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1. Introduction
A. Significance of Dioxygen Complexes

The reversible reactions of dioxygen (O,)! with pro-
tein complexes containing iron(II) or copper(I) are of
critical importance to advanced and primitive forms of
animal life.> The proteins involved include hemoglo-
bin3# in mammals,® birds, fish, and insects,? myoglobin
in a variety of vertebrates and invertebrates,?® erthro-
cruorin in snails and earthworms,?” hemerythrin® and
chlorocruorin in marine worms,?®1% and hemocyanin in
mollusks and arthropods!'™'3 (Table I). A similar role
has also been suggested for hemovanadin, found in
ascidians'*® in which a vanadium(II) complex com-
bines with dioxygen. Because these proteins can bind,
transport, store, and release dioxygen, respiration may
occur at sites remote from the external atmosphere.!’
A method of dioxygen transport incorporating both
respiratory and circulatory features is essential to the
existence of large, compact, multicellular animals, since
the low ratio of surface area to volume in these animals
prevents simple diffusion from meeting the dioxygen
demands of respiration.!® The human lungs for example
have a surface area which is 30-50 times greater than
the external surface area of the body. The equilibria
involved in the transport of dioxygen to the site of
utilization in a typical mammal are shown in Figure 1.
Naturally, the details of dioxygen binding and transport
in these proteins are of great interest to biochemists and
numerous reviews of these and related subjects are
available.?1520-33 The structures and properties of these
proteins, which are also of interest to chemists who
design and study metal complexes as models for di-
oxygen transport proteins, have been reported in de-
tail 3438

The irreversible reactions of dioxygen with metallo-
proteins and organic substrates are also critically im-
portant to biological systems. Table II gives some in-
dication of the variety of metal-catalyzed reactions
which dioxygen can undergo. Reactions involving the
catalytic insertion of one or hoth atoms of dioxygen into
an organic substrate are of obvious importance in the
synthesis of metabolic products and intermediates. The
enzymes involved normally contain heme or non-heme
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iron or copper; the reactions proceed through a di-
oxygen complex intermediate. Dioxygen also serves as
an electron sink in the oxidation of a variety of small
biomolecules including ascorbic acid (ascorbic acid ox-
idase), catechols (tyrosinase), and amino acids (amino
acid oxidase).®

Superoxide dismutase, an enzyme containing copper
with zinc, iron, or manganese, serves to protect organ-
isms from the toxic effects of superoxide,***® formed
from dioxygen in the presence of free radicals. Su-
peroxide dismutase forms dioxygen and peroxide by the
cyclic process shown in eq 1 and 2. The reaction is

ECu(Il) + Oy — ECu(I) + O, (1)
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ECu(l) + O, + 2H* — ECu(Il) + H,0, (2)

driven by protonation of the peroxide ion (0,%).*

Whether the superoxide dismutase reactions involve a
dioxygen complex intermediate is uncertain; the active
site has not been completely characterized.” Super-
oxide can be generated by an outer-sphere process*®!
and a metalloporphyrin lacking a free coordination site
so that a dioxygen complex is not an obligatory inter-
mediate in superoxide formation. Peroxide is toxic and
must also be removed. Peroxide is either activated for
subsequent insertion reactions by peroxidase, a heme
protein, or disproportionated to water and dioxygen by
catalase, another heme protein. These reactions involve
dioxygen complex intermediates. While superoxide
dismutase is found in all organisms, catalase is absent
in strict anaerobes (e.g., clostridum).’> The overall
dioxygen protection mechanism is summarized in eq 3.

free superonide
—_—

2-
40, 2027 + 20;

au'\ (3)

w

2H20 + 02
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—_—
radical aismutase

2H202

substrate
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Both synthetic and natural complexes which rever-
sibly bind dioxygen are termed oxygen carriers.® In
addition to their significance as models* of the natural
oxygen carriers, synthetic dioxygen complexes have
potential applications in dioxygen separation and
storage,” industrial processes,*5” and catalysis.?® Until
recently, the industrial interest in dioxygen complexes
centered around modeling of industrially important
reactions of dioxygen, including the contact process for
manufacturing sulfuric acid and the Ostwald process
for the synthesis of nitric acid.?® Recently, however,
manganese dioxygen complexes have been suggested for
use in separating dioxygen from air by a pressure swing
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TABLE I. Protein Oxygen Carriers®
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protein metal source location P,,.b torr
hemoglobin (Hb) Fe (heme) mammals corpuscles 27 (man)¢
birds corpuscles 58 (chicken)®
fish corpuscles 18 (salmon)®
insects ~ 3 (Chironomus thumni thumni)®
myoglobin (Mb) Fe (heme) mammals muscle 1 (horsc heart)®
other vertebrates muscle
some invertebrates muscle
erythrocruorin (Ery) Fe (heme) snail plasma 3 (planorbis)®
lugworm plasma 2 (arenicola)®
earthworm plasma 8 (lumbricus)®
chlorocruorin (Chl) Fe (heme) marine worms plasma 27 (spirographis)®
hemerythrin (Her) Fe (non-heme) marine worms corpuscles 3 (golfingia)®
hemocyanin (Hey) Cu mollusks plasma 5 (octopus)®
arthropods plasma 14 (lohster)©
hemovanadin/ (Hv) \% ascidians corpuscles 2 (sea squirt)®

@ Adapted from ref 2. ¥ Pressure at which the protein is half-saturated with dioxygen. ¢ Values obtained under physio-
logical conditions. ¢ Values range from 1.79 to 4.00 and from 1.09 to 5.35 for the two Hb components at 37 °C. See ref
451. © Value for stripped protein. See ref 510. [ The respiratory function of this protein is disputed. See ref 16.
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Figure 1. Dioxygen transport process in a typical mammalian
system (magnified section). Adapted from ref 17 and 18.

absorption process and for scavenging minute traces of
dioxygen from inert atmospheres.’” Patent applica-
tions® have been filed in the United Kingdom for these
latter uses. Patents have also been filed for the use of
polymer-bound cobalt salicylaldimine complexes® and
cobalt and iron porphyrin complexes®! as dioxygen
sorbents.

Interest in the catalytic aspects of dioxygen com-
plexes has intensified in recent years.*®52 Simple cobalt
complexes with 1,6-bis(2-hydroxyphenyl)-2,5-diaza-
1,5-hexadiene (SALEN) or polyamines and related lig-
ands have been employed successfully as catalysts.®3%
These compounds promote reactions similar or identical
with those promoted in biological systems®¢7 by di-
oxygenases such as pyrocatechase®® and mono-
oxygenases (mixed-function oxidases) such as cyto-
chrome P (.57 They act in some cases in a catalytic
fashion and in other cases in a stoichiometric fashion.
Some oxygenases and oxygenase model systems, along
with the reactions which they promote, are listed in
Table III. “Vaska-type” dioxygen complexes exhibit
a number of potentially valuable catalytic and stoi-
chiometric reactions which are not, in general, directly
analogous to biochemical systems.’®*® Some of these
are illustrated in Table IV. The activation of dioxygen

TABLE II. Metal-Catalyzed Reactions of
Molecular Oxygen®

Insertion of Dioxygen
A. with cleavage of O-O bond
1. total insertion
a. dioxygenases (e.g., pyrocatechase)
b. reaction of CH,COC, H, with O, to form
HOOCC_H;, (catalyzed by Mn(III))
2. peroxide reactions
a. Fenton’s reagent
b. model peroxidase systems
Cc. enzyme systems
3. single oxygen insertion
a. Udenfriend’s system
b. free-radical reactions of O,
c. monooxygenases
B. without cleavage of O-O bond
1. formation of organic peroxides RR + O, - ROOR
2. reactions of organometallic compounds MR + O, -
MOOR
Reactions Not Involving Dioxygen Insertion
A. reduction of O, to H,0,
1. oxidation by oxygen carriers
2. metal ion catalyzed oxidation of ascorbic acid,
catechols, ete.
3. enzymatic reactions catalyzed by uricase, amine
oxidases, oxalate reductase, etc.
B. stepwise reduction of O, to H,0
1. reduction by oxidases (e.g., tyrosinase, laccase,
polyphenol oxidases, etc.)
2. free-radical coupling reactions
3. enzymic coupling reactions
Disproportionation of H,O,
A. catalase enzymes
B. catalase model systems
Disproportionation of O,
A. superoxide dismutase enzymes
B. superoxide dismutase model systems

@ Adapted from p 655 of ref 80.

for subsequent reaction has been discussed in a number
of reviews. 537273

Recent papers describe catalysis of the electrore-
duction of dioxygen to water™ or peroxide’ " by com-
plexes which bind dioxygen. These studies have im-
portant implications for fuel-cell and air-battery tech-
nologies. One complex, a bifacial porphyrin with two
bound cobalt(III) ions (Figure 2), reduces dioxygen to
water at a potential of 0.72 V (vs. NHE) with less than
1% production of HyO, when adsorbed on a graphite
electrode.” The suggested mechanism is illustrated in
Figure 2. Apparently the distance between the metal
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TABLE III. Reactions Catalyzed by Oxygenases and Oxygenase Model Systems
Enzyme Systems
dioxygenases
Ok
OH CooH ¢
pyrocatechase, Oy | COOH
tnon-heme tron) o
R R
OH o
o Y@[ o ool
OH 2 "
oH awruhnuercfﬂnume) CooH ok
OH © O
0
1 NH,»
COOH | \/]\
Oz C
w {ryptophan-2 ,3-dioxygenase @[ COOH
12 0
E NHp {heme iron) N—-C&
Ny
monooxygenases

02
8 cyt P-450
! (heme tron)

R

! Model Systems

dioxygenase models

o
R o\/©/
0,/Co(SALEN!

" ‘
P OMF
OH

R =R’ = H, OH, OMe
]
N

|
N
H

R = Me, CH,CH,COOCH,

S

monoxygenase models

02/Co(SALPR)
MeOH

02/Co(SALEN)
MeOH or CH2Clz

o
o

4
=

|

N—CH
nOll

, CH,CH,NHCOCH,

0 on 7
?-BuOK
DMF
R
OH

R = ¢-Bu, i-Pr, Et, Me

@ Nozaki, M. In “Molecular Mechanism of Oxygen Activation”;
p135. ° Westlake D. W. S.;Talbot, G.; Blakely, E. R.; Slmpson

Hayaishi, O., Ed.; Academic Press New York, 1974,
F. d. Can. J Mzcroblol 1959, 5, 621. Hattorl S.;

Noguchi, I. Nature (London) 1959, 184, 1145. Oka, T ; Krishnamurty, H. G.; Simpson, F. J. Can J. Microbiol. 1972 18,

493. ¢ Feigelson, P,; Brady, F. O.
1. J. Biol. Chem. 1970 245, 3539.

In footnote a, p 87

Ishimura, Y.; Nozakl M.; Hayaishi, O.; Nakamura, T.; Yamazakl
d Related reactions of mdoleamme 2,3- dloxygenase are covered in a paper by Hirata

et al.: Hirata, F.; Hayalsh1 O.; Tokuyama, T.;Senah, S. J. Biol. Chem. 1974 249, 1311, Hirata, F.; Hayaishi, O. J. Biol.

Chem. 1975, 250 5960.
Hamilton, G A. Infootnote g, p 405 Nxshmaga A.; To;o T.;

896. ¢ Only occurs in the presence of a metal dloxygen complex
employed. ! Reference 65.
Itahara, T.; Matsuura, T., Berger, S.; Henes, G

centers as controlled by the bifacial porphyrin is im-
portant since trans-[Co(TACTD)(OH,),]** 7® reduces
dioxygen only to hydrogen peroxide. A series of iron
porphyrin complexes” has been synthesized which will
catalytically reduce dioxygen to water, but in this case
the reduction occurs with intermediate formation of

€ Daly d.; Guroff G Jerma, D.; Udenfriend, S.; Wltkop B. Adv. Chem. Ser 1973, No. 77, 279.

Matsuura T. J. Chem. Soc., Chem, Commun 1974,
CO is converted to CO, under the reaction condltlons

J Nishinaga, A.; Watanabe, K.; Matsuura, T. Tetrahedron Lett. 1974 1291. Nishinaga, A.;
; Rieker, ‘A. Chem Ber. 1976, 109, 1530.

peroxide. A variety of copper(I) complexes has been
reported to catalyze the reduction of dioxygen to water
and the oxidation of primary and secondary alcohols
to aldehydes and ketones, respectively, in analogy to
Cu(I)-containing oxidases.’®

Dioxygen complexes are of academic interest because
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TABLE IV. Some Stoichiometric and Catalytic Reactions
of “Vaska’ Complexes

stoichiometric

R3P 0
>P?—- | - Pt c=0
RyP 0 R3P

NO
N204 RBP\ P'/O_N\

catalytic

b
Pt{PPhs)p(0;) + 3PPhy —= PH(PPhyly + 20PPh3

o

PPhs
@ Reference 141. Y Birk, J. P.; Halpern, J.; Pickard, A.
L.J Am. Chem. Soc. 1968, 90, 4491, Halpern, J.;
Pickard, A. L. Inorg. Chem. 1970, 9, 2798.

they exhibit a wide range of stabilities and reactivities
which vary predictably with changes in the ligands em-
ployed. They also display interesting structural and
electronic properties.” In addition, they play a major
part in the more general field of metal-catalyzed reac-
tions of molecular oxygen®®®! (Tables II, III, IV).

There are many scholarly reviews of the formation
and properties of synthetic dioxygen complex-
es,34-385680-107 hyt 5 thorough review of the thermody-
namic properties of these compounds has not been
previously available even though hundreds of thermo-
dynamic values for oxygen carriers have been deter-
mined and a theoretical background for their inter-
pretation exists. The present review provides a com-
prehensive classified analysis of the thermodynamics
of dioxygen complex formation and suggestions for in-
terpretative correlations of the energetics of dioxygen
binding with chemical properties of the complexes
formed. This review should prove especially valuable
in the future development of catalytic and model sys-
tems, both of which are highly dependent on thermo-
dynamic variables, and as a detailed supplement to
more general reviews of properties of dioxygen com-
plexes.

Although the reaction of dioxygen with a metal com-
plex is termed oxygenation, not all products of such
reactions are dioxygen complexes. Complexes in which
dioxygen appears (in any oxidation state) are termed
dioxygen complexes only when reversibility of the ox-
ygenation reaction is demonstrated. This reversibility
may be established in a number of ways. In the sim-
plest case the formation of a dioxygen complex from
dioxygen and a metal chelate may be reversed by
heating and/or reducing the pressure of the system.
For very stable dioxygen complexes lowering the pH of
the aqueous solution will result in the dissociation of
the bound dioxygen. Some situations are more com-
plicated and reversibility is difficult to demonstrate. If
in these cases the intermediate dioxyen complex may
be formed from dioxygen and if dioxygen can be re-
covered, at least in part, by a change in conditions, the

Chemical Reviews, 1984, Vol. 84, No. 2 141

Figure 2. (Top) Bifacial porphyrin complex which catalyzes
electroreduction of dioxygen to water. (Bottom) Proposed
mechanism of electrocatalysis by the bifacial porphyrin indicated
above.

reversibility requirement will be considered satisfied.

B. Scope

In this review, a complete tabulation of the stability
constants of synthetic dioxygen complexes reported in
the literature is provided (Appendix I), along with other
thermodynamic constants (e.g., AH®, AS®, etc.) that are
currently available. Emphasis is placed on interpreta-
tion of thermodynamic data in terms of metal-ligand
bonding and reactivities of the dioxygen complexes.
Relationships between thermodynamic constants (e.g.,
oxidation potentials of cobalt(Il) complexes and the
stabilities of the corresponding dioxygen complexes) are
described. Special consideration is given to the pre-
diction of dioxygen affinities of metal complexes from
their physical properties. Experimental methods used
to determine the thermodynamic properties are given
critical consideration.

Because of the considerable variety and extent of
thermodynamic studies of dioxygen transport proteins,
no attempt has been made to include every paper in this
area. An extensive, selective tabulation of thermody-
namic constants of natural oxygen carriers drawn
mainly from the recent literature has been included
(Appendix II). It is hoped that this treatment will
provide a convenient bibliographic resource for those
interested in biological dioxygen transport and thereby
aid in the development of new model systems. The
discussion of biological oxygen carriers will emphasize
thermodynamic aspects of dioxygen binding by these
systems and comparisons with model systems, although
other considerations will also be included. Questions
concerning the roles of the various portions of oxygen
transport proteins will be considered. Comparisons
between dioxygen transport proteins and synthetic
oxygen carriers will also be used to explore some of the
properties of the latter compounds. Some discussion
of dioxygen complexes as intermediates in metal-cata-
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TABLE V. Properties of Dioxygen in Various Oxidation States®

Niederhoffer, Timmons, and Martell

0-0 v(0-0), bond bond energy,
species compd distance, A cm™! order kcal/mol
0, 0,AsF, 1.123% 1858¢ 2.5 149.449
0,(%s¢) 0, 1.207° 1554.79 2 117.2
0,(*ag) 0, 1.216¢ 1483.57 2 94.7¢
0, KO, 1.33"h 1145} 1.5
LiO, 1097/ 1.5

0,%" H,0, 1.49% 1 35!
Na,0, 1.49m 842" 1 48.8%
Li,0, 802/ 1

@ Adapted from tables in ref 56 and 102. ? Abrahams, J. C. Q. Rev., Chem. Soc. 1956, 10, 407. ¢ Shamir, J.; Beneboym,
J.; Classen, H. H. J. Am. Chem. Soc., 1968, 90, 6223. 9 Reference 258. € Kasha, M.; Khan, U. A. Ann. N.Y. Acad. Sci.
1970, 171, 5.  Reference 257. ¢ Reference 102. " Halverson, F. Phys. Chem. Solids 1962, 23, 207. ! Reference 266.

J Reference 96. ¥ Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry” 4th ed.; Wiley-Interscience: New York,
1980; p 499. !Taube, H. J. Gen. Physiol. 1964, 49, 29. ™ Fener, S. N.; Hudson, R. L. J. Chem. Phys. 1962, 36, 2676.

" Evans, J. C. J. Chem. Soc. D 1969, 682.

lyzed oxidations of organic substances, including bio-
logical oxidations, will be included. The emphasis will
again be on interpretation of thermodynamic data and
comparison of biological systems with model systems.

C. Historical Background

The fact that aqueous ammonia solutions of cobalt(II)
salts turn brown when exposed to air was discovered
over a century ago.'%110 Alfred Werner was the first
chemist to characterize dioxygen complexes.!!%!1! He
correctly formulated compound 1 as a cobalt(III) di-

nuclear complex with a peroxide bridge. Unfortu-
4+ ,/02\ 4+
{NHz)5C0o---02---Co(NHz)s (NHz)4Col _Co{NHz)4
“NH2
1
2
/'NHZ\ 4+
(EN)pCol.  ColEN),
“0%
3

nately, his assumption that complexes such as 2 and 3
also contained peroxide led him to formulate them as
mixed Co(III)/Co(IV) complexes. Compounds 2 and
3 were later shown to be superoxo complexes,!!%!13

The reversibility of dioxygen adduct formation was
not demonstrated until 1938, when Tsumaki'!4 showed
that the color change observed!'® upon exposing Co'l-
(SALEN) to air was due to reversible oxygenation.
Calvin et al. and Diehl et al. later studied extensively
the oxygen carrier properties of Co(II) complexes with
SALEN-type ligands.!'¢122 These studies were directed
toward the development of a lightweight system to store
dioxygen for military applications. The results are
disappointing because the dioxygen carrying ability of
the chelates deteriorated over a relatively short number
of oxygenation/deoxygenation cycles. Co'(SALEN),
for example, deteriorates to 70% of its original activity
after only 300 cycles.!’® Studies on the oxygenation/
deoxygenation of [1,6-bis(2-hydroxy-3-fluorophenyl)-
2,5-diaza-1,5-hexadiene]cobalt(II) (Fluomine) by a
combination of gas chromatographic and thermo-
gravimetric methods indicate that deterioration is the
result of irreversible oxidation of the ligand by dioxygen,
resulting ultimately in the formation of CO, and H,0.1%
A system for military aviation has been developed re-
cently,’® but it has not yet been employed.

At approximately the same time that Calvin was

SN HOMO #-
j+— '}—\}: — Ly
¢4
e -H-++<\\\\ 1"“ /:;\++H2p 3g ~ A tg ¥
S S

o

Figure 3. Molecular orbital diagram for dioxygen showing
?%-‘Iﬂ(:)trl\?(l) ;:onﬁgurations of the highest occupied molecular orbitals

performing his studies, Hearon et al. reported dioxygen
adduct formation by cobaltous bis(histidine) in solu-
tion,121%" Although this work received little attention
at the time, it demonstrated that reversible oxygenation
is a general rather than an isolated phenomenon. The
chemistry of oxygen carriers was first reviewed in 1952.%
Aside from this, however, the field received little at-
tention until the sixties.®% Renewed interest resulted
mainly from attempts to model hemoglobin,'% a com-
pound which has been termed “an inspiration for re-

search in coordination chemistry”.128

D. Dioxygen

Dioxygen is normally in a triplet state (°Z,") having
unpaired electrons as illustrated in Figure 3. The first
excited state, a singlet (*A,), is 22.5 kcal/mol higher in
energy.1%21%® Another singlet excited state (1Z,*) lies
37.5 keal /mol above the ground state.!?'® This second
singlet state has a short lifetime (1072 s) in solution,
rapidly relaxing to the longer lived (103-107 s) first
excited state through a spin-allowed transition.!® Since
electrons must be added to antibonding orbitals, re-
duction of dioxygen results in longer, weaker O-O
bonds. Similarly, oxidation of dioxygen removes an
electron from an antibonding orbital. The O-0O bond
is thus strengthened and shortened. These arguments
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TABLE VI, Biologically Significant Reduction Potentials
of Dioxygen Species

O, + 4H* + 4e > 2H,0
E° = 0,79 Vvs. NHE¢ pH 7.4, 25°C
O,+ H* + ¢~ HO,-
E° = -0.32 V vs. NHE?
HO,- + H* + ¢ > H,0,
E° = 1.68 V vs. NHE?

