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The inorganic chemistry of the cobalt corrinoids, derivatives of vitamin Bjp, is reviewed, with particular
emphasis on equilibrium constants for, and kinetics of, their axial ligand substitution reactions. The role the
corrin ligand plays in controlling and modifying the properties of the metal ion is emphasised. Other aspects of
the chemistry of these compounds, including their structure, corrinoid complexes with metals other than cobalt,
the redox chemistry of the cobalt corrinoids and their chemical redox reactions, and their photochemistry are
discussed. Their role as catalysts in non-biological reactions and aspects of their organometallic chemistry are

briefly mentioned. Particular mention is made of the role that computational methods — and especially DFT
calculations — have played in developing our understanding of the inorganic chemistry of these compounds. A
brief overview of the biological chemistry of the Bjp-dependent enzymes is also given for the reader’s

convenience.

1. Introduction

Much has been written about almost every aspect of the chemistry of
vitamin By, and its derivatives, the cobalt corrinoids, in several edited
volumes (for example, [1-5]), and in comprehensive reviews of their
structural properties [6], general chemistry [7], biological chemistry
[8-28], their intra-cellular trafficking [29,30], the Bi, antivitamins
[31-33], corrinoid-catalysed organic reactions [34], photochemistry
and photobiology [35,36], and their function as riboswitches [37-39],
for example. The importance of Bys in health and nutrition in humans
(for example, [40-49]), in animals (for example, [50-52]), and in mi-
crobial communities [53,54] continues to attract attention. While cobalt
in excess is toxic to humans [55-57], B;, deficiency has severe health
consequences.

This review focusses on the inorganic chemistry of the cobalt corri-
noids, particularly the thermodynamics and kinetics of their coordina-
tion chemistry and developments in the field since the publication in
1972 of Pratt’s seminal book, The Inorganic Chemistry of Vitamin Bz
[58]. This is a (belated) tribute to the memory of John Pratt (Fig. 1), a
luminary in the B;; field, who sadly passed on in 2018, aged 84. A brief
overview of the biological chemistry of B3 is also given for the reader’s
convenience — but the reader needs to appreciate this for what it is: a
brief overview only.

While there are several cobalt-containing enzymes [59,60], the
biological chemistry of cobalt is dominated by the chemistry of the
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cobalamins, derivatives of vitamin By, [2,7,16]. Pernicious anaemia was
a fatal disease characterised by neurological and haematological ab-
normalities that caused overwhelming fatigue; people that suffered from
the disease had low red blood cell counts and hence were deficient in the
carrying of oxygen to the tissues. The disease was formally described in
1824 by James Combe, who suggested that it could be related to a dis-
order of the digestive tract [61] although it was not until Thomas
Addison provided a full clinical and pathological description that it
began to be recognized as a distinct entity [62], and was referred to as
‘Addisonian anaemia’ [63]. The term “pernicious anaemia” appears to
have been coined in Germany by Michael Biermer as the insidious course
of the disease was then untreatable [64].

In the 1920s, George Whipple at the University of Rochester School
of Medicine and Dentistry, began assessing the effects of treatments for
anaemia caused by chronic blood loss. Treating dogs with raw liver
showed much promise in the regeneration of blood [65]. George Minot
and William Murphy, working in Boston, followed this up by using raw
liver to treat cases of pernicious anaemia. The treatment caused rapid
symptomatic improvement and an elevation of the red cell count [66].
William Castle showed that, to be absorbed, the antipernicious anaemia
factor (“extrinsic factor”) must interact with a substance in gastric juice
or “intrinsic factor.” We now know that this intrinsic factor (IF), also
known as the gastric intrinsic factor (GIF) protein, coded in humans by
the GIF gene, is a glycoprotein produced by the parietal cells of the
stomach. It is required for the absorption of B; 3 in the ileum of the small
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Fig. 1. John McDonald Pratt.

intestine [67].

Minot, Murphy, and Whipple received the Nobel Prize in Physiology
or Medicine in 1934 for their development of liver therapy of pernicious
anaemia. Somewhat ironically, two years later it became evident that
the positive response of dogs to liver was because of the iron rather than
the B, content [68].

Liver extracts were used for intramuscular injection until the 1950s
to treat cases of pernicious anaemia. In 1948 the “anti-pernicious
anaemia factor” was isolated from liver and kidney by Smith [69] and by
Folkers and co-workers [70] who named the factor vitamin B;5. They
showed that the administration of a few micrograms could prevent
relapse of the disease. It was identified as containing cobalt [69], a rare
trace metal in biology, and, indeed, a relatively rare element in the
Earth’s crust [71].

The structure of By2 was determined by Dorothy Hodgkin and her
colleagues using X-ray diffraction methods [72,73]. Its total synthesis by
Woodward, Eschenmoser and co-workers remains a landmark in organic
synthesis [74,75].

Although a number of other cobalt-requiring proteins are known
[59,60] and in which typically the metal ion activates HyO to catalyse a
hydrolytic reaction [76], probably the most important function of cobalt
in biology is in vitamin Bj, and its derivatives. Exposure to cobalt
compounds, almost always as Co(II) or Co(Ill)) from environmental,
dietary, occupational or medical sources (most commonly from metal-
on-metal hip implants) may have adverse neurological, cardiovascular
and endocrine effects [77-80]. In addition to redox-active cobalt
generating reactive oxygen species (ROS), it competes with other bio-
logically essential ions, and its kinetic inertness amplifies this toxicity
effect [76].

Probably the best known function of the cobalt corrinoids is in folate
and fatty acid metabolism. They are essential micronutrients in animals,
including humans, but not in plants or fungi. But the function of the
corrinoids is diverse and continues to be elucidated. Surprising new
discoveries include their role as a photo-receptor in light-dependent
gene regulation [81] and in modulating the structure of microbial
communities in the human gut [53].

Humans have two enzymes that require cobalamin: methylmalonyl
CoA mutase, which requires adenosylcobalamin, [AdoCbl],1 and con-
verts methylmalonyl CoA into succinyl CoA, and 5-methyltetrahydrofo-
late-homocysteine methyltransferase (methionine synthase, MS), which
requires methylcobalamin, [CH3Cbl], and is required for recycling of

! The term [RCbI(X)]™" will be used to refer to a cobalamin with R the axial
ligand and X the oxidation state of cobalt. If the specific oxidation state (as
here) is not given, then Co(Ill) is assumed. The term [Cbx] refers to any cobalt
corrinoid.
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tetrahydrofolate by means of methionine synthesis from homocysteine.
B2 deficiency can result in damage to the myelin sheath of nerves
because of the accumulation of methylmalonyl CoA, and megaloblastic
anaemia because of an inability to regenerate tetrahydrofolate, which is
required for thymine synthesis [82-88].

By is essential for the normal function of DNA and deficiency of the
vitamin impairs the ability of cells to divide. The most rapidly dividing
cells are found in the skin, hair follicles and lining of the gastrointestinal
tract, and in bone marrow, where red blood cells are made. The effects of
B2 deficiency on the skin and bowel are minimal; however, the inability
of the bone marrow to produce red cells is the root cause of pernicious
anaemia. As mentioned, the vitamin also plays an important role in the
central nervous system and is essential for the production of the myelin
that forms the protective sheath surrounding nerve cells.

B, deficiency leads to conditions including megaloblastic anaemia,
tingling and numbness of the extremities, gait abnormalities, visual
disturbances, memory loss and dementia [89] and is also associated with
developmental and neurological disorders [90,91]. Elevated homocys-
teine levels, indicative of impaired one-carbon metabolism that, inter
alia, could be indicative of insufficient levels of B15, have been associ-
ated with the onset and progression of Alzheimer’s disease [92], in
general cognitive decline [93], and may lead to brain abnormalities
[94]. Thrombotic microangiopathy (TMA) induced by a cobalamin
deficiency is rare and closely resembles the clinical features of throm-
botic thrombocytopenic purpura (TTP) [95].

B2 deficiency is readily determined by a blood test and treatment
entails supplementation, by injection, or uptake through the nasal pas-
sages [43]. Low levels of B2 can occur in the aged because of atrophy of
the lining of the stomach that leads to the inadequate production of
intrinsic factor. Dietary folate supplementation may ameliorate the
anaemia, but not myelin damage or accumulation of homocysteine (a
condition known as homocysteinuria [96]), which is thought to
contribute to stroke and cardiac infarction. Deficiency usually results
from deficit dietary uptake, absorption or transport of B;s, since non-
vegan diets usually have sufficient quantities of Bjs. People on strict
vegan diets are at high risk of developing B, deficiency unless they take
B, supplements [97]. There is a correlation between patients on met-
formin as an oral hypoglycaemic drug and B, deficiency [98].

The role of B3 is some clinically-important diseases, such as its role
in Mycobacterium tuberculosis, remains poorly understood [99]. Indeed,
the complexities of the role that By, and its derivatives play in biology,
and the limits of our current understanding, are neatly illustrated by the
case of M. tuberculosis. The bacterium has the ability to carry out the de
novo synthesis of By, but it is also able to scavenge corrinoids with an
ATP-binding protein. Its genome encodes two Bz riboswitches and three
Bio-dependent enzymes. One enzyme (MetH) is used in the biosynthesis
of methionine; the second, MutAB, is used in propionate utilization; but
the role of the third, a ribonucleotide reductase, remains unknown. The
bacillus is clearly B;,-dependent and appears to have the competency to
regulate function depending on the availability of Bjs: either it scav-
enges it from its environment, or it switches on the metabolically
expensive de novo synthesis route.

2. The structure of the cobalt corrinoids
2.1. Nomenclature

B2 and its derivatives contain a tetrapyrrole ligand, corrin (Fig. 2),
with absolute R configuration at C1 and C19 [100]. Unlike a porphyrin,
there is a direct bond between the A and D rings. The left-chiral asym-
metry of the corrin at C1 distinguishes the “upper” (or ) and “lower” (or
a) face.

In the so-called “complete corrinoids”, the a ligand is part of a
nucleotide loop that is attached to ring D at C17 (Fig. 3). The nucleotide
loop does not appear to impart strain on the macrocycle [101]. The
terminal bases may be purines or benzimidazoles [102]; a phenol may
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Fig. 2. The tetrapyrrole macrocyclic ligand of the cobalt corrinoids.

also occupy the terminal position of the nucleotide loop but does not
coordinate the metal ion [103]. Acetamide substituents point to the g
face at C2, C7 and C18, and propionamides point to the « face at C3, C6
and C13.

Cobalt complexes where the oxidation state of the metal ranges all
the way from —3 to +6 are known [104]. In the cobalt corrinoids,
however, the cobalt ion usually occurs in the low spin +3, +2 or + 1
oxidation state. The electrochemical oxidation of Co(Ill) in methyl-
cobalamin ([MeCbl]) leads to the rapid cleavage of the Co—C bond,
producing aquacob(Ill)alamin, [H,OCbl]*, and methanol [105]. DFT
(BP86/6-31G*) and CASSCF/MC-XQDPT2 calculations suggest that
cationic [MeCbl]™ is best described as a metal with Co(III)/Co(IV)

HO
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character and a corrin z radical cation, and has a considerably weakened
Co—C bond [106].

Cobinamides lack the nucleotide tail, with hydrolytic cleavage of the
nucleotide side chain at the phosphate group; the d side chain is there-
fore CH3;CH,CONHCH,CH(CH3)OH. Compounds such as aqua-
cyanocobinamide ([ACCbi] *, or Factor B) will be present in solution as
two diastereomeric coordination isomers, or diastereomers, a-aqua,
p-cyano and a-cyano, f-aqua; the diastereomers of Factor B are not very
readily separated and often interchange in solution, probably though
intermediate formation of the diaqua and dicyano complexes. (The a
and g isomers of other cobinamides can be separated chromatographi-
cally [107,108], as mentioned later, see Section 9.2). Compounds in
which the C17 (or f) side chain retains the ribose 3-phosphate residue,
but not necessarily the 5,6-dimethylbenzimidazole (bzm) base are
termed cobamides. Cobyric acid is the hexamide with a propionic acid f
side chain. In cobyrinic acid, all seven side chains of the corrin have been
hydrolysed to carboxylic acids.

We will use the generic term cobalt corrinoids to refer collectively to
all corrin species. There are IUB and IUPAC recommendations for the
naming of the corrinoids [109] that have been succinctly summarised
[110]. The numbering scheme used in shown in Fig. 4.

The two principal biologically active forms of the cobalt corrinoids
are methylcobalamin [CH3Cbl] (or [MeCbl]), and 5'-deoxy-
denosylcobalamin (coenzyme B3; [AdoCbl]) (Fig. 3). Cyanocobalamin
([CNCDbl], vitamin B;5) is not biologically active and has to be converted
to a functional form ([CH3Cbl], [AdoCbl]). Aquacobalamin, [H,OCbl] ¥,
or vitamin By o,, has HoO as the upper () axial ligand; it loses H' to form
hydroxocobalamin, [HOCbl] (pK, =7.462(7) [111]).

Free forms of the cobalamins are usually found with bzm occupying
the lower (@) coordination site (the “base-on” form). Protonation of bzm
at low pH (pK, for [H,0Cbl]" = —2.13 [112]; [MeCbl] =2.89 [113];
[AdoCbl] = 3.67 [112]) leads to the “base-off” form [23]. Many proteins
in which a cobalamin is the cofactor bind it with bzm displaced by a His

2
R=
OH
HO,
N=—
- \N
cs' o N\ y
.
H NH,
—CN
—CHs
—OH/H,0

CH,

Fig. 3. The structure of the cobalamins. In adenosylcobalamin, [AdoCbl], or coenzyme B;5, R = 5'-deoxyadenosyl. Cyanocobalamin or vitamin By, itself, [CNCbl],
has R=CN~. Methylcobalamin, [CH3Cbl] or [MeCbl], has R=CHj3; in aquacobalamin, or vitamin Bz, [H,OCbl]*, R=H,0 and in hydroxocobalamin,

[HOCbl], R=0H".
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Fig. 4. The numbering of the cobalt corrinoids. That on the left accords with IUPAC and IUB recommendations; that on the right is the numbering commonly used in

the earlier literature.

residue from the protein (“base-off/His-on”) [114].

The cobalt ion is usually in the +3 oxidation state under aerobic
conditions, and is six-coordinate. [CNCbl] features a strong Co—C bond,
and a relatively weak bond to the axial bzm base. The Co—C bond in an
alkylcobalamin such as [MeCbl] is considerably weaker [115].

A one-electron reduction produces the Co(II) form, cob(Il)alamin,
[CbI(II)], or Bqs;. It is often five-coordinate in neutral solution with a
vacant f coordination site. If the # coordination site is occupied, then the
bond to bzm is weakened and the pK, for the base-off/base-on reaction is
raised to 2.9 [116], 3.4 [117] and 4.8 [118] when the f ligand is H,0O,
SCN™ and SO3, respectively, for example. Protonated, base-off [CbI(II)]
is five-coordinate in a coordinating solvent, with a solvent molecule
occupying an axial coordination site, as demonstrated by continuous
wave EPR spectroscopy at X-band frequencies and pulse-EPR and
ENDOR methods at X-, Q- and W-band frequencies [119]. A further one-
electron reduction produces cob(I)alamin ([CbI(I)] ™, Bjgs; this is most
often four-coordinate [58].

B2 cofactors with a-axial ligands other than bzm have also been
observed [120], with the most common example being pseudo-B;s

(Fig. 5), in which N7-linked adenine replaces bzm as the a-axial ligand
[121]. Pseudo-B12 has no physiological functionality in humans but is
physiologically important in Salmonella enterica serovar Typhimurium
[122]. Factor III, found in, for example, Clostridium thermoaceticum, has
a methoxy group at position B5 and H at position B6 of the benzimid-
azole ligand [123].

Whilst interest in the chemistry of the cobalt corrinoids is aimed
principally at reaching an understanding of their roles — and the
mechanistic details underlying those roles — in biology, the physical and
inorganic chemistry of these compounds are interesting in their own
right and their study has made contributions to these branches of
chemistry. This is the principal focus of this review.

Various spectroscopic methods have been used to elucidate the
molecular and electronic structure of the cobalt corrinoids. NMR in

|
Clo_
N
: N N
4 a0
N N ~N
R=CN  Vitamin By, N
R = Me [CH4CbI] R=CN pseudovitamin ?12 ‘ .
R=Ado [AdoCbl] R=Me Coa-Me-Cop-7"-adeninylcobamide
Nw_Ns j
a0 </
N S
NH, g
R=CN Factor A R=CN  Coo-cyano-Cop7"
R=Me Coa-Me-Cop7"- [N8-Me]-adeninylcobamide

[2-Me]-adeninylcobamide

Fig. 5. Variability in the lower axial ligand of the cobalt corrinoids.

particular (for example [124-136]) has been very useful for studying the
compounds in solution, and electronic (uv-vis), electronic circular di-
chroism (ECD), x-ray absorption fine structure (EXAFS), x-ray absorp-
tion near edge structure (XANES), electron paramagnetic resonance
(EPR) and resonance Raman (rR) spectroscopy have played an impor-
tant role in probing their structure [137-145]. Detailed assignments of
the uv-vis, rR and ECD spectra, often supported by computational
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methods, are available (for example [142,143,146-151]).

ECD spectra of the cobalamins are quite sensitive to the identity of
the g ligand [142,151]. The rR spectra depend on the oxidation state of
the metal [150] because of differences in the extent of mixing between
Co 3d,; and 3d,, orbitals and vacant corrin z* orbitals in [CNCbI], [Cbl
(ID] and [CbI(I)]". There is an increase in the donation of electron
density from the metal to corrin z* orbitals as the oxidation state of the
metal decreases; this leads to a weakening of the conjugated C—C and
C—N bonds of the corrin and decrease in the frequency of their normal
modes of vibration. Vibrations of principally the C—C and C—N bonds of
the corrin along one axis of the corrin ring (the C1,C19-C10 axis for Co
(I11), the C5-C15 axis for Co(II) and Co(I)) couple to perpendicularly
polarized electronic transitions.

The rR and resonance Raman optical activity (rROA) spectra, with
excitation at 532 nm, of a number of cobalamins ([CNCbl], [HOCblI],
[HCCPhCCCbl], [CN-10BrCbl]) have been reported [151]. The spectra
are all quite similar as the dominant contributions are resonantly
enhanced ring vibrations [138,151]. The substitution of the meso pro-
ton, the proton at C10, C10H, by Br, as expected, leads to significant
differences between the rR spectra of [CNCbl] and [CN-10BrCbl]
because of the change in the electronic structure of the corrin ring.
The rROA spectra, on the other hand, are more sensitive to the nature of
the axial ligand because of the contribution from electronically excited
states that differ in energy and sign of their rotatory strengths [151];
they are also more intense for a chiral system such as a corrinoid when in
resonance with multiple electronic excites states, allowing for mea-
surements to be performed on solutions with concentrations as low as
10 pM [151].

Important and useful as these spectroscopic methods have been —and
will undoubtedly continue to be - there is little doubt that, from the very
early days of research into B;y and its derivatives [72,73], crystallog-
raphy has played a central role in the chemistry of the cobalt corrinoids
[152].

2.2. Co(III) corrinoids

A comprehensive review of the crystal structures of the cobalamins is
available [153]. There are over one hundred such structures deposited
in the database of the Cambridge Crystallographic Data Centre (CCDC),”
but many are not particularly accurate, with large R factors, and
considerable disorder in the corrin side chains, in the C ring, and in
solvent molecules [152,154]. Of the deposited structures, 18 have R
factors of <5% (Table 1). The Co—N, N—C and C—C bond lengths, their
average, and standard deviation, obtained from these structures are
listed in Table 1. (A domed, five-coordinate structure of the heptamethyl
cobyrinate (cobester) with a (3-benzenesulfonyl)cyclobutyl ligand in the
f coordination site and with R = 3.15% [155] has not been included.)

