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Coordination and Activation of Dioxygen 

Investigations of cobalt dioxygen adducts have lead to a simple, unified description of these 
complexes. Extension of this description to other metal dioxygen adducts gives insight into the 
function of biological and catalytic systems. Taking advantage of the high oxidizing power of O 2  
in a controlled and selective manner is an important goal of chemists. Knowledge of the 
perturbation made on 0, by coordination to metals is essential to understanding ways to activate 
it. 

Introduction 

Oxygen carriers have sparked the interest of chemists and biologists for 
decades. Though this area of research has been reviewed extensively,’-’ our 
research* is focused on understanding how the geometric and electronic 
structure of these complexes affect their reactivity with dioxygen and how 
coordination affects the subsequent reactivity of dioxygen with organic 
substrates. By studying simple systems, better understanding of various means 
to overcome the kinetic inertness of oxygen can be developed and extended to 
designing and improving catalysts for industrial oxidations. Biological 
systems exhibit selectivity in oxidations with 0, that is not readily attained in 
standard laboratory synthesis. 

The research in our laboratory has proceeded along three different, though 
related, lines. One of these is the development of a molecular orbital scheme to 
represent the bonding in metal-dioxygen complexes which we call the ‘spin- 
pairing model’. This model predicts that the partial charge on the dioxygen 
ligand varies substantially as the ligand field strength of groups coordinated to 
the metal is varied. Thus, one would predict a rich chemistry for the bound 
dioxygen. 

We developed the spin-pairing model to explain the origin of the 
anisotropic cobalt hyperfine observed in the EPR experiment (uide infra). We 
felt that this hyperfine interaction could not be adequately explained by the 
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prevalent formulation of these complexes as ionically bound superoxides. As a 
consequence of resolving this shortcoming, valuable insights about the factors 
influencing the metaldioxygen bond strength, as well as the metal-catalyzed 
activation of O,, have been realized. 

The dioxygen-binding aspect of our investigations has involved the 
measurement of the thermodynamics of metal-axial base and metalkiioxygen 
bond formation. We have found that these systems fit the E and C equation, 
are understood in terms of the spin-pairing model, and have implications on 
the cooperativity of hemoglobin. A t  present, we are conducting mechanistic 
studies of dioxygen adducts of cobalt-Schiff-base complexes in catalytic 
systems; ultimately we hope to take advantage of the rich chemistry of bound 
dioxygen envisioned from the spin-pairing model for these systems. 

The Structure of Co-0,: A Free-Radical Picture 

Cobalt and iron are the only metals reported to date that form all three 
geometries of metal-dioxygen complexes: the end-on bound mode (a),' the 
bridged species (b),' and the ring-bonded mode ( c ) , ~  shown below. 

0 / O  

I 
co 

co 
I 

0 /O 

1 
co 

c 4 p  '0 

(b) 
The reaction between low-spin cobalt(I1) and dioxygen to form (a) can be 

viewed as a simple free-radical reaction in which the unpaired electron on the 
cobalt pairs with an unpaired electron on the dioxygen, leaving a single 
unpaired electron in the system.' This free radical cobaltdioxygen adduct 
can then react in a second step with a second cobalt(I1) to form the 
diamagnetic bridged species: 

/co 
Co(I1) + 0 2  - Co-O/O + Co(I1) === ,*-0 

co 

The formation of the ring-bonded mode with cobalt(1) can be viewed as 
involving the promotion of an electron from the dZ2 orbital of the d8 species to 
the dxz-y2 orbital. The two unpaired electrons in this excited configuration spin 
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pair with the two unpaired electrons on 0, to produce the diamagnetic adduct 
shown below: - 

As As =diars 

Our research is centered-primarily on fundamental studies of end-on bound 
cobalt-dioxygen. We have recently demonstrated that both five- and six- 
coordinate type (a) complexes of cobalt(l1) can be readily prepared." It was 
previously supposed that four-coordinate cobalt complexes required an axial 
base before they could bind 0,, but these novel five-coordinate Co-0, 
complexes clearly demonstrate that this is not the case. This study" also 
demonstrated that electron transfer to form a formal cobalt(1) species is a 
requirzment for forming type (c) adducts of dioxygen. 

