
Inorganica Chimica Acta, 30 (1978) 239-242 
@ Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 

Oxygenation of Metal Complexes: On Mechanistic Details of Initial Interaction 

L. VASKA, RAMESH C. PATEL and ROSEMARY BRADY 

Department of Chemistry, Clarkson College of Technology, Potsdam, N. Y. 13676, U.S.A. 
Received February 15,197 8 

239 

Temperature perturbations of both anaerobic and 
oxygenated solutions of the square planar complexes 
of cobalt, rhodium and iridium, [M(L-L),]’ (M = 
metal atom, L-L = diphosphine chelate), produce 
identical small changes in their visible spectra. These 
observations, together with rate law and activation 
energy data, provide no evidence for any chemically 
significant intermediates during the formation of the 
previously established peroxo complexes, [(OJM(L- 
L),]‘, from molecular oxygen and [M(L-L),]‘. 

The reversible formation of dioxygen-metal com- 
plexes (eqn. 1) [ 1, 21, and the autoxidation of metal 
ions (e.g., eqn. 2) [3] have often been considered to 
proceed via an intermediate 0, adduct or “dot com- 
plex” (eqn. 3). The nature of this species has usually 
not been specified, but it has been assumed [3] or 
postulated [4] that the adduct represents a true inter- 
mediate which precedes an electron transfer from 
metal to molecular oxygen (eqn. 2, 3), that is to say 
that the “dot” [5] implies an initial coordination of 
neutral dioxygen to the metal or some kind of 
chemical 0,-M association. 

ML, to, _ (O,)M4 (1) 
(M = central metal atom; b = ligands) 

Fe”(aq.) t 0 2 _ (O,)* Fe”(aq.) ___f 

Fe”‘(aq.) t 0, (2) 

M”+tO 2 _ (O+M*+ B 

oxygenation-oxidation products (3) 
We have inquired into this fundamental mechan- 

istic question by reexamining the oxygenation 
kinetics of some synthetic complexes (eqn. 4) [6] 
using a combined stopped-flow and temperature- 
jump apparatus [7] . The results, detailed below, have 
given no evidence for the existence of a chemically 
significant O,*M adduct prior to oxygenation-oxida- 
tion of these complexes (eqn. 4). 

k 

m 

Figure 1. A diagram for the reversible oxygenation of metal 
complexes: M = Co, Rh, II; L-L = PC=CP, see eqn. 4; k = 
rate constant. I: square planar [M(PC=CP)2]+ [6] ; II: 
possible “dot” intermediate (see text, eqn. 3); III: formally 
octahedral [(Oz)M(PC=CP)$ [8]. 

[M’(PC=CP),]+ + O2 C 

[(O,)M”‘(PC=CP),]+ (4) 

(M = Co, Rh, Ir; PC+CP = cis(CeH&PCHCHP- 
C6W2 

A general reaction scheme for the reversible 
oxygenation of planar ML type compounds leading 
to monomeric peroxo complexes, (O,)ML, (eqn. 4), 
may be formulated as depicted in Figure 1 [8]. 
Previous dynamic studies on these [6] and related 
systems [9] suggested that the formation of the 
oxygenated products (III) is best interpreted as a 
one-step process (krs). Entropy and Linear Free 
Energy Relationships (LFER) correlations [6, 91 
have given evidence for a transition state structure 
closely resembling the dioxygen complexes (III). 
However, a possible rapid preequilibrium step involv- 
ing a “dot” intermediate (II), whose formation is 
likely to be a diffusion-controlled process, could 
not be discounted on the basis of these data. 

Accordingly, experiments were designed to test 
the above hypothesis. Table I summarizes the visible 
spectral data [lo] for the starting materials, and the 
kinetic and activation parameters for their oxygena- 
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TABLE I. Electronic Spectral Data (E, a) for [M(PC=CP)z)Cl in Degassed Ethanol (lo* M in Complex) Containing 0.1 M 
[(CH&N] Cl; Kinetic (krs, Second-order Rate Constant), Activation Enthalpy (AHfs) and Entropy (A$s) Parzmeters for the 
Oxygenation of [M(PC=CP)s] [B(CeHs)4] in Chlorobenzene; All Data at 25 “C; see eqn. 4 and Figure 1 [IO-121 . 