The Co—N1 and Co—N4 bonds are shorter than the Co—N2 and
Co—N3 bonds because of the direct C1—C19 link of the A and D rings
(Table 2). This also causes an elongation of the C4—C5 and C15—C16
bond lengths (1.448(6) A, n=36) compared to the other C—C of the
delocalised # electron system (1.390(31) 10\, n=90). The bond lengths
between the sp® carbon atoms vary between 1.513 and 1.592 A (mean
1.555(17) A, n=126).

In studies of alkyl cobaloximes, once regarded as suitable models of
the alkyl cobalamins, it was found that complexes with short Co—C
bonds also have short Co—N bonds to a trans N-donor ligand [156,157],
an effect described as an inverse trans influence [158] since it is usually
observed in coordination chemistry that shortening the bond length
between a ligand and a metal tends to increase the bond length between
the metal and the trans ligand. An attempt to quantify the factors that
affect the length of the Co—C bond in the alkyl cobaloximes indicate that
the bond lengthens with an increase in the steric bulk of the ligand and

2 From a search of the CCDC in January 2021
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its o donor ability, and shortens as the Co—C—X bond angle increases,
where X is a substituent on the donor C atom of the axial ligand [159].

The structural data for alkylcobalamins show that the trans Co—Np,n,
bond tends to lengthen as the Co—C bond to an alkyl  ligand increases.
In Fig. 6 (insert) the crystallographic values of the Co—C bond length are
plotted against the Co—Ny,y, bond length for all alkylcobalamins (i.e.,
where C is (formally) sp3 hybridised as in —CH3 and —CH3(CH3)2CHsg,
sp? hybridised as in —CO(OCHj3), and sp. hydridised as in —C = C-Ph.
The data for CNCbl itself, and related structures, are included. There is a
clear, albeit weak (> = 0.79) correlation between the two parameters
and steric effects (the bulk of the ligand and its probable interaction with
the corrin and its side chains) and electronic effects (hybridisation, ¢
donor power, ability to act as a 7 acceptor) are likely to be important
factors. The data in the main graphic of Fig. 6 are limited to those
structures where the C donor atom is either CN™ or (formally) sp3
hybridised (Table Al of the Appendix). The weak correlation clearly
persists. It should be appreciated, however, that there is considerable
variability in crystallographically-determined structural parameters, as
the standard deviations for the mean values of the axial bond lengths in
[CNCbI] (35 structures), [CF3Cbl] (2 structures), [CH3Cbl] (5 struc-
tures), [CHF,Cbl] (2 structures) and [AdoCbl] (5 structures), show, and
caution needs to be exercised lest the data are over-interpreted. More-
over, the effect of crystal packing forces may not be negligible; indeed,
as has been pointed out, structural features of the cobalt corrinoids, such
as the corrin fold angle [160] (see Section 2.5) and the Co—Ny,, bond
length [161] can be very sensitive to these solid state effects. For
example, [CN—10NO,Cbl] crystallises in the monoclinic space group
P2; with four molecules in the unit cell [162]. The Co—C bond length
varies from 1.84 to 1.88 i\, the Co—Np,m bond length varies from 2.03 to
2.13 A, while the fold angle varies from 11.6° to 26.5° in these four
molecules! As the authors of this study point out, the values are strongly
dependent of the position of each molecule within the unit cell and its
interaction with occluded solvent acetone or water.

There is solid state NMR evidence showing that crystallisation con-
ditions can lead to different polymorphs of [CNCbl] which have
observable structural differences [163]. NOE-derived distant restraints
molecular mechanics modelling of [MeCbl] in solution shows significant
differences in the conformation of the nucleotide loop compared to that
observed in the solid state because of interaction with solvent H,O
molecules [164]. Given the structure of the corrinoids, it is no surprise
that they are very soluble in aqueous solution, and interact intimately
with Hy0 solvent molecules. (Detailed analyses of the structure of the
solvent around [AdoCbl] determined by x-ray and neutron diffraction
methods have been reported [165,166].) The effect of pressure on a
crystal of [CNCbl] grown from aqueous solution has been explored, and
pressure results in significant changes to the conformation of the amide
side chains, and particularly to the ordering of occluded water molecules
[167].

In the case of non-alkyl cobalamins [XCbl]’s (Fig. 7), where (A) the
ligand X has an O or N donor atom or, (B) P, S or Cl, there appears to be
no significant correlation between the Co—Np,, and the Co—X bond
lengths, particularly if the value for nitrosylcobalamin, [NOCbl] [183],
is omitted; the Co—NO bond length is 1.907 A while the Co—Np,m bond
length, 2.32-2.35 A, is exceptionally long.

Given the rapid advances in computational power and the ever
increasing availability of commercial and open source code, computa-
tional methods offer many possibilities of gaining significant insight into
the chemistry of the cobalt corrinoids. Such studies will be referred to
throughout this review; but as this is by no means the principal focus, no
claim is made that the computational work is comprehensively
reviewed. Density Functional Theory (DFT) has featured prominently in
theoretical studies of the cobalt corrinoids [184]. However, some
widely-used functionals, such as B3LYP, may not give reliable results
because of errors associated with the Hartree-Fock exchange and the
LYP functional itself [185]. With a judicious choice of methodology,
semi-empirical methods can also yield useful results [186]. Molecular
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Table 1

High resolution crystal structures of cobalt corrins.
CCDC Code  Description of structure Year Note R/% Temp Radiation Ref

/K
ENAVAR B, with protonated phosphate; trifluoroacetate counter ion 2011 4.09 100 Mo Ka (0.71069 A) [160]
GIBMOU Bia 2007 a 3.32 295 Mo Ka (0.71069 A) [168]
GIBMOUO1 Bia 2009 b 3.40 90 Mo Ka (0.7107 A) [169]
GINNEY Phenylethynylcobalamin 2013 4.91 233 Mo Ka (0.7107 ;\) [170]
GIZYOD Chlorocobalamin 1998 c 4.86 100 Synchrotron, 0.8 A [171]
INIZUA Diisopropylphophitocobalamin 2004 d 4.10 123 Mo Ka (0.7107 IOX) [172]
ISUKAI Isoamylcobalamin 2004 e 4.26 123 Mo Ka (0.7107 A) [173]
MEDZAZ Phenylcobalmin 2017 4.37 193 Mo Ka (0.7107 10\) [174]
NEOVBTO01 Cyano-13-epicobalamin; the e side-chain is epimerised and points upwards to the p face ~ 1996 f 4.04 295 Mo Ka (0.71073 A) [175]
of the corrin
NEVSAJ Conjugate of B, and [Pt(en)CI(NC)] with a Co(II—CN~—Pt(II) link 2007 g 4.82 183 Mo Ka (0.71069 A) [176]
PAFBUV AdoCbl 2009 h 4.80 23 Mo Ka (0.7107 A) [169]
QINJOO Phenylethynylcobalamin 2013 i 4.22 100 Cu Ka (1.54178 A) [177]
RIKFUM Aquacobalamin with Cl substituting H at C10 1997 j 4.26 295 Mo Ka (0.71073 A) [178]
SUNYEF Aquacobalamin 1995 k 4.54 295 Synchrotron, 0.65 A [179]
WIKXUJ Bia 2000 1 4.35 100 Synchrotron, 0.8 A [180]
YAKDIZ B;2 with hydroxyquinoline attached at the 5’-OH position of ribose 2011 m 4.92 183 Mo Ka (0.71069 A) [181]
YUCCAB Ethylcobalamin 2009 4.62 293 Synchrotron [182]
(0.78468 A)

YUCCEF n-Butylcobalamin 2009 n 4.69 293 Synchrotron [182]

(0.78468 A)
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Table 2

Mean bond lengths of the corrin core from eighteen high resolution crystal structures®.
Bond Bond length /A 6 /A Bond Bond length /A o /A Bond Bond length /A 6 /A
Co—N1 1.888 0.008 N4—C19 1.500 0.007 Cl1—C12 1.504 0.006
Co—N2 1.916 0.008 C1—C2 1.534 0.015 C12—C13 1.554 0.007
Co—N3 1.915 0.009 C2—C3 1.558 0.012 C13—C14 1.541 0.009
Co—N4 1.881 0.009 C3—C4 1.539 0.009 C14—C15 1.368 0.007
N1—C1 1.484 0.006 C4—C5 1.447 0.006 C15—C16 1.448 0.005
N1—C4 1.302 0.006 C5—C6 1.367 0.008 Cl16—C17 1.515 0.011
N2—C6 1.393 0.007 Cc6—C7 1.524 0.009 C17—C18 1.567 0.008
N2—C9 1.340 0.007 C7—C8 1.546 0.009 C18—C19 1.579 0.014
N3—C11 1.341 0.008 C8—C9 1.519 0.008 C19—C1 1.546 0.006
N3—C14 1.398 0.005 C9—C10 1.385 0.008
N4—Cl6 1.297 0.007 C10—C11 1.383 0.009

4See Fig. 4 for atom numbering.

mechanics (MM) methods have also been helpful, as will be discussed
later.

In a comprehensive study to determine the origin of the normal and
inverse trans influence in the cobalt corrinoids, Kuta and co-workers
used the BP86 functional to calculate the gas phase equilibrium geom-
etry of 28 alkylcobalamins, with bzm in the a coordination site [187].
All corrin side chains were truncated to H so results will be insensitive to
interactions between the axial ligands and the side-chains. Nevertheless,
the coordination sphere of the metal was reasonably well reproduced.
Using a range of alkyl and fluoroalkyls as $ ligand, where the donor atom
to Co was an sp° C atom, they reproduced the inverse trans influence
observed experimentally (Fig. 6).

The focus then turned to two sets of ligands. In the first set (—CHg;
—CH,CH3; —CH(CHgs)2; —C(CHg)3), both the donor ability and the
steric bulk increase across the series, whereas in the second set (—C
(CN)3, —CCI(CN),, —CCl3(CN), —CClg), the steric bulk is relatively
constant while the electron withdrawing ability increases across the

series.

For the first set, an analysis of the Kohn-Sham orbitals of the com-
plexes showed that three MOs, a linear combination of Co df, C p; and
Nirans Pz, and their mixing with corrin 7, Co dyy and Ngans px and py
orbitals, could be used to rationalise the inverse and normal trans in-
fluence. In agreement with a previous study [188], it was found that
increasing the ¢ donor ability of the g ligand raises the energies of
several of these MOs, diminishing the extent of the bonding and hence
(perhaps counter-intuitvely) causes an elongation of the axial bond
lengths. However, as steric bulk increases, an orbital which has strong
anti-bonding character between the metal and the axial ligands de-
creases in energy. The increase in steric interaction weakens the overlap
between Co d? and both C Pz and Nirans p;, Which diminishes the anti-
bonding character of this orbital. There is therefore an interplay be-
tween electronic and steric effects.

For the second set, steric effects are minimal and the effect is virtu-
ally entirely electronic. An increase in the electron-withdrawing power
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Fig. 6. Structural data for alkylcobalamins, [RCbl], suggest that trans Co—Np,m
bond length tends to increase with an increase in the length of the Co—C bond
to an alkyl # ligand. The insert includes data for all [RCbl] where C is sp®, sp? or
sp-hybridised, including data for cyanocobalamins. The data in the main
graphic are limited to those structures where the C donor atom is either CN™~ or
(formally) sp® hybridised (Table A1 of the Appendix). The variability in the
crystallographically-determined bond lengths, indicated as standard deviations
(in red) should be noted. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Crystallographically observed correlation between a Co—X bond length
to ligand X, where the donor atom is not C, in the f coordination site and the
trans Co—Ny,, bond length. The donor atom in A is N or O; in B itis P, S or CL.

of the ligands increases the positive charge on the metal; this in turn
causes an attraction of the nitrogenous base but a repulsion of the alkyl
group, i.e., a normal trans influence is seen.

The authors concluded that the reason why a normal trans influence
has not been observed in the experimental data for alkylcobalamins is
that complexes which would show this effect have yet to be prepared
and their structure determined.

Some early DFT studies include a demonstration that the Co—Np
bond length has little influence on the homolysis of a CH3 group in the
position [189] but the bond dissociation energy (BDE) for the heterolysis
reaction to produce Co(I) and CHJ decreases as the Co—Ny,y, bond
length increases [190]; the substrate radical-to-product rearrangement
of the AdoCbl-dependent enzymes (i.e. modelling of the radical rear-
rangement step that occurs after Co—C bond homolysis using both DFT
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and DFT/MP2 methods) [191,192]; the electronic structure of the cobalt
corrinoids [193,194]; their electronic spectra [195]; estimates of the
energy for the homolysis of the Co—C bond in a series of model alkyl-
cobalt corrin complexes [196]; and N superhyperfine and nuclear
quadrupole coupling constants [197,198].

Brunold and co-workers used a combination of MM methods and DFT
(PBE/TZP) to produce accurate models of known cobalamin structures
with a variety of § axial ligands (CH3, CN™, H20), treating the corrin
core and axial ligands (including bzm) by DFT methods, and the side
chains and nucleotide loop by MM methods [199]. The corrin fold angle
was reasonably well-reproduced (within 3° for [MeCbl] and [CNCbl] but
underestimated by 12° in [H,0Cbl]™); bond lengths to CHs and CN™
were within 0.03 A (but over-estimated by 0.17A to H50); and the
Co—Ny,;m was reproduced to about 0.1 A. The structure of the corrin was
well reproduced (bond lengths within about 0.03 A). Using this meth-
odology, structures for the corresponding cobinamides (which have so
far eluded crystallisation) were determined. The study showed how
changing bzm to H,0 profoundly changes the energy of a Co 3d2-based
orbital, other Co d orbitals, and the largely corrin-based # HOMO
orbital.

A strategy that has been used is to augment existing empirical mo-
lecular mechanics (MM) force fields to model complete corrinoids [200].
Parametrisation usually relies on fitting parameters to reproduce a wide
range of crystal structures. Parameters for the MM2 [201] and AMBER
[202-204] force fields for modelling the cobalt corrinoids have been
developed [205,206]. Bond lengths are typically reproduced to 0.03 Aor
better, and angles, including the fold angle of the corrin ring, to 2° or
better [207]. These methods can offer real insight into the solution
structure of the cobalt corrinoids [208,209], especially when coupled
with NMR-derived distance restraints in molecular dynamics simula-
tions [210-214]. The Universal Force Field (UFF) [215] has also proved
very useful in modelling the cobalt corrinoids [216]. MM methods have
been used, for example, for exploring the interaction between cobalt
corrinoids and their transport proteins TCII [217,218], BtuF [219] and
BtuB [220]; conjugates of [CNCbl] with peptide nucleic acids [221];
and, coupled with QM calculations, to explore the structure of, for
example, the reductive dehalogenase PceA [222] and the epox-
yqueuosine reductase, QueG [223].

An analysis of the conformational flexibility of the corrin in the co-
balt corrinoids based on a variety of methods including matrix parti-
tioning, factor analysis, and surface accessibility calculations of solid
state structures available at that time [224] showed that the corrin is
very flexible along the Co—C10 vector with the northern hemisphere of
the corrin being the most flexible. The extent of folding depends on the
bulkiness of the axial ligands. More recently, MM studies have also
highlighted the flexibility of the corrin, with the corrin fold angle
varying by up to 45° in MD simulations at 300 K. The corrin undergoes a
“breathing” motion in which C5, C10 and C15 oscillate above and below
the mean corrin plane, in agreement with the findings of Pett et al.
[224]. The pyrrole rings, and in particular the B and C rings, are also
very flexible, with the acetamide and propionamide side chains visiting
many locally-minimum energy conformations. There is less flexibility in
the “western” half of the molecule, presumably because of the direct link
between the A and D rings.

2.3. Co(Il) corrinoids®

Crystal structures of Co(Il) corrinoids are rare. Werthemann reported
a dimer of Co(II) heptamethylester (cob(II)ester) bridged by iodide
[225], where each Co(1I) is displaced by 0.12 A from the mean plane of
the 4 N donors of the equatorial macrocycle towards the bridging ligand.
Krautler and co-workers determined the structure of five-coordinate
monomeric cob(Il)ester coordinated in the § coordination site by ClO4
[226] with a long Co—O bond (2.31 10\). The coordination geometry
about the metal is not significantly different to that in dicyanocob(III)
ester and the metal is displaced a mere 0.048 A from the mean plane of
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the four corrin N donor atoms, which, as was pointed out [226], is small
compared to the displacement of Co(II) of 0.14 A from the mean plane of
the 4 N donors in Co(II) porphyrins.

The crystal structure of cob(II)alamin itself is known [227]. Low spin
Co(II) is displaced by 0.12 A from the mean plane of the four equatorial
N donors towards bzm. As with the cob(II)ester structure, the coordi-
nation geometry around the metal does not differ significantly from
Co(III) corrinoids. The five-coordinate structure of Bip, has more
recently been confirmed using neutron diffraction, a study which was
also able to elucidate the structure of solvent water around the cobal-
amin [228,229]. Both structures show that the Co—N bond to bzm in
Bjgr is elongated (2.131 A [227] and 2.140 A [229]) when compared to
[H,0CbI]* (1.925 A [179] and 1.985 A [230] in [H0CbI]*; 1.967 A in
[H20(10-CDCbI]* [178] and 1.975 A in [H,0(10-Br)CbI]* [231]).

The electronic structure of base-off cob(Il)alamin, with water
replacing bzm, and of a four-coordinate cob(Il)alamin, as found in the
H759G variant of MetH, the 5-methyltetrahydrofolate-homocysteine
methyltransferase methionine synthase found in bacteria, has been
investigated by EPR, MCD, DFT(PBE/TZP) and a multi-reference ab initio
treatment (Spectroscopy ORiented Configuration Interaction (SORCI)
method) [232]. In the d” five-coordinate complex the unpaired electron
density resides primarily in 3d2. In the four-coordinate complex there is
mixing between 3d? and 3d,2_,. and there is configurational interaction
between these two singlet electronic configurations. There are two low-
lying excited states where unpaired electron density is largely found in
3d,; and 3d,;, respectively, and these mix with the ground state through
spin-orbit coupling. This leads to a multiconfigurational wavefunction
for the ground state of this complex. This electronic structure, which
could perhaps be described as an entatic state, favours rapid electron
transfer by reductants, leading to cob(I)alamin, [Cbl(I)]".

2.4. Co(I) corrinoids

Cob(Dalamins are low spin, EPR-silent complexes with (formally) a
Co d® electronic structure. No Co(I) corrinoids have been crystallised
and their structure determined by diffraction methods, no doubt a
consequence of their ready oxidation (for example, [Cbl(II)]|[Cbl
(D]~ =-0.64 (or — 0.61 V), see Section 5.1). A crystal structure of the
isoelectronic Ni(II) analogue of cobyrinic acid, nibyric acid, shows the
metal to be four coordinate [233], as it is in the Ni(II) analogue of [Cbl
(D17, [Nibl] as deduced by NMR [233]. While it could be argued that
this is precedence for assuming that Co(I) in [Cbl(I)] " is four coordinate,
square planar Ni(Il), with an effective ionic radius of 0.49 A [234], is
undoubtedly smaller than low spin Co(I) (the radius of which appears to
be unknown; low spin Co(II) has an effective ionic radius of 0.65 A
[234]).