Spin- Pairing Model 

The essence of the spin-pairing model involves classifying the metalkdioxygen 
interaction as a typical free-radical coupling reaction. In the case of low-spin 
cobalt(II), the unpaired electron of the metal (d') pairs up with an unpaired 
electron of dioxygen to form a bond. In other adducts, for example those of 
chromium(I1) and iron(II), both electrons of dioxygen undergo this same type 
of spin-pairing, bonding interaction. 

The application of the spin-pairing model to end-on bound dioxygen 
adducts of cobalt(I1) is illustrated in Figure 1. 

In a simplistic view, the adduct arises from the overlap of an oxygen n* 
orbital with the Co 3d,2 orbital to form a sigma bond, The other x* orbital 
from the oxygen is orthogonal to dT2 and remains and essentially 0,-based 
orbital, $,. Neglecting the minor overlap of the oxygen orbital contribution to 
$2 with other metal orbitals (dxz and dyz) as well as the mixing of 4s and other d 
orbitals into the metal-oxygen sigma bond, the basis set of $,, I)~, and t,h3 
has the form: 
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0 
0' 

e B 
FIGURE 1 A molecular orbital diagram of the binding of dioxygen to five-coordinate Co(I1). 
The unpaired electron in Co(d,,) spin pairs with an unpaired electron from 0, to form jl,, leaving 
the remaining unpaired electron in $,, an 0,-based orbital. 

The significance of the coefficients o! and P on the partial charge residing on the 
0, fragment is summarized in Table I. In sharp contrast to the earlier 
formulation of these complexes as metal-bound superoxide anions, the present 
model accomodates a range of charges from 0: to 0;. 

X - R a y  Studies 

The earlier formulation of the 0, fragment as a bound superoxide was based 
on several experiments. One of these was the comparison of the 0-0 bond 
lengths from X-ray studies. The 0-0 bond length in molecular 0, is 1.21 
and for Co-0, complexes ranges from about 1.24 to 1.302 ,&.12a,b This was 
compared to an erroneous value for KO2 of 1.28 Re-evaluation of the 
KO, data in 1962 has led to a value of 1.33-1.35 .&13'for the 0-0 bond length, 
which is supported by a value of 1.341 fO.O1O from molecular photode- 
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TABLE I 
The relation of the coefficients of $, to the nature of the 0, adduct 

a B Nature of 0, adduct Electron transfer' $1 

0 1 co-0, 1 .0 100% 0, 

low% c o  1 0 co-0; - 1.0 
co-0, 0 50% co, 50% 0, J 2 P  J2I2 

a 

molecular orbital regardless of the extent of electron transfer. 
Electron transfer-2(1-cr2)-1. Note that the unpaired electron will reside in the 0,-based 

tachment spectroscopy.' 3c  Thus, from bond-length considerations, one would 
presume that there are varying amounts of electron transfer in the different 
Co--0, adducts. Unfortunately, such correlations can be misleading since the 
bond length could be affected by a variety of factors including lattice effects. 
The error limits on the 0-0 distance could also mask any trends in the data. 

Infrured Studies 

Infrared spectroscopy is an extremely useful method to distinguish between 
end-on adducts which have vo stretching frequencies of about 1150 cm-', 
and the bridged and ring-bonded geometries which have a vo of about 800 
cm-'.14 The insensitivity of to changes in the metal and ligands in the 
end-on bound systems and its similarity to vo-o for 0; (1097 cm- ')" have been 
used to support the description of dioxygen adducts as ionically bound 
superoxide. The fact that the 0-0 stretching frequency for the 0, adducts of 
the metalloporphyrins Co(TpivPP) (1-MeIm)O, (1 150 cm - '), Fe(TpivPP) (1- 
MeIm)O, (1 159 cm - ' 1,' 5 0 3 b  LiO, (1 097 cm '),' 7a  KO, (1 146 cm - l),' 7 b  RbO, 
(1141 ~ m - ' ) , ' ~ '  and CsO, (1115 ~ r n - ' ) ' ~ ~  are all similar and exhibit no 
discernible trend despite the large differences in the covalent character of the 
bonding in these systems, leads to the conclusion that the frequency is quite 
independent of the covalent character in the CT bond. Thus, we concluded'" that 
infrared results should be limited to determining the structural geometry of 
metal-0, adducts. 

Electron Paramagnetic Resonance Studies 

Electron paramagnetic resonance (EPR) directly measures the unpaired 
electron density in paramagnetic systems and has provided the most 
information regarding the nature of the molecular orbital containing the 
unpaired electron in these adducts. The "0 anisotropic hyperfine constant 
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indicates that the single unpaired electron in these systems resides in a 
molecular orbital composed primarily of oxygen p orbitals, I),. The oxygens 
are inequivalent, possessing 40 and 60% spin densities on the middle and 
terminal oxygens, respectively." 

