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REVIEW ARTICLE                         

Corrins and porphyrins: two of nature’s pigments of life

Helder M. Marques 

Molecular Sciences Institute, School of Chemistry, University of the Witwatersrand, Johannesburg, 
South Africa 

ABSTRACT 
Given the relative scarcity of cobalt in the earth’s crust, its retention 
in biological systems, principally (but not exclusively) in the cobalt 
corrinoids or derivatives of vitamin B12, may be surprising. The 
chemistry of these compounds and the much more widely utilized 
iron porphyrins, is compared and contrasted and an attempt made 
to explain the retention of cobalt chemistry in biology.
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1. Introduction

Corrins (the cobamides, or cobalt corrinoids, derivatives of cyanocobalamin, [CNCbl], 
vitamin B12) and porphyrins are tetrapyrrole macrocycles usually containing cobalt and 
iron, respectively; they are two of the “pigments of life” [1] (Figure 1). Some naturally 
occurring and synthetic tetrapyrroles are shown in Figure 2.

The structure of several cobamides is shown in Figure 3. The total synthesis of vita
min B12 (which is actually an artefact of the isolation of the cobalamin from liver and 
has to be converted to its biologically active forms in vivo) by Woodward and 
Eschenmoser [3] remains a landmark in synthetic organic chemistry. Some iron por
phyrins, also referred to as hemes, are shown in Figure 4.
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One of the distinguishing features of the cobalt corrinoids and the iron porphyrins 
are their intense UV-visible spectra (Figure 5). In all cases, the spectra are dependent 
on the axial ligands present (and hence, in the case of iron porphyrins, on the spin state 
of the metal – cobalt in the corrinoids is always low spin irrespective of its oxidation state) 
and the oxidation state of the metal. It has been suggested that a complete understand
ing of the electronic transitions of these compounds will assist in development of their 
application in, for example, energy conversion and drug delivery systems [6].

Iron plays a key role in biology. The very low solubility of Fe(III) means that nature has 
had to develop transport and storage systems to harness the chemistry of this key elem
ent [9]. Iron porphyrins are widespread in nature fulfilling many functions [10–14] 

Figure 1. The pigments of life: (a) corrins; (b) porphyrins (exemplified here by protoporphyrin IX); 
(c) hydrocorphin; (d) chlorin.
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(including, and by no means limited to, the transport and storage of dioxygen [15–18]; 
electron transport [19–21]; as redox partners to other enzymes [22–25]; and as catalysts in 
the oxidases [26–29], peroxidases [27,30–33], catalases [34–36] and the superfamily of the 
cytochromes P450 [27,37–40] (Figure 6); in photosynthesis [42–44] and (using siroheme, a 
porphyrin with reduced A and B rings, see Figure 2), in the reduction of nitrite [45–47] 
and sulfite [47–49]). There is evidence of porphyrins in the fossil record [50]. For example, 
heme has been identified by TOF-MS in the blood contained in the abdomen of a 26 mil
lion year old, middle Eocene, female mosquito [51], and a recent report suggests blood 
sucking by mosquitos dates back to at least the early Cretaceous [52].

Corrins are much less widespread than porphyrins in nature and appear to occupy 
a small but nevertheless important niche in biology. Many organisms, including bac
teria, archaea, and eukaryotes, but not plants, require them for growth. Only some 
bacteria and archae carry out their de novo synthesis [53–55]. Higher organisms have 
to absorb B12 from their diet or procure it in symbiotic relationships [56], and there is 
an elaborate absorption and transportation system [57,58].

Vitamin B12 itself, cyanocobalamin [CNCbl], has no known function and has to be 
converted into its biologically active form. The chemistry of the cobalt corrinoids is 
focused on the Co(II)jCo(III) couple (in the 50-deoxyadenosylcobalamin [AdoCbl]- 
dependent enzymes) and the Co(I)jCo(III) couple (in the methylcobalamin [MeCbl]- 
dependent enzymes). Co(IV) does not appear to have a role in biology [59]. (Cobalt 
corroles can be oxidized to low spin d5 Co(IV) [60], analogous to low spin d5 Fe(III) 

Figure 2. Selected tetrapyrroles. Chlorins are partially hydrogenated porphyrins and have the same 
oxidation state of the tetrapyrrole macrocycle as chlorophylls, the magnesium-containing tetrapyr
roles in chloroplasts (Figure 1(d)). Bacteriochlorins, found in some bacteriochlorophylls, feature two 
reduced pyrrole rings. Isobacteriochlorins are found in nature as sirohydrochlorin, an intermediate 
in the biosynthesis of siroheme, found in the active site of sulfite reductase which converts sulfite 
to sulfide, which is incorporated in homocysteine. Corroles are synthetic analogs of corrins featur
ing a more extensive delocalized p electron system.

JOURNAL OF COORDINATION CHEMISTRY 1163



Figure 3. (a) The structure of the cobalamins (adapted from [2]). In adenosylcobalamin, [AdoCbl], 
or coenzyme B12, the ligand occupying the upper (b) coordination site, R¼ 5’-deoxyadenosyl. 
Cyanocobalamin or vitamin B12 itself, [CNCbl], has R¼ CN–. Methylcobalamin, [CH3Cbl] or [MeCbl], 
has R¼ CH3

–; in aquacobalamin, or vitamin B12a, [H2OCbl]þ, R¼H2O and in hydroxocobalamin, 
[HOCbl], R¼OH–. The lower (a) axial ligand is 5,6-dimethylbenzimidazole (bzm). (b) Examples of 
the variability of the lower ligand of the cobalt corrinoids.
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porphyrins [61]). Both [MeCbl] and [AdoCbl] feature a Co–C bond (Figure 3). Some 
examples of reactions catalyzed by these cofactors are shown in Figure 7.

[MeCbl] is the cofactor in several methyltransferases (Figure 7). The Co–C bond under
goes heterolytic cleavage, forming the “supernucleophile” cob(I)alamin, [Cbl(I)]– [63] and 
a methyl carbocation that is transferred to a nucleophilic acceptor. The reaction therefore 
involves Co formally cycling between aþ1 and aþ3 oxidation state (Equations 1 and 2).

CoðIÞ þ R–CH3 ! Co IIIð Þ–CH3 þ R– (1) 

Co IIIð Þ–CH3 þ R’þ ! CoðIÞ þ R’–CH3 (2) 

An example of an enzyme relying on this cofactor is 5-methyltetrahydrofolate- 
homocysteine methyltransferase methionine synthase (sometimes simply referred to as 
methionine synthase, MS, and termed MetH in bacteria). It catalyzes the transfer of a 
methyl group from 5-methyltetrahydrofolate (Me–THF) to homocysteine (Hyc) for 
methionine synthesis [64–66]. [MeCbl] also features as the cofactor in several enzymes 

Figure 4. Hemes differ in the composition of the side chains of the porphyrin. The unusual farne
syl group in heme o is apparently important for anchoring the heme to the protein [4]. The con
version of a methyl group in heme o to a formyl group in heme a results in an increase of the 
redox potential by 180 mV [4, 5]. This high potential heme is used in the terminal oxidases. In 
heme d one of the double bonds of a pyrrole ring has been reduced so it is actually a chlorin 
rather than a porphyrin.
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in the CO2 fixing pathway in methanogenic archaea [67] and acetogenic bacteria [68]. 
An additional cofactor (Zn(II) or an [Fe4S4] cluster) is often present.

The adenosylcobalamin ([AdoCbl], R¼ 50-deoxyadenosyl, Figure 3(a)) -dependent 
enzymes include the carbon skeleton mutases, eliminases, and aminomutases (Figure 
7). The reactions are initiated by the homolytic cleavage of the Co–C bond of 
[AdoCbl], and the resulting Ado� radical is the species that reacts with the substrate. 
Formally, Co cycles between the þ3 and þ2 oxidation states.

There are two enzymes in humans that require B12 chemistry. Methylmalonyl CoA 
mutase uses [AdoCbl] and converts methylmalonyl CoA into succinyl CoA, and methio
nine synthase, which uses [MeCbl], and features in the recycling of tetrahydrofolate by 
means of methionine synthesis from homocysteine. B12 deficiency is a serious condi
tion that can result in damage to the myelin sheath of nerves and in megaloblastic 
anemia [69–75].

Biosynthesis of corrins and porphyrins initially follows a common porphobilinogen 
pathway [76] (Figure 8). The biosynthesis starts with uroporphyrinogen III which arises 
from the tetramerization of the biological pyrrole porphobilinogen [1]. 
Uroporphyrinogen III is the precursor of all natural porphyrinoids such as heme, siro
heme and F430. This has been extensively studied and reviewed [53,77–87] and 

Figure 5. Representative uv-vis spectra of A, a ferric porphyrin (adapted from [6]) and B, some 
cobalamins (adapted from [7]). The Soret band of a porphyrin is due to a S0 ! S2 transition of the 
porphyrin, while the Q band is a S0 ! S1 transition. The weak longer wavelength bands are due 
to charge transfer transitions. The most prominent bands of a cobalamin are due largely to corrin 
p ! p� transitions, but virtually all transitions involve some contribution from the metal d orbitals 
[8]. Soft donor ligands increase electron density on the metal ion which raises the energy of the 
metal 3d orbitals. They are therefore able to mix with corrin p orbitals which increases the number 
of electronic transitions that occur in the c region of the spectrum.
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recently summarized [88]. It has been suggested (see [89] and references therein) that 
since many bacteria are able to synthesize corrinoids while primitive anaerobes such as 
acetogens and methanogens are unable to synthesize porphyrins, the biosynthesis of cor
rins predates that of porphyrins, and corrin chemistry has its origins in prebiotic chemistry. 
It has been shown [90] that when coordinated to smaller metal ions (Co, Ni) rather than 
Fe, ring contraction of a corphinoid, giving rise to the direct linking of rings A and B, a 
feature of the corrinoids, occurs quite readily, as indeed do many of the complex struc
tural elements that characterize the corrin ring of the corrinoids. The occurrence of this 
seemingly complex macrocyclic structure in nature is therefore not surprising.

Besides their role in biology, cobalt corrinoids and iron porphyrins have other inter
esting properties. By virtue of their aromaticity, porphyrin-based materials have been 
explored for potential application in materials science [91,92] and as electrochemical 
sensors [93]. Porphyrin-based covalent-organic and metal-organic frameworks have 
also attracted attention because of their promising CO2 capture capabilities [94]. 
Isomeric annulated, expanded and contracted porphyrins are being explored for their 
unusual chemical and physical properties [95]. Under some conditions, metallopor
phyrins can be contracted to form metallocorroles [96–99]. B12 conjugates can be 
used for oral delivery of protein drugs [100], while B12-modified polymeric micelles 
can be exploited for oral delivery of drugs that have a low water solubility [101], and 
the application of B12-based supermolecular nanoentities (SMEs) is beginning to be 

Figure 6. Examples of the roles played by hemoproteins (adapted from [41]).
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explored [102,103]. Antivitamins B12 [86,104–106], inert cobalamins such as 2-phenyle
thynyl-cobalamin [107], induce functional B12 deficiency; by reducing the synthesis of 
B12, they impair bacterial growth and when added to sulfonamides, they enhance their 
antibiotic action [108]. They also show promise as antineoplastic agents [109].

