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/. Introduction 
Essential to all mammalian life, the transport and 

storage of dioxygen by hemoglobin holds a particular 

fascination for molecular scientists. Our present un­
derstanding of how hemoglobin works has arisen from 
a notable interplay of studies on both the protein itself 
and on synthetic chemical models. The stage was set 
for this chemical understanding in the 1960s by the 
Nobel prize-winning determinations of the X-ray 
structures of hemoglobin and myoglobin by Perutz and 
by Kendrew. Work on synthetic heme dioxygen 
complexes began in earnest in the early 1970s and the 
paradigm of constructing superstructured porphyrins 
has, over the past 20 years, been raised to something 
like a new high art. The necessary and sufficient 
conditions for dioxygen binding to a heme group are 
qualitatively now well understood and model com­
pounds have played a particularly important role in 
developing this understanding. 

It has been more than 15 years since a comprehensive 
review of synthetic heme-02 complexes has been 
attempted.1'2 Particular aspects have been covered in 
several reviews including the preparation of synthetic 
analogs,3-11 spin state/structure relationships,12 vibra­
tional aspects,13 thermodynamic properties,4'5'8'9'14-18 and 
autoxidation mechanisms.19 In this review we try to 
provide a comprehensive assessment of the present state 
of our knowledge about heme-dioxygen complexes, 
particularly with respect to what they tell us about 
hemoglobin. Despite the enormous amount of infor­
mation collected on proteins and model compounds, a 
number of chemical questions remain to be answered. 
For example, our understanding is quite incomplete 
when we attempt to quantify the factors affecting O2 
affinity, delineate proton-dependent decomposition 
pathways, or precisely describe the structure of the FeO2 
moiety. 

/ / . Nature of Dioxygen and Iron O2 Complexes 

A. Dioxygen Moieties 

The electronic configuration of molecular oxygen, O2, 
is unusual. It is the only stable homonuclear diatomic 
molecule that has a paramagnetic ground state. Simple 
electron-pair bonding between two oxygen atoms, while 
successful in predicting a double bond, fails to ratio­
nalize the triplet ground state. A molecular orbital 
description is necessary. The ls22s22p4 configurations 
of two oxygen atoms interact and lead to a (l<rg)

2(lffu*)2-
(2crg)

2(2ffu*)2(2pcrg)
2(2p7ru)

4(2p7rg*)2 molecular configu­
ration for the 3Sg- ground state (Figure 1). The two 
unpaired electrons are in degenerate it* orbitals. The 
first excited state of O2 is a 1Ag singlet 22.5 kcal moh1 

above the ground state. 
The reduction of O2 by one electron gives the 

superoxide ion, O2
-, and by two electrons, the peroxide 
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ion, O2
2-. As electrons are added to the 7rg* orbital, the 

bond length increases to about 1.34 A in the superoxide 
ion and to about 1.49 A in the peroxide ion. This 
compares to 1.21 A for molecular oxygen.2 This reflects 
the expected trend in bond order: 2(O2), 1.5(O2

-), and 
KO2

2"). 
The thermodynamics of the stepwise reduction of O2 

are very dependent on the presence of protons. Thus, 
while the first reduction potential of O2 in aprotic media 
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Figure 1. The molecular orbital energy-level description for 
O2. 

indicates that superoxide formation is highly endo-
thermic 

DMP 

O2 + e" — O2" 6° = -0.60 V (vs NHE) 

the presence of protons makes it exothermic20 

DMF 

O2 + H+ + e~ — HO2" 6° = +0.12 V (vs NHE) 

This can be understood in terms of charge compensation 
and 0-H bond formation overcoming the disfavored 
placement of the extra electron in the antibonding irg 
orbital. The second one-electron reduction to peroxide 
is subject to the same considerations such that the 
formation OfH2O2 from O2

- is highly thermodynamically 
favored even in the weak acidity of neutral water. 

pH7 

O2" + 2H+ + e" -* H2O2 £0 ' = +0.89 V (vs NHE) 

There is a direct conceptual parallel between protons 
and metal ions in that both can drive the formal 
reduction of O2 via charge compensation and bond 
formation. As a consequence, the reversible binding of 
O2 to a metal can only be achieved if competition with 
protons is rigorously controlled and further reduction 
to peroxide and oxide is thwarted. This is discussed 
more fully below in connection with autoxidation 
mechanisms of iron (II). We also note that there is a 
large thermodynamic driving force for the complete 
four-electron reduction of O2 to water: 

pH7 

O2 + 4H+ + 4e- -* 2H2O G0' = +0.82V (vs NHE) 

It is the capture and storage of the free energy released 
by coupling this reduction to the oxidation of foodstuffs 
to CO2 that is the basis of respiratory life. The "oxygen 
electrode" of nature's fuel cell in higher organisms is 
cytochrome oxidase. This enzyme catalyzes the four-
electron reduction of O2 to water and shows oxymyo-
globin-like binding in the initial step.21 Catalysis by 
an oxygen-binding heme center is necessary because 
although reduction of dioxygen in the presence of 
protons is thermodynamically favored, it is kinetically 
slow and difficult to control. The binding of O2 to metals 
can be quite fast as can the stepwise reduction.22 

B. Dioxygen Complexes 

In order for transition metal complexes Mn (n = 
oxidation state) to react with dioxygen to form dioxygen 



Synthetic Heme Dioxygen Complexes Chemical Reviews, 1994, Vol. 94, No. 3 661 

r)'-superoxo Ti2-peroxo (i-peroxo 

1 2 3 
Figure 2. Structures and formal oxidation states of iron-
dioxygen complexes. 

complexes there must be a vacant site (or sites) for 
binding and an accessible higher oxidation state (or 
states). 

The stoichiometry of dioxygen binding can be 1:1 or 
1:2. Figure 2 shows the three structural types of 
dioxygen complexes that have been characterized. 
Complexes 1 are formally considered as complexes 
corresponding to a one-electron transfer to dioxygen, 
while in complexes 2 and 3 the oxidation states reflect 
a two-electron transfer. Two other structural types have 
been characterized but are presently unknown in heme 
iron chemistry. These are the /u2-»?2 binding of dioxygen 
to binuclear copper in hemocyanin23 and the hydro­
peroxide complex of the oxo-diiron center of hem-
erythrin.24 

C. Oxidation State Formalism and Structure 

The assignment of superoxo and peroxo oxidation 
state formalisms to iron-dioxygen complexes has in the 
past been controversial.25,26 Partially, this arose from 
a lack of definitive structural information about FeO2 
moieties. It was simply not possible to decide on the 
most appropriate formalism (or indeed, whether to use 
one) until minimally, bond length, bond angle, and vO-0 
data became available. On the other hand, a largely 
unnecessary debate about whether an iron(II) dioxygen 
or an iron (III) superoxide formalism was the best 
description for the Fe02 moiety in oxyhemoglobin arose 
simply from a misunderstanding of the utility of 
oxidation state formalisms. The confusion arose when 
some measure of electron transfer from iron to dioxygen 
was compared with that indicated by one of the 
formalisms. Since measured or calculated electron 
distributions between atoms in molecules rarely match 
the unit charge designations of formalisms, such 
oxidation state assignments are inherently easy targets 
for the criticism that they are unrealistic. However, if 
they are not taken literally, i.e. as real charges, they can 
be very useful for rationalizing many chemical and 
physical properties and for classifying particular chemi­
cal entities. This is particularly true for iron-dioxygen 
complexes now that most of the important structural 
and electronic data are available. As described more 
fully below, the complexation of O2 to a hemoglobin­
like iron(II) heme is best formalized as an iron(III)-
superoxo complex (type 1 in Figure 2). On the other 
hand, the complexation of O2 to an iron(I) heme is best 
formalized as an iron(III)-peroxo complex (type 2 in 
Figure 2). Diiron(III)-jtt-peroxo complexes (type 3 in 
Figure 2) are also described. 

Complexes of the type [Fe(porphyrin)(02)]~ have 
been reported to arise from treatment of iron(I) 
porphyrins with molecular oxygen,27 iron(II) porphyrins 
with superoxide ion,28-29 or from one-electron reduction 
of a dioxygen adduct of an iron(II) porphyrin.30 The 
eventual full characterization of [Fe(TPP)(O2)]- led to 
the conclusion that an iron(III)-peroxo formulation was 

both useful and appropriate. The structure of the FeO2 
moiety was deduced from EXAFS to be consistent with 
a triangular geometry i.e. of the 7?2-peroxo type (see 
Figure 2).31 The bound dioxygen is peroxidic in nature 
as indicated by i>0-0 at 806 cm4 in [Fe(OEP)(O2)]".28 

EPR,32 Mossbauer spectroscopy,2733 and magnetic 
susceptibility measurements33'34 confirm the high-spin 
iron (III) nature of the metal center. 

A monomeric dioxygen adduct of a base-free iron(II) 
porphyrin has yet to be isolated and fully characterized. 
Nakamoto13,35 has made the intriguing observation that 
under matrix isolation conditions two different types 
of complexes are formed. They have v(O-O) at 1106 
and 1195 cm"1. Isotopic 18O shifts to 1043 and 1127 
cm-1 respectively confirm the assignments. Structures 
corresponding to these frequencies must certainly 
include an end-on angular geometry. Balch etal.36 have 
shown by NMR that in toluene solution at -80 0C, 
picket-fence porphyrin forms an oxygen adduct of 
probable formula Fe(TPjVPP)(02). It is diamagnetic, 
suggesting a similarity to base-liganded, hemoglobin­
like species although water as axial base cannot be 
rigorously ruled out. 

Balch et al. have shown that /u-peroxodiiron(III) 
complexes (type 3 in Figure 2) can be stabilized and 
studied at low temperatures.36'37 For example, oxy­
genation of toluene solutions of Fe11CTPP) at dry 
ice temperatures leads to (TPP)FeOOFe(TPP). 1H 
NMR36,37 and Mossbauer spectroscopy38 have been used 
to show that a high-spin iron(III) formulation with 
moderate antiferromagnetic coupling through the bridg­
ing peroxide ligand is appropriate. 

In hemoglobin-type dioxygen complexes the FeO2 
moiety is now known to have an end-on angular 
structure, i.e., type 1 in Figure 2. Accordingly, it is 
formally described as an iron(III) superoxo complex. 
This is not to say that there is a full, one-electron 
transfer from iron to dioxygen, although remarkably, 
the 1/(0-0) stretching frequencies are very close to those 
of the free superoxide ion.1'2 

Historically, the first information about the nature 
of the FeO2 moiety in hemoglobin came from magnetic 
susceptibility studies by Pauling and Coryell in 1936.39 

They observed that when high-spin deoxyhemoglobin 
reacts with molecular oxygen, which is also paramag­
netic, the resulting oxyhemoglobin is diamagnetic. They 
concluded that profound changes in electronic structure 
accompanying O2 coordination. The diamagnetism 
posed an immediate problem for understanding the 
structure and bonding in the FeO2 moiety. Griffith40 

introduced the idea of involving the ir* orbitals of 
dioxygen and proposed a triangular structure. A linear 
Fe-O-O moiety has also been discussed.41 In 1964, both 
Pauling42 and Weiss43 proposed the end-on angular 
structure that we now know to be correct. Pauling 
emphasized that there must be an even number of 
electrons around dioxygen and proposed iron(II) and 
iron(IV) resonance forms. Weiss emphasized one-
electron transfer to give an iron(HI)-superoxide com­
plex and rationalized the diamagnetism by invoking 
antiferromagnetic coupling. The visible spectrum of 
the heme in oxyhemoglobin was interpreted as 
iron(III)-like.44 The landmark experiment which re­
solved the uncertainties posed by these different 
proposals was the determination of the X-ray crystal 
structure of a "picket fence" porphyrin model for 
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0;0 

a ^ 
Figure 3. Simple bonding model for angular superoxo-type 
Fe-02 complexes. 

oxyhemoglobin. In 1973, Collman et a/.45 showed that 
the FeO2 moiety adopted the angular end-on geometry 
favored by Pauling and by Weiss. The Fe-O bond was 
found to be quite short (1.75 A) consistent with the 
idea that some x bonding was augmenting the cr-donor 
bonding. In 1978, the angular geometry was first 
demonstrated in a protein when low-temperature 
methods allowed the X-ray structure of oxymyoglobin 
to be determined.46 A qualitative bonding model that 
adequately rationalizes the bent structure and the 
diamagnetism within the framework of the iron(III)-
superoxo formalism has been presented by Reed25 and 
qualitative molecular orbital energy level diagrams have 
been presented by Basolo et al.2 Figure 3 shows the 
essential elements of the bonding. One lone pair from 
an sp2-rehybridized superoxide ion acts as a <x donor 
into an empty a orbital of predominant d*z character 
on the low-spin iron(III) atom. This rationalizes the 
angular structure. The a bond is augmented by IT 
bonding between the half-filled d12 orbital on iron and 
the half-filled ir* orbital on the superoxide ion. This 
rationalizes the short Fe-O bond length and the 
diamagnetism. The ir bond is a two-electron molecular 
orbital that is delocalized over the three atoms of the 
Fe02 moiety. It has bonding character with respect to 
the Fe-O bond and antibonding character with respect 
to the 0 - 0 bond. It differs from the antiferromagnetic 
coupling proposed by Weiss in that a low-lying para­
magnetic state has not been identified and the con­
tribution of the ir bond to the Fe-O bond energy may 
be considerably more than the few hundred wavenum-
bers of magnetic coupling. 

During the 1970s, and even to this day, a large number 
of physical probes as well as several different calcu-
lational approaches have been applied to oxyhemo­
globin and its model compounds in order to probe the 
appropriateness of the formalism. This has sometimes 
been a futile exercise and no attempt is made to review 
the literature comprehensively. Several reviews on the 
calculational approaches to understanding the elec­
tronic structure of the Fe02 moiety appeared in the 
arly 1980s47-50 and rather little has appeared since.51'52 

Importantly, the sense of the polarity of the bond i.e. 
Fe4+-O2

5- has never really been questioned. A consensus 
seems to have developed that the iron(III)-superoxo 
formalism for oxyhemoglobin is the most appropriate 
one but that it has the limitations inherent in any unit-
electron formalism. Most of the physical studies have 
corroborated earlier intuition and deductions of bond 
polarity, diamagnetism and angular structure. Perhaps 

Figure 4. Schematic representation of the folding of the 
polypeptide around the heme group in deoxymyoglobin. 

the only serious challenge came from a remeasurement 
of the magnetic susceptibility of oxyhemoglobin with 
the suggestion of a low-lying paramagnetic state.53'54 

Pauling,55 however, suggested that the results must arise 
from experimental artifact, which turned out to be the 
case.56 The most important physical probes of the 
nature of the FeO2 moiety involve electronic, vibra­
tional, and nuclear (Mossbauer, NMR) spectroscopies, 
and these are discussed in section VII. 

/ / / . Natural Oxygen Carriers (Hemoglobin, 
Myoglobin) 

In oxygen-carrying hemoproteins (myoglobin and 
hemoglobin) the active site consists of an iron (II) 
protoporphyrin IX (the heme) encapsulated in a water-
resistant pocket and bound to the protein through a 
single coordinate bond between the imidazole group of 
the "proximal" histidine residue (F8) and the iron atom 
(Figure 4). Numerous residues from the protein hold 
the heme in position by hydrophobic interactions. 
Hemoglobin, which transports oxygen in the blood, is 
a tetrameric molecule with an a2(32 subunit structure. 
Myoglobin, which stores oxygen in muscles, is mono-
meric. In the native deoxy form, the ferrous ion of the 
heme is in a five-coordinate state. It reversibly binds 
molecular oxygen in the sixth, vacant coordination site. 
A variety of other small ligands (CO, NO, alkyl 
isocyanides) also bind to the sixth coordination site of 
the iron. Around it, distal amino acid residues control 
the immediate environment. They can induce polar, 
hydrophobic, or steric interactions which help regulate 
the affinities of the bound ligands. Trying to under­
stand the chemical basis of these distal influences on 
ligand binding affinities has been a major preoccupation 
of recent studies. 

In hemoglobin, the interactions between the subunits 
are known under the general term of allosteric properties 
and are of great physiological importance. They 
determine the cooperative binding of O2. In the deoxy 
form, the iron atom of each heme is in the high-spin (S 
= 2) five-coordinate Fe(II) state and lies about 0.5 A 
out of the heme plane in the direction of the proximal 
histidine.57 The proximal Fe-N (imidazole) bond vector 
has an approximately 10° tilt off the heme normal. 

The binding of O2 modifies both the structure and 
electronic configuration of the heme. The oxygenated 
heme adopts a low-spin six-coordinate state with the 
iron atom more nearly centered in the porphyrin plane. 
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Figure 5. Oxygenation curves for myoglobin (Mb) and 
hemoglobin (Hb). 

Furthermore, the Fe-N (imidazole) off-axis tilt is 
reduced along with a lateral shift of the protein F helix. 
The O2 molecule is bound in a bent geometry.*6,58 

Recent X-ray studies OfHbO2
59 and neutron diffraction 

studies of MbO2
60 have provided strong evidence for 

H-bonding between the imidazole N-H of the distal 
histidine (HisE7) and bound O2. The distal histidine 
cannot form a direct coordinate bond with iron in the 
deoxy form of hemoproteins because it is too far away. 
An important observation made from structural studies 
on carbon monoxide derivatives is that close nonbonded 
contacts between the bound CO and amino acid residues 
in the vicinity of the distal site (His E7 and VaI E l l ) 
seem to result in a bent and/ or tilted geometry for this 
ligand.61 

The binding of dioxygen to Mb or to isolated a or /3 
monomeric subunits of Hb shows the behavior expected 
for 1:1 association between dioxygen and protein: 

Mb + O2 — MbO2 

The value of Pi/2°2 (the partial oxygen pressure which 
leads to 50% saturation) is in the range 0.4-0.7 Torr. 

The equilibrium uptake of O2 by tetrameric hemo­
globin is more complex. Typical plots of equilibrium 
O2 uptake data for hemoglobin and myoglobin are shown 
in Figure 5. In contrast to the hyperbolic curve obtained 
with the data for myoglobin, the data obtained for 
hemoglobin show sigmoidal behavior. The sigmoidal 
shape of this curve reflects that there is a cooperative 
effect of oxygen binding resulting from interactions 
between the subunits and the conformational changes 
of each of them during the oxygenation-deoxygenation 
process. The physiological importance of the difference 
between Mb and Hb lies in the need for hemoglobin to 
saturate with O2 readily at the arterial pressure in the 
lungs but to release O2 to myoglobin at lower venous 
pressures in the tissues. Thus, cooperativity is an O2 

unloading mechanism at lower partial pressures of 
oxygen, and the chemical basis of this affinity lowering 
has been a major target of investigation. 

Hill plots (Figure 6) allow the affinity constants to 
be determined. 

Ko2 = 
[Hb(O2)J 

[Hb][O2]" 

100 

Figure 6. Hill plot for O2 binding to myoglobin (Mb) and 
hemoglobin (Hb). 

y -
[Hb(O2)J 

[Hb] + [Hb(O2)J 

then 

In (A)- InKn +nlnPn 

If 

where y is the fraction of sites occupied by dioxygen 
and n is the Hill coefficient. 

The Hill plot for Hb shows an inflexion indicative of 
an interaction between the subunits. At intermediate 
pressures of O2, the exponent n is observed to be around 
3 rather than 1 as for myoglobin. This value indicates 
a positive cooperativity. Extrapolations of the linear 
portions (n = 1) at both high and the low O2 partial 
pressures give the affinity constants for the deoxygen-
ated T form (K^) and for the fully oxygenated R form 
(KR). 

From the crystallographic data of hemoproteins in 
both liganded and deoxy forms and from molecular 
models, Perutz62'63 proposed a stereochemical mecha­
nism for a cooperative interaction on the basis of the 
earlier two-state allosteric model of Monod, Wyman, 
and Changeux.64 In this concept, two structures of each 
subunit are possible: (a) a low O2 affinity structure (T 
or tense state) and (b) a high O2 affinity structure (R 
or relaxed state). These two states differ both in the 
tertiary structure of each subunit and in the relative 
orientation of the subunits in the tetramer (quaternary 
structure). When the first O2 binds to a T-configuration 
molecule (probably to one of the a subunits) a certain 
amount of strain is induced into the local tertiary 
structure. Eventually, this strain alters the nonpolar 
interactions, electrostatic interactions, and hydrogen 
bonds between the subunits inducing an alteration of 
the tertiary structures of other subunits.65-67 The degree 
of cooperativity given by the Hill coefficient depends 
upon the details of coordination process as well as the 
nature and the kind of interactions which change during 
the conformational transition. For n = 3, it corresponds 
to about 3.6 kcal moH and is referred to as the energy 
of heme-heme interaction. 

Using the structural changes of the heme predicted 
by Williams68 and by Hoard,69 Perutz proposed a 
"trigger" mechanism for the cooperative interaction.62 
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The out-of-plane iron atom in the deoxy form was 
proposed to be held in a "tense" five-coordinate state 
in the T conformation. The successive binding of O2 
molecules was proposed to relieve this tension as the 
oxygenated protein adopted a relaxed (R state) con­
formation. This bold proposal stimulated enormous 
interest in the problem of understanding the chemical 
basis of cooperativity. The stereochemical trigger 
mechanism has stood up to detailed scrutiny fairly well 
although notions of "tense" proximal histidine binding 
have given way to ideas of "tethered" or "constrained" 
moieties in the T state. Synthetic hemes have played 
a major role in developing these ideas. 

