10, which is converted to the 

10 11 

cis-dioxo molybdenum complex 11 on irradiation.26 Similary the 
formation of the linear C u 0 2  moleculez7 is now believed28 to 
proceed via photolysis of the peroxo complex initially present in 
a matrix formed by cocondensation of Cu atoms with 0,: 

/' hJ "A - o=cu=o 

Finally, it must be admitted that our experiments do not provide 
any new insights into the mechanism for C 0 2  production on 
prolonged UV irradiation or annealing of the m a t r i ~ . ~  We note 
that CO, does not appear to be formed directly from A, since A 
and M(CO)5 are unaffected by annealing. Certainly there was 
no sign of the v(C-0) band of a peroxoformate similar to the 

(24) Kugel, R.; Taube, H. J .  Phys. Chem. 1975, 79, 2130. 
(25) Almond, M. J.; Downs, A. J., unpublished results. 
(26) Ledon, H.; Bonnet, M.; Lallemand, J.-Y. J .  Chem. Soc., Chem. Com- 

mun. 1979, 702. 
(27) (a) Ozin, G. A,; Mitchell, S. A.; Garcia-Prieto, J. J .  Am. Chem. SOC. 

1983, 105, 6399. (b) Tevault, D. E. J .  Chem. Phys. 1982, 76, 2859. 
(28) Bondybey, V. E.: English, J. H. J .  Phys. Chem. 1984, 88, 2247. 

12 

condensation of gold atoms with mixtures of CO and 0,. That 
CO, has the capacity to play an active role in the matrix pho- 
tooxidation of M(C0)6  molecules (M = Cr, W) is indicated by 
the identification of the complex C02-.M(CO)5 in an Ar or CH4 
matrix;30 UV photolysis of this complex causes dissociation of the 
coordinated CO, ligand with the formation of CO and oxo metal 
carbonyl intermediates like B. However, there is as yet little 
information about the mode of coordination of the C 0 2  to the 
metal center of the complex. 
Conclusions 

Scheme I1 presents a mechanism that accounts for the formation 
of all the oxygen-containing metal carbonyl species reported in 
this and previous  paper^.^,^ The nature of the M 0 2  bonding in 
each intermediate has now been confirmed by I80 substitution. 

The first step is photolysis of M(CO), to form the coordinatively 
unsaturated C4, molecule M(CO)5, which, on visible irradiation, 
react with O2 with the displacement of a further molecule of CO 
to form A, the peroxo complex M(I~~-O,)(CO),. We have observed 
weak UV absorption of A centered at 380 nm (M = Mo) or 355 
nm (M = W), corresponding possibly to an LMCT (0, T* + 

du charge transfer) t r a n ~ i t i o n . ~ ~  Irradiation into this band of 
the peroxo complex cleaves the 0-0 bond to give the dioxo-metal 
complex C, thus completing the oxidation of MI1 to MIv. On UV 
irradiation, C can undergo further decarbonylation to give the 
dioxo metal dicarbonyl M(O),(CO),, D, and finally the binary 
dioxide MO,. Alternatively, C can take up CO on annealing to 
give the trans-dioxo metal tetracarbonyl species B.' This process 
involves only M-CO bond formation and is typical of the thermal 
reactions of unsaturated metal carbonyl fragments.20 

Formation of the dioxo metal tetracarbonyl B is favored by Mo 
and W but not by Cr, which gives as the primary intermediate 
the dioxo metal dicarbonyl Cr(O),(CO),. This greater tendency 
of oxidized Cr to form lower carbonyls is reminiscent of the 
observation that photochemically generated Cr(CO)5 reacts in 
solution with the electron acceptor phenanthroquinone (PQ) to 
yield M'(CO),(PQ),, whereas MO(CO)~ and W(CO)5 react in 
similar circumstances to yield M'(CO),(PQ) as the major prod- 
UCt.32 
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