Iron is geologically a common element and constitutes some 80% of the inner and 
outer cores of Earth [110], and is the fourth most abundant element in the crust [111]; 
cobalt is much less common (15–30 ppm in the crust) [112]. That nature has retained 
cobalt corrinoid chemistry suggesting the ability of the cobalt corrinoids to perform 
some unusual chemistry, chemistry perhaps not accessible by iron porphyrins. The dif
ference between these related but different tetrapyrroles is the focus of this review. 
Given the immense scope of heme [11,14] and corrin chemistry [7,113,114], this review 
draws on illustrative examples and is by no means comprehensive.

2. Oxidation states

Some metal ions (Fe, Co, Cu and Ni, for example) are incorporated in biological sys
tems because the chemistry in which they are involved relies on their accessing a 

Figure 7. The most common reactions catalyzed by the cobalamins in biological systems. R refers 
to the upper (b) ligand of the corrinoid (Figure 3). Adapted from [62].
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number of oxidation states. One of the features of the heme-containing enzymes is 
their ability to alternate between Fe(II) and Fe(III) (and in some cases Fe(IV)). It is inter
esting to note that, cycling between Fe(I) and Fe(III), myoglobin (Mb) is capable of cat
alyzing the electrochemical reduction of N2O and N3

– on a graphite electrode [115].
In addition to the iron porphyrins there are many non-heme iron catalysts 

[116–118], perhaps most notably the iron-sulfur clusters [119–121]. The very nature of 
the cluster means that the assignment of a formal oxidation state to each Fe is diffi
cult. For example, in the nitrogenase iron protein, the iron sulfur cluster in the zero 
oxidation state, [4Fe:4S]0, iron is best described as being in the 2þ oxidation state; 
but in the oxidized [4Fe:4S]2þ form, the metal is characterized as being in a valence- 
delocalized þ2.5 state [122]. The important oxidation states of cobalt are Co(III) and 
Co(II) in the [AdoCbl]-dependent enzymes and Co(III) and Co(I) in the [MeCbl]-depend
ent enzymes.

Many other metal ions are exploited in biology because of a variable oxidation 
state. For example, coenzyme F430 is a Ni-containing hydrocorphin (Figure 1) found, 
for example, in methyl-coenzyme M reductase which converts CH3–S–CoM and coen
zyme B, CoB–SH, to CoM–S–S–CoB [123]. Two proposed reaction mechanisms involve 
Ni(I) and Ni(II), or Ni(I), Ni(II) and Ni(III) [124]. A second example is copper. The multi- 
copper oxidases feature a copper site that accepts electrons from its substrate and 
transfers them to a multi-copper site responsible for electron transfer to O2 and its 
reduction to H2O. Copper cycles between Cu(I) and Cu(II) [125,126].

3. Electronic structure

In its þ3 oxidation state, the cobalt ion in the corrinoids is usually low spin and six- 
coordinate under aerobic conditions. There is a report [127] that the methylcorrinoid 

Figure 8. The initial steps in the biosynthesis of porphyrins and corrins. Adapted from [76].
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in the methyl transferase from the bacterium Sporomusa ovata in which bzm of the 
cobalamins (Figure 3) attached to the a-ribose moiety of the f side chain is replaced 
by p-cresol, with a His residue of the protein in the a coordination site of the metal 
[128], is high spin; this is very unusual. The Co(II) form, cob(II)alamin, [Cbl(II)], or B12r, is 
also low-spin and is usually five-coordinate in neutral solution with a vacant b coordin
ation site with the unpaired electron density in 3dz2. There are exceptions. For 
example, reduction of cobalamin with dithionite produces a six-coordinate Co(II) spe
cies with SO2

– in the b coordination site [129–131]. If the b coordination site is occu
pied, the bond to bzm is weakened. Protonation of bzm leads to a base-off [Cbl(II)] 
which is five-coordinate in a coordinating solvent, with a solvent molecule occupying 
an axial coordination site, as demonstrated by EPR and ENDOR methods [132]. A fur
ther one-electron reduction produces cob(I)alamin ([Cbl(I)]–, B12s; this is most often 
four-coordinate [133]. The ground state wavefunction of [Cbl]– is an admixture of d8 

Co(I) and d7 Co(II)/corrin p radical [134,135] with significant destabilization of 3dz2; 
this, together with the partial biradical nature of the Co(I) state, may be an important 
reason for its ‘supernucleophilicity’ [63].

Recent quantum mechanical charge field molecular dynamics (QMCF MD) calcula
tions [136] indicate that in aqueous solution a Co(II) porphyrin is high-spin and five 
coordinate, whereas the corresponding Co(III) complex prefers a low-spin, six-coord
inate geometry. The ability of corrin to maintain Co(II) and Co(III) in a low-spin state 
is probably an important aspect of the biological chemistry of the cobalt corrinoids 
(vide infra). The Fe(III) analog of B12 undergoes ligand substitution reactions analo
gous to those undergone by [H2OCbl]þ and can be reduced to Fe(I) but not methy
lated [137]. A ferric corrin would therefore not catalyze the reactions catalyzed by 
[MeCbl].

Crucial to the majority of the chemistry of the cobalt corrinoids is the Co–C bond, 
as elaborated on below. An analysis of the electron densities of [AdoCbl] and [MeCbl], 
based on high resolution, low temperature X-ray diffraction studies, and DFT calcula
tions with an analysis of the topological properties of the Co–C bonds, showed there 
is very little difference in the properties of the Co–C bonds of the two compounds 
[138]. Clearly it is the protein that controls the nature of the bond breaking of its 
cofactor. So a Co–C has to be stable to exist prior to initiation of the catalyzed reac
tion, yet flexible enough to allow for either a homolytic or a heterolytic cleavage. It 
has been suggested [139] that resistance of the Co–C bond to hydrolysis is one of the 
reasons for the use of organocobalt corrinoids in biology. Theoretical calculations 
found a Co–C bond to be between 33 and 48 kJ mol−1 more resistant to hydrolysis 
than a Fe–C bond [140].

The spin state of iron in the porphyrins depends on the oxidation state and the 
coordination number of the metal. Thus the metal in four-coordinate Fe(II) porphyrins 
is of intermediate spin (S ¼ 3/2). The delocalization of electron density between the 
metal center and the p system of the porphyrin stabilizes the triplet spin state over 
the high spin quintet state (S ¼ 5/2) [141]. Five-coordinate complexes of Fe(II) 
and Fe(III) porphyrins are typically high spin and six-coordinate complexes are low 
spin (S ¼ 1/2) [140,142]. In many iron porphyrins these spin states are quite close in 
energy [141,143].
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4. Redox properties

At around pH 7 the Co(III)jCo(I) redox potential of [H2OCbl]þ is 0.200 V (vs SHE) and 
that of the Co(II)jCo(I) couple is −0.647 V [144]. The coenzymes [MeCbl] and [AdoCbl] 
are more difficult to reduce because of the donation of electron density by the alkyl 
ligand to the metal (–1.36 V for [MeCbl] [145,146]; −1.07 V for [AdoCbl] [147]). The 
Fe(III)jFe(II) couple of the porphyrins ranges from −0.4 V to 0.4 V [13]. (The iron-sulfur 
proteins, (FeS)n, span a very wide range, −0.7 V to 0.45 V, while the Cu(II)jCu(I) couple 
in blue copper proteins ranges from 0.18 V to 0.75 V [13]). The thermodynamic stability 
of water (pH 7), its “electrochemical window,” ranges from −0.41 V (for the 2HþjH2 

couple) to 0.82 V (O2jH2O), 25 �C, pH 7. That biological systems can operate outside 
this window illustrates how the structure of the redox center and that of the protein 
hosting that center, or by coupling a redox process intimately with a reaction, can 
overcome the thermodynamic limitations imposed by an aerobic aqueous environ
ment. The occurrence of the strong reductant Co(I) in biological process is such an 
example.

The redox chemistry of cobalt porphyrins is rather more complex [148]. A Co(II) por
phyrin has the metal ion in a low spin d7 configuration. Redox processes may be (pre
dominantly) metal-centered or ring-centered as shown in an investigation of the redox 
properties of a series of cobalt tetraaryl porphyrins (with substituents at the meso 
positions of the porphyrin and on the pyrrole rings) [149]. The initial reduction in 
CH2Cl2 of the meso-benzo Co(II) porphyrin leads to the formation of Co(I) which rap
idly attacks the solvent producing a Co(III)–CH2Cl– species. With a meso-benzo porphy
rin, the reduction produces a Co(II) porphyrin with a p-anion porphyrin radical. 
Oxidation of the meso-benzo porphyrin produces a Co(III) porphyrin, but with a meso- 
butano porphyrin, the product is Co(II) with a p-cation porphyrin ring.

Porphyrins readily stabilize Fe(II) and Fe(III) – the most important oxidation states in 
their biological roles – and Fe(IV)¼O species are known [150], but Fe(I) is highly react
ive and only generated transiently [148], for example, electrochemically [151,152]. The 
redox potential of iron porphyrins such as the cytochromes is controlled by a number 
of factors [153]. This is particularly important for them to assume their functional pos
ition in structures such as electron transport chains. The primary coordination sphere 
of the metal, i.e. the porphyrin, its identity and structure, and the axial ligands, are of 
primary importance. For example, bis-His ligation, which predominates in the b-type 
cytochromes, tends to result in a hemoprotein with a more negative potential than 
one with His and Met ligation, the predominant coordination motif in the c-type cyto
chromes. Mutation of cytochrome b562 from E. coli, with replacement of Met by His, 
decreases the midpoint potential by 260 mV at pH 7 [154]. However, the way the pri
mary coordination sphere interacts with the secondary coordination sphere is also 
important [155–157], as is the folding of the protein. Another important factor is the 
extent of exposure of the cofactor to solvent, with tuning of the reduction potential 
by up to 500 mV [158,159]; the more hydrophobic the environment of the cofactor 
the greater the stability of the neutral Fe(II) cofactor relative to the cationic Fe(III) 
cofactor. The actual type of porphyrin seems to have a minimal effect. For example, 
replacing a c-type heme with a b-type heme modulates the potential only by between 
23 and 75 mV [160,161].
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5. Nature’s exploitation of organometallic chemistry

The biological chemistry of the cobalt corrinoids is centered principally on the cobala
mins and is dominated by the formation and cleavage of a Co–C bond 
[7,54,58,62,81,114,162–176]. There are other, more recently discovered functions of the 
cobalt corrinoids in nature such as riboswitches and photoreceptors. A riboswitch is a 
regulatory segment of a mRNA molecule that binds a small molecule; this results in a 
change in production of the proteins encoded by the mRNA [177–179]. [AdoCbl] func
tions as a riboswitch [180–183]. There is some evidence that cobalamin riboswitches 
are quite promiscuous, responding to a wide range of corrinoids [184].

Another relatively recent discovery are [AdoCbl]-dependent photoreceptors. They 
are used by some bacteria as a transcriptional repressor [185–187]. For example, CarH 
mediates the light-dependent expression of DNA coding for the transcription of pro
teins required for the synthesis of carotenes in some non-photosynthetic bacteria. 
Both cobalamin-dependent riboswitches and photoreceptors rely on the absorption of 
visible range radiation by a cobalamin.