Among the parameters which affect the oxygen 
affinity curve is the proton concentration. This is called 
the Bohr effect and is related to the capacity of Hb to 
transport carbon dioxide. The T-state conformer has 
a higher affinity for protons than does the R. Hence, 
under acid conditions the equilibrium between deoxy-
and oxyhemoglobin is shifted in favor of deoxygenation. 
This means that the oxygen saturation curve for 
hemoglobin in Figure 5 is shifted toward the right with 
increasing acidity. Three other naturally occurring 
substances are known to reduce the oxygen affinity by 
preferentially interacting with the T state: carbon 
dioxide, chloride ions, and 2,3-diphosphoglycerate 
(DPG). Carbon dioxide exerts its effect in two ways. 
First, it increases the proton concentration when it 
dissolves in blood plasma to form bicarbonate ions (CO2 
+ H2O — HCO3- + H+). The protons are picked up by 
hemoglobin as its unloads O2 and the bicarbonate ions 
are carried to the lungs as counterions. In addition, 
CO2 forms carbamates with the amino group at the 
beginning of each hemoglobin protein chain (-NH2 + 
HCO3- — -NH-CO2- + H2O). When hemoglobin is 
reoxygenated, these processes are reversed. The release 
of acid shifts the equilibrium, converting bicarbonate 
ions to the less soluble CO2, which is exhaled. 

IV. Synthetic Hemes for Reversible Oxygenation 

A. Requirements 
Ever since the finding some 50 years ago that protein-

free iron(II) hemes do not reversibly oxygenate under 
ordinary conditions, there has been sustained interest 
in understanding how hemoglobin works. We now know 
that the necessary and sufficient conditions to mimic 
oxyhemoglobin in synthetic model systems are (1) 
formation of a five-coordinate heme precursor having 
a proximal base (imidazole, pyridine, etc.) and (2) 
thwarting pathways that lead to irreversible oxidation. 
This typically means the prevention of ju-peroxo dimer 
formation and the exclusion of acidic protons and 
nucleophiles from the O2 binding site. Thus, by 
isolating hemes in hydrophobic environments, revers­
ible oxygenation can usually be achieved. 

In addition, it is desirable that model systems be 
amenable to systematic alteration. This allows a 
chemical probing of the factors that govern their 
stability. Comparisons can be made to the proximal 
and distal effects engendered by the protein in hemo­
globin. 

B. Models for Five-Coordination of Fe(II) 
Addition of aromatic nitrogen base ligands (e.g. 

pyridine, imidazole) to four-coordinate iron(II) por­

phyrins in a noncoordinating solvent preferentially gives 
symmetrical six-coordinate complexes called hemo-
chromes.70 This is a major problem in the preparation 
of models of the active site of dioxygen-carrying 
hemoproteins where the globin allows only a single 
coordinate bond between the imidazole ring of the 
"proximal" histidine residue (His F8).71 

The formation of hemochromes by addition of two 
ligand bases is due to a greater equilibrium constant 
for the addition of the second ligand (.Kf) than for the 
first (KB). 

KB Kl 

PFe11 + B ^ PFe11B + B ^ PFe11B2 

For example, in benzene at 25 0C, the binding constants 
of pyridine to Fe11TPP have been estimated at KB «* 1.5 
x 103 M-1 and Kf = 1.9 X 104 M"1.72 The atypical 
occurrence of Kf being greater than KB in successive 
equilibria arises from ligand field stabilization energy. 
The d6 six-coordinate hemochrome is low spin and gains 
electronic stabilization relative to the high-spin state 
of five-coordination.12 With Kf > KB, the five-coor­
dinated species cannot be present in any significant 
amount in solution. It can only be obtained if Kf « 
KB. 

Numerous approaches have been taken to limit the 
formation of six-coordinate iron(II) porphyrins. These 
include (1) steric hindrance of the axial ligand, (2) 
covalent attachment of the axial ligand to the heme 
periphery (see Figure 7), (3) steric hindrance of one of 
the two faces of the heme (see Figure 8), and (4) 
synthesis of "integrated hemes" incorporating more 
than one of these features (see Figure 9). 

1. Statically Hindered Ligand 

When appropriately sterically hindered axial ligands 
are used, five-coordinate iron(II) hemes can be ob­
tained. This was first discovered by Collman and Reed73 

with 2-methylimidazole (2-MeIm) as the axial ligand. 
They reasoned that the steric interaction of the 2-methyl 
group with the heme would not hinder five-coordination 
because of the ~0.5 A out-of plane iron displacement 
predicted by Hoard.69 On the other hand, six-
coordination, where the iron atom is low spin and in 
the plane of the porphyrin, is strongly hindered. By 
addition of 2-MeIm to Fe(II)TPP in benzene/ethanol 
solution, the first monoliganded heme complex was 
isolated. Like deoxyhemoglobin (n = 5.1 HB), the 
magnetic moment of 5.2 /UB at 25 0C is close to the spin-
only value for a high-spin (S = 2) ferrous ion (/x = 4.9 
/UB)- The high-spin state was verified by Mossbauer 
measurements.74 A second high-spin five-coordinate 
2-MeIm adduct has been prepared with the FeIJ-picket 
fence porphyrin.75 

In solution, the formation of five-coordinate high-
spin complexes was demonstrated by Rougee and Brault 
by titration of Fe11DDME and Fe11TPP with 2-MeIm 
in toluene.76 Affinity constants of KB = 1.25 X 104 M"1 

and 2.4 X 104 M-1 respectively were measured at 25 0C 
for the two metalloporphyrins. As these values are quite 
similar to that of the first unhindered imidazole,77 it 
was concluded that the thermodynamics of monoliga-
tion are not particularly affected by any repulsive 
interaction of the 2-methyl group. Even at high 2-MeIm 
concentrations, there is no evidence for the formation 
of bis(2-MeIm) adducts at room temperature. 
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Table 1. Comparison of Deoxyheme Stereochemistry in Myoglobin (Mb), Hemoglobin (Hb), and Model Compounds 

Fe-CtN, A 
Fe-Ctp, A 
Fe-Np, A 
Fe-Nin-, A 
0,deg 

<• Hoard (1975) 

FeII(TPP)(2-MeIm)" 

, ref 78 

0.42 
0.55 
2.086 
2.16 

10.3 
6 Jameson et al. 

FeH(TpIvPP)^-MeIm)6 

(1978), 

Fen[(Piv)2C8]( l-MeIm) c 

0.40 
0.53 
2.072 
2.095 

11 

ref 7 5 . c Momenteau et al. 

0.3 
0.34 
2.075 
2.134 
5 

(1988), ref 81. 

Mb<* 

0.42 
0.55 
2.03 
2.1 

11 

d Takano (1977), 

Hb« d 

0.6 
0.6 
2.1 
2.0 
8 

ref 79. 

Hb/3d 

0.63 
0.63 
2.1 
2.2 
7 

In crystals of high-spin FenTPP(2-MeIm)78 and 
FeIITpivPP(2-MeIm),75 the iron atom lies 0.42 and 0.40 
A out of the mean plane of the porphyrin nitrogen atoms 
toward the imidazole ligand. These values compare 
well with estimates for the same displacement in deoxy 
Hb.79'80 The length of the Fe-Nin, bond in these high-
spin complexes, about 2.1 A, is larger than that found 
in low-spin bis(imidazole) complexes. This may be 
attributed to the eclipsing conformation of imidazole 
with respect to the porphinato nitrogen atoms and the 
(dj2)x occupation of the high-spin state. There is an 
off-axis tilt of the Fe-Nin, bond (angle 0,9.6 A and 11°, 
respectively) for the two compounds with respect to 
the normal of the heme. The two systems having 
2-MeIm as axial ligand are characterized by a doming 
of the porphyrin ring which is typical of most five-
coordinate metalloporphyrins. It is more predominant 
in TPP than in TPiVPP derivatives. This doming is 
responsible for the greater N p - C t and Fe-Np (2.086 A) 
distances in the unprotected porphyrin relative to those 
with superstructure. It is noted that the crystal 
structure shows a Fe-Np distance of 2.086 A, substan­
tially larger than the presumed optimal core size of 
2.01 A. 

Table 1 compares structural data for the two 2-MeIm 
model compounds with deoxyhemoproteins. The 
congruence is seen to be quite high, suggesting that 
2-methylimidazole ligation is a good model for T-state 
deoxyhemoglobin. The off-normal tilt (angle 0) that is 
engendered by the 2-methyl group mimics the lateral 
pull of the proximal histidine (F8) relative to the heme 
in the deoxyhemoproteins. It is less, but not absent, 
in an unhindered 1-MeIm complex (column 3, Table 1) 
prepared from a one-face-hindered heme.81 This is 
discussed in more detail below. 

2. Covalent Attachment of the Axial Ligand 

This approach was originally reported by having 
various peptide fragments attached to a suitable 
porphyrin in order to reproduce the local environment 
of heme peptides obtained by cytochrome c degrada­
tion.82'83 Sano,84'85 Theodoropoulos,86 and Momenteau87 

have all described compounds bearing histidine-
containing peptides covalently bound to the vinyl side 
chains of protoheme via thioether linkages. 

Another widely used route has been the preparation 
of "chelated" hemes in which imidazole or pyridine 
ligands are covalently linked to one of the propionic 
acid side chains of the porphyrin ring through ester or 
amide linkages. These approaches are illustrated in 
Figure 7. From this concept a series of derivatives was 
synthesized using pyrro-,88 proto-,89 meso-,90'91 and 
deuteroheme.92 More recently, Momenteau et al?3'94 

have synthesized a series of chelated heme compounds 
in which the base is attached to the /3-pyrrole position 
of a tetraphenylporphyrin ring. Another, older family 
of chelated compounds, where the chain carrying the 

Scheme 1 

D D 
^ - F e -

•Fe-

ligand is attached to the ortho position of a meso phenyl 
ring of TPP, have been reported by Collman,95 Reed,96 

Walker,97 Ibers98 and Chang.99 Attachment via two 
linkages has been achieved by Traylor et a/.100 (see first 
structure in Figure 7). 

As these compounds have a built-in 1:1 base to 
porphyrin stoichiometry the formation of five-coordi­
nate hemes via intramolecular binding is enhanced. 
Their characterization has typically been made only in 
solution by absorption spectroscopy. In contrast to 
four-coordinate hemes, these systems exhibit only one 
Soret band, indicating five-coordinate axial base che­
lation. Nevertheless, in the "chelated-histidine" system 
of Momenteau et al.,92 evidence has been presented for 
a dimerization at low temperature. From spectroscopic 
analysis, it was argued that the expected five-coordinate 
complex is in equilibrium with a mixed four-coordinate/ 
six-coordinate dimer as shown in Scheme 1. The driving 
force for this dimerization is related to the stability of 
low-spin six-coordination discussed earlier but solvation 
energy differences upon aggregation must also play a 
role. The very low dimerization constant measured at 
25 0C (<10-2 M"1) makes it possible to conclude that 
histidine is firmly bound to iron(II) in the monomeric 
form and that the dimerization process is favored only 
by low temperature and high concentration. A similar 
dimerization has been confirmed by Collman and co­
workers for a "tailed" picket fence complex using 1H 
NMR spectroscopy and magnetic circular dichro-

ism 95,101 

We note that perturbations affecting the imidazole 
coordination can be easily introduced by modifying the 
linkage connecting the base to the macrocycle ring. 
Thus, Traylor and co-workers102 have shown that strain 
introduced by the chain length or the position of 
attachment can have a dramatic effect on the ligand 
binding properties of these compounds. 

3. Single-Face-Hindered Hemes 

Sterically hindered porphyrins have been prepared 
to create a cavity on one of the two faces of the heme. 
This can prohibit ligation on the protected face, whereas 
coordination on the free face remains open. This 
approach has been used by many research groups to 
produce a wide variety of architecturally different model 
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R = CH2-CH2-CO-OCH2-Ph 

Ke-PyridineCyclophaneP (Traylor, Ref 100) Fe-TPP-[NH(CH1)JIm] (Momenlcau, Ref 93) Fe-PyrroP-[0(CH2)3Im) (Traylor, Ref I 

R1= -CH=CH, 

R1 = -CH2-CH3 

R3=-OH 

R1 = -H 

R3=-OCH3 

O2CH3 

C H 2 - C H - N - C — C H 2 — N — 

H/ I Il I 
W H O H 

R2=R3= / . \ \ 
Fe-ProtoP 

R1=-H R2 = 

i 
- N - C - ( C H j ) 4 - N 
H 

O 

/ ^ N 
(Reed, Ref %) 

CO2CH, 

J. C H 2 - C H - N -
H / I 

R, H 

(Van der Heijden, Ref 89) Ri=H R2= - N - C — o — ( C H 2 ) 2 — N . | (Walker, Ref 97) 

H 

4 
CO2CH3 

C H 2 - C H - N -
" _ / I 

U 

Fe-MesoP 

(Hager, Ref 90,91) 

Ke-DeuteroP 

(Momenteau, Ref 92) 

R1=-CH3 R2 = 

O 

-0—(CH2 )4—C—N 

H 

R1=.CH3 R2= —O—(CI IJ ) 1 , T ^ ^ T l 1 = 2, 3 

(Ibcrs, Ref 9K) 

Fe-TPP derivatives 

R= - — (CH2)0—N—^\ n = 2, 3 

R= - N - ( C H j ) 3 - N 

H 

R= - C 6 H 4 - C I I 2 N 

"O 
O 
"O 

Fe-DPP derivatives (Chang, Ref 99) 

Figure 7. Structures of hemes with covalently attached axial ligands. 
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porphyrins, e.g. picket fence,103-106 pocket,107 cyclo-
phane,108-111 cofacial,112,113 bridged,114 crowned,115 cap­
ped,116-118 strapped,119-125 cross-strapped,126 hybrid,127 

picnic basket,128 jellyfish,129'130 and reverse picket-fence 
(TtButPP)-131 The structures are represented in Figure 
8. With some of these single-face-hindered hemes, the 
main problem of coordination control can be solved 
even in the presence of an unhindered ligand. The 
formation of five-coordinate complexes largely depends 
on the size of the host cavity. With compounds having 
a large and tightly constrained steric hindrance near 
one of the axial ligand binding sites, hemochrome 
formation is not observed because the sixth ligand 
affinity constant is drastically lowered. This has been 
demonstrated with certain capped,132 pocket107 and 
hybrid127 porphyrins. For example, in a benzene or 
toluene solution containing an excess of 1-MeIm, both 
FeC2Cap and Fe(Piv>2C8 are five-coordinate. Increas­
ing the length of the methylene chain in the cap or in 
the handle respectively gives compounds with looser 
superstructures which can form six-coordinate com­
plexes, although the relation KB > K% is usually 
maintained. 

It is important to note that many of the superstruc­
tures of the single-face-hindered porphyrins cited above 
(and illustrated in Figure 8) are not capable of inhibiting 
hemochrome formation. Indeed, some of the super­
structures may actually enhance axial ligand binding 
on the "sterically hindered" side of the heme relative 
to the open side. For example, it is a common 
misconception that the four pivalamide substituents 
of picket-fence porphyrin prevent six-coordination with 
bases such as 1-MeIm. This interpretation has unfor­
tunately found its way into textbooks.133 The value of 
these types of superstructures is, as discussed below, 
to provide a protected, preferential site for the binding 
of dioxygen which, because it can displace an axial base 
in a six-coordinate species, may leave the false impres­
sion that the base was excluded. 

Large differences in the affinity constants for the 
formation of five-coordinated compounds are observed. 
The affinity constants for the first base on an unpro­
tected face seems to depend on the nature of the 
porphyrin. This can be seen in the low values measured 
during the titration of capped porphyrins132 with 
1-MeIm when compared to those of other systems. X-ray 
crystallographic data on the free base134 and on the 
iron(III)-chloro complex135 of this compound show a 
large doming of the porphyrin ring induced by the cap 
and this is suggested to cause the unusual ligation 
behavior seen in this system. A related "cis" effect has 
been used to explain the difference in affinity constants 
between compounds which differ in the chemical nature 
of groups linking the superstructures to the macrocycle 
ring.127 

Single-face-hindered, five-coordinate complexes have 
been characterized by a number of methods including 
UV-visible spectroscopy,107 resonance Raman,136,137 and 
1H NMR.107 Only one, Fen(Piv)2C8(l-MeIm), has been 
crystallized and characterized with an unhindered 
base.81 Mossbauer data at 4.2 K demonstrate the high-
spin state of this complex in agreement with the 
magnetic susceptibility (M = 5.4 ^B). In the crystal 
structure, the five-coordinate iron atom is displaced 
0.31 A from the mean plane of the four nitrogen atoms 
and 0.34 A from the best least-squares plane of the 

24-atom porphyrin core. These values are smaller than 
those observed in other iron (II) five-coordinate com­
plexes having a 2-methyl-hindered axial imidazole 
ligand (see Table 1). The smaller out-of-plane distances 
result in a slight decrease of the average iron-nitrogen 
bond length compared to those previously observed for 
Fen(2-Melm) porphyrin complexes. Furthermore, the 
off-normal tilting of the imidazole (<j> = 5°) is smaller. 
These data show that in five-coordinate complexes, an 
out-of-plane displacement of the iron atom and some 
imidazole tilting are general features. X-ray structures 
reveal that some subtle stereochemical effects are 
introduced by the face-hindering superstructure and 
the nature of the axial ligand. Thus, the value for the 
dihedral angle formed by the coordinate plane contain­
ing opposite nitrogen atoms and the axial ligand plane 
is 34.1 °. This angle is much larger than those observed 
in other five-coordinate imidazole complexes where the 
average value is 10.4°. 

Iron(II) complexes with 2-MeIm may be considered 
as good analogs of the active site of deoxyhemoglobin 
in the T state.138 They also model deoxymyoglobin for 
which there is also a protein-induced off-axis tilt of the 
proximal histidine. The similarity of proteins and 
models has been confirmed by EXAFS (extended X-ray 
absorption fine structure) of deoxyhemoglobin and 
FenTpivPP(2-MeIm) in solution.139 The close congru­
ence of the T-state proteins and the 2-MeIm models 
means that the proteins have active-site structures 
which fairly closely approach the intrinsic uncon­
strained coordination geometry of high-spin iron(II) 
imidazole-liganded hemes. Thus, there is little or no 
evidence of tension in the iron to proximal histidine 
linkage other than a few degrees of off-axis tilt. Rather, 
the proximal histidine is now viewed as tethered by the 
T conformation of the protein. On the other hand, the 
1-MeIm model of Fe(Piv2C8) may be a rather good 
model for R-state hemoglobin. The imidazole tilt is 
less, as is the out-of-plane iron displacement and doming 
of the porphyrin. These changes are in the direction 
of those that must occur upon oxygen binding. As will 
be discussed below, if the imidazole is prevented from 
moving along this trajectory, the oxygen affinity is 
lowered. 

4. "Integrated' Compounds 

Perhaps the most effective approach to obtain 
deoxyhemoglobin models is the design of both-face-
hindered porphyrins in which the nitrogenous base 
(pyridine or imidazole) is inserted into one of the straps. 
In these types of compounds, double attachment of the 
base should ensure a high degree of iron five-coordina­
tion by generation of a high local concentration of ligand 
near the metal center and eliminate the need of having 
excess free ligand in solution. In addition, the double 
face hindering should inhibit the intermolecular as­
sociations observed with chelated or tailed hemes (see 
Scheme 1 in section IV.B.2). 

The preparation of these complexes has been 
reported independently by Battersby140-142 and by 
Momenteau,143-147 and more recently by Orth,148 Bald­
win,149 and Rose.150,151 A number of these structures 
are illustrated in Figure 9. Electronic absorption144'145 

and 1H NMR144'145'152 data for these compounds are 
characteristic of high-spin, five-coordinate ferrous 
porphyrins. 
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Fe-SP-(n+*) (Batteriby, Ref 114) Fe-Antla-aceBeCyclophMKP (Tnylor, Ref 109) Fe-CyclophaneP (Traylor, Ref 108) 
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Fe-Plv,C(.,8PP (Momenieau. Ref 127) Fe-Cross-StrappedP (Uemori, Ref 126) Fe-TOa1PP (Momenteau, Ref 131) 
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Fe-CrownedP (Chang, Ref 115) Fe-PLCn (Momenteau, Ref 125) 
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Fe-Cu-Cofacial P (Chang, Ref 113) 

R - CH2-CHrCO-OCH2-Ph 

Fe-AatananthaneCyclopkaneP (Traylor, Ref 111) 

Figure 8. Structures of single-face-hindered hemes. 
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Figure 9. Structures of "integrated" hemes with both covalently attached axial ligands and fact-hindered superstructure. 
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C. Inhibition of Autoxidation 

It is a fact that unhindered ferrous hemes are oxidized 
rapidly and irreversibly in the presence of dioxygen, 
even in aprotic solvents. At least two general mecha­
nisms have been identified depending on the condi­
tions: the well-accepted ^-peroxo mechanism and the 
less understood, proton-catalyzed superoxide mecha­
nism. 

Cohen, Caughey, and coworkers154-156 observed that 
the rate-determining step of the autoxidation of deu-
terohemochrome in nonaqueous solvents with pyridine 
as axial ligand is second order in iron(II) and first order 
in dioxygen. These results suggested the formation of 
a /u-peroxo-Fem dimer intermediate. Other studies 
have led to the same conclusion.157"159 Characterization 
of a dioxygen-bridged diiron complex has been pre­
sented by Balch et aJ.36'37 By using tetraphenylpor-
phyrin and related complexes in toluene at -80 0C, a 
peroxo-bridged intermediate was detected by visible 
spectroscopy and proton NMR studies. Upon warming, 
this complex is unstable and is converted to a /u-oxo 
dimer via an iron(IV) species.160 The mechanism of 
oxidation at low base concentration is summarized by 
the following equations: 

(B)PFe11 + O2 — (B)PFe(O2) 

(B)PFe(O2) + (B)PFe" — PFem—O2 

PFem—O0 -PFe111 + 2B 

-PFe111 + 2B 

iv_ 2 (B)PFe lv=0 

Fe-Hanging Bate aBHP (Momenleau, Ref 145) 

(B)PFeIV=0 + (B)PFe11 — PFe111-0—PFe111 + 2B 

The irreversible autoxidation of iron(II) upon 
exposure to dioxygen considerably limits the use of 
simple ferrous porphyrins as models for the active site 
of hemoproteins. In hemoproteins, it is clear that these 
reactions cannot occur because the polypeptide chain 
surrounding the heme prevents the close approach of 
two hemes. However, oxygenated hemoglobin and 
myoglobin under biologically active conditions are not 
completely stable. About 3 % of hemoglobin in the body 
exists in the ferric form. 