@ Reference 131. ° George, P. In “Oxidases and
Related Redox Systems ’; University Park Press:
Baltimore, MD, 1973;p 1.

are sufficient to explain the bond distances and IR
frequencies for the various oxidation states of dioxygen,
as given in Table V.

The chemical reaction of dioxygen which is of major
importance for biological systems and for oxygenation
reactions is reduction. The free energy change for
four-electron reduction of dioxygen (to two water
molecules) is negative by 316 kJ/mol at pH 7 (eq
4).10L131  The potential is quite attractive for energy

0, + 4H* + 4e- = 2H,0
E°®’ = +0.815 V (vs. NHE) 4)

storage. Such a reduction process does not occur in one
step but rather through a series of steps involving
successive one-electron transfers.!932 Mechanistic
limitations severely restrict the usefulness of the re-
duction. The most common pathway for dioxygen re-
duction is one-electron transfer followed by dispro-
portionation to form OH~ under basic conditions or
H,0, under acidic conditions.!?!3¢ The effective po-
tential (Table VI) is pH independent and the one-
electron reduction is endothermic by 128 kJ/mol.!%
The reverse of eq 4 is also of major importance since
it represents the overall oxidation process which occurs
in photosynthesis. As before, however, the reaction
proceeds by one- and two-electron steps rather than by
a single four-electron oxidation.!%!

1. Dioxygen as a Ligand

Since the reaction between dioxygen and metal ions
is a redox process, it is most easily discussed in terms
of the electron-donor properties of the metal ion.
One-electron reductants react with dioxygen to form
complexes having molar dioxygen to metal ratios of
1:1185.146 or 1:2 1467152 with hinding as shown in 4 and 5,

respectively, for these two stoichiometries. In this
0 M
o/ \o o\—o
\, J 4
. \, 6
5

review, complexes of type 4 are formally considered
superoxide complexes of one-electron-oxidized metal
ions,58 while those of type 5 are analogously viewed as
p-peroxo complexes.’ Actually, electron transfer to
dioxygen is generally incomplete for reversible oxygen
carriers;!541% the metal ion has properties intermediate
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Figure 4. Representation of the coordination sphere [(Co,)-
(CN),(PMe,Ph);(0,)]. Adapted from ref 156.

between those of the higher and lower oxidation
states.!9215 Two-electron donors form complexes of
type 6% through what is generally considered an oxi-
dative addition type reaction. Although the oxidation
state is even more ambiguous for this type of complex
than for the one-electron donor complexes,’ type 6 is
normally viewed as a peroxide bound to a metal ion
which has undergone a two-electron oxidation. Under
certain conditions, two one-electron-donor metal centers
can interact with dioxygen as if they were a single
two-electron donor,'% such that type 6 bonding results.
This type of oxygenation is demonstrated by the for-
mation of [Coy(CN)(PMe,Ph);(0,)] (Figure 4). Com-
pounds containing S, and which are analogous to the
dioxygen complexes with structures 5157158 and 615%-168
have been prepared and characterized. Both types have
also been structurally characterized,!57:182,164,166

2. Oxidation States in Dioxygen Complexes

Not all authors agree that complexes of type 4 should
be described as superoxo complexes. Indeed, the ar-
guments in this area have been so intense that they
have been labeled arguments of “religious persuasion”
by Reed.!® In order to support the position taken here,
it is necessary to review the arguments supporting the
Fel!0,(0) and the Fe(!)O,(-1,0) descriptions. Pauling
and Coryell first reported the diamagnetism of oxy-
hemoglobin (HbO,) in 1936.1%° Pauling assumed that
there is an even number of electrons about dioxygen.
He therefore predicted bent, end-on binding of di-
oxygen to hemoglobin!®®17® ag described by the two
resonance structures 7 and 8. Griffith!”! proposed a

oI . IV .o
:i:'_e ---=0 - fe =220

Noj 0
7 8

different model in which dioxygen contributes electron
density from its =-bonding orbital into an Fe(II) d%sp?®
orbital. Fe(II) could then back-bond to the dioxygen
m* orbital (Figure 5). This model is analogous to the
binding of ethylene to platinum in Zeise’s salt!’? and
the bonding in related organometallic compounds as
described by Chatt and Duncanson.!” The resulting
compound would have dioxygen bound side-on as
shown in 6. Such a structure would be unique for iron
complexes and is no longer given much consideration.

The Griffith model was later extended to Vaska’s
complex!™ ([IrC1(CO){(P(CgH;)s)5]) and similar com-
plexes,'’>17 where it has proved to be quite adequate.
However, it is no longer considered to be a valid model
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7 (bonding) a{bonding)

Figure 5. (Top) Griffith bonding mode for dioxygen complexes.
(Bottom) Reed/Cheung bonding mode for dioxygen complexes.
Adapted from ref 153.

for hemoglobin.!® The first convincing argument
against the occurrence of Griffith bonding in HbO, was
the crystal structure!’”1 of an iron “picket fence”
compound which is remarkably similar to hemoglobin.
This and similar compounds exhibit bent, end-on di-
oxygen binding (type 4).17"1" The remarkable simi-
larity between the “Mossbauer” data for HbO,!818! and
the “picket fence” compound!®2-184 Jeaves little doubt
that the bonding mode is identical in the two species.!®
It should also be noted that the IR stretching frequency
(vo_o) for human oxyhemoglobin A (HbA) reconstituted
from the apoprotein and ferrous deuteroporphyrin
differs from that for a protein reconstituted from co-
baltous deuteroporphyrin and apoprotein by only 1
cm.'8 This is important since strong evidence exists
for type 4 bonding geometry in dioxygen adducts of
Co(I).%® In fact of the Co(Il) dioxygen complexes which
have been structurally characterized by single-crystal
X-ray diffraction,!!2!13186-224 4]] but one'* have either
the 4 or 5 bonding geometry. The Griffith structure is
seen only in dioxygen complexes formed from cobalt(I)
complexes containing very basic arsine or phosphine
ligands.225.226

An early study of the structure of sperm whale oxy-
myoglobin,?” while suggestive of Pauling bonding, was
inconclusive. Structural studies of oxy-*?® and deoxy-
hemoglobin??®>%3! by Perutz et al. were directed toward
defining the factors responsible for cooperativity in
dioxygen binding. Specific quaternary structural
changes between low-affinity and high-affinity forms
of hemoglobin were elucidated in the studies. This
allowed theories for the mechanisms of control of the
quaternary structure changes to be proposed by Perutz
et al.232-234 gnd by the others.?352% However, the ge-
ometry of the bound dioxygen was not investigated by
protein crystal structures until 1978. In oxyerythro-
cruorin’?’ dioxygen is bound end-on and is bent with
an (estimated) Fe~-O-O angle of 170°. The oxygen not
directly bound to iron is hydrogen bonded to water.
Recent crystallographic studies on oxymyoglobin?3823°
and oxyhemoglobin?? have confirmed the bent, end-on
bonding mode. The Fe—O—0 angles at the present level
of refinement are 115° and 156°, respectively. A neutral
diffraction study on oxymyoglobin®! reveals the pres-
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ence of hydrogen bonding between the distal histidine
(HIS-BE7) and the noncoordinated end of the dioxygen
ligand. In work by Shaanan?¥ the distal histidine is
shown to be within close enough proximity to the di-
oxygen to form strong hydrogen bonds only in the o
subunits. Hydrogen bonding between the distal histi-
dine and the dioxygen in the § subunits would be
weaker since the contact distance is increased. Recent
resonance Raman work by Kitagawa et al.?2 supports
the presence of hydrogen bonding in mixed-metal
iron—cobalt hybrid hemoglobins and myoglobins. In
these systems the #(0,) but not #(Co—0) is shifted when
the solvent changes from H,0 to D,0. Although the
Co(III)-0—-0 and OO bonds would be expected to have
coupled vibrations, the hydrogen bond which is ap-
proximately perpendicular to the O-O bond does not
generate a measurable shift in 5(Co-0).

A third model for dioxygen binding in HbO, was
proposed by Weiss?*® and extended by others.#* This
model assumes an odd number of electrons on dioxygen
with coupling between the unpaired electron on Fe(III)
and that on dioxygen. This model is represented by the
resonance forms 9 and 10. Yet another model sug-

gested by Tovrog and Drago?5®® and Veillard and co-
workers*% has !A, dioxygen bound to Fe(II) (the model
actually used was a Co(II) model, but it is readily ex-
tended to HbQ,). The latter model has been criticized
by Basolo et al.1®? Their calculations reveal that the
Fe—O bond energy for an Fe(II)-O, (*A,) would be 38
kcal/mol, a value which they consider unrealistic.
Drago®® has rejoined that the singlet oxygen formula-
tion was as useful as the Co(III)-0, formulation, given
the data available at the time (mainly EPR spectral
data). Data obtained since that time on the "0 hy-
perfine coupling!® have resulted in modification of the
previous interpretations of both Drago?® and oth-
ers?"248 hecause they demonstrate that the hyperfine
coupling does not arise from delocalization of the un-
paired electron on cobalt. The unpaired electron ap-
parently resides on the dioxygen regardless of the extent
of electron transfer into oxygen, which can vary from
0.1 to 0.8 of an electron.!3?*® Indirect as well as direct
hyperfine couplings are required to explain the observed
cobalt hyperfine structures.?5025

Reed and Cheung!®® have suggested that a simple
MM(Q,") formulation is both justified and chemically
reasonable. They see the entire debate as a
“misunderstanding between experimentors who sought
to impart a measure of the real electron density dis-
tribution and those who sought to represent chemically
reasonable and useful formal oxidation states.”'5® The
MI(0Q,") formulation can, in their view, rationalize the
observed spin pairing and geometrical features of the
dioxygen complexes if the bonding scheme illustrated
in Figure 5b is employed. It also provides the most
reasonable explanation of the spectral properties for
these complexes. The infrared stretching frequencies
of mononuclear coordinated dioxygen!®l185,2562-255 pe.
semble those of superoxide?5 or fall between those of
superoxide and those of singlet®’ and triplet?*® molec-
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ular oxygen. Both the 5’Fe Mossbauer®® and Raman?®
spectra of HbO; are characteristic of Fe(III). The op-
tical spectra of HbO, and alkaline methemoglobin
(MetHb) show striking similarities.!”17826! Further-
more, HbO, is reported to be paramagnetic at low
temperature,?®?2 although this claim is disputed.?®®
Recent LCAO-MO-SCF-CI1 calculations support the
diamagnetic ground state for hemoglobin but reveal a
very low-lying paramagnetic triplet state ~150 cm™
above it.?4 Superoxide can be generated from HbO,
by interaction with various anions;*® flash photolysis
of oxymyoglobin (MbQ,) with low-intensity (38 J) white
light also gives superoxide anions and metmyoglobin
(MetMb).?8¢  The only major disadvantage of the
Fel(0,") formalism is that it fails to predict the actual
electron distribution.!®® Therefore, this formalism is
suggested as the most usefu! formalism for coordination
chemists. 2’ The assignment of a +3 oxidation state for
iron and a -1 oxidation state for dioxygen is reasonable
if Weiss’ model'’"'" is employed. For purposes of
charge distribution in a M-L complex the electron pair
represented by a—is counted on L. Where the extent
of electron transfer must be indicated, fractional oxi-
dation states have been suggested.!531¢7 Another rea-
sonable interpretation is to visualize the III and -I ox-
idation states, partially modified by varying degrees of
covalent character in the metal-dioxygen coordinate
bond.

To appreciate the logic behind this position, one need
only consider the definition of oxidation state.?” The
oxidation state is the electric charge which an atom in
a molecule would have if the bonding were entirely
ionic. Thus, an oxidation state is a formal device and
should not be expected to predict the extent of electron
transfer. Since the MIQ,(~1,0) formulation is also the
formulation which gives the most accurate impression
of the chemical nature of the bent, end-on dioxygen
complexes, it should be adopted whenever a detailed
molecular orbital discussion of the bonding is unwar-
ranted. The more detailed bonding analyses have been
performed by extended Huckel, ab initio Hartree-Fock,
Xa multiple scattering, and extended Pariser-Parr—
Pople methods?®® and more recently by a modified
Fenske-Hall approach.?® In these theoretical analyses
the concept of oxidation state has little significance,
especially where configurational interaction is em-
ployed. 269270

It should be noted that Drago?® does not agree with
the assignment of an oxidation state of +3 to Fe, Cr,
or Mn but rather maintains that all of these must be
in the +4 oxidation state. This position, however, has
received no support from other investigators. Drago
further argues that formulations such as Fel(0,") and
Co{(0,") are confusing, since they seem to imply an
actual uninegative charge on dioxygen. This is a rea-
sonable objection, and use of the formulation MQ,-
(-L,0) is therefore advisable to avoid confusion.

E. Metal Ions That Form Dioxygen Complexes

Table VII shows the metal ions that form dioxygen
complexes either reversibly or irreversibly.2’1-31! Most
of these metal ions form complexes simply by reaction
with either gaseous®”312-314 or dissolved315316 dioxygen.
A few complexes may be formed only by reaction with
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superoxide®’ or peroxide.?®31°® Normally, the dinuclear
superoxo complexes may only be obtained by oxidation
of the corresponding dinuclear peroxo complexes,’20-327
Specifically excluded from detailed discussion in this
review are dioxygen complexes formed by cryochemical
or matrix isolation techniques.3?®

Included in Table VII are dioxygen complexes which
do not readily fit the normal classifications. A rhodium
complex, 11, exists which is a dimeric 1:1 (M:0,) com-
plex.32%-331 A heterobimetallic dioxygen complex, 12,

Cl

PhaP. Qe : _.PPh3
Rhi--Q 0--2RH
PhsP” | o7 “PPhs
Cl
11
5- 2-
IOHg O
] A
! -15 °C AN
(CN)sCOOOMo(CN)s | o JMolCN), | (5)
A CH3CN, or (CaHs )20 O’/ A
12 13

with a peroxide ligand has also been prepared.332:333
Upon standing in organic solvents at —15 °C, this com-
plex rearranges to yield a peroxo complex of molybde-
num, 13.332

1. Stoichiometry and Coordinate Bonding in Dioxygen
Complex Formation

Cobalt(II) complexes normally form 2:1, u-peroxo-
bridged complexes in aqueous solution.33:8490334-346
Whenever the chelating agent has an insufficient num-
ber of coordinating groups or is present in insufficient
concentration to completely saturate the coordination
sites available on the cobalt ion, a second bridge may
form.3#7-%2 The second bridge may be a u-hydroxo-
47352196 g -amido,!% or another u-type bridge.203:353
When only one coordination site is available on each
cobalt, formation of the second bridge is precluded.
Several examples have been reported in which a mo-
nobridged complex is formed at low pH and a u-per-
oxo—u-hydroxo dibridged complex is formed at higher
pH.354-3% This supports previous arguments that the
formation of a u-peroxo bridge generally precedes u-
hydroxo bridge formation.®® A u-peroxo bridge may be
formed intramolecularly®” if a ligand capable of binding
two metal ions simultaneously3%®-3% with favorable ge-
ometry is employed.

Formation of u-peroxo-bridged complexes of cobalt
is preceded by formation of a 1:1 (cobalt:dioxygen),
presumably superoxo, complex. This was first indicated
by kinetic studies of the oxygenation of Co-
(TRIEN)(H,0),%* %1362 and was later confirmed by
kinetic studies on Co(TETREN)(H,0)?*.38 Kinetic
studies also indicate that dissociation of the dibridged
complexes is pH dependent, suggesting protonation of
the hydroxo bridge prior to dissociation into the mo-
nonuclear metal chelates.3436% The proposed mecha-
nism did not consider the formation of protonated
metal chelate species which would also give a pH de-
pendence to the dissociation of the dibridged dioxygen
complexes.

It has been possible to limit the oxygenation reaction
to 1:1 complex formation by using low dielectric con-
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TABLE VII. Some Metal Ions That Form Dioxygen Complexes

complex
type M:0, structure metal ion® example(s)? ref
superoxo  1:1 4 Co(11)/Co(ILI) Co(ACACEN)PYR)O, 139, 394, 399
Co(PPIXDME)(PYR)O, 403, 421
[Co(CN),0,1*" 208, 209
CoMb 396, 421, 449,
463, 464
Fe(I1)/Fe(III) hemoglobin 26
myoglobin 26
Fe(TPivPP)(N-Melm)O, 177, 313
Fe(octaaza[ 14 Jannulene(PYR)O, 136, 137
Fe[pyrroheme N-[3-(1-imidazolyl)propyl]amide] 138
Mn(1I)/Mn(III) Mn(X-SALDPTZ) (X = 5-NO,, 5-H, 5-CH,0, 385
3-NO,, 3-OCH,)
Mn(SALDAPE)O, 385
Cr(11)/Cr(I1I) Cr(TPP)}PYR)O, 271
Ru(II)/Ru(I1II) Ru(OEP)(CH,CN)O, 272
Ni(II)/Ni(III) Ni(DTAHD)O, 388
Rh(I1)/Rh(III) Rh(OEP)O, 273
Rh(III)/Rh(III) [Rh(EN)Z(NOz)(O )M 274
2:1 5 Co(II)/Co(III) [(Co(NH,),),0,]** 187
[(Co(CN)),0, )" 210
[(Co(NH, )4)2( 2(NH,)J* 112
[(Co(EN),),(0,)(OH)** 195
Cu(1)/Cu(Il) Cu,0,(PYR)x ¢ 275
Rh(II)/Rh(III) [(Rh(L),CH,0,]** (L=PYR or PIC) 276, 277
peroxo 1:1 6 Ru(0)/Ru(1l) Ru(PPh,),(CO),0, 278
Ru(I)/Ru(IlI) Ru(PPh,)z(NO)(Br)O2 279
Os(0)/0s(11) Os(PPh,),(CO),0, 278
Co(I)/Co(I1I) [Co(Ph,PCH=CHPPh,),0,]* 225
[Co(pyridylamine),O, I* 280
[Co(FARS)O, ] 281
Rh(I)/Rh(III) [RhL,O,]* (L = PPh(CH,), or AsPh(CH,), 282, 283
Ir(1)/Ir(III) Ir(PPh,)},(CO)C(O,) 174
Ir(PPh,R},(CO)O, 284
Ni(0)/Ni(II) NiL,0, (L = CNC(CH,),, CNCH,,) 285, 286
Pd(0)/Pd(1I) Pd(CNC(CH,),)0, 285, 286
Pt(0)/Pt(II) Pt(PPh,),(0,) 285, 286
Ti(0)/Ti(II) Ti(OEP)O, 287, 288
Mo(0)/Mo(11) Mo(TPP)O, 289
Co(II)/Co(1IV) Co,(CN),(PMe,Ph),(0,) 150
A% [VO(O,),(NH)T 190-292
Nb [Nb(O,)S(PHEN)]‘ 293-295
Cr Cr(0)(0,),L, (L= NH,, CN-, PHEN) 296-298
W [WO(0,),(H,0),0] 299
U [UO,(0,);1*" 300
Mn(1I)/Mn(IV) Mn(TPP)O2 301
2:1 5 Co(I1)/Co(III) [(Co(NH,),),0,]** 186, 191, 192
[(Co(PYDIEN),O,]** 206, 207
DL-[(Co(EN)z) Oz(NH VP 198
[(Co(EN),),0,(0OH)]** 195-197
Fe(II)/Fe(III) hemerythrin 22
[Fe(tetrasulfophthalocyanine)],0, 303-305,
378,379
Cu(I)/Cw(II) hemocyanin 31
[(Cu(BIMP)),0,] 389
Rh(II)/Rh(III) [Rh(OEP)],0, 273
[(RuW(EDTA)),0,] 306
o Pd(I)/Pd(I)¢ [Pd(MeO-BHCP)(CH,CN)],0, 317
Pel Pe Pd(I)/Pd(1)¢ [Pd(RO-BHCP)),0,] 317
.0..
Rﬁ-:;, 3R Rh {RhClO,[P(C,H{)1,}, 307
o
] R Rh(I)/Rh(I) (RhL),0, (L = COD, BHD) 308
" Mo [Mo,0,,(0,),1*" 309
[Mo0,0,,(0,), 1" 310
Cu Cu,Cl,L,O, (L = PYR, 4-PIC, 2,4-lutidine, BPY) 311
e Ox1dat10n state prior to oxygenation reaction is glven first, followed by the oxidation state subsequent to oxygenation
reaction. ? In view of the many compounds appearmg in the llterature only selected examples are given. For more exam-

ples the references should be consulted. ¢ Reaction is 4Cu(I) + O, (PYR) - 2Cu(II) + Cu,0,(PYR)x. ¢ From reaction
with KO,

stant solvents,!45366-369 dilute solutions, or complexes binuclear u-superoxo or u-peroxo complexes from the
in which steric hindrance prevents bridge forma- mononuclear superoxo precursors. Oxygenation of
tion.?7%372 There is good evidence for the formation of Co(CN);* in DMF and of Co(s-Me,EN),Cl, in EtOH
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yield stable mononuclear complexes.?®372® However,
in H;0, a higher dielectric constant solvent, oxygenation
results in the generation of u-peroxo compounds,?!32
Contrasting this behavior is the reaction between two
[Co(CN);50,]° centers in H,0 giving the binuclear u-
superoxo adduct as studied by EPR.3"% This is essen-
tially a superoxide displacement reaction as indicated
in eq 6. Resonance Raman studies of the oxygenation

2[Co(CN)50,13 — [Coa(CN)15(0x)]5 + O, (6)

of (3,10-diacetyl-2,11-dihydroxy-5,8-diaza-2,4,8,10-
dodecatetraene)cobalt(Il), Co(J-EN), in various organic
solvents and under different pressures of dioxygen show
reversible formation of 1:1 and 2:1 adducts.® In this
particular system the 1:1 superoxo complex is favored
in a polar aprotic solvent, CH;CN (e = 37.5 at 20 °C,
u = 3.37 D), at high dioxygen pressure and low tem-
perature while the 2:1 peroxo complex dominates in a
less polar aprotic solvent, CH,Cl, (¢ = 9.08 at 20 °C, u
= 1.54 D), at lower dioxygen pressure and higher tem-
perature.’ In Fe(II) complexes, u-peroxo bridge for-
mation is followed immediately by an irreversible re-
duction to form a w-oxo-bridged complex.373-376
Ochiai®” has offered the following explanation for this
behavior. Formation of u-oxo—metal dimers may be
represented by a series of equilibria as indicated in eq
7-10.3""  In comparison, although the reduction of

M™L + 0, = M**1LO," 7
Mn+1L02— + Mn+L = Mn+1L022—Mn+1L (8)
Mn+1L022—Mn+1L = 2Mn+1L0-, (9)

MM1LO~ + M™L = M™LO*M™IL  (10)

dioxygen to H,0 (eq 11) is thermodynamically more
favorable than its partial reduction to HyO, (eq 12),

1,H* +1/,0, + e —1/,H,0
AG®°yPHT = -74.7 keal mol™! (11)

H* +1/,0, + ¢ —1/,H,0,
AG® = -12.2 kcal mol™ 12)

rupture of the O-O bond requires 51.1 kcal mol™.. As
illustrated in the potential energy vs. reaction coordi-
nate diagram (Figure 6a) the formation of a p-oxo-metal
dimer would require lowering an intermediate potential
barrier. Stabilization of the M**1LO" intermediate
would allow for this. The simple molecular orbital
diagram (Figure 6b) shows that the important inter-
action between the metal dx orbital and the oxygen p
orbital generates both a bonding (x;) and antibonding
(x2) molecular orbital.*”” For metal ions with d” con-
figuration with n < 5 the M**1LO™ is predicted to be
stable. However, for n > 5 the additional electrons
must populate antibonding (i.e., xy) orbitals and
therefore would be predicted to be higher energy
species. One additional condition must be met. There
must be free M**1L available to react with M"+!LO".
This situation will exist if the equilibrium constants for
(7), (8), and (9) are small or if the rates of formation
for eq 7-9 are much slower than for eq 10.