As mentioned, the chemistry of the cobalt corrinoids is focused on the Co(II)jCo(III) 
couple (in the [AdoCbl]-dependent enzymes) and the Co(I)jCo(III) couple (the [MeCbl]- 
dependent enzymes). Crucial to the chemistry catalyzed by the organocobalamins, 
[RCbl], is the ability of a Co–C bond to undergo either heterolytic cleavage to form 
Co(I) and Rþ or Co(III) and R–, or homolytic cleavage to Co(II) and R�. (Theoretical cal
culations suggest that it is conceivable that Co–C bond dissociation occurs by the oxi
dation of a cobalt corrinoid to a species which has some Co(IV) character and some 
Co(III)-p-cation character [188], but there is as yet no experimental evidence to support 
this.) Clearly a relatively weak Co–C bond is required for such chemistry to occur. The 
bond dissociation energy for heterolysis of the Co–CH3 in [MeCbl] is 155 kJ mol−1 

[189]. That for homolysis in [AdoCbl] is about 125 kJ mol−1 [190,191].
The observation of a Co–C bond in [AdoCbl] was a surprise [192] since such bonds 

were believed to be unstable towards hydrolysis. This provided a major impetus for 
the organometallic chemistry of tetrapyrroles (see for example [193–197]), and com
plexes such as [Co(NH3)5(CH3)]2þ, once thought to be unattainable, were prepared 
[198]. The similarity of its UV-vis spectrum to that of [Co(NH3)6]3þ as well as the simi
larity in its 60Co nmr shift [198] strongly suggests that the Co–C bond is best 
described as a bond between Co(III) and a carbanion. It has been estimated [199] that 
log K � 27 for substitution of H2O in [H2OCbl]þ by CH3

–.
It is instructive to compare these values with those determined with Fe(III) porphyr

ins. Alkyl complexes of Fe(III) porphyrins are low spin [200,201]. Based on a study of 
the kinetics of thermolysis of [Porph-Fe(CH3)] (Porph¼ tetra(p-toluyl)porphyrinato), 
Riordan and Halpern [202] estimated the Fe(III)–CH3 bond dissociation energy to be 
88 kJ mol−1, significantly weaker than the Co–CH3 bond in [MeCbl]. Equilibration of 
solutions of [Porph-Fe(R)] (Porph¼ tetraphenylporphyrinato; R¼ ethyl, butyl) with CO 
leads to homolysis of the Fe–C bond and formation of an Fe–CO intermediate, and 
attack by the caged alkyl radical [200]. Similar results were obtained with CO2 with for
mation of a carboxylate complex. The ability of iron porphyrin compounds to be able 
to perform cobalt corrinoid-type chemistry is therefore in doubt. There is a role 
for organoiron compounds in biology, nevertheless. They are intermediates in 
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lipoxygenase oxidations [203], and they are found in the heme inactivation in hemo
globin, myoglobin, cytochrome P450 and catalase by the suicide inhibitor, phenylhy
drazine [204,205]. Organoiron complexes are also important as CO-releasing molecules, 
and as antimalarials and antineoplastic agents [206].

Metal-carbon bonds in biology, while perhaps rare, are not unusual; as Martin has 
pointed out [207], the enzymes that channel H2, CO2 and N2 into methanogen and 
acetogen metabolism, probably conserved relics of primordial chemistry, have active 
sites that are known (or are likely) to feature metal-carbon bonds. Apart from [MeCbl] 
and [AdoCbl] these include the C cluster of carbon monoxide dehydrogenase (CODH, 
Ni–C(O)O–Fe) [208–210]; acetyl-CoA synthase (ACS, Ni–CO) [210–212]; the M cluster of 
nitrogenase (Fe–C–Fe) [213–215]; Fe–CO in [Fe]-hydrogenase [216,217], [Fe-Fe] hydro
genase H cluster [216,218,219], and [Fe-Ni]-hydrogenase [216,220]; and Fe–Ado in the 
radical S-adenosyl methionine (SAM) intermediate omega [221,222]. Co(I) porphyrins 
are highly reactive towards alkyl and aryl halides, with formation of a Co–C bond 
[223]. Oxidation of Co(III) porphyrins to form p-cation and dication complexes is pos
sible (for example [223–226]).

The [AdoCbl]-dependent enzymes include the carbon skeleton mutases, eliminases, 
and aminomutases (Figure 7). The reactions are initiated by the homolytic cleavage of 
the Co–C bond of [AdoCbl], and the resulting Ado� radical is the species that reacts 
with the substrate. Formally, Co cycles between the þ3 and þ2 oxidation states. As 
mentioned above, in humans methylmalonyl CoA mutase uses [AdoCbl] and converts 
methylmalonyl CoA into succinyl CoA.

Methionine synthase uses [MeCbl] and features in the recycling of tetrahydrofolate 
by means of methionine synthesis from homocysteine in humans. The methionine syn
thases form part of the S–adenosylmethionine (SAM) biosynthesis and regeneration 
cycle. However, while undoubtedly useful, and hence retained in nature, a cobalamin 
enzyme is not absolutely essential to catalyze such reactions; in plants this function is 
performed by a cobalamin-independent enzyme, and many microorganisms express 
both cobalamin-dependent and cobalamin-independent forms of the enzyme.

In methionine synthase the transfer of the methyl group from 5-methyltetrahydro
folate (CH3–THF) to homocysteine occurs with Co(I) as an intermediate (Figure 9) 
[64–66,228]. The enzyme-catalyzed reactions are accelerated by between 106 to nearly 
108 times compared to realistic protein-free methyl transfer reactions [229]. The role of 
a strictly conserved Ser-Asp-His triad (where His replaces bzm in the a coordination 
site of the cobalamin) is crucial [229].

Oxidation of Co(I) to Co(II) during enzyme turnover by O2 or reactive oxygen spe
cies requires a regeneration cycle. Co(II) corrinoids themselves are readily oxidized to 
Co(III) by a wide variety of oxidants. The reaction with O2 proceeds via intermediate 
formation of coordinated superoxide [230], a species that can be detected by EPR 
[230–233]. Cobalt corrinoids have been investigated as catalysts for the oxygen reduc
tion reaction (ORR) at the cathode of a polymer electrolyte fuel cell [234]. There is 
some uncertainty whether the corrin survives the severe pyrolysis conditions used to 
prepare the cathode material (pyrolysis with carbon black at 700 �C), however, 
although there was minimal formation of metallic cobalt (unlike cobalt and iron 
porphyrins which yielded metallic particles). DFT calculations [235] suggest that a 
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Co-corrin (modelled with all corrin ring substituents as H and with no axial ligands) 
was a better catalyst for the ORR than the neutral complex, or a complex reduced by 
two equivalents.

Myoglobin with the heme group replaced by a Co(II)-tetrahydrocorrin has been pre
pared and crystallized as a potential model for the methyl transferases [236,237]. The 
metal ion is coordinated by the proximal His ligand of the protein, mimicking the 
coordination of Fe(II) in the native protein. The metal could be reduced to Co(I) by 
dithionite, and the crystal structure showed the formation of a four-coordinate Co(I) 
center, with displacement of the proximal His ligand [238]. Co(I) was methylated by 
methyl iodide, forming a methylcobalamin analog. This species slowly transfers the 
methyl group to the distal His, the residue in the heme pocket of Mb responsible for 
stabilizing the Fe–O2 through hydrogen bonding [239]. Thus, while certainly able to 
carry out a methyl transfer reaction, the structure of Mb is not appropriate for inter
action with a substrate targeted for methylation.

6. Other methyl transfer reactions in nature

Methyl transfer reactions are not confined to the cobalt corrinoids. In the final step of 
the acetyl-CoA (Ljungdahl-Wood) pathway of autotrophic carbon assimilation, acetyl- 
CoA is synthesized from Meþ, CoA and CO. A key reaction is the transfer of a methyl 
group from a cobalt corrinoid iron-sulfur protein (CoFeSP) to one of two Ni ions in the 
active site of the Ni- and Fe-containing enzyme acetyl-CoA synthase [240].

Figure 9. The transfer of a methyl group from 5-methyltetrahydrofolate to homocysteine, produc
ing methionine, catalyzed by methionine synthase. A regeneration cycle (red) is required when 
about once every 2000 enzyme cycle turnovers [227] oxidation of Co(I) to Co(II) occurs. Adapted 
from [65].
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Me–CoFeSP þ CO þ CoA ! CH3 COð ÞCoA þ CoFeSP (3) 

The reaction is thought to proceed by transfer of Meþ, generating Co(I), which is then 
remethylated by Me–THF. There is also a regeneration cycle for when the cobalt corrinoid 
is oxidized to Co(II). While it is generally believed that the transfer of the methyl group 
from Me–THF to the cobalamin entails the attack of Co(I), based upon molecular docking 
simulations of subunits from MetH and MtmBC (monomethylamine:CoM methyltransfer
ase) it has been suggested that a radical-based electron transfer mechanism (involving 
Co(II) and a corrin-based radical) is more likely [241].

A Ni hydrocorphin, F430, is quite competent at performing a methyl transfer reac
tion analogous to that – superficially, at any rate – carried out by the [MeCbl]-depend
ent methyl transferases, with Ni(I) acting as an attacking nucleophile. The reaction 
catalyzed by methyl-coenzyme M reductase (MCR) is important in the global carbon 
cycle [124,242,243]:

CH3–S–CoM þ CoB–SH ! CoM–S–S–CoB þ CH4 (4) 

The Ni(II)jNi(I) couple is −0.65 V [244], more negative than the −0.41 V for the 
2HþjH2 (pH 7) couple that defines the lower limit of nature’s “electrochemical win
dow.” (F430 can be oxidized to Ni(III) with Eo > 1 V [245]). That it is as high as it is (cf. 
−1.3 V in Ni-isobacteriochlorins) is a consequence of the structure of the hydrocorphin 
macrocycle, an interesting example of the importance of the structure of the macro
cycle in these metallo-cofactors: (i) the macrocycle is monoanionic (porphyrins and iso
bacteriochlorines are dianionic); and (ii) there is an electron-withdrawing carbonyl 
attached to C15 (Figure 1(c)). These two features facilitate the reduction of Ni(II) [86]. 
Reduction of Ni(II) to Ni(I) in F430 places the extra electron density on the metal, pro
ducing an S ¼ 1=2 species, unlike a Ni porphyrin or a Ni chlorin where the reducing 
equivalent is largely located on the macrocycle. This may be important if Ni(I) acts as 
a nucleophile in reactions catalyzed by MCR, analogous to the role of Co(I) in the reac
tions catalyzed by [MeCbl].

At least four mechanisms have been proposed for the reaction [246], including one 
where Ni(I) acts at the attacking nucleophile on the methyl of CH3–S–CoM, generating 
a Ni(III)–CH3

– species and –S–CoM [247]. However, current evidence appears to favor 
the mechanism shown schematically in Figure 10 [123,124,246]. In the oxidized form 
of the coenzyme, Ni(II) is axially coordinated by a Gln residue [248–250], but is prob
ably four coordinate in the reduced, Ni(I), active form. The oxidized Ni(II) form is con
verted to the active Ni(I) form by a multicomponent [Fe4S4] protein [251].