A number of mechanisms have been proposed to 
account for this autoxidation, all of which involve 
electron transfer from iron(II) to O2 to form a superoxide 
species which undergoes further irreversible reaction. 
Catalysis by acid and a first-order dependence of [H+] 
in the rate law suggests a protonation in the rate-
determining step. However, it has proved to be very 
difficult to determine whether the electron transfer is 
inner sphere or outer sphere or where the site of 
protonation is. In a 1982 reassessment of possible 
mechanisms, Caughey et al.161 favored an outer-sphere 
electron-transfer mechanism but could not rule out 
displacement of O2" (or HO2) from iron by a nucleophile. 
The displacement mechanism is favored by Shikama19 

who, among others,162 has identified superoxide spec-
troscopically. More recently, Olson and co-workers163 

have favored a direct dissociation of HO2 from proto-
nated oxymyoglobin at low oxygen pressures. At high 
oxygen pressures they invoke the outer-sphere electron 
transfer mechanism with water as the nucleophile that 
stabilizes iron(HI). 

The common theme of these three mechanisms is 
the protic capture of superoxide. This is consistent 
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with observations on a large number of mutant hemo­
globins164 and myoglobins.163 Mutations which disrupt 
the tight binding of the heme into its hydrophobic 
crevice typically give rise to easily oxidized subunits. 
It is assumed that water can more readily approach the 
FeC>2 distal region and catalyze the formation of a 
superoxide species either as a nucleophile to iron or as 
a source of protons and solvation. Mutations which 
place acidic functionality in the distal region are 
frequently so susceptible to autoxidation that they 
cannot function as oxygen carriers. An example is Hb 
Zurich where the /3 chains have a His(E7) -*• Arg 
mutation. 

The proton-catalyzed superoxide pathway for the 
autoxidation of synthetic hemes is perhaps even more 
difficult to study than the proteins because of the 
complexity of acid-base equilibria introduced by the 
axial ligand. Distinguishing inner from outer sphere 
electron transfer is difficult because of the lability of 
high-spin iron (II) toward ligand association and dis­
sociation. Using substitutional^ inert ruthenium 
complexes, Taube and co-workers165 have established 
the viability of an outer-sphere electron-transfer mecha­
nism and illuminated the manner in which a thermo-
dynamically disfavored one-electron transfer can be 
driven by protons and a further one-electron process. 
The essential elements of this mechanism are the 
capture of superoxide ion by a proton and the subse­
quent decomposition of HO2. This occurs via a further 
one-electron transfer in the case of ruthenium but, in 
the general case, may also occur via disproportionation: 

M11 + O 2 - Mm + O2-

O2" + H + - HO2 

HO2 + M11 — Mm + HO2-

disprop 

HO2+ O2" — O2+ HO2" 

Early evidence from non-heme iron(II) has been 
discussed by Hammond and Wu,158 and more recently, 
Busch et a/.166167 have implicated the outer-sphere 
electron-transfer mechanism in the autoxidation of 
iron(II) cyclidene complexes. By studying the autoxi­
dation of hemochromes under high axial base concen­
tration (pyridine), Castro168 has provided evidence for 
an outer-sphere electron-transfer mechanism. The rate 
of autoxidation is faster than the rate of axial base 
dissociation. It is apparent that six-coordinate 
iron(II) porphyrins may behave in a manner similar to 
the better studied, substitutional^/ inert complexes like 
those of ruthenium(H) ammines. With five-coordinate 
high-spin hemes, however, the details of the autoxi­
dation mechanism remain unclear. Due to the lability 
of the axial base(s) it has not yet been possible to 
distinguish between inner- and outer-sphere formation 
of HO2. In addition, it is experimentally difficult to 
obtain a pH profile of the reaction adequate to identify 
the key protonation step(s) or the subsequent two-
electron chemistry. 

Nevertheless, the importance of water as a source of 
protons and the identification of peroxide as the two-
electron product is seen qualitatively in the relative 
stability of basket-handle porphyrins. Momenteau et 
al.16s have shown that the stability of the oxygenated 

species of iron(II) basket-handle porphyrins is largely 
dependent on the concentration of water in the organic 
solvents. The steric encumbrance of both faces in these 
compounds (see Figure 10) inhibits oxidation via 
ju-peroxo dimer formation and increases the half-life of 
the oxygen adducts in comparison to open or single-
face-hindered hemes. A hydrophobic environment is 
formed by the bridging chains.170 The ultimate oxida­
tion products in toluene or methylene chloride solution 
exhibit optical and ESR spectra characteristic of 
monomeric Fem(OH) derivatives (hematins).171 The 
oxygen reduction products in water-saturated meth­
ylene chloride were probed using 17O NMR spectros­
copy.172 During the oxidation process some resonances 
of 170-enriched species were detected at low frequencies. 
A resonance at 11.1 ppm was assigned to Ha17O and is 
shifted upfield due to the presence of paramagnetic 
iron(III) species. Two resonances at 168.5 and 173.3 
ppm were both assigned to H21702. The former 
absorption is probably due to H2

1702 in microscopic 
water droplets, present in the wet organic solvent, while 
the latter is truly dissolved. From these data the 
following water-driven (i.e. proton-driven) reaction 
scheme was proposed: 

PFe11 + *02 — PFe(*02) 

PFe(*02) + H2O — PFein(OH) + H*02 

2H*02 — H2*02 + *02 

For the reasons stated above, it remains uncertain 
whether the initial electron transfer is inner or outer 
sphere but the isotope data are consistent with dis­
proportionation of HO2 to give hydrogen peroxide. 

D. Reversible Oxygenation of Iron(II) 
Porphyrins 

Reversible oxygen binding to iron(II) porphyrins and 
the production of stable dioxygen adducts requires 
thwarting the autoxidation pathways discussed above. 
At room temperature, the oxygenation of base-free 
hemes (four-coordinate species) has not been demon­
strated. As mentioned earlier, several groups have 
provided evidence for FeP(Oa) species at low tempera-
ture,13'35'36'173 although the rigorous absence of water as 
an axial ligand has frequently not been proved. It is 
with an axial base present that a larger number of 
oxyhemoglobin models have been prepared. Three 
basic approaches have been used to control oxygen 
coordination in hemes. All exploit ways to prevent 
M-peroxo formation in a hydrophobic environment. 

1. Immobilization into Polymers 
Synthetic polymers are comparable to the hydro­

phobic protein matrix in hemoproteins where a principal 
role of the protein is to separate heme units and prevent 
bimolecular oxidation in the presence of dioxygen. 
Wang174 was the first to demonstrate the reversible O2 
(and carbon monoxide) binding when iron(II) proto-
porphyrin(IX) dimethyl ester and l-(2-phenylethyl)-
imidazole were embedded in a polystyrene film. A 
similar system in which neither the porphyrin nor the 
axial ligand is covalently attached to the polymer was 
used more recently by Chang and Traylor.175 They 
utilized an imidazole-chelated heme. Reversible oxy-
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genation was observed spectrophotometrically sug­
gesting that the heme molecules are not sufficiently 
mobile to form /u-peroxo complexes. 

In order to obtain systems in which no free axial base 
was required, polymers containing a covalently attached 
base have been developed. Collman and Reed73 re­
ported the preparation of cross-linked polystyrene 
containing an imidazole ligand. Treatment of this resin 
with Fe11TPP in benzene gave six-coordinated hemes. 
In the presence of 02, M-OXO dimer formation was 
observed, suggesting that in solution the polymer matrix 
was not rigid enough to prevent interaction between 
two hemes. A modified silica gel containing imidazole 
groups covalently linked on the surface was reported 
to react with Fe11TPP generating active sites which are 
apparently five coordinate.176,177 The resulting system 
is capable of chemisorption of molecular oxygen weakly 
at room temperature, strongly at-78 0C and irreversibly 
at -127 0C. No autoxidation to /*-oxo dimer was 
observed suggesting that the more rigid support might 
be effective in preventing oxidation. Other types of 
polymers have been reported by Tsuchida [quaternized 
poly(4-vinylpyridine)]178 and Fuhrhop (styrene-1-
vinylimidazole copolymers).179 In each case, the binding 
of dioxygen to an iron(II) porphyrin was not observed. 
This suggests that dioxygen is not able to replace the 
ligand attached to the polymeric chain due to the 
formation of six-coordinated hemes. 

Careful studies were reported by Tsuchida180 on the 
reaction of O2 with aqueous solutions of poly-L-lysine/ 
heme. Reversible oxygenation is evident in spectro­
scopic and magnetic susceptibility data. Furthermore, 
sigmoidal behavior of O2 binding was characterized by 
a Hill coefficient of 2.1 in a pH 12 phosphate buffer at 
30 0C.181 The origin of the cooperativity could be the 
result of a change in the polypeptide helical structure 
upon formation of the polymer-heme complex. As­
sociation of "picket-fence" type porphyrins with water-
soluble copolymers of polyethylene and styrene N-
vinylimidazole containing hydrophobic moieties gives 
a material which binds dioxygen in aqueous solution at 
room temperature.182 It is unlikely, however, that water 
is in the immediate vicinity of the Fe02 binding site. 

Another approach consists of covalently linking 
hemes to polymeric chains. In this field, Bayer and 
Holzbach183 described the synthesis of a water soluble 
compound in which polyethylene glycol bis(glycine 
ester) was linked to iron(II) protoporphyrin(IX) whose 
propionic acid side chains were substituted by two 
histidine residues via acetamide functionality. As a 
model of the oxygen-transporting functions in red blood 
cells, Tsuchida184 has found that a phospholipid picket-
fence type porphyrinatoiron(II) complex of mono(l-
dodecyl-2-methylimidazole) embedded in liposomes 
binds molecular oxygen reversibly under physiological 
conditions. The half-life is said to be about 12 h. 

2. Low Temperature 

Oxygen adducts of most iron(II) porphyrin complexes 
are stable at low temperature because bimolecular 
reaction to form /n-peroxo derivatives is dramatically 
slowed. Chang and Traylor185 studied the reversible 
oxygenation in dichloromethane solution at -45 0C of 
chelated mesoheme and pyrroheme in which imidazole 
is linked to a pyrrolic position (see Figure 7). The 
spectral changes were similar to those for deuterio-

myoglobin, indicating true dioxygen binding. The 
association constant Pi/2°

2 was estimated to be 0.2 Torr. 
At higher temperatures the complexes were irreversibly 
oxidized. A similar pyridine system in methylene 
chloride at -45 0C showed no oxygenation and was 
oxidized rapidly. This led to the conclusion that 
pyridine does not support oxygenation. Such a conclu­
sion is difficult to accept in the light of many more 
recent reports that have shown reversible dioxygen 
binding of iron (II) porphyrins with pyridine as axial 
base.186-103 

The stabilization of oxygenated complexes of flat 
hemes and chelated hemes at low temperature was 
reported in a flurry of papers published in 1974.187-191 

These papers presented spectral evidence that hemes 
with pyridine, alkyl imidazoles, simple amine-type 
ligands, and dimethylformamide as axial ligands are 
capable of binding O2 at temperatures below -45 0C 
with minimal oxidation. From the spectral changes 
during manometric titration with O2, some affinity 
constants were estimated. Imidazole appears to be the 
best ligand and the O2 affinities are larger in solvents 
of high dielectric constant. These features are discussed 
in more detail in section V. 

3. Superstructured Heme Models 

This approach uses covalently modified synthetic 
compounds. Each of these superstructured porphyrins 
is sterically encumbered on at least one side of the heme. 
This frequently directs the binding of a nitrogenous 
base to the other side. Such an approach has been 
developed by many groups to produce an array of 
different porphyrins modeling the active site of oxygen-
earring hemoproteins. The bulky substituent covering 
one side of the heme slows irreversible autoxidation via 
the /x-peroxo pathway. An appropriate axial ligand 
concentration also favors reversible oxygenation rather 
than irreversible oxidation. 

An attempted synthesis of a single-face-hindered 
porphyrin, iron cyclophane P in Figure 8, was described 
by Traylor.108 However, this porphyrin was prepared 
in only very poor yield and no physicochemical studies 
were reported with the iron complex. The earliest 
successful work in this field was reported by Collman 
et a/.45,103'192 with the elegant "picket-fence" porphyrin 
(Figure 8). This compound has four pivalamido groups 
which form a protected binding cavity for O2. It 
provides satisfactory steric protection and stabilizes 
reversible O2 binding at room temperature, as long as 
a large excess of axial ligand (e.g. 1-MeIm) is present. 
A later version has three pivalamido pickets and a tailed 
base.193 Following the report of picket-fence porphyrin, 
a great number of heme models has been described. 
They differ in the nature of the steric hindrance: 
capped,116"118 cyclophane,108'111-194 crowned,115 pocket,107'195 

picnic basket,128 cofacial,112'113'196-197'226'226 and hybrid.127 

Representative structures are shown in Figure 8 to 
illustrate the variety of ways used to achieve a single-
face-hindered porphyrin. Most of the oxygen binding 
studies have been carried out in an organic solvent in 
the presence of various axial ligands including 1-
alkylimidazole, 1,2-dimethylimidazole, 2,5-dicyclo-
hexylimidazole, and pyridine, always in excess. Under 
such conditions, they show varying degrees of reversible 
O2 binding at room temperature. However, in nonpolar 
organic solvents, the lifetimes of the oxygen adducts 



674 Chemical Reviews, 1994, Vol. 94, No. 3 Momenteau and Reed 

depend on the nature and the concentration of the 
exogenous base. For example, at low concentrations of 
imidazole, undesired ^-oxo dimer formation still takes 
place presumably via the unprotected side of the heme. 

Steric encumbrance on both faces of the porphyrin 
ring prevents the bimolecular oxidation pathway but 
often still allows ligand binding. This strategy has been 
proposed by several groups: there are bis-pocket 
porphyrins of Amundsen,198 Cense,199 Suslick,200 double-
sided porphyrins of Tsuchida,201'202 basket-handle 
porphyrins of Momenteau,144-146'169'160'203 Rose,204 

Walker,205 Mansuy,206 and Chandrashekar,207 and 
jellyfish porphyrins of Uemori.129,130 These are 
illustrated in Figure 10. The degree of steric hindrance 
is indicated by the rates of autoxidation of the iron(II) 
species. Thus, in the presence or absence of a 
nitrogenous base, giving six- and four-coordinate com­
plexes, respectively, iron(II) complexes of these 
porphyrins exhibit very good redox stability toward 
oxidation when exposed to 1 atm of dioxygen at room 
temperature. For example, in the absence of 1-MeIm, 
Momenteau et al.m reported that Fe(II) basket-handle 
porphyrins in the cross-trans-linked configuration (see 
Figure 10) have a half-life (£1/2) for oxidation to hematin 
derivatives of 1.5-10.5 min, depending upon the nature 
of the handle. In toluene at 25 0C under O2 (1 atm), 
the half-lives for oxidation of six-coordinate iron(II) 
complexes are 11-25 min. 

In order to optimally solve the problem of attaining 
five-coordination with both-face-hindered porphyrins, 
pyridine or imidazole has been inserted into one of the 
straps. The preparation of these "integrated" com­
pounds marks an important advance and a further 
refinement in the design of dioxygen carrier models. 
This is because incorporation of a N-donor ligand into 
the handle simulates the "proximal" base of hemo-
proteins and steric hindrance on the other face creates 
a protected "distal" cavity for dioxygen ligation. These 
kinds of compounds have been developed by Baldwin,149 

Battersby,140-142 Momenteau,143"147 and Rose150"151 and 
are discussed in the following paragraphs. 

The original one-face-capped porphyrin approach 
developed by Baldwin has been extended to modified 
capped compounds in which a pyridine strap is co-
valently bound to opposite meso groups over the 
porphyrin face opposite the cap (Figure 9). The two 
variants made in this manner differ by the number of 
the methylene groups which link the pyridine to the 
macrocycle (C5 and C4).149 Their corresponding 
iron(II) complexes exhibit reversible binding in dry 
toluene solution at room temperature and show good 
stability to autoxidation. The Cs-strapped complex has 
a £1/2 of several days while that of the C4 strapped 
complex is several months. 

Battersby and Hamilton141 prepared compounds from 
coproporphyrin incorporating pyridine as axial ligand 
(Figure 9). Iron(II) derivatives in rigorously dried 
methylene chloride reversibly bind dioxygen. The 
resulting oxygenated species show visible spectra closely 
similar to those of oxyhemoproteins and had half-lives 
of up to 105 min at room temperature. In DMF, a more 
stable oxygenated species was formed having a £1/2 of 
2 h. Replacing pyridine by imidazole considerably 
increased the capacity of compounds to reversibly 
oxygen binding. The ti/2 for the oxygenated adduct 
was 1 day at room temperature in DMF solution. 

Momenteau et a/.144-147 have prepared two different 
series of integrated compounds, called hanging-base 
basket-handle porphyrins, which differ both by the 
mode of linkage of the handle to the macrocycle, ether 
and amide, and by the nature of the hanging axial base, 
pyridine or imidazole (Figure 9). These compounds 
snowed reversible binding of dioxygen to give relatively 
stable oxygenated species. Compounds in the amide 
series incorporating a pendant imidazole appeared 
better models that those in the ether series. Their 
lifetime was about 1 day in dry toluene under 1 atm of 
O2. Their stability was considerably diminished in wet 
organic solvents.169 

More recently, Momenteau et al. have reported the 
synthesis of the first hanging-base basket-handle 
porphyrins in which one or two amino acid residues 
(L-phenylalanine or L-valine) are inserted into one of 
the handles, with a proximal imidazole on the second.146 

The inclusion of two amino acids in the handle imparts 
more rigidity in the distal cavity, providing better 
central steric hindrance. As well, it increases the 
polarity of the cavity relative to the simplest amide 
basket-handle porphyrins. Unusual spectrophoto-
metric behavior and magnetic properties of the deoxy 
compounds are observed and can be explained by the 
unexpected incorporation of a water molecule in the 
sixth coordination site of the iron(II) atom, stabilized 
in the distal cavity by hydrogen bonding between water 
protons and the carbonyl group of the peptide bonds.208 

The presence of water does not allow good coordination 
of O2 due to the resistance of the water complexes to 
displacement by O2. Furthermore, significant irrevers­
ible oxidation takes place in solution, presumably 
because the water catalyzes the superoxide pathway of 
autoxidation. 

V. Thermodynamic Measurement of O2 Binding 

Of great chemical interest is the problem of under­
standing the factors responsible for the great difference 
in O2 affinity among the hemoproteins. For example, 
the Pi/2°2 at room temperature varies from 0.002 Torr 
for the nematode Ascaris209 to ~ 1 Torr for mammalian 
myoglobin210 (see beginning of Table 2). This large 
range demonstrates the important role of the sur­
rounding protein in controlling the coordination chem­
istry at the iron atom. These influences can be 
partitioned into "proximal" effects and "distal" effects 
according to whether the axial base or the environment 
surrounding the FeO2 moiety is being considered. Both 
steric and electronic effects have been investigated in 
model compounds. A "cis" effect, i.e. an effect arising 
from electronic or steric perturbation of the porphyrin, 
may also be a factor. 

A. Experimental Approach 

Several methods have been used for determination 
of oxygenation equilibria and kinetic constants: spec­
trophotometry, potentiometry, and flash photolysis. 
The choice of method depends on the magnitude of the 
equilibrium constants, the type of solvent employed, 
and the general stability of the oxygenated adducts. 
Few equilibrium constants have been determined by 
manometric measurements of dioxygen uptake in 
solution at room temperature because of limitations in 
the half life of the O2 adducts. Generally, the kinetic 
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Fe-TAP (Cense, Ref 199) 

V V 

Fe-'Bis pocket'P (Suslick, Ref 200) 
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O = 1 

R --(CHj)n-; n = 6,7, 8,10 
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Fe-aBHP (Momenteau, Ref 145) 
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Fe-eBHP-[NH(CH]),Im] (Momenteau, Ref 94) Fe-Chiral »BHP (Mansuy, Ref 206) 
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R = -(CH2),-; n = 5,6, 10, 11, 12 R = -(CHJ)-IIIC6H4-(CHJ)-
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R =-(CHj)4-PC6H4-(CHj)4-

Fe-1BHP (Momenteau, Ref 170,203) Fe-'DouMe-iMed'P (Tsuchida, Ref 201) 

Figure 10. Structures of both-faces-hindered hemes. 