While similar indirect conclusions have been made from uv-vis
spectroscopy [235,236] and electrochemical studies [237,238], the
best experimental evidence available is from X-ray edge and EXAFS data
[239] which shows that Co(I) in [Cbl(I)]™ exists as a distorted four-
coordinate complex (experimentally, 3.5(6) ligands; Co—N =1.88(2)
A) in 35% glycerol, < 150 K). This was confirmed by X-ray fluorescence
measurements which ruled out a coordination number of 5 or a tetra-
hedral geometry. From an x-ray absorption spectroscopy/spectroelec-
trochemical study at room temperature, pH 1.4, Giorgetti and co-
workers [240] concluded that Co(I) in [Cbl(I)]™ is indeed four
coordinate.

Computational work, using DFT [190,241-243], TD-DFT [244] and
CASPT2 [245], gave a 4-coordinate species with two shorter and two
longer Co—N bonds to the corrin N donors. However, if dispersion is
taken into account (for example, using ®B97X-D/6-311++G(d,p), and
as reviewed in [246]), then it becomes evident that Co(I) can form long
axial bonds to hydrogen atoms, where the Co---HXR, X=N, O, C,
interaction is a non-covalent interaction reminiscent of a hydrogen
bond.
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2.5. Corrins with metals other than cobalt

Of the structurally-related cyclic tetrapyrroles found in nature (cor-
rin, porphine, hydrocorphin and chlorin, Fig. 8), each with its distinctive
metal ion (Co, Fe, Ni and Mg, respectively), corrin has the smallest
central cavity with a trans N---N distance of 3.93 A, while porphine
(4.17 A), chlorin (3.99 and 4.35 [o\, average 4.17 f\) and hydrocorphin
(4.34 A) are considerably larger [247]. It has been suggested that the
small size of the corrin cavity is an important factor in selecting for the
low spin state in octahedral Co(Ill), square pyramidal Co(II) and square
planar Co(I) complexes of the cobalt corrins [248], the enzymatically
active forms of the cobalt corrins in the Bj;-dependent enzymes. How-
ever, the corrin ring is quite flexible, and can accommodate other metal
ions. For example, low spin six-coordinate Co(III) has an ionic radius of
55 pm while that of six-coordinate Rh(III) is significantly larger, 67 pm
[234]; yet both are readily accommodated in a corrin.

The Rh(III) analogue of chlorocobalamin [CICbl], chloro-
rhodibalamin [CIRhbl], was first reported by Koppenhagen et al.
[249,250], who treated metal-free hydrogenobalamin, [Hbl], isolated
from cultures of the acetogenic eubacterium Chromatium thermoaceticum
grown in cobalt-free media, with [Rh(CO)2Cl]>. [H2ORhbI]' could be
prepared by precipitation of chloride with silver nitrate, and reduced to
the Rh(I) complex by borohydride. Treatment with methyl iodide and 5'-
iodo-5'-deoxadenosine produced the Rh analogues of [MeCbl] and
[AdoCbl], respectively. None of the compounds were crystallised; their
structure was inferred from the 3 proton signal of coordinated CH3 in
[CH3Rhbl], and analysis of the decomposition products of [AdoRhbl] on
treatment with excess CN~. A much more efficient route is now available
for the metal-free corrin hydrogenobyric acid, ([Hby], Fig. 9A) [251],
which can be converted to the metal-free analogue of cobalamin,
hydrogenobalamin [Hbl] [233].

A crystal structure of a Rh(III) complex of a corrin was obtained on
treating hydrogenobyrinic acid a,c-diamide with [Rh(CO),Cl]y [252].
The Rh(III) complex has two axial Cl~ ligands. Compared to dicyano-
cobyrinic acid a,c-diamide [253], the central cavity of the corrin has
expanded to accommodate the larger metal ion (Table 3). A crystal
structure of [CIRhbI] is also available [254]. The bzm base is coordi-
nated with a relatively long Co—Np,, bond (2.063 A, cf. 1.990A in
[CICbI] [1711), as is the bond to CI~ (Co—Cl =2.352 A, but 2.262 A in
[CICbI]).

[AdoRhbl] has been prepared by a combination of biological and
chemical steps, and its solution structure (by NMR) and solid state
structure (by XRD) fully explored [255], confirming its base-on struc-
ture. There are clear differences in the behaviour of [AdoRhbl] and
[AdoCbl], not least of which is that the former is not sensitive to visible
radiation, while the latter decomposes rapidly by homolysis of the
Co—C bond. [AdoRhbl] is inactive in in vivo assays for methionine
synthase and inhibits [AdoCbl]-dependent diol dehydratase [255]. The
comparatively ready availability of [CIRhbl] makes it feasible to prepare
[AdoRhbl] and [MeRhbl], as well as compounds such as iodorhodi-
blamin, [IRhbl] [254].

Incorporation of the larger low-spin Rh(III) into corrin results in
longer metal—Ncopin bond lengths (by 0.082(5) A) when compared to
[AdoCbl], but a more modest increase of 0.035(5) A in the axial bond
lengths. The corrin is flatter in [AdoRhbl] than in [AdoCbl] (fold angles,
defined as the angle between the mean planes through N1, C4, C5, C6,
N2, C9, C10, and N4, C16, C15, C14, N3, C11, C10, respectively, [258],
of 6.0° and 10.1°, respectively, Table 4), as is the B ring with the c-
acetamide and d-propionamide in pseudo-equatorial positions, although
NMR evidence shows that it has the same conformation as the B ring of
[AdoCbl] in solution.

The corrin macrocycle is quite capable of accommodating the larger
Rh(III) ion by adopting a smaller corrin fold angle. The helicity, h, of the
corrin, the N1—N2—N3—N4 torsion angle about the pseudo-bond be-
tween N2 and N3 [251], is also smaller as a consequence of a flatter
corrin ring.
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Fig. 8. The tetrapyrroles of nature.
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Fig. 9. A: Hydrogenobyric acid. In hydrogenobyric acid all side chains are hydrolysed to carboxylic acids. B: The structure of a Rh(III) complex of an oxidised corrin,

a rhodalamine analogue (see Table 3).

Table 3
Comparison of the equatorial bond lengths in Co(III) and Rh(III) corrinoids.
M3 —N1 M**—N2  MP**—N3 M —N4 Ref
/A /A /A /A
[AdoCbl] 1.875 1.913 1.900 1.880 [169]*
[AdoRhbl] 1.956 2.001 1.989 1.955 [255]°
[CI;Rhby-a,c-
diamide] 1.953 1.998 1.978 1.956 [252]¢
[ClyCoby-a,c-
diamide] 1.899 1.915 1.915 1.877 25614
Rh(IID)
rhodalamine
analogue f 1.935 1.991 2.002 1.941 [257]¢
[CICbl] 1.882 1.917 1.922 1.893 [171]8
[CIRhbI] 1.960 1.977 1.984 1.947 [254]"

ACCDC ref. code PAFBUV; PURALOQ; “CNRHBR; ‘CYCOAM; *HULSUG; ‘Fig. 9B;
8TUZPAL "GIZYOD.

Various measures have been used to gauge the extent of deviation
from planarity of the corrin ring (Fig. 10). The direct link between the A
and D ring means that, unlike the porphines, the corrins will be mark-
edly non-planar. One of these measures is the corrin fold angle [258]
which is the angle between two east-west planes in the corrin (see
above). A second — perhaps more appropriate for corrins in which the

bzm base is either missing or uncoordinated [233] - is the interplane
angle, ¢, between the north-south N1—metal—N4 and N2—metal—N3
planes. A third is the helicity, h, of the corrin [251], as mentioned above.
Yet another is the deviation of the metal ion from the mean plane for the
four corrin N atoms, M_L. To give a sense of the flexibility of the corrin,
these values for some representative corrins are collected in Table 4.

Broring et al. [257] showed that Rh(III) also fits comfortably into the
cavity of an oxidised corrin (Fig. 9B). The Rh(III)—N bonds lengths in
this complex are comparable to those in [AdoRhbl] [255] and [AdoCbl]
[263] (Table 2). The central Rh3+(N)4—unit is nearly planar (mean de-
viation from planarity of 0.018 A) and the corrole adopts a ruffled
conformation with the C ring tilted at 16.1° to this mean plane.

The Ni(II), PA(ID), Pt(Il), Zn(II), Mg(II) and Cd(II) complexes of a seco
corrin, where the C1—C19 bond is missing and the bond between C1 and
C24 is a double bond, have been prepared [264]. The efficiency of the
photochemical cyclisation to the complete corrin depends on the iden-
tity of the metal. The crystal structures of the Ni(II), Pd(II) and Pt(II)
complexes have been determined [264], but apparently not of the
cyclised corrins.

Zn(II), Ni(II) and Cu(II) corrins have been known for some time (with
Zn(Il) corrins used as intermediates in the total synthesis of Bjs
[259,265-268]) and studied in their own right for their chemical and
physical properties [269,270]. Treatment of solutions of two metal-free
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Table 4
Measures of the flexibility of the corrin ring in metallocorrins.
M ionic M-N21 M-N22 M-N23 M-N24 Ave M- Fold helicity, h Interplane Ml Ref
radius /A /A /A /R Ncon-in/;\ angle /deg angle, ¢ /deg /pm
/pm’ /deg
[Hyby] 11.6 12.9 13.47 21 [2511"
[NiCor] ! SQPINi 49 1.851 1.913 1.884 1.847 1.87 9.9 10.2 11.2 1 [259,2601™
an
[Niby] SqPI Ni 49 1.836 1.883 1.864 1.859 1.86 8.8 10.1 11.1 3 [233)F
(I
Cob(II)alamin 5C Co 65" 1.871 1.911 1.893 1.874 1.89 16.2 5.9 12.0 12 [227]1"
I
Cob(II)alamin 5C Co 65 1.935 1.856 1.836 1.954 1.90 14.4 5.6 14.2 15 2291
I
ClO4cob(1D) 5C Co 65 1.889 1.931 1.906 1.874 1.90 6.0 6.1 7.7 5 [226]%
ester™ (I A
[Znby] 5C Zn 68 2.039 2.030 1.986 2.054 2.03 6.4 8.0 27.9 62 [261]
I
[Cl>Coby-a,c- LS 6C 55 1.899 1.915 1.915 1.877 1.90 8.2 6.1 6.6 1 25614
diamide] Co(IID)
[Cl,Rhby-a,c- 6C Rh 67 1.953 1.998 1.978 1.956 1.97 7.9 5.5 6.2 1 [252]¢
diamide] (11D
[CNCbl] LS 6C 55 1.886 1.919 1.922 1.900 1.91 15.9 4.2 4.8 2 [169]8
Co(III)
[AdoCbl] LS 6C 55 1.875 1.913 1.900 1.880 1.89 10.1 3.3 3.5 0 [169]*
Co(III)
[AdoRhbl] 6C Rh 67 1.956 2.001 1.989 2.055 2.00 6.0 3.0 3.8 2 [255]°
(1)
[CICbl] 6C Co 55 1.882 1.917 1.922 1.898 1.90 17.5 4.0 5.0 3 [1711°
(1)
[CIRhbI] 6C Rh 67 1.960 1.976 1.984 1.947 1.97 17.4 3.0 4.3 3 [254]¢

(II1)

2CCDC ref. code PAFBUV; PURALOQ; “CNRHBR; YCYCOAM; °TUZPAI; ARTWUU; 8GIBMOUO1; "SOLJAH; ‘POTWAZ; '/KAHPAO; “FOGMAP; ™NIMCOR; "KECWUK,
°GIZYOD. *The heptamethyl ester, Co(II)-heptamethyl-cobyrinate with ClO in the # coordination site. ‘Estimated using the centroid of N21, N22, N23 and N24 as the
putative position of a coordinated metal ion.Tonic radii from [234]. *L.S Co(II); the effective ionic radius of HS Co(II) is much larger, 75 pm [104,262]. |The synthetic

corrin 5, 8,13,13-pentamethyl-5-cyano-corrin.

corrins from Chromatium, tentatively identified as phenyl-
hydrogenobamide (where phenyl is linked by an a—0O—glycosidic bond
to the C1 atom of the ribose moiety of an intact corrin) and hydro-
genobyric acid ([Hbyl, Fig. 9A) with CuSO4 produced the four-
coordinate Cu(II) complexes, while treatment with Zn(CH3CO3), pro-
duced a five-coordinate complex, with one axial coordination site likely
occupied by HpO [269]. The estimated Cu—Neq bond length is 1.91 A
[271].

The growth of Chromatium in the presence of bzm produces a—(5,6-
dimethylbenzimidazole)hydrogenobamide, or hydrogenobalamin, the
metal-free version of B15. Cu(Il) and Zn(II) could be inserted into this
metal-free corrin to produce the Cu(Il) and Zn(II) analogues of B1,. The
Cu(Il) complex is four-coordinate, base-off, while the Zn(I) complex is
five-coordinate with bzm coordinated above pH 2.7 [270].

More recently, the Zn(I) [261] and Ni(II) [233] analogues of cobyric
acid and Bjy have been reported. As established by NMR methods,
[ZnCbl] is 5-coordinate, with bzm coordinated to the metal ion. The
crystal structure of zincobyric acid, [Znby], shows a markedly domed
structure with the metal ion out of the mean plane of the corrin, dis-
placed towards the § face, and coordinated to a carboxylate of a
neighbouring molecule (2.06 Z\). The Zn(II)—N bonds lengths to N1
through N4 are, respectively, 2.030, 2.030, 1.985 and 2.054 A.

As mentioned above, the crystal structure of cob(Il)alamin [229]
shows that low spin Co(II), as expected, is 5-coordinate. The structure is
domed towards the bzm ligand on the « face on the macrocycle, with a
Co—N bond length of 2.140 A. The Co(ID—N bonds lengths to N1
through N4 are, respectively, 1.935, 1.856, 1.836 and 1.954 ;\, some-
what shorter than in the Zn(II) complex, even though five-coordinate Zn
(ID) has a similar ionic radius (68 pm [234]) to low-spin five-coordinate
Co(Il) (67 pm [104]). Similar observations have been made [261] by
comparing the structure of [Znby] with that of heptamethyl-cob(II)
yrinate [226]. Since [Znby] and [Znbl] fluoresce (with emission at
552 and 560nm, respectively), they are potentially interesting
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luminescence probes of B;s-dependent systems.

As expected for Ni(II) coordinated by a z-electron rich macrocyclic
ligand, the metal adopts a low-spin four-coordinate pseudo square
planar geometry in [Niby], as determined from its crystal structure, and
in [Nibl], as deduced by NMR methods [233]; structurally, [Nibl] is
therefore reminiscent of isoelectronic cob(I)alamin [238,246]. Accom-
modation of four-coordinate Ni(II) (ionic radius 49 pm [234]) causes a
shrinkage of the cavity of the corrin and the Ni(I)—N bonds lengths to
N1 through N4 are, respectively, 1.836, 1.883, 1.864 and 1.859 A.

A Ni(Il) complex of a cobalamin analogue but with conjugation
interrupted between C5 and C6 (5,6-dihydroxy-5,6-dihydro-nibalamin,
[5,6-DHNibl]) has been prepared [272]. It remains firmly four-
coordinate in aqueous solution and fails to coordinate strong ligands
such as CN™ and SCN™ [272]. The Ni(II) heptamethyl cobester analogue
of [5,6-DHNibl], [5,6-DHNibs]* undergoes a reversible one electron
electrochemical reduction to Ni(I), E; ,» = —0.89 V (vs SHE) in DMF (and
—0.95V in MeCN). This was corroborated by both spectroelec-
trochemical (reversible shifts in the electronic absorption spectrum
accompanying reduction and re-oxidation) and EPR studies
(gL =1.980, g|| = 2.194). Electrochemically-generated [5,6-DHNibs] is
a competent reductant of 2-chloroacetonitrile to acetronitrile and Cl™.
The system therefore mimics the activity of the Ni(I) form of the cofactor
F430. DFT calculations (B3LYP/6-31 + G(d)), with CPCM-simulated
solvent (MeCN), suggest that the unpaired electron density of [5,6-
DHNibs] resides predominantly on the metal ion, causing an expan-
sion of the corrin core by elongation of the Ni(I)—N bonds.

DFT modelling (BP86 or PBE with def2-TZVP/D3) of 5-coordinate
[a-AcZnby]™ and [f-AcZnby]™ with an acetate ligand in the « and g
coordination sites, respectively, of the corrin [261] produced a domed
structure with Zn(II) significantly displaced from the mean corrin plane,
the latter in good agreement with the crystal structure of [Znby], with its
long bond between the metal and the carboxylate of a neighbouring
moiety (Table 4). A model of 5-coordinate [ZnCbl] using the same
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functional and basis set gave a structure with Zn(II) significantly dis-
placed (by 0.46 A) towards the bzm ligand coordinated in the a face of
the corrin. Thus, while Zn(II) has a similar ionic radius to low spin Co(II)
(Table 4) this closed shell ion is accommodated less comfortably in the
cavity of the corrin macrocycle, with long Zn(ID—Ncopin bonds, and
with large ML values. This indicates that electronic interaction between
open shell cobalt systems and the corrin is an important feature of the
chemistry of the cobalt corrinoids.

The dependence of the average metal—N,oin bond lengths on the
effective ionic radius of the metal ion using the data of Table 4 is shown
in Fig. 11. It is intriguing to note how reduction of six coordinate low
spin Co(III) to five coordinate low spin Co(II) has virtually no effect on
the Co—N_orrin bond lengths. This ensures there is virtually no influence
on the reorganisation energy associated with the change in oxidation
state, and hence clearly contributes to an efficient conversion between
(formally) Co(III) and Co(Il) in the [AdoCbl]-dependent enzymes.

3. A brief overview of Bio-requiring biochemistry

There are many reviews and compilations that summarise the
biosynthesis, uptake, metabolism and biochemical reactions of the co-
balamins, including specific enzymes, in biological systems (for example
[1,2,7,9,10,23,29,273-284]). Only a very brief summary is provided
here.

An overview of Bjp-requiring biochemistry is shown in Scheme 1
(adapted from Bridwell-Rabb and Drennan [282]). An understanding of
the biosynthetic pathways that lead to the production of By, has opened
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Fig. 10. A) The corrin fold angle viewed
from the eastern hemisphere of the corrin:
the angle between the mean planes through
N1-C4-C5-C6-N2-C9-C10 (red) and C10-
C11-N3-C14-C15-C16-N4 (blue). B) The
helicity, h, of a corrin: the NI—N2—N3—N4
torsion angle about the pseudo-bond be-
tween N2 and N3. The value is in degrees. C)
The interplane angle, ¢, between the N1-Co-
N4 (green) and N2-Co-N3 planes (blue). D)
ML_L, the deviation of the metal ion from the
mean plane for the four corrin N atoms
(solid red surface). The value is in A. (Ilus-
trations A through C from [180]; D from
[227]1.) (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 11. The dependence of the mean bonds between the corrin N donors and
the metal on the ionic radius of the metal ion.

up the prospect of devising new avenues for the industrial scale pro-
duction of this essential vitamin, widely used in the medical and food
industries [285].