Kr€autler, Eschenmoser et al. [252,253] and more recently Zelder et al. [254] have 
shown that when Ni(II) is confined to a corrin-type system, it stubbornly remains as a 
diamagnetic square pyramidal d8 complex even in the presence of coordinating sol
vents or exogenous ligands such as CN– or SCN–, whereas in the larger hydrocorphin 
ring it readily undergoes spin crossover to a paramagnetic octahedral complex, per
haps because the larger ionic radius of paramagnetic Ni(II) is not readily accommo
dated in a corrin. This might offer a rationale for the natural selection of a nickel 
hydrocorphin rather than a nickel corrin as the cofactor in MCR. However, the Rh 
analogs of [MeCbl] and [AdoCbl] have been prepared [255], emphasizing the flexibility 
of the corrin ring and its ability to accommodate larger metal ions [7]; low spin 
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six-coordinate Co(III) has an ionic radius of 55 pm while that of six-coordinate Rh(III) is 
significantly larger, 67 pm [256].

7. Non-corrin cobalt in nature

The biological chemistry of cobalt is not confined to the cobalt corrinoids. While not 
widely exploited compared to iron or copper, cobalt is used by a number of enzymes. 
The occurrence, function, and what is known about their reactions has been reviewed 
[257,258]. The enzymes include methionine aminopeptidase, prolidase, nitrile hydra
tase, thiocyanate hydrolase, glucose isomerase, methylmalonyl-CoA carboxytransferase, 
aldehyde decarbonylase, lysine-2,3-aminomutase, and bromoperoxidase (Figure 11).

Proteins that bind Co(II) usually use His and Glu residues for this purpose [259]. In 
many cases other metal ions such as Mn(II) and Fe(II) are found in similar enzymes 
from other sources and perform precisely the same chemistry. Clearly, Co is not abso
lutely essential for carrying out this chemistry.

Methionine aminopeptidase is an enzyme found in prokaryotes and eukaryotes that 
cleaves the N-terminal methionine from polypeptide chains [260]. It contains two 
Co(II) ions, probably bridged by OH–, coordinated by the side chains of five amino 
acid residues. It functions as a bimetallic catalyst for a hydrolytic reaction, with bridg
ing OH– acting as the attacking nucleophile, similar to the function of bovine amino 
peptidase which contains two Zn(II) ions and the E. coli enzyme proline aminopepti
dase that contains two Mn(II) ions.

Figure 10. The likely mechanism of the reaction of CH3–S–CoM and CoB–SH catalyzed by methyl- 
coenzyme M reductase. Based on [246, 247].
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Figure 11. Reactions catalyzed by Co-containing enzymes that do not depend upon a cobalt corri
noid. Adapted from [257, 258].
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Prolidase [261–263], which catalyzes the degradation of dipeptides in which the 
penultimate residue is Pro, also contains two Co(II) ions (one of which is lost during 
purification but which is required for catalytic function to be restored). Two Asp, two 
Glu and a His residue appear to form the metal binding site.

Nitrile hydratase catalyzes the hydration of nitriles to amides [264]. The enzyme is 
composed of a and b subunits, and each ab pair contains one Co(III) ion as the pros
thetic group. The crystal structure for the nitrile hydratase from Pseudonocardia ther
mophila JCM 3095 [265] shows cobalt coordinated through the S-donors of Cys111 
and Cys113 which have been post-translationally modified to CysSO2H and to CysOH. 
Cys108, Ser112 and H2O place Co(III) in a distorted octahedral site. The active site is 
similar to that of the iron-containing nitrile hydratases. Given its kinetic inertness, low 
spin Co(III) probably functions as a Lewis acid in the catalyzed reaction. A similar 
coordination environment in the iron-dependent nitrile hydratase stabilizes Fe(III), 
inhibiting its ability to bind O2, and ensuring its role as a Lewis acid [265], probably 
using the metal-bound OH– to deprotonate H2O in the active site, with the resultant 
OH– acting as the attacking nucleophile on the substrate. Modified nitrile hydratases 
have been developed as potential industrial catalysts [266].

Closely related to nitrile hydratase is thiocyanate hydrolase, purified from the 
eubacterium Thiobacillus thiocapsa, which catalyzes the hydrolysis of SCN– to COS, 
NH3 and OH– [267,268]. Low spin Co(III) is five coordinate (i.e. the OH– – or H2O – 
found in nitrile hydratase is missing) so it is feasible that SCN– binds directly to the 
metal [258], although the kinetic inertness of Co(III) takes this mechanistic proposal 
questionable.

Glucose isomerase is a commercially important enzyme that isomerizes D-glucose 
to D-fructose. It contains Co(II) in a distorted octahedral environment with N- and O- 
donor ligands from the amino acids of the protein [269,270].

Methylmalonyl-CoA carboxytransferase catalyzes the transfer of a carboxyl group 
from methylmalonyl-CoA to pyruvate to form propionyl-CoA and oxaloacetate. It con
tains a high spin Co(II) in a distorted octahedral environment in its active site [271].

Aldehyde decarboxylase is reported to contain one cobalt porphyrin per ab subunit 
[272], but this conclusion has been questioned [273]; cobalt porphyrins are not usually 
found in the aldehyde decarboxylases.

An enzyme which uses a reactive adenosyl-metal cofactor, mimicking the chemistry 
of the [AdoCbl]-dependent enzymes, is lysine 2,3-aminomutase [274]. Although it con
tains a high spin Co(II) in an octahedral environment, it is thought that S-adenosylme
thionine methylates a reduced [Fe-S] cluster which then generates the adenosyl 
radical. This is captured and stabilized by interaction with the Co(II) center [275].

Bromoperoxidase from Pseudomonas putida contains cobalt, although the enzymes 
from other organisms use other metal ions (zinc, iron) [276–278].

Cobalt porphyrins are found in some bacteria, although their function, if any, is 
unknown. While Co is essential for prokaryotes and mammals, for example, its role in 
the biological chemistry of plants in only now beginning to be elucidated [279].

Moura et al. [280] reported that a protein containing a cobalt porphyrin was 
isolated from the sulfite-reducing organism Desulfovibrio gigas but its function was 
not determined. A similar cobalt porphyrin-containing protein was isolated from 
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Desulfovibrio desulfuricans [281] but its function also was not determined. Battersby 
and Sheng [282] subsequently showed that the cofactor is a Co(III)-isobaceteriochlorin. 
There is evidence that a cobalt porphyrin-containing enzyme isolated from the plank
tonic microalga Botryococcus braunii catalyzes decarbonylation of aldehydes, the final 
step in hydrocarbon biosynthesis [272], but this has been questioned [273]. There are 
cases known (for example, the DGCR8 protein, essential for processing canonical 
microRNA primary transcripts) where cobalt-protoporphyrin IX can mimic the function 
of the native heme cofactor [283]. The iron porphyrin of cytochrome P450 can be 
replaced with a cobalt porphyrin, but this does compromise the stability of the protein 
[284].

8. Activation of the Co-C bond

The Co–C bond in [AdoCbl] is remarkably stable towards thermolysis in aqueous solu
tion, with DG‡ ¼ 124 kJ mol−1 and k¼ 10−7–10−9 s−1 at 37 �C [285,286]. Since 
[AdoCbl]-dependent enzymes have kcat of 2–300 s−1 [190,287,288], this means that the 
enzyme accelerates the rate of Co–C bond cleavage by up to 1013 times. How this is 
achieved was clearly a key question in B12 chemistry [289] with many suggestions 
advanced, including the upward flexing of the corrin (vide infra) or distortion of the 
Co–C–C angle by the protein [290,291], or a combination of these effects, including 
the coupling of Co–C bond cleavage to Ado–H bond formation [292]. There is now 
much greater clarity: it is the action of the protein on the cofactor that causes this 
remarkable effect when the enzyme binds the substrate [293–295]. While the detailed 
mechanism of the reaction will vary between different enzyme classes (carbon skel
eton mutases, eliminases, class II ribonucleotide reductases, and amino mutases) 
broadly the reaction proceeds as follows [296]: (i) the substrate binds in the vicinity of 
the [AdoCbl] coenzyme; (ii) this induces changes in the conformations of the enzyme 
and the coenzyme, bringing the substrate and [AdoCbl] into close proximity and facili
tating their interaction; (iii) these conformational changes induce geometric changes 
in the coenzyme by steric interactions, facilitating the homolysis of the Co–C bond to 
form cob(II)alamin and Ado�, and the radical is kept in the vicinity of the metal, which 
reduces the bond dissociation energy, with the structure stabilized by electrostatic 
and van der Waals interactions; (iv) the generated adenosyl radical initiates the radical 
chemistry required for the transformation of the substrate, details of which depend on 
the enzyme in question; and (v) the departure of the product and reformation of the 
Co–C bond completes the catalytic cycle.

An example of an [AdoCl]-catalyzed reaction, that of methylmalonyl-coenzyme A 
mutase (MCM), is shown in Figure 12.

The side chains of the corrin ring play an important role in stabilizing Ado� in some 
of the enzymes. In others, hydrogen bonding between the side chains of amino acid 
residues of the protein and Ado� play an important role in stabilizing the post-homol
ysis product and in positioning the substrate for reaction with Ado� [295]. A series of 
neopentylcobalamins with a variety of groups attached to the c side chain were syn
thesized and the kinetics of the thermolysis of the neopentyl ligand examined [298]. 
There was virtually no effect on DH‡ but DS‡ increased with the bulk of the c side 
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chain while molecular mechanics calculations suggested there was no effect on the 
Co–C bond length or the Co–C–C bond angle. Increasing the bulk of the side chain 
reduces the ground state entropy, leading to the suggestion that enzyme-induced 
restriction of the motion of the acetamide side chains in the ground state, and relief 
of these restrictions in the transition state, could be a significant contributor to the 
enhanced rate of Co–C bond homolysis [298]. In methylmalonyl coenzyme A mutase 
the acetamide side chains are located in relatively open pockets of the protein and, 
with the exception of the e propionamide side chain, appear not to be hydrogen 
bonded to the amino acid residues of the protein [299]. The motion of the side chains 
might be restricted by a conformation change of the protein during enzyme turnover, 
partially contributing to homolysis of the Co–C bond [300]. The bulkiness of the Ado 
ligand is clearly important; the methyl group in [MeCbl] is too small for this corrinoid 
to act as the cofactor in these reactions [294].

Metal-carbon bonds are by no means confined to the cobalt corrinoids. Porphyrins 
containing metal–carbon bonds of many metals are known [195]. Synthetic routes 
include the reaction of chloro- or dichlorometalloporphyrins with alkyllithium or alkyl
magnesium halides,

½PorphFeCl� þ RMðXÞ ! ½PorphFeR� þ ClMðXÞ (5) 

(X¼ halide, or absent if M¼ Li) or the reaction of low-valent metalloporphyrin with 
alkyl halides,

PorphFeI
� �

þ RX ! PorphFeIIIR
� �

þ X– (6) 

Fe(II) porphyrins undergo oxidative addition with alkylating agents involving the 
(formal) transfer of one electron.