Fe-(PIvO)7(O(CHi)4ImIPP (Tiuchida, Ref 202) 
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Table 2. Equilibrium and Kinetic Data for Natural and Synthetic Dioxygen Complexes 

compounds k+, M-1 s-1 fe-.s-1 Ko21M-1 P i A 
torr° conditions ref(s) 

Mb (sperm whale) 

Hb (human R) 
Hb (human T) 
Hb a chain (human) 
Hb 0 chain (human) 
Mb (sperm whale) (E7 His) 
Mb (sperm whale) (E7 GIy) 
Hba (E7 His) (human) 
Hba (E7 GIy) (human) 
Hb0 (E7 His) (human) 
Hb0 (E7 GIy) (human) 
Mb (E7 VaI) 
Mb (E7 Phe) 
Mb (E7 Arg) 
Mb (E7 Met) 
Mb(BlO Ala) 
Mb(BlO VaI) 
Mb(BlO Phe) 
Hb Ascaris 
Hb Aplysia 
Leg Hb 
Fe-TpoHPP (1,2 Me2Im) 
Fe-Tp0CH3PP (1,2 Me2Im) 
Fe-ProtoP(Im) 
Fe-Capped(l-Melm) 
Fe-C2Capped(l-MeIm) 
Fe-C2Capped(l-MeIm) 
Fe-C2Capped(l-MeIm) 
Fe-C2Capped(l-MeIm) 
Fe-C2Capped(l-MeIm) 

Fe-C2Capped(l-MeIm) 

Fe-C2Capped(l-MeIm) 

Fe-C2Capped(l,2-Me2Im) 

Fe-C3Capped(l-MeIm) 
Fe-C3Capped(l,5-DCIm) 
Fe-C3Capped(l,2-Me2Im) 
Fe-NapC2Capped(l-MeIm) 

Fe-NapC2Capped(l,2-Me2Im) 
Fe-C2CappedN02(l-MeIm) 
Fe-C2CappedN02(l,2 Me2Im) 
Fe-C2Capped (pyridine) 

Fe-C2Capped(3,4-lutidine) 
Fe-C2Capped(3-chloropyridine) 
Fe-C2Capped(sec-butylNH2) 
Fe-C2Cap(tert-butylNH2) 
Fe-C3Capped(tert-butylNH2) 
Fe-MesoP[NH(CH2)3Im] 

Fe-MesoP(acid) 
Fe-MesoP(acid) 
mesoHeme[0(CH2)3 Pyr] 
Fe-MesoP[0(CH2)2Im] 
Fe-MesoP[0(CH2)3Im] 
Fe-MeSoP[O(CH2)Jm] 
Fe-ProtoP[NH(CH2)3Im] 
Fe-ProtoP 
Fe-MesoP[0(CH2)3Pyr] 
Fe-PyrroP[0(CH2)3Pyr] 
Fe-PyrroP[0(CH2)3Im] 
Fe-AcetylP[NH(CH2)3Im] 
Fe-ProtoPtNH(CH2)3Im] 
Fe-DeutP[0(CH2)3Py] 
Fe-TPP[NH(CH2)3Im] 

(10-20) X 106 

3.36 X 107 

2.24 X 107 

14 X 10« 
140 X 106 

29 X 106 

220 X 106 

100 x 106 

100 X 106 

250 X 106 

74 X 106 

79 X 106 

75 X 106 

14 X 106 

8.8 X 106 

21 X 106 

1.5 x 106 

1.5 X 107 

1.5 X 108 

5.5 X 107 

3.5 X 106 

53 X 106 

40 X 106 

40 X 106 

17 X 106 

4.9 X 107 

2.2 X 107 

2.9 X 107 

26 X 106 

6.2 X 107 

34 X 106 

2.6 X 107 

20 X 107 

5 XlO7 

10-30 

28 
16 
12 
1600 
101 
620 
21 
37 
23000 
10000 
890 
1700 
18 
8.3 
1.4 
0.004 
70 
11 

310 

22 
1700 
33 
32 
380 
160 
23 
24 
47 
4200 

400 
47 
7 XlO4 

2.5 X 104 

12 X 106 

14 X 106 

1.2 X 106 

0.087 X 106 

2.9 X 106 

0.4 X 106 

5.0 X 106 

3.0 X 106 

11 X 103 

7 XlO3 

90 X 103 

43 X 103 

0.8 X 106 

1.1 X 106 

15 X 106 
3.75 x 108 

2.2 x 106 

1.35 X 107 

1.8 x 105 

16 X 105 

3X104 

1.2 X 106 

1.2 x 106 

4.5 x 104 

0.3 x 106 

0.9 x 106 

1.2 x 106 

0.55 X 106 

1.5 X 104 

0.85 X 105 

5.5 X 106 

2.5 X 103 

1.7 x 103 

0.29 
0.70 
0.17 
26 
0.63 
0.25 

0.002 
2.5 
0.046 
5.3 
0.41 
3.06 
280 
23 
4.5 
0.78 
0.10 
6.5 
0.82 
5.0 
0.35 
3.3 
0.23 
4000 
930 
162 
27 
120-181 
54.2 
880 
2.3 
0.28 
613 
7.1 
413 
181 
26 
4.2 
0.36 
34 
32 
12 
0.27 
575 
0.57 
2.8 
0.46 
0.46 
12.2 
1.83 
0.61 
0.46 
1.0 
5.6 
>760 
400 
0.2 
6.48 
1 
57.4 
84.3 

H2O, pH 7, 25 0C 404,210,405 
H2O, pH 8.5, 25 0C 405 
H2O, pH 7, 25 0C 65,210,404,407 
H2O, pH 7, 25 0C 65,210,406-408 
0.1 M phosph, pH 7,5, 25 0C 409,410 
0.1 M phosph, pH 7, 5, 25 0C 
0.1 M phosph, pH 7, 20 ° C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 ° C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 0C 268 
0.1 M phosph, pH 7, 20 0C 266 
0.1 M phosph, pH 7, 20 0C 266 
H2O, pH 7, 20 0C 271 
H2O, pH 7, 20 0C 271 
H2O, pH 7, 20 0C 271 
0.1 M phosph, pH 7, 20 ° C 209 
0.1 M phosph, pH 7, 20 0C 411 
0.1 M phosph, pH 7, 20 0C 411 
toluene, -45 0C, [B] = 1.0 M 241 
DMF, -45 0C, [B] = 1.0 M 241 
H2O, pH 7.3, 22 0C, [B] = 0.01 M 412 
toluene, 26 0C 242 
toluene, 25 0C, [B] = 1.0 M 241,246 
toluene, 0 0C, [B] = 1.0 M 241,246 
toluene, -23 0C, [B] = 1.0 M 241,246 
toluene, -45 0C, [B] = 1.0 M 241,246 
toluene, 0 0C, [B] = 1.0 M 241 
CH2Cl2, -23 0C, [B] = 1.0 M 241 
THF, 0 0C, [B] = 1.0 M 241 
THF, -23 0C, [B] = 1.0 M 241 
DMF, 0 0C, [B] = 1.0 M 241 
DMF, -23 0C, [B] = 1.0 M 241 
toluene, 25 0C, [B] = 1.0 M 241,246 
toluene, 0 0C, [B] = 1.0 M 241,246 
toluene, -23 0C, [B] = 1.0 M 241,246 
toluene, -45 0C, [B] = 1.0 M 241,246 
toluene, 0 0C, [B] = 1.0 M 241,246 
toluene, 0 0C, [B] = 0.1 M 241 
toluene, -63 0C, [B] = 1.0 M 244-246 
toluene, 0 0C, [B] = 1.0 M 241 
toluene, -23 0C, [B] = 1.0 M 241 
toluene, 0 0C, [B] = 1.0 M 241 
toluene, 0 0C, [B] = 1.0 M 241 
toluene, -23 0C, [B] = 1.0 M 241 
toluene, 25 °C 246 
toluene, 0 0C 246 
toluene, -23 0C 246 
toluene, -45 0C 246 
toluene, 0 0C 246 
toluene, O0C 246 
toluene, 0 0C 246 
toluene, -63 0C 246 
toluene, -63 0C 246 
CetMe3NBr (pH 7.3), 22 0C 413,414 
toluene/CH2Cl2 90 % v/v, 22 0C 413-415 
CetMe2NBr (pH 7.3), 22 0C 413 
CetMegNBr (pH 5.5), 22 0C 413 
CetMesNBr (pH 7.3), 22 0C 225,413 
CetMe3NBr (pH 7.3), 20 0C 225 
CetMe3NBr (pH 7.3), 20 0C 225 
CetMesNBr (pH 7.3), 20 0C 225 
CetMe3NBr (pH 7.3), 22 0C 413,414 
C6H6, 20 0C 248 
CH2Cl2, -45 0C 175 
toluene, -45 0C 175 
CH2Cl, -45 0C 175 
CetMe3NBr (pH 7.3), 20 0C 414 
MTAB (pH 7.3), 20 0C 253 
toluene, 20 0C 217 
toluene, 20 0C 217 
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Table 2. (Continued) 

compounds 

Fe-TPP[O(CH2)S Py] 
Fe-(Piv)3(5CIm)PP 
Fe-PocPivP(l-Melm) 
Fe-PocPivP(l,2-Me2Im) 
Fe-T(db)8PP(l,2-Me2Im) 
Fe-(Piv)3(5CIm)PP 
Fe-(Piv)3(4CIm)PP 
Fe-(PiVO)7]O-(CH2)Jm]PP 
Fe-TpivPP(l-Melm) 
Fe-TpiVPP(l-MeIm) 
Fe-(C2PBP)(l,5-DCIm) 
Fe-(C2PBP)(l,2-Me2Im) 
Fe-(half-C2PBP)(l,5-DCIm) 
Fe-(half-C2PBP)(l,2-Me2Im) 
Fe-TtButPP(l-Melm) 

Fe-TpiVPP(l,2-Me2Im) 
Fe-(Piv)3(Phenyl)PP(l,2-Me2Im) 
Fe-(Piv)3(phenol)PP(l,2-Me2Im) 

Fe-(PiV)3(C6H3(NHCOMe)2)-
PP(l,2-Me2Im) 

Fe-(PiV)3(C6H3(CONHMe)2)-
PP(l,2-Me2Im) 

Fe-(Piv)3(indole)PP(l,2-Me2Im) 
Fe-(Piv)3(benzofuran)PP-

(1,2-Me2Im) 
Fe-(PF3CUIm) 
Fe-(PF3CUPy) 
Fe-(PF4CUPy) 
Fe-MedPoc(l-Melm) 
Fe-MedPoc(l,2-Me2Im) 
Fe-TalPoc(l,2-Me2Im) 
Fe-(PiV)8PP(I^-Me2Im) 
Fe-(tButAc)8PP(l,2-Me2Im) 
Fe-O-BHP(C3-Py-C8)(Ci8) 

Fe-eBHP(C3-Py-C3)(C10) 
Fe-eBHP(C3-PyC3)(C4-Ph-C4) 
Fe-eBHP(C3-Py-C3)(C3-Ph-C3) 
Fe-eBHP(C9Im)(Ci2) 

Fe-EBHP(C3-PyC3)(Ci2) 

Fe-OBHP(C3-PyC3)(Ci0) 
Fe-EBHP(C3-PyC3)(C3-Ph-C3) 
Fe-EBHP(C4-PyC4)(C12) 

Fe-EBHP(C9Im)(Ci2) 

Fe-aBHPPhe(C9Im) 
Fe-EBHPVaI(C9Im) 
Fe-(An t-7,7-cyclophflne)-

(1,5-DCIm) 
Fe(Ant-6,6-cyclophsne)-

(1,5-DCIm) 
Fe- (Adfl-6,6-cyclophane)-

(1,5-DCIm) 
Fe-SP-14(l,5-DCIm) 
Fe-SP-15(l,5-CDIm) 
Fe-Cu5(THPIm) 
Fe-PLCu(I-MeIm) 
Fe-PLCU(1,2-Melm) 
Fe-PLCi4(Py) 
Fe-Cu4(l-Melm) 
Fe-Cu4(THP-Im) 
Fe-(AzC14a)(l,2-Me2Im) 
Fe-(AzC14<*)(l,5-DCIm) 
Fe-(AzC18a)(l,2-Me2Im) 
Fe-PiV2Ci2PP(I-MeIm) 
Fe-PiV2C12PP(I^-Me2Im) 
Fe-PiV2Ci0PP(I-MeIm) 
Fe-Piv2Ci0PP(l,2-Me2Im) 
Fe-PiV2C9PP(I-MeIm) 

k+, M-1 s-1 

10 X 107 

4.3 X 108 

2.2 X 106 

1.9 x 106 
4.5 x 10' 
1.7 x 108 

4.3 X 108 

6.3 X 10' 

4.30 X 108 

5.50 X 10' 
1.60 X 10' 
1.06 x 10« 
3.8 x 10' 
18.9 x 10' 

11 x 10' 

14.9 x 10' 

24 X 10' 
27 X 10' 

2.6 X 108 

3.0 X 10« 

1.7 X 10' 
5.2 X 106 

7.4 X 10» 

4.5 X 10' 
30 X 10' 

27 X 10' 
16 X 10' 
10 X 10' 
18 X 107 

36 X 10' 

15 X 10' 
12 X 10' 
30 X 10' 

31.4 X 10' 

2.2 X 10' 
1.8 X 10' 
6.5 X 10' 

IX lO 6 

1.5 X 10s 

3X106 

1.7 x 106 

1.8 X 10« 
1.9 X 10« 
1.0 X 106 

3.90 X 106 

5.2 x 106 

5X106 

62.3 X 10' 
31 x 10' 
3X10 ' 
1.53 x 10' 
2.1 X 10' 

k-, s-1 

11 XlO4 

2.9 X 103 

9 
280 
7.9 x 104 

130 
2.9 X 103 

1.2 X 103 

230 

35X103(25%) 
11X103(75%) 
46X103 
0.1 X 104 

0.5 XlO4 (77%) 
4.1 XlO4 (23%) 
3.1 XlO4 (65%) 

15.4 XlO4 (35%) 
11 XlO4 

2.4 X 104 

4.3 x 104 

3.9 x 103 

1.9 x 106 

71 
800 
34.5 X 103 

7.9 x 104 

40 x 103 

42 X 103 

220 X 103 
400 X 103 

1.3 X IO3 

5X10 3 

2.8 X IO3 

11 XlO3 

47 x IO3 

0.62 x IO3 

60 
25 
IXlO 3 

800 

960 

250 
91 
1.1 X IO3 

10.0 X IO3 

6.19 X IO3 

181 

130 
7500 
27 
540 
5 

Ko2, M-1 

1.1 X IO3 

1.48 X IO6 

2.4 X IO6 

0.07 x IO6 

5.7 X IO2 

13 X 10« 
1.48 X IO6 

5.25 X IO4 

1.4 X IO6 

1.57 X IO3 

1.46 X IO3 

2.3 X IO3 

34.5 X IO3 

37.8 X IO3 

4.6 X IO3 

3.5 X IO3 

0.7 X IO3 

1.4 x IO3 

10 X IO3 

6.3 X IO3 

6.6 x IO4 

1.58 X IO3 

2.4 X IO3 

6.5 x IO3 

21 X IO3 

5.7 X IO2 

7.5 X IO3 

0.74 X IO3 

6.5 X IO3 

0.7 X IO3 

0.25 X IO3 

13.8 X IO3 

120 x IO3 

70 X IO3 

6XlO3 

54 X IO3 

11.4 X IO3 

6.4 X IO3 

0.7 X IO3 

500 x IO3 

40 X IO3 

3.6 X IO6 

7.2 X IO6 

6X104 

125 

156 

6.8 X IO3 

19.8 X IO3 

1.8 x IO3 

1.0 X IO2 

6.3 X IO2 

3.2 X IO3 

48 XlO6 

0.52 X IO5 

1.1 X IO6 

0.83 X IO6 

4.3 X IO6 

Pi/2°2, torr" 

130.3 
0.58» 
0.6» 
21» 
230» 
0.059» 
0.60» 
2.5» 
0.49 
1.02 
0.35 
25 
0.28 
14 
91.3 
91.3 
62.31» 
4.15 
3.8 
31.2 
41 

205 
102.5 

14.3 
22.8 

1.26» 
52.2» 
41.6» 
0.36» 
12.4» 
4.0 
870 
230» 
19.3 

22.1 
205 
574 
1.04 

2.05 

2.66 
12.58 
22.41 

0.29 

0.40 
0.20 
1.4 

6.9 X IO2 

300 

15» 
5.0» 
113 
1434 
227.8 
31» 

2.15 X IO3 

18 
150 
0.03 
2.8 
0.13 
5.1 
0.033 

conditions 

toluene, 20 0C 
toluene, 25 0C 
toluene, 25 0C, [B] = 1.0 M 
toluene, 25 0C, [B] = 1.0 M 
toluene, 25 0C 
toluene/MeOH (1/1), 25 0C 
toluene, 25 0C 
toluene, 25 0C 
solid stflte 25 0C 
toluene, 25 0C 
toluene, 25 0C, [B] = 1.(H M 
toluene, 25 0C, [B] = L(H M 
toluene, 25 0C, [B] = 1.(H M 
toluene, 25 0C, [B] = 1.(H M 
toluene, 5 0C, [B] = 1 M 
toluene, 5 0C, [B] = 1 M 
toluene, 25 0C, [B] = 0.1 M 
toluene, 25 0C, [B] = IO"2 M 
toluene, 25 0C, [B] = 5 X 1(H M 
toluene, 25 0C, [B] = 5 X 1(H M 
toluene, 25 0C, [B] = 1(H M 

toluene, 25 0C, [B] = 1(H M 
toluene, 25 0C, [B] = 5 X 1(H M 

toluene, 25 0C, [B] = 5 X 1(H M 
toluene, 25 0C, [B] = 5 x 1(H M 

toluene, 25 0C 
toluene, 25 0C 
toluene, 25 0C 
toluene, 25 0C, [B] = 0.1-0.5 M 
toluene, 25 0C, [B] = 0.5 M 
toluene, 25 0C, [B] = 0.1 M 
toluene, 25 0C, [B] = 0.3 M 
toluene, 25 0C, [B] = 0.3 M 
toluene, 20 0C 
benzonitrile/0.1 M NBu4ClO4 

toluene, 20 0C 
toluene, 20 0C 
toluene, 20 0C 
toluene, 20 0C 
benzonitrile/0.1 M NBu4 ClO4 
toluene, 20 0C 
benzonitrile/0.1 M NBu4 ClO4 
toluene, 20 0C 
toluene, 20 6C 
toluene, 20 0C 
benzonitrile/0.1 M NBu4 ClO4 
toluene, 20 0C 
benzonitrile/0.1 M NBu4 ClO4 

toluene, 20 0C 
toluene, 20 0C 
C6H6, 20 0C, [B] = 0.03-0.08 M 

C6H6, 20 0C, [B] = 1.2 M 

toluene, 25 0C, [B] = 1 M 

C6H6, 20 0C, [B] = 1 M 
C6H6, 20 0C, [B] = 0.2 M 
C6H6, 20 0C, [B] = 0.2 M 
toluene, 20 0C, [B] = 0.5-2 M 
toluene, 20 0C, [B] = 1-2.5 M 
toluene, 20 0C, [B] = 1-3.5 M 
C6H6, 20 °C, [B] = 0.2 M 
C6H6, 20 0C, [B] = 1. M 
toluene, 20 0C, [B] = 0.07 M 
toluene, 20 0C, [B] = 0.07 M 
toluene, 20 0C, [B] = 0.07 M 
toluene, 20 0C, [B] = 0.01 M 
toluene, 20 0C, [B] = IO"1 M 
toluene, 20 0C, [B] = 0.01 M 
toluene, 20 0C, [B] = 5 X IO-2 M 
toluene, 20 0C, [B] = 0.01 M 

ref(s) 

217 
101,243 
195,221 
195,221 
201 
221,243 
101 
202 
287 
218 
265 
265 
265 
265 
131 
131 
101,221 
218 
218 
218 
218 

218 
218 

218 
218 

193 
193 
193 
221 
221 
221 
202 
202 
169 
416 
169 
169 
169 
143,182 
416 
169 
416 
169 
169 
169 
416 
169 
416 
208 
208 
248 

248 

111 

113 
113 
113 
125 
125 
125 
113 
113 
250 
250 
250 
127 
402 
127 
402 
127 
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Table 2 (Continued) 

compounds Ze+, M-1 s-1 

1.03 X 107 

0.22 X 107 

0.054 X 107 

530 X 104 

6.2 X 104 

3.2 X 104 

81 X 106 

2.5 X 108 

3 X 1 0 7 

3.5 X 106 

k-, s-1 

67 
2 
14.7 
120 
0.77 

0.13 

2.65 
7.6 X 103 

7.4 X 102 

0.9 

K0 j , M-1 

1.48 X 106 

11 X 106 

0.37 X 106 

4.42 X 104 

8.1 X 104 

24.6 X 104 

30 X 106 

3.3 X 104 

4 X 1 0 4 

3.86 X 106 

P i / A torr" 

0.97 
0.10 
3.9 

conditions ref(s) 
Fe-PiV2C9PP(I^-Me2Im) 
Fe-PiV2C8PP(I-MeIm) 
Fe-PiV2C8PP(U-Me2Im) 
P-450MC + cholesterol 
P-4508CC + 22(fl)-hydroxy-

cholesterol 
P-450KC + 20,22(fl)-dihydroxy-

cholesterol 
P-450cam + camphor 
Fe-TpivPP(C6HF4S-)Na+ - 18c6 
Fe-PiV2C9(C6HF4SiNa+ - 18c6 
Fe-Piv2C9(BuS-)K+ - 18c6 

toluene, 20 0C, [B] = 5 X 10~2 M 402 
toluene, 20 0C, [B] = 0.01 M 127 
toluene, 20 0C, [B] = 5 X l(h2 M 402 
water, 25 0C 401 
water, 25 0C 401 

water, 25 0C 400 

0.05 M phosph, pH 7.2,15 0C 400 
toluene, 20 0C, [B] > 10"3 M 400 
toluene, 20 0C, [B] > IO"3 M 402 
toluene, 20 0C, [B] > 10"3 M 402 

" When kinetic data are listed, Pi/2°
2 values are calculated from the ratio of the rate constants and the solubility of O2. When only 

Pi/2°2 values appear, they are determined from equilibrium measurements.b Both equilibrium and kinetic data were measured. 

relationship is preferred (Ko2 = RB+0VkB-02) where «B + ° 2 

is the rate constant for O2 binding to a five-coordinate 
species with base B and RB~°2 is the dissociation rate. 