Because of the kinetic instability of the u-peroxo
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Figure 6. (Top) Potential energy plotted for the reduction of
dioxygen to water with respect to reaction coordinate. (Bottom)
Orlz_iltal overlap and qualitative molecular orbital diagram for
M"*10-,

binuclear complexes, Fe(II) dioxygen complexes have
in general been limited to 1:1 Fe0,(-1,0) complex-
es;177717 hemoglobin (HbO;) and oxymyoglobin (MbO,)
are included in this class. The notable exceptions to
this rule are hemerythrin (14) and the tetrasulfo-
phthalocyanine iron(II) dioxygen adduct.3%303,378,379

The latter compound is extremely susceptible to irre-
versible oxidation, normally being observed only as an
intermediate in the oxidation of the iron(II) complex;3’®
however, it has been isolated in the solid state where
it is apparently stable.3”® It is probable that further
oxidation is sterically prevented in the solid state. Very
recent work has demonstrated that Fe(II) complexes
with macrocyclic ligands can form stable dioxygen
complexes in aqueous and nonaqueous solutions,3%¢-382
The most exciting of these new ligands is 3,6,10,13,19-
pentaazabicyclo[13.3.1]-1(19),15,17-nonadecatriene.
Both the Fe(II) and Co(II) chelates will reversibly bind
dioxygen in aqueous solution to form u-peroxo binuclear
complexes. Although the Fe(II) analogue is stable
enough for potentiometric determination of its oxy-
genation constant, there is a slow decomposition reac-
tion which occurs, generating the more thermodynam-
ically stable u-oxo—Fe(III) dimer. Additional work on
the formation of the violet intermediate dioxygen com-
plex [Anax 540 nm (e 187)] from the oxygenation of the
initial yellow Fe(II) chelate closely parallels that of
oxyhemerythrin [A,, 500 nm (e 140)/(Fe),0,]. Both
of these absorption bands can be reasonably assigned
to Fe(III) «- 0,2 LMCT.

Both the u-peroxo and the superoxo complexes dis-
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Thermodynamics of Oxygen Binding

cussed above have a bent M-0-0 linkage (structures
4 and 5, respectively). The peroxo complexes formed
when the d® metals (Pt(0), Pd(0), Ni(0), Ir(I), Rh(I), and
Co(I)) react with dioxygen are bound symmetrically in
the Griffith mode, 6, as are the Mn(TPP)O, ad-
ducts.?8-387 There is no evidence for any intermediate
in the formation of these complexes.® The most recent
review of the chemistry of these complexes is the ex-
cellent paper by Vaska.?’

A novel dioxopentaamine macrocyclic ligand complex
of nickel(II) has recently been reported to bind di-
oxygen end-on as a 1:1 (metal:dioxygen) complex.388
Reversible oxygenation is facilitated in 14 by the
presence of two basal imide anions and an axial nitrogen
donor. These donor groups serve to stabilize the gen-
erated Ni(III) cation and provide sufficient metal
electron density to coordinate dioxygen, giving the
Ni'l0,~(-1,0) formalism. In addition, this complex ac-
tivates dioxygen sufficiently to convert toluene to o- and
p-cresol.’88

Of the remaining complexes, only the 2:1 (metal:di-
oxygen) complexes formed by reaction of Cu(I) and
dioxygen require mention at this point. These com-
plexes are presumably related to hemocyanin® in
structure and properties. One of the complexes con-
tains two imidazolyl donors, two aliphatic imino donors,
and one pyridyl donor per copper(I) ion. It loses 20%
of its oxygen carrying capacity on each oxygenation/
deoxygenation cycle. The other complex is a binuclear
complex®® and an “ear muff” or “wishbone” %3 type
ligand containing both nitrogen and sulfur donors.
Complete reversibility is claimed for this complex in the
solid state.®® Unfortunately, neither complex has been
structurally characterized.

For a more thorough discussion of bonding modes,
the extent of electron transfer from the metal ion to
dioxygen and similar topics, the reader is referred to
the more general reviews of dioxygen complex chem-
istry.?27102 Precise structural parameters for those cobalt
complexes for which X-ray crystal structures are
available may be found in Table VIII of this review.

2. Reversibility and Stability of Dioxygen Complexes

Both reversible and irreversible dioxygen uptake are
known. Reversible dioxygen complexes, or oxygen
carriers, are those in which bound dioxygen can be re-
moved by a change in temperature, partial pressure of
oxygen gas, pH, or other conditions. Formation of the
dioxygen complex may be considered to be reversible
only if the original metal complex (the “oxygen carrier”)
is formed when dioxygen is removed. Reversible oxygen
uptake has been observed from complexes in both the
solid state®’1163% gnd in solution.3%1-407

Completely reversible oxygenation requires that a
compound be able to undergo repeated oxygenation/
deoxygenation cycles without appreciable loss of ac-
tivity. Although a few completely reversible systems
have been studied3’:116:3%0.398 mogt oxygen carriers
gradually lose activity over several oxygenation/deox-
ygenation cycles, or when stored in the oxygenated
form,389,391,392.408 Tpy general, this loss of activity is due
to irreversible oxidation of the original metal complex
to an inactive complex in which the metal is in a higher
oxidation state.*®*4 This reaction occurs with loss of
the dioxygen ligand, either as peroxide*'®4 or as oxy-
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genation products®?-35929 or oxidation products in
which the oxygen is reduced to water and the chelating
ligand is oxidized.*'” Resistance toward this type of
irreversible oxidation is often referred to in the litera-
ture as “stability”. It is important to distinguish be-
tween resistance to irreversible oxidation and thermo-
dynamic stability. In this paper “stability” will refer
to the thermodynamic stability of the dioxygen complex
which is a measure of the difference in free energies of
the precursor complex and dioxygen relative to the
dioxygen complex.

Stability may be expressed in terms of a stability
constant, which is simply the equilibrium constant for
the reaction between a metal complex and dioxygen (eq
13 or 14). The stability constant may be expressed in

Ko,

ML, + 0, — ML,0, (13)
Ko,

2ML, + 0, — (ML,),0, (14)

terms of dioxygen concentration or partial pressure of
oxygen gas, as shown in eq 15 and 16. When exactly

_ IML,0] _ ML,0,]
o = ML0y ” Ko = MLy, 19
ML )0 ML
O LY R (7. 57 R

T IML.P0” % [ML,J%P,,

half of the metal complex ML, is oxygenated [ML,],
= 1/,[ML,], and [ML,0,]/5 = 1/5[ML,), (eq 15) or
[ML,],/, = 1/2[ML,]o and [(ML,)30,]/5 = 1/,[ML,]o,
the expressions for K, reduce to eq 1’/ and 18, where
[ML, ], is the initial concentration of metal complex.

Ko, = (Py/2)™ for mononuclear complexes amn

Ko, = (P12[ML,])) for binuclear complexes (18)

When stability constants are expressed as the dioxygen
pressure at half-oxygenation (P, ,), the stability con-
stant increases as the Py, decreases. In other words,
the more stable the oxygen complex the lower is the
dioxygen concentration required for its formation.

Table IX gives an indication of the range of stabilities
exhibited by various types of dioxygen complexes. It
is a truly remarkable range, covering nearly 12 orders
of magnitude. One of the complexes shown (Co-
(TPivPP)(Me,Im)?*) is less than half saturated under
a full atmosphere of pure dioxygen gas. Another com-
plex Co(TETREN)?* will bind dioxygen in a solution
containing only nanogram quantities of dioxygen. With
such a wide variety of oxygen carrier stabilities, it
should be possible to design one with the appropriate
stability for any given application. Since many factors
such as pH, solvent, metal ion, and coordinated ligands
influence dioxygen complex formation equilibria, con-
sideration of the oxygenation constant alone is insuf-
ficient to predict its behavior in solution.

Most of the equilibrium constants reported for Co(II)
systems are expressed in terms of species concentration.
For meaningful comparisons with other data, especially
those for biomolecules, all constants have been reported
in Table IX as constants of the form Ko, = (P; /2)'1.
This is preferable to reporting P, , directly, since (Py/9)™"
varies directly rather than inversely with the dioxygen
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TABLE IX. Comparison of Stabilities of Various Types of Dioxygen Complexes

dioxygen
oxygen-free complex complex P, ' atm™ conditions® ref
human hemoglobin A, Hb HbO, (FeO,) 4,0 x 10°? 25 °C, pH 7.4 (TRIS buffer) 434,437,438
human hemoglobin A, Hb HbO, (FeO,) 5.0 x 10! 25 °C, pH 7.4 (TRIS buffer), 434, 437
0.002 M 2,3-DPG
human hemoglobin A, Hb HbO, (FeO,) 1.5 % 10! 25 °C, pH 7.4 (TRIS buffer), 438
0.002 M IHP
hemerythrin, Hry HryO, 2.6 x 102 20 °C, pH 6.25 (unbuffered) 458
(FeO,Fe)
hemocyanin, Hey HeyO, 1.3 x 10? 20°C, pH 6.5 459
(Cu0,Cu)
leghemoglobin, Lgb LghO, 1.7 x 10* 25°C,pH6.50.1 M 460
phosphate
FeTPivPP(Me,Im)**, MLL' MLL'O, 2.0 x 10! 25 °C, toluene 425
FeTPivPP(1-Melm)*, MLL’ MLL'O, 2.5 x 10° 20 °C, solid 313
CoTPivPP(Me,Im)**, MLL/ MLL'O, 8.4 x 107 25 °C, toluene 425
Co(SALEN), ML MLO, 2.3 20 °C, Me, S0 395
Co(ACACEN)Py, MLL' MLL'O, 4.0 X 10? - 31 °C, toluene 399
Co(3-F-SALEN)**, ML (ML),0, ~3.8 x10? 25 °C, solid 116
Co(TETREN)*, ML (ML),0, 9.1 X 10° 25°C, u = 0.10 334, 581, 582
Co(TREN)*, ML (ML),0,0H 3.4 x 10° 25°C, u=0.10,pH 7.0 362
Co(TERPY )(BPY)*, MLL' (MLL'),0, 18 25°C, u = 0.10 148, 581
Co,(BISTREN)OH?*, M,LOH (M,L)0O,(OH) 3.5%x107? 25°C, u=0.10,pH 7.0 359
Mn(Me,PPh)Br,, MLX, MLX,O0, ~2.5 % 10? 25 °C, solid®¢ 57
Mn(Bu,P)(NCS),, MLX, MLX,0, ~6.3 25 °C, solid® 57

% The abbreviations employed here and elsewhere are explained in the glossary.

b Where solvent is not specified, the

data were obtained in aqueous solution. ¢ 25 °C is assumed. The temperature was not given in the reference cited.

affinity. Conversion of data to this form requires cer-
tain assumptions that may introduce slight approxi-
mations into the oxygenation constants. These are,
however, small compared to the differences in the ox-
ygenation constants which are under consideration.
Although the examples given below apply to Co(II)
monobridged and dibridged dioxygen complexes,
equations for other systems may be derived in an
analogous manner.

The major assumptions are that Henry’s law*!® is
valid for dioxygen in aqueous solutions at the ionic
strengths normally employed and that for binuclear
complex formation from mononuclear precursors, the
concentration of the unoxygenated complex at Py, is
1 X 10® M. Molarity and molality are assumed
equivalent, introducing only a small error for aqueous
solutions. The solubility of dioxygen in water at 25 °C
under 1 atm of pressure is taken to 1.35 X 1073 M.41°

For the formation of a dibridged dioxygen complex
(eq 19) the equilibrium constant is given by eq 20. The

Ko,

9ML + O, = M,L,0,(0H) + H* (19
M,L,0,(OH)][H*
o, = MO I 0
[MLJ*{0,]

equations for simple monobridged complexes were
previously given (eq 14 and 16). At Py, [ML,],/, =
1/2[ML,], and [(ML,),0,(OH)];;; = 1/4[ML,], or
[(ML,)30q};/2 = 1/4[ML,]o. Thus at half-oxygenation,
P, is given by eq 21 or 22, respectively. K, is the
Henry’s law constant, which at 25 °C and 0.10 M ionic

strength is numercially equal to 7.41 X 102 atm L mol ™.
K,[H"]
Py = 57— (21)
Y27 Ko,IML,],

(22)

For dibridged complexes, the P, /2 value is pH de-
pendent because of the hydrogen ion dependence of
u-hydroxo bridge formation. For this reason, the pH
at which P, is calculated must be specified. A pH of
10.0 was selected as the standard for the dibridged
dioxygen complexes discussed. Most of the equilibrium
constants which have been reported for biomolecules
are expressed as P, ;. In these cases, only inversion of
the constant was required.

The reaction of a complex with dioxygen generally
involves a large negative entropy change which must
be offset by a very favorable enthalpy if the free energy
is to be negative. The large negative entropy results
primarily from loss of rotational, vibrational, and
translational freedom of the dioxygen molecule.3!3314
Other factors also contribute. The increase of effective
oxidation state of the metal ion on binding of dioxygen
increases the strength of bonds to the other ligands,
decreasing their freedom (i.e., results in a further neg-
ative entropy contribution). Increased charge separa-
tion between the metal ion and the dioxygen ligand
increases interaction with polar solvents, another en-
tropically unfavorable process. Because of the fact that
coordinate bonds in binuclear dioxygen complexes with
peroxo bridges are much more polar than mononuclear
“superoxo” dioxygen complexes, the former tend to be
formed to a larger extent in water and polar solvents,
while 1:1 dioxygen complexes are favored in low di-
electric constant solvents,368:369

However, the recent work of Nakamoto et al.?® and
Cummings and co-workers®!5 seems to contradict some
of the earlier assertions. In these recent studies the
formation of 1:1 (metal:dioxygen) adducts is favored in
polar solvents while 2:1 adducts predominate in less
polar solvents. This discrepancy will be discussed in
the final portion of this review in light of the available
thermodynamic data.

Favorable enthalpy for the dioxygen binding reaction
is assisted by increasing the strength of the metal-lig-
and bonds. The dioxygen ligand receives electron
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density from donor atoms in its coordination sphere.
Binding of dioxygen is thus a redox process, albeit an
incomplete one. An increase in the donor ability of the
ligands about the metal ion will increase the electron-
donating ability of the metal ion toward dioxygen and
would thus be expected to strengthen the M-O, bond.
This phenomenom will be discussed in detail in the
following sections.

If the metal-dioxygen bond becomes very strong (i.e.,
if the electron transfer from metal to dioxygen is es-
sentially complete), the values of K, becomes relatively
high and reversal of oxygenation becomes an extremely
slow process at high pH. Ochiai® estimated that oxy-
genation reactions in which AG® is more negative than
-13 kecal mol™? will be irreversible. Technically this
conclusion is invalid since the equilibrium, while
strongly shifted toward oxygenation, still allows the
formation of very low concentrations of dissociated
species. A simple calculation of the concentrations of
precursor complex and free dioxygen in equilibrium
with one of the more stable dioxygen complexes listed
in Table IX, at high pH, reveals that the concentration
of these species are so low as to be undetectable and
hence the conclusion that such systems are irreversible.
However, since the ligands coordinated to the metal in
these very stable dioxygen complexes are very basic, the
degree of dissociation can be increased several orders
of magnitude by lowering the pH by only one unit. The
reversibility of such dioxygen complexes may thus be
readily detected by sufficient lowering of the pH of the
solution.

I1. Experimental Methods

A. Determination of Equllibrium Constants for
Oxygenation

Several methods have been used for determination
of oxygenation equilibrium constants, Ko, (eq 13, 14,
19). The choice of method depends to some extent on
the magnitude of the equilibrium constant, the type of
solvent employed, and the time limitations, as deter-
mined by the rate with which the dioxygen complex
breaks down to the irreversible species in which the
metal becomes permanently oxidized. The equilibrium
constants are reported as 1/P,, or —log Py, in this
review so that comparisons between dioxygen com-
plexes in various solvents, as well as in the solid state,
can be made more easily. In the Appendices, the con-
stants are also given in the form in which they were
originally reported.

Some of the equilibrium constants reported in the
earlier literature were determined by manometric
measurements of dioxygen uptake. While this method
is certainly valid, it is somewhat inconvenient to use and
equilibrium is generally reached rather slowly, so that
it has been replaced by other methods. The reader is
referred elsewhere for information about this techni-
que.*? The more commonly employed methods involve
spectrophotometric, potentiometric, and polarographic
measurements where the equilibrium involved are
reached rather quickly and the rate of dioxygen diffu-
sion does not play an important role.
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B. Spectrophotometric Determination of
Oxygenation Constants

Spectral methods have been almost exclusively em-
ployed when organic solvents are used. The method is
quite sensitive since the intense charge-transfer band
of the dioxygen complex is available as a sensitive probe
for the position of equilibrium, Spectral measurements
are usually taken under various partial pressures of
dioxygen, under conditions such that the dioxygen
complex is fully formed at the higher dioxygen con-
centrations.

For many dioxygen complex systems, such as the
cobalt(IIT) polyamines, the measurements are relatively
simple when the absorbance of the precursor complex
is very small or negligible compared to that of the di-
oxygen complex. In other cases such as the cobalt
Schiff bases and the cobalt(II) and iron (II) porphyrins,
both the oxygenated and unoxygenated forms can have
high absorbances. If the complex can be completely
oxygenated, so that the extinction coefficient can be
determined, the reaction Y of the complex ML that is
present as the dioxygen complex ML.O, may be calcu-
lated. This normally requires measuring absorbances
at several different wavelengths corresponding to each
of the species present in solution. Simple computa-
tional methods can be applied to give each of the in-
dividual concentrations, although only the [MLO,] is
needed since [ML]r is fixed for the experiment (eq 23
and 24). Usually the spectra are not well-behaved (i.e.,

ATAj = Ze,-Ci for j= lton (23)

Y = [MLO,]/[ML]r (24)

no individual absorption bands for ML and MLO,). In
this instance the problem is simplified by assuming that
only the complexes contribute to the total absorbance.
Together with the mass balance equation an expression
for Y can be written (eq 25 and 26) (A,) is the initial

[ML]t = [ML] + [MLO,] (25)
_ (Ar - 4Ag)/(emro, ~ emr) o6
= MLy (26)

absorbance corresponding to ML). The equilibrium
constant Ky, may be obtained directly from a plot of
log (Y/(1 - Y)) against log P, and the value of P,
selected under the conditions such that Y = 1 - Y?