Cobalamins are essential for three enzyme-catalyzed reactions:
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Scheme 1. Some examples of Cbl-dependent proteins as defined by the nature of the upper ligand (adapted from [282]). [MeCbl]-dependent methyl transferases
include methionine synthase, which catalyses the transfer of a methyl cation to homocysteine and the mercury methylase HgcA, which is thought to catalyse transfer
of a methyl anion to a Hg>"-bis(thiolate) compound (represented as Hg-S(CHs),), the most prevalent form of Hg?" in methylmercury producers. [AdoCbl]-dependent
enzymes include carbon skeleton mutases, eliminases, and aminomutases; the latter also requires pyridoxyl phosphate (PLP). Recently, [AdoCbl] has been shown to
be involved in light-dependent gene regulation of the carotenoid (Car) biosynthetic operon via the transcriptional regulator CarH, adding a new function for this
flavour of Cbl cofactor. A third class of Cbl-dependent enzymes, which includes the reductive dehalogenase PceA and the queuosine biosynthetic enzyme QueG do not
have an upper axial ligand and are denoted as “open”-Cbl-dependent enzymes. The final class is made up of enzymes that appear to require the machinery for both S-
adenosylmethionine (AdoMet) radical chemistry and a Cbl cofactor [288]. Examples include phosphinate methylase PhpK and oxetanocin-A biosynthetic

enzyme OxsB.

methyltransferases, isomerases, and reductive dehalogenases
[14,23,24,34,286,287]. There are also enzymes that require both S-
adenosylmethionine (AdoMet) radical chemistry and a Cbl cofactor
[288]. In the methyltransferases, a methyl group in transferred from a
methyl donor to a methyl acceptor. These enzymes use [CH3Cbl] as the
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cofactor. The isomerases catalyse rearrangements in which a hydrogen
atom is directly transferred between two adjacent atoms with concom-
itant exchange of the second substituent, X, which may be a carbon atom
with substituents, the oxygen atom of an alcohol, or an amine. The
isomerases use [AdoCbl]. These radical-based transformations occur in
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the mutases, dehydratases, deaminases, and class II ribonucleotide
reductases.

3.1. The [CH3Cbl]-dependent enzymes

[CH3Cbl]-dependent enzymes catalyse the heterolytic cleavage of
the Co—C bond to form what is often referred to as the “super-
nucleophile” cob(I)alamin, [CbI(I)]™ [289] and a methyl carbocation
that is transferred to a nucleophilic acceptor. The prototypical member
of this class, [CH3Cbl]-binding 5-methyltetrahydrofolate-homocysteine
methyltransferase methionine synthase (also known as methionine
synthase, MS, and termed MetH in bacteria), catalyses the transfer of a
methyl group from 5-methyltetrahydrofolate (CH3—THF) to homocys-
teine (Hcy) for methionine synthesis [14,290,291] (Scheme 2). The
enzyme-catalysed reactions are accelerated by between some 10° to
nearly 10® times compared to realistic protein-free methyl transfer re-
actions [292]. The role of the strictly conserved Ser-Asp-His triad (and
where His replaces bzm in the a coordination site) is crucial [292].

MS forms part of the S—adenosylmethionine (SAM) biosynthesis and
regeneration cycle. The form of this enzyme found in plants is
cobalamin-independent; microorganisms express both cobalamin-
dependent and cobalamin-independent forms.

Every 200-2000 enzyme cycle turnovers sees the oxidation of Co(I)
by O3 or reactive oxygen species (ROS) to inactive cob(II)alamin, [Cbl
(ID] [293] (Scheme 2, in red). Activity is restored through reduction by
methionine synthase reductase (MSR), a diflavin reductase that uses
both FAD and FMN as intramolecular electron carriers during catalysis
[294]. It also serves as a chaperone protein, enhancing incorporation of
cobalamin into apo-MS [295]. Methionine formed by the methylation of
homocysteine is converted to SAM by methionine adenosyltransferase.
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S-adenosylhomocysteine (SAH) is then hydrolysed to homocysteine and
adenosine by SAH hydrolase to complete the cycle.

Glimpses into the structure of the SAM enzyme, methanogenesis
marker protein 10 (Mmp10) from the archaea species Methanosarcina
acetivorans, was recently reported [296], work which “identifies
distinctive active site rearrangements to provide a structural rationale
for the dual use of the SAM cofactor for radical and nucleophilic
chemistry™.

The enzyme complexes that activate, protect and perform catalysis
on the reactive By, cofactor of the methyl transferase in the acetogen
Moorella thermoacetica have been elucidated thanks to x-ray crystal
structures of the 220kDa enzyme complex that contains all enzymes
responsible for Byp-dependent methyl transfer reactions in this organ-
ism, a corrinoid iron-sulfur protein, CFeSP, and the methyltransferase
[297]. The Fe4S4 cluster of CFeSP accepts an electron from a partner
protein, delivering it to [Cbl(II)] to form [Cbl(I)]™ (Eq. 1).

[4Fe — 4S]" + Co(Il)— [4Fe — 4S]*" + Co(1) €h)

[CbI(D)] ™ initiates a nucleophilic attack on methyl-tetrahydrofolate,
CH3—THF (Eq. 2).

(2)

The methyl group is delivered to the active site A cluster, a NigFe4S4
metallocluster (A-cluster) of acetyl-CoA synthase and which then be-
comes the methyl of acetyl-CoA, and regenerating [CbI(I)]™ [298].

An interesting example of a cobalamin-dependent radical SAM
methyltransferase is that responsible for the synthesis of L-phosphino-
thricin, CH3(P(0)O)CH2CH2CH(NHZ3)(C(0)0O ™), an amino acid that is
the only known naturally-occurring entity with a C—P—C linkage,

Co(I) + CH;-THF—CH; — Co(IIl) + THF

Sy2 to O and N acceptors;

CH3 Radical SAM methyl transferases

S

to C acceptors

SAM » SAH
PPi SAH-hydrolase
Adenosine
ATP
O,  Methionine «—=—=—Homocysteine
o
Co(ll) Co(l) CH3;-Co(lll)
Fldox
Eldas
o CHs-THF  THF
NH, NH,
O CHs N 0 N XN
: I, % 0 2
o‘<:/\/s <N |N/) ‘<:/\/s O<N IN/)
NH, o NH,
OHOH OHOH

S-Adenosyl Methionine (SAM)

S-Adenosyl Homocysteine (SAH)

Scheme 2. The transfer of a methyl group from 5-methyltetrahydrofolate to homocysteine, producing methionine, catalysed by methionine synthase.
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produced by the bacteria Streptomyces hygroscopicus, Streptomyces vir-
idochromogenes, and Kitasatospora phosalacinea [299-301]. A L-gluta-
mate analogue, it has herbicidal and antimicrobial properties. Another is
that from the marine bacterium Shewanella denitrificans 0S217, which
catalyses the P-methylation of N-acetyl-demethylphosphinothricin and
demethylphosphinothricin to produce N-acetylphosphinothricin and
phosphinothricin, respectively [302].

MM methods can be very useful when coupled with quantum me-
chanical calculations (QM/MM methods) where the MM force field is
used to model large structures, such as a protein, and QM or related
methods are used for modelling the portion of the molecule, such as the
cofactor, for which a reliable description of its electronic structure is
sought [303,304]. Using QM/MM methods, Kumar and Kozlowski
explored two possible pathways that lead to the transfer of a methyl
group from the methyl group donor from CH3—THF to [Cbl(I)]~ during
the catalytic cycle of MetH [305] (Scheme 3).

In the first pathway, Co(I) undertakes a nucleophilic attack on the
methyl group of CH3-THEF; this is generally thought to be the mechanism
of the reaction. In the ground state of [Cbl(I)]~, the HOMO is in essence
the Co 3d§ orbital, and [Cbl(I)]™ is therefore predicted to have a closed
shell S = 0 ground state with an electron pair in 3d§, consistent with the
concept of its “supernucleophilic” nature. This electronic configuration
was also found to be the predominant (but not only) contributor to the
ground state wavefunction in a CASSCF/CASPT2 study [245]. This is in
contrast to a B3LYP study which indicated that the ground state consists
of a d’ metal ion antiferromagnetically coupled to a corrin-based x
radical [241]. The CASSCF/CASPT2 study indicated a modest 20%
contribution to the ground state of the Co(Il)-corrin z° diradical
configuration.

Kozlowski and co-workers used CASSCF/XMCQDPT2 calculations to
show how the Co(I)N bond length to an axial N-donor ligand
(modelled using imidazole) affects the electronic structure of the metal
[306]. At short bond lengths, the diradical contribution to the ground
state wavefunction becomes important, while at longer bond lengths (>
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2.5 A) the dominant configuration is a closed shell d® configuration. This
suggests that attack of Co(I) on the methyl group of CHs—THF could
proceed either by Sy2 nucleophilic attack of Co(I) or firstly by long-
range electron transfer from Co(Il) to the pterin ring, follow by CH3
transfer to the metal. Both pathways have a similar energy barrier of ca.
35kJ mol ! [305]. This flexibility, tuned by an interaction with an axial
N-donor ligand, would allow for methyl transfer in situations where
steric crowding might make nucleophilic attack on the pterin difficult.
The Sy2 pathway, with an energy barrier of 33-38 kJ mol ! is in line
with the experimentally-observed rate constant for the reaction
(7 x 10°M1s 1 at 37°C [292,307]) provided that protonation of the
methyl donor occurs before nucleophilic attack by the metal. In the
absence of protonation, the activation energy is an untenable
~160kJ mol~!. Thus proton transfer must occur prior to, or in concert
with, methyl group transfer.

3.2. The [Ado-Cbl] dependent enzymes

The [AdoCbl]-dependent enzymes fall into three classes [7,308].
Carbon skeleton rearrangements in which the migrating group is a
carbon fragment are catalyzed by the Class I enzymes, the mutases (for
example, methylmalonyl-CoA mutase, Scheme 4a). The Class II enzymes
include the eliminases, which catalyze the migration and subsequent
elimination of an hydroxyl or amino group (Scheme 4b shows the re-
action catalyzed by ethanolamine ammonia-lyase), and ribonucleoside-
triphosphate reductase which catalyzes the reduction of ribonucleoside
triphosphates (Scheme 4c). The Class III enzymes, the aminomutases,
catalyze the migration of an amino group to an adjacent carbon (the
reaction of lysine-5,6-aminomutase on DL-lysine is shown in Scheme
4d).

The Class I and Class III enzymes bind [AdoCbl] in a base-off/His-on
form in which the bzm base and the nucleotide loop are buried in a
hydrophobic pocket whilst the a coordination site is occupied by the
imidazole side chain of a His residue. The proximal His ligand forms part
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Scheme 3. Two possible routes for the transfer of methyl group from CH3-THF (depicted schematically) to cob(I)alamin.
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Scheme 4. (a) The conversion of L-methylmalonyl-CoA to succonyl-CoA, cat-
alaysed by methylmalonyl-CoA mutase (MCM). (b) The conversion of etha-
nolamine to acetaldehyde and ammonia catalyzed by ethanolamine ammonia-
lyase (EAL). (c) The reduction of a ribonucleoside triphosphate catalysed by
ribonucleoside-triphosphate reductase. (d) The conversion of DL-lysine to 3,5-
diaminohexanoate.

of a hydrogen-bonded network, the so-called catalytic triad, DXHXGXK
(or DXHXGXN in 2-methyleneglutarate mutase) [309-311]. [CH3Cbl] is
bound in a similar manner in methionine synthase [114]. In the Class II
enzymes, [AdoCbl] is bound with the axial bzm ligand coordinated to
the metal.

The first step in the reaction catalysed by methylmalonyl-coenzyme
A mutase (MCM) (Scheme 5), also known as methylmalonyl-CoA
isomerase, and its relatives, which interconvert branched and linear
acyl groups through carbon skeleton transformations, involves cleavage
of the Co—C bond between Co and the adenosyl moiety [312,313]. The
Ado°® radical abstracts H from the substrate to form a substrate radical,
sub® [314], a reaction that is accelerated by some 12 orders of magni-
tude by the enzyme [315-317]. How the enzyme produces this
remarkable rate enhancement has been the subject of considerable
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debate and speculation [318-325]. It is suggested that the Gibbs energy
released on substrate binding contributes to the lowering of the energy
barriers required for the homolysis of the Co—C bond [323]. It is
noteworthy that a detailed analysis of the electron densities of [AdoCbl]
and [MeCbl] based on high resolution, low temperature x-ray diffraction
studies followed by BP86/TZVP DFT calculations and analysis of the
topological properties of the Co—C and Co—Np,, bonds showed there is
very little difference in the properties of the Co—C bonds of the two
compounds [169]. That one undergoes homolytic bond cleavage in its
biological reactions and the other heterolytical cleavage strongly sug-
gest that it is the protein that controls these reactions. QM/MM simu-
lations suggest that a mechanochemical switch, controlled by the
protein, effects control of the radical intermediates [326]. In solution,
AHF* for homolysis of the Co—C bond in [AdoCbl] is 133(3) kJ mol ™!
while AS! = 28(4) J K ! mol ! [316]. For ethanolamine ammonia-lyase,
as determined (234-248 K, DMSO/water cryosolvent) by time-resolved,
full-spectrum EPR, when extrapolated to 298 K, AH'=134(4) kJ mol ™,
identical to the aqueous solution value, but AS* is ten times larger, 255
(25)J K ! mol ™! [327]. In this enzyme, at any rate, the decrease in AGH
from 134 to 58 kJ mol ™}, a 13 order of magnitude increase in the rate of
Co—C bond homolysis, is entirely entropy-driven. Entropic factors are
also the driving force behind the formation of the Co(II)-cysteine thiyl
radical ion pair in ribonucleotide triphosphate reductase [328], but it is
enthalpy that drives the formation of the Co(Il)-substrate radical pair in
methylmalonyl CoA mutase [312].

Whether the a coordination site is occupied by bzm or imidazole, as
deduced by comparing the properties of [AdoCbl] and [Ado(Im)Cbi], in
which imidazole rather than bzm is the axial base, makes very little
difference to the kinetics and thermodynamics of homolysis and het-
erolysis of the Ado ligand [329]. [Me(Im)Cbi] is destabilised relative to
[MeCbl] for the transfer of methyl to a Co(Ill) electrophile, but
abstraction by a Co(II) radical species is not significantly affected [330].
It does, however, have a much higher pKj, for the base off form, 4.3(1),
than [MeCbl], 2.9 [113] (or 2.5 [331]).

Brunold and co-workers used QM/MM methods to investigate the
effect altering the proximal His ligand has on the properties of the Co(II)
product of the homolysis of the Co—Ado bond [332]. It is believed that
stabilisation of the post-homolysis products, Co(I) and Ado®, contrib-
utes significantly to the rate increase effected by the enzymes (see [333]
and references therein). Reduction in charge donation by the proximal
ligand (which is probably achieved in the enzyme by proton uptake by
the catalytic triad) leads to stabilisation of the 3d-based MOs of the
Co(II) state. A QM/MM study by Jensen and Ryde [334] of glutamate
mutase indicates that a number of factors are responsible for the rate
increase. Firstly, the bond dissociation energy of the Co—C bond is
significantly decreased in the enzyme when compared to free [AdoCbl];
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Scheme 5. The reaction catalysed by methylmalonyl-coenzyme A mutase (MCM)



H.M. Marques

secondly, the enzyme stabilises the dissociated state through van der
Waals and electrostatic interactions; thirdly, the protein is moderately
more stable when the cofactor is in its dissociated form; and fourthly, the
coenzyme is deformed by steric interaction with protein residues.

3.3. The reductive dehalogenases

The reductive dehalogenases (RDases) catalyse reactions in which a
halogen atom is removed from an organic substrate (Scheme 6)
[335,336]. They degrade both naturally-occurring (from geological
events or as a consequence of secondary metabolism in plants and micro-
organisms [337]) and anthropogenic (from their improper disposal or
uncontrolled use) organohalogens in the environment [338]. Enzymes
in this class have yet to be identified in humans. Several mechanisms,
depending on the organic substrate, all involving [Cbl(I)]™ as attacking
nucleophile, have been proposed [335,339].

These enzymes typically contain two iron-sulfur clusters (either two
[4Fe-4S] or one [4Fe-4S] and one [3Fe-4S]) and a cobalt corrinoid. The
cofactor is bound with water (or hydroxide) in the j coordination site of
Co. The reactions can be mediated by reduced metal ions (iron, tin, zinc)
[340] or metal-containing porphyrinoids such as cobalamin, F430 and
haemin [341] but for most RDases the physiological electron donor is
unknown [337].

3.4. Functional diversity

Humans and other mammals rely on their diet to acquire B;3 and, as
far as is known at present, have two B;s-dependent enzymes (see Section
4). Bacteria are more versatile. Some can synthesise cobalamins de novo,
and they use them as cofactors in a variety of enzyme reactions:
[CH3Cbl] in the fixation of carbon dioxide through the acetyl-CoA
pathway, methanogenesis and in methylation reactions; [AdoCbl] in
several isomerases, amino mutases, diol dehydratase, ethanolamine
ammonia lyase and a ribonucleotide reductase.

The cobalt corrinoids involved vary between organisms. Plants do
not use corrins. In mammals and bacteria, cobalamins are involved in
both the methylation of homocysteine [342] and in the Class B radical S-
adenosyl methionine (SAM) methyl transferases, RSMTs [288]. In
archaea, corrins other than cobalamin are involved. In the methano-
genic archaea the methyl group is derived from methanol, acetate or
COy; it is transferred to the sulfur atom of coenzyme M (2-mercaptan-
methanesulfonate, HS(CH3)2SO3) and ultimately ends up as methane. In
the acetogenic anaerobes, the methyl group is derived from CO5 and is
transferred from CHs-THF to carbon monoxide dehydrogenase to pro-
duced acetate [19,343].
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Scheme 6. Examples of reactions catalysed by the RDAses
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The mode of binding of the corrinoid cofactor to the apoenzyme
varies. As mentioned above, in many enzymes, including methionine
synthase [114], methylmalonyl-CoA mutase [344], glutamate mutase
[345] and lysine 5,6-aminomutase [346], His from a “catalytic triad” D
X-H-XX-G motif [114] provides the a ligand to cobalt (the “base-off/His-
on” mode of binding), and evidence comes primarily from crystal
structures determined by diffraction methods. The EPR spectrum of the
paramagnetic cob(Il)amide cofactor can also be extremely useful, with
hyperfine couplings to 14N or >N-labelled bzm showing the base-on
binding in diol dehydratase [347-349], glycerol dehydratase [350]
and ethanolamine ammonia-lyase [198,351,352].

The axial ligands are not the only feature of the cobalt corrinoids
important for their catalytic action. There is evidence of the interaction
of the acetamide a side chain with the adenosyl group to maintain the
group in the catalytic position in diol dehydratase and ethanolamine
ammonia-lyase [353]. The side chain swings between the original and
catalytic positions 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 ribo-
nucleotide reductase from Thermotoga maritima, the e side chain
hydrogen bonds to the substrate GDP, locking it in proximity to the
[AdoCbl] cofactor [354]. It has been suggested that hydrogen bonding
between C19H and 3'-O of the ribose moiety of the Ado ligand aids in the
formation of Ado® [355], but the effect is likely to be very small [356].

3.5. Newer developments - riboswitches

A riboswitch is a regulatory segment of a mRNA molecule that binds
a small molecule, resulting in a change in production of the proteins
encoded by the mRNA [357-359]. These RNA-based elements are found
mostly in bacteria and archaea as well as a few plants. The mediation of
gene regulation is based on mRNA conformational changes that occur
when ligands such as vitamins, amino acids, nucleotides, amino-sugars,
or metals are bound. Riboswitches can therefore regulate transcription.
The first discovered riboswitch and the second-most widespread is the
[AdoCbl]-riboswitch [360-362]. This means that a riboswitch-
containing mRNA is directly involved in regulating its own activity, in
response to the concentrations of its effector molecule. For example,
E. coli btuB mRNA [362] interacts with [AdoCbl] to control the synthesis
of the BtuB transmembrane protein, which transports corrinoids across
the outer membrane of the bacterium. At low [AdoCbl] concentrations,
[AdoCDbl] is not bound to the riboswitch and this allows the association
of mRNA with the ribosome, permitting synthesis of the BtuB protein. At
high concentrations of [AdoCbl], its binding to the riboswitch changes
the three-dimensional structure of the mRNA in such a way that prevents
it binding to the ribosome. Clearly, the concept of an “on” and “off”
position is not binary and depends on the association constant between
the riboswitch and the effector molecule. Recent evidence suggests that
cobalamin riboswitches are quite promiscuous, responding to a wide
range of corrinoids [39].