Kinetic measurements must be studied by special 
methods for measuring rapid reactions in solution. 
Fortunately, many six-coordinate complexes of 
iron(II) porphyrins, as well as biological compounds, 
undergo a reversible photodissociation which provides 
a convenient means for measuring ligand recombination 
rates (k+). However, in the case of a chemical system 
at equilibrium, one can show that the dissociation rates 
(«-) are in fact the most relevant parameters to 
characterize the system. 

The early applications to hemoproteins laid down 
the general principles.211,212 These became what is now 
referred to as conventional flash photolysis, and this 
technique was subsequently applied to the reactions of 
the first chelated heme models.213'214 The use of a laser 
to achieve photolysis has permitted the investigation 
of faster reactions. The simplest method would be to 
determine the kinetic parameters (k+ and k~) from 
photolysis experiments by studying the recombination 
reaction after photodissociation. If we consider the 
reaction 

B-PFe(O2) ?=i B-PFe11H-O2 
feB-°2 

the recombination reaction is exponential when condi­
tions of pseudo first order are satisfied, i.e., the 
concentration of O2 is much higher than those of the 
heme and the axial base. The observed recombination 
rate fer°2 is then given by the relation 

fer°
2 = V°2 to2] + V ° 2 

from which the association and dissociation rate 
constants can be obtained from the slope and the 
intercept of the linear plots of fer°2 against [O2]. 
However, this direct rebinding method fails for pho­
tolysis and rebinding of O2.216 To be applied it is 
necessary that the oxyhemochrome is stable and that 
the on rate for axial base is much greater than the on 
rate for oxygen. Generally, these rate constants are 
comparable in magnitude. Base elimination competes 
with oxygen elimination and so the method cannot be 
applied. In addition, the quantum yields are low.216 

This is not the case, however, for carbon monoxide 
binding. 

Convenient determination of the kinetic constants 
for O2 binding can be made using the flash photolysis 
method proposed by Gibson.211 With pure compounds 

fluorescence is not a problem. This indirect but elegant 
solution to solve the autoxidation problem is based on 
the technique of phototriggered ligand replacement. It 
uses carbon monoxide because this protects the model 
system against oxidation and yet can be flashed off 
easily with an essentially quantitative quantum yield. 
The Gibson equation can be used to estimate both on 
and off rates for oxygen binding (R = relaxation 
constant): 

_1 
R 

k +°2 

Kg 
[O2] 

V°V c o [co] 
In the presence of O2 and CO, the carbonyl hemochrome 
is by far the dominant species. Photodissociation leads 
to carbon monoxide and the five-coordinated iron(II) 
porphyrin. Dioxygen and carbon monoxide compete 
for rebinding: 

hv fcB
+°2 

B-PFe-CO + O2 — B-PFe + CO + O2 — 
B-PFe-O2 + CO 

By choosing appropriate ligand concentrations, it is 
generally possible to adjust the reaction rates such that 
O2 recombination is faster than CO in the case of the 
five-coordinated species. Consequently, the oxyhemo­
chrome is formed in an initial and rapid step (from 
about 100 ms to a few milliseconds, depending on 
conditions) as a transient species which later undergoes 
a slower ligand replacement reaction, restoring the 
initial carbonyl hemochrome in several milliseconds. 
As a consequence, many experiments can be performed 
without any significant metalloporphyrin degradation. 
The variation of optical absorption at a wavelength 
corresponding to an isosbestic point for the carbony-
lated hemochrome and the five-coordinate complex 
allows observation of the formation and the disap­
pearance of the oxygenated adduct and hence informa­
tion on the oxygen combination and dissociation rates. 

The strict application of the Gibson equation cannot 
be applied to the study of oxyhemochromes which bind 
dioxygen weakly (Ko2 < 103 L moH). Lavalette and 
Momenteau proposed a modification of this equation 
in order to generalize it.217'218 The rate constant of the 
slow ligand exchange may be expressed in terms of 
relaxation rate constants for the recombination of 
dioxygen («r°2) and carbon monoxide (kT

C0): 

^ ° 2 - « r
c o = «B

+02[o2] + «B-°2 

and 
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R V°2fcrC° 
The carbon monoxide recombination rate constant fcr

co 

can be determined independently by performing a direct 
rebinding experiment of CO with B-Fe11 in the absence 
of dioxygen. We note that the method of phototriggered 
competitive rebinding has now been applied not only 
to oxyhemochromes, but also to the study of the binding 
of nitrogenous bases215,216 and water208'219 with five-
coordinate iron(II) porphyrin complexes. 

B. Equilibrium and Kinetic Data 
The compilation of equilibrium and kinetic constants 

in Table 2 is intended to be exhaustive for synthetic 
heme compounds. Selected values for hemoproteins 
are included at the beginning of the table in order to 
make comparisons. All equilibrium constants are 
reported as the dioxygen pressure at half-oxygenation 
Pi/2 (in Torr) in order to facilitate direct comparisons. 
Thus, there is an inverse relationship between P1/2 and 
O2 affinity: the lower the P1/2 value, the higher the 
stability constant. Their comparison permits the 
determination of the chemical and stereochemical 
factors which control the affinity and kinetic constants 
of O2 binding. The influence of the proximal base, its 
nature and restraint, distal steric hindrance, or distal 
site polarity upon dioxygen binding can be revealed. 
This is of considerable importance in the quantitative 
assessment of structure-function relationships in the 
hemoproteins. 

There are two caveats to keep in mind when making 
comparisons of data in Table 2. The first concerns the 
validity of P1/2 values. In the vast majority of cases 
these are calculated from rate data rather than mea­
sured under equilibrium conditions. This is because 
most oxyhemochrome solutions have limited stability 
at room temperature. The ratio of the rate constants 
gives the equilibrium constant (K = k+/k~) and P1/2 is 
calculated using the solubility of O2 in the particular 
solvent (e.g. 5.3 X 1(H M atnr1 in toluene at 298 K).220 

When only P1/2 data are listed in Table 2, they derive 
from equilibrium measurements. When rate data are 
listed, the P1/2 value is the calculated value. In only a 
few cases have the kinetic determinations been 
reconciled with equilibrium determinations. These are 
identified in Table 2 by footnote b. An exemplary study 
of the congruence of kinetic and equilibrium data is 
provided by Collman, Brauman, Gibson, and co­
workers.221 In their study of picket and pocket por­
phyrins good agreement was obtained between kinetic 
and thermodynamic oxygen affinities (±15%). 
Inasmuch as the rate data for oxygen binding to 
myoglobin reliably yield an affinity constant almost 
twice that derived from equilibrium measurements,210 

it is possible that a similar disparity might exist in some 
model compounds. The origin of this effect in proteins 
is not well understood but it could result from an 
insensitivity of the spectroscopy used in the kinetics to 
multiple conf ormers of a liganded heme or to composite 
ligation pathways. In this regard, the lack of rigorous 
first-order exponential behavior for the binding of O2 
to modified picket fence porphyrins has led to the 
suggestions of O2 binding to both faces of an unsym-
metrical heme.218 This is discussed in section G. The 
phenomenon of a composite O2 binding process in 
superstructured hemes is treated in section I. 

The second concern over the numbers in Table 2 is 
their absolute accuracy and the precision of their 
measurement. The 1983 admonitions of Jameson and 
Ibers18 bear repeating. "In general, precision to within 
15 % may be possible; accuracy to better than 50 % has 
yet to be demonstrated". Comparisons of data in Table 
2 must therefore consider measurement errors as well 
as system comparability (temperature, solvent, heme 
type, etc.). As indicated by the linear free-energy 
relationships discussed in section H, system compa­
rability appears to be more important than measure­
ment error. 

C. Nature of Proximal Base 

Early work demonstrated that simple ferrous por­
phyrins are capable of binding O2 in the presence of a 
great variety of axial bases at low temperatures (<-40 
0C). These bases included alkylimidazoles, pyridine, 
simple amine-type ligands, and some donor solvents 
such as DMF. The basicity of the proximal ligand is 
expected to be a determining factor in dioxygen complex 
formation. Changes in basicity should provide sub­
stantial differences in dioxygen affinities because there 
are major electronic changes at iron upon O2 binding. 
In general, as the basicity of the axial ligand increases, 
the O2 affinity increases. This can be seen by comparing 
the affinity of O2 in models containing imidazole (or 
iV-methylimidazole) with those containing pyridine. 
This increase is manifest almost entirely in lower 
dissociation rates with little modification of the as­
sociation rates.143,193,222'223 This electronic stabilization 
of the O2 adduct is consistent with the redox sense of 
the Fen/02 bonding and with IT back-bonding into the 
ir* orbitals of O2. 

This electronic factor can be counterbalanced by 
steric pull on the proximal imidazole. Collman et al. 
have analyzed the replacement of 1-methylimidazole 
by 1,2-dimethylimidazole on the O2 binding.221 The 
introduction of a methyl group in the 2-position lowers 
the O2 affinity by a factor of 10-100. The effect is 
predominantly in increased off rates. This decrease in 
O2 affinity is similar to that observed in going from R-
to T-state hemoglobins. It results from the steric 
interaction of the 2-methyl substituent with the heme 
plane which restrains the movement of the metal toward 
the porphyrin plane upon oxygenation. This models 
the decrease in O2 affinity of the a chains of hemoglobin 
where the F helix is believed to similarly restrain the 
imidazole from close approach to the heme.63 

Other studies on the effect of constraints on axial 
base binding are also available. Traylor and co­
workers102,224 and Sharma et al.225 have introduced 
proximal base strain in tail-base heme complexes. In 
aqueous micellar solvent systems the model compounds 
which have an imidazole base attached through rela­
tively unstrained linkages display dissociation rate 
constants and Pi/2°2 lower than those measured for 
compounds bearing a short chain connecting the 
imidazole to the porphyrin ring. These investigators 
propose that a "tension" on the iron atom imposed by 
the short linkage to the imidazole causes the observed 
increases in dissociation rates. 

Momenteau et a/.145,169 also presented the strain effect 
engendered by the proximal handle length in amide 
basket-handle compounds having pyridine as the axial 
ligand (see Fe-hanging base aBHP, Figure 9). An 
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increase in the number of methylene carbon atoms in 
the chain connecting the pyridine ring to the porphyrin 
periphery (from C3 to C4) decreases the equilibrium 
constant by a factor of 10, principally because of a larger 
dissociation rate. These authors noted that 1H NMR 
spectroscopy provided useful information on this 
system.145 The spectrum of the pyridine C4 derivative 
shows that the pyridine ring is confined in two 
equivalent planes passing through the pyrrole nitrogens 
and it undergoes a flip-flop movement. On the other 
hand, the pyridine ring in the C3 compound is able to 
execute a continuous vibration around its average 
position in a plane directed along the meso carbon 
atoms. Thus, the constraint imposed on the proximal 
base in the pyridine C4 derivative may oppose the 
necessary reorganization of the proximal base ac­
companying the movement of the iron atom toward 
the porphyrin plane on ligation with O2. Again, there 
are parallels to be drawn to the decreased O2 affinity 
in the a chains of T-state hemoglobin relative to the R 
state. 

The influence of the proximal base on the dioxygen 
affinity of five-coordinate hemes may also occur via 
hydrogen bonding of the exo N-H moiety of an 
imidazole ring. Thermodynamic considerations226 and 
oxidation potentials227-229 suggest that such hydrogen 
bonding should have the effect of releasing electron 
density to the iron atom thereby stabilizing the O2 
adduct by decreasing the dioxygen dissociation rate. 
Such a hypothesis has been formulated for hemopro-
teins.65'138,230'231 Traylor and Popovitz-Biro232 reported 
the O2 (and CO) affinities of a cyclophane-heme with 
an internally hydrogen-bonded imidazole [4-(2-N-
piperidylethyl)imidazole] (see Figure 10). Both kinetics 
and equilibria were changed very little in comparison 
to those obtained with 1,5-dicyclohexylimidazole as 
proximal ligand. The authors argue that either the 
hydrogen bonding is too weak to strongly polarize the 
N-H bond or the dioxygen affinity is not very sensitive 
to small changes in electron density. Since, hydrogen 
bonding of the proximal imidazole should stabilize a 
formal iron (III) complex, easier liberation of superoxide 
anion and an increasing tendency toward irreversibile 
oxidation might be expected. More studies are needed 
on this aspect of proximal base effects, perhaps by using 
discrete imidazolate233 complexes. 

D. Distal Steric Effects 

The distal heme pocket of hemoproteins seems to be 
important in determining both the geometries and 
affinities of O2 and CO ligands. X-ray crystal structures 
of oxymyoglobin and carbonylmyoglobin reveal that 
the dioxygen ligand is bound end on with an Fe-O-O 
angle of about 120° and that CO may be significantly 
displaced from the heme normal in a bent and/or tilted 
geometry.234'235 Crystallographic analyses of model 
compounds indicate that O2 has a similar geometry44 

but that the Fe-CO unit is essentially linear and normal 
to the mean porphyrin plane.236-238 The structural 
difference between carbonylated natural compounds 
and heme models is clearly related to the steric bulk of 
the nearby distal residues in hemoproteins (His E7 and 
VaI Ell) . Thus, it has been proposed that distortion 
of the Fe-CO unit in hemoproteins can reduce CO 
affinities without affecting the O2 affinity of the 
inherently bent Fe02 group. Furthermore, this struc­

tural difference between the bonding of CO and O2 has 
been proposed as a natural mechanism for lowering the 
toxicity of CO in natural systems. Carbon monoxide 
binding to myoglobin and hemoglobin is destabilized 
while O2 is unaffected. This proposal was first enunci­
ated by Collman et a/.239 and later adopted by Perutz, 
Caughey, and co-workers.240 To study the discrimina­
tion, generally expressed as a M value, the ratio of the 
O2 and CO P1/2 values, numerous heme models have 
been designed. 

In general, the systematic decrease of the available 
distal cavity size in capped,241,242 cyclophane,111,194 

pocket,101,195,221'243 and hybrid127 porphyrins (see Figure 
8) produces a decrease in affinity for CO while leaving 
the O2 affinity roughly comparable to unstrapped 
porphyrins. Kinetically, the major effect is a decrease 
in CO association rates, consistent with steric blocking 
in a product-like transition state. 

The O2 binding to a series of capped hemes has been 
studied by Basolo et a/.132'244-246 They found that these 
iron(II) porphyrins discriminate against O2 relative to 
CO. Interpretation of this unexpected result has been 
in terms of a severe doming of the porphyrin134 that 
arises when the chains connecting the macrocycle to 
the central capping phenyl ring are short. More 
recently, a capped porphyrin that binds neither CO 
nor O2 has been reported.242 

Collman et al.107 have reported the preparation and 
characterization of a series of sterically hindered pocket 
porphyrins (Fe-PocPiv, Fe-MedPiv, and Fe-TalPiv at 
the beginning of Figure 8). They compared their CO 
and O2 affinities to open-cavity picket-fence por­
phyrins.221 Increased steric hindrance in the pocket 
porphyrins serves to lower the CO affinity by as much 
as 100-fold, making the M value similar to myoglobin. 
The O2 affinities of the pocket and picket fence 
porphyrins are similar. Kinetic analysis indicates that 
whereas only CO association rates are reduced, both 
O2 association and dissociation rates are reduced for 
O2, thereby leaving the O2 affinity essentially unaffected. 
Very recent results265 suggest the discrimination 
between CO and O2 can be improved even further in 
porphyrins with tight aza macrocycle superstructures. 

The influence of "central" versus "peripheral" steric 
effects have been also studied by Lavalette et al.169 using 
basket-handle porphyrins in the ether-linked and in 
the amide-linked series (Fe hanging base eBHP and 
aBHP in the middle of Figure 9). Compounds which 
include a central phenyl group in the distal handle 
permit a meaningful comparison with their respective 
analogs that only contain a loose C12 chain. The 
presence of the phenyl group decreases the affinity of 
O2 by a factor of about 30 in the ether series and 6 in 
the amide series. This arises from a decrease of the 
association rate and an increase of the dissociation rate. 
Comparison with CO binding showed that the decrease 
of O2 binding is greater than that of CO binding in the 
ether series. An opposite situation prevails in the amide 
series. These results were interpreted as being due to 
a distinction between central and peripheral steric 
effects in the amide and the ether series due to a 
sideways displacement of the phenyl group. Slipped 
caps have been discussed by several authors.100,247'248 

The greater rigidity of the amide linkage compared to 
the ether one249 should reduce the amplitude of the 
lateral displacement of the phenyl residue. This should 



Synthetic Heme Dioxygen Complexes Chemical Reviews, 1994, Vol. 94, No. 3 681 

preferentially lower the CO affinity by increasing its 
destabilization relative to dioxygen since the former 
prefers to bind in a linear manner. On the other hand, 
in the ether series a peripheral steric effect could 
decrease the dioxygen affinity more than CO since the 
terminal O atom is more peripheral than central in the 
bent Fe02 moiety. 

Another approach to the central steric effect on O2 
binding has been reported by Momenteau et al.121 in 
a series of "hybrid" compounds derived from basket-
handle porphyrins (Fe-PiV2Cn+2PP in Figure 8). These 
single-face-hindered porphyrins have been designed to 
hold the distal handle in a central position with two 
flanking pivalamide pickets. They differ by the length 
of the handle, offering an increase of central steric 
hindrance to ligands when the handle length decreases. 
The systematic lowering of the available space for iron-
bound O2 produces a decrease of both association and 
dissociation rate constants as compared with basket-
handle porphyrins. 

A number of other model systems have been devel­
oped which demonstrate the effects of steric hindrance 
on O2 binding.113,130,250 The most important overall 
result is that distal steric hindrance can significantly 
affect ligand binding and this effect is manifest mainly 
in diminished ligand association rate constants. This 
is in agreement with the deductions of Moffat et al.251 

E. Solvent Effects 
Increased oxygen affinities with increased solvent 

polarity have been demonstrated using various systems. 
For example, Chang and Traylor213 have shown that 
tail-base heme complexes bind O2 with a lower dis­
sociation rate constant in water than in nonpolar 
solvents. There is only a small effect on the O2 on rate. 
This effect is consistent with the aqueous environment 
stabilizing the dioxygen-iron bond better than less polar 
solvents such as CH2Cl2. These authors drew an analogy 
between the polar interaction of dioxygen and water to 
that observed in hemoproteins where the coordinated 
dioxygen is stabilized by hydrogen bonding from distal 
histidine (see below). This is consistent with the dipolar 
nature of the iron-oxygen bond (Fe^-O2

5-). 
Even though the distal cavity in hemoproteins is 

essentially hydrophobic (i.e., water is excluded) this 
does not mean that it is apolar. Thus, many investiga­
tors have paid attention to the fact that local polarity 
at the binding site might play a significant role upon 
O2 affinity. This was noted by Stynes and Ibers252 in 
connection with O2 binding to cobalt porphyrin com­
plexes. In the studies of Traylor100,213'253-255 mentioned 
above the binding of CO seems not to be too sensitive 
to solvent polarity, while the rate constant for dis­
sociation of O2 increases from 90 to 1700 s_1 in going 
from aqueous DMF to 90 % toluene-methylene chloride. 
More recently, Suslick and Fox200 investigated the 
effects of solvent polarity on the relative O2 affinities 
of both-face-hindered nonpolar "bis-pocket" porphyrin. 
They observed small increases in O2 affinity with 
increasing solvent polarity but the rate constants were 
not determined. Similar conclusions were drawn earlier 
by Basolo et al.241 with capped porphyrins. 

F. Polarity Effects 
Picket-fence porphyrin (first structure in Figure 8), 

synthesized by Collman et al., forms dioxygen com­

plexes that are quite stable and have high affinities.103-221 

The presence of amide residues in the pickets may 
contribute to this stability. Using the coordinates from 
the crystal structures with 1-MeIm and 2-MeIm as axial 
bases,45,75'256 Jameson and Drago257 estimated the N-O 
distance to be «4 A, much longer than those found in 
typical H-bonded systems. Such a distance is not in 
accord with significant bonding18 and this is confirmed 
by 17O NMR data which did not reveal significant 
resonance shifts.172 They proposed that the close 
contacts between the methyl groups of the pivalamido 
pickets and the terminal oxygen atom must influence 
the oxygen affinity. However, the relative role of the 
amide dipole versus the methyl groups remains un­
certain. 

A definite role of the secondary amide groups in the 
vicinity of the iron atom is perhaps best illustrated by 
the lowering of the O2 affinity when they are replaced 
by esters.202 The 23-fold decrease in affinity is mainly 
manifest in an increased off rate, as expected for 
diminished stablization of the FeO2 moiety. 

G. Distal Hydrogen Bonding 

More than a simple polarity effect, the most signifi­
cant distal effect invoked in the stabilization of dioxygen 
in hemoglobin is the hydrogen-bonding interaction 
between coordinated dioxygen and the distal histidine 
(His E7). Such an interaction not only affects oxygen 
affinity in myoglobin and hemoglobin, it may also 
stabilize the oxy form against autoxidation. Pathways 
involving superoxide loss may be inhibited.163 It may 
also be critical in directing reaction courses during 
oxygen activation and reduction in other hemoproteins. 
While initially proposed by Pauling,42 direct evidence 
was first provided by Yonetani et al.258 in EPR studies 
of cobalt-substituted oxyhemoglobin. Subsequent X-
ray structure analysis58 and neutron diffraction studies60 

on MbO2 have provided direct evidence for hydrogen 
bonding of iron-bound dioxygen with distal histidine. 
These studies yielded an N(H)-O distance of 2.97 A. 
This electrostatic intermolecular interaction, which 
must contribute to the stabilization of the dioxygen 
adduct was confirmed in oxyhemoglobin by Shaanan.59 

X-ray diffraction gave N(H)-O distances of 2.7 and 
3.2-3.4 A for the a and /3 subunits, respectively. 