These are surprising results since the sum of the anisotropic "0 and Co 
hyperfine coupling constants adds up to more than one unpaired electron in 
the system, even though only one is present. Thus, an indirect, rather than 
direct, mechanism must lead to negative spin density on the metal center and 
account for the cobalt hyperfine coupling in these systems. Evidently, the 
unpaired electron in I), can polarize the underlying Co 3d orbitals to produce 
the cobalt hyperfine coupling observed in the EPR. The pronounced variation 
in the cobalt hyperfine coupling constant in a series of 0, adducts indicates 
extensive variation in the cobalt contribution to $ 1  and thus in the nature of 
the bound 0 2 . 1 9  

has been estimated by 
calculating a McConnell-type scaling factor to convert the anisotropic cobalt 
hyperfine coupling constant to the fraction of cobalt character in $l. This 
can be related to the extent of electron transfer to the bound 0,. A list of 
adducts studied to date is given in Table 11. The spin-pairing model predicts 
that as the donor strength of the ligands around the cobalt increases, the metal 
orbital containing the unpaired electron in the five-coordinate adduct is raised 
in energy relative to the n* orbitals of 0,, and the complex becomes 
increasingly 0; in character. Accordingly, increasing electron transfer should 
be found on going from an N,O, donor set to an N, donor set. When the 
very strong glyoximate donor ligand" is present, the electron transfer values 
are large. As indicated in Table 11, these rough trends are subject to minor 
reversals due to complex, subtle electronic variations in different systems, such 
as varying amounts o f 4  orbital admixture in In the low symmetry of many 
of these dioxygen adducts, other d orbitals can also be mixed into ll/l. In both 
the cobalt porphyrin" and dimethylglyoxime complexes, axial base variation 
leads to lower values of electron transfer as the base strength increases. If this 
results from variation in the d orbital mixing into the actual electron 
transfer is even less than our semiquantitative estimate. These minor trends are 
not fully understood; however, it is clear that pronounced changes in the 
extent of electron transfer into the dioxygen moiety exist in the series of 
compounds in Table 11. 

Recent single crystal studies of CoMbO, (Mb =myoglobin)22 and the 0, 
adduct of vitamin B1223a-C indicate that the largest component of the cobalt 
hyperfine tensor lies near the corrin ring or porphyrin plane. This observation 
would suggest either direct delocalization of the unpaired electron into d,, or 
d,, (x backbonding) or in terms of the indirect mechanism, a significant mixing 
of the d,, or d,, orbitals into t+hl. The lowered symmetry of the 0, adduct would 
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TABLE I1 
Electron transfer in some 0, adducts of cobalt(I1) complexes 

Compound" Electron transferb Donor set 
.- .~ ~_______ 

Co(acacen).H,O.O, 0. I 
Co(X-salDAPE) .O, 

X = 5 - H  0.2 N'O, 
X =  5-OMe 0.3 
X=S-Br 0.3 

Co(acacen) . py '0,' 0.4 
Co(salen) py .02 0.5 N,O' 
Co(SMDPT).O, 0.5 

N40 
Co(DPGB), ,HMPA.Ozd 0.7 
Co(DPGB), . acetone. OZd 0.8 

Co(p-OCH,TPP). py. 0,' 0.6 
Co(PP1XDME) py '0, 0.5 

Co(p-OCH,TPP)( 1-MeIm)O, 0.5 NS 
Co(DMGH). py . OZd 0.7 
Co(DPGB), . CH,CN. O,d 0.8 

Abbreviations: acacen, N,N'-ethylenebis(acetylacetoimine); salen, N , N -  
ethylenebis(salicylidenimine); SMDPT, bis(salicy1idene-y-iminopropyl)methylamine; DMGH, 
dimethylgloxime; DPGB, BF,-capped diphenylglyoxime; X-salDAPE, 
bis(salicy1idene)diaminopropyl ether; p-OCH,TPP, p-methoxyphenyl-meso- 
tetraphenylporphyrin; PPIXDME, protoporphyrin(1X) dimethyl ester; HMPA, hexamethylphos- 
phoramide; py, pyridine. 