There is a less common [H,OCbl]" riboswitch which, it has been
speculated, may have evolved in marine organisms where there is high
light exposure [363]. The cobalamin-dependent riboswitches therefore
sense the presence of [AdoCbl] or [H,0Cbl]" to regulate the genes that
are involved in the synthesis or uptake of cobalamins.

An interesting example is in Rhodobacter capsulatus [364], a photo-
synthetic purple bacterium where Bjy performs a gene regulation
function. The bacterium can grow in the dark under aerobic conditions.
Under anaerobic conditions and in the presence of light, R. capsulatus
produces bacteriochlorophyll and photosynthesis occurs through an
anaerobic pathway. In the presence of oxygen the anaerobic pathway
needs to be suppressed because it also produces 10 [365]. The DNA that
codes for the proteins that allow for bacteriochlorophyll synthesis can be
repressed by the protein CrtJ binding to it [366]. The repressor action of
CrtJ is modulated by the protein AerR. In the presence of light [AdoCbl]
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(or [CH3Cbl]) is photolysed to [H20Cbl]™ (or [HOCbI]). AerR binds
[HoOCbI]" (but not [AdoCbl] or [CHsCbl]). The [H,OCbl]"/AerR
complex can then bind to CrtJ, displacing it from the DNA, and hence
allowing bacteriochlorophyll synthesis to take place.

3.6. Newer developments - cobalamin-based photoreceptors

[AdoCbl]-dependent photoreceptors are used by some bacteria as a
transcriptional repressor [81,367,368]. The prototype, CarH, mediates
light-dependent expression of DNA coding for transcription of the pro-
teins needed for synthesis of carotenes in some non-photosynthetic
bacteria.

The discovery that light plays a role in B; 5 biology was surprising. In
the gram-negative soil bacterium Myxococcus xanthus, light induces a
transcriptional response that leads to carotenoid biosynthesis [369].
Carotenoids are found in several species of bacteria [370-372] and
homologous sequences to the photoreceptor protein are found in the
genomes of many others (for example [81,365,373-376]).

Although only discovered relatively recently [81], our knowledge of
how the [AdoCbl] photoreceptors function has advanced quite rapidly
[367,377-380]. In brief, the bacteria produce carotenoids, which are
yellow-to-red pigments, to protect themselves from photo-oxidative
damage by quenching the 'O, and other ROS produced on absorption
of radiation [369,373]. The photoreceptor protein in, for example,
M. xanthus, CarH, is coded by the carH gene [381]. CarH consists of a C-
terminal region with an amino acid sequence similar to that of the
[CH3Cbl] binding region of MetH. [AdoCbl] is bound in the base-off/
His-on form [81]. The N-terminal region can bind to DNA. Thus the C-
terminal region is the light detector region and the N-terminal region
allows for carotenoid synthesis. The control mechanism is exquisitely
simple and is understood in some detail because the crystal structures of
T. thermophilus CarH in its dark state, free and bound to operator DNA,
and after exposure to light, have been reported [377].

In its repressor-active form, CarH is a tetramer (or dimer of dimers)
and binds four [AdoCbl] moieties, but only when [AdoCbl] is present
(Fig. 12). The tetramer binds to its cognate DNA operator, a 30 base-pair
region between the region encoding for CarH itself, and the gene
encoding CrtB, the operator that controls carotogenesis. The binding
involves both hydrogen bonding and electrostatic interactions between
the protein and the phosphate backbone of the DNA. This blocks the
access of RNA polymerase, and hence the transcription of the proteins
that are required to synthesise carotenoids.

When exposed to radiation of < ~540 nm, [AdoCbl] is photolysed;
the product of this photolysis is exclusively (and unexpectedly) 4',5'-

4' 5'-anhydroadenosine

Photolysed Cbl - -
w
Photolysed
ho CarH

AdoCbl

AdoCbl-bound
CarH

- TINN
NNINUANU

no transcription
transcription

Fig. 12. A tetramer of [AdoCbl] bound to the CarH photoreceptor binds to
operator DNA, preventing transcription. Photolysis releases the Ado ligand (as
4',5'-anhydroadenosine), releasing the operator DNA so that transcription can
proceed. After Jost, et al. [377]
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Fig. 13. Examples of cyanide-bridged Bi,-cisplatin conjugates [425].

anhydroadenosine [378]. This is likely to be the result of Ado® being
held in close proximity to cob(Il)alamin due to a cage effect of the
protein, possibly a defence mechanism on the part of the protein to
prevent Ado®-induced damage. As has been demonstrated in viscous
solvents [382-384], such a situation may lead to f-hydride elimination,
producing the observed 4',5'-anhydroadenosine and hydridocobalamin
([CbIH], Co™ _H™ & Co™—H < Co'—H™). Cob(Dalamin is in equilib-
rium with hydridocobalamin and Hy [385]. In solution and under
anaerobic conditions, hydridocobalamin rapidly dissociates to Co(II)
and molecular hydrogen. In the case of a cobalamin firmly bound in a
protein binding site it seems more likely that it would serve as a Brgnsted
acid and protonate water or a protein residue [368]. Under aerobic
conditions Co(III) would be produced. (As an aside, it may be noted that
reduction of [H,OCbl]* and aquacyanocobinamide in glacial acetic acid
with zinc dust produces a five-coordinate corrinoid with hydride as axial
ligand [386]. Exposure of this to olefins led to the isolation and char-
acterisation of ethylcobalamin and isopropylcobinamide, confirming
the existence of a hydrido cobalt corrinoid.)

An alternative proposal, based on observations on the fs—s timescale
[379] using ultrafast spectroscopy, suggests an (unprecedented) Co—C
bond cleavage to Co(IlI) and Ado™; #-elimination would then yield 4',5'-
anhydroadenosine and hydridocobalamin. It is conceivable that the
protein modulates the properties of the Co—C bond to favour heterolytic
cleavage (the Ado ligand has a somewhat different orientation than in
the AdoCbl-requiring enzymes, but the Co—C bond length (2.2 A) is not
unusual).

After photolysis, Trp131 moves into the void arising from the loss of
the Ado ligand and the imidazole from His132 occupies the  coordi-
nation site. This His, however, is not strictly required either for the
formation of the tetramer or its light-induced collapse [367]. The
concomitant, very significant, rearrangement of the protein disperses
the tetramer; interaction with the DNA ceases, and gene expression is
released. What remains to be elucidated is how the [AdoCbl] light
sensor, which is biologically expensive to produce, is recovered for the
next cycle.

Romine and co-workers [387] have recently reported the develop-
ment of an affinity-based B;; probe (B12-ABP) by attaching a group
containing a diazirine (for irreversible photo-cross-linking to Bj-bind-
ing proteins) and an alkyne moiety (for appending fluoroprobes for
analytical purposes) to the 5'-hydroxy position of the ribose in B;5. They
used B;o-ABP to identify Bjp-binding proteins in the non-phototropic
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B1o-producing bacterium Halomonas sp. HL-48. Halomonas was known
to require By as a cofactor for ethanolamine biosynthesis and as a
riboswitch for the B, salvage system [388]. They discovered a light-
sensing transcriptional regulator that binds Bj2 and also found Bja-
binding proteins that are involved in the metabolism of folate, methio-
nine and ubiquinone where they are likely to act as allosteric effectors.
Since these metabolic processes produce the precursors to the synthesis
of DNA, RNA and proteins, it is suggested that Bjs can be used to
modulate growth and Bj,-producing organisms may facilitate the co-
ordination of community metabolism. B15-ABP captured a total of 17
proteins, including 8 SAM-dependent enzymes, that are linked by
methionine synthase in methionine, folate and ubiquinone metabolism,
indicating significant roles in the control of methionine and 5-Me-THF.

4. A brief note on medical applications

Developments in medicinal applications of B;5 have been reviewed
(for example, [389-400]). As far as is known at present, humans have
two Bis-dependent enzymes. [AdoCbl]-dependent methymalonyl coen-
zyme A mutase (MCM) catalyses the isomerisation of methymalonyl-
CoA to succinyl-CoA [323]. [MeCbl]-dependent methionine synthase
(MS) catalyses the synthesis of methionine by transferring a methyl
group from CHs-THF to homocysteine [401] (see Section 3). Genetic
disorders in the metabolic pathways that lead to the assembly of the two
enzymes lead to methylmalonic aciduria and homocystinuria [29]. The
lack of Intrinsic Factor, one of the three B;y transport proteins in
humans, leads to pernicious anaemia [402]. Elevated homocysteine
levels have been associated with the onset of cognitive disorders such as
Alzheimer’s disease [92]. [CNCbl] taken as a supplement has to be
converted to the active forms in the body, and much is known about the
machinery that accomplishes this [403-405].

The high affinity of cobalt corrinoids for CN™ make compounds such
as [HoOCbl]" [406] and dinitrocobinamide [407] effective antidotes for
cyanide poisoning. Aquanitrocobinamide, [(HoO)(NO2)Cbi]™ can be
absorbed by muscle tissue, whereas [H,0Cbl]" requires intravenous
injection [407]. The complexation of cobalamins and cobinamides by
human serum albumin (HSA), for example, may compromise their
effectiveness as cyanide antidotes as shown in a detailed study of their
reaction with bovine serum albumin, a HSA model [408]. The very
obvious purple colour of [(CN)2Cbi] makes it effective for the spectro-
photometric detection of cyanide in blood and other bodily fluids
[409-413].

There has been considerable work on exploiting the sophisticated
transport and accumulation pathway of By2 to develop modified cobalt
corrinoids that are potentially useful in diagnostics and in therapy.
Several reviews are available [395,414-418]. While showing potential,
this approach has yet to lead to a commercialised product because of,
among other issues, a limited uptake capacity (ca. 2.5 pg day 1), lack of
tissue specificity, and degradation of the conjugate [414].

The availability of crystal structures of the By, transport proteins and
both molecular mechanics and quantum mechanics methods for the
reliable modelling of the cobalt corrinoids and their proteins has made in
silico modelling of Bjs-conjugate-transporter systems possible [218],
which will undoubtedly assist in the design and eventually realisation of
B1o-based delivery systems. For such systems to be viable, it is essential
that the cobalamin is modified in such a way that this does not interfere
with its transport and assimilation. The current understanding is that the
5-OH moiety, and the metal itself, are the most suitable positions for
modification [395,415]. Indeed, even attaching a very large moiety such
as Rhodamine B to 5-OH through a 14-atom PEG spacer did not
significantly affect the binding kinetics or affinity of Intrisic Factor for
the Byz complex [419,420]. Selected examples include conjugation of
Bi, with NIR light harvesting antennas [421]; with a ®*Cu complex
potentially useful for PET imaging [422] and a *™Tc complex for tar-
geting of cancer cells [423]; with peptides [424] and peptides and
nucleic acids [221]; with cisplatin [425,426] (Fig. XX), 9ngc(I) and Re
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() [426], bridged to Co(III) through cyanide; with a variety of Pd(II)
complexes bridged to Co(III) through cyanide [427]; with a Re(I) com-
plex for receptor-mediated uptake and screening in lung cancer cells
[428]; and with a photo-activated CO-releasing molecule for protection
of fibroblasts under conditions of hypoxia [429].

The rationale for attaching anti-cancer drugs such as cisplatin to By
is that rapidly proliferating cells take up B2 more rapidly than normal
cells, thus achieving some measure of selectivity [425]. Release of the
drug would occur on reduction of Co(III) to Co(II) through the action of
the normal Bj,-processing pathway.

B2 conjugates with fluorescent probes have been developed which
target the cubilin receptor of cancer cells [428,430,431], so there is
significant potential for both diagnostic and therapeutic purposes. A
promising tactic is to attach an anticancer drug derivative, such as
doxorubicin, to Bjs through a Co—C bond, and then induce bond
cleavage (and hence drug release) by photoirradiation [421].

As mentioned, because of its involvement in DNA synthesis, there is
an increased demand for By, in rapidly proliferating cell lines [432].
Antivitamins By, compounds that for example, inhibit B;s-dependent
enzymes, hence occupying the physical but not the biological space of
cobalamins [433], are therefore potentially attractive as therapeutic
drugs [31,33,434]. Examples of such compounds are [RCbl]’s where
R = 4-ethylphenyl [435] or R—C=CH-Ph [170,177] and feature a
strong Co—C bond; this feature of these “locked B;2” compounds [435]
precludes their processing into enzymatically active forms. They are not
very photolabile [436] (see Section 6); the conversion of [4-
ethylphenylCbl] to [CbI(II)] has a quantum yield <1%. DFT and TD-
DFT calculations on a model complex (all side-chains replaced by H;
bzm replaced by imidazole) indicate photodissociation involves
lengthening of the Co—Nj, bond through metal-to-ligand charge
transfer followed by lengthening of the Co—C bond through the ligand
field state (a state in the S; potential energy surface of predominantly Co
d — d character [437]; see Section 6).

5. Redox behaviour

Since the biological chemistry of the cobalt corrinoids features cobalt
in the +3, +2 and + 1 oxidation states, the redox properties of the co-
balamins, and the consequence of the oxidation state of the metal for its
coordination chemistry and reactivity, is of considerable interest [438].
As comprehensive reviews are available [439,440], only particular as-
pects are highlighted in what follows, with an emphasis on more recent
reports.

5.1. Electrochemical behaviour and redox chemistry

The reduction potential of the cobalt corrinoids depends on what
axial ligands are present, and is a function of pH. In the case of
[H,OCbl] ", its reduction potential between pH 2.9 and 7.8 in aqueous
solution is +0.20 V (22 °C; all values vs SHE unless otherwise indicated)
and moves to more positive values at lower pH as bzm is protonated and
the base-off form is produced (pK, = —2.4 [238], or —2.13 [112]), and
to less positive values above pH 7.5 due to deprotonation of coordinated
Hy0 [238] and formation of [HOCDl], pK,="7.462(7) [111]. The
reduction potential of [(H20)2Cbi]2+, 0.51V [441], is precisely the same
as that of base-off [HoOCbl] ™. Coordination of bzm therefore stabilises
the metal against reduction. A Pourbaix diagram for [H,0CbI] ™,
adapted from [238], is shown in Fig. 14. Slightly different values were
obtained in a later study [442], but the broad pattern of redox behaviour
as a function of pH remains the same. Values in italics (in V) in Fig. 14
are from that study. The broad features of the diagram are quite well
reproduced using DFT methods with the PBE functional [443].

The reduction potential of [Cbl(II)] is —0.61 V down to pH 4.7, then
shifts to —0.49V with the protonation of bzm (pKpase.off=2.9
[116,238]). [Cbl(I)] ™ is normally 4 coordinate. Protonation of base-off
bzm occurs with pKpase-off =4.7 [238] (but reported as 5.6 from a
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Fig. 14. The electrochemical behaviour of [H,OCbl]™ as a function of pH,
adapted from [238]. Values in italics are from [442].

spectroelectrochemical study [442]). In strongly acidic solution,
with a pK,~1 [238] (or 1.5 [442]), protonation of [Cbl(I)]™, to form
[HCbI(D], occurs. The Co(I)|Co(I) potential for [(H20),Cbi1*t is
—0.49V [441], precisely the value determined for base-off [H50CbI]™
(Fig. 12); unsurprisingly, [(H20)2Cbi]zJr and base-off [H,OCbl] ™" have a
similar electrochemical behaviour. The redox potential is more positive
than for base-on [HoOCbl] ™, reflecting the poorer ¢ donor power of H,O
compared to bzm.

In a DMSO-propanol solution, [CNCbI] is apparently electrochemi-
cally reduced directly to [Cbl(I)]  at —0.76 V because of the slowness of
the first electron transfer step [444]. Its electrochemical behaviour in
the presence of excess CN™ is complex because of the high affinity of Co
(IID) for CN™~ [444].

Alkylcobalamins are more difficult to reduce because of electron
density donation from the alkyl ligand to the metal. The reduction po-
tential of base-on [CH3Cbl] is —1.36 V in DMF:propanol [238,445] and
in DMSO [238] as determined by cyclic voltammetry. This shifts to
—1.21V for the base-off form [238]. Best fit values obtained by fitting
the experimental data in 80:20 DMF:MeOH at room temperature to
simulations gave values of, respectively, —1.35V and —1.22V for base-
on and base-off [CH3Cbl] [446]. A value of —1.07 V for [AdoCbl] using
double-potential-step chronoamperometry has been reported [447].

Crucial to understanding how the protein controls and modifies the
properties of the cobalamin cofactor is the observation that the redox
potential of the Co(II)|Co(I) couple in aqueous solution (—500mV) is
outside the range of biological reductants (—260 to —460mV)
[238,295,448]. Clearly, attenuation of the Co(II)|Co(I) couple is
mandatory.

It is clear — and perhaps intuitively obvious — that the axial ligands
have a significant effect on the redox potential of the cobalamins. This
has been rationalised using DFT methods at the BP86,/6-31+G* level of
theory [449], accounting for the effect of solvent using the polarisable
continuum model and the integral equation formalism variant
(IEFPCM). Even though more recent work has suggested that the PBE
functional is the most appropriate for reproducing the experimental
redox properties of the cobalt corrinoids [443] — and hence, by impli-
cation, exploring experimentally unavailable, or not yet available, sit-
uations — this earlier work still provides interesting insights. Although
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the calculated redox potentials do not numerically reproduce the
experimental values very well (for example, the experimental and
calculated redox potentials for [HoOCbl]™; [CF3Cbl]; and [CH3Cbl] are,
respectively, 0.20V [238] and —0.71V; —1.03V [129] and —1.30V;
and —1.23V [447] and —1.52 V), the general trend is reproduced, with a
redox potential becoming increasingly more negative as the donor
power of the f ligand increases. Electron-donating alkyl and electron-
withdrawing fluoroalkyl groups were then used as § ligands (trans to
imidazole) to evaluate their effect on the redox potential. Electron-
donating ligands tend to decrease the redox potentials while electron-
withdrawing ligands increase them. Moreover, there is a good correla-
tion between the Epyyo values of the complexes and their redox po-
tentials. Although the LUMO has a predominantly z* character, its
energy is modulated by the nature of the § ligand. As the electron
donating ability of the $ ligand increases, the Ejyyo increases (becomes
less negative) and the redox potential decreases (becomes more nega-
tive). It was concluded that the Ejyyo value, which depends on the
electronic character of the g ligand in alkylcobalamins, is a key deter-
minant of the value of E°.

Calculations with the PBE functional suggest that the Co(II) - Co(I)
reduction is feasible if the reduction step is preceded by formation of a 4-
coordinate Co(II) complex, thus rationalising, for example, the occur-
rence of 4-coordinate cob(II)alamins in two adenosyltrasferases, human
adenosyltransferase (hATR) and CobA from S. enterica [450,451].