Extensive studies on the O2 adducts of hanging-base 
basket-handle porphyrins143-145 have provided the first 
model systems which have shown the importance of 
hydrogen bonding upon the stabilization of dioxygen 
binding to iron. Changing the attachment mode of both 
the proximal and distal handles from ether to amide 
(see middle of Figure 9) modifies O2 affinity. Using 
compounds which have the same aliphatic Ci2 chains 
and have pyridine as a proximal ligand, Momenteau 
and Lavalette259 showed that the O2 affinity is 10 times 
larger in the amide compound than in the ether one. 
In fact, the difference is due almost entirely to a 10-
fold reduction of the O2 dissociation rate. The as­
sociation rate is not significantly modified. This 
increase of stability in the amide-oxygenated species 
was attributed to the presence of the amide linkage 
and to the possibility of hydrogen bonding with the 
terminal oxygen atom of the liganded dioxygen mol­
ecule. The low-temperature (-27 0C) 1H NMR spec­
trum supports this hypothesis (see Figure H).188,168 The 
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Figure 11. Proton NMR spectra (100 MHz) of CO and O2 
complexes of a-BHP(C3-PyC3) (Ci2) in [2H8] toluene at 27 0C 
(ref 169). 

observed inequivalence of the pyrrole protons as well 
as the shifts of the amide protons suggests a preferred 
orientation of the oxygen molecule toward the NH 
groups. The N-(H)-O distance, ca. 3 A, is consistent 
with intramolecular hydrogen bonding (see Figure 12). 
IR, 17O NMR, and Raman spectra of the dioxygen 

HE MOPROTElN 

complexes of these porphyrins corroborate the struc­
tural assignment.127-137'172 

Modern NMR techniques allow one to assign most 
of the heme and distal amino acid proton resonances 
in the 1H NMR spectrum of a hemoprotein260-263 but 
their interpretation in terms of the effect of H bonding 
to dioxygen is still lacking. Studies on a series of closely 
related oxymyoglobin models whose differing distal 
effects would be reflected rationally in their differing 
dioxygen affinities has been reported by Reed et aL218'106 

These compounds are derived from picket-fence por­
phyrin having one of the four pivalamido pickets 
replaced by a variety of substituents, some with 
H-bonding capability (see first entry of Figure 8). 
Comparison of affinity and kinetic data showed that 
the compound bearing a phenylurea substituent binds 
O2 with a 9-fold increase in affinity relative to com­
parable other compounds. Hydrogen bonding with the 
urea group close to the FeO2 moiety, as deduced from 
NMR analysis, must be responsible for the stabilization 
of the O2 adduct. As expected, this is mostly reflected 
kinetically in a decrease in the dissociation rate. 

The same authors have observed some unusual 
behavior in the determination of the kinetic rate 
constants for modified picket fence porphyrins.218 The 
slow exchange kinetics (O2 -»• CO), observed when the 
competition rebinding technique was used, could be 
accurately described only by the sum of two exponen­
tials. These observations imply the presence of two 
distinct oxygenated species dissociating at different 
rates (the two values of the dissociation rate constants 
vary by a factor of about 5). These two isomeric six-
(and five-) coordinate complexes could be due to the 
proximal ligand (1,2-DiMeIm) binding on both faces of 
the porphyrin. Thus, the origin of the lowest dissocia­
tion rate was attributed to hydrogen bonding 
between O2 and the modified picket (3-phenol or 3,5-
diacetamide) for the isomer bearing the dioxygen 
molecule in the picket cavity. This oxyhemochrome 
would then be stabilized relative to the second isomer 

MODEL 

proximal" histidine 

Figure 12. Representation of the hydrogen bonding between dioxygen and the distal residue in hemoglobin and amide basket-
handle hemes. 
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having O2 bound onto the free face of the heme where 
no specific stabilizing interaction is present. The 
discrimination of the O2 binding between the two faces 
of the macrocycle is also supported by the kinetics of 
ligand binding with reversed-amide picket-fence por­
phyrins.131 This hypothesis is the most reasonable 
interpretation of the kinetic and thermodynamic data, 
but there is yet no structural proof of the formation of 
two oxyhemochromes. 

These examples, as well as closely related studies by 
Chang264 and more recent studies by Collman265 prove 
the possibility of favoring dioxygen binding and the 
stabilization of dioxygen adducts by introducing suit­
able groups in the vicinity of the iron(II) center. The 
relative strength of hydrogen bonds should exert control 
over the dioxygen affinity for hemoproteins as well as 
model compounds via a decrease in the dissociation 
rate. 

In this connection, the control of O2 affinity by the 
immediate environment of the heme group in hemo­
proteins can be probed by comparison of wild-type 
compounds with mutant Hb's which do not contain a 
distal histidine. Site-directed mutagenesis with myo­
globin266 leads to a 10-fold decrease in O2 affinity when 
glycine replaces the distal histidine. The largest effect 
is in the off rate rather than the on rate. An effect of 
similar magnitude is observed in hemoglobin.267'268 

Reed has commented on the relatively small mag­
nitude of these effects.106 A 10-fold change in affinity 
corresponds to only 1.3 kcal/mol, a low energy for an 
H bond. It seems likely that in both the proteins and 
the models the H bond is not optimally oriented for 
maximum effect. In oxymyoglobin60 it is not coplanar 
with the Fe-O-O moiety. Rather it is positioned off to 
the side so that there is an oblique interaction with the 
two oxygen atoms. Leghemoglobin, which has a higher 
oxygen affinity and a more mobile distal histidine,269,270 

may bind O2 more strongly by forming a better H bond. 
Accurate structural data on both proteins and models 
are necessary before the quantitative contribution of 
H bonding can be better assessed. This is because when 
adding or subtracting an H bond in mutants, or in 
models, other factors may change in ways that are 
difficult to predict. 

More recent studies on myoglobin mutants by Olson 
and co-workers271 have shown that the C5--W+ dipole 
of a phenylalanine residue can have an effect of 
comparable magnitude. A Leu -» Phe change in the 
distal region (BlO helix) increases the O2 affinity by a 
factor of about 15. The effect is mostly in a decreased 
off rate, consistent with stabilization of the oxy complex. 
This mutant also has an unusually low autoxidation 
rate emphasizing again that affinity and autoxidation 
are strongly coupled processes. 

H. Linear Free-Energy Relationships 

The meaningful comparison of affinity and kinetic 
rate constants from different heme model compounds 
appears very difficult due to the great variety of 
chemical structures which exist. In an attempt to 
correlate these data, the concept underlying linear free-
energy relationships (LFER) can be used. In this 
concept, first applied to hemoglobin by Szabo,272 it is 
possible to show that most heme models can be arranged 
in series which are objectively related from a thermo­
dynamic point of view. If one single free-energy barrier 

controls the binding of ligands to the heme, the relative 
changes in rate and equilibrium constants following 
some structural perturbation can be expressed in terms 
of Gibb's free energy. The equilibrium constant and 
the rate constants are given by 

K = e-<Gp-GR)/flr 

k+ = xe-
(GT-G*>'RT 

k~ = x e - ( G ^ G p , / f i r 

where X is some universal factor (usually taken as kT/h 
in Eyring's theory of absolute reaction rates) and GR, 
Gp, and GT are the free energy of reactant, product, 
and transition states respectively. From these equa­
tions, the following linear relationship is obtained: 

5GT = a8Gp + (1 - a)5Gp 

where a may be considered as representing the fraction 
of the free energy change of the products already 
expressed in the transition state. This relation means 
that when several molecules are linearly correlated in 
the In k+ versus In Kplot the following integral relations 
hold: 

In k+ = k0 + a In K 

In k~ = k0 + (a - 1) In K 

Thus, the change in the free energy at the transition 
state upon going from one molecule to another is a linear 
interpolation of the corresponding changes in the free 
energy of the products and the reactions. The a value 
characterizes the nature of the transition state some­
where between the two extremes: for a = O the transition 
state behaves purely "reactant-like"; for a = 1 the 
transition state behaves purely "product-like". This 
concept has been employed by Lavalette et a/.169'218 to 
compare a large series of basket handle porphyrins in 
which the structural changes are sufficiently "soft" to 
cause an almost continuous variation of the 62 binding 
constants and rate parameters. Figure 13 shows the 
homogeneity of these compounds from a thermo­
dynamic point of view. Their oxygen affinities are 
rather evenly distributed and the transition state 
behaves almost purely "reactant-like" as shown by the 
slope of the correlation line having an a value of 0.14. 
Moreover, the 1-MeIm and 1,2-DiMeIm picket-fence 
porphyrins, which are also derivatives of tetraphen-
ylporphyrin, follow the same correlation. 

A LFER has been constructed using selected data 
reviewed by Moffat et a/.251>273 which include R- and 
T-state hemoglobin, isolated a and /3 chains, and 
myoglobin. A second family of compounds is formed. 
Although the LFER of heme proteins in water is roughly 
similar to that of the tetraphenylporphyrin models in 
toluene, oxygen is more "reactant like" due to the lower 
absolute magnitude of the reaction rates in the former. 
From a structural point of view, the difference probably 
originates from the presence of central steric hindrance 
in the natural compounds. The structural changes 
brought about by the introduction of central steric 
hindrance in "hybrid" porphyrins compared to "basket 
handle" porphyrins, and in "pocket" porphyrin com­
pared to "picket fence" analogs lead to a decrease of 
both the association and dissociation rate constants 
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Figure 13. Linear free-energy relationships between rate 
and equilibrium for O2 rebinding with heme models in 
toluene: (O, A, D) kB

+0n (•, A, •) feB-°2; (A) (O, •) BHP; (A, 
A) TpiVPP; (O, •) PiV2C12(I-MeIm and 1,2-Me2Im); (a, •) 
myoglobin (T and R states) (ref 169); (B) (O, •) PiV2Cn(I-
MeIm and 1,2-Me2Im); (A, A) MedPivP(l-MeIm and 1,2-
Me2Im); (D) a-BHP-Phe (C9Im); (D, •) myoglobin (T and R 
states) (ref 169). 

for O2 binding in the same proportion (i.e. affinity-
constants remain constant). This correlates better with 
the hemoproteins (Figure 13). 

LFER correlations obtained for heme models having 
little or no steric hindrance are different. Flat "open" 
iron(II) porphyrins with a variety of fifth axial ligands 
and "chelated" hemes in which the distal face is free 
show a quite good correlation but a is negative (-0.21) 
(see Figure 14B). This can be rationalized by consid­
ering that the free-energy changes in the transition state 
are proportional but opposite to those in the products 
and reactants. This could be the result of electrostatic 
interactions between the five-coordinated reactant and 
the dioxygen which induce a repulsive effect in the 
transition state. 

A contrasting situation is obtained with the LFER 
plot grouping the data from "cyclophane", "cofaciaP, 
and "strapped" porphyrins (see structural types in 
Figure 8). In this homogenous series, severe central 
steric effects are responsible for the drastic decrease of 
association rate constants of gaseous ligands but the 
dissociation rate constants are not affected. Here, 
dioxygen binding has an almost pure product-like 
transition state (a«»1) (Figure 14A). This is consistent 
with a binding mechanism involving a large confor­
mational change of the encumbered porphyrin 
macrocycle taking place before binding occurs and being 
retained in the bound state.274 

The general observations using LFER correlations 
provide a convenient means for comparing families of 
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Figure 14. Linear free-energy relationships between rate 
and equilibrium for O2 rebinding with (A) (O, A, D) ^B"02; (•» 
A, •) ks-°rt (o, •) cyclophane; (D, •) cofacial; and (A, A) 
strapped hemes in toluene (ref 169); and (B) unconstrained 
flat hemes (O) fcB

+°2; (•) V 0 2 ; (A) TPP[NH(CH2)3Py], 
(B) TPP[NH(CHj)3Im], (C) DeUtP[O(CHa)8Py], (D, d) 
ProtoP[NH(CH2)3Im], (E, e) MeSoP[O(CH2)Jm], (f) AcetylP-
[NH(CHa)3Im] (ref 169). 

model compounds with each other and with the 
hemoproteins. The factors taken into consideration 
are essentially structural. Other factors, such as the 
electronic structure of the transition state, remain 
unrevealed although they must be important in de­
termining the implications of the correlations observed. 

The thermodynamics of oxygenation can be inter­
preted as a competition between enthalpic and entropic 
factors 

AG0 = AH0 - T5S° 
and the free energy AG0 is related to the oxygenation 
equilibrium constant 

AG°02 =-ATInK0 2 

AG0 is a composite term, being the summation of all 
the various free-energy contributions such as electronic, 
solvation, and structural factors. 

Collman et al. have investigated the thermodynamic 
data for oxygenation of picket-fence porphyrin model 
compounds.101 Comparison of these data with those in 
proteins reveal differences which may reflect differences 
in the microenvironment surrounding the metal site. 
However, oxygen-binding studies on hemoproteins are 
necessarily performed over a rather narrow temperature 
range and the calculated AH and AS values are subject 
to large correlated errors. This makes comparisons less 
meaningful. The thermodynamic values of picket-fence 
porphyrins can be compared to those of a series of 
capped complexes.246 The major differences in O2 
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Standard Free Energy at 298K 

Figure 15. Temperature dependence of the second-order 
rate parameters for binding of O2 to chelated heme and basket-
handle porphyrin in toluene and the corresponding free-
energy barriers (ref 283). 

binding are manifest in the enthalpy term. With capped 
porphyrins, the steric hindrance of the distal face 
requires more energy to form the six-coordinate oxy­
genated complexes. The values of AFf0 are higher for 
the more constrained capped porphyrins. But the 
values of AS0 are all much the same because the major 
factors contributing to this thermodynamic parameter, 
the loss of degrees of freedom in binding O2 are similar 
for all systems. Replacing 1-MeIm by 1,2-DiMeIm 
produces a reduction of free energy due to a change of 
enthalpy terms. 

I . Multistep Ligand Binding 

The binding of a small ligand such as O2 or CO to a 
hemoprotein can be described as the motion of the 
ligand over a number of successive energy barriers, 
characterized by temperature-independent activation 
enthalpies and entropies.278'280,281 The innermost barrier 
corresponds to the formation of the iron-ligand bond 
and seems to control the overall reaction at physiological 
temperature.279,282 

Recent work on superstructured model porphyrins 
has revealed a role of the macroenvironment which 
reproduces some of the dynamical characteristics found 
in hemoproteins. Using amide and ether basket-handle 
porphyrins in which intramolecular five-coordination 
of the iron(II) atom is assured via pyridine in the strap, 
TStreau et a/.283'284 studied O2 binding over a large 
temperature range (180-300 K). When the results are 
compared to those obtained with an unprotected 
chelated heme (see Figure 15), it is clear that O2 binding 
to the superstructured heme must be a composite 
process. The first transition state'corresponds to the 
bond-formation step, and the second transition state 
results from the orientation of solvent into the cavity 
formed by the distal protecting chain. The free energy 
of activation AG at 298 K for the formation of Fe-O2 
bond is remarkably similar among the encumbered com­

pounds as well as with the unprotected chelated heme. 
This indicates that the "handles" located at an average 
distance of 6 A from the porphyrin plane are too distant 
from the iron atom for interference with bond formation. 
This behavior also suggests that the formation of the 
bond does not require energy (AFf « O) and that the 
barrier is dominated by entropy. The small difference 
in the entropic parameters between the two kinds of 
models can be explained by orientation factors and 
solvent effects. The losses of degrees of freedom of the 
small ligand must be the principal factor governing 
binding from within a solvent-free distal pocket.285 Such 
conclusions characterize the inner barrier in hemopro­
teins.286 Concerning the outer barrier, which is inti­
mately connected with the presence of the distal chains, 
its free energy value suggests a relatively large par­
ticipation of enthalpic and entropic components. Spe­
cific interactions between the ligand and the structural 
environment of the complexes must be responsible for 
these observation. The methylene chains, which seem 
to be equivalent to a matrix, induce barriers to the 
migration of the ligand inside the cavity surrounding 
the coordination site of the iron atom. 

J. Cooperativity of O2 Binding 

Cooperative dioxygen binding by hemoglobin is now 
reasonably well understood.63 Model compounds have 
been useful in two aspects. First, axial base strain in 
model compounds lowers the O2 affinity, thereby 
lending legitimacy to the F-helix proximal constraint 
proposed to account for the low affinity of the a chains 
in the T conformation relative to the R. Second, the 
principle of cooperative interactions in dimeric or 
polymeric systems has been illustrated phenomologi-
cally. 

The first report in the literature of cooperative O2 
binding to a synthetic system was given by Bayer.183 

Reversible O2 binding to this water-soluble polyethylene 
oxide-bound histidinyl heme was reported with a 
cooperative effect closely resembling that of natural 
oxygen carriers. However, it has been pointed out that 
the isotherm, displayed as a Hill plot, was not well 
behaved and that the visible spectrum of the oxygen 
adducts did not correspond to that of known oxygenated 
complexes.287 

A water-soluble poly-L-lysine heme has been de­
scribed by Tsuchida et a/.181'288-289 This system presents 
the exceptional property of binding dioxygen in a 
cooperative manner. The sigmoidal behavior was 
characterized by a Hill slope of 2.1 in a pH 12 phosphate 
buffer at 30 0C. The origin of the cooperativity was 
demonstrated to be the result of the competition 
between O2 and an amine residue of the poly-L-lysine 
that is weakly bound to the sixth site of the five-
coordinate ferrous heme. As lysine NH2 groups at the 
sixth coordination site are liberated upon oxygenation, 
the helix content of the polypeptide is modified. This 
apparently diminishes the stability of the remaining 
heme-bis(amine) complexes thereby increasing their 
tendency to bind O2. 

After studying the oxygenation of ferrous picket-fence 
porphyrin complexes with hindered imidazoles as axial 
ligand (2-MeIm and 1,2-DiMeIm) in organic solution, 
Collman et al. reported O2 binding in the solid state.313 

The Hill plots which result for the solid-gas equilibria 
are sigmoidal in shape and give slopes corresponding 
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to Hill coefficients of 2.6 and 3.0, respectively. From 
the binding at high and low O2 pressures, Pi/2 values 
can be extrapolated for the high affinity form (R) and 
for the low affinity form (T). The ratio is about 10, 
revealing a remarkable similarity to that of hemoglobin 
(Table 2). The mechanism of this cooperative inter­
action bears some relationship to that of hemoglobin. 
The motion of the iron atom and the hindered imidazole 
toward the porphyrin plane upon oxygenation is about 
0.3 A. This displacement and other concomitant 
changes in the molecular dimensions must induce 
sufficient strain to propagate conformational changes 
in the crystal which enhance the O2 affinity of the 
remaining deoxy sites. Proximal base effects are likely 
to account for the change in affinity since the process 
is dependent on the nature of the axial ligand. It models 
cooperativity of hemoglobin except, of course, that in 
proteins the mechanism involves heme-heme inter­
actions via the protein while that of synthetic systems 
must be propagated by crystal-packing forces. 

Only a very limited number of examples are available 
that show cooperative properties in solution. Traylor 
et al.m exploited intermolecular dimerization of a 
chelated heme to design a system exhibiting a coopera­
tive interaction. Each heme is coordinated by the side 
chain of the other partner because it is too short to 
bind internally. Cooperative activities in solution are 
observed for CN- and CO but no observation for O2 
binding is described. In a different but related sys­
tem,317 the reaction of CO with a symmetric diheme 
exhibits two rate constants. This can be interpreted as 
indicating two different environments or possibly a 
sequential change of environment due to cooperativity. 
Tabushi et al. also reported an example of pseudo-
cooperative ligand binding by a dimeric metallo-
porphyrin.318"321 Carbon monoxide binding to Fe(II) 
"gable" porphyrins with linked imidazole ligation 
between the two iron atoms was investigated. However, 
oxygen binding was investigated with Co(II) complexes 
affording a chemical model of cooperative O2 binding. 
The Hill coefficient was estimated to 1.5 under optimal 
conditions. The origin of the cooperative effect in these 
systems appears to be a change of complexation of 
imidazole ligation between the two metal atoms. 

VI. Structure of Oxygenated Complexes 

Despite the passage of two decades and the report of 
a large number of compounds that are able to form 
oxygenated heme adducts, picket-fence porphyrin 
remains the only one to give X-ray crystallographic data. 
Derivatives with both 1-MeIm and 2-MeIm have been 
reported.45-75'256'296 Cytochrome P-450 models with 
thiolate axial ligands are discussed in section VIII. The 
structural parameters of the hemoglobin models are 
compared to biological systems in Table 3. Of historical 
importance is the fact that the first structure of 
oxygenated picket-fence porphyrin preceded those of 
oxyhemoproteins by several years. Thus, it was the 
bent, end-on geometry of the model compound that led 
to the confident expectation of a similar geometry in 
the proteins. The close congruence of physical proper­
ties, especially the distinctive temperature dependence 
of the Mossbauer quadrupole splitting,74 left little 
doubt. 

The structure of Fe(TpivPP) (N-MeIm)(O2) is il­
lustrated in Figure 16. The terminal atom of the 

Table 3. Comparison of Oxyheme Stereochemistry in 
Myoglobin (Mb) and Model Compounds 

Fe-CtN, A 
Fe-Ctp, A 
Fe-Np, A 
Fe-Ni1n, A 
Fe-O, A 
0 - 0 , A 
Fe-O-O, deg 

Mb(O2)" 

0.18(3) 
0.195(6) 
1.95 
2.1 
1.83(6) 
1.22(6) 

115(5) 

Fe(Tpiv)PP-
(1-MeIm)(O2)

6 

-0.02 
-0.03 

1.98(1) 
2.07(2) 
1.75(2) 
1.24 

131 

" Phillips, ref 58.b Jameson et al., ref 256.c 

296. 