Figure 12. The reaction catalyzed by methylmalonyl-coenzyme A mutase (MCM). Adapted from 
[288, 297].
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PorphFeII
� �

þ RX ! PorphFeIIIX
� �

þ R� slowð Þ (7) 

PorphFeII
� �

þ R� ! PorphFeIIIR
� �

fastð Þ (8) 

The resulting alkyl (or aryl) porphyrins are usually low-spin complexes, but may 
occur in an equilibrium mixture of high-spin and low-spin forms, depending on the 
donor properties of R and the basicity of the porphyrin itself [301,302]. However, the 
Fe–C bond of alkylporphyrins is susceptible to an insertion reaction as, for example, in 
their reaction with SO2:

PorphFeIIIR
� �

þ SO2 ! PorphFeIII SO2Rð �
�

(9) 

Cobalt porphyrins containing a Co–C bond can be prepared by reaction with an 
alkyl- or aryllithium compound (X¼ halide) or by the reaction on a Co(I) porphyrin 
with an alkyl or aryl halide [195].

PorphCoIIIX
� �

þ RLi ! PorphCoIIIR
� �

þ LX (10) 

PorphCoI
� �–

þ RX ! PorphCoIIIR
� �

þ X– (11) 

However, as mentioned in Section 3, a Fe–C bond is much more susceptible to 
hydrolysis than a Co–C bond.

9. Comparing porphyrins and corrins – the macrocycle and its cis effect

That Co(III) actually plays a significant role as a catalyst in biology is perhaps surpris
ing. Low spin Co(III), along with Cr(III), is the quintessential kinetically inert metal ion 
from the first row of the d block because of the large ligand field contribution to the 
activation energy [303,304]. Both Fe(II) and Fe(III) are orders of magnitude more labile 
[305] and, on the face of it, much more suited for a role as a catalyst in biology. It is 
perhaps obvious that the corrin ligand must control and modify the fundamental 
properties of the metal ion. Indeed, the kinetic lability of Co(III) in the cobalt corrinoids 
suggests that the corrin macrocycle may impart significant lability to the metal ion, 
perhaps conferring on it some measure of labile Co(II)-like character [7]. It has been 
known for many years that a clear elucidation of the oxidation state of a metal ion in 
a complex with ligands that have a delocalized electronic structure is problematic 
[306–308] and that the nature of the tetrapyrrole ligand controls and modifies the 
properties of the metal ion [309]. There is a strong interaction between the cobalt ion 
and the corrin as shown by the significant differences in 59Co and 13C nmr signals of 
two polymorphs of cyanocobalamin [310,311].

A metal ion such as Cr(III) can be accommodated in a porphyrin and Cr(III) porphy
rin complexes are well known (for example [312,313]) and continue to attract attention 
(for example [314–317]). It is probable that Cr(III) can be accommodated in a corrin as 
well; even though the ionic radius of Cr(III), 0.615 Å [256], is larger than that of six- 
coordinate low spin Co(III), 0.545 Å, it is smaller than that of five-coordinate low spin 
Co(II), 0.67 Å or Rh(III), 0.665 Å, both of which are readily accommodated by a corrin, in 
for example cob(II)alamin (although the metal is displaced by 0.12 Å from the mean 
plane of the four equatorial N donors towards the 5,6-dimethylbenzimidazole (bzm) 
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ligand) [318] and in the Rh(III) analog of adenosylcobalamin, [AdoRhCbl] [319], 
respectively.

It has been suggested [320] that the hole size of a tetrapyrrole is important in con
trolling and modifying the properties of the metal ion, suggesting a fundamental dif
ference between porphyrins and corrins. The average metal–Ncorrin bond lengths of 
low spin Co(III) and low spin Co(II) corrins are identical (c. 1.90 Å) [7]. There is little 
variation in the metal–Ncorrin bond length with a change in the spin state of Co 
[321,322]. This is not the case with porphyrins which show a dependence of the 
metal–Nporph bond lengths on the spin state of the metal [322]. This ensures that in 
cobalt corrins there is virtually no impact on the reorganization energy associated 
with the change in oxidation state, and so must contribute to an efficient conversion 
between (formally) Co(III) and Co(II) in the [AdoCbl]-dependent enzymes, provided 
that (as in the [AdoCbl] enzymes) the reduction is accompanied by a decrease in 
coordination number.

On the other hand, one of the important functions of iron porphyrins in biology is 
to act as electron transfer agents in electron transport chains [323]. Theoretical calcula
tions show that the inner sphere reorganization energy for the Co(III)jCo(II) couple in a 
cobalt corrinoid with two axial imidazole ligands is very large (197 kJ mol−1) because 
of the location of the unpaired electron density in 3dz2, whereas for the Fe(III)jFe(II) 
couple in an iron porphyrin this is a very modest 8 kJ mol−1, rationalizing why cobalt 
corrinoid complexes are not used as biological electron transfer agents [140]. 
Furthermore. DFT calculations, using the BP86 functional, suggest that for the oxida
tion states þ1 through þ3, and for virtually all axial ligands investigated, cobalt corrin 
and iron porphyrin systems are thermodynamically more stable than iron corrin and 
cobalt porphyrin systems [140], rationalizing the occurrence of the matching of the 
metal to the macrocycle in nature [142].

Cr(III) is an important trace element and aids in normal insulin function; chromium 
imbalance affects sugar metabolism. It has been associated with the glucose tolerance 
factor (GTF) isolated from brewer’s yeast and its role may be to supply Cr(III) to cells 
deficient in the metal ion [324]. Cr(III) is involved in the breakdown of lipids and car
bohydrates by interfering with the insulin signaling pathways [325], and it stimulates 
fatty acid and cholesterol synthesis. Chromium deficiency has been associated with a 
diabetic-like condition, impaired growth, decreased fertility and increased risk of car
diovascular diseases [326–328]. However, to be involved in the reactions catalyzed by 
the cobalt corrinoids, it would have to form Cr(II) and Cr(I), both of which are highly 
reducing and control of their reactivity would be difficult [199]. That Cr serves no func
tion in biological Co-type chemistry is therefore not surprising.

The rate of ligand substitution on a Co(III) corrinoid is significantly faster than in 
cobaloximes, porphyrins, tetraammine or bis-ethylenediamine systems [7]. For 
example, the rate of substitution of H2O in aquahydroxocobinamide [329] is nearly 
two orders of magnitude faster than for aquahydroxo-Co(III)hematoporphyrin [308]. 
Even more dramatic is the rate of hydrolysis (25 �C, substitution of NH3 by H2O) of 
[(NH3)(CN)Cbi]þ, kaq > 0.3 s−1 [330] (Cbi¼ cobinamide; cobinamides are incomplete 
corrinoids that lack the nucleotide tail, with hydrolytic cleavage of the nucleotide 
side chain at the phosphate group) compared to trans-[Co(cyclam)Cl(NH3)]2þ, 
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kaq ¼ 4.6� 10−11 s−1 (25 �C) [331] (cyclam ¼ 1,4,8,11-tetra-azacyclo-tetradecane), a dif
ference of nearly 10 orders of magnitude. (Cyanide and chloride have a similar trans 
labilizing effect [332].) The corrin clearly has a marked cis effect and there is clear evi
dence for the electronic communication between the equatorial ligand and the axial 
ligands in the corrinoids [333–336].

Perturbing the electronic structure of the corrin can provide further evidence for 
the cis effect of the macrocycle [7]. For example, if the H at C10 of a cobalamin is 
replaced by electron-withdrawing NO, this completely deactivates the metal ion 
towards ligand substitution by pyridine [337]. The replacement of the C10H by Cl 
[338] or Br [339] of a cobalamin results in a decrease in the rate of substitution of H2O 
by N3

–, imidazole and pyridine due to smaller values of DH‡ which fail to compensate 
for more negative values of DS‡, a consequence of an earlier transition state along the 
reaction coordinate, which is the result of a lower charge density on the metal, mak
ing it a better electrophile towards the incoming and the departing ligand. For a 
detailed discussion of such effects, and a comparison of the kinetics of ligand substitu
tion on corrins, corrins in which the conjugated p system has been interrupted, ana
logs where the corrin macrocycle has been cleaved, and porphyrin analogs of 
cobalamin, see [7].

Despite their extended conjugation, porphyrins are very flexible and not necessarily 
planar [41,340], a flexibility that is often important for their function. This flexibility is 
key to the allosteric behavior of hemoglobin, with the movement of iron into the por
phyrin plane on binding of O2 [341]. Several workers have noted that there is a correl
ation between the redox potential of a cytochrome and the distortion from planarity 
of its heme group [342,343]; for example, in yeast iso-1-cyt c, the Fe(II) form has a sad
dle conformation, a deformation that becomes more pronounced in the oxidized 
form. This results in significant changes to the hydrogen bonding network around the 
cofactor, to the orientation of a heme propionate side chains, and to the iron-Met 
bond length, which increases by 0.08 Å (although the iron-His bond length merely 
increases by 0.02 Å, probably within the uncertainty in its crystallographic determin
ation). Of course, there is always an element of doubt whether solid state structures 
are really representative of the active, in vivo structures. In this case, the crystallo
graphic observations have been largely verified by nmr studies [344–347]. Another 
example is cytochrome P450BM-3, the prokaryote enzyme originally from Bacillus mega
terium which catalyzes the hydroxylation of several long-chain fatty acids; reduction 
from Fe(III) to Fe(II) causes very significant structural changes in the protein [348]. 
However, significant structural differences between the oxidized and reduced forms 
do not always occur [349].

Cytochrome b5 from a variety of species exists in two isoforms of the heme group, 
A and B, where the B form has the heme rotated by 180� about the C5-C15 axis 
(Figure 2). The A/B ratio varies from 20 in chicken cyt b5 [350] to 1 in rat liver outer 
mitochondrial membrane cyt b5 [351]. The redox potential of the A and B forms of 
bovine erythrocyte cyt b5 differ only by about 27 mV, which probably is not physiolo
gically significant [352].

An interesting parallel has been drawn between iron porphyrins and cobalt corri
noids; the first can act as reversible oxygen carriers, the latter as reversible free radical 
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carriers [291]. Porphyrins and corrins do share some similar non-biological catalytic 
properties. The reductive dehalogenases (RDases), enzymes that contain two iron-sul
fur clusters and a cobalt corrinoid, catalyze reactions in which a halogen atom is 
removed from an organic substrate [353,354]. The cofactor is bound with water (or 
hydroxide) in the b coordination site of Co. They degrade both naturally-occurring 
[355] and anthropogenic organohalogens in the environment [356]. The mechanism 
probably involves cob(I)alamin as attacking nucleophile [353,357]. Cobalt corrinoids, 
cobalt porphyrins and ferric porphyrins have all been shown to be effective non- 
enzymatic catalysts for the reductive dechlorination of chlorohydrocarbons [358–362]. 
B12 is a somewhat more effective catalyst for the reduction of NO to N2O by dithio
threitol than cobalt hematoporphyrin or cobalt protoporphyrin IX [363].

Given the very diverse biological function of iron porphyrin-containing proteins (O2 

transport and storage, electron transfer agents, and catalysts in many reactions) how 
this diversity of function is achieved has been a theme of bioinorganic chemistry 
research for many years (see for example [364]).