PBE-TZVP calculations on a square pyramidal 5-coordinate [CbI(I)]™
complex with H»O as axial ligand, minimised to a structure where the
H,0 ligand, originally placed at 2.2 A from Co(I), moves well into the
outer coordination sphere and where there is at best a long-range Co---H-
OH interaction [243], reminiscent of the cobalamin structure in
methionine synthase (MetH) [452]. The calculations show that the
dissociation reaction of the square pyramidal complex in the gas phase
has a AG of —8 kJ mol ™!, corroborating the well-established view that a
square planar four coordinate geometry is the preferred geometry of
[CbL(D)] .

However, it has been pointed out that the PBE functional does not
take dispersion into account so that it may underestimate the stability of
a five-coordinate Co(I) complex [453]. A dispersion-corrected func-
tional (B97-D and wB97X-D with the 6-31++G(d,p) basis set) [453]
modelling of [CbI(I)]™ (with all side chains truncated to H), and with an
axial H»O ligand, produced a structure with Co(I) forming a Co(I)--
H—OH hydrogen bond (2.3 to 2.4 A; Wiberg bond index 0.04 to 0.09),
and AGg= —2.5 to 10 kJ mol ™! in vacuo; in a simulated solvent medium,
using a polarisable continuum solvation model, AGf> 0 for all func-
tionals used. The predicted AGf values were significantly more
exothermic (including in a simulated solvent) if the corrin side chains
were included in the calculations, principally because of an N—H---OH,
interaction with the a side chain amide, and became more negative as
the dielectric constant of the medium decreased.

Interestingly, the redox potential of the Co(I)|Co(I) couple, as pre-
dicted by modelling with (BP86/6-31+G*), which reportedly gives
reasonably good estimations of redox potentials [453], is significantly
increased (i.e., less negative by between 0.10V and 0.225 V) if the Co
(D)---H—OH hydrogen bond is retained, which suggests a mechanism for
its tuning to allow for electron transfer from reductants in biological
processes [453].

In a QM/MM study (with a variety of dispersion-corrected DFT
functions and a 6-31++G(d,p) basis set), Kozlowski and co-workers
explored the feasibility of such a mechanism in a methyltransferase
enzyme [454]. They used a polarisable continuum model to simulate the
relatively hydrophobic environment of the protein (¢ =4.7) and based
their modelling on the structure of the cob(Il)alamin-bound MetH
structure [452]. An Hy0 molecule was placed in the vicinity of the g
coordination site of the metal, as was phenol to mimic the Y1139 residue
in the protein. ONIOM geometry optimisation of the Co(II) state pro-
duced a weakly-bound O-bound Hz0 (Co—O 2.4 to 2.7 A, depending on
what functional was used, with dispersion-corrected functionals
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producing shorter bond lengths), and which formed hydrogen bonds to
residues Y1139 and E1097; the latter was also involved in a salt bridge
interaction with R1094, which probably contributes to a strong pull
effect on HyO, weakening its interaction with the metal and in effect
placing the metal in an entatic state.

In the Co(I) state, the axial H,O interacted with the metal through H,
forming a Co(I)--H—OH hydrogen bond (2.3-2.5 A). This led to the
intriguing suggestion that a conformation switch in HO, from O-bound
to H-bound, may be a key feature in driving the reduction of Co(II),
tuning the redox potential into an accessible range for biological
reducing agents.

A second aspect of the Co(l) state that has received attention is the
regeneration cycle in enzymes such as MetH and the corrinoid iron-
sulfur protein CFeSP [455,456]. During enzyme turnover, reaction
with ROS produces every 200-2000 catalytic cycles the catalytically-
incompetent cob(Il)alamin form (see Scheme 2) [457,458]. Spectro-
scopic studies (uv-vis, MCD, EPR) on mutated MetH [458] have sug-
gested that regeneration of [Cbl(I)]™ starts with displacement of the a
His ligand by a conformational change in the protein and the occupation
of the § coordination site by H0O, thus maintaining the preferred five-
coordinate geometry of the Co(Il) state. Axially ligated HyO interacts
with Y1139. Binding of SAM causes an elongation or rupturing of the
Co(II)—OH;, bond, mediated by the Y1139 active site residue (or, based
on the interpretation of the electron density in a crystal structure at 2.7 A
resolution, through hydrogen bonding of HoO to both Y1139 and E1097
[452]). This raises the redox potential of the Co(II)|Co(I) couple,
facilitating electron transfer from the reducing agent, flavodoxin.
[CbI(D)]™ then acts as the attacking nucleophile on SAM.

More recent computational work (HF, BP86 and dispersion-
correctional functionals/6-31G(d)5d) broadly confirm this model but
suggests the increase in the reduction potential of the Co(II)|Co(I)
couple stems from formation of a Co(I)---HOR hydrogen bond [291,459].
The modelling also suggests that the hydroxyl group of Y1139 rather
than HyO (which are equidistant from the metal in crystal structure of
the cob(II)alamin complex [452]) may be the species that interacts with
Co(D) [459].

The nature of the coordination environment of Co in a cobalt corri-
noid cofactor is likely to fundamentally influence the chemistry of the
metal ion. An interesting case is the corrinoid/iron-sulfur protein
(CFeSP) from Moorella thermoacetica which contains the corrinoid Factor
III,. The cofactor is bound in the base-off form and the « ligand is
therefore expected to play an important role when the cob(I)amide,
[Cbd(I)] ", reacts with CH3—THF and when it transfers the methyl cation
to the NiFeS of the A cluster. Stich et al. [460] addressed the problem of
the nature of the coordination environment of the corrinoid in CFeSP
using spectroscopic (uv-vis, CD, MCD, ESR, rR) and computational
methods (QM/MM with VWN-LDA and Becke and Perdew gradient
corrections for exchange and correlation, respectively; ADF-1IV triple ¢
basis set; and DFT and TDDFT calculations with the B3LYP/SVP for all
atoms but TZVP for Co) when comparing the protein-bound and free
cofactor. This study showed that [Cbd(I)] is five-coordinate with HoO
occupying one of the coordination sites and [CH3Cbd] is six-coordinate
with HyO trans to CHs. The replacement of the 5'-methox-
ybenzimidazole ligand by H,0 increases the Co(II)|Co(I) couple by some
0.12'V, enabling the reduction of the cofactor by the iron-sulfur cluster
of the CFeSP to regenerate the catalytically competent [Cbd(I)]™ form.
More recent DFT calculations [291] (density-corrected functionals as
well as BP86 and BP98; 6-31++G(d,p) basis set) confirm that replacing
an N-donor ligand by an O-donor ligand causes a cathodic shift of the
Co(ID|Co(I) couple.

The Co—OH; bond in [CH3Cbd] is elongated by some 0.2 A when the
methylated cofactor is bound to the protein. There is evidence from
other studies [461,462] that the nature of the trans ligand has a pro-
found effect on how the Co—CHgs bond is cleaved; N-donor ligands
inhibit heterolytic cleavage whilst O-donor ligands do not. Moreover,
the computational work in this study [460] showed that elongation of
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the Co—OH, stabilises the 3d2 orbital, allowing for its mixing with
corrin frontier orbitals to generate a more Co(I)-like metal centre, which
would facilitate the heterolytic cleavage of the bond. It is speculated that
the elongation of the Co—OH; bond may also inhibit Co—CHgz homolysis
given the strong preference of Co(Il) for a square pyramidal geometry.

Since usually (but not always) cobalt corrinoids are six-, five- and
four-coordinate when the metal is in the +3, +2 and + 1 oxidation state,
respectively, electron transfer is not a simple outer sphere process, but is
accompanied by the breaking or the making of a metal—ligand bond
[238,446,463]. As the affinity of Co(Ill) for the j ligand increases, the
rate constant ks for electron transfer at an electrode surface to a
cob(Il)alamin decreases and there is virtually a negative linear corre-
lation between log ks and log K for coordination of the ligand by
[H,0CbI]" [238] (H,0 < DMSO < pyridine < bzm < CN"). At suffi-
ciently high pH, when virtually all [H,OCbl] " is converted to [HOCb]
(pKa=7.462(7) [111]), electrochemical reduction occurs almost
exclusively through the hydroxo complex, and there is a single wave
observable in the cyclic voltammogram, corresponding to a 2e reduction
of Co(III) to Co(I) due to a convergence of the Co(III)| Co(II) and Co(II)|
Co(I) waves because of the slowness of the first reduction step [238].
Electron transfer to base-off cob(Il)alamin is fast (ks > 0.1 cm s’l), but
much slower for base-on cob(Il)alamin (ks =2 x 10 %ems™) [237].

A plausible explanation for this has been advanced [238]. If it is
assumed that electron transfer to Co(Ill) and departure of the axial
ligand to form five-coordinate Cbl(II) is a concerted process, then the
stretching of the cobalt—ligand bond is an important factor controlling
the rate of electron transfer. Hence the reduction potential becomes
more negative, and the rate of reduction slower, as the affinity of Co(III)
for the axial ligand increases. A similar argument would apply to the
Co(ID)|Co(I) couple.

The kinetics of the electrochemical electron transfer to corrinoids
with “inorganic” ligands such as CN~ and H»O are rather different to
those where the corrinoid carries an “organic” ligand such as CH3 and
Ado™. In the case of [CH3Cbi]" [445], electron transfer is followed by
rapid (k=14 s lat —20 °C, and 2.5 x 1035 Tat19 °C) loss of CH3 and
formation of [Cbi(I)]. The estimated AE, from an Arrhenius plot is
79kJmol ™! for [CH5Cbi]™ (cf. a bond dissociation energy, BDE, of
150 kJ mol ! for [CH3Cbl] [464]); electron transfer clearly markedly
weakens the Co—C bond. CH3 then diffuses away to dimerise, react with
solvent, or, on a HDME, to produce alkyl mercury compounds. This
forms the basis for a catalytic cycle for dehalogenating hydrocarbons,
with the rate-limiting step being the attack of [Cbl(I)]” on a second
equivalent of the alkyl halide (vide infra). The initial product of the
reduction of [CH3Cbl], base-off methylcob(I)alamin, is estimated to
have a much weaker Co—C bond (ca. 50 kJ mol’l) [464]. The conse-
quence of the reduction of [CH3Cbl] (E=—1.36 V at —30 °C in DMF:n-
propanol) is more complicated because decay of [CH3Cbl] ™ occurs via a
competition between loss of bzm before loss of CH3, or loss of CH3 fol-
lowed by loss of bzm to form four coordinate [Cbl(I)]™ [445]. The
overall rate constant for decay of CH3Cbl™ via the two pathways is
1.2 x 10%s7! at —30 °C in DMF:n-propanol.

A detailed study of the mechanism of the reductive cleavage of the
Co—C bond after electrochemical reduction has been reported [447].
Briefly, the rate-determining step that follows the electron transfer
process is the formation of a solvent-separated alkyl radical and
cob(I)alamin. In the case of [CH3Cbl] the model predicts a Co—C bond
dissociation energy of 130kJmol™!. Steric effects between the alkyl
ligand in [RCbl] and the corrin appear to be important, with Ej
becoming more negative as the Co—C bond length decreases (estimated
by DFT using B3LYP/LANL2DZ), i.e. E; /2 becomes more negative in the
order i-Bu > i-Pr > n-Pr = Et ~ n-Bu > Me.

Two factors can be expected to influence the redox potential of a
cobalt corrinoid: the nature of the axial ligands, and the molecular
structure of the corrinoid framework [465]. The effect of the axial ligand
is readily discerned from the data in Table 5 which lists the
electrochemically-determined  reduction  potentials of some
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Table 5
Electrochemically-determined E; ,; values for some cobalt corrins.
Cobalt corrin Eq/2vs. Process Experimental Ref
SHE /V conditions
[H,0CbI] ™ 0.20 Co Spectroelectrochem. on [469]
(I1ID) — Co Pt; 22 °C, Britton-
(I Robinson buffer, pH 7
-0.61 Co(II) - Co CV on HMDE; 22 °C, [237]
[€))] Britton-Robinson buffer,
pH7
[(H»0),Cbi]?>* 0.51 Co Spectroelectrochem. on [441]
(1) - Co Pt; 22°C (?), pH1.6
(I (HCIO4) & 3.8 (Britton-
Robinson buffer)
—0.49 Co(II) - Co CV on HMDE; 22 °C, [441]
[€))] Britton-Robinson buffer,
PHO
[(CN),Cbl] ™ —0.63 Co Spectroelectrochem. on [444]
(III) — Co Ptor Au; 22 °C (?). In the
(ID presence of 1 MCN™ The
product is cyanocob(II)
alamin
[CNCbl] -0.76 Co CV on HMDE; 22 °C. [444]
(II1) - Co Two electron cathodic
(0] wave with reduction
along an ECE sequence
base-off cob —0.54 Co(Il) -» Co Reference to [238,444]
(I)alamin [09)] unpublished results
base-on cob(II) -0.88 Co(Il) - Co Reference to [238,444]
alamin o unpublished results
[CH3Cbi]™ -1.23 Co CV on HMDE; —20 to [445]
(II1) - (Co 19°C in DMF:n-
)’ - Co  propanol
() + CH3
[CH3Cbl] -1.36 Co CV on HMDE; —30°C in [445]
(III) = (Co DMF:n-propanol
an'’ - co
() + CH}
[CH3Cbl] —1.27% Co CV on Ag amalgam; [447]
(111 - (Co 20°C in 60:40
)’ - co methanol:DMF
(D) + CH3
[AdoCbl] -1.11 Co CV on Ag amalgam; [447]
(I11) - Co 20°C in 60:40
(D + Ado*® methanol:DMF

Intermediate that rapidly decays. *Under these conditions other alkylcobala-
mins have E; 5 values of —1.16 V (EtCbl); —1.15V (n-PrCbl); —1.16 V (n-BuCbl);
and —1.12V (i-BuCbl) [447].

representative cobalt corrinoids, and other examples given above.
Increasing the conjugation of the corrinoid by changing it from corrin to
didehydrocorrin (DDHC) and to tetradehydrocorrin (TDHC) (Fig. 15)
tends to facilitate reduction.

For base-off [(Hy0)2Cbl]™ [441] and with (presumably) H»O in the
two axial sites of the dehydrocorrins (pH 7.0, 0.1 M phosphate, 25 °C)
the Co(II)|Co(II) redox potential changes from 0.51 V, to 0.45 V, and to
0.59V, while the Co(I)|Co(I) potential changes from —0.50V to
—0.49V, and to —0.07 V [465]. Cobaloximes and the related mono-
oxime known as Costa’s complex [466] (Fig. 16) have been explored

CO,H

CO,H

Co(TDHC)

Fig. 15. The structure of the Co complexes of didehydrocorrin (DDHC) and
tetradehydrocorrin (TDHC).
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Fig. 16. Structure of the cobaloximes (left) and Costa’s complex (right).

as model By, complexes but they do not reproduce the redox properties
of the cobalt corrins very well [467,468].

A very common procedure for the preparation of alkylcobalamins is
to reduce [H,OCbI]™ to [CbI(I)]~ with, for example, NaBHy4, and then
exploit the strong nucleophilicity of [Cbl(I)]™ to displace a halide from
an alkylhalide. An alternative, and synthetically much cleaner proced-
ure, utilises the electrochemical generation of a Co(I) corrinoid at
controlled potentials near the Co(I)|Co(I) couple [439,462].

5.2. Chemical redox reactions

The reduction of [H,0Cbl] " can be carried out chemically by a wide
variety of reducing agents including ascorbic acid, sodium borohydride,
sodium formate, a number of thiols and zinc amalgam
[113,116,470-472]. NaBHy4 is very widely used and, depending on its
concentration and the reaction time, can generate Co(II) or Co(I) [113].
Under aerobic conditions, the macrocycle is usually destroyed by the
H50, that is produced by reaction of oxygen with reduced cobalamins
[470]. A recent report [473] shows that [HoOCbl] ™ does reversibly co-
ordinate HyO, with log K = 3.6 at pH 7, dropping to 3.1 at pH 9. Co(III)-
coordinated HO3 is protonated in acid solution (pK, = 5), so no coor-
dination is observed below pH 4.

5.2.1. Reactions of [CNCbl] with reduced flavin mononucleotide

All forms of By ingested from dietary or supplement sources undergo
intracellular processing whereby the f ligand is removed before active
forms of (in humans) [AdoCbl] and [MeCbl] are assembled [474,475].
The removal of CN™ from [CNCb] is effected by the MMACHC protein
coded by the cbIC gene using reduced flavin mononucletide, FMNHj, as
reducing agent [476]. [CNCbI] is reduced to Co(II); the propensity of
[CbI(II)] for a five-coordinate metal ion [444] results in release of CN .
The mechanism of this reaction in solution has recently been explored
[477]. A ten-fold excess of FMNH> (37 °C, pH 6.8) only partially reduces
[CNCDI] to [CbI(II)] with rate constants (from the pH dependence of the
reaction explored between pH 4.5 and 9.2) of 0.7(2) M~'s! for reaction
with FMNH, and 7.4(5) M~ !s! for the reaction with FMNH . By
contrast, the reaction with aquacyanocobinamide, [ACCbi] *, proceeds
within the mixing time of the reagents. This suggests that the reduction
of [CNCbl] requires the initial displacement of bzm by FMNH, followed
by rapid inner sphere electron transfer. That the reduction does not go to
completion could be a consequence of oxidation of [Cbl(II)] to
[H,0Cbl]" by FMN, formed by the disproportionation of FMNH® to FMN
and FMNH,. [H,OCbl]™ presumably reverts to [CNCbI] by picking up
free CN™ formed from the initial reduction step.

5.2.2. Reactions of Co(Ill) with formate and formyl species, and singlet
oxygen

A good example of the chemical reduction of [H,OCbI]™ is its reac-
tion with formate (and related formyl species) [471]. From the pH-
dependence of the reaction rate, the active species are [H,OCbl]" and
HCO; (Eq. 3a) A deuterium kinetic isotope effect is consistent with
hydride migration from coordinated formyl to cobalt to yield a pro-
tonated Co(I) species (Eq. 3b) which rapidly [478] comproportionates
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with Co(III) to produce two equivalents of Co(II) (Eq. 3c).

[H,OCbl|" + HCO, =[(OCHO)Cbl] K =4.6 M (3a)
[(OCHO)Cbl]—-CO, + HCbI(I) ]=[CbI(I)]” +H" k = 0.016 5" (3b)
[CbI(T)]” + [H,OCbI " -2[CbI(I) | + H,O  k=10"M"'s7! 30

Pyrocobester (the hexamethyl cobester with a missing ¢ side chain
and a double bond between C7 and C8) [479] undergoes photo-
oxygenation, with cleavage of the C5—C6 bond, and formation of a
dioxo species with C=0 bonds at C5 and C6 [480].

A thorough investigation of the reaction of pyrocobester with O3 in
O,-saturated CCl4 (and with a thermal source of 102) [481] showed that
(i) irradiation of the corrinoid between 350 nm and 800 nm induces its
photooxygenation with reaction rates proportional to its molar absorp-
tivity at the wavelength of the irradiation; (ii) 102 (lAg) is an interme-
diate in the reaction, as established by solvent effects, H/D isotope
effects, competition experiments, and quenching of the reaction with
p-carotene. A (simplified) reaction scheme is shown in Eq. 4a,b.
([PyrCbs] = pyrocobester).

|[PyrCbs] + hv—'[PyrCbs]” " 3[PyrCbs]’ (4a)
3[PyrCbs] + 30,—![PyrCbs] + 'O, [dioxoPyrCbs] (4b)

Irradiation of [(CN)yCbl]™ in an Os-saturated solution of CD30D
(—=70°C, tungsten lamp) in the presence of methylene blue (an 10,
sensitiser) leads to formation of the C5,C6 (10%) and the C14,C15 (24%)
dioxo species, with 31% recovery of the starting cobalamin [482,483].
The reaction occurs considerably more slowly in CH3OH [483].