Complex, M 

Cob 
RhC 

Irb 

E, kK -1 -1 a, M cm 

16.4 (810) 
21.2 200 
24.9 4830 
19.1 380 
22.8 2240 
26.5 2530 

k rs /M-’ set-’ 

1.7 x lo4 

0.10 

0.42 

AH:/kcal ASFs/eu 

4.3 -25 

13 -18 

6.4 -39 

&Throughout this paper it is assumed that the observed kinetic and thermvynamic data correspond to reaction I + III in Fig. 1; 
thus, subscripts 13 and 31 are used for the experimental values; see text. These oxygenations are essentially irreversible; rough 
estimates for equilibrium constants, Krs (= kis/ksr , Fig. 1): Co, lo9 ; Ir, lo6 M-‘. ‘Deoxygenation: kar, 3.0 X lo4 set-’ ; 
AH&, 24 kcal; AS&, 7 eu. Thermodynamics of oxygenation: AHy3, -11 kcal; AS;;, -25 eu; AC& -3.5 kcal; KU, 330 K’. 

Figure 2. The effect of a 12 kV jump on ethanol solutions 
([(CH3)4N]Cl, 0.1 M): 

[Rh(PC=CP)a]Cl, Oa, Vertical Horizontal 
M M axis axis 

Upper curve: 
1.7 x lo4 4.1 x lo-3 5 mV/div 2 X lo-’ 

sec/div 
Lower curve : 
3.4 x 1o-4 - 10 mV/div 2 X 1 OF5 

sec/div 

tion [ 11, 121. This process (eqn. 4) is accompanied 
by a substantial decrease or virtual disappearance of 
the spectral absorptions. Temperature jump perturba- 
tions were applied, at 2.5 “C, to ethanol solutions 
containing [(CH,),N] Cl (0.1 M), O2 (1O-3-1O-2 M; 
Po , 325-725 mm) and [M(PC=CP),]Cl (lo*-- 
lo3 A4) [13] ; the oxygen-metal complex ratios 
(0,:M) ranged from 1 to 50 in different experiments 
(typically, 02:M = 10-30). The perturbations (cu. 
3.1-4 “C increase) were introduced at various 
intervals after mixing the reagents (eqn. 4) [ 141, and 
the spectra of the complexes were recorded at each 
of the maxima (Table I) [IO] for a duration of cu. 

10*-10-3 sec. In every case, except for the cobalt 
complex [ 151, a single relaxation effect was ob- 
served, with a time constant rH = 3 X IO-’ set which 
was established to be the heating time. The absor- 
bances decreased by 0.9-3.7%, depending on the 
conditions and complexes used, but identical small 
spectral changes were recorded when the same tempe- 
rature jump was applied to solutions of [M(PC= 
CP), ] Cl in the absence of oxygen (rigorously deoxy- 
genated solutions) [16]. These spectrophotometric 
changes probably arise from temperature-dependent 
molar absorptivities, as suggested by separate experi- 
ments [ 17-191. Typical oscilloscope traces are shown 
in Fig. 2. 

The data summarized in this paper, together with 
the following arguments, suggest that a “dot” or 
“outer sphere complex” is, if it “exists”, of negligible 
importance in the oxygenation of [M(PC=CP)s]‘, 
and probably also of related square planar ds com- 
pounds [9] which yield six-coordinate peroxo com- 
plexes [l] (III, Fig. 1). 

(1) Species II (or any other analogous adduct) 
implies an electronic interaction between the metal 
and 02, and would thus be expected to exhibit a 
spectrum considerably different from the starting 
materials (I), by analogy with the well-established 
five-coordinate adducts of these metals with neutral 
molecules [20] . An analysis of the temperature jump 
data corresponding to the fast effect provided no evi- 
dence for a II-like species within the limits of the 
detection sensitivity of our instrument (AA z 104, 
Fig. 2) [7]. An undetectable relaxation amplitude 
[21] could also result from a very small equilibrium 
constant, Kr2 (= kr2/k2r z 1 A!-‘), and, on electro- 
static grounds, Krz may indeed be expected to be 
<l M-l, since molecular oxygen is an uncharged 
reactant [22]. 

However, a very low Krz would mean that the 
hypothetical pathway, I + II + III, plays an insignif- 
icant role in the oxygenation process, I + III. 
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(2) The observed pseudo first order rate constant, 
k ,,bs, for the reaction scheme in Figure 1 is derived 
to yield the expression given in eqn. 5, assuming 
kzl >> kz3, and a steady state concentration of II. 

k 
(kls + k2&X PJ> 

ohs = 
1 +K,2([021) 

+ kB1 + ksz (5) 

Accordingly, kobs should increase linearly with [02] 
at relatively low oxygen concentrations, and become 
independent of the latter at high [O,] values. Such a 
saturation effect has not been observed. A plot of 
kobs (25 “C) for the oxygenation of the rhodium com- 
plex YS. [O,] (02:Rh = 43-107) was linear 
throughout the range studied. The same first order 
dependence on oxygen has been found for the reac- 
tions of related compounds [9]. 