K [LCOP02] Y
" [LCoP]P,, (1 - Y)Po,

Many complex systems do not achieve 100% oxy-
genation even under excessive dioxygen pressure. In
these cases extrapolation to infinite pressure gives A.,
from which ey 0, may be obtained. Many workers vary
A, until a best fit of eq 27 results. Another method
used by Drago®? and others® treats both ey.0, and Ko,
as unknowns, Substituting the appropriate mass bal-
ance equations for [ML]y (eq 25) and [O;]r (eq 28) into

[O.lr = [O,] + [MLO,] (28)

the equilibrium expression defining Ko, (eq 15) and
writing the total absorbance as a function of [ML] and

27
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[MLO,] (eq 29) gives an expression (eq 30) which has
[MLO,] = (At ~ Ap) /(emr0, — ML) (29)

Ar - A
T 0 _[ML]p- [Op +

EMLO, ~ €ML
[ML]1{O:](empo, — m1)
Ap - Ay

two unknowns, ey 0, and Ko,. For a series of experi-
mental conditions a set of simultaneous equations is
generated which can be solved by suitable least-squares
analysis to give best-fit values of ey, and Ko,

The major problem encountered in applying the
spectrophotometric method is interference from other
complex equilibria. Porphyrin complexes, for example,
can add 2 equiv of a basic ligand in axial positions, as
follows:

Ko_l =

2

(30)

MP + L = LMP (31)
LMP + L = LMPL (32)

The oxygenation reaction then involves competition
with the second mole of the axial ligand. Since some
of the secondary ligand is needed to form the dioxygen
complex LMPO,, its concentration in solution must be
maintained at a sufficiently high level to produce a
considerable concentration of LMP without driving the
equilibrium completely toward the fully coordinated
form, LMPL. It is seen that competitive reactions of
this type may thus complicate the calculations as well
as the spectra.

LMPL + 0, = LMPO, + L (33)

While the relationships given above appear
straightforward, the application of this “limiting
spectra” approach to real systems has been subject to
some question. Some of the problems have been dis-
cussed by Ibers et al.,*?! Guidry and Drago,*?? and Ba-
solo et al.*?® No attempt is made in this review to re-
solve the issues involved, but interested readers are
referred to the appropriate literature. The data pub-
lished by various workers are assumed to be valid, and
all available equilibrium data are included in the tables
at the end of this paper.42+%®

C. Potentiometric Methods

While the “limiting spectra” method may be applied
in aqueous as well as organic media, potentiometric
measurements of hydrogen ion concentration normaily
gives more accurate equilibrium data and involves fewer
experimental difficulties. This method involves mea-
surement of hydrogen ion concentration during the
addition of increments of base to a solution containing
the acid form of the ligand and the metal ion in the
presence of dioxygen at a controlled value of the ionic
strength. It is essential that carbon dioxide be excluded
from the reaction vessel and that sufficient time be
allowed for equilibration after each addition of base.
Interpretation of the data obtained requires an inde-
pendent determination of the ligand protonation con-
stants and the equilibrium constant(s) for formation of
the metal-ligand complex(es). These values may be
obtained easily by similar potentiometric measurements
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of solutions of the ligand and of stoichiometric mixtures
of the ligand and the metal ion, respectively, under an
inert, dioxygen-free atmosphere.

Calculation of the value of Ko, from the potentio-
metric data may be carried out by solution of the per-
tinent equilibrium and mass balance relationships for
each experimental point in the buffer region(s) in which
dioxygen complex formation occurs. The precise rela-
tionships employed depend upon the nature of the
ligand(s) and metal ion involved. The example given
below (eq 34-37)** involves oxygenation of cobalt
complexes of pentadentate ligands having five disso-
ciable protons (H,L), where Ty, represents the total

Ty = Ay[L] + X,[ML] + 2[M,L,0,] (34)
Ty = Y [M] + X,[ML] + 2[M,L,0,] (35)

B =Ty + [H*] = [OH7] =
A5[L] + X,[ML] + Y,[M] + 10[M,L,0,] (36)

= [M2L202]
[M]?[L]?[O,]

analytical ligand concentration, Ty the total analytical
metal ion concentration, and B the total analytical
concentration of hydrogen ions which are initially
bound to the ligand, T'g represents the total analytical
concentration of base added, and the hydroxide ion
concentration term corrects B for hydrogen ion formed
by the dissociation of water. The remaining terms are
defined in eq 38-46. Suitable computer programs have
been devised for determining the best value of Ko, from
these relationships and the measured potentiometric
data.®3!

Al =1+ KlH[H+] + KIHK2H[H+]2 + ..+
KHKMKAK PKGRHY (38)

0, (37)

A, =5 + 4K H[H*] + 3K PKH[H* ]2 + ... +
KHKHAKHK HHY¢ (39)

X1 =1+ Ky M[H*] (40)
X, = 5 + 4Ky F[H*] (41)
Y; = (1 + Kyow)/[H'] (42)
Y, = Kmon/[H*] (43)
KH = [(H,L™] fori=1to5n=5t01
TS
(44)
[MHL)]
Hey — -
K, [MLI[H] (45)
[MOH][H*]
Kmon = ECER (46)

The major drawbacks of the potentiometric method
are (1) that it is not readily applied in nonaqueous
solutions since the essential standard electrode poten-
tials are not generally available and (2) the method is
unsuitable for dioxygen complexes (e.g., iron—-dioxygen
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complexes) that readily form p-oxo dimers in aqueous
solution and mixed solvents in which water is a sig-
nificant component. In practice, the technique has been
used mainly with binuclear Co(II)-dioxygen complexes
in aqueous solution. It should be noted that formation
of a u-hydroxo bridge in addition to the u-peroxo bridge
normally formed on reaction of Co(II) complexes with
dioxygen will release an additional half mole of hy-
drogen ion per mole of cobalt—-dioxygen complex formed
and the expressions for B (eq 36) and Ko, (eq 37) must
be altered accordingly.

A technique which is often used to obtain oxygena-
tion equilibrium data for compounds which rapidly
decompose to irreversibly oxidized Co(III) species is
based on polarographic determination of dioxygen
concentration at equilibrium. As with the potentio-
metric method, interpretation of the data requires
knowledge of the ligand protonation and chelate for-
mation constants. The stoichiometry of the oxygena-
tion reaction must also be determined. Oxygenation
constants obtained by this technique have been shown
to 32(53 comparable to those obtained potentiometrical-
ly.

The experimental technique usually employed in-
volved the measurement of free oxygen concentration
before and after addition of the metal complex with
which it combines, and the amount of oxygen which has
reacted may then be calculated. Calculation of the
oxygenation equilibrium constant requires the solution
of four equations (47-50) for each measurement. Data
are generally taken at several pH values to insure that
the Ko, values are constant over the pH range of the
reaction of the dioxygen complex. The symbols em-

T. = A[L] + X{[ML] + 2[M,L,0,] 47)
[ML] = Kyw[M][L] (49)

[M2L202] = (275 X 10_4)(1 - 0') (50)

ployed have been defined previously (38-43), except for
o, which is the fractional oxygen saturation of the so-
lution after equilibrium is reached. The molar con-
centration of oxygen in air-saturated 0.100 M KNO,
solution at 25 °C is 2.75 X 10™%. Other values are
available for other temperatures or ionic strengths.

D. Free Energles, Enthalpies, and Entropies of
Oxygenation

Values of AG®°,, may be obtained from Ko, values by
using the relationship

AG®o, = -RT In Ko, (51)

The thermodynamic parameters AH® and AS® are de-
termined either by calorimetric methods or from the
temperature dependence of Ko,. An excellent review
of the application of thermochemistry (e.g., calorimetry)
to bioinorganic systems is now available.43?

The calorimetric approach allows the value of AH®
to be measured directly. Since metal chelate formation
and oxygenation in solution are frequently simultaneous
or overlapping reactions, it is generally necessary to
determine the enthalpies of these two processes inde-
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pendently. If titration calorimetry is employed and the
dioxygen concentration is determined continuously
during the titration (by means of a polarographic O,
probe, for example), these contributions may be de-
termined with the aid of known values of the corre-
sponding equilibrium constants. If the dioxygen com-
plex is essentially fully formed in the presence of any
amount of ML complex, a separate measurement of the
enthalpy of chelate formation must be made under a
dioxygen-free atmosphere. Measurements under a di-
oxygen atmosphere will then give an enthalpy which is
the sum of the enthalpies of chelate formation and of
oxygenation.

The value of AH® may also be obtained by evaluating
the temperature dependence of the equilibrium con-
stant Ko, (eq 52). A plot of In Ko, against 1/T (termed
a Van't Hoff plot) should give a straight line with a
slope equal to ~AH®°/R.

d ln I(o2 —AH°
d1/T) = R

Once AH® values have been determined by either
method, AS® may be determined from the usual rela-
tionship (eq 53). The enthalpy and entropy changes

AG°® = AH® - TAS® (53

that have been determined for the oxygenation of com-
plexes are presented in Appendices I and II and will be
considered in some detail in the discussion of the factors
that influence the strength of metal-dioxygen bonding.

(52)

E. Solid-State Equilibria

Some equilibrium constants have been mea-
sured?93116.120433 for the oxygenation of solid complexes
(Appendix I). Special care must be taken in interpre-
tating the results of such studies.?? For example, a
compound which does not react with molecular oxygen
in the solid state may have the potential to form a
dioxygen complex and yet be prevented from doing so
by the nature of the packing of metal complex mole-
cules in the crystalline state. Binding of dioxygen at
measurable rates by solid-state complexes requires a
crystal lattice with sufficiently large holes to allow di-
oxygen to diffuse rapidly throughout the solid.?? An
arrangement of molecules favorable to dioxygen
bridging between adjacent complexes is also required
for those compounds for which bridging is essential to
dioxygen binding.?? It is also essential that processes
other than those in a simple three-phase system (metal
chelate, O,(g), and dioxygen complex) be recognized.
Calvin and co-workers, for example, noted that the
unoxygenated phase of various cobalt salicylideneamine
complexes disappears completely at 75% oxygenation
and that a solid solution is formed.

A more recent example of a solid-state synthetic ox-
ygen carrier that undergoes oxygenation without a
phase change is the 2-methylimidazole-picket-fence
iron(II) complex reported by Jameson et al.l™ Ap-
parently, crystallinity is maintained during oxygenation.
Because of the space available in the crystal lattice, and
particularly at the oxygenation site, reaction with di-
oxygen results in only minor changes in intermolecular
spacing. Thus the crystal structure does not signifi-
cantly change during oxygenation, so that the solid—gas
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equilibrium is expressed by the relationship
X/(1-X)=KPg, = Py,/Py,

where X = mole fraction of oxygenation sites and 1 —
X = mole fraction of unoxygenated sites. Accordingly,
the oxygenation of the iron(II) picket-fence complex as
a function of increasing dioxygen pressure follows a
sigmoidal curve characteristic of a solid solution, rather
than a transition at constant dioxygen pressure char-
acteristic of the formation of a new solid phase. The
relatively minor changes in crystal dimensions result
in a minor increase in K as the degree of oxygenation
increases, a phenomenon that has been compared to
cooperativity in hemoglobin oxygenation.®?* However,
in this case the increase is probably due to the small
changes in molecular dimensions of the complex on
oxygenation, which slightly inhibits the oxygenation
process when a dioxygen complex is surrounded by
unoxygenated complex molecules and is constrained to
the dimentions of the unoxygenated crystal structure.
With a high degree of oxygenation, however, the crystal
dimensions have been sufficiently modified to remove
these constraints, allowing for a better fit of the newly
oxygenated complexes in the crystal lattice.
Assuming that the problems involved in attaining
equilibrium throughout the solid phase(s) can be ov-
ercome, the solid-state equilibrium can be measured by
determining the dioxygen uptake at equilibrium as a
function of its partial pressure over the solid; the
treatment is essentially the same as that for solutions
discussed previously. Any physical measurements
which distinguish between the oxygenated and un-
oxygenated species (e.g., reflectance spectra, complex
weight, magnetic susceptibility, etc.) may be obtained
calorimetrically or by varying the temperature at which
equilibrium measurements are performed.

I111. Propertles of Dioxygen Complexes
A. Major Classes

It is instructive to divide naturally occurring dioxygen
complexes into two classes on the basis of function.
Oxygen carriers mediate the transport of dioxygen
within or between tissues. Reactive dioxygen complex
intermediates are formed in processes which ultimately
result in the biological reduction of dioxygen, super-
oxide, or peroxide. Such processes are usually accom-
panied by oxidation of an organic substrate to form a
product which is useful to the organism or must be
disposed of. The major difference between these classes
of compounds is the ultimate fate of the dioxygen lig-
and.

Oxygenation of an oxygen carrier must be reversible
in order that dioxygen may be released unchanged in
tissues where dioxygen tension is low. It follows that
reduction of dioxygen and oxidation of the metal ion
to which it is attached must be partial. Many of the
unique chemical features of the oxygen carriers are
required to insure that the redox process will be partial.
The reactive intermediate, on the other hand, must
release dioxygen in a reduced form; the redox process
must be completed in this case. Naturally, the ther-
modynamic properties required for a complete redox
process differ from those required for a reversible
partial redox process. It follows that the division of
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dioxygen complexes into two classes has a thermody-
namic as well as a functional basis. In this regard it is
interesting to note that no dioxygen complex is known
to be employed in both dioxygen transport and di-
oxygen activation in biological systems.
Thermodynamic data reported in the literature in
most cases involve systems that undergo reversible
oxygenation.**52 This is due in part to the greater
ease of working with these systems. Unfortunately, the
more stable, less reversible systems are often ignored
because they are poor models for oxygen carriers. One
can argue, however, that it is less important to under-
stand the oxygen carriers than it is to understand the
dioxygen complexes which serve as reactive interme-
diates. While the former have few applications outside
of biological systems, the latter are potentially impor-
tant catalytic intermediates in processes which partic-
ipate in a greater variety of biological reactions than do
the oxygen carriers. It must be stressed, then, that the
so-called “irreversible” systems are more likely than the
easily “reversible” systems to yield information about
dioxygen complexes as reactive intermediates.

B. Naturally Occurring Oxygen Carrlers

The major biological oxygen carriers are conveniently
classified into three groups: hemoglobins,*?0?4 heme-
rythrins,?? and hemocyanins.2? Myoglobins, erythro-
cruorins, and chlorocruorins are related to hemoglobins.
Hemovanadin,>* if it actually serves a respiratory
function, must be considered to be of minor importance
due to its limited biological distribution.5® A summary
of oxygen carrier properties is given in Table 1.

Hemoglobin (Hb) is the major respiratory protein in
higher vertebrates, notably man. Because of its bio-
chemical and medical significance, the extensive variety
of techniques which may be employed in its study, and
the relative ease with which it may be isolated and
purified, hemoglobin has probably been studied more
extensively than any other protein. Hemoglobin has
a quaternary structure resulting from the interaction
of the four subunits, two a chains and two 8 chains.
The § chains are somewhat larger than the o chains
(146 amino acid residues for the 8 chain vs. 141 residues
for the o chain in horse hemoglobin?). Each chain forms
a tertiary structure having a pocket in which a heme
group is bound through van der Waals contacts, hy-
drogen bonding, and a coordinate bond to the imidazole
group of a histidine residue. This heme group is ac-
cessible to and coordinates small neutral molecules such
as dioxygen and carbon monoxide and anions such as
fluoride, chloride, hydroxide, and cyanide. The struc-
ture of hemoglobin is illustrated in Figure 7.

It is of interest to note that subunits are not neces-
sarily of constant composition.’* Apparently all ver-
tebrates contain multiple hemoglobins.’%® This phe-
nomenon is related to changes in the respiratory re-
quirements during particular periods of development.
Human hemoglobin during fetal development, when
dioxygen must be obtained from the mother’s hemo-
globin, contains a chains associated with high affinity
¢ chains. Later in pregnancy these ¢ chains are replaced
by v chains. Normal adult blood contains mostly
hemoglobin A with a small amount of hemoglobin A,
which consists of § chains in place of « chains.
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Figure 7. Illustration of the quaternary structure of hemoglobin.
Adapted from ref 507. Reprinted with permission from: Dick-
erson, R. E.; Geis, I. “The Structure and Action of Proteins”;
Benjamin/Cummings, 1969. Copyright 1969, Dickerson and Geis.

The function of the protein is somewhat complicated
owing to interaction between subunits which affect the
dioxygen binding properties of the heme prosthetic
groups. These factors will be discussed below.

1. Myoglobin

It will be instructive to first consider myoglobin (Mb),
a protein composed of a single chain of 153 amino
acid®® containing only one prosthetic group binding site
per protein molecule. Myoglobin bears a striking sim-
ilarity to an isolated hemoglobin subunit both in
structure and in dioxygen affinity. Figure 8 illustrates
the structure of the protein. The tertiary structure
includes a “pocket” or “cleft” containing a heme group
(heme is a planar four-coordinate iron(II) proto-
porphyrin complex).’” The imidazole nitrogen of the
histidyl residue F8 (the proximal imidazole) provides
a fifth coordinated donor group. The ferrous ion is thus
pentacoordinate. Structural studies on hemoglobin and
myoglobin have revealed that the ferrous ion is dis-
placed approximately 0.3-0.6 A out of the porphyrin
plane toward the proximal imidazole.519508 In this
configuration, the metal ion is somewhat protected from
interactions with the solvent. Small molecules such as
dioxygen, however, can readily enter the distal pocket
and bind to the metal ion at the sixth coordinate site
to form an octahedral complex. Case and Karplus®®
have considered the dynamics of oxygen binding to
myoglobin with a theoretical model consisting of both
adiabatic and diabatic limits. The distal histidine
(HIS-E7) and valine (VAL-E11) residues serve to pro-
tect the dioxygen binding region. Hydrogen bonding
between the imidazole group of HIS-E7 and the di-
oxygen ligand has been discussed previously. Horse
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Figure 8. Illustration of the structure of myoglobin. Adapted
from ref 507. Reprinted with permission from: Dickerson, R.
E,; Geis, I. “The Structure and Action of Proteins”; Benjamin/
Cummings, 1969. Copyright 1969, Dickerson and Geis.

heart myoglobin will be half saturated with dioxygen
at 1 torr in 0.10 M TRIS buffer®™ or at 0.50 torr in 0.10
M phosphate buffer®!! (P,,,! = 1.4 X 10° and 7.38 X
10? atm™, respectively). domparable values of Py 5!
for isolated « and 3 chains in 0.10 M phosphate buffer
are 1.2-1.3 X 10° and 2.6-3.2 X 10° atm™, respective-
1y.512513 Oxygenation of myoglobin is easily and com-
pletely reversible.

The controversy concerning the oxidation state of
iron in oxygen carriers was previously discussed. Ox-
ymyoglobin is best considered to be an iron(III) complex
containing uninegatively charged dioxygen.!%15 The
coordination sphere of this low-spin formally Fel-
0,(-1,0) system conforms closely to octahedral geome-
try. To achieve this geometry, the ferric ion moves
toward the plane of the porphyrin ring. The proximal
histidine moves with the metal ion to which it is atta-
ched. The magnitude of this movement by the iron has
come under question recently because of reports of a
high-spin iron(II) porphyrin where the iron resides
strictly in the plane of the porphyrin®* and a low-spin
iron(IIT) porphyrin which has only a small (~0.3 A)
displacement of the iron from the porphyrin plane.’®

Myoglobin is a storage rather than a transport pro-
tein. It is found in the muscle tissues of vertebrates and
invertebrates®!® to which it imparts a dark color. The
major concentration in man occurs in cardiac muscle,>'®
where an anoxic condition (ischemia) can be life
threatening. To function properly as a dioxygen storage
site, myoglobin must be able to accept dioxygen from
hemoglobin and release it to anoxic tissues. It must
therefore have a dioxygen affinity high enough to re-
move dioxygen from hemoglobin but low enough to
allow eventual release to the tissues. Comparison of the
dioxygen affinities in Appendix II reveals that, even in
the absence of allosteric modifiers of hemoglobin such
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Figure 9. Dioxygen saturation curves for myoglobin and hem-
oglobin at pH 7.4 and 25 °C.

as phosphate and 2,3-diphosphoglycerate (2,3-DPG),
the dioxygen affinity of myoglobin is greater than that
of hemoglobin. Myoglobin can be considered a di-
oxygen transport protein only in the limited sense that
it facilitates (increases the rate of) dioxygen diffusion
into muscle tissue.’” % This is, however, an important
function and a shortage of myoglobin (myoglobinemia)
can have pathological consequences.??!

2. Hemoglobin

Cooperative Effects. Figure 9 is a plot of per-
centage dioxygen saturation against dioxygen partial
pressure for myoglobin and hemoglobin. There is a
striking difference in the shapes of the saturation
curves. Myoglobin exhibits a hyperbolic curve char-
acteristic of systems where the binding sites are inde-
pendent of one another. Hemoglobin exhibits a sig-
moidal curve characteristic of systems where the bind-
ing sites are not independent. Because of the extreme
similarity (both in structure and in dioxygen affinity)
of the individual hemoglobin subunits to the myoglobin
molecule, one must conclude that the differences in the
saturation curves should be attributed to subunit in-
teraction in the hemoglobin molecule. These interac-
tions are collectively termed cooperative interactions.
The subunits in hemoglobin initially influence one an-
other so as to achieve a lower dioxygen affinity. Binding
of dioxygen at some sites decreases this influence, ef-
fectively increasing the dioxygen affinity of the re-
maining sites. Hemoglobin thus requires a much
smaller change in P, to effect loading or unloading of
dioxygen compared ‘With myoglobin. In addition to
these cooperative effects which decrease the dioxygen
affinity for the hemoglobin molecule there are func-
tional differences in the o and §8 chains which also
contribute to many of the properties of the protein (ref
235, 522-524).