Electron transfer from Co(1I) to 0,. The results are semiquantitative.'' 
Molecular Orbital calculations on these systems agree with our electron tansfer values.z4h 
The high electron transfer values for the oxime donors are expected since oximes generate 

The electron transfer values tend to be upper l imits. 
about the same ligand field strengths as cyano compounds." 

permit this sort of mixing. The n-backbonding argument is inconsistent with 
two important observations. First, the magnitude of the anisotropic 7O 
hyperfine coupling constant indicates that one unpaired electron resides on 
the dioxygen. Delocalization of the unpaired electron onto cobalt should have 
resulted in less than one unpaired electron on the dioxygen. The value of 
theanisotropic ' 7O coupling constant observed is larger than expected for this 
interpretation. Second, the trend in the cobalt anisotropic hyperfine coupling 
constant with ligand field strengh is opposite to that predicted for a n- 
backbonding mechanism when the M - 0 - 0  angle is constant. If n- 
backbonding were extensive, the magnitude of the cobalt anisotropic hyper- 
fine coupling constant would increase as the ligand field strength increases. A 
better cobalt-oxygen energy match (increased ligand field strength) would mix 
more of the cobalt d,, (or dyz) orbital into Ic/z and increase the cobalt A,,,,, 
value. This is not observed." 
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TABLE 111 
Experimental enthalpies of base and dioxygen binding to Co(PP1XDME) 

Base 
  AH"^,, -AH, 

(kcal mol I )  (kcal mol I )  

N-Methylimidazole (NMeIm) 9.6 10.0 (0.2)" 
Pyridine 8.9 8.0 (0.4) 
Hexamet hylphosphoramide (H MPA) 8.9 8.9 (0.2) 
N,N-dimethylacetamide (DMA) 1.4 6.6 (0.7) 
Tetrahydrothiophene (THTP) 6.0 7.6 (0.6) 

I 

Numbers in parenthesis are error limits. 
-AHo,.,, enthalpy of formation of five-coordinate base adduct. 
- AH,2, enthalpy of formation of six-coordinate dioxygen adduct. 

Molecular Orbitul Calculations 

This empirically derived spin-pairing model is supported by numerous 
molecular orbital calculations at various levels of a p p r ~ x i r n a t i o n . ~ ~ " - ~  One in 
particular, an INDO-UHF calculation24b on Co(acacen).NH,.O,, agrees 
with EPR results that 0.38 and 0.61 unpaired electrons reside on the middle 
and terminal oxygens, respectively, with negative spin density in the CO 3d,2 
and 4s orbitals, and with very small spin density in d,, and dyr This coincides 
with the view that $z is essentially oxygen-based with very little unpaired 
electron spin delocalized from $z to the metal n orbitals, and that the 
anisotropic cobalt hyperfine coupling arises from spin polarization. Finally 
the extent of electron transfer from Co to 0, is calculated to be 0.3 e- ,  
compared to our upper limit of 0.4 e-  from the EPR analysis of 
Co(acacen).py.O,. 

Influence of Ligands on Metal Binding of O 2  

The enthalpies of dioxygen binding, AH,*, (see Table 111) parallel2' the 
strength of axial base coordination (AH,:,) in a series of five-coordinate 
cobalt(I1) protoporphyrin IX dimethyl ester [Co(por)] complexes. As the 
enthalpy of axial base interaction becomes more negative in a series of Co(por) 
base adducts, the metal orbitals are driven higher in energy relative to the 
oxygen n" orbital. The higher the initial energy of the metal orbitals in the five- 
coordinate adduct, the more the electrons in them are stabilized upon forming 
the bond to 0,. 

These thermodynamic data were incorporated into the E and C eq~at ion: '~  
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so that enthalpies of dioxygen adduct formation can be predicted for 
Co(por).B with any of the 51 bases whose EB and CB parameters have been 
reported, The following equation can be derived23 for predicting the 
enthalpies of dioxygen binding to Co(por). B: 

-AHO2=7.3 E s +  1.2 CB+1.5. (1) 

The -1.5 kcal mol-' corresponds to the enthalpy change for the reaction: 

Co(por) + O,+Co(por)O,. ( 2 )  

Thus our understanding of the factors influencing 0, binding to this 
porphyrin has progressed to the point where they can be quantitatively 
predicted from the base EB and CB properties. Since the relative importance of 
the covalent property of the base is slightly more important in forming a 
dioxygen adduct than in forming a Co(por), 1:l base adduct (E,=4.44, C, 
= 0.58), the higher enthalpy of 0, binding to the tetrahydrothiophene adduct 
than to the dimethylacetamide adduct is understood (see Table 111). 