(3) A consideration of the activation enthalpies 
(AH*) also seems relevant. If the hypothetical inter- 
mediate II were of chemical significance, the observed 
AH* would be composed of AH;; (the thermo- 
dynamic enthalpy change for I + II) and AH,*, (Fig. 
1). The formation of II is expected to be a diffusion- 
controlled reaction with AHy2 s 2-3 kcal [23], and 
AHz3 and AHy3 are likely to be of comparable magni- 
tude, considering the similar stereochemical changes 
accompanying these processes, II * III and I + III. 
For the oxygenation of the cobalt complex, the 
observed activation enthalpy (AH:, in Table I) is 
already small, and route 1 + II --, III would thus 
predict an unreasonably low value for AH,*. 

The present study has obviously not provided an 
unequivocal answer to the question of the existence 
of a “dot” intermediate in the oxygenation-oxida- 
tion of metal complexes at large (eqn. 3). The 
presence of a vanishingly small concentration of II, 
in combination with k23 >> k13 (eqn. 5), could make 
an experimental detection of II a difficult process. 
The negative evidence includes the observation that 
the temperature jumps did not detectably alter 
the equilibria (eqn. 4) which apparently derives 
from the very slow kinetics of these deoxygenation 
reactions (Table I) [ 121. The method employed here 
will be extended to investigate the oxygen-carrying 
mechanisms of iron and cobalt complexes of 
biological significance [2] . 
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14 

15 

16 

17 

[Rh(PC=CP)2]’ has been found to be most amenable to 
present mechanistic investigations because its oxygena- 
tion is readily reversible (Table 1) [ 121. 
Co, 0.02 set-2 min; Rh, 5 mir-22 days; II, 5 min-5 hr. 
These times range from instances at which the oxygena- 
tion is still in progress [ 151 to those corresponding to 
equilibrium values (Table I) [ 121. 
At ambient conditions, the oxygenation of [Co(PC= 
CP)2]+ is essentially complete within ca. 0.04-0.05 sec. 
In one experiment, the jump was applied to a solution 
estimated to contain about 24% unoxygenated cobalt 
(0.02 set after mixing the reagents, 02:Co = 1.4, vin 
stopped flow), but no spectral change was observed. 
Under these conditions, the hypothetical “dot complex” 
(eqn. 3; II, Fig. l), if it existed, should have been at its 
maximum concentration (see text). A one % absorbance 
decrease was recorded for an oxygen-free Co solution. 
No spectral changes were observed when temperature 
jumps were applied to blank ethanol solutions containing 
only [(CHa)4N] Cl, establishing that the small absorbance 
alterations derive from the metal complexes employed. 
The magnitude of the absorbance (A) decrease of the 
oxygen-free solutions of [M(PC=CP)2] Cl increased with 
(a) the voltage of the applied jump and (b) the concentra- 
tion of the complexes (i.e., the % aA was approximately 
constant), and the change varied slightly with the spectral 
maxima (E, Table 1). In all cases, AA was reversible: as 
the cell cooled, A returned to the initial (pre-jump) value 
(ca. 3 min). The temperature-dependence of the spectrum 
of [ Rh(PC=CP)s ] Cl was examined also by conventional 
spectrophotometric methods. The A of the 24.9 kK band 
decreased by ca. 7% on heating the solution from 25 to 
4O”C, and, on cooling to 25 “C, reverted to approx- 

18 

19 

20 

21 
22 
23 

imately the original value. This change roughly agrees 
with the corresponding temperature jump observations 
(-AA = 2.6%, +4 “C) assuming a linear relationship 
between A and temperature, and considering the 
different methods of measurements and the experimental 
errors involved. 
In a previous study of the electronic spectra of [M(PC= 
CP)2 ] Cl (M = Ir, Rh) [ 191, a large increase in absorbance 
maxima (but not in integrated intensity) was observed 
upon cooling the solutions of the complexes from 25” 
to -196”C.These absorbance changes (estimated from the 
graphs in ref. [19]) are, approximately, in agreement 
with our data on AA [17]. The two lowest energy 
spectral bands (Table I) have been assigned to metal-to- 
hgand charge-transfer transitions [ 19). _ 
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