It is useful to have a quantitative measure of coop-
erativity in proteins. This indication of subunit in-
teraction is provided by the Hill coefficient, n.5% Hill
coefficients for some naturally occurring oxygen carriers
are summarized in Table X. These values are also
provided in Appendix I whenever available. The Hill
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TABLE X. Representative Values of the Hill Coefficient
in Natural Oxygen Carriers

conditions n ref

pH 7.4 (BIS-TRIS buffer), 2.51 434
25°C

pH 7.1 (phosphate buffer), 2.75 436
25°C

protein
human HbA

pH 7.4 (BIS-TRIS), 25°C, 3.09 434

2 mM, 2,3-DPG

earthworm Hb pH 7.4 (phosphate), 4 511
20-21°C

ghost shrimp® pH 7.65 (TRIS), 25 °C 1.28 469

Hey C

shrimp? Hey pH 7.60 (TRIS), 20 °C, 4.0 468
10 mM CaCl,

Spirographus® pH 7.5 (TRIS), 20 °C 3.2 466

ChL

¢ Callianassa californicnsis.
¢ Spirographus spallanzanii.

b Penacus setiferus.

equation relates the fractional dioxygen saturation (y)
of the protein to either the dioxygen partial pressure®®
(eq 54) or the dioxygen activity, X (eq 55).527 In the

log y/1-y)=nlog Py,-nlog Py, (54)

In(y/l1-y)=nlnX-nlnX, (55)

absence of subunit interactions, a plot of log (y/1 - y)
against log Po, will yield a straight line with a slope of
unity (i.e., n = 1). Thus the Hill coefficient is generally
not constant except for simple single-site systems but
varies with the degree of saturation y.

To demonstrate the viability of the Hill equation, two
cases may be considered. The first is oxygenation of
a protein having n independent dioxygen binding sites.
A general expression for fractional saturation based on
simple mass balance relationships and equilibrium
constants is given in eq 56. This mathematical rela-

2 iKo,Po;
- (56)

=
]

n
1+ 2 Ko,'Po,}
i=1

tionship is sometimes referred to as the Adair equation
with n binding sites, each of which has an intrinsic
binding constant K. These intrinsic constants however
are not equal if the sites are identical since there is a
statistical factor involved. The Adair equation may be
rewritten (eq 57) as indicated. Application of the bin-
omial expansion gives eq 58. The index in the latter

lzll = 1)'l'K02lP021
v = (57)
1+ § mKG 02
oot (p=1! D
(A + KoPo)™ = & oy —ymerPo,
1 n n!
P
nKOZPOZ le (n- J)'J' o/
(58)

equation has been changed (j = i + 1) so that the initial
expression may reduce to a more convenient form (eq
59). Rearranging this equation using the definition of
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nKoPo,(1 + Ko,Po,)"!
p = =
(1 + Ko,Po,)"

Py = (Ko)? (eq 17) and y = »/n (where y is the
number of sites bound per total macromolecule) and
then taking the logarithm of both sides generate the
familiar Hill equation (eq 54). It is important to note
that n is equal to unity for a protein containing any
number of independent and identical binding sites.

The second case is a multisite protein in which all the
sites oxygenate simultaneously (i.e., infinite interaction
between sites). Only the last term in the numerator and
the first and last terms in the demoninator of eq 56 are
important. This will then reduce to eq 60 directly.
Again, if the substitutions y = v/n and P, ;" = (Ko)™
are made, this equation may be rearranged to give, upon
taking logarithms, eq 54.

nkK n
o Hofo” (60)

1+ Ko,Po,”

In the real systems where multiple binding sites exist,
infinite site—site interaction is not possible. In such
cases, the slope of the Hill plot (n) will asymptotically
approach unity at very low and very high fractional
saturations (Figure 10). At very low fractional satu-
ration the protein exhibits behavior characteristic of n
independent binding sites while at the other extreme
only one binding site is available. Equilibrium con-
stants for these first and last steps may be obtained.
Determining the intermediate equilibrium constant is
not quite so simple. In addition, the Hill constant n
will never attain its maximum value (i.e., no protein has
infinite sitesite interactions). As such the appropriate
equations become more complicated under real condi-
tions. The expression for fractional dioxygen saturation
of hemoglobin, for example, must include both fully and
partially oxygenated species. The simple expressions
for K, are replaced by an expression which requires
knowledge of equilibrium constants for addition of each
dioxygen ligand (often called Adair constants).

S a[Hb(O,),]

a=1

y= (61)

4 io (Hb(0y),]

Detailed mathematical models for the interactions
between dioxygen binding sites have been pro-
posed.#26527259 The most widely accepted model is the
Monod-Wyman-Changeux (MWC) model,*5?7 which
does not distinguish between o and 8 subunits. The
protein is postulated to exist in R (relaxed) and T
(tense) states, each conformation having a set of step-
wise equilibria of the form indicated by eq 62 and 63,
where n = 1-4 for hemoglobin. The dioxygen affinities

Krr
R(0y),-; + O, == R(0,), (62)

for the two states are different. The dioxygen disso-
ciation curve or the Hill plot can be calculated from a
knowledge of the number of binding sites (n), the
equilibrium constant for the equilibrium between un-
ligated R and T states (L, eq 64) and the constant ratio
between equilibrium constants for binding by R and T
states (@, eq 65).527 Cooperativity occurs in this model

Chemical Reviews, 1984, Vol. 84, No. 2 159

[

1-y

log P02

Figure 10. Hill plot of the dioxygen equilibrium of hemoglobin
at pH 7 and 25 °C, where y is the fraction of sites oxygenated.
Py, is the dioxygen pressure on torr. Adapted from ref 4.

(0,1 + O, == T(0), (63)
Ry % To Lo = [To]/[Ro] (64)
a = KR,./KT,, (65)

because, while deoxygenated hemoglobin exists mainly
in the T form (L is high), dioxygen binds more readily
to the R form. Binding of dioxygen removes R, and
shifts the equilibrium in eq 64 to the left.t

The Koshland—-Nemethy-Filmer (KNF) model also
ignores the difference between a and 8 subunits. It
postulates that oxygenation of any subunit affects the
affinity of its nearest neighbor for dioxygen. The co-
operativity depends on this interaction. The important
parameter is an interaction parameter, U. When U >
1, the interaction is cooperative. The problem is stated
in terms of a partition coefficient which partitions the
dioxygen among the various possible states according
to their probability of occurrence.* The statistical
mechanical model of Stanely, Bansil, and Herzfeld? is
similar to the KNF model. The intermediate com-
pound model proposed by Adair,53%-535 which provides
a different intrinsic binding constant for hemoglobin
and for each of the partially oxygenated species of
hemoglobin, is of course able to formally correlate with
cooperativity.

A detailed analysis of these mathematical models is
not justified at this point. The MWC model fits most
of the early data on hemoglobin. This success and the
support of the structural work of Perutz et
al.5228-280,232-234 g4ve the model wide recognition. The
Perutz model evolved from the gross changes in the «f
interfaces as seen in structural studies on deoxy-
hemoglobin and methemoglobin. A fundamental pos-
tulate of this model is that the movement of the heme
iron into the plane of the porphyrin ring upon oxy-
genation (due to a change in ionic radius and spin state)
pulls the proximal imidazole along with it, and in turn
triggers major conformational changes leading to in-
creased affinity for dioxygen. This model received
support from Szabo and Karplus®¥ with a statistical
thermodynamic model for correlating structural changes
which accompany oxygenation and protonation by
hemoglobin with the known solution properties.

More recently the Perutz model has received critical
tests. 50957541 Fixtended X-ray absorption fine structure
(EXAFS) studies®® have shown that the displacement
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TABLE XI. Adair Constants for Oxygenation of Sheep
Hemoglobin®

constant K, K, K, K,
K;° torr™! 0.002 0.196 0.149 2,00
k;(rel) 1 1.76 1.31 17.7
K;(predicted) 1 0.376 0.167 0.0625
K;(rel)/K;(predicted) 1 4.7 7.9 283

@ From ref 529. ? Constants obtained at 19 °C, pH 9.1.
¢ K, is the equilibrium constant for the ith equilibrium
step, Hy (0, );-, + O, (X;) Hb(O, );.

of the heme iron upon oxygenation is much less than
previously thought.’*2 A thermodynamic analysis by
Johnson and Ackers®? which is based on the Szabo—
Karplus model but includes the properties of dissoci-
ated dimers in equilibrium with tetramers argues
against the Perutz mechanism. Additional work from
Pettrigrew et al.’* on 22 mutant and chemically mod-
ified hemoglobins suggests that cooperativity in di-
oxygen binding is a reflection of the protein—-protein
interactions within the a;8,, @;8;, and a;a, contact re-
gion. Apparently the movement of the heme iron is not
the primary “trigger” for cooperativity as outlined by
Perutz. Small subtle changes throughout the molecule
result in the observed differences in dioxygen affinity.
Warshel and Weiss®® view cooperativity as two op-
posing interactions. R state interactions stabilize the
transfer of positive charge to the porphyrin system by
permanent and induced protein dipoles. The T state,
however, has stronger interactions with neighboring
subunit charges and dipoles. The observed 3.6 kcal/mol
heme-heme interaction energy results from competition
between these forces.

It is instructive to consider the extent to which co-
operativity increases the dioxygen affinity of a partially
oxygenated hemoglobin molecule. According to the
analysis of Ochiai,?*¢ the final Adair constant is 283
times the value which is predicted in the absence of
cooperative interactions (Table XI). Furthermore, the
dioxygen affinity increases monotonically with the ex-
tent of oxygenation.

The Hill plot can yield other information in addition
to the value of n, which is the maximum slope of the
plot. As mentioned previously, extension of the upper
and lower positions of the curve in Figure 10 to the »
axis yields Py, values for the R and T states of the
MWC model or of the highest and lowest affinity states
in a multistate model. Furthermore, the total free en-
ergy of interaction (the free energy difference between
R and T states) is proportional to the horizontal dis-
tance between the assymptotes (A In X), and the in-
teraction free energy at any degree of saturation may
be determined from eq 67.527 Note that the free energy
of interaction does not go to infinity if the site—site
interaction is infinite.

AG®°; = -RTA In X (66)

o =BT _Y(,_1
AG% (y(l—y))(1 n) @7

Allosteric Modification. Cooperativity is the result
of allosteric modification of hemoglobin. Because the
modification is caused by the same ligand species as
that whose binding is affected, it is termed homotrop-
ic.5%® The binding of dioxygen is also affected by a
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TABLE XII. Subunit Salt Bridges and Hydrogen Bonds®?
intrasubunit interactions

TYR-140a- - -VAL-98c¢ T structure

TYR-148p- - -VAL-983 LYS-127«,- - -ARG-141a,

HIS-1468- - - ASP-94p ARG-141qa, - *ASP-126¢,
18 - -0O-= 2- . L.

VAL-15- - -O-PO, LYS-40q, >HIS-146£2

intersubunit interactions

LYS-825 VAL-15 - -
LYS-82----
HIS-2- - - - - —2.3-DPG
HIS-148--- /

TYR-42«,- - -ASP-993,

R structure

LYS-127a,- - -ARG-141a,
VAL-18, + - - HIS-1463,
ASP-94a, - - -ASP-1028,

@ Adapted from Perutz, M. F,; Ladner, J. E,; Simon,
S. R.; Ho, C. Biochemistry 1974, 13, 2163. ° Salt
bridge (- - -); hydrogen bonding (- - -).

number of heterotropic modifications, including those
brought about by H* (Bohr effect), CO,, and organic
phosphate.’’ These allosteric modifiers are responsible
for the low dioxygen affinity of hemoglobin under
physiological conditions (P, , ~ 26 torr) when compared
with the “stripped” protein (P, ~ 5 torr).

The Bohr effect (after Danish physiologist Christian
Bohr) is a decrease in the dioxygen affinity of hemo-
globin under conditions of increased acidity. Tissues
undergoing respiration give off carbon dioxide which
is converted to H* and HCO;™ by the enzyme carbonic
anhydrase.?4854 These tissues have an environment
which is more acidic than the site of dioxygen uptake
(i.e., the lungs). The Bohr effect thus helps insure that
dioxygen will be released to those tissues which have
the greatest oxygen requirement. The effect is due to
structural changes which occur in the molecule upon
oxygenation. These structural changes cause a decrease
in the effective basicity of certain basic amino acid
side-chain groups.’® An increase in the proton con-
centration favors the more basic deoxy form. Several
of the changes involved in the Bohr effect have been
identified. A chloride bridge between the amino ter-
minus of the « chain (valine) and «-141 arginine is
broken upon oxygenation of hemoglobin.?! The imid-
azole group of the a-chain carboxy terminal histidine
forms a salt bridge with the B-94 aspartic acid group
which is also broken upon oxygenation.’ The decrease
in pK in each case is approximately 0.8 pH unit.>’ The
involvement of chloride in the a-chain salt bridge re-
sults in linkage of effects due to hydrogen ion and
chloride.? A similar effect is seen in the alkaline Bohr
effect of hemoglobin.? In this case the salt bridge
between HIS-146B and ASP-94B is not present in the
R form of hemoglobin.55¢ This salt bridge forms only
when hemoglobin undergoes the R to T state transition.
Important salt bridges are given in Table XIIL

3. Hemocyanin

Hemocyanin (Hcy) is a copper-containing protein
which occurs only in mollusks and arthropods.!’'* The
remarkable size of this non-heme protein is reflected
in molecular weights ranging from 400000 in the prawn
Pandalus borealis to 8900000 in the snail Helix po-
matia.’® Single fundamental units of M, 75000 have
been experimentally obtained for arthropod hemo-
cyanins, each containing two copper(I) ions. Molluscan
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Figure 11. Various active-site derivatives of hemocyanin, where
L, and L, are externally supplied (exogenous) ligands and R is
an endogenous ligand.

hemocyanins, on the contrary, dissociate to funda-
mental units (M, 380000-450000) under normal ex-
perimental conditions, which appear to be 20 times the
size of the single active site unit. Arthropod and
mollusk hemocyanins differ in the amount of copper
contained in the protein. Generally, there is approxi-
mately 0.17% by weight of copper in the former com-
pared to 0.25% found in the latter.?> In addition, there
is a difference in the catalase activity between the two
phyla. High catalase activity is exhibited only by
mollusk hemocyanins.55®

The active site of the protein has been extensively
studied by ultraviolet,?%% visible,3%% resonance Ra-
man,28557 EXAFS58-50 a5 well as EPR spectrosco-
py.39% Various active-site derivatives have been pre-
pared and characterized.?*5% These are summarized
in Figure 11. It has been suggested that deoxyhemo-
cyanin contains two-coordinate Cu(I) centers. Two
histidine residues comprise the coordination sphere at
an average Cu-N distance of 1.95 A.50 The Cu(I)-Cu(l)
separation is at least 5.6 A.%° An earlier EXAFS study
suggested the presence of three histidines in the Cu(I)
coordination sphere.’®® Some indirect evidence for
two-coordination is provided by the reactivity of the
Cu(I) complex of a,a’-bis(3,5-dimethylpyrazoyl)-m-
xylene with C0.%! Without an auxiliary ligand present,
no uptake of CO results. However, in the presence of
a coordinating ligand there is binding of one CO/Cu(I)
dimer. Since three-coordinate Cu(l) is known to bind
CO, it is suggested that only one Cu(lI) center is able
to add CO.%®! This does not rule out the steric effect
of the particular coordinating ligand. However, since
the reaction stoichiometry in this simple inorganic
gystem parallels that for Hcy and CO,%¢? it seems rea-
sonable to assume two-coordination at the un-
oxygenated protein active site.

Oxygenation of Hcy gives oxyhemocyanin (HcyO,).
The dioxygen is bound between the two Cu(I) centers,
giving formally (u-peroxo)dicopper(Il). Such a bonding
mode is reminiscent of the (u-peroxo)dicobalt(III)
complexes described previously. Several significant
structural changes are evident in the formation of the
copper(Il) dioxygen complex. As determined by EX-
AFS,*® the Cu—-Cu separation lessens to 3.55 A, though
still too great for direct metal-metal bonding. The
copper increases its coordination number to four, giving
approximately square-planar geometry with the Cu-N
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distance lengthening to 2.01 A, while the average Cu-O
bond is 1.92 A.5%® Filling the other bridging coordina-
tion site is either an endogenous alkoxide ligand®3 or
an exogenous OH~ ion.%* The latter possibility appears
reasonable on the basis of the known stability of the
corresponding Cu(Il) complex. In fact, this type of
bonding is found in the hemerythrin protein, which will
be discussed in the next section. Coordination by a
bridging tyrosine is not at all unreasonable. Contrary
to statements by some authors,’® the high basicity of
the phenolic oxygen does not rule out Cu(Il)-TYR
bonding. The EPR silent oxygenated active site has
been interpreted as the result of antiferromagnetic
coupling between two Cu(II) d® centers through the
bridging ligand.%® Resonance Raman spectroscopy has
been used in conjunction with 80,/1%0, isotope sub-
stitution to demonstrate that the dioxygen is indeed
bound symmetrically as a u-peroxo bridge.5¢

The difference in catalase activity discussed earlier
has been interpreted in terms of the distortion of the
active site.’® Apparently, the differences in access to
axial coordination necessary for an associative peroxide
displacement parallels the catalase-like behavior.

Cooperativity and Allosteric Effects. A formal
treatment of dioxygen binding to heme proteins has
been discussed at some length. Hemocyanins show
varying degrees of cooperativity under different ex-
perimental conditions. For example, Callianassa cal-
iforniensis*® (at 25 °C, pH 7.00, TRIS buffer, 0.05 M
Mg?, 0.01 M Ca?*) has P, ;! = 5.76 atm™ and n = 1.14,
while Lymnaea stagnalis® (at 20 °C, pH 7.5, 0.01 M
HEPES buffer, 0.01 M CaCl,, 0.056 M NaCl) shows
stronger dioxygen binding (Py,,? = 171 atm™) and
greater cooperativity (n = 8.6). This large variation in
n is remarkable but is also much less than would be
expected for a protein with 160-200 binding sites. Most
hemocyanins show decreasing dioxygen affinity with
decreasing pH (normal Bohr effect). There are several
cases in which the reverse Bohr effect is seen. This has
been thought to be an adaptation to allow dioxygen
binding at high levels of CO,. High levels of Ca®* also
increase dioxygen affinity. A connection between this
greater loading of dioxygen and the molting cycle of
crustaceans has been drawn. During the premolt period
metabolic activity rises as does the amount of calcium
withdrawn from the exoskeleton.’* The calcium is
stored in various places including the blood.

4. Hemerythrin

The invertebrate phylas sipunculans, polychaetes,
priapulids, and brachiopods use an iron-containing
protein for dioxygen transport and storage 3138 This
protein, hemerythrin (Her), is similar to hemocyanin
in several aspects. It contains two metal centers per
active site which are coordinated by amino acid resi-
dues, rather than by a porphyrin as in hemoglobin and
myoglobin. Most of the erythrocyte hemerythrins iso-
lated occur as octamers of M, 108 000 with two Fe(II)
centers in each of the eight identical subunits.’®® Two
exceptions to this are Themiste (syn. Dendrostomum)
pyroides myohemerythrin (from muscle) with one
subunit of M; 13900 and Phascolosoma agassizii which
is a trimer of M, 40600.° Unlike hemocyanin, heme-
rythrin has been characterized by single-crystal X-ray
diffraction methods.8%57 The quaternary structure
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Figure 12. Representation of the active site in oxyhemerythrin.
Adapted from ref 569.

of the subunits resembles that of a square antiprism
with a 20 X 20 A channel through the middle.57":57

Deoxyhemerythrin has eluded an accurate description
of its active site. EXAFS studies have shown marked
departure of the coordination environment from other
hemerythrin derivatives.’>5* There is no observable
Fe-Fe or Fe-0 signal above background, but coordi-
nation by histidine is found. Crystal morphology is
preserved upon oxygenation of deoxyhemerythrin, thus
ruling out any gross (~2 A) movement of the two
“sandwiched” Fe(II) centers.5™ Méssbauer spectra in-
dicate identical Fe(II) environments.5"5576

Oxyhemerythrin, on the contrary, has been well-
characterized. Recent EXAFS studies®”®57 in con-
junction with high-resolution X-ray results®%%57 have
produced a clear picture of the active site as shown in
Figure 12. The Fe-Fe separation is 3.57 A. Each
six-coordinate Fe(III) is noticeably nonequivalent,
which supports the earlier Mossbauer work.5>576 There
are two bridging carboxylate ligands originating from
ASP-106 and GLU-58. Both the u-oxo bridge and the
unsymmetrically bound dioxygen (formally peroxide
with »(O,) = 844 cm™) have been confirmed by *0,/
160, isotope experiments with resonance Raman spec-
troscopy.’” This type of bonding is unique but resem-
bles the [Coy(CN)(PMe,Ph);(0,)] system'% in which
two Co(II) centers act as a single two-electron donor.
As with hemocyanin, the two Fe(III) centers couple
antiferromagnetically via the bridging ligands.5’

Surprisingly there are very few reports of thermo-
dynamic parameters for dioxygen binding to heme-
rythrin. For the few data available, P,/; ~ 280-350
atm™ 458481511 which is similar in magnitude to human
hemoglobin.