5.2.3. Reactions of Co(II) with thiols, disulfides, nitrogen oxides and
related species

Thiolatocobalamins play an important role in biology. For example,
glutathionylcobalamin, [GSCbl], is probably the precursor of both
[AdoCbl] and [CH3Cbl] in humans [484]. Glutathione reacts rapidly
with [H,OCbl]" (k~18.5 M 1s7! at pH7.4) to form a very stable
complex (log K~9.7) [485]. It has been suggested that formation of
[GSCbl] prevents the depletion of B1s by xenobiotics [486]. It is also
thought that [GSCb]] is useful in treating conditions related to oxidative
stress [89,92,487-490].

The reaction of [HyOCbl]™ with thiols can lead to relatively stable
complexes (for example, with pentafluorothiophenol [491], N-ace-
tylcysteine [492], glutathione [493], glutamylcysteine [494] and
captopril [495]). Their uv-vis spectra are of the “atypical” type (see
Section 7.2). In alkaline solution, a slow reduction to Co(II) and a di-
sulfide occurs [496] whereas in acidic media the thiol is slowly pro-
tonated and released from the coordination sphere of the metal,
reforming [H,OCbl]™ [497]. Both dithiothreitol [496] and cysteine
[472] (less rapidly) readily reduce Co(Ill). Oxidised thiols such as
hypotaurine and cysteinesulfinic acid also coordinate to [H,OCbI]™,
producing atypical spectra [498]. Selenocysteine (SeCys) reacts with
[H,0Cbl]" but the selenocyanato complex rapidly reduces Co(III) to Co
(II) and only kinetic evidence of its existence was found [499]. The re-
action between [(HZO)ZCbi]2+ and thiols leads to relatively unstable
complexes [500,501] although glutathionylcobinamide has been suc-
cessfully prepared [502].

Thiolatocobalamins are not common; while the reactions of
[H,OCbl]" with a wide variety of thiols have been reported (see the
comprehensive reference list in [503]), they usually reduce Co(III) to Co
(II) at rates which increase with thiol concentration and pH. There are
exceptions. Slow addition of thiophenol to [Ho0Cbl]™ in acetone at
—15°C under Ar (red light conditions) produced [C¢F5SCbl], which was
characterised by FAB-MS, and 'H and '°F NMR [491]. [HoOCbl]™ reacts
with glutathione in neutral and acidic aqueous solution to form stable
[GSCbl] [504], log K=9.7 [485]. Cyclohexylthiolatocobalamin and
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cysteinylcobalamin have also been prepared [503]. The depletion of B;5
in vivo by exposure to xenobiotics such as chloroprene and 1,3-butadiene
is probably a consequence of their reaction with [CbI(I)]™ [486].
Glutathione may protect against this by forming [GSCbl] [486]. [GSCbl]
reacts with SeCys through two pathways [505]. In the first, there is rapid
formation of a complex between [GSCbl] and SeCys; this is followed by
rate-determining ligand exchange and then rapid reduction of Co(III) to
Co(I) with formation of SeCys® (which then dimerises to (SeCys)s). In
the second pathway, SeCys displaces GS from the coordination sphere of
Co(IIl), and then rapidly reduces Co(III) to Co(IL).

When diaquacobyrinic acid heptamethyl ester [(Hy0),Cbs]®* is
reacted with thiophenol under anaerobic conditions in the dark,
[(CeH5S)(H20)Cbs] T is produced [506], presumably with the thiolate in
the upper coordination position, although this was not explicitly
demonstrated. Both photolysis of [(CgHsS)(H20)Cbs]™ (1> 420 nm,
80 min) and its thermolysis (50 °C, 4 h) lead to homolytic cleavage of the
Co(III)—S bond to form the Co(I) complex and the phenyl thiyl radical.

The reaction of alkylcobalamins with 2-mercaptoethanol in alkaline
solution involves the nucleophilic attack of the thiolate on coordinated
alkyl to form an alkylthioether and cob(Il)alamin in a reaction that is
presumed to proceed via intermediate formation of Co(I) [507,508]. The
reaction of (carboxymethyl)cobalamin with 2-mercaptoethanol was
investigated as a function of pH [508]. At low pH, with the base-off form
of the corrinoid, the reaction is moderately fast (k=2 x 10"2s™! at
43°C, pH1.0) and involves a reductive cleavage of the Co—C bond by
the thiol to produce acetate and Co(II). The reaction is slower in alkaline
solution (k=1 x10"3s! at 43°C, pH12.5) and entails nucleophilic
attack of the thiolate on the Co—methylene carbon to form (eventually)
Co(II) and S-(carboxymethyl)mercaptoethanol. The difference in the
behaviour of the base-on and base-off forms was emphasised by showing
that the reaction of 2-mercaptoethanol with a (carboxymethyl)coba-
mide in which the N3 of bzm is methylated produced acetate across the
entire pH range (pH 2.1 to 10.2; k is virtually pH-invariant and ranges
between 1.0 x 102 and 2.4 x 1073571,

Nitric oxide reacts with [GSCbl] (k= 2.82 x 10°M s between
pH 4 and 10, with a slight increase in rate above pH 9), probably through
intermediate formation of a S-nitrosoglutathionyl complex, to produce
[NOCbI] [509].

Dithionite (SZO%’) reduces [HoOCbl]*. The actual reductant is the
radical anion SO3°, formed from the dissociation of dithionite. This
produces cob(Il)alamin and SO, [118] after electron transfer; the second
order rate constant for the reaction is 1.46(5) x 10°M 's ! at 25°C. In
the presence of excess dithionite, [CbI(II)] complexes SO3° to produce a
rare 6-coordinate Co(II) complex, [SOoCbl(I)]~, with a pKpase-off = 4.8
(1), and in which the unpaired electrons on the ligand and the metal are
antiferromagnetically coupled. A DFT-assisted assignment of its ab-
sorption and resonance Raman spectrum concluded that the (predomi-
nantly) 7 — z* transitions of the y band are partially mixed with a #
orbital of coordinated SO3°, giving rise to a S=0O stretch (at 987 cm V) in
resonance with the y band [510]. The same species is also generated
when sulfoxylate (SO%’) [511] and hydroxymethanesulfinate (HMS,
HOCH,S037) [440,512] are used as reductants.

On exposure to Oy, [SO,CbI(II)]™ is oxidised back to [H,OCbl]™
without significant attack on or destruction of the corrin [513]. Addition
of two equivalents of HyO2 to [SO,Cbl(II)]™ produces a mixture of
[H,0Cbl]" and two so-called stable yellow corrinoids, hydroxylated at
C5 and C15, respectively (Fig. 17), isolated chromatographically as the
dicyano complexes, in an approximate ratio of 1:2:2 [513]. The initial
rate constant of the reaction is 1.8(1) x 10>M s~ The stable yellow
corrinoids are also produced on treating [CNCbl] with HMS [514]. The
reaction of [SO,CbI(II)]~ with one equivalent of tertiary-butyl hydrogen
peroxide produces [SO3Cbl] , and no stable yellow corrinoids, with an
initial rate constant of 13(1) M~ *s~! [513].

The rate of reduction of [CNCbl] with dithionite and HMS at pH 11.4
shows saturation kinetics at high reductant concentrations [515]. The
saturating rate constant (3.0 x 10257 ! at 25°C) and the activation
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Fig. 17. Two stable yellow corrinoids (shown as the mono-cyano complex) formed in the reaction of [CNCbl] with NaHMS, Na(HOCH,SO5). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

parameters (AHi =103(6) kJ mol’l; ASt= 82(6) J K 'mol™) are
within experimental error identical to those for the dissociation of bzm
trans to CN~ (4.2 x 1072571 at 25°C; AH = 105(2) kJ mol 1; AS' =81
6) J K 'mol™! [516]). Very similar results were obtained with
dithionite. This strongly suggests that the rate-determining step is
displacement of bzm by the reducing agent, followed by inner sphere
electron transfer.

The reaction of HyS with [HoOCbl] ™ is complex [517]. Both HyS and
HS™ displace H,0 from [H,OCbI]™ (but not OH™ from [HOCbI], which,
as has been known for a long time [471,518-521], is inert to substitu-
tion). This is followed by inner sphere electron transfer, a process which
occurs significantly faster for the base-off form of [HSCbl]. Reaction
with a second equivalent of H,S follows to form [HSZCo(II)Cbl]Z’ (or
[H2S2Co(I)Cbl] ~, depending on pH) which then dissociates to HS%’ and
[CbI(ID)]. In the case of the cobinamide, and in the presence of a suffi-
ciently high concentration of HjS, a stable [("HS)2Cbi] species can be

S
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|
N

formed [522].

Thiols are effective reductants for alkyl corrinoids. In principle, the
reduction could occur by (i) an outer-sphere electron transfer from the
thiol to the corrinoid which, at least initially, produces a corrin-based
radical anion (Scheme 7) [523]; (ii) by coordination of the thiol to
one of the coordination sites of the metal (cf. the reduction of [CNCbl] by
HMS, vide supra); or (iii) by direct attack of the thiol on the alkyl ligand.
Reduction of alkylcob(IIl)alamin to Co(II) increases the rate of homol-
ysis of the Co—C bond some 10'° times, producing Co(I) and an alkyl
radical, or, under acidic conditions, Co(II) (Scheme 7).

The chemical reduction of a corrinoid in which one of the ligands is
H0 and which involves coordination of the reducing agent should be
dependent on pH since OH™ is inert to substitution [471,520,521].

The oxidation of 2-mercaptoethanol to the disulfide, which may be
generalised as shown in Eq. 5, is an example of a reaction where
reduction of the metal proceeds by an inner-sphere mechanism. There is
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Scheme 7. One possible route of the reaction of an alkylcobalamin and a thiol.
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indirect evidence for the formation of a [Cbl(I)] intermediate [524]. The
probable reaction mechanism is shown in Scheme 8 (for an alkylcoba-
lamin, such as R=CHs, Ado; an equivalent mechanism is readily
envisaged for an alkylcobinamide).

2 RSH +0,— RSSR +H,0, (©)

The reaction begins with displacement of bzm by the thiolate. The
alkyl thiolate complex reacts with a second equivalent of the thiolate
to produce a disulfide product and an alkylcob(I)alamin. Oxidation
of the reduced corrinoid by Oy forms HyO5 and regenerates the
alkylcob(IlI)alamin. Methyl iodide inhibits the reaction, probably by
trapping the corrinoid as an alkylmethyl complex. Irradiation of the
system with visible light releases the inhibition and the rate of O3 con-
sumption increases markedly as [H,0Cbl]™ (which is a better catalyst
for these reactions than alkylcobalamins) is produced. N-donor ligands
inhibit the reaction by competing for the axial coordination sites of the
metal.

The analogous reaction catalysed by [H,OCbl]™ is only weakly
inhibited by methyl iodide, suggesting that aquacob(Il)alamin,
[H0Cbl], rather than Co(l), is produced. Reaction of [H,OCbl] with O4
is expected to produce superoxide, Oz, and indeed the reaction rate is
significantly decreased in the presence of superoxide dismutase.

In the third reaction, RS~ initiates an Sy2 attack on a coordinated
alkyl group, leading to the heterolytic cleavage of the Co—C bond
(Scheme 9). This is generally thought to be the key step in the transfer of
a methyl group from homocysteine to methionine catalysed by methyl
transferase [292]. However, an alternative mechanism, in which the
cofactor is initially reduced by deprotonated homocysteine — as in
Scheme 7 - to form a corrin-based radical, followed by a radical coupling
between coordinated R and RS® to yield the thioether and Co(I), has
been proposed [523] and shown by QM/MM calculations to be feasible
[525]. CASSCF calculations show that the Co—C and Co—Ny,y, bonds
are significantly elongated and therefore weakened when models of
[MeCbl] (all side chains truncated to H; imidazole as f# ligand) is reduced
[526]. More recent DFT calculations (BP86/TZVP with the polarizable
continuum model (PCM) to simulate solvent water) suggest that methyl
transfer from methyl halides to [Cbl]™ (modelled with all side chains
truncated to H) proceeds through an Sy2 reaction. If the alkyl halide is
bulkier (iPr, 'Bu) then the electron transfer radical pathway is favoured
[527].

[CbI(D)]™ reacts rapidly with a disulfide to produce the correspond-
ing thiol and [CbI(II)] [528]; the overall reaction stoichiometry is given
in Eq. 6.

RS, +2[Cbl(I) ]~ + 2H">2RSH + 2[CbI(II) ] (6)
The rate of the reaction depends on the state of protonation of the
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Scheme 9. An alternative pathway for the reaction of a thiol with an
alkylcobalamin.

disulfide. For example, for cystine, kz (23 °C, M~ !s™1) increases from 4.0
(5) x 104, to 2.9(2) x 105, to 4.2(2) x 10° for the unprotonated,
monoprotonated, and diprotonated oxidant, respectively. The rate-
determining step is the initial attack of [Cbl]~ on R,S;. Two mecha-
nisms can be envisaged. The first (Eq. 7.1) involves homolysis of the
disulfide with the RS® formed reacting with a second equivalent of [Cbl
(D]1™. The Co(II) sulfide intermediate then decomposes to the thiolate
and [CbI(ID].

R,S; + [CbI(I)]”—[RSCbI(I) |~ +RS" (7.1a)
RS® + [Cbl(I) | —[RSCbI(IT) ]~ (fast) (7.1b)
2[RSCbI(IT) | " —>2RS ™ + 2[Cbl(II) ] (fast) (7.1¢)

Alternatively, heterolysis of the S—S bond produces RS~ and a Co
(I1I) sulfide (Eq. 7.2), which is then reduced by [CbI(I)] .

R,S, -+ [CbI(I) | —[RSCbI(II) | + RS~ (7.2a)
[RSCbI(II) ] 4 [CbI(T) | —[RSCbI(IL) |~ + [CbI(IT) | (fast) (7.2b)
[RSCbI(IT) | " RS~ -+ [CbI(IT) ] (fast) (7.20)

Reactions of disulfides with [Cbl(II)], on the other hand, are slow and
incomplete.

Protonation of the disulfide increases the rate of the reaction. Fitting
of the experimental data over the pH range studied (pH4 - pH 10.5)
allowed the second order rate constants for the unprotonated, monop-
rotonated and deprotonated forms of the oxidant to be deduced. For
example, for cystinez’ ((SCH2CH(NH2)CO2")2), Hcystine™, and
Hocystine, ky=4.0(5) x 10%, 2.9(2) x 10° and 4.2(2) x 10°M !5~}
(25 °G; LiClOg4, u = 0.2 M), respectively. Since protonation of some of the
disulfide increases the rate of the reaction, this suggests that protonation
weakens the S—S bond (for example, by intramolecular hydrogen
bonding to the protonated carboxylate of dithioacetic acid) or by

R —l ) THz—r

2 Collmm
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Scheme 8. The course of the reaction of an alkylcobalamin and a thiol. Methyl iodide inhibits the reaction.
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stabilising the leaving thiyl group, or both. The intimate mechanism of
the reaction involves, as rate-determining step, the nucleophilic attack
of [Cbl(I)]™ on the S—S bond. This could cleave homolytically to form
[(RST)CbIAD]~ and RS* which then rapidly reacts with a second
equivalent of [CbI(I)]". [(RS™)CbI(II)]~ would then dissociate to RS™
and [CbI(II)]. Alternatively, the initial attack cleaves the S—S bond
heterolytically, to form [(RST)CbI(III)] and RS™; this would be reduced
by [CbI(D)]™ to form RS™ and [CbI(II)].

Sulfoxylate, SO%’ (or HSO3) can be prepared by the anaerobic
decomposition of thiourea dioxide, (NH2)2CSO, in alkaline solution
[529,530]. Sulfoxylate will react with [HOCbI] to produce [SO,Cbl] ",
the same product produced by the reaction with dithionite (vide infra). It
is usually thought of as a hexacoordinate complex between SO3™ and Cbl
(I1), although DFT calculations (BP86/6-31G**) suggest the complex
may have a protonated ligand and is best described as [HSO3 Co(II)]
[511]. The apparent second order rate constant at 25°C, pH13, is
1.95 x 103M1s~ L. If it is assumed that [HOCDI] is indeed inert to
substitution and the rate-determining step is displacement of HyO from
the metal, then correcting for inert [HOCbI] gives k = 3.1 x 108 M 151
There is a further, slow, reduction to [CbI(D]™ (kapp=2.3 M 1sh
[511] but this is preceded by an induction period, indicative of the
occurrence of a complex redox process.

Nitric oxide does not react with [H,OCbl]™ around pH?7 [531] but
does so, with high affinity (log K=8.9, pH 7.4, 25 °C), with cob(I)ala-
min [116]. DFT (PW91/6-31G(d), B3LYP/6-31G(d)) and molecular
orbital (HF/6-31G(d)) calculations on models of Co(II) and Co(III) cor-
rins with NO suggest that Co(IIl) coordinates HoO much more strongly
than does Co(II), militating against coordination of NO by Co(III) [532].
By contrast, the poor affinity of Co(II) for H,O, and the poor solvation of
NO, leads to their reaction and the formation of [NOCbI], which the HF
calculations indicate is best described as a Co(II)—NO™ complex. There
is also resonance Raman evidence for a Co—NO bond based upon a
vibrational band shift on ®NO substitution [533].

Although it had been claimed that NO does react with the base-off
form of [HyOCbI]™ [534], later work [535] demonstrated that this is
not the case and that what had been observed was likely to have been a
reaction with HNO,, produced at low pH from nitrite impurities ubiq-
uitously present in aqueous solutions of NO [531]. Once [NO,Cbl] is
formed, it reacts with NO to produce [NOCbI] [535], but the reaction is
complex and details are yet to be fully understood. Nevertheless, a
plausible mechanism for the reaction at pH=~ 1, consistent with all
available kinetic data, has been proposed [535] and shown in Egs. 8a —
8 g. (Hbzm refers to the protonated base-off form of the cobalt corrinoid)
[116].

[H,OCbl]" + HNO,=[NO,Cbl] + H" (8a)
[NO,Cbl] + H*=[(Hbzm)NO,Cbl | (8b)
[(Hbzm)NO,Cbl]* + NO=[(Hbzm)(NO)(NO,)Cbl]* (K) (80
[(Hbzm) (NO)(NO,)Cbl]* + H" =[(Hbzm)(NO)Cbl] + HNO; (k;,k_,)

8d)
[(Hbzm)(NO)Cbl | + NO= [(Hbzm)(NO),Cbl | (8e)
[(Hbzm)(NO),Cbl | + H,0=[(Hbzm)NOCbI|* + HNO, (8
[(Hbzm)NOCbI | —[NOCbI] + H* (pK, = 5.1) (89)

The overall stoichiometry of the reaction between [NO,Cbl] and NO
is given in Eq. 9
[NO,Cbl] + 2NO + H,0=[NOCbI] + 2HNO, (K) )

The good fits obtained to an expression based on this mechanism
provides a measure of confidence. The values obtained were
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K=0.6+0.2,and kyo=Kk; =7 +2M s~

[HoOCbl]" reacts directly with Piloty’s Acid (PA, benzenesulfo-
nylhydroxamic acid, PhSO,NHOH) between pH 3.5 and 10.3 to form a
complex, [PACbI]", which rapidly deprotonates and loses PhSO3 to
produce nitrosylcobalamin, [NOCbI] [536].