The E and C treatment would not work for bases in which there are steric 
effects involved in the cobalt-base interaction or those in which the ligand has 
n-acceptor properties. The predictability of the behaviour of the 1-methylimi- 
dazole systems with the E and C approach clearly indicates, that, contrary to 
previous literature reports,26"*b n-bonding effects do not account for the strong 
dioxygen binding properties of this axial base. 

The axial base variation in the porphyrin series is expected to have a 
pronounced influence on the dzl orbital energies leading to a simple 
interpretation of the binding trends. The higher the energy of this orbital in the 
five-coordinate adduct, the more the electron in this orbital is stabilized by 
occupying the bonding molecular orbital I), in the adduct and the larger the 
measured enthalpy of 0, binding. It would be improper to extrapolate these 
conclusions directly to the lower symmetry complexes which arise from 
equatorial base variation, for example, to compare porphyrins with Schiff- 
base complexes. Experiments are underway to determine the influence of these 
changes. 

Other Metul Ion Complexes 

The spin-pairing model can be used to predict the electronic ground state and 
the magnctism of end-an and triangular 0, adducts of other transition metals. 
In the 0, adducts of iron(II), chromium(II), and manganese(II), unpaired 
electrons in metal-based orbitals permit spin pairing with both n* electrons of 
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0, (see Figure 2). Although molecular orbital calculations show extensive 
mixing of the d orbitals upon adduct formation, the spin-pairing model still 
provides a good working model. We begin with a description of the iron 
complex. 

Low or intermediate spin, square planar, four-coordinate iron(I1) com- 
plexes can coordinate an axial base leading to a high spin complex. The 
systems that pick up 0, reversibly require base coordination. A low spin, 
diamagnetic 0, adduct results as shown (see Figure 2c) when the d,, orbital in 
the 0, adduct is driven up in energy via the strong interaction of 0, with this 

A paramagnetic 0, adduct of iron(I1) is predicted if a ligand field 
were employed that led to a decreased d,,,, and dzz separation in the adduct. A 
weak interaction with 0, could also lower the dXz-O, or dYz-Oz antibonding 
orbitals to such an extent that they become populated and a paramagnetic 
adduct results. A paramagnetic dioxygen adduct of iron(II), in which the 
unpaired spin is contained in essentially metal-based orbitals, is attainable in 
the context of the spin-pairing description. The guide lines offered for the 
synthesis of such a species constitute a valuable contribution of this model. 
The recent report28a"b of a thermally populated paramagnetic state of 
hemoglobin is readily accommodated by these considerations, but the absence 
of a contact-shifted NMR in this system is surprising. 

Similar application of the spin-pairing model describes the reported 0, 
adducts of Cr(I1) (see Figure 2a). After the spin-pairing interaction of two metal 
electrons of the d4 configuration with both of the 0, n* electrons, the CrO, 
adduct is predicted to contain two metal-based electrons as found experimen- 
tally. Lower symmetry ligand fields of appropriate strength could lead to a 
diamagnetic adduct. 

The EPR and magnetic properties3'" of the reported 0, adducts of Mn(I1) 
are also consistent with the predictions of the spin-pairing model (see Figure 
2b). It is not known whether this adduct is a type (a) or type (c) complex. For 
both geometries, the adduct will have three metal-based, unpaired 
electrons.30b Again by proper ligand design, a low-spin 0, adduct with one 
metal-based, unpaired electron could result. Thus the spin-pairing model we 
propose can account for the electronic structure of a wide variety of 0, 
adducts. 

Implications of These Results to Biological Systems 

It is quite evident upon examination of the literature that thermodynamic 
quantities such as - AHoI for porphyrin adducts can differ profoundly from 
biological  analog^.^" The factors that affect metal-dioxygen bond strengths 
in hemoglobin are difficult to intepret due to competition from a variety of 
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FIGURE 2 
pairing upon adduct formation. 