1V. Influence of Bond Type on Free Energles of
Dioxygen Complex Formation

The free energy of oxygenation of metal complexes
(AG®g,) to form formally M™0,(-1,0) adducts can be
viewed as a combination of various free energy con-
tributions as indicated in eq 68 and 69. Such a par-

AGOOZ = AG'Da-bv:mding + AGc,‘;r-bonding + AGmelec’l;ronic +
AGnsteric + .. AGosolvation (68)

AC;OO2 = ZAGOL' (69)

tition of free energy contributions is completely reson-
able. Logically, oxygenation should depend on prop-
erties of the ligand as well as perturbations introduced
by the ligand upon complexation to a metal ion. The
free energy of oxygenation is related to the oxygenation
equilibrium constant by eq 51. In this way the equi-
librium constant for oxygenation can be related to the
various factors involved in determining the stability of
dioxygen complexes. A simple example will serve to
illustrate this point. The (u-peroxo)decaamminedi-
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cobalt(IIl) complex would be expected to have free
energy contributions as shown in eq 70. There is no

AG® 0, = AG® a-bonding + AG® =-bonding + AG° steric +
AG® electrostatic +AG° solvation (70)

free energy contribution due to = bonding since am-
monia is a pure o-donor ligand. Electronic effects would
arise from the ligand field contribution to the energy
of the d,- orbital. Since this complex is a binuclear
system, one would expect some sort of electrostatic
interaction between the charged metal centers. If
cyanide replaces the ammonia to form the correspond-
ing (u-peroxo)decacyanodicobaltate(IIl) complex, the
free energy expression would now include a r-bonding
term along with perturbed electrostatic and steric
contributions. The major difficulty with this free en-
ergy parititon representation lies with the insufficient
knowledge of the magnitude of each contribution.
Despite this, several free energy relationships for cobalt
dioxygen complexes have appeared in the literature.

A word of caution is in order before considering each
of the free energy relationships. In general one would
naively expect to find linear free-energy relationships
in systems which do not vary very differently in
structure. That is to say within a given system, with
all other factors held constant, a specific observable may
vary linearly with an independent parameter. This does
not require that every system be described by some
formal correlation nor does it maintain that a lack of
correlation be indicative of unrelated effects. For each
system examined in the following sections, serious
consideration of the above points will be made.

o- and 7-Bond Effects. The major contribution to
the free energy of oxygenation results from ¢ bonding.
This can be best seen in the qualitative MO diagram
given in Figure 13 where Co(II) is coordinated by five
equal donor groups. Here the symmetry has been re-
duced from O, to C,,; hence the two sets of degenerate
metal orbitals also reduce; to(d,,.d,..d,,) — bs(d,,) +
e(d",dy,) and eg(d,2d,2y2) — a;(d;?) + bl(dxz_yz). The
appropriate ligand orbitals transform as 2a; + b; + e
(o only) and a; + a3 + by + b, + 3e (7 only). Important
metal-ligand bonds are indicated in Figure 13. As the
ability of the ligand to donate electron density (ligand
donor strength) to the metal center increases, the a;(d,2)
orbital rises in energy. Such an interaction would fa-
cilitate the transfer of an electron from a predominantly
metal-based MO to a MO with substantial dioxygen
character formed from the interaction of a w-acceptor
dioxygen ligand (left side of Figure 14). This increase
in electron density on the dioxygen ligand (hence more
Co(I1I) character) should result in greater stability of
the dioxygen complex.5®

For a binuclear u-superoxo complex a qualitative MO
diagram can be developed on the basis of the interaction
of a [Co™L;]? fragment (where the ML;2" moiety has
been constructed with r-acceptor ligands, e.g., CN")
with O, followed by interaction with a second Co™Ls*
moiety.”? Such a combination appears in Figure 14.
The internal redox process results in the previously
discussed Co™M-0,(-1,0) or Co™-O,(-1,-1)-Co™ for-
malism.

In situations where ligands capable of = bonding are
involved two cases must be considered: = donors and
7 acceptors. Naively, the presence of a w-donor ligand



Thermodynamics of Oxygen Binding

3¢
7
i \
4p —= ’ /] \
N s \
% ///1 \
T
//(‘( (1
4s & (\Q«I /(
\\\’\{ \\ ,-—-39" «—————— Antibonding unoccupied
\\l/\\\ £ ,\\ \ M(dxz—y?)—L
ﬁ/\ )_;ﬂ\ N «——Antibonding M{dz3)-L
//x« N

o
ze""*;//——————Bont.iim] M(dxz,dyz)-L
\ \\\=w=“=;;/// %———5 M-L bonds
; tay .~

Metal MLs Ligands

Figure 13. Qualitative molecular orbital diagram for a penta-
coordinate metal. Local symmetry is Cy,

dyoy?

E \/\ \ / 7—— d?
\ 1-'—?'—
EO e
-,,w—\ - v A \
\_ﬁ__v/ i . /’(\ /<\
e / o ‘v—&—’w\
dyz,dyz ﬁf‘égt"__‘ﬂ“ / dxz —'\ﬁ__’)# dxz,0yz
~ 1 / dyz ——

R e T A
ML MU0 o; ML [MLOML” [MLg)™
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cobalt(IIT) complexes. Adapted from ref 372c.

would introduce orbitals of appropriate symmetry to
interact with the doubly degenerate e(d,.,d,,) orbitals.
Thus w-back-bonding interaction between the cobalt
center and dioxygen ligand would be enhanced by this
donated electron density. w-Donor ligands will push
electron density into the »*, MO. Since this is an an-
tibonding MO, localization of the electron density here
will destablize the dioxygen complex. It should be
noted that the = donor raises the energy of the e(d,,,d,,)
orbital set. In the latter situation electron density
would be less localized on the metal center. Orbital
interactions between low-lying empty =* levels with the
degenerate metal e(d,,,d,,) set lowers the energy of the
resulting bonding MO. As discussed previously the
electron transfer which occurs on dioxygen complex
formation involves the metal d,: orbital and the di-
oxygen 7* MO. Occupation of the resulting M-O, an-
tibonding MO is generally unfavorable. This interac-
tion may be rendered less unfavorable by withdrawing
electron density from the MO. A m-acceptor ligand
would do just that.

Although molecular orbital diagrams may help to
illustrate the basic principles involved in the formation
of stable dioxygen complexes, there can be little un-
derstanding of the thermodynamics involved in these
systems without the aid of accurate calculations. Even
with the benefit of detailed calculations, there are still
unanswered questions about these molecular systems.
The MO diagram (Figure 14) for a binuclear u-superoxo
complex has been constructed from [Co"L;]> and O,
fragments. However, the thermodynamics of oxygen-
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TABLE XIII. Thermodynamic Data for Monobridged
Cobalt Dioxygen Complexes in Aqueous Solution at 25 °C

no. ligand logKg, ZpK, ref
1. TETREN 15.83 356.8 581
2. EPYDEN 14.7 30.6 334, 582
3. 4-IMDIEN 12.6 29.1 430, 582
4. PYDIEN 11.4 21.6 334, 582
5. TERPY (PHEN) 6.3 13 148
6. TERPY (BPY) 5.4 12 148
7. 4 IMDPT 9.5 34.4 430, 582
8. 2-IMDPT 8.6 30.7 430, 582
9. PYDPT 7.7 271 334, 582

10. HIS 6.6 30.4 151

11. DAB 7.77  389.2 335

12. DAP 8.90 33.55 356

13. TACTD (H,0) 8.1 26.2 367

14, TACTD (PYR) 9.2 31.4 367

15.  TACTD (IM) 10.6 33.2 367

16. TACTD (NH,) 12.5 35.5 367

17. TACTD (CN) >138 35.21 367

18. HMTACTD (H,0) 5.6 22.7 367

19. DGENTA 14.5 18.1 581

20. (BPY), 4.2 11.86 354

21. DAPE 7.17 40.39 356

22, LYS 5.18 41.8 336

23. TATTD 8.40 31.03 337

24. SPYDAE 5.02 17.74 3837

256, TAOTD 2.20 31.92 337

26. PXBDE (EN) 9568 37.22 357

27. PXBDE (GLY) 6.95 32.18 357

28. PYEN 599 16.45 338

ation of the system would involve the initial preformed
[Co'L1® complex and dioxygen. In order to under-
stand the magnitude of the important contributions to
metal dioxygen complex formation, it is necessary to
know the electron distribution in the resulting dioxygen
complex. This type of treatment would allow the as-
sessment of both the extent of electron transfer (and
the amount of charge transfer involved) from the metal
center and the amount of electron density appearing
on the dioxygen ligand. In the former case electron
tranfer to dioxygen and to the other ligands is included.

A measure of ligand ¢ basicity is available from pro-
tonation constants,® and a correlation between the
logarithms of the oxygenation constants and the sum
of the ligand pKa’s exists.’8582 Monobridged (u-O5)
complexes (Table XIII, Figure 15) give quite large de-
viations from the early correlation line.?¥ In fact, the
range in stability is quite remarkable for complexes with
approximately equal ligand basicities (TAOTD, Ko2
2.20, Y pK, = 31.92; TACTD(Im), Ko, = 10.6, T pK, =
33. 2) Obviously, these deviations suggest dlfferences
in structure and bonding of the various cobalt dioxygen
complexes. Without introducing additional factors to
account for these deviations, there still remain some
important relationships. Compounds 1-6 and 20 form
a distinct correlation as do the members of the
TACTD(X) series (compounds 13-18) and those ligands
which form six-membered chelate rings (compounds
7-9). Caution should then be exercised when applying
the correlation to the prediction of log Kq,. Only those
complexes with analogous ligand structures should be
employed. As an example of this consider the unrelated
ligands 20, 24, 18, 10, and 11. These form a very nice
correlation which, however, contributes little to the
understanding of bonding requirements.

A recent calorimetric study by Timmons et al.5® has
interpreted the thermodynamics of oxygenation as a
competition between enthalpic and entropic factors.



164 Chemical Reviews, 1984, Vol. 84, No. 2

0,
o

log K,

_a}

-8 . . . i J

10 20 30 40 50
sza

Figure 15. Correlation of log Ko, for monobridged cobalt di-

oxygen complexes vs. Y pK, (O = related ligands, ® = unrelated

ligands, O = macrocycles, A = six-membered chelate rings).

PYDPT forms a cobaltous complex with a dioxygen
affinity 4 orders of magnitude lower than that of the
cobaltous complex of PYDIEN. The smaller enthalpy
term for the PYDPT complex is consistent with the
observed lengthening of metal-ligand coordinate
bonds.2%207 Cobalt dioxygen complexes of 2- and 4-
IMDPT are 3-4 orders of magnitude less stable than
the dioxygen complex of 4-IMDIEN. The interesting
calorimetric result is that entropic factors oppose the
enthalpic factors that are responsible for the reduced
stability of the PYDPT, 4-IMDPT, and 2-IMDPT
complexes. The entropy differences between PYDIEN
and PYDPT complexes and between 4-IMDIEN and
4-IMDPT complexes amount to ~8 kecal/(mol deg).
The data in Table XIV indicate a reciprocal relation-
ship between AH® and AS° for these structurally re-
lated complexes. The weaker bonding contribution in
AHP of oxygenation (which involves both metal-oxygen
bond formation and an increment in metal-nitrogen
coordinate bonding) is associated with the lesser loss
of entropy, which partially compensates for the loss in
enthalpy. This is a quite general effect since large in-
creases in coordinate bond energy are expected to re-
strict molecular freedom, leading to decreases in en-
tropy.

Binuclear cobalt dioxygen complexes with an availa-
ble additional coordination site cis to the u-peroxo lig-
and generally undergo olation. The formation of a
u-hydroxo bridge serves to “lock in” the peroxo oxygen
as well as define the steric environment about the
complex. Typically, the cobalt—cobalt distance is fixed
at approximately 3.25 (2) A for superoxo complexes and
3.29 (2) A for peroxo complexes, as compared to the
respective monobridged complexes with corresponding
Co-Co separation of 4.6 (1) and 4.5 (1) A, while the
corresponding range in dibridged species is only 0.04
A. Dibridged complexes are forced to assume a cis
conformation around the O—-O bond, which is the major
restriction in the Co~Co separation. Monobridged
complexes then possess additional flexibility due to the
trans orientation around the O-O bond, which may
allow for some dissipation of “strain” energy in these
systems. This “strain” energy may involve ligand-lig-
and interactions (i.e., van der Waals contacts or hy-
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TABLE XIV. Thermodynamic Constants for Oxygenation
of Cobaltous Complexes of 4-IMDIEN, 4-IMDPT,
PYDIEN, and PYDPT®

AG°298, AH°29sv TAScm,
ligand kecal/mol keal/mol kecal/mol AS®,,
4-IMDIEN -17.2(2) -33.0(3) -15.8(8) -53
4-IMDPT -12.8(2) -20.1(3) -7.83(8) - 24
PYDIEN -15.5(2) -382.6(5) -17.1(5) -57
PYDPT -10.5(3) -19.7(3) -9.2 (4) -31
¢ Adapted from ref 582.
TABLE XV. Thermodynamic Data for
(u-Hydroxo)(u-peroxo)dicobalt(IIl) Complexes in
Aqueous Solution at 25 °C
no. ligand log Ko, IpK, ref
1. (EN), 10.8 33.94 581
2. HISTAMINE 8.5 32 409
3. TRIEN 6.1 28.7 581
4, TREN 4.4 30.5 362
5. UDTMA 2.4 24.6 581
6. SDTMA 2.3 25.3 581
7. PXTREN 3.69 26.7 338
8. HEDIEN 1.5 22.5 581
9, DIEN 1.1 23.2 581
10. SEDDA -4.1 16.2 581
11, UEDDA -5.3 16.7 581
12. BPY (2) ~2.6 11.86 354
13.  ALA (2) -4.03 24.02 151
14. PRO (2) 4.41 24.6 151
15, LEU (2) -4.01 23.10 151
16. VAL (2) 3.8 23.50 151
17. DAP (2) -1.495 32.2 356
18. BISTREN -2.58 24,83 359
19. BISDIEN -0.42 20.79 360
20. PYEN 3.83 16.45 348
21. PYDE 6.26 22.86 338

drogen bonding) and metal-metal electrostatic repul-
sions,

An appreciable difference between the correlation of
log Ko, with 3 pK, for dibridged dioxygen complexes
and the previously discussed monobridged complexes
is apparent (Table XV and Figure 16). Except for
BISTREN and diaminopropionate (less stable on the
basis of ligand basicity) there are only two general
correlations found. Certainly = bonding is responsible
for the displacement of the pyridine containing ligands
from the rest of the series. There is no problem in
rationalizing the greater stability of pyridine ligands if
w-bonding properties are involved. In view of some
recent studies, 206207414583 jt hag been suggested that this
type of ligand may have some 7-acceptor character. An
explanation based on removing electron density from
the metal dioxygen fragment via competition with a
different ligand than dioxygen has been outlined pre-
viously. It may also be argued that a weak w-acceptor
bonding component necessarily enhances the ¢ com-
ponent of the M-L bond. Thus ligands with »-bonding
capabilities would give not only more stable metal
chelates but provide greater metal-centered electron
density. Transfer of one electron from Co(II) to coor-
dinated dioxygen gives Co~Q,(-1,0). In order to sta-
bilize this formal state, strong s-donating ligands are
required.

For binuclear pu-peroxo complexes (formally
Co-0,(-1,-1)-Co')), the two-electron transfer has
generated a potential = donor. A metal chelate which
possesses ligands with additional w-acceptor character
would interact favorably with this w-donor peroxide.
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Since the =*, orbital set of the O, fragment is fully
occupied, only acceptor interactions are important. As
mentioned earlier, the presence of low-lying empty
ligand = orbitals should lower the energy of some of the
important M~L bonding components. Exactly how
important this contribution is to the stability of the
dioxygen complex formation is unknown, Without the
benefit of detailed MO calculations it is impossible to
decide upon the more correct interpretation.

The calculated stability of the cobalt dioxygen com-
plexes with pyridine-containing ligands based on the
a-only contributions (assuming the empirical correlation
previously established) gives a value which is 3—4 kcal
mol™! lower than that measured experimentally. An-
other plausible explanation may be offered® on the
basis of the rigid structure of aromatic nitrogen donors.
Nitrogen atoms in a rigid planar ring suffer less loss of
entropy as well as an increased favorable enthalpy
contribution upon complexation than do aliphatic ni-
trogens. This would be reflected in the AH® and AS®
values for complexation by various metal ions. Both
steric ring strain (AH®) and rotational and vibrational
(AS®) contributions are more favorable in systems
containing aromatic nitrogen bases®®® which parallels
the greater stabilities of these complexes over the cor-
responding aliphatic nitrogen analogues.

It is of interest that the amino acids with similar
protonation constants form equally stable dioxygen
complexes. In view of the different ligand structures
(each of the amino acids has a different R group on the
a-carbon), the stabilities of the dioxygen complexes are
fairly invariant to these potential steric factors. Some
related dipeptide ligands which form dibridged dinu-
clear dioxygen adducts will be discussed with respect
to inductive effects later in this review.

BISTREN?®® serves as an example of the importance
of steric effects in determining the stability of the metal
dioxygen complex. This cryptand ligand is far less
flexible than the analogous macrocyclic binucleating
ligand, BISDIEN.3® Although BISDIEN possesses
fewer basic coordinating groups than BISTREN, the
formation constant of the cobalt dioxygen complex of
BISDIEN is considerably greater than that of BIS-
TREN.

Thermodynamic data are available for the nonaque-
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Figure 17. Correlation of log Ko, with pK,, of the axial ligand,
for [Co(BENACEN)B] (@) and [Co(p-MeOTPP)B] () complexes.

ous cobalt dioxygen complexes which contain Schiff
bases or porphyrin ligands. For such systems, the sim-
ple potentiometric method for determining oxygenation
constants in aqueous solution must be replaced by a
suitable spectrophotometric technique, as discussed
previously. o basicity may again be important in de-
termining the extent of dioxygen complex formation.
However, in these nonaqueous systems the precise lig-
and basicity is not known. Changes in basicity of the
axial ligand should provide substantial differences in
dioxygen complex formation if bonding to the dioxygen
ligand is predominately ¢ in nature.

Basolo et al.,3% Tbers et al.,*”! and Takayanagi et al.’?®
have investigated the oxygenation of cobalt(II) Schiff
base and cobalt(II) porphyrin type complexes. In
general, as the basicity of the axial ligand increases, the
formation constants of the dioxygen complexes become
greater. Further examination of the thermodynamic
data in Tables XVI and X VII suggests additional con-
cepts. Simply confining the correlation to the substi-
tuted pyridine ligands in Figures 17 and 18 reflects the
previous arguments on ligand basicity. In both systems
a dramatic effect can be seen by altering the r-acceptor
strength of the axial base. Assuming that, logically,
imidazole and N-methylimidazole as well as di-
methylformamide are stronger = acceptors than pyri-
dine, the fact that they have larger oxygenation con-
stants than the pyridine bases now becomes clear. This
is the situation alluded to earlier in this section of the
review, Although piperidine is the most basic axial
ligand it does not form the most stable dioxygen com-
plex. This has been attributed to unfavorable steric
interactions between the piperidine and the porphyrin
skeleton.'9242! 1t is conceivable that piperidine behaves
as a normal aliphatic amine. The lack of = bonding
would then explain the lesser stability (compared to
imidazole and pyridine).

An additional example of the importance of effects
other than ¢ basicity is found in Table XVIII and il-
lustrated in Figure 19. The series of cobalt(II) meso-
porphyrin IX dimethyl ester complexes®® suggest the
general effects of axial ligand basicity. Scatter of these
few points probably is a result of at least three factors.
Both the size of the donor group and the availability
of low-lying (w-acceptor type) d orbitals to participate
in bonding may be important in these systems. Also,
there is an additional contribution due to the uncer-
tainty in the ¢ basicity of the ligands. The availability
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TABLE XVI. Oxygenation Constants and Polarographic Half-Wave Potentials for Co(BENACEN) and Co(p-MeOTPP)

Complexes Containing Various Axial Ligands®

Co(BENACEN) Co(p-MeOTPP)

log KO:’C El/:v log Koz’c E1/21

no. ligand pk," torr™ mV torr™! mV
1. n-BuNH, 10.75 -0.75 -T740
2. i-BuNH, 10.57 -0.74 -730

3. N-MeIm 7.05 -0.82 -720 ~-1.72 —480

4. 5-C1-N-Melm 5.45 -0.99 -670 -2.26 —240
5. sec-BuNH, 10.56 -1.18 -620

6. PIP 11.1 -1.28 -600 -2.28 -3810

7. 3,4-LUT 6.57 -1.68 -560 -2.35 -220

8. 4-MePYR 6.04 -2.20 -230

9. PYR 5.24 -2.03 -500 —-2.46 —-200
10. 4-CNPYR 1.64 —-2.68 -350
11. PPh, -34 —-300

¢ Adapted from ref 394.

b Reference 580. ¢ 1072 M ligand in toluene at — 21 °C; standard state of 1 torr. ¢ 10* M in

complex and 0.1 M Et,N*ClO,", E,,, = £ 10 mV vs. SCE taken from anodic wave at hanging drop Hg electrode. ¢ Schofield,
K. “Hetero-Aromatic Nitrogen Compounds’’; Plenum Press: New York, 1967;p 146.