Fe(Tpiv)PP-
(2-MeIm) (02)c 

0.086 
0.119 
1.996(4) 
2.107(4) 
1.898(7) 
1.22(2) 

129(2) 

Jameson et al., ref 

Figure 16. Structure of the O2 adduct of the iron (II) picket-
fence porphyrin (ref 45). 
dioxygen ligand shows a four-way statistical disorder 
pointing toward the four pickets. Thus, each Fe-O-O 
plane is at 45° to Fe-N bonding in the equatorial 
porphyrin plane. This orientation may arise from a 
dipole-dipole alignment of the FeO2 moiety and the 
amide of the picket. It may also facilitate metal dx to 
02(TT*) bonding. The N-MeIm occupies the trans 
position and can be considered statistically disordered 
between two symmetry-related sites. The iron atom 
lies essentially in the mean plane of the porphyrin; a 
slight displacement of 0.03 A toward the O2 molecule 
is observed. This contrasts with oxyhemoproteins 
where the iron atom is always out of the mean porphyrin 
plane toward the coordinated imidazole of the proximal 
histidine. Such a difference may be due to an eclipsed 
orientation of the imidazole plane relative to the pyrrole 
nitrogen in MbO2 which is not present in the model 
compound. Among the factors which may be important 
to understanding the variation of the oxygen adduct 
stability and of structure-function relationships in 
hemoproteins and in model compounds is the relative 
orientation of bound dioxygen molecule and the proxi­
mal nitrogenous base. This factor remains unexplored 
for lack of sufficient structural data. A schematic view 
of these orientations in various oxyhemochromes is 
given in Figure 17. The data are taken from X-ray 
structure determinations, from NMR data and from 
the construction of molecular models. 

The structure of the 2-MeIm complex Fe(TpivPP)-
(2-MeIm)(O2) has also been reported.76'296 As with the 
oxygenated compound with unhindered 1-MeIm, the 
O2 ligand is coordinated in the bent, end-on fashion. 
The iron atom is displaced 0.086 A toward the imidazole 
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Figure 17. Schematic view of the orientation of the proximal 
base plane and the Fe-O-O plane in oxymyoglobin and some 
oxyhemochromes: (a) myoglobin, (X-rays, ref 58); (b) 
TpivPP(l-MeIm) (X-rays, ref 45); (c) B-BHP(C3-PyC3)(Ci2) 
(NMR, ref 186); (d) B-BHP(C4-PyC4)(Ci2 (ref 169); (e) 
a-BHP(C9lm)(Ci2) (construction of molecular models). 

ligand somewhat more like that in the proteins. The 
2-methyl substituent on the axial base causes some 
lengthening of the axial bonds relative to the sterically 
less demanding 1-MeIm ligand but the effect is most 
pronounced in the Fe-O bond which is >0.1 A longer. 
This correlates with the lower O2 affinity of the 2-MeIm 
complex relative to 1-MeIm and models T-state versus 
R-state hemoglobin. 

Due to disorder, there is a fair amount of uncertainty 
in the dimensions about the FeO2 moiety in the model 
compounds. Resolution limitations and refinement 
uncertainties also leave something to be desired in the 
X-ray structures of oxyhemoproteins. Nominal dis­
tances and angles for the FeO2 moiety in oxymyoglobin 
and the two models are listed in Table 3. All that can 
be concluded with certainty is that a bent geometry 
with an Fe-O-O angle of about 130° prevails, the 0 - 0 
bond length is probably longer than that of free 
dioxygen, and the Fe-O bond length is reasonable. 
Whether reports of larger Fe-O-O angles in oxy­
hemoglobin (~ 1550)59 and oxyerythrocruorin (17O0)297 

should be taken at face value remains to be established. 
It is possible that H bonding or other distal influences 
could influence the Fe-O-O angle in oxyhemoproteins 
but the reported angular variation seems to be greater 
than might be expected, given the generally good 
congruence of physical properties between proteins and 
models. However, as discussed below, there are sig­
nificant differences in KO-O) between models and 
proteins, indicating some structural differences. The 
accurate structural definition of the FeO2 moiety 
remains a significant unsolved problem. Attempts have 
been made to obtain crystals of oxygenated picket-fence 
porphyrin with other axial ligands.298 These were 

500 550 
X (nm) 

700 

Figure 18. UV-visible spectra of dioxygen adducts of Fe11-
ProtoP[NH(CH2)3Im] (- - -) andFenTPP[NH(CH2)3Im] (—). 

successful in the case of thiolates as oxy-P450 models 
and are discussed below.299,300 

VII. Physical Properties 

A. Electronic Spectra 

Electronic spectra of metalloporphyrins are domi­
nated by the T -* w* transition of the porphyrin 
macrocycle.301-302 They can be perturbed by metal d -»• 
d and metal-ligand charge transfer type transitions. 
The salient features are two visible transitions (Q0, Qv) 
near 18 000 cm-1 (the so-called a and /8 bands between 
500 and 600 nm and separated by «=1250 cm-1) and an 
intense near-UV transition near 25 000 cm-1 (the so-
called Soret band near 400 nm). The intensity of the 
Soret band is usually about 10 times that of the a-/3 
bands. The addition of the transition dipoles for the 
7r-7r* transition is responsible for the intensity of the 
Soret band while their subtraction results in a low 
intensity for a-/? bands.303 The spectra of iron por­
phyrins are characterized by rather broad, overlapping 
bands which generally remain diffuse even at low 
temperature. Electronic assignments are important for 
interpreting spectral perturbations in terms of struc­
tural changes304-306 and for understanding the mecha­
nism of photolysis of six-coordinate complexes.307 

In the case of oxyhemoproteins, the visible spectra 
are characterized by two peaks: a («575 nm) and /3 
(«540 nm) in the visible region and a Soret band («416 
nm). These peaks correspond to complexes of the 
ubiquitous physiological protoporphyrin IX, having 
hydrogen atoms at the methine carbon atoms and 
methyl, vinyl, and propionic acid substituents at the 
/3-pyrrole carbon atoms. Replacement of the vinyl 
groups of protoporphyrin IX by hydrogen atoms, 
2-hydroxyethyl groups, and ethyl groups gives deuterio-, 
hemato- and mesoporphyrin, respectively, with only 
minor perturbation of the electronic spectrum. Many 
synthetic compounds are derived from 5,10,15,20-
tetraphenylporphyrin. The presence of phenyl sub­
stituents at the methine bridges and H atoms at the 
/3-pyrrolic carbons induces changes in the electronic 
spectrum. These are associated with inversion of the 
aiu/a2u HOMO and with electron-withdrawing effects. 
A 5-10-nm red shift usually results, and this is 
illustrated in Figure 18. 

Several techniques have been used to characterize 
the electronic transitions responsible for the spectra of 
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oxy derivatives: polarized single-crystal absorption 
spectroscopy, magnetic circular dichroism,308 and direct 
absorption measurements on ultrathin single crys­
tals.309'310 Their combined use has identified seven 
transitions in addition to the TT-TT*. Five of the seven 
bands of oxyhemoglobin are assigned to transitions into 
the lowest empty molecular orbital which is delocalized 
over the Fe-02 moiety. The remaining bands are 
interpreted as arising from ligand field d -»• d transitions 
of the iron and charge-transfer transitions involving 
orbitals localized separately on the iron, the porphyrin 
ring, and the axial ligands. Among these transitions, 
a broad x-y polarized band near 1000 nm is assigned 
to a 7T -»• O2 (irg) promotion.309,311'312 

The correlation of visible spectra of ferroheme 
complexes with axial ligands presents a good op­
portunity to carry out a systematic study of structure-
spectra relationships.313 The a//3 intensity ratio and 
Xmax values correlate well with the ligand basicity of 
unhindered ligands: a stronger Fe-N„xiai interaction 
induces a lower ratio and a red shift of absorption peaks. 
This behavior is more complicated with hindered 
ligands. An out-of-plane distortion gives red-shifted 
visible peaks but a blue-shifted Soret band. The a//3 
ratio decreases. 

B. Mossbauer Spectroscopy 

Excellent reviews on the application of the Mossbauer 
effect to hemoproteins and model compounds are 
available.314 A simple Mossbauer spectrum of a heme 
complex is usually diagnostic of spin state and oxidation 
state.315 Moreover, it is a useful criterion of compound 
purity and homogeneity that could be used more 
frequently. 

The temperature dependence of the quadruple split­
ting of the Mossbauer spectrum of oxyhemoglobin is 
an unusual and distinctive feature.316 It is reproduced 
in the picket-fence model.74 Such temperature depen­
dence is usually associated with the presence of a 
paramagnetic state. This, together with the spin-
coupling problem engendered by the iron(III)-superoxo 
formalism seems to have encouraged sceptism about 
the diamagnetism of oxyhemoglobin. The possibility 
of a low-lying paramagnetic state has been considered,317 

but it does not find experimental support. Instead, 
Lang et al.li,3ie have proposed a conformational flux-
ionality of the Fe-O2 moiety to account for the 
temperature dependence of the quadrupole splitting. 
One theoretical attempt to rationalize the quadrupole 
splitting has been published,318 but given the difficulty 
of treating any quadruple splitting there is reason to 
be skeptical about its validity. As discussed in section 
VIII, the oxy form of cytochrome P-450 does not show 
the same temperature dependence of the quadrupole 
splitting although one of its models does. A deeper 
understanding of this phenomenon is needed. 

C. Infrared and Resonance Raman 
Spectroscopies 

Vibrational spectroscopy offers great potential for 
the detection of alterations in bonding associated with 
structural perturbations. Infrared and Raman spectra 
of oxyhemoproteins as well as relevant model systems 
have been extensively employed to get important 
information about the nature of the FeO2 bonding and 

the structure-function relationships of hemoproteins. 
Available data are gathered in Table 4. 

Characterization of KO-O) in oxymyoglobin and 
oxyhemoglobin was achieved with careful IR studies 
by Caughey et a/.319-320 at 1103 and 1107 cm"1, respec­
tively. The vibrational mode has also been investigated 
by several groups using different porphyrins. For 
example, KO-O) for picket-fence porphyrin has been 
observed around 1160 cm-1, a value which is >50 cm-1 

higher than those observed in the proteins. The 
differences could be due to differing it back-donation 
arising from differing orientations of the Fe-O-O plane 
with respect to the N-Fe-N vectors of the heme and 
the axial base plane. In addition, the distal effects of 
H bonding, dipole orientation, and steric effects lead 
to the expectation of considerably complex behavior of 
the vibrational frequencies of bound O2. Mode coupling 
has been discussed by Yu et al.335'336 

Given the possibility that the Fe-O stretching mode 
may be correlated with O2 binding strength, it has 
received much attention. The Fe-O stretching mode 
in oxyhemoglobin was first identified by Brunner337 at 
567 cm-1 using resonance Raman spectroscopy, follow­
ing work by Spiro.338 The assignment was confirmed 
by 18O2 substitution. The frequency shift of 25 to 30 
cnr1 is close to the value predicted using a harmonic 
oscillator model. A slightly higher stretching frequency 
(572-577 cm-1) is observed for oxymyoglobin.319-322 A 
20-cnr1 range is observed in hemoglobin model com­
pounds (see Table 4). Benko and Yu339 have questioned 
the assignment of this band and have suggested that 
it corresponds to a bending mode. However, using 
isotopic studies, Nakamoto et al.340 argue convincingly 
for the Fe-O2 stretching mode. Nakamoto has also 
made systematic studies of KO-O) and KFe-O2) 
resonance Raman bands of oxygen adducts in low 
temperature matrices.3513 The field has been reviewed 
by Spiro.341 

Interpretations of the differences in KO-O) and v-
(Fe-O) are not straightforward in the absence of detailed 
structural information. Nevertheless, some conclusions 
have been drawn. The low-frequency spectrum cor­
responding to the KFe-O2) mode is found nearly 
insensitive to the distal environment in a series of 
oxygenated FeILamide-basket handle porphyrins.137 

The stretching frequency observed (560-563 cnr1) is 
lower than that generally observed for other oxygenated 
porphyrins (e.g., ca. 570 cm-1 for a "picket-fence" 
dioxygen complex)327 and for oxyhemoproteins. This 
is interpreted as corresponding to a deformation of the 
Fe-O-O angle promoted by intramolecular H bonding 
between the bound O2 and the secondary amide group 
of the handle. Kitagawa et a/.173 generalized this 
interpretation by plotting the KO-O) frequencies 
against KFe-O) frequencies. This plot is relatively 
linear for model compounds but not for proteins. The 
sensitivity of KO-O) is consistent with some distal 
residue influence on the Fe-O-O bond angle.173-329 

The trans-ligand donor strength and its steric con­
straint are two of the major factors that determine the 
KFe-O) frequency. Nakamoto et al.330 report that a 
large increase in the KFe-O) frequency, approximately 
65 cm-1, occurs upon introduction of a trans ligand 
(relative to none). The presence of a steric restraint to 
the motion of the axial base toward the porphyrin upon 
oxygenation has been examined using oxygen adducts 
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Table 4. Infrared and Resonance Raman of Oxyhemes in Myoglobin (Mb), Hemoglobin (Mb), Leghemoglobin (Lb), 
Cytochrome c Oxidase (Cyt Ox as), and Model Compounds 

complex 

MbO2 

MbO2 
LbO2 
HbO2 
Cyt Ox a302 
Fe(TpiVPP)(l-MeIm)02 
Fe(TpiVPP)(l-MeIm)02 
Fe(TpivPP)(l-TrIm)02 
Fe(TpivPP)(2-MeIm)02 
Fe(TpivPP)(l,2-MeIm)02 
Fe(TpivPP)(l,2-MeIm)02 
Fe(PP)(I-MeIm)O2 
Fe(PA)(I-MeIm)O2 
Fe(OEP)(I-MeIm)O2 

Fe(OEP)(I-MeIm)O2 
Fe(TPP)(Pip)02 
Fe(P-CH2)3-Im)02 
Fe(P-CH2)2-Im)02 
Fe(P-CH2-Im)O2 
FeI(PiV)2-Cj2](I-MeIm)O2 
FeE(PiV)2-Ci0](I-MeIm)O2 
FeKPiV)2-C9](I-MeIm)O2 
Fe[(Piv)2-C8](l-MeIm)02 
[Poly-lipid liposome/heme] 
(Im)O2 
Fe(TPP)O2 

end-on 
side-on 

Fe(OEP)O2 
end-on 
side-on 

O2 gas 
O2" 

0 Frequencies (in cm-1) for 16O2 

J-(Fe-O)" 

572 
577 
576 (554) 
571 (540) 
569 (540) 
567 (538) 
571 

557 
558 (532) 
564 
573 
576 
572 
573 
575 
574 
573 
576 (545) 
563 
563 
560 
563 

509 (487) 

(18O2) adducts. 

V(O-O)0 

1103 (1065) 

1107 (1065) 

1159 (1075) 
1163 (1080) 

1159(1093) 

1157 (1093) 

1161 (1076) 

1195 (1127) 
1106 (1043) 

1190 
1104 
1156 
1100-1150 

conditions 

pH 7.2,10 0C 
pH 7.2, 25 0C 
pH 7, 25 0C 

pH 7.4,10 0C 
solid 
CH2Cl2 

solid 

CH2Cl2 
CH2Cl2, -120 0C 
CH2Cl2, -120 0C 
CH2Cl2, -120 0C 
DMF, -120 0C 
CH2Cl2, -70 0C 
CH2Cl2, -70 0C 
CH2Cl2, -70 0C 
CH2Cl2, -70 0C 
toluene, 25 0C 
toluene, 25 0C 
toluene, 25 0C 
toluene, 25 0C 
H2O,25 0C 

toluene, -248 0C 
toluene, -248 0C 

toluene, -248 0C 
toluene, -248 0C 

ref(s) 

319-321 
322 
323 
319,320,324,325 
326 
327,328 
239,328 
239 
328 
328 
239 
329 
329 
329 
329 
330,331 
332 
332 
332 
137 
137 
137 
137 
333 

35,330 
35,334 

334 
334 

with 1-methylimidazole and 1,2-dimethylimidazole as 
axial ligand. Replacement of the unhindered by the 
hindered ligand for the oxygen adduct of picket fence 
porphyrin in benzene gives rise to ca. 10 cm-1 decrease 
in v (Fe-O) in benzene or the solid state and ca. 4 cm-1 

in methylene chloride.328 Such results contrast with 
those of Hori and Kitagawa342 who found an insensitivity 
of «/(Fe-02) to a proximal tension. Similarly, an analysis 
of imidazole-appended heme spectra showed an in­
sensitivity of KFe-O) to a constraint introduced into 
the length of the chain bearing the imidazole.332 The 
electron-donating capabilities of the substituents of the 
porphyrin ring exert a significant effect on the O2 
binding constant.224 However, this thermodynamic 
trend is not manifest in measurable changes in the iron-
oxygen bond strength.321'324'327-329 Thus, the relationship 
between the binding affinity and the iron-ligand 
stretching frequency is not necessarily straightforward. 
Irwin et a/.323 have suggested that heme ruffling, rather 
than changes in axial ligand bonding, leads to stabi­
lization of an oxygen complex. This hypothesis was 
advanced in connection with the high affinity of 
leghemoglobin relative to myoglobin despite congruence 
of their axial ligand stretching frequencies. 

D. 1H and 17O NMR Spectroscopy 

1H NMR spectroscopy of hemoproteins (including 
NOESY and COSY experiments) has played an im­
portant role in describing the structure and dynamics 
of the globin.260 By using modern NMR techniques, 
assignment of heme and protein resonances is now a 

relatively straightforward if tedious task.261-263 The 
substantial ring current of the porphyrin is useful for 
assigning residues close to the heme and changes in 
these resonances allow some suggestions to be made 
about the factors which affect ligand binding.262'263 

Relatively few 1H NMR studies have concentrated on 
the oxy forms of hemoproteins because of the limited 
lifetime of oxygenated hemoproteins and the complica­
tions that arise from paramagnetic impurities.260 

Oxygenated heme complexes are perhaps somewhat 
better targets for NMR study because even though they 
can be less stable than oxygenated hemoproteins at 
room temperature, their organic solvent solubility allows 
measurement at stabilizing low temperatures. In 
addition, with many fewer protons, 1H NMR data can 
be collected rapidly over a considerable temperature 
range. 

The 1H NMR spectrum of an oxygenated heme 
complex was first reported by Collman, Brauman, La 
Mar, and co-workers.95 The important finding is that 
the resonances are sharp and typical of a diamagnetic 
species (0-10-ppm range). This would seem to rule out 
any significant population of a low-lying paramagnetic 
excited state particularly since spectra remained un­
changed up to 90 ° C. Further attention to this criterion 
of diamagnetism might lay to rest recurring sugges­
tions53'54'343 of paramagnetism which are artifactual or 
remain to be substantiated. 

As discussed above in section V.G. Mispelter et al.169 

have used 1H NMR to implicate amide protons in the 
stabilization of oxygen adducts of basket-handle por­
phyrins. 
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Figure 19. 17O NMR spectrum of the oxygenated FePiV2C8(I-MeIm) in CH2Cl2 at 273 K (ref 351). 

Table 5. 17O Chemical Shifts and Line Widths of the Oxygen Atoms of the Fe-O2 Moiety of Hemoprotein Models* 

solvent T, 0C 5o<2), ppm (Avi/2)o(2), Hz Som, ppm (AvIz2)O(I), Hz ref 
Fe(a-BHP)U-Melm) 

Fe(e-BHP)U-Melm) 
FeUPiV)2(C8)Kl-MeIm) 

FeKPiV)2(C8)] (1,2-Me2Im) 

Fe(TpivPP)(l-MeIm) 

0 Concentration: 2.5 X 10-2 to 1.4 X 10-2 M. Chemical shifts are reported to external 1,4-dioxane by using the sample replacement 
technique. 

CH2C12 
CH2C12 
CH2CI2 
toluene 
toluene 
toluene 
toluene 
CH2CI2 
CH2CI2 

283 
273 
273 
273 
283 
273 
283 
273 
283 

1762.5 
1764.8 
1754.5 
1738.0 
1731.4 
1760.5 
1757.9 
1747.9 
1747.3 

2280 
2640 
990 
910 
710 

2017 
1399 
370 
450 

2486.9 

2514.6 
2480.5 
2479.9 

2484.7 
2518.7 
2518.2 

6450 

3750 
3390 
3170 

4319 
2480 
1960 

351 
351 
351 
351 
351 
355 
355 
351 
351 

Compared to 1H NMR spectroscopy, 17O studies of 
oxygenated derivatives of hemoproteins and metallo-
proteins have received little attention. This neglect is 
not surprising since, of the naturally occurring oxygen 
isotopes, only 17O possesses nuclear spin and it has J = 
3/2. Due to its electric quadrupole moment (Q = 2.6 X 
10-30 m2), its low natural abundance (0.037 %), and the 
extremely low absolute sensitivity compared to that of 
1H, it is one of the more difficult nuclei to observe by 
NMR spectroscopy. Nevertheless, the isotropic shield­
ing tensor and transverse and longitudinal relaxation 
times of 17O are excellent means to probe the bonding 
and dynamics of oxygen-containing ligands bound to 
hemoproteins and model compounds. They have been 
applied to other metallo-oxygen complexes.344-347 

An early attempt at observing 17O2 resonances in 
oxyhemoglobin was reported by Maricic et a£.348 They 
reported a singlet at ~ 0 ppm and concluded that both 
oxygen nuclei were magnetically equivalent, thereby 
supporting the Griffith triangular structure. However, 
it was subsequently shown that the observed signal was 
due to H2

17O since bacteria had metabolized 17O2 into 
H2

17O and the deoxyhemoglobin had oxidized to 
methemoglobin.349'350 

The first successful experiment with 17O2 was reported 
in 1987 by Gerothanassis and Momenteau with model 
compounds in organic solution using gaseous oxygen 
containing 30-50% oxygen-17. Figure 19 shows the 
17O NMR spectrum of an oxygenated "hybrid" por­
phyrin at 273 K. The observation of two distinct 

resonances at 2480.5 and 1738 ppm, which are well 
outside of the established 17O chemical shift scale, rules 
out a triangular (r?2) structure and is consistent with 
end-on angular bonding (771).352 Furthermore, it rules 
out a rapid flipping of the 0 - 0 group on the NMR time 
scale (5 X 105 s_1). Data are summarized in Table 5. 
The values of observed chemical shifts agree with 
calculations of the oxygen-17 shielding constants 
predicted by Velenik and Lynden-Bell:353 the nucleus 
of the oxygen atom 0(2) near the iron atom was found 
to be more shielded than the nucleus of the terminal 
oxygen 0(1). The difference of the shielding constants 
between the two nuclei, A5 «= 720-780 ppm is constant 
and independent of the value of the charge q on the 
oxygen 0(2) and the splitting AE of the degenerate IT 
orbitals of the oxygen atoms on complexing. 