Molecular orbital diagram for 0, adducts of Cr(II), Mn(II), and Fe(I1) showing spin 
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different ionization reactions that occur simultaneously. For example, the data 
for hemoglobin systems exhibit a pronounced pH dependence referred to as 
the Bohr effect. The variation in oxygen binding affinities for meso-, deutero- 
and proto- hemoglobins is considerably larger than that expected for these 
substituents on the prophyrin. Substitution of iron by cobalt in myoglobin 
results in a 2.3 kcal mol-' decrease for the meso-protein, a 1.4 kcal mol-' 
increase for the deutero-protein, and either a 3.0 or 1.6 kcal mol- ' decrease for 
the proto-protein compared to the iron system.31 Full understanding of the 
factors influencing the energetics of these biological systems is indeed a 
formidable problem. 

Cooperativity in Hemoglobin 

To a first approximation, the spin-pairing model predicts that dioxygen 
binding will become weaker as the strength of the axial base bound to a metal 
becomes weaker. The same trends observed in the Co(II)(PPIXDME) system 
should also apply to the iron(I1) systems, because the higher the energy of the 
metal electrons in a five-coordinate adduct the greater the stabilization upon 
binding 0,. These considerations have important implications regarding the 
mechanism of cooperativity in the hemoglobin system. Hemoglobin has two 
different quaternary structures: the R state and T state. The 0, affinity of the R 
state is essentially that of the isolated subunits, while that of the T state is 
significantly lower. The iron is displaced out of the plane toward the 
coordinated (proximal) histidine in the five-coordinate, deoxy T form. Vovemcnt 
of the proximal histidine toward the iron cannot be accomplished without a 
change in protein This restraint leads to a weakened iron- 
histidine interaction in the 0, adduct. As shown by the enthalpies of 
oxygenation of cobalt(II)protoporphyrin(IX) dimethyl ester and as predicted 
by the spin-pairing model, a weakened proximal imidazole-iron interaction 
will lower the oxygen-binding affinity. The protein could cause a bond 
lengthening or a bent metal-nitrogen bond, preventing direct overlap of the 
histidine nitrogen with the iron d,, orbital (see Figure 3). The E and C values of 
Co(por)O, and Co(por) indicate that the former is nearly twice as good a 
Lewis acid as the latter. Shorter metal-base distances are expected toward the 
stronger acid. By analogy with the cobalt system, the metal-proximal- 
imidazole interaction is expected to decrease upon oxygenation of the iron. 
Inhibition of a bond length decrease, or bending of the metal-nitrogen bond 
by the protein, would weaken the metal-histidine bond strength and lower the 
dioxygen binding affinity. EXAFS experiments3" show very small changes in 
the iron-porphyrin distances upon oxygenation. Similar iron-porphyrin 
bond lengths (within 0.02 A) were found in low-affinity deoxy HbA and high- 
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H 
hystidyl 

A B 
FIGURE 3 (a) Corresponds to the T state. A longer Feehistidyl and Fe 0, bond denotes a 
weaker 0, adduct. (b) Corresponds to the R state. A stronger, high-affinity, Fe-0, interaction 
occurs, reflected in a shorter Fe- 0, bond. 

affinity deoxy Hb Kempsey, indicating that weakened iron-histidine in- 
teraction is introduced in the T form upon oxygenation. These considerations 
suggest a potential energy storing model for cooperativity. 

A weakened iron-proximal-histidine interaction results in weaker iron- 
nitrogen and metal-dioxygen bonds in the T form than would result in the 
absence of the restraint. As a result, coordination of dioxygen stores potential 
energy in the tetramer that could be released if the iron-nitrogen restraint were 
removed by a protein conformational change. The required energy for the 
protein change is not generated upon binding the first dioxygen. Multiples of 
this potential energy are stored on binding the second and third dioxygens. 
Note that potential energy is stored from a stronger metal-base interaction as 
well as a stronger dioxygen interaction for each bound oxygen. When the third 
dioxygen coordinates, more than enough potential energy is available in the 
system (from the increased iron-nitrogen and iron-0, bond strengths of the R 
form) to effect the endothermic T to R protein transformation. The fourth 
dioxygen is expected to be the most strongly bound (most exothermic) because 
in this step (see Figure 4) the 0, coordinates to an iron in the R form. 