TABLE XVII. Thermodynamic Data for Cobalt(II)
Protoporphyrin IX Dimethyl Ester Dioxygen Complexes
in Toluene at — 45 °C?

log
axial ligand Ko, mm™’ oP b pK,
DMF -2.27 ~2.0
4-CNPYR -3.8 +0.628 1.64
PYR ~2.84 0.000 5.24°¢
4-t-BuPYR -2.77 -0.197 ~8.0
Im -1.84 7.01¢
N-Melm -1.70 7.05¢
4-NH, ~2.05 -0.660 9.16
PIP -2.35 11.1¢
@ Adapted from ref 421. ® Reference 589, 590. ¢ Ref-
erence 580,

TABLE XVIII. Thermodynamic Data for Cobalt(II)
Mesoporphyrin IX Dimethyl Ester Dioxygen Complexes
in Toluene at —80 + 2 °C*

axial ligand log KO,, torr™! pK,
P(Ph), -2.4 2.73
P(Bu)a —0.54b 8.43
P(OMe), -0.69 3.5
As(Ph}), ~2.8 0.0

@ Adapted from ref 584. ? Calculated from aH° and

AS° values for T= -81 °C.

of 7 bonding in these complexes is thought to be of little
importance in comparison to complexes containing
unsaturated amines.%*

Both mononuclear and binuclear dioxygen complexes
would be expected to reflect the s-bonding effects de-
scribed above in bonding parameters. A careful exam-
ination of metal-ligand, metal-oxygen, and oxygen-—
oxygen bonding parameters (Table VIII) gives some
support to this argument. It should be emphasized that
some of the differences in specific bond distances and
angles are not significant’® when the standard deviation
is considered.

The decaamminedicobalt(II) dioxygen complex has
been studied by X-ray diffraction techniques many
times. An average O-O distance of 1.47 A for this
compound is characteristic of coordinated peroxide. In
the analogous superoxo complex the O-0 distance is
1.31 A, which lengthens slightly to 1.32 A in the di-
bridged u-NH,-u-O, superoxo species. Upon substi-
tuting weaker o-donor ligands (NHg, Y pK, = 46.60),
PYDIEN (Y pK, = 21.6), PYDPT (¥ pK, = 27.1), or

4-NH,PYR

®pp

s

2 4 6 8 10 12
P,
Figure 18. Correlation of log Ko, with pK, for a series of Co(Il)
protoporé)hyrin IX dimethyl ester ligand complexes in toluene
at —45 °C.
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®P(OCH, ),

®PIPh),
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Figure 19. Correlation between log Ko, and pK, for a series of
Co(II) mesoporphyrin IX dimethyl ester ligand complexes in
toluene.

EN(DIEN) (X pK, = 40.06), the distance changes to
1.489, 1.456, and 1.488 A, respectively. Therefore, there
appears to be no simple relationship between o-bonding
properties of the ligand and bond distances in the solid
state. Steric and electrostatic effects of unknown
magnitude may be responsible for the somewhat ran-
dom fluctuations in O-0 bond distances. Specific hy-
drogen bonding interactions may be present. One must
also consider the quality of the crystal structure de-
termination. In many cases the standard deviations of
several observations are too large to make valid sig-
nificant comparisons. Some structure determinations
are plagued with disorder (as is the case with several
of the mononuclear superoxo complexes where the di-
oxygen is disordered about a twofold axis).

There are, however, some general trends which are
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for superoxo (®) and peroxo (O) complexes.

strongly supported by the structural data. Since the
dioxygen ligand must accept electron density from the
metal center in becoming a superoxo or peroxo moiety,
there should be a consequent effect on the trans donor
group. Most of the polyamine and Schiff base com-
plexes studies show a lengthening of the M-L1 bond.
This bond lengthening is consistent with the facile trans
substitution observed in the peroxocobalt(III) com-
plexes.’® Thus peroxide is an active trans directing
ligand. For the simple cobalt dioxygen complexes
containing coordinated ammonia, the trans metal-lig-
and lengthening is observed.

An early study of Audeef and Schaefer?'® reported a
correlation between the O-0 distance and M—0-O an-
gles. This seemed reasonable because of the limited
data base available at the time. Peroxide and super-
oxide have bond orders of 1 and 1.5, respectively.
Bound peroxide should then have a M-0-0 angle of
109° (sp® hybridization) while superoxide would have
a M-0-0 angle of 120° (sp? hydridization). Extending
this relationship to all the known cobalt dioxygen
structures gives a scatter plot (Figure 20). Two diffuse
regions representing the peroxo and superoxo complexes
are indicated on the graph. Generally then peroxo and
superoxo ligands have well-separated r(O,) bond ranges
but less resolved Co—0-0 angles. Obviously the effects
of solvation, ligand interactions, electrostatic forces as
well as crystal packing play an important role.

As ¢ bonding dominates the free energy of oxygena-
tion, = bonding may introduce an important contribu-
tion for ligands capable of = bonding. The stability of
[(Co(BIPY),),0,(0OH)]%* (greater than predicted from
ligand basicity) is a notable example. Other = contri-
butions have either been discussed previously or will
be discussed later in conjunction with more general
electronic effects. A comparison of the polyamine-co-
ordinated cobalt dioxygen complexes and the cyano
analogues demonstrates some interesting generaliza-
tions. Cyanide is a stronger = acceptor than dioxygen
and is equally as strong a ¢ donor as ammonia®® (based
on protonation constants). The r(0-0) for each of the
superoxo or peroxo groups do not differ significantly
for these ligands. However, the r(Co—0) is longer
(weaker bond) for the cyano complexes. The cyano
ligand » bonds with the metal, draining electron density
from the weaker w-acceptor dioxygen. Thus the Co-O
distance should be longer. Also, the trans amine ligand
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Figure 21. Correlation of log (Ko,'/Ko,’®) for [(Co-
(PHEN),L);(OH)(0,)]3* vs. o*, the net pozlar ali(yl substituent
constant, for the amino acid side chains. Adapted from ref 587.

TABLE XIX, Thermodynamic Data for a Series of
(u-OH)(u-0,)Bis[ phenanthroline-(Amino Acid)]-
dicobalt(III) Complexes in Aqueous Solution at 25 °C?

amino acid 108 (Ko, /Ko,®) g*b
GLY -0.25 +0.49
ALA 0.00 0.0
ABA 0.07 -0.1
n-VAL 0.15 -0.115
n-LEU 0.16 -0.130

@ Adapted from ref 587. ° References 589, 590.

(in the polyamine complexes) is slightly farther away
from the metal as previously discussed, but in the cyano
analogue the trans ligand is closer to the metal. This
is due to the same w-bonding contribution.

Inductive Effects. Several recent equilibrium
studies of cobalt dioxygen complexes containing amino
acids and dipeptides have suggested a more traditional
type of linear free-energy relationship. Palade and
co-workers’®” have found a free energy correlation be-
tween the oxygenation constant®® of cobaltous com-
plexes of the type Co(PHEN)L, where L is an amino
acid, and the Taft inductive constants, ¢*,585% of the
amino acid R group (Figure 21, Table XIX). The slope
of the correlation line, p*, has the value —0.621. This
satisfies the condition p* < 0, which indicates that
electron-donating R groups will increase the value of
the equilibrium constant.®5% Palade rationalizes this
as an inductive interaction between the amino acid R
group and the nitrogen trans to the peroxo ligand. This
assumes a similar geometry for the dioxygen complexes
as illustrated in 15.

Dipeptide ligands provide an additional property
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Figure 22. Correlation of log (Ko,/K°g,) for cobalt dioxygen
complexes containing dipeptide ligands vs. 3 o*, the net polar
substituent constants, for the dipeptide side chains.

TABLE XX. Thermodynamic Data for Cobalt(II)
Dipeptide Dioxygen Complexes in Aqueous
Solution at 25 °C¢

dipeptide log (Ko,/Ko,”)  zox?
SERGLY +0.96 1.045
GLYGLY +0.56 0.980
GLYSER +0.17 1.045
GLYTYR +0.56 0.705
ALAGLY -0.04 0.490
ALAALA 0.0 0.0

GLYALA -0.41 0.490

@ Adapted from ref 151. ? References 589, 590.

which can affect the oxygenation equilibrium. Work
by Martell and co-workers has shown amide deproton-
ation to be an important contribution to the formation
of stable dioxygen complexes.!51316 If the stereochem-
ical environment around the cobalt center is such that
the amide nitrogen must be trans to the peroxo group
to form a stable dioxygen complex, then any factor
which facilitates amide deprotonation should increase
Ko, Loss of the amide proton would be assisted by an
electron-withdrawing group located on the a-carbon of
the parent amino acid. Although there are actually two
inductive contributions in these systems (an additional
inductive effect is present on the free amino group), the
effect of the deprotonated amide is of greater impor-
tance. Figure 22 (and Table XX) shows the relationship
between log (Ko,/Ko,”) and Y o* for the dipeptide
complexes. In this case the correlation shows some
scatter due to the errors involved in determining the
magnitudes of the equilibrium constants for metal-
promoted amide deprotonation. It does correlate with
the general effect described above (o* > 0).
Interesting comparisons between inductive effects
and resonance contributions are given in Tables X VII,
XXI, and XXII. The Col'(PPIXDME) complexes
containing substituted pyridines demonstrate inductive
effects localized on the axial ligand while the Co''(p-X-
TPP)(PYR) complexes reflect changes in the equatorial
porphyrin ligand. Cummings and co-workers®!® have
studied a series of Schiff base complexes containing
phenyl-type substituents in the hope of relating in-
ductive effects due to the ligand to dioxygen bonding.
Figures 23 and 24 illustrate the relationship between
the oxygenation constant and the Taft ¢, parameter.
The correlation is quite good in both cases with p* <
0. Thus, electron-donating groups located at the para
position of the benzene ring should increase the degree
of formation of the dioxygen complex. However, the

Niederhoffer, Timmons, and Martell

TABLE XXI. Thermodynamic Data for Oxygenation
of Cobalt(Il) (p-X)Tetraphenylporphyrin Pyridine
Complexes in Toluene at —-72 °C®

X log Ko, M** JPc
OCH, 3.10 ~0.268
CH, 3.07 -0.170
H 2.98 0.000
F 3.00 0.062
cl 2.90 0.227
CN 2.76 0.628
NO, 2.66 0.778

@ Adapted from ref 366. ° Standard stateis 1 M O,.
¢ References 589, 590.

TABLE XXII. Thermodynamic Data for Oxygenation of
Cobalt(III) Schiff Base Pyridine Complexes in Toluene®®

ligand log Ko,,° torr™ 5P
BENACEN -1.05 0.000
CH,OBENACEN -1.01 -0.268
CH,BENACEN -1.01 -0.170
B:BENACEN -0.87 0.232
CIBENACEN -0.73 0.227
BENSACEN -1.78 0.000
CH,OBENSACEN -1.34 -0.268
CH,BENSACEN -0.97 -0.170
BrBENSACEN -0.76 0.232
CIBENSACEN -0.62 0.227

o Adapted from ref 315. ® Equilibrium constants are
reported for BENACEN-type complexes at — 23 °C,
BENSACEN-type complexes at —63.5 °C. ¢ Standard
state is 1 torr. ¢ References 589, 590.
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Figure 23. Correlation between log Ko, and %, the para-sub-
stituent constant, for a series of Co(I) protoporphyrin IX dimethyl
ester complexes with an axial substituted-pyridine ligand in
toluene at —45 °C.

apparent correlation in Figure 25 is misleading. In fact,
the trend suggests that electron-withdrawing groups at
the para position of the aromatic ring would increase
the strength of bonding of the dioxygen adduct. How-
ever, withdrawing electron density from the metal
center would tend to decrease the formation of the
dioxygen complex. This situation can be rationalized
by considering the nature of the phenyl group in each
system. For both of the porphyrin systems the effects
are purely inductive, but in the Schiff base system that
is not so. The phenyl groups are thought to be coplanar
with the rest of the ligand on the basis of the crystal
structure of Co(BENACEN)(PYR)0,.2¢ It would be
expected then that inductive effects may be secondary
to the resonance electron release which is available
(indicated in 16 and 17) which represent part of the
Schiff base (chelate). In addition, the stabilities of the
sulfur analogues are lower than those of the parent
complexes for reasons outlined previously.
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Figure 24. Correlation between log K, and o, the para-sub-
stituent constant for a series of [Co(p-X-’fPP)(PYR)] complexes
in toluene.
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Electronic Effects. Another effect which can con-
tribute to a sizable portion of the free energy of oxy-
genation is ligand field strength. Pickens and Martell®®
have previously shown a linear relationship between the
position of the ligand to metal charge-transfer band for
cobalt dioxygen complexes and either the reduction
potential of the peroxo complex or the oxidation po-
tential for CoL?* — CoL3* + e~ (Table XXIII, Figures
26 and 27). Harris et al.’?2 have shown that the oxy-
genation constant for cobalt(II) polyamine complexes
is related to the oxidation and reduction potentials of
the corresponding cobalt(II) or cobalt(III) complexes
as measured at a dropping mercury electrode (Tables
XXIV-XXVI and Figures 28-30). Two other groups
have noted the linear relationship between log Ko, and
the oxidation potential for cobalt(II) complexesg*""593
(Tables XVI and XXVTII, Figures 31 and 32). Linear
relationships between the oxygen to metal LMCT band
energy and the electron affinity of M(II) for M(O,), or
the 5(0,) have been reported by Lever et al.’®* Puxeddu
and Costa®® studied the oxygenation of cobalt(I) Schiff
base complexes in pyridine by polarographic methods.
There is no apparent correlation between log K, and
E,;; for the Co** — Co®* oxidation wave (’f’able
X)/(VIII, Figure 33). This can be attributed to the
steric requirement of the substituent of the ethylene-
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TABLE XXIII. Ligand-to-Metal Charge-Transfer
Frequencies and the Corresponding Redox Potentials for
Some Cobalt Dioxygen Complexes?®

H(LMCT),  Eyeq,’ Eoy,°
kK

ligand mV mV
TETREN 32.4 -490 ~400
EPYDEN 32.0 -410 -410
4-IMDIEN 31.3 -390 -420
PYDIEN 31.3 —340 -310
4-IMDPT 31.0 -210 -240
PYDPT 29.9 -240 -130

9 Adapted from ref 586, ° Co®*L0,*Co™L + e” —
Co*L0,*Co*L. € Co*L~ Co*L + e".
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30 r
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Fi%gre 26. Correlation of » for LMCT, transition (the high-energy
Co

<« Q,% transition) and the potential for the half-reaction
Co**L0,2Co®* + &~ — Co**L0,> Co**L.
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Figure 27. Correlation of » for the LMCT, transition (the
high-energy Co®* <— 0,% transition) and the oxidation potential
for Co**L — Co®*L + ¢~

TABLE XXIV. Peak Potentials for the Oxidation of
Cobaltous Chelates and Their Oxygenation Constants?®

ligand E,, mV log Ko,°

TETREN - 400 15.83
4-IMDIEN -420 12,57
EPYDEN -410 14.86
PYDIEN -310 11.36
PYDPT -130 7.7

4-IMDPT -240 9.44
2. IMDPT -150 8.28
(HIS), -30¢ 6.5

(DAP), -150¢ 8.9

@ Adapted from ref 592. ° Defined ineq 9. ¢ Ref-
erence 392,

diamine which causes different geometries for each of
the metal dioxygen complexes. Since »(LMCT) is
naively a reverse of the internal electron shift which



170 Chemical Reviews, 1984, Vol. 84, No. 2

TABLE XXV. Peak Potentials for the Reduction of
Co(IlII) Chelates and the Oxygenation Constants of the
Corresponding Co(II) Chelates®

ligand E,,, mV log Ko,°
TRIEN -420 7.0
EDDA ~200 ~4.0
DTMA ~350 2.6
DIEN -310 1.1
EN -470 10.8
GLYHIS ~340 1.0¢

¢ Adapted from ref 592. ¥ Defined in eq 9 or 13,
¢ Ko,OH = [Co,(H_,L),0,(OH)][H'}/[CoH_,L]*[0,].

TABLE XXVI. Peak Potentials for a Series of
(u-Peroxo)- and (u-Peroxo)(u-hydroxo) dicobalt(III)
Complexes?

no., ligand E,,,mV logKo)?

u-Peroxo Complexes

1 TETREN -490 15.83
2 4-IMDIEN -390 12.57
3 EPYDEN -410 14.66
4 PYDIEN -340 11.36
5 PYDPT —240 7.7
6 4-IMDPT -210 9.44
7 2-IMDPT -180 8.28
8 (HIS), -100° 6.5
9 TERPY(PHEN) -190 6.3
10 DGENTA -350 14.5
u-Peroxo-u-Hydroxo Complexes
11 TRIEN -530 7.0
12 DTMA -370 2.6
13 EDDA - 260 -4.0
14 DIEN —-430 1.1
15 GLYHIS ~-430 1.0¢

2 Adapted from ref 592. ? Defined by eq 9 or 13.
¢ Reference 392, ¢ Ko OH= [Co,(H.,L),0,(0H)][H*]/
[CO(H-xL)]z[Oz]-

2r
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Figure 28. Correlation of log Ko, with the Co?* — Co®* peak
potentials for cobaltous chelates that form u-peroxo monobridged
complexes.

occurs upon oxygenation and log Ko, depends on the
relative energy of the d,: orbital, a correlation between
these would be reasonable. Figure 34 (Table XXIX)
shows the correlation for both monobridged and di-
bridged cobalt dioxygen complexes. It is of interest to
compare this correlation with the previous log Ko, vs.
> pK, relationship. In the latter case several ligands
do not fall into the anticipated stability range (SPY-
DAE, PYDPT, and DAP). Considering the ligand field
strength only, these complexes show closer agreement
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Figure 29. Correlation between log Ko, and Co®* + e — Co?*
reduction potentials for a series of cobalt chelates that form
p-hydroxo-u-peroxo dibridged complexes.

e, L )

-500 -400 ~300 -200 -100

Ey, (mV)
Figure 30. Correlation of log Ko, and the Co®* + e — Co®" peak

potential for a series of u-peroxo and u-hydroxo—u-peroxo bridged
cobalt complexes.

TABLE XXVII. Oxygenation Constants and
Polarographic Half-Wave Potentials for Co(L)PYR
Complexes®

log KO,sb Euzvc
ligand torr ™’ mV

ACACEN -0.28 -590
PhACACEN -0.89 -550
MeACACEN -1.12 -540
BENACEN 1.36 ~500
SACSACEN -2.12 -330
p-MeOTPP -3.1 ~230

@ Adapted from ref 394. P Standard state of 1 torr, T =
-31°C. ©107°M complex in 0.1 M Et,NClO, in pyridine,
E,,,=:10mV vs, SCE taken from anodic wave at hanging
drop Hg electrode.

to the predicted empirical stability. Thus the correla-
tion involving log Ko, and the (naively) reverse electron
shift between coordinated 0,2 and Co(III) provides a
more direct understanding of the electronic require-
ments for oxygenation.

Resonance Raman spectroscopy has been very useful
in identifying LMCT bands. Nakamoto and co-workers
have demonstrated the resonance enhancement of »(0O,)
and 7(Co—0) bands.3685%5:5%7 UJging cobalt Schiff base
complexes with a variety of axial ligands allows the
evaluation of direct effects upon the peroxo or superoxo
ligand.?é85% An increase in the basicity of the axial
ligand should result in greater electron transfer to the
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Figure 31. Correlation of log K, and the polarographic half-wave
potential for a series of [Co(%ENACEN)B] (@) and [Co(p-
MeOTPP)B] (@) complexes.
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Figure 32. Correlation between log K¢, and the peak oxidation
potential for a series of cobalt(Il) Schiff base complexes containing
an axial pyridine ligand.

TABLE XXVIII. Thermodynamic Data for the
Oxygenation of Cobalt(II) Schiff Base Chelates Containing
an Axial Pyridine Ligand in Pyridine at 0 °C®

log KOZ,b EpS Epn?

no. ligand M-t mV mV
1 SALEN 4.2 -395 -705
2 SAL(+)PN 3.6 -357 -650
3 SAL(+)PEN ~-361 —-642
4 SAL(:)BN 3.4 -364 -700
5 SAL(m)BN 3.5 ~285 -710
6 SAL(+)DPEN 1.4 -351 —-664
7 SAL(m)DPEN 3.0 -163 -5956
8 SAL(+)CHXN 2.4 -360 —-651
9 SAL(m)CHXN 2.0 —-253 -804

¢ Adapted from ref 355. ? 0.1 M Et,NCIO, in pyridine.
€ Co™ = Co* + e. 4 [Co*L0,]+ e = [Co*LO,].

dioxygen ligand. As the donation from the metal center
increases, the Co—O bond should strengthen and the
0-0 bond should weaken. This relationship is sum-
marized in Figures 35 and 36 (Tables XXX and XXXI).
In both cases there are usually two groups of ligands:
those which are pure ¢ donors and those capable of =
interaction. Inspection of the [(Co(ACACEN)L),0,]
system®®® allows some speculation about the = contri-
butions in these complexes. The two groups of ligands
form parallel linear correlations (Figure 35, bottom),
suggesting that the 7 contribution is a constant incre-
ment. However, this is not supported by the [(Co(J-
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Figure 33. Plot of log Ko, and peak oxidation potential for a
series of cobalt(II) Schiff base complexes.
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Figure 34. Correlation of log Ko, for monobridged (®) and
dibridged (m) cobalt dioxygen complexes with the LMCT), tran-
sition (high-energy Co®* «— 0, transition).