More recently, Oldfield et al.S54 obtained similar 
results by studying oxygenated picket-fence porphyrin 
in the solid state. The principal components of the 
chemical shift tensors for both the coordinated and 
terminal oxygen atoms of the Fe-O2 unit were deter­
mined and the isotropic chemical shifts occur at 1600 
and 2017 ppm respectively at 298 K, somewhat shielded 
from the values in solution. In addition, they found 
that the total line width of the powder spectrum was 
independent of the magnetic field strength. This 
indicates that the chemical shift anisotropy is the 
dominant line-broadening interaction. These authors 
also studied frozen solutions of oxymyoglobin and 
oxyhemoglobin. These indicated general similarity with 
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Figure 20. 17O NMR spectra of the oxygenated FePiV2C8 in the presence of 1-MeIm (—) and 1,2-Me2Im (—) in toluene at 
283 K (ref 355). 

model compounds but the achievable spectral signal-
to-noise ratio does not allow detailed conclusions to be 
drawn. 

There is currently much support for the importance 
of hydrogen bonding and dipole-dipole interactions in 
the stabilization of the oxygenated protein and model 
porphyrin dioxygen adducts. Such interactions secure 
both ends of the bound dioxygen and stabilize the 
oxygenated complex by lowering the off rate relative to 
the on rate. 17O NMR spectroscopy provides a potential 
approach to explore hydrogen bonding and polarity 
effects. 

Comparison of 17O NMR spectra of heme models 
bearing secondary amide or ether anchoring chains gives 
a direct probe of the presence of hydrogen bonding in 
the former.351 A shift of ca. 30 ppm of the resonance 
of the terminal oxygen atom to lower frequency is 
observed with amide-basket-handle porphyrin models 
(see middle of Figure 9), relative to the ether-basket-
handle porphyrins, while the resonance of the oxygen 
atom coordinated to iron is shifted by ~10 ppm to 
higher frequency.365 The shift of the terminal oxygen 
has been attributed to a hydrogen interaction with the 
NH of the distal handle, consistent with earlier 1H 
NMR169 and IR127 studies. These shifts can be inter­
preted qualitatively by assuming that an increase in 
hydrogen bonding favors resonance structure II: 

Fe" 
•°i. Fe: 

\ . 

structure I 
O" 

structure I I 

In a variety of transition metal complexes there is a 
correlation between 17O chemical shifts and metal-
oxygen 7r-bond character, just as there is for carbon-
oxygen and nitrogen-oxygen bonds.356'357 Thus, it is 
expected that an increase in hydrogen bonding to the 
Fe-O2 moiety would enhance structure II by increasing 
the metal-oxygen x-bond order (resulting in a high 
frequency shift) and decreasing the 0 - 0 ir-bond order 
(resulting in a low shift). The value of these shifts will 
depend on the strength and geometry of the particular 
hydrogen bonds and the dielectric constant of the 
medium. 

With oxygenated iron (II) picket-fence porphyrin with 
1-MeIm as axial base in a nonpolar organic solvent the 
17O chemical shifts are close to those of ether-linked 
basket-handle porphyrin derivatives. This result con­

firms the absence of strong hydrogen-bonding interac­
tions between O2 and the secondary amide group of the 
pickets. However, a modification of the spectrum is 
observed when the dielectric constant of the medium 
is increased. Recent 17O NMR results indicate sig­
nificant and systematic shifts to higher frequency when 
increasing amounts of dimethylformamide are added 
to CH2Cl2.

358 

Since the discovery by Collman et al. that the 
proposed tension or strain in the histidine-iron bond 
in T-state Hb can be mimicked with 2-methylimidazole 
in a model complex,287 numerous structural and dynamic 
studies have been reported on hemoproteins models 
with and without a hindered base. The 17O NMR 
spectra of the T-state "hybrid" models have been 
recently reported in solution.355 As with R-state models 
having 1-methylimidazole as axial base, the spectra 
exhibit two distinct resonances in accord with the end-
on geometry. However, in the T-state models, the 
resonance of the oxygen atom coordinated to iron shifted 
30-60 ppm to low field relative to that in the R-state 
analogs. The porphyrin and the NMR data are 
illustrated in Figure 20. The change in the chemical 
shift of the former could reflect an increase in the Fe-O 
length with a concomitant decrease in the Fe-O x-bond 
order. This is consistent with X-ray structural data on 
picket-fence porphyrin.296 The shift of the terminal 
oxygen atom to low frequency in the T-state model 
relative to that in the R-state model is in the same 
direction. It is larger in magnitude than that observed 
in amide-basket porphyrins vs ether-basket porphyrins 
but opposite in direction. A different type of polariza­
tion of the FeO2 bonding must be present, consistent 
with some role for the picket amide dipoles. 

Thus, results obtained by European and American 
laboratories have demonstrated that 17O NMR is a 
unique structural probe for studying oxygenated he­
moprotein models in solution and in the solid state. 
The reason for failure in obtaining hemoprotein spectra 
in solution is not clear. 

VIII. Cytochromes P-450 

Cytochromes P-450 are monooxygenases which occur 
widely in liver microsomal and adrenal mitochondrial 
fractions of animals as well as in plants and microor­
ganisms. They are tightly bound to membranes in 
mammalian systems with consequent difficulty in their 
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Figure 21. Catalytic cycle of cytochrome P-450. 

purification. Since their discovery, intense research 
has been devoted to these enzymes because of the 
central role they play in the catalytic hydroxylation of 
a wide range of substrates involved in the metabolism 
of fatty acids, steroids, drugs, carcinogens, and other 
foreign compounds.359'360 

The catalytic reaction involves the cleavage of the 
0 - 0 bond of molecular oxygen. Two electrons and two 
protons are consumed such that one oxygen atom is 
eliminated as water. The other oxygen atom is intro­
duced into the substrate such that the overall reaction 
is 

RH + O2 + 2e_ + 2H+ — ROH + H2O 

For the purposes of this review, the important observa­
tion is that oxygen reduction is preceded by oxygen 
adduct formation. 

As in oxygen-carrying hemoproteins, the prosthetic 
group of cytochromes P-450 is an iron protoporphyrin 
IX. There is a marginally stable, oxygenated form of 
cytochrome P-450 that closely resembles oxyhemo­
globin in its physical properties. But these two classes 
of hemoproteins differ in the nature of their proximal 
axial ligation to iron. A large body of chemical and 
spectroscopic data, and now X-ray crystal proof,361,362 

shows that thiolate sulfur from a cysteine residue is the 
axial ligand to the iron center. 

The catalytic cycle of cytochromes P-450 is shown in 
Figure 21. It is a multistep process which includes four 
stable and isolable states: a low-spin ferric resting state, 
a high-spin ferric complex resulting from binding of 
substrate, a high-spin ferrous state due to a one electron 
reduction, and a low-spin dioxygen complex. The active 
oxygenating species is formed after loss of water and 
is believed to be an oxyferryl complex. It may be 
formulated as an iron(V) complex or an iron(IV) 
porphyrin cation radical. When the high-spin ferrous 
state is exposed to carbon monoxide instead of dioxygen, 
a low-spin ferrous carbonylated state is generated. This 
carbonyl adduct presents an unusual electronic ab­
sorption maximum in the Soret band region which 
characterizes all the cytochromes P-450 and synthetic 

Fe(II) thiolate complexes. It exhibits a so-called 
hyperporphyrin spectrum with a Soret band near 450 
nm, some 30 nm lower in energy than most hemo­
proteins. 

As with the preparation of model compounds for 
oxyhemoglobin, model compounds for the oxygenated 
state of cytochrome P-450 must meet the requirements 
of attaining a five-coordinate iron(II) precursor and 
thwarting irreversible oxidation. The problem is 
conceptually similar although it is made more difficult 
by the ready oxidation of thiolate axial ligands to 
disulfide: 

2Fe111P(SR) — 2Fe11P + RS-SR 

A. Model Compounds 

The simplest approach to a model compound consists 
of reacting flat-open hemes (TPP,363 OEP,364 PP IX 
DiMe365-369) with an alkyl or aryl thiolate in organic 
solution. These compounds bind CO reversibly and 
exhibit a striking spectral resemblance to those of 
carbonylated cytochromes P-450. However, these 
models present two major disadvantages. First, the 
poor affinity of iron (II) porphyrins for mercaptide anion 
imposes the necessity of using a very large concentration 
of ligand. Second, it is difficult to prove conclusively 
that they can reversibly bind dioxygen. Chang and 
Dolphin369 reported that at -45 0C addition of O2 to a 
protoheme-mercaptide complex in dimethylacetamide 
resulted in the spectral formation of a dioxygen adduct 
without deterioration after 1 h. However, Ruf and 
Wende370 showed that the visible spectrum of the 
presumed oxygen adduct was the same as an iron(III)-
bisthiolate complex. 

Traylor371 has used the chelated heme approach to 
covalently attach mercaptide to the porphyrin periph­
ery, making it available for binding to iron without 
having to add excess of an external ligand. This 
stabilizes the iron (III) mercaptide system and allows 
production of a P-450-like CO complex of iron(II), but 
O2 complexation gives rise to irreversible oxidation. 
Other chelated hemes have been synthesized372-373 and 
show similar properties. Collman and Groh374 reported 
the synthesis of a mercaptan-tail picket-fence porphy­
rin. Treatment of the arylenethiol iron(II) porphyrin 
with a strong base gave essentially complete coordina­
tion of the thiolate group. UV-visible and magnetic 
circular dichroism spectra of the carbonylated heme 
displayed the characteristic hyperporphyrin spectrum 
of P-450 in the presence of CO. 

More recently, functionalized basket-handle por­
phyrins were designed to hold the thiolate firmly in a 
suitable position for coordination to iron atom by 
bridging it across one face of the porphyrin ring; the 
second handle forms a cavity allowing a controlled 
oxidation in the presence of 02.375-378 In the case of 
Woggon's compounds,377 dioxygen binding to iron(II) 
at 10 0C in toluene solution was accompanied by an 
O-atom insertion into a monoactivated C-H bond of 
the distal handle. This autoxidation of the catalyst 
itself can be considered as an example of a reaction 
mimicking the monooxygenase activity of cytochrome 
P-450. 

Studies of models for cytochrome P-450 have always 
shown that an aryl thiolate is more stable than that of 
an alkyl thiolate. Furthermore, the introduction of 
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electron-withdrawing substituents on the arene ring 
significantly stabilizes the aryl thiolate toward oxida­
tion. Weiss et a/.299-300-379-381 have exploited this ob­
servation along with the steric protection offered by 
picket-fence porphyrin to provide crystalline models 
of each of the reaction states of P-450. They observed 
in the crystal structures of three thiolate derivatives of 
the type [Fe(TpivP)(SR)]- [Na-222]+ with R = C2H5, 
C6H5, and 2,4,5-CeH2CIa, that the S-donor ligand was 
coordinated to the ferrous ion within the cavity formed 
by the pivalamido pickets. However, using a bulkier, 
less reducing thiolate, 2,3,5,6-tetrafluorothiophenolate, 
they were able to get reversible dioxygen binding within 
the picket cavity. A remarkable stability was observed 
even at room temperature.299,380 As discussed below, 
these compounds have been characterized by infrared,379 

resonance Raman,380 magnetic dichroism (MCD),382 and 
Mossbauer299'380'381 spectroscopic techniques and by 
X-ray diffraction.299-380 

B. Physical Properties of Dioxygen Adducts 

The difference in axial ligand between hemoglobin 
(imidazole) and cytochrome P-450 (thiolate) is expected 
to give rise to distinctive and chemically significant 
differences in the nature of the bound dioxygen, 
particularly because of their trans relationship in the 
coordination sphere. The most notable of these is, of 
course, the unusual 450-nm Soret band of the CO 
complex which gives rise to the name of these cyto­
chromes. On the other hand, the Soret peak of the oxy 
complex is at 418 nm,383>384 a wavelength identical to 
that of oxymyoglobin. Nevertheless, MCD spectra are 
quite different and diagnostic of thiolate vs imidazole 
ligation.382 

IR and Raman spectroscopies have been used to study 
the oxy forms of P-450 and its models and give insight 
into the electronic distribution at the heme. Arguments 
suggest that extra electron density is donated from the 
proximal thiolate ligand via the heme iron to the TT* 
orbitals of the bound dioxygen. The 16O-16O stretching 
vibration in the oxy-P-450 models developed by Weiss379 

is observed at 1139 cm-1 in the infrared spectrum. 
Substitution by 18O2 shifted this absorption to 1076 
cm-1, in good agreement with the calculated value of 
1073 cm"1 for a pure harmonic oscillator. This shift is 
comparable to imidazole-ligated oxyhemes but ca. 20 
cm4 lower in absolute value. Champion et ai.385 

confirmed this assignment by examination of the 
resonance Raman spectrum of oxy-P-450cam. This 
decrease for KO-O) in thiolate complexes relative to 
imidazole complexes could originate from a greater TT 
back-bonding from iron into the w* orbitals of oxygen, 
weakening the 0 - 0 bond and facilitating its cleavage.386 

Resonance Raman results concerning heme frequencies 
corroborate these ideas.387 The energy of the v\ 
porphyrin band which is considered as an oxidation 
marker band341 and is sensitive to spin effects387 reflects 
the amount of x back-donation from dir orbitals of iron 
into the TT* orbitals of the porphyrin. This band appears 
in the 1340-1370-cm-1 range for hemoproteins and 
model compounds. Chottard et al.380 have examined 
a thiolate complex and have identified the v4 frequency 
at 1366 cm-1. In different isozymes of P-450 they range 
from 1367-1372 to 1341-1347 cm"1. The lowering of 
these frequencies compared to hemoglobin (1377 cm-1)136 

is in good agreement with the promotion of electron 

flow to dioxygen. Unfortunately, the Fe-O2 stretching 
mode, observed near 565-570 cm-1 for other oxy-
hemoproteins has not been detected in oxy-P-450. 

Single-crystal X-ray structural data the for oxygen­
ated state of cytochrome P-450 are presently unavail­
able. EXAFS spectroscopy has been used to confirm 
the expected ligation state and a short Fe-S distance 
(2.37 A) was noted.388 

The crystal structure of two oxy P-450 models have 
been reported by Weiss et aL299'300 [K(C222)][Fe-
(TpivPP)(SC6HF4)(02)] and [Na(Cl6c6)][Fe(TpivPP)-
(SCeHF4)(O2)]. In both cases, the iron atom lies 
essentially at the center of the four Np mean plane. 
The mean value of the four Fe-Np distances is 1.994(4) 
A and corresponds to the value found for a large number 
of low-spin S=O iron(II) porphyrins.12 The por-
phyrinato core is slightly ruffled. The thiolate axial 
ligand lies on the unprotected face of the porphyrin, 
and the oxygen molecule, in a bent end-on geometry, 
occupies the cavity formed by the pivalamido pickets. 
The Fe-S bond length is 2.369(2) A and is close to that 
reported for the oxygenated adduct of P-450cam.388 

The Fe-O-O bond angles of ca. 128° are in agreement 
with previous reports on dioxygen iron porphyrinato 
complexes with imidazole as axial ligand. The Fe-O 
bond distances, 1.837(9) and 1.850(4) A respectively, 
are close to those determined by EXAFS for oxy-P-450 
(1.78 A) and close to those of imidazole-ligated models. 
The mean value of the two 0 - 0 bond distances 
(1.14(5) A) is unacceptably short. This is the result of 
a rotational disorder of the O2 molecule which differs 
from one structure to the other. Two nonequivalent 
positions are clearly found for the former complex while 
the O2 molecule occupies three sites in the latter. The 
nature of this disorder, which may be static or dynamic 
in [K(C222)][Fe(TpivPP)(SC6HF4)(02)], is not obvi­
ously due to specific interactions with the pickets and 
could be the result of factors arising from the particular 
orientation of the trans thiolate ligand. 

Mossbauer studies have been performed in order to 
probe the electronic structure of the iron atom.389-391 

The data on P-450 indicate that the iron is similar to 
that in oxyhemoglobin. The quadrupole splitting (AEq 
= -2.15 mm/s) and isomer shift (<5 = 0.31 mm/s) are 
similar but oxy-P-450cam does not show the distinctive 
temperature dependence of the quadrupole splitting 
seen in oxymyoglobin and oxyhemoglobin. 

Weiss and Trautwein300-381,392 have reported Moss­
bauer measurements on polycrystalline samples of 
[K(C222)] [Fe(TpIvPP) (SC6HF4) (O2)] and [Na(C18c6)]-
[Fe(TpivPP)(SC6HF4)(02)] in the temperature range 
4-300 K. The data vary according to the nature of the 
counterion. A definite temperature variation of the 
quadrupole splitting was observed for one compound 
but not for others. On the basis of the crystal structure 
showing that the terminal oxygen is disordered over 
three sites, it was postulated that the temperature 
dependence, when observed, may be a dynamic process. 
This is related to the postulates of rotational fluxionality 
advanced to explain similar behavior in oxyhemoglobin 
and its model compounds,316'317'74 

C. Kinetics of O2 Binding 

While reduced ferrous P-450 can form a reversible 
oxygen adduct with molecular dioxygen,384 there is 
limited information for O2 binding in synthetic models. 
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This is because the initial binding reaction is generally 
followed by rapid autoxidation. The oxy enzyme is not 
particularly stable compared to hemoglobin but it can 
be stabilized and studied at low temperatures.393'394 

On the basis of stopped-flow studies with substrate-
free P-450LM2 the first binding of dioxygen has been 
reported to occur in two spectroscopically distinguish­
able steps.395 The first step, which occurs within the 
dead time of the instrument (k > 6 X 104 min-1) yields 
an intermediate that is converted in a slower step (k = 
210 min-1) to a dioxygen adduct. The rate constant for 
the second step is somewhat higher in the presence of 
a substrate. When the reaction is monitored at 
cryogenic temperatures rather than by stopped-flow 
techniques, however, only the final dioxygen complex 
is observed. The same behavior was observed for 
different cytochromes P-450 and the rate constants 
varied between 10" and 106 M-1S-1.384'396"401 The rate 
constants for O2 binding are dependent on a variety of 
conditions including pH and the presence of substrate. 
The autoxidation rate dramatically increases below pH 
7. The presence of substrate stabilizes the oxygenated 
enzyme. The rate of association of O2 with substrate-
depleted cytochrome was at least 50 times faster than 
the rate of association of O2 with substrate-bound 
cytochrome.384 Changes in the chemical nature of the 
substrate also modify the binding rate constants.400 This 
is to be expected. The substrate binding site is 
immediately adjacent to the O2 binding site.362 

Less detailed studies of the dioxygen binding reaction 
have been carried out with P-450 model systems. As 
shown by Weiss et a/.299-300 oxygen adducts of picket-
fence iron(II) porphyrins with arenethiolates as proxi­
mal ligand are stable enough to measure both equi­
librium and kinetic rate constants. Thus, El-Kasmi et 
al.402 have recently measured oxygen affinities with such 
complexes by simple spectrophotometric titration 
methods and association rate constants by flash pho­
tolysis. Addition of a large excess of sodium 2,3,5,6-
tetrafluorobenzenethiolate, cryptated by 18-crown-6, 
to Fen-TpivPP and Fe11- (PiV)2(C9)PP in toluene solution, 
gives only five-coordinate complexes. Values of the 
rate and equilibrium parameters for O2 binding are 
provided at the end of Table 2. Equilibrium constants 
[(1-2) x 103M"1] are greatly reduced compared to those 
measured when the axial ligand is an N donor (105-106 

M-1). This decrease is due exclusively to a large increase 
in the dissociation rate constants. The association rates 
remain almost the same for the two kinds of proximal 
ligand. Such results are in accord with an effect of the 
thiolate axial ligand which destabilizes the O2 com­
plex,403 but it is not understood how such an apparently 
good electron donor as thiolate causes this affinity 
lowering. Perhaps, the fluoroarenethiolates are sig­
nificantly different from alkenethiolates or alterna­
tively, the absence of a distal H bond in P-450 may be 
a important factor. 

IX. Conclusion 

Two decades of intense study of dioxygen binding to 
iron (II) porphyrin complexes has led to an excellent 
molecular-level understanding of the phenomenon and 
has contributed greatly to our understanding of how 
oxygen-binding hemoproteins work. As a paradigm of 
how synthetic model compounds can contribute to an 
understanding of biochemistry, it is exemplary. Nev­

ertheless, there are still areas where model complexes 
can be expected to further our understanding of oxygen 
binding to hemoproteins. These include the partition­
ing of the factors which contribute to the large range 
of observed O2 affinities (particularly very high affini­
ties), the origin of the temperature dependence of the 
Mossbauer quadrupole splitting, the accurate structural 
definition of the Fe02 moiety (particularly the 0 - 0 
distance and whether large obtuse Fe-O-O angles are 
real) and the mechanisms of activation of bound O2 in 
oxygen-utilizing enzymes (cytochromes P-450, cyto­
chrome oxidase, etc.). 
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