While the chemistry of the cofactor of a metalloprotein is of course vital, its intrinsic 
properties are controlled and modified by the protein to which it is bound to form 
the enzyme [365]: the protein provides the reaction medium; it is the scaffold for the 
arrangement of the reactants and the catalytic site; it may provide ligands that bind 
the metal ion or metal-containing cofactors in place; it may exert a conformation influ
ence of the cofactors, perhaps bind them in an entatic state; and it mediates the inter
action with other components in a supramolecular biological system. So the structure 
of the protein, the identity of the proximal axial ligand [366], and the nature of the 
amino acid side chains in the immediate vicinity of the distal side of the prosthetic 
group are undoubtedly important. The distortions of the porphyrin itself influence the 
redox properties of the prosthetic group [367], as also seen in the chlorophylls [368]. 
The ease of oxidation of an iron porphyrin increases with its deviation from planarity 
[368–371]. Despite their delocalized electronic structure, porphyrins are flexible 
[364,372–375], a flexibility that is seen, for example, in the cytochromes [376] and 
which may be related to their biological function [364]. Credence for this is provided 
by the observation that the nature and extent of the distortions tends to be preserved 
for a given type of hemoprotein from different species [364], striking examples being 
the very marked saddle distortions of 25 peroxidases and ruffled conformations of the 
cytochromes c from, for example, rice, horse and tuna. Of course, as Shelnutt et al. 
have pointed out [364], the porphyrin’s conserved distortion from planarity may sim
ply be a consequence of the conserved tertiary structure of a particular enzyme across 
a multitude of species.

Theoretical calculations indicated that in a four-coordinate metalloporphyrin the 
nature of the distortion of the porphyrin from planarity (Figure 13) depends on the 
size of the metal ion and its spin state [377]. A porphyrin can host P(V) by adapting a 
severe ruf conformation; a low spin Ni(II) porphyrin is either moderately ruffled or pla
nar; high spin Fe(II) porphyrins are also moderately ruffled; a Zn(II) porphyrin is planar; 
while a Pb(II) porphyrin is domed. A survey of crystallographic structures indicated 
than a planar or near planar porphyrin core will have metal–Nporph bond lengths 
between 1.96 and 2.08 Å and calculations suggested that minimum strain occurs with 
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metal–Nporph bonds of 2.035 Å, in agreement with an observation that the ideal length 
for such a bond is between 2.01 and 2.04 Å [378].

Reduction at the methine carbons of a porphyrin increases its flexibility [379]. The 
reduction of neighboring methine positions in F430, the cofactor of the S-methyl coen
zyme M system which contains Ni(II) and catalyzes the reversible reduction of S-methyl- 
coenzyme M (CH3−S-CoM) with coenzyme B (HS–CoM) to methane and CoM–S–S–CoB 
in the final step of methanogenesis [380] provides the porphyrin with the flexibility 
needed to accommodate Ni(I), rationalizing its physiological redox role [381]. The radical 
nature of the Ni(I)-F430 cofactor enables it to reduce the substrate, although it does 
make the enzyme very susceptible to oxidation by O2 to Ni(II) or Ni(III), requiring an 
elaborate reactivation system [381]. The flexible hydroporphyrin readily accommodates 
both high spin 6-coordinate and low spin four-coordinate Ni(II) [379].

Once thought to be important in the homolysis of the Co–C bond in the [AdoCbl]- 
dependent enzymes because of steric interaction between the corrin and the Ado lig
and, the upward folding (the “mechano-chemical trigger” [290,382], steric [383–387] or 
“butterfly effect” [291,388]) of the corrin ring is now believed to have at most a minor 
effect on activation of the bond [292]. A feature of the corrin are the many side chains 
pointing to its upper and lower faces. There is some evidence that the conformation 
of these side chains may play an important role during enzyme turnover, either 
through steric or hydrogen bonding effects [389–391], or, through restriction of their 
motion, by entropic destabilization of the Co–C bond [298].

The interaction of the acetamide a side chain with the adenosyl group is important 
for maintaining Ado in the catalytic position in diol dehydratase and ethanolamine 

Figure 13. Common departure from planarity of porphyrins above (þ) and below (–) the mean 
porphyrin plane (assuming D4h symmetry for a planar porphyrin). Adapted from [367].

JOURNAL OF COORDINATION CHEMISTRY 1185



ammonia-lyase [392]. The side chain swings between the original and catalytic posi
tions in a synchronized manner with the radical shuttling between the coenzyme and 
substrate. If residues that interact directly or indirectly with the a side chain are 
mutated, the rate of unproductive side reactions increases and the enzyme turnover 
decreases. In a ribonucleotide reductase from Thermotoga maritima, the e side chain 
hydrogen bonds to the substrate GDP, locking it in proximity to the [AdoCbl] cofactor 
[393]. It has been suggested that hydrogen bonding between C19H and 30-O of the 
ribose moiety of the Ado ligand aids in the formation of Ado� [394], but the effect is 
likely to be small [395].

Gryko et al. recently demonstrated how side chains are important in a non-enzym
atic C–C bond formation reaction, between an alkene and a diazo moiety to produce 
a mixture of an alkene and an alkane product, catalyzed by a Co(I) corrinoid [396]. 
Modification of the c and d side chain substituents had a very significant effect on 
both the yield and the selectivity of the reaction. The presence of a hydroxyl group in 
the c side chain significantly increased the yield and selectivity (in favor of the alkene 
product), suggesting that hydrogen bonding with the reactant promotes the selectiv
ity for the alkene over the alkane. The work emphasizes the importance of both steric 
and electronic effects in the overall course of a cobalt corrinoid-catalyzed reaction.

Another effect that the side chains of a corrin will have is on the kinetics and ther
modynamics of the ligand substitution reaction of the upper face of the corrin, for 
example, the substitution of H2O by an exogenous ligand. Log K for the coordination 
of imidazole by aquacyanocobinamide (amide side chains), 4.14, decreases to 3.95 for 
coordination by aquacyanocobester (methyl ester side chains), and to 3.57 when the 
side chains are propyl esters [330,397–399].

Electrostatic effects are also important. For example, the value of log K for coordin
ation of CN– by aquacyanocobinamide, aquacyanocobester and aquacyanocobyrinic 
acid (carboxylate side chains) decreases from 6.25(6), to 6.13(5), and to 5.1(4) (21 �C, 
pH 7.5) as the interaction of coordinated CN– changes from an attractive interaction 
with an amide side chain(s), to a hydrophobic interaction, and then to a repulsive 
interaction [400].

10. The axial ligand

One of the obvious differences between a corrin and a porphyrin is that the macro
cycle in the first is much more saturated than the second, and, when coordinated to 
the metal, is a mono anion while the latter is a dianion (ignoring the side chains). But 
the axial ligands coordinated to the metal ion are also important. A review of how the 
properties of the tetrapyrroles of nature are tuned by their axial ligand, based largely 
on computational modelling, is available [143].

In [MeCbl]-dependent methionine synthase, the bzm base is displaced by a His resi
due from a Asp-X-His-X-X-Gly sequence [401] (the “base-off/His-on” form), a sequence 
that is also found in many [AdoCbl]-dependent enzymes. The “base-off/His-on” form is 
also found in the [AdoCbl] isomerases [299,402,403] and aminomutases [404–406], 
whereas the isomerases [407–409] and class II ribonucleotide reductases [410] have 
the “base-on/His-off” form. A question that arises is how important is the axial ligand 
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in the lower (a) coordination site in controlling and modulating the properties of the 
cofactor. That [AdoCbl]-catalyzed chemistry is carried out with either His or bzm as 
axial ligand suggests that the identity of the axial ligand in cobalamin chemistry is of 
minor importance. Indeed, the very fact that a wide range of Co–Na bond lengths are 
found in the crystal structures of cobalamins [7,411] suggests that the bond is quite 
flexible. Theoretical modelling of glutamate mutase using QM/MM methods [412] indi
cate that compression of the Co–Na bond has very little effect on the Co–C bond dis
sociation energy. Other studies [413,414] support this conclusion.

The identity of the axial ligand is much more important in iron porphyrin chemistry. 
The cytochromes are widely used as electron transfer agents in electron transport 
chains in both aerobic and anaerobic environments with iron cycling between Fe(II) 
and Fe(III). Other functions include involvement in cell apoptosis [415]. All cyto
chromes involved in electron transfer reactions have iron as a six coordinate, low spin 
ion. In the b-type cytochromes the axial ligands are two His residues; in the c-type 
cytochromes they are His and Met. A His and the a amino group of Tyr occurs in 
chloroplast cyt f [416]. (Bacterioferritin, which is used for iron storage and homeostasis 
in some bacteria, features bis-Met ligation [417]). The use of neutral axial ligands 
ensures a low (5–9 kJ mol−1) inner sphere reorganization energy when the oxidation 
state of the metal changes [418], important for their function as electron transfer 
agents. The reorganization energy is much higher (20–47 kJ mol−1) if one axial ligand 
is charged. Such iron porphyrins are typically used as catalysts in biology: the cyto
chromes P450 (Cys); beef liver catalase (Tyr); nitric oxide synthase (Cys); horseradish 
peroxidase (His–); and some peroxidases (Arg). In the cytochromes both Fe(II) and 
Fe(III) are in their low spin state, further contributing to a low reorganization energy. 
The reduction potential of the Fe(II)jFe(III) couple can be tuned by an appropriate 
choice of axial ligand [418,419]. Thus catalase (<0.5 V) < P450 (−0.30 V) < horseradish 
peroxidase (−0.22 V) < Mb (0.05 V).

11. Binding oxygen

Earth’s original atmosphere was reducing in nature [420] and life on Earth, probably 
dating back to about 3.4 billion years ago [421–423], was anaerobic. However, about 
2.7 billion years ago, the action of cyanobacteria (blue-green algae) which are able to 
perform photosynthesis, photo-oxidizing water through two reaction centers, 
Photosystems (PS), PSI and PSII [424–426], released O2 (Equation 12); this gradually 
reacted with and displaced methane as a major component of the Earth’s atmosphere 
[427,428].

nCO2þ nH2O !
hm
ðCH2OÞnþ nO2 (12) 

This “Great Oxidation Event” presented a substantial hurdle for life on Earth. While 
its ability to serve as the oxidant for fuels that drive the production of energy in living 
systems was clearly an important step in evolution, oxygen also confronts those sys
tems with significant challenges with the formation of reactive oxygen species (ROS), 
1O2, O2

–, H2O2, OH�; this leads to oxidative stress, a challenge that had to be over
come to enable the evolution of aerobic multicellular organisms [429]. For example, 

JOURNAL OF COORDINATION CHEMISTRY 1187



oxidative stress leads to inflammation, mitochondrial degeneration and the develop
ment of tumors [430–433].

The study of the biological chemistry of dioxygen has attracted a great deal of 
attention [434]. An important example is the transport and storage of O2. As neatly 
summarized by Jensen et al. [143] there are several issues involved in the reversible 
binding of dioxygen to hemoglobin (Hb) and myoglobin (Mb). The tetrameric protein 
Hb transports O2 in the circulatory system, while monomeric Mb, present in muscle tis
sue, facilitates O2 diffusion and also provides a means for the removal of NO. Firstly, 
the binding must be reversible but fast. Secondly, since O2 is a spin triplet, while high 
spin [PorphFe(III)] is a quintet, and the product is a low spin Fe(III) singlet, the reaction 
involves a spin crossover, and the nature of the iron-oxygen bond has drawn particu
lar attention.

The study of the binding of O2 by iron porphyrins as model compounds for Hb and 
Mb dates back many years (see [435] and references therein). It was established early 
on that deoxyHb is paramagnetic while oxyHb is diamagnetic [436]. The flexibility of 
the porphyrin ensures that the spin change which accompanies the oxygenation of 
Fe(II) incurs a very small energy penalty [377].