TABLE XXIX. Oxygenation Constants and
Ligand-to-Metal Charge-Transfer Frequencies for Some
Cobalt Dioxygen Complexes in Aqueous Solution at 25 °C

v(LMCT),
no. ligand log Ko, kK ref
u-Peroxo Complexes

1 TETREN 15.83 32.4 581, 586
2 EPYDEN 14.7 32.0 334, 582, 586
3 4-IMDIEN 12.6 31.3 430, 582, 586
4 PYDIEN 114 31.3 334, 582, 586
5 4-IMDPT 9.4 31.0 430, 582, 586
6 TATTD 8.40 30.6 337
7 HIS 6.5 30.4 151,411
8 PYDPT 7.7 29.9 334, 582, 586
9 SPYDAE 5.02 28.6 337

10 TAOTD 2.20 27.9 337

11 DAP 8.9 31.7 356

12 DAB 7.77 31.8 335

13 DAPE 7.17 31.9 356

u-Peroxo-u-Hydroxo Complexes

14 EN 10.8 29.4 349, 581

15 TREN 4.4 284 150,362

16 (amino acids) -4.05 ~28.2 151

17 SEDDA -4.24 27.8 350

18 UEDDA -5.3 27.6 350

19 SDTMA 2.39 28.6 393

20 UDTMA 2.35 28.6 393

21 TRIEN 6.1 28.2 361,581

22 PXTREN 3.69 27.6 338

23 DAP -1.495 27.9 356
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Figure 35. Correlation of »g,, the OO stretching frequency, for
[(Co(ACADEN)L),0,] with pK, of the axial ligand (superoxo
complexes, top; peroxo complexes, bottom). Adapted from ref
404.
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Figure 36. Correlation of 5q,, the OO stretching frequency, for
[(Co(J-EN)B),0,] with pK, of the axial base in CH,Cl, at ~78 °C;
numbers correspond to ligands in Table XXXI. (® = ¢-bonding
ligands; O = ligands involving o- and =-bonding effects). Adapted
from ref 368.

TABLE XXX. Stretching Frequency (v(0,)) and Axial
Ligand Basicity for (Co(ACACEN)),0,L, Complexes
in Dichloromethane®

v(0,), em™!
axial ligand pK,? 1:1°¢ 2:1°¢
4-CNPYR 1.64 815
aniline 4.65 814
PYR 5.24 1025 808
N-Melm - 7.05 1017 802
benzylamine 9.49 1016 800
n-BuNH, 10.75 1003 798

o Adapted from ref 598. ? Reference 580. ¢ Metal:
dioxygen.

EN)B),0,] system.¢® Here the = contribution is not
constant since the correlation lines are not parallel.

An additional correlation was expected for cobalt
dioxygen complexes containing equal masses of ligands

Niederhoffer, Timmons, and Martell

TABLE XXXI. Oxygen-Oxygen Stretching Frequencies
and Basicity of Axial Ligand for (Co(J-EN)L),0,
Complexes in Dichloromethane at - 78 °C?

v(0,), em™!

no. axial ligand pK, 2:1% 1:1%

1  N-Melm 7.056¢ 827 1145

2  4-MePYR 6.04¢ 838 1142

3 PYR 5.24¢ 836 1143

4 Me-i-nicotinate 3.26 838

5 4-CNPYR 1.64° 840

6  n-BuNH, 10.75¢ 835 1143

7 benzylamine 9.49¢ 838 1144

8  aniline 4.65¢ 851

9 P(Bu), 8.43 839 1136
10  P(Ph), 2.73 878

@ Adapted from ref 368. ? Metal:dioxygen. ¢ Refer-
ence 580.

attached to the cobalt. There should be a direct rela-
tionship between the logarithms of the oxygenation
constants and the frequencies of the O, stretching vi-
brations. However, there are not enough data available
to draw any conclusions about this type of relationship.

Solvation Effects. In previous sections the effects
of specific solvents have been presented but not for-
mally discussed. Since there appears to be divergent
views on the nature of cobalt—-dioxygen bonds, it would
be beneficial to discuss both and their relationship to
solvation effects. Several research groups®102315368 haye
suggested that the Co(I1I)-0,(-1,0) bond is relatively
polar with a dipole resulting from the transfer of an
electron from Co(II) to O, Much of this polarity,
however, is mitigated by the overlap of =-bonding or-
bitals between the Co(III) and the coordinated super-
oxide. Oxygenation of cobalt(II) complexes is observed
to increase as the solvent changes from the nearly
nonpolar solvent toluene to a more polar solvent
DMF %4404 Binuclear complexes would have two such
dipoles which may mutually cancel out, giving an overall
symmetrical molecule. Support of this view has been
cited in the equilibrium observed in the Co(J-EN)B
system.®® The general observations on this system have
been outlined in a previous section. In brief, the
equilibrium between binuclear u-peroxo and mononu-
clear superoxo complexes was observed to undergo
considerable shift in solvents of very low or moderately
high polarity. Low polar solvents (based on solvent
dipole moments) favor the u-peroxo dimer. More polar
solvents would stabilize the superoxo complex.

A different interpretation of cobalt-dioxygen bonding
has been suggested by Martell and co-workers.5™
Binding of dioxygen to cobalt(II) is formally viewed as
Co™-0,(-1,0) with substantial delocalization of electron
density on the two oxygen atoms (as well as the cobalt
center). Thus the Co—O coordinate bond is polar with
a considerable covalent contribution which is amplified
by = bonding in the 1:1 superoxo complexes. Although
ESR data have suggested significant unpaired electron
density on the dioxygen ligand, it does not predict a
corresponding amount of charge transfer. Formation
of a u-peroxo binuclear cobalt complex gives more polar
Co—-0 bonds. Evidence for this interpretation is pres-
ented in the formation of Co(s-Me;EN),(09)X in EtOH
with formation of (Co(s-Me;EN),X),0, in HyO (where
X is an appropriate anion).

Thermodynamic parameters for the relevant cobalt
dioxygen systems in aqueous and nonaqueous solvents
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TABLE XXXII. Summary of Thermodynamic Properties
for Cobalt(II) Dioxygen Complexes in Aqueous and
Nonaqueous Solvents

aqueous solutions

mononuclear superoxo AH® ~-9.6to~11.3

keal mol™!
A8° ~ —B8 eu
polyamines

binuclear peroxo AH° ~ -20t0~35

kcal mol™*
AS° ~ —24to-T0eu
nonaqueous solutions
Schiff base and porphyrins

mononuclear superoxo AH® ~-51t0-18.5

kcal mol™?
AS° ~ -29 to -81 eu

factors favoring dioxygen complex formation
1:1 formation: low temperature; high[O,];low e
solvent
2:1 formation: high temperature; low [0,]; high ¢
solvent

are summarized in Table XXXII. The enthalpy of
formation is more negative for the aqueous systems.
This suggests that cobalt-dioxygen bonding is stronger
in these systems. In the nonaqueous solvents the en-
tropy term is less favorable (more negative AS®).
Formation of superoxocobalt Schiff base and cobalt
porphyrin complexes in nonaqueous solvents must be
concerned with this unfavorable entropy term which
necessitates the use of low temperature. At high tem-
peratures the free energy (AG®) is dominated by the
TAS® contribution, which favors u-peroxo dimer for-
mation®®® or decomposition,36942!

Specific interactions between the solvent and the
complexes must be responsible for all of the above ob-
servations. Polar solvents should stabilize polar species
while nonpolar solvents favor nonpolar species. That
is, a reaction which produces products more polar than
the reactants should be favored in the former. Reac-
tions which generate products more nonpolar than the
reactants would be favored in the latter. Since the
dielectric constant is a measure of how well a solvent
can stabilize charge separation, it is used here in place
of dipole moments. Water then is the best solvent for
stabilizing charge separation. It should be noted that
water also possesses superior solvating power due to its
hydrogen-bonding ability. In addition water has a weak
lattice structure which must be disrupted in solvation
processes. Lower dielectric constant solvents usually
present much less ordered liquid structures than H,0.
The freedom enjoyed in these solvents, on the contrary,
magnifies any entropy effects. This is partially due to
the somewhat structured nature of water. Considera-
tion should also be given to specific Lewis acid-base
interactions involving the solvent and species in solu-
tion. An example of this is found in the oxygenation
of Co(3-FSALEN) in a mixed CHCI; piperidine solvent
system. The isolated material consists of a dimer of
[1,6-bis(2-hydroxy-3-fluorophenyl)-2,5-diaza-1,5-hexa-
diene]cobalt(III)-u-superoxo—[1,6-bis(2-hydroxy-3-
fluorophenyl)-2,5-diaza-1,5-hexadiene]cobalt(II) hy-
drate.?2® There are four prominent Co—O interactions
(formula 18). One set consists of Co(II)-0,(0,-1)-Co-
(IIT) coordinate bonds while the other two types are
Co(II)-H;0 and a Co(III)~O coordinate bond between
a Co(I1I) of one-half of the dimer and a phenolic oxygen
derived from a Schiff base ligand on the other half of
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the dimer. Each of these interactions may be charac-
terized by donor—acceptor properties. Apparently the
axial H,0 allows the Co(II) to interact somewhat with
the coordinated superoxide ligand (r(Co(I1)-0,) = 2.000
A compared to r(Co(III)-0) = 1.931 &). The unsym-
metrical Co-O bonds may be a result of the different
trans axial ligands present.

To this date no mononuclear superoxocobalt(III)
complexes in aqueous solution at room temperature
have been reported in the literature.’® This is not
surprising since the (u-peroxo)dicobalt(III) complexes
are thermodynamically as well as kinetically more sta-
ble.3®% Although the formation of mononuclear adducts
may be enhanced in polar nonaqueous solutions, the
major destabilizing factor is temperature. On the other
hand, a nonpolar and low dielectric constant solvent
such as toluene is able to stabilize mononuclear co-
balt(I) dioxygen complexes.?14315,366,394,401-405,421,425
Lowering the temperature greatly decreases the mag-
nitude of the unfavorable TAS® contributions to the
overall free energy of oxygenation. At room tempera-
ture there are equilibrium amounts of superoxo species,
but these are slowly depleted through both the dimer-
ization reaction and decomposition pathways,369:395.42
Water has the exceptional ability to stabilize highly
charged centers regardless of the balancing of dipoles
through molecular symmetry (i.e., the solvated water
sees the microscopic polar parts of each solute molecule
rather than the molecule as a whole). This is probably
the reason why (u-peroxo)dicobalt(III) species rather
than the mononuclear superoxocobalt(III) species are
far more stable in agqueous solution. The Co(J-EN)B
system is interesting since it suggests that some other
factors may be more important in determining the
stoichiometry of dioxygen binding. Further studies of
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this type should be carried out to determine if this kind
of behavior is unique or more general.
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V. Glossary

ABA
2-X-

aminobutyric acid
1,12-dihyroxy-4,9-dimethyl-3,10-di-X-5,8-diaza-

ACACEN 2,4,8,10-dodecatetraene

ACE
ALA
ALAALA
ALAGLY
ARG
ASN
ASP
ASPGLY

BISDIEN
BISTREN
BIS-TRIS

BPY
Bz
Bzlm
Chl
CNPYR
COD
CoHb
COLL
DAB
DAP
DAPE
DCC-
(RD(Ry)

DCHIm
DGENTA
DIEN
DMAP
DME
DMF
DMTAD
2,3-DPG
DPIX-
DME
DTAHD
DTDA
EDTA
EN
EPR

acetone

alanine

alanylalanine

alanylglycine

arginine

asparagine

aspartic acid

aspartylglycine

vitamin By,
1,10-dihydroxy-3,8-dimethyl-1,10-bis(3-X-
phenyl)-4,7-diaza-1,3,7,9-decatetraene

1,10-dimercapta-3,8-dimethyl-1,10-bis(3-X-
phenyl)-4,7-diaza-1,3,7,9-decatetraene

bicyclo[2.2.1]hepta-2,5-diene
2,6-bis[1-[(2-imidazol-4-ylethyl)imino]ethyl]-
pyridine
1,4,10,13,16,22-hexaaza-7,19-dioxacyclotetraco-
sane
1,4,10,13,16,22,27,33-octaaza-7,19,30-trioxabicy-
clo[11.11.11]pentatriacontane
bis(2-hydroxyethyl)aminotris(hydroxymethyl)-
methane

2,2'-bipyridine

benzene

1-benzylimidazole

chlorocruorin

cyanopyridine

1,5-cyclooctadiene

cobalt hemoglobin

v-collidine

L-2,4-diaminobutanoic acid
DL-2,3-diaminopropanoic acid
L-2,5-diaminopentanoic acid

R, = H, R, = (CHy),, 3,7,11,15,18,23-hexaaza-
2,8,17,24-tetramethylbicyclo[8.7.7]tetracosa-
1,2,7,9,10,15-hexaene; R; = CHj, Ry, = (CHy)g,
3,7,11,15,18,25-hexaaza-2,8,17,18,25,26-hexame-
thylbicyclo[10.7.7]hexacosa-1,2,7,9,10,15-hexaene
1,5-dicyclohexylimidazole
diglycylethylenediaminetetraacetic acid
diethylenetriamine
4-(dimethylamino)pyridine
1,2-dimethoxyethane
N,N-dimethylformamide
4,7-dimethyl-1,4,7,10-tetraazadecane
2,3-diphosphoglycerate

deuteroporphyrin IX dimethyl ester

2,4-dioxo-1,5,8,11,14-pentaazahexadecane
diethylenetriamine-1,7-diacetic acid
ethylenediaminetetraacetic acid
ethylenediamine

electron paramagnetic resonance

EPYDEN
Ery
EtOH
EXAFS
FARS

FeCu-4
FeCu-5
FeSP-15

GLU
GLY
GLYALA
GLYASP
GLYGLY
GLYHIS
GLYLEU
GLYSER
GLYTYR
GLYVAL
Hb

HbO,
Hey
HceyO,
HEDIEN
HEPES

Her
H61'02
HIS
HISGLY
HISHIS
HMPA
HMTA-
CTD
Hyv
IHP
Im
4-IMDIEN
2-IMDPT
4-IMDPT
IMEN
J-EN

Lghb
Lgb02
LUT
LYS
Mb
MbO,
MeCN
8- MGQEN
N-Melm
Me,Im
MeO-
BHCP
MeOH
MePYR
Me,SO
MetHb
MetMb
MPIX-
DME
MPIX-
IPA
MP-MPP

NHE
NMR
OEP
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2,6-bis[5-(1,4-diazahexyl) Jpyridine
erythrocruorin

ethanol

extended X-ray absorption fine structure
(R,R:S,S)-1,2-bis(As-methyl-As-dimethylarsino-
propyl)diarsinobenzene

iron—copper cofacial diporphyrin with four-atom
bridge between porphyrins

iron—copper cofacial diporphyrin with five-atom
bridge between porphyrins

iron strapped heme porphyrin with 15-carbon
chain between amide straps

glutamic acid

glycine

glycylalanine

glycylaspartic acid

glycylglycine

glycylhistidine

glycylleucine

glycylserine

glycyltyrosine

glycylvaline

hemoglobin

oxyhemoglobin

hemocyanin

oxyhemocyanin
N-(2-hydroxyethyl)diethylenetriamine
N-(2-hydroxyethyl)piperazine-N"-2-ethane-
sulfonic acid

hemerythrin

oxyhemerythrin

histidine

histidylglycine

histidylhistidine

hexamethylphosphoramide
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraaza-4,11-
cyclotetradecadiene

hemovanadin

myo-inositol hexakis(dihydrogen phosphate)
imidazole
1,9-bis(4-imidazolyl)-2,5,8-triazanonane
1,11-bis(2-imidazolyl)-2,6,10-triazaundecane
1,11-bis(4-imidazolyl)-2,8,10-triazaundecane
1,6-bis(4-imidazolyl)-2,4-diazahexane
3,10-diacetyl-2,11-dihydroxy-5,8-diaza-2,4,8,10-
dodecatetraene :
leghemoglobin

oxyleghemoglobin

lutidine

lysine

myoglobin

oxymyoglobin

acetonitrile

N,N'-dimethylethylenediamine
N-methylimidazole

1,2-dimethylimidazole
5-methoxybicyclo[2.2.1)heptano-§-cyclopentene

methanol

methylpyridine

dimethyl sulfoxide
methemoglobin

metmyoglobin

mesoporphyrin IX dimethyl ester

mesoporphyrin IX with covalently attached
N-[3-(1-imidazolyl)propyljamide
mesoporphyrin IX with covalently attached
monopyridinepropanol

normal hydrogen electrode

nuclear magnetic resonance
octaethylporphyrin
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Py
PABNDT

PACH
PACP
PAPD
PHEN
2-PHOS
PIC
PImSG
PIP
PiV3'
(4CIMP)P
P iV3'
(5CIMP)P
PPIX-
DME
PXBDE
PXTREN
PYDE
PYDIEN
PYDPT
PYEN
PYP-IPA

PYR

op

Op

SACSA-
CEN

SALBN

SALC-
HXN
SALDAPE

SALD-
PEN

X-
SALDPT

SALEN

SALM-
DPT

SALMEN

SAL-
PEEN
SALPEN

SALPR

3-X-
SALT-
MEN

SCE

SDTMA

SEDDA

SERGLY

SPYDAE

TACD

TACH

TACT

TACTD

7-TACTD

TAOTD

TATTD

TERPY

TETREN

THF

THPIm

pressure of dioxygen necessary for half-
oxygenation of the system
3,6,10,13,19-pentaazabicyclo[13.3.1]nonadeca-1-
(19),15,17-triene
1,4,7,10,13-pentaazacyclohexadecane
1,4,7,10,13-pentaazacyclopentadecane
1,5,8,11,15-pentaazapentadecane
1,10-phenanthroline
cis-1,2-bis(diphenylphosphino)ethene

picoline

polymer-supported imidazolylpropylsilica gel
piperidine
a,B,v-tris(o-pivalamidophenyl)-5-[o-(3-N-
imidazolylbutyramido)phenyl]porphyrin
a,B,v-tris(o-pivalamidophenyl)-é6-[o-(3-N-
imidazolylvaleramido)phenyl]porphyrin
protoporphyrin IX dimethyl ester

tetrakis(2-aminoethyl)-a,o’-diamino-p-xylene
1,4-bis(2-(3-azapropyl)-2,5,8-triazaoctyl) benzene
1-(2-pyridyl)-2,5,8-triazaoctane
1,9-bis(2-pyridyl)-2,5,8-triazanonane
1,11-bis(2-pyridyl)-2,6,10-triazaundecane
1,6-bis(2-pyridyl)-2,5-diazahexane
pyrroporphyrin with covalently attached N-[3-
(1-imidazolyl)propyl]amide

pyridine

Taft inductive constant for parasubstituted
groups in benzoic acid series

Taft polar constant for hydrocarbon series
2,11-dimercapta-4,9-dimethyl-5,8-diaza-2,4,8,10-
dodecatetraene
3,4-dimethyl-1,6-bis(2-hydroxyphenyl)-2,5-dia-
za-1,5-hexadiene
1,2-bis(4-hydroxy-1-aza-1,3-pentadienyl)cyclo-
hexane
1,11-bis(2-hydroxyphenyl)-2,10-diaza-6-oxa-
1,10-undecadiene
3,4-diphenyl-1,6-bis(2-hydroxyphenyl)-2,5-dia-
za-1,5-hexadiene
1,11-bis(2-hydroxy-X-phenyl)-2,6,10-triaza-1,10-
undecadiene
1,6-bis(2-hydroxyphenyl)-2,5-diaza-1,5-hexadiene
6-methyl-1,11-bis(2-hydroxyphenyl)-2,6,10-tria-
za-1,10-undecadiene
3-methyl-1,6-bis(2-hydroxyphenyl)-2,5-diaza-
1,5-hexadiene
3-[2-(2-pyridyl)ethyl]-1,6-bis(2-hydroxy-
phenyl)-2,5-diaza-1,5-hexadiene
3-phenyl-1,6-bis(2-hydroxyphenyl)-2,5-diaza-
1,5-hexadiene
1,7-bis(2-hydroxyphenyl)-2,6-diaza-1,6-heptadi-
ene
1,6-bis(2-hydroxy-3-X-phenyl)-3,3,4,4-tetra-
methyl-2,5-diaza-1,5-hexadiene

saturated calomel electrode
N,N-bis(2-aminoethyl)glycine
N,N'’-ethylenediaminediacetic acid
serylglycine
1,9-bis(2-pyridyl)-2,8-diaza-5-thianonane
1,4,7,10-tetraazacyclododecane
1,4,10,13-tetraaza-7-oxacyclohexadecane
1,4,7,10-tetraazacyclotridecane
1,4,8,11-tetraazacyclotetradecane
1,4,7,11-tetraazacyclotetradecane
1,4,10,13-tetraaza-7-oxatridecane
1,4,10,13-tetraaza-7-thiatridecane
2,2/:6",2”-terpyridine
tetraethylenepentaamine
tetrahydrofuran
5,6,7,8-tetrahydroimidazo[1,56-a]pyridine
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THTP tetrahydrothiophene
TPivPP meso-a,B,v,6-tetrakis(o-pivalamidophenyl)-
porphyrin

TPP meso-tetraphenylporphyrin

p-X-TPP para-substituted meso-tetraphenylporphyrin

TPP- a,B,v-tris(p-methylphenyl)-s-(o-R-phenyl)-
AAB1 porphyrin (R = O(CH,),CONHPYR)

TPP- a,B,v-tris(p-methylphenyl)-é-(o-R-phenyl)-
AAB2  porphyrin (R = O(CH,);CONHPYR)

TREN tris(2-aminoethyl)amine

TRIEN triethylenetetraamine

TRIS tris(hydroxymethyl)aminomethane

TYR tyrosine

UDTMA  N-diethylenetriamineacetic acid

UEDDA  N,N-ethylenediaminediacetic acid

VAL valine

VI. Appendix 1

Appendix I consists of data on the thermodynamics
of formation of synthetic dioxygen complexes (Table
XXXIII).

VII.

Appendix 11

Appendix II consists of data of equilibrium constants
for reaction of natural oxygen carriers and modified
natural oxygen carriers with O, (Table XXXIV).

Registry No. O,, 7782-44-7.
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