In this view, all of the structural changes in the iron relative to the porphyrin 
are similar in Hb to those observed in systems not exhibiting cooperativity; 
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T -  Form R-Form 

//- 

deoxy I 
/ 

LOSS of DPG' 
and 4H'; 

8 Salt Bridges 
Broken 

FIGURE 4 Schematic diagram of hemoglobin conformation change. A and B correspond to the 
heme units depicted in Figures 3a and 3b. 

hence, the proximal imidazole interaction and the potential energy storing 
feature is the key to cooperativity. It is difficult to bookkeep the 3.5 kcal 
mol-' difference in the 0, binding affinity of high- and low-affinity forms. 
The endothermic T to R protein transformation, plus the 3.5 kcal mol-', is 
distributed over the three metal-oxygen, three iron-proximal-imidazole and 
twelve iron-porphyrin nitrogen interactions of the 0, adducts. In view of the 
preceding discussion, we see the complexity of any mechanistic questions one 
may ask about cooperativity. The potential energy storing model provides a 
degree of understanding sufficient for many purposes. 

Investigation of the Reactivity of' Metal-Bound 0 ,  

Clearly one of the most important tasks confronting researchers in this area 
involves probing the chemistry of metal-bound 0, with the eventual goal of 
catalyzing selective oxidations with 0,. The experiments to date indicate that 
dioxygen gains electron density upon coordination to cobalt(I1) and should be 
susceptible to attack by electrophiles. 

We have recently performed an experiment in our laboratory33 in which 
small amounts of 2,2,2-trifluoroethanol (TFE) is added to the dioxygen adduct 
of the five-coordinate CoSMDPT complex. Infrared studies of the 0-H 
stretching vibration indicate that the TFE hydrogen bonds with coordinated 
dioxygen. An enthalpy-frequency shift relation provides an estimate of a 6.6 
kcal m o l ~  hydrogen-bonding interaction with 0,. Work is currently 
underway to determine whether the extent of electron transfer and vOH can be 
correlated to the catalytic activity of cobalt4ioxygen adducts. 

The stabilization of CoSMDPT(0,) by the hydrogen-bonding interaction 
with TFE may indicate that the enhanced stabilization of the 0, adduct in 
CoMb and Co(TpivPP)(NMeIm) compared to Co(PPIXDME)(NMeIm) is 
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due to a hydrogen-bonding stabilization of the 0, fragment by the protein or 
pickets that are not present in the flat p r ~ p h y r i n . ~ ~  

Summary of Co-0, Oxidation of Hindered Phenols 

Hindered phenols are oxidized to the corresponding benzoquinones by 
cobalt-dioxygen carriers.34 This reaction is significant because it represents 
one of few examples where a metal-dioxygen adduct is involved in the 
mechanism. In many catalytic oxidations, a transition metal serves to 
catalytically decompose an alkyl hydroperoxide or act as an oxidizing agent. 
We have made significant observations leading to an increased understanding 
of oxidations by metal-coordinated 0,. First, a kinetic i n~es t iga t ion~~  
provided reaction orders, first order in [Co] ,  [O,], and [phenol]. 
Furthermore, cobalt complexes which do not reversibly bind 0, [such as 
Co(acac),], do not catalyze the reaction. It was also shown that hydrogen- 
bonding acids stronger than phenol stopped the reaction even when they were 
added after the reaction was in progress. These results provide strong support 
for a reaction mechanism in which the first step is a hydrogen-atom 
abstraction by a coordinated 0,: 

There are several subsequent pathways for the conversion of the phenoxy 
radical to the quinone. However, an EPR study has suggested that the reaction 
between a phenoxy radical and Co-0, may be an important route. 

We can only speculate that, in the course of the 2,6-disubstituted phenol 
oxidation, the fate of the cobalt-peroxo compound is similar to that of an alkyl 
hydrox yperoxide. 
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This mechanism is supported by oxidations with the ‘heterogenized’ polymer- 
attached C ~ s a l M e D p T ~ ~  oxidation catalyst. Both benzoquinone (BQ) and 
diphenoquinone (DPQ), 

o w 0  

O D L T a O  

are obtained as products. When the cobalt concentration in the polymer 
catalyst is decreased, the BQ/DPQ ratio is decreased. This suggests that if the 
phenoxy radical does not encounter a Co-0, adduct, it dimerizes to form 

which is oxidized to DPQ. High selectivity toward BQ can be obtained at high 
cobalt(I1) concentrations in the polymer. 

Concluding Remarks 

Taking advantage of the high oxidizing power of dioxygen in a controlled and 
selective manner is an important goal of chemists. When the bonding of 
metalklioxygen complexes is viewed from the framework of the spin-pairing 
model, some elements of the knowledge essential to the understanding of 
dioxygen activation is provided. 
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