The nature of the Fe–O2 bond became the subject of considerable debate 
[437–439], described alternatively as a resonance hybrid of two structures (Figure 
14(a)) or as an Fe(III)–O2

– complex with a (predominantly) ionic bond between Fe(III) 
and O2

– (Figure 14(b)), with antiferromagnetic coupling of the unpaired electrons on 
low spin Fe(III) and O2

–. In between these two extremes were the suggestions of 
McClure [440] and of Goddard and Olafson [441] of an intermediate spin Fe(II) antifer
romagnetically coupled to a triplet O2.

It is well-established that Co(II) complexes with N-donor ligands, when oxygenated, 
produce Co(III)-superoxo complexes (for example [442] and references therein). In oxy
hemerythrin, O2 is bound as a peroxide [443]. So transfer of electron density from a 
metal to bound O2 is certainly well-established. HbO2 and MbO2 are subject to nucleo
philic attack by H2O or OH– in the heme pocket, resulting in the formation of the 
Fe(III) forms, metHb and metMb [444]. This auto-oxidation of HbO2 in the presence of 
adrenaline results in its oxidation to adrenochrome, a reaction that is inhibited by 
superoxide dismutase (SOD) [445]. Superoxide is generated during the auto-oxidation 
of MbO2 [446]. The mechanism of autoxidation of HbO2 is predominantly due to dis
sociation to Fe(III) and O2

– [447].
There is other evidence for transfer of electron density from Fe(II) to bound O2. The 

O–O stretching frequency in HbO2, 1107 cm−1, is as expected for superoxide (1150– 
1100 cm−1) [448]. The results of fluorescence emission spectroscopy of MbO2 are con
sistent with an equilibrium between a singlet state with coordinated O2 and a triplet 
state with coordinated O2

– [449]. The uv-vis spectrum of HbO2, by analogy with oxy- 
cobalt complexes the structure of which, as established by EPR measurements, is con
sistent with coordinated O2

–, suggests coordinated oxygen is best described as O2
– 

[450]. The O-O stretching frequency in oxy complexes of Fe(II) and Co(II) are very simi
lar (1107 and 1006 cm−1, respectively) [451], evidence that the nature of bound O2 in 
these complexes is very similar. EPR measurements on CoHb17O2 are consistent with 
some 60% of the unpaired electron density from low spin Co(II) having been 
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transferred to coordinated O2 [452]. 57Fe M€ossbauer spectra of HbO2 show quadrupo
lar splittings, diagnostic of Fe(III) [453]. Continuous wave and pulse EPR and ENDOR 
investigations of oxygenated Co(II) corrin and porphyrin complexes show that the 
unpaired electron density resides predominantly on the O2 ligand [233].

More recent work, as summarized in [454], emphasizes the multiconfigurational 
character of the iron-oxygen bond, a character which varies depending on experimen
tal conditions. For example, Fe(III)–O2

– is dominant in HbO2 in solution, whereas Fe(II)– 
O2 is dominant in crystalline HbO2 [455]. Theoretical calculations (DFT/MM and 
CASSCF/MM) [456]) support the notion that the iron-oxygen bond has predominant 
Fe(III)–O2

– character in MbO2 although in the gas phase there is a somewhat lower 
transfer of electron density from iron to oxygen.

A unified version of the nature of the bonding in HbO2 and MbO2 has emerged 
from high-resolution X-ray Kb emission and K-edge absorption spectroscopy and the
oretical calculations (TD-DFT, CASSCF) [457]. The conclusion reached is that iron is 
essentially S¼ 1 Fe(II) with minor charge transfer to O2, imparting on the ligand a 
measure of superoxide character. The iron-oxygen bond has significant double-bond 
character, and the complex has a three-center, ozone-like, electron delocalization.

The spin state of the metal ion is often an important factor in hemoprotein chemis
try. The change in spin state from high spin Fe(II) in deoxyHb to low spin Fe(II) in 

Figure 14. Models for the binding of O2 in HbO2 and MbO2. (a) The resonance hybrid model of 
Pauling. Fe(II) is envisaged to be d2sp3 hybridised (using its dz2 and dx2−y2 orbitals), with these 
hybrid orbitals involved in the bonding to its six ligands. The remaining d orbitals accommodate 
the six d electrons of Fe(II), forming a low spin complex. There is overlap between oxygen p orbi
tals and dxz and dyz orbitals with partial electron transfer to O2. (b) The model of Weiss envisages 
a full electron transfer from iron to oxygen resulting in a (predominantly) ionic bond between low 
spin Fe(III) and O2

–. (c) In the models of Clure, and Goodard and Olafson, S ¼ 3/2 Fe(II) is antiferro
magnetically coupled to a triplet O2, a structure reminiscent of ozone.
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oxyHb, which involves the movement of the metal ion from out of the heme plane 
and into the plane is the basis of the cooperativity behavior of Hb [458,459]. AfGcHK 
is a histidine kinase from Anaeromyxobacter sp. Fw109-5 that functions as an oxygen 
sensor enzyme. Binding of O2 to its Fe(II) porphyrin center in the protein’s sensor 
domain substantially enhances the autophosphorylation activity of its functional 
domain [460]. The Fe(III) and Fe(II)-O2 complexes are active, but the Fe(II) complex is 
inactive. On substituting the iron protoporphyrin IX with its cobalt analog it was found 
that Co(III) and Co(II)–O2 complexes were fully active while the Co(II) complex (which 
is low spin), unlike the Fe(II) complex (which is high spin), was moderately active. 
Hence the activity of the enzyme depends on the spin state of the metal center.

Hemoproteins in which the porphyrin is not covalently linked to the protein are 
amenable to the extraction of the heme group [461], and its replacement by a differ
ent cofactor. This has provided many opportunities for assessing structure-function 
relationships, and the effect of the metal ion and the cofactor on the metalloprotein’s 
function, as well as the development of novel biocatalysts [462] and “designer” metal
loproteins with novel function [463]. Another strategy is to grow a strain of E. coli 
under iron-limited, cobalt-rich conditions which results in the incorporation of cobalt 
protoporphyrin IX into myoglobin, peroxidase, catalase, aldoxime dehydratase and 
P450 [464,465].

Cobalt corrinoids cannot act as reversible dioxygen carriers, although Co(II) porphyr
ins, and indeed cobalt-reconstituted Hb and Mb [466,467], can reversibly bind O2 

[466,468–475], best described as predominantly a Co(III) complex of superoxide [476]. 
Substituting Fe-protoporphyrin IX with a cobalt porphyrin in human adult Hb 
decreases its O2 affinity by over a factor of 10 [474]. Aquacobalamin (vitamin B12a) is 
stable in aerated solutions. At low temperature in methanol solutions, cob(II)alamin 
(B12r) reacts reversibly with O2 to form what is best described as a superoxo complex 
of Co(III) [230,477]. However, near room temperature B12r is rapidly oxidized to Co(III) 
[478], apparently by disproportionation to Co(III) and Co(I), with the latter being rap
idly oxidized by O2 [479]. Cob(I)alamin (B12s) itself is rapidly oxidized by O2 and has to 
be handled under anaerobic conditions.

Oxy compounds of iron porphyrins are important in enzymes, offering protection 
against oxidative stress, or overcoming the spin-forbidden reaction of triplet O2 with 
singlet substrates by complexing oxygen to iron. Examples include the cytochromes 
P450, which act as monooxygenases or mixed-function oxidases and use pyridine 
nucleotides as electron donors for the oxidation of organic substrates,

NADðPÞH þ O2 ! NADðPÞþ þ RO þ H2O (13) 

with electron transfer by means of a flavoprotein or an iron-sulfur protein [480]; 
heme-containing dioxygenases in which both oxygen atoms of O2 are incorporated 
into organic substrates [481]; the catalases [482], which degrade H2O2 to H2O and O2, 
thus protecting against oxidative damage to cells; and the peroxidases [483], which 
catalyze the oxidation of substrates by H2O2 and other peroxides,

ROOH þ AH2 ! ROH þ A þ H2O (14) 

and so are important for the removal of phenolics and peroxides as well as the deg
radation of mycotoxins.
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The cytochromes P450 contain the thiolate of a Cys residue as proximal ligand. This 
is important for facilitating O–O bond cleavage, for substrate binding, electron transfer 
and for the correct folding of the protein [484]. The generalized mechanism of the 
P450s is shown in Figure 15; precise details vary depending on the particular enzyme 
and, in particular, the substrate RH [480]. A crystal structure of the oxy-ferrous 
intermediate is available [485]. The occurrence of Compound 0 in the cycle is well 
established [486] and the existence of Compound I has been kinetically and spectro
scopically demonstrated [487].

Co(II) Schiff base complexes are capable of catalyzing the oxidation of organic car
bonyls by O2 [488] and cobalt porphyrins can act as P450-type catalysts for oxidation 
of toluene [489]. However, substituting the iron porphyrin with a cobalt porphyrin in 
P450 drastically decreases the thermal stability of the enzyme [284].

Nitrous oxide (N2O) is known to bind to [Cbl(I)]– [490], and inactivates methionine 
synthase [491]. In nature, the reduction of N2O to N2 is carried out by the copper- 
dependent N2O reductases [492]. Mb reconstituted with cobalt protoporphyrin produ
ces a protein capable of reducing N2O to N2, driven electrochemically using a viologen 
as the electron transfer partner, but there was considerable oxidative damage to the 
protein scaffold [493]. Thus while a cobalt protoporphyrin is certainly a competent 
N2O reductase, this study emphasized the importance of the structure of the protein 
for executing a particular chemical reaction.

A generalized scheme of reactions catalyzed by the catalases and the peroxidases is 
shown in Figure 16. (Compound 0 is a transient intermediate.) In the presence of 
excess peroxide, the ferric enzyme forms Compound III, a ferriperoxidase-superoxide 
complex [495,496]. In the absence of a reductant, AH2, peroxidases will convert H2O2 

into H2O and O2 [497], but not very efficiently, essentially becoming trapped as 
Compound III [498].

It is known that in the catalase reaction both oxygen atoms in the O2 product that 
is generated originate from the same H2O2 reactant [499]. Catalases contain a distal 
His residue that serves as an acid-base catalyst and the two hydrogens of H2O2 are 
sequentially transferred to the oxyferryl unit of Compound I [500] (Figure 17(a)) 
although a direct mechanism (Figure 17(b)) is possible [501] and will operate if the dis
tal His residue is mutated out. QM/MM calculations provide a detailed insight of the 
electronic rearrangements that occur during the reaction [482]. In either case, the reac
tion involves the intermediate formation of a Compound II-like species.

Figure 15. The mechanism of the cytochromes P450. Adapted from [480].
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Horseradish peroxidase reconstituted with a cobalt porphyrin retains its catalytic activ
ity [471], and there are reports of cobalt complexes and cobalt nanomaterials able to 
catalyze the oxidation of organic substrates by H2O2 (for example, [502–506]), as there 
are of their catalase activity [507–511]. However, replacement of the iron porphyrin with 
a cobalt analog leads to an essentially dysfunctional catalase in Enterococcus faeca
lis [512].

Iron porphyrins also couple with other metal ions to form efficient catalysts, such as 
the heme-copper oxidases. An example is cytochrome c oxidase, the terminal enzyme of 
the respiratory chain located in the membrane of the mitochondria or in the membranes 
of bacteria and archaea. The reaction catalyzed is the reduction of O2 to H2O,

O2 þ 4Hþ þ 4e− ! 2H2O (15) 

In the process, protons are pumped across the membrane, generating a proton- 
motive force that is used in the synthesis of ATP, a cell’s energy currency [513]. The final 
recipient of electrons, and the site of O2 reduction, is a heme group near a copper ion, 
itself coordinated by three His residues, one of which is covalently linked to a Tyr 
(Figure 18). The mechanism of the reaction has been comprehensively reviewed [515].

Some time ago, Collman et al. reported an interesting model compound for the O2 

reducing site of cytochrome c oxidase [516]. The model compound consists of a Co(II) 
porphyrin with a proximal imidazole ligand, and with side chains elaborated to bind a 
Cu(I) triazacyclononane. The compound binds O2 to form a bridged peroxide which 
can then be electrochemically reduced with cobaltocene to two equivalents of H2O. 
This demonstrates that, in principal at least, cobalt porphyrins could effectively occupy 
the site of an oxidase enzyme. The reduction of O2 to 2H2O can also be effected by 

Figure 16. Outline of the mechanisms of (black) the catalases and (blue) the peroxidase. In beef 
liver catalase, for example, the axial ligand R is Tyr; in horseradish peroxidase it is His. Adapted 
from [482, 494].
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other cobalt compounds such as Co(III) corroles [517] and Co(II) porphyrins [518], and 
O2 to H2O2 by a variety of cobalt macrocyclic compounds [519].

12. Summary and conclusions

It is intriguing that despite its relative scarcity in the earth’s crust, cobalt has been 
retained by nature to fulfil a range of biological functions, principally (but not exclu
sively) in reactions catalyzed by the cobalt corrinoids, derivatives of vitamin B12. Iron is 
geologically much more abundant. Having devised methods for solubilizing, transport
ing and storage of iron, biology has exploited it (usually as Fe(II) and/or Fe(III)) for 
many tasks, including the transport and storage of dioxygen, in electron transport 
chains, in photosynthesis and in many enzymes. This review focused only on the 
chemistry of the iron porphyrins.

Figure 17. Two feasible mechanisms for the reaction of Compound I with H2O2 in the second step 
of the catalase reaction cycle. Adapted from [499–501].

Figure 18. The binuclear active site of the fully reduced form of cytochrome c oxidase from 
Rhodobacter sphaeroides. PDB code: 3FYE [514].
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That Co(III), in the form of a Co(III) corrinoid, actually plays a role in biology is sur
prising – certainly surprising to a coordination chemist! Clearly, the corrin must modify 
Co(III) to enable cobalt to function as a catalyst in biology. There is a strong inter
action between the corrin macrocycle and the metal, perhaps conferring on it a meas
ure of labile Co(II) character. Thus the rate of ligand substitution of a Co(III) corrinoid 
is much faster than in a porphyrin, a cobaloxime or an equatorial tetraammine system. 
This cis effect of the corrin can be verified by modifying its structure by, inter alia, 
introducing electron donating or electron withdrawing substituents onto the macro
cycle, by interrupting the delocalized p electron system, or cleaving the macro
cycle [7].

The biosynthesis of cobalt corrinoids and iron porphyrins share a common porpho
bilinogen pathway and it has been suggested that the biosynthesis of the corrinoids 
preceded that of the porphyrins and harks back to prebiotic chemistry since many 
bacteria synthesize corrinoids but primitive anaerobes such as acetogens and metha
nogens are unable to synthesize porphyrins.

There are two principal roles for the cobalt corrinoids. The first is in methyl transfer 
reactions, with [MeCbl] as cofactor, involving the cycling between (formally) Co(I) and 
Co(III). The second is in the [AdoCbl]-dependent enzymes, including the carbon skel
eton mutases, eliminases, and aminomutases, with cycling between Co(II) and Co(III). 
Both feature a Co–C bond, an unusual, but not unique, exploitation of organometallic 
chemistry in nature. The Co–C bond undergoes heterolytic cleavage in the [MeCbl]- 
dependent enzymes, but homolysis in the [AdoCbl]-dependent enzymes. This versatil
ity of the Co–C bond and the availability of the three oxidation states is crucial for the 
use of cobalt in these systems.

The cobalt corrinoids are required by many organisms, including bacteria, archaea, 
and eukaryotes, but not plants. The regeneration of methionine from homocysteine 
catalyzed by a methionine synthase, is carried out both by cobalamin-dependent (for 
example, in humans) and cobalamin-independent enzymes (in plants). Higher organ
isms have to absorb B12 from their diet or procure it in symbiotic relationships. Since 
methyl transfer reactions are also catalyzed by, for example, a Ni hydrocorphin in 
methyl-coenzyme M reductase, this does emphasize that cobalt is not absolutely 
essential for carrying out such reactions.

To mimic the chemistry of the [MeCbl]-dependent methyl transferases, the cobalt 
center in myoglobin has been reconstituted with a Co(II)-tetrahydrocorrin. It was found 
that this can be reduced to Co(I) and methylated with methyl iodide but the methyl 
group is slowly transferred to the distal His residue of the protein. This emphasizes 
that not only nature of the prosthetic group but also the architecture of the protein is 
important. The structure of myoglobin makes it unsuitable as a methyl transferase.

A key feature of the biological chemistry of the cobalt corrinoids is the Co–C bond. 
Both in [MeCbl] and in [AdoCbl] the bond is very stable towards thermolysis. In the 
[AdoCbl]-dependent enzymes it is the architecture of the protein and the changes 
that occur in its conformation on binding of the substrate that induce bond homoly
sis, placing the resulting Ado� radical in a position to effect the radical chemistry that 
leads to the transformation of the substrate. The methyl of [MeCbl] is too small for 
this cofactor to function in the enzymes that use [AdoCbl].
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The Fe–C bond in porphyrins is significantly weaker than the Co–C bond of the cor
rinoids; hence iron porphyrins are ill equipped to perform as catalysts in the reactions 
catalyzed by cobalt corrinoids. Indeed, organoiron complexes are rare (but not 
unknown) in biological systems. An Fe(III) corrinoid can be reduced to Fe(I) but not 
methylated; ferric corrins are therefore incapable of functioning in the [MeCbl]- 
dependent enzymes. Porphyrins readily stabilize Fe(II) and Fe(III) (and Fe(IV) in some 
reactions) but Fe(I) is highly reactive and can only be transiently generated.

There are other functions for the cobalt corrinoids, including their use as photore
ceptors and riboswitches, and the chemistry of cobalt in plants is only now beginning 
to be unraveled. There are several enzymes that use non-corrinoid cobalt – and per
haps cobalt porphyrins, although there is some uncertainty about this – at the cata
lytic site, but in many cases the chemistry they catalyze is equally well catalyzed by 
other metals. In many of these cases cobalt (usually Co(II)) functions as a Lewis acid 
rather than a redox center. When an iron porphyrin is replaced by a cobalt porphyrin 
in some enzymes (such as the DGCR8 protein), function is retained, although in the 
case of cytochrome P450, for example, the stability of the protein is compromised.

Co(III) in the corrinoids is almost invariably six coordinate while Co(II) is usually five 
coordinate. In both cases the metal ion is a low spin species, ensuring that there is 
minimal reorganization energy associated with a change in oxidation state, which is 
important for rapid reaction at this cofactor. Iron porphyrins, by contrast, feature a 
metal ion whose spin state depends on the oxidation state of the metal. By contrast, 
there would be a large reorganization energy associated with the reduction of Co(III) 
to Co(II) if the metal were to remain six coordinate, whereas the reorganization energy 
associated with the reduction of low spin six coordinate Fe(III) to low spin six coordin
ate Fe(II) in an iron porphyrin is very small. This rationalizes the use of iron porphyrins 
in electron transport chains. Moreover, whereas a change in the oxidation state of an 
iron porphyrin is largely confined to a change in the oxidation state of the metal, the 
redox chemistry of cobalt porphyrins is more complex, and may be metal-centered or 
porphyrin-centered, depending on the structure of the porphyrin. Iron porphyrins, but 
not cobalt porphyrins, are therefore used in electron transport chains.

The relative flexibility of a porphyrin provides a means of controlling the redox poten
tial of an iron porphyrin, as does the identity of the axial ligands, and the exposure of 
the cofactor to the solvent. Although it was once thought that the flexibility of the cor
rin, in the form of an upward fold during turnover in the [AdoCbl]-dependent enzymes 
was important for the homolysis of the Co–C bond, this is now known to have a min
imal effect. However, the conformation of the corrin’s side chains probably play a role 
during enzyme turnover, either through steric or hydrogen bonding effects, or both.

Another factor that might be assumed to be important in controlling function is 
the identity of the axial ligand. Some [AdoCbl]-dependent enzymes have the bzm lig
and displaced by a His residue. But since the chemistry carried out by the “base-off/ 
His-on” and the “base-on/His-off” forms is very similar, this suggests the identity of the 
axial ligand is not a major factor in B12 chemistry. The identity of the axial ligand is 
much more important in the case of the iron porphyrins. Neutral axial ligands (for 
example, bis His in the cytochromes b and His and Met in the cytochromes c) contrib
ute to a low reorganization energy on a change of the metal’s oxidation state, 
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consonant with the function of these hemoproteins in electron transport. Charged 
ligands (Cys, Tyr, Arg, His–) are found in the hemoproteins that function as catalysts.

Oxycobalt complexes are well-established to be Co(III)-superoxo complexes. Bonding 
in HbO2 and MbO2 is somewhat different; there is minor charge transfer from S¼ 1 Fe(II) 
to O2, so the ligand has a small measure of superoxide character. The iron-oxygen bond 
has significant double-bond character, and the complex has three-center, ozone-like, 
electron delocalization. This is likely to contribute to the resistance of the oxygen carrier 
and storage hemoproteins to autoxidation. This of course does occur and nature has 
developed defense mechanisms (catalase, peroxidase, superoxide dismutase) to cope 
with the formation of this and other radical oxygen species. While cobalt corrinoids can
not acts as reversible carriers of O2, Co(II) porphyrins reconstituted into Hb and Mb can 
indeed reversibly bind O2, but are subject to more pronounced decomposition to Co(III) 
and O2

– compared to the iron porphyrins. So it is clear why iron porphyrins function as 
reversible oxygen carriers, while cobalt corrinoids are reversible radical carriers [291].

By complexing O2, hemoproteins such as the cytochromes P450 which act as 
monooxygenases or mixed-function oxidases, overcome the spin-forbidden reaction of 
triplet O2 with a singlet substrate. Some hemoproteins, such as horseradish peroxid
ase, retain their catalytic activity when the iron porphyrin is replaced by a cobalt por
phyrin, while others, such as catalase, become dysfunctional.

In conclusion, while it is certainly likely that living systems could evolve in the total 
absence of cobalt, the cobalt corrinoids in particular seem to have been retained for 
the small, but important role, they play in nature, a role they fulfill with remarkable 
efficiency. This was probably a strong driving force for the retention of what seems to 
be pre-biotic chemistry.
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