Despite the very similar uv-vis spectra of alkylcobalamins and thio-
latocobalamins [537], little was known about the photolability of the
latter, in contrast to extensive studies on the former, until an elegant
study by Lawrence and co-workers clarified matters [538]. Starting with
[H,0Cbl] " they functionalised the OR5 hydroxyl of the ribose (Fig. 4)
with ethylenediamine which provided a handle on which to attach flu-
orophores. They then replaced coordinated HyO with N-acetyl-L-
cysteine (NAcSH). [NAcSCbl] is stable in the dark and its photolysis at
360 nm produced [HoOCbl] ™ at a rate about three orders of magnitude
slower than the photolysis of [CH3Cbl]. Photolysis was also carried out
at 405nm and 546 nm, with smaller quantum yields, and in all cases
several orders of magnitude lower than for [CH3Cbl] at these wave-
lengths, despite rather similar molar absorptivities and theoretical evi-
dence that the Co—S bond in glutathionylCbl has a smaller homolytic
dissociation energy (110kJ mol™ 1) than the Co—C bond in [CH3Cbl]
(155kJmol™H) [71, possibly because of a more efficient radical recom-
bination step. Appending a variety of fluorophores to [NAcSCbl] resul-
ted in up to an order of magnitude increase in the quantum yield, a
consequence of an increase in the absorptivity of the complex. That the
thiyl radical is a product of the photolysis was demonstrated by radical
trapping and EPR analysis. The study also showed that that fluorophores
can act as photon antennas to modulate the rate of thiolato-Cbl
photolysis.

Diazeniumdiolates (X-NONOates, Fig. 18) are extremely useful as
NO precursors in the study of NO-dependent biological process, the
importance of which was only appreciated in the late 1980’s [539].
Diethylamino-NONOate, DEA-NONOate (X =Et;N in Fig. 18) reacts
directly with [HyOCbI]" (kops=3.2x 10 °s!, pH10.8; 50uM
[H,0Cbl]", 10 mM DEA-NONOate), with a 1:1.2 stoichiometry to pro-
duce nitrosylcobalamin, [NOCbl] and EtaN-NO [540,541]. The rate-
determining step is the decomposition of the initial adduct between
DEA-NONOate and Co(Ill) to [NOCbI] (estimated k=0.63M 's™),
Scheme 10.

Interest in the chemistry of azanone (nitroxyl, HNO) arises in part
because of its in vivo generation from the action of nitric oxide synthases
on L-arginine, or the oxidation of N-hydroxy-L-arginine (see for example
[542,543] and references therein), which can lead to nitrosative stress.
There is also considerable interest in the use of HNO for therapeutic
purposes (for example [544-546]). In aqueous solution, HNO rapidly
dimerizes and decomposes to NoO and H;0, so studies with HNO are
usually performed by using HNO donors such as sodium trioxodinitrate
(Angeli’s salt, NagN2O3). Between pH4 and 8 HN;O3 decomposes to
HNO and NO3; at lower pH it is primarily an NO donor ([543] and
references therein).

HNO reacts with both [H,OCbl]" [543] and [CbI(II)]. Below pH9.9,
[Ho0Cbl]" reacts with HN,O3 to form NOCbl. The reaction is pH-
dependent and, after accounting for the ionisation of [H,OCbI]™

O

/
+

N
%N——O
'
HNO NO

Fig. 18. Diazeniumdiolates (X~-NONOates), precursors to NO.



H.M. Marques
g ng—l *
NEt N. _ NEt, N
2\$¢ o0 —> \T/ o (:om_
o 2 N

H,0

_ Et,N-NO 0
P ) 7
(¢]
Colllmm A NEtZ/ \N¢
(l | n
N c(l:o i
N
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(pKa=7.462(7)) and HN303 (pK, =9.48), yielded a pH-independent
value of k=123(5) M 1s7! for the reaction of [H,0Cbl]™ with
HN5O3. The proposed initial product, [(HONO )ON—Co(III)] then de-
composes to [NO~Cbl(III)] and NO3 [543]. At high pH, the rate deter-
mining step becomes the decomposition of HN3O3 to HNO, which then
reacts with [HyOCbI]*, or possibly with [HOCbI], but details of the re-
action were not established.

[H,0Cbl]™ will react with nitrosothiols (RSNO) such as S-nitro-
soglutathione (SNG) and S-nitroso-N-acetylpenicillamine (SNAP)
(Fig. 19) [547]. There is an initial formation of a Cbl(II[)-RSNO adduct,
bound either through S or N (Scheme 11). The decomposition of the
nitrosothiol produces with the thiolatocobalamin or [NOCbl]. The latter
is the main cobalamin product (pH 7.4). In route B of Scheme 11, the
decomposition of the nitrosothiol occurs via heterolytic S—NO bond
cleavage followed by oxidation of a second equivalent of the nitrosothiol
[547].

5.2.4. Reactions with potent oxidants

Cobalt corrinoids may be destroyed while reacting with potent oxi-
dants such as HOCI [548-550]. The reaction of [CNCbl] with HOCI was
reported to be complex [548]; at pH 7 it involves an initial lag phase, the
origin of which is unclear, followed by a fairly rapid phase (k; = 0.24 s~}
on reaction of 11 pM [CNCbI] with 1 mM HOC), possibly involving the
displacement of bzm trans to CN™ by, surprisingly, Cl™ rather than OCl™
(supported by LC-MS evidence), followed by a slower phase
(ko =0.11 s~! under the same conditions). Both phases increase expo-
nentially with HOCI concentration and are therefore unlikely to be
single, simple bimolecular process. This is followed by slow bleaching of
the spectrum (k=2 x 105Mm! s’l), indicative of destruction of the
corrin. Complete destruction of the corrin, with release of CN™, requires
a 28 M excess of the oxidant. The liberated CN™ reacts with HOCI to form
cyanogen chloride, CNCL. A recent study has provided better insight into
the processes involved [551]. In near neutral solutions, [CNCbl] un-
dergoes chlorination of the C10 position and the ¢ side chain forms a
lactone between C6 and C7. Above pH 9.9, formation of this complex
was not observed. The initial reaction involves the rapid formation of an
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(unidentified) complex between [CNCbl] and HOCL. This complex either
rapidly reacts with a second equivalent of HOCI which clorinates the
C10 position, or, more slowly, chlorinates C10 directly. Both pathways
ultimately lead to formation of [CN-10CICbl], with a rate law kops =k’
[HOCI]2 + k”[HOCI]. The pH dependence of k' is sigmoidal, varying
from ca. 6 x 10*M 25! at pH5.5 to near zero at pH 8.7, with an in-
flection at ca. 7.5, very close to the pK, of HOCI which is 7.4 [552].
Clearly, the active reactant is HOCI and not OCl™. In addition, minor
products from destruction of the corrin were also observed. By contrast,
[GSCDb1] is much more resistant to modification of the corrin on reaction
with HOCI [553]; [HoOCbl]" is produced, and there is no evidence of
chlorination of the corrin ring. It is suggested that HOCI oxidises both
the amino and thiol groups of glutathione, which then dissociates from
the metal ion.

HOCI rapidly oxidises [Cbl(I)] to form [HOCbI] in alkaline solution
with a 1:1 stoichiometry [554]. In the process, Cl® is produced, which
abstracts H from the corrin. This results in the formation of small
quantities of corrinoids with two to four H atoms fewer than the parent
cobalamin. The presence of [Cbl(II)] prevents HOCl-induced damage to
bovine serum albumin, indicating that [Cbl(II)] is an efficient HOCI
trapping agent.

The reaction of [(CN),Cbi] with HOCI proceeds through the initial
sequential displacement of CN~ by OCI~ (k=2x10"° and
2x1074M s respectively, pH 7.4), followed by destruction of the
corrin [549].

The reaction of the carbonate radical, CO%", with [HOCbl] between
pH9 and 11.5 occurs in two steps [555]. The first step of the reaction is
essentially independent of pH and proceeds with ky=4.5(2) x 10
8M 151, The rate of the second reaction is independent of [HOCbI] and
increases marginally with pH, from 1.8x10%s™! at pH9.0 to
3.5x10%s!at pH 11.5. The first step is ascribed to H abstraction from
multiple sites of the corrin not involved in the 7 conjugated system. The
resulting radical complex undergoes rapid intramolecular transfer of the
unpaired electron density to the metal centre for about 50% of these
complexes to form the corresponding Co(II) carbocation complex. Sub-
sequent complex and competing pathways lead to formation of corrinoid
complexes with two fewer hydrogen atoms, and lactone derivatives.

5.2.5. Alkylation of Co(ID)

Co(1II) corrinoids can be slowly alkylated by direct reaction with alkyl
iodides in aqueous solution, but the reactions are considerably faster in
the presence of a thiol. Pratt et al. investigated the methylation of cob(II)
alamin and cob(Il)inamide by CHsl in the presence of several thiols
(dithiothreitol, 2-mercaptoethanol, thioglycolic acid) [556]. Methyl-
ation occurred in the order cob(Il)inamide + RSH > > cob(II)alamin
(with or without RSH) > > cob(Il)inamide only (no detectable reaction).
There was no detectable formation of Co(I) below the pKj, of the relevant
thiol (i.e. the reaction Co(II) + RSH — Co(I) + 1/2RSSR +H" appears to
require a significant concentration of RS™ to occur at any appreciable
rate). The pseudo first-order rate constant for formation of [CH3Cbi] " in
the presence of dithiothreitol (DTT) and CHsl reached a saturating value
of 1.8 x1072s7! at [DDT] >30mM and [CHsI] > 10 mM, suggesting
that formation of an intermediate, presumably [RSH—CO(II)—CH3I]2+,

o
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S-nitroso-N-acetylpenicillamine

Fig. 19. Examples of nitrosothiols, oxidants of cob(II)alamin.
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Scheme 11. The possible pathways for the reaction of [H,OCbl]* and a nitrosothiol at pH 7.4.

occurs before electron transfer and decomposition into CHsCbi, RS®, H'
and I".

Reducing [H,0Cbl]" with sodium formate in the presence of 4-ethyl-
phenyldiazonium (4-EtPhN3) as the tetrafluoroborate salt, leads to
direct alkylation of [CbI(II)] to produce [#-4-EtPhCbl] [170]. Presum-
ably [CbI(II)] reduces the diazonium ion with release of Ny and the
phenyl radical then combines with a second equivalent of [Cbl(I)]
(Scheme 12). An alternative is to reduce [H,OCbl]™ to [CbI(II)] elec-
trochemically, then add the alkylating agent (for example, methyl bro-
moacetate) to produce [(methoxycarbonyl)methyl]cob(IlI)alamin)
[557].

The crystal structure of [$-4-EtPhCbl], obtained using synchrotron
radiation, shows that Co is displaced by 0.03 A towards the alkyl ligand
with a Co—C bond length of 1.981 A, and a bond of 2.230 A to the bzm
ligand. The axial bond lengths are as expected for alkylcobalamins (see
Fig. 6). The arylcorrin is thermally very stable; the pKj, for protonation of
bzm is 3.7(1).

If the reaction is carried out in the presence of diphenyliodium
chloride (with reduction of [H,OCbl]™" using either formate or sodium
borohydride), both [#-PhCbl] and [a-PhCbl] are produced in 3:1 to 1:1
ratios [174] and they can be separated on a reverse phase column. The
reaction of [Cbl(I)]~ with phenylacetylene [133] also produces the two
diastereomers of phenylvinylcobalamin; they can also be separated
chromatographically (See Section 5.2.7).

Cob(Il)inamides react directly with 1,1-dimethylpropyl hydroper-
oxide by means of a Fenton type reaction [558] to produce a mixture of

o b% P

[H,OCbIl*

the diastereomers a- and [g-CH3CH,Cbi]™ (Eq. 10) [559].

cob(II)inamide + EtC(CH; ),00H—[(OH) (H,0)Cbi] " +EtC(CH),0°" (slow)

(10a)
EtC(CH,),0°—Et* + CH;COCH; (fast) (10b)
Et* + cob(Il)inamide—aq — and [ — EtCbi]™ (fast) (100)

Hence methylation of Co(II) corrinoids can occur by (a) reduction of
Co(II) to Co(I) and attack on R—X by the ‘supernucleophile’ Co(I) (for
example, [560]); (b) abstraction of the halide, followed by reaction of
the alkyl radical with a second equivalent of Co(II), as demonstrated by
Halpern [561]; (c), as demonstrated by Pratt [556], and for which
additional evidence has been provided subsequently [562], in the case
of a cobinamide, intermediate formation of an adduct between the
corrinoid, a thiol and the alkyl halide; and (d) direct reaction with a
hydroperoxide via Fenton type chemistry [559].

5.2.6. Oxidation of Co(II)

Co(ID) corrinoids are readily oxidised to Co(II) by a wide variety of
oxidants. The reaction with Oy proceeds via intermediate formation of
coordinated superoxide [563], a species that can be detected by EPR
[563-566]. Superoxocobalamin has been crystallised and its crystal
structure determined (at 96 K; Co—0O =1.93(1) /o\; 0—0=1.32(2) 10\;
Co—0—0 = 120(1)°) [567]. It decomposes to Co(III), H,O5 and O (Eq.

11).

CO"I—

Scheme 12. The alkylation of cob(Il)alamin, [Cbl(II)], with a phenyldiazonium cation.
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[bzm—Co(II)(corr) | + O, = [bzm—Co(III)(corr)—O0, ] (11a)

2[bzm—Co(III) (corr)—O0,~ | + 2H,0 + 2H" —2[bzm—Co(1II)(corr)—OH, ]+ +H,0, + 0, (11b)

corrinoids. Oxidation of [Cbl(I)] with tertiary-butyl hydroperoxide (in

Cob(IDalamin reacts rapidly (ko ~7 x 108 M 's™) with superoxide the ratio of 1:2) forms [HoOCbl]" in 80% yield, with a rate constant of

to produce Hy05 [568,569] (Eq. 12). 87(7) M1 s’l; there are trace amounts of stable yellow corrinoids, and
some destruction of the corrin [513].

[bzm—Co(II)(corr) ] + O, = [bzm—Co(III) (corr)—0," | (12a)

[bzm—Co(III) (corr)—0,>" | +2H" + H,0— [bzm—Co(III)(corr)—OH, | + H,0, (12b)

Akatov and co-workers [572] have shown that [HOCbI] (or, more
The reaction of cob(Il)inamide, [Cbi] with O3 is also fast, with likely, [H20Cbl]™) enhances the cytotoxicity of diethyldithiocarbamate
ky=1.9x10°M 's™! [501]. Under the experimental conditions (DDC, Et;NCS3) in tumor cells in a reaction that is slowed down by
(pH7.1, 37°C) the trans ligand is presumably HyO. Under the same catalase. The main product of the reaction of [HOCbl] and DDC is
conditions, the reaction with cob(Ill)inamide, (i.e., predominantly with disulfiram Et,NCS—S—S—CSNEt; and its oxidised forms. A possible
[AHCbi]™ since the pK,=5.91 [570]) is also fast with mechanism for the reaction is shown in Scheme 13.
ko=1.1x10°M1s7L, Cob(IDalamin is oxidised by [Co(IID(NH3)sx]™" (R=Cl", Br, I,
Cob(I)alamin reacts with HyO4 to produce [HOCbI] and the hy- N3, NSC™, pyrazine) and [Co(III)(bipy)g,]3+ to form [H,OCbl]" and the
droxyl radical OH® which destroys the corrin [470]. In the presence of corresponding Co(Il) inorganic complex [573], which rapidly hydroly-

glucose and glucose oxidase, [H,0Cbl] " is reduced to [CbI(II)] (pH 6.3, ses in aqueous solution. [Co(III)(bipy)g]‘3+ must necessarily effect elec-
37 °C), but with bleaching of the spectrum. Since catalase prevents this, tron transfer through an outer sphere mechanism. The oxidation by [Co
it appears that the system generates HoO5 which destroys the corrin (III)(NH3)51]2+ occurs through an iodide-bridged transition state. This
[571]. may also apply to the other halide complexes. When X =NSC™ the re-

A recent investigation [513] of the reaction of [Cbl(II)] and HyOo action is independent of pH (ky = 55(5) Mt s’l); with X = halide or N3,
showed the reaction proceeded in two steps, the second of which led to and for reaction with [Co(III)(bipy)3]3+, the rate decreases with pH. For

bleaching of the spectrum. The rate constant for the first step is 2.63 example, for X=Br", ko =(93(28) + 47(MHTT™H M 1s™L Since the
(5) x 10°M~1s7L. The products of this step were identified (on addition pK; for bzm in [CbI(I)] = 2.9 [116], this suggests that the base-on form
of excess cyanide) to be [(CN),Cbl] ", and the stable yellow corrinoids of [CbI(II)] is the better reductant. The rate constants for the reaction of
shown in Fig. 17, now in an approximate ratio of 4:3:2. The addition of base-on [CbI(II)] with X = Cl~, Br, N3 and for the reaction with [Co(III)
DMSO, isopropanol and D-ribose, all hydroxyl radical traps, did not (bipy)3]3+ are (25°C) 3 x 102, 4%x10* 5x10% and 40M 's7],
affect the yield of [(CN)2Cbl]™ and the stable yellow corrinoids; hence respectively.

reaction with OH® is not the only mechanism for producing stable yellow Other oxidants of Co(Il) include sodium nitroprusside (Nay[Fe(II)
Et,N
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Scheme 13. Proposed scheme for the catalytic oxidation of diethyldithiocarbamate by [H,OCbl]* (or [HOCbI]). The H,0, produced probably reacts with CbI(II),
generating ROS that oxidise disulfiram.
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Scheme 14. The reaction between [CbI(II)] and the nitroprusside anion.

(CN)sNO]), peroxynitrous acid (ONOOH), NO,, nitroxyl (azanone,
HNO), periodate, and the carbonate radical anion CO3". The reaction
with nitroprusside proceeds through an initial complexation of [Fe(II)
(CN) 5NO]2’ by Co(II) and inner sphere electron transfer with release of
CN™. This then produces [CNCbl] (Scheme 14) [574].

At pH 1, SO, reacts with [CbI(II)] to form the (protonated base-off)
[’SOZCbl(III)]2+ complex [575] which then reacts with a second
equivalent of SO3 to produce [’SZO4Cbl(III)]2+.

The final product of the reaction of periodate with [Cbl(II)] between
pH10.1 and 12.3 is [HoOCbl]", and there is no modification of the
corrin [576]. The reaction is first order in [I04] and [Cbl(II)] with a
[I04]1:[Cbl(I1)] stoichiometry of 1:2. The reaction rate increases with a
decrease in pH, and in the pH range of the study, the probable oxidants
of [CbI(ID)] are H4I05, H3IOZ~ and HoIO2 ™. The rate constants for the
reaction of [Cbl(II)] with the first two species (25 °C) were found to be
1.2(1) x 10% and 8(1) x 10*M 1571, respectively. The rate constant for
the reaction with H,IO2~ was indistinguishable from zero within the
uncertainty of the experimental data. The proposed mechanism of the
reaction within the pH range investigated envisages the formation of an
iodine(VI) radical as an intermediate (Eq. 13).

CbI(I)] +H4I06~ (or H3I06> ") —[H,0CbI] ™ + H, 105> (13a)

CbI(IT)] + H,105>* —[H,OCbI| " +105~ (13b)

A detailed account of the reaction of [Cbl(II)] and [CbI(I)]~ with
HNO, which arises from the decomposition of Piloty’s acid, PA,
PhSO,NHOH, has appeared [577]. At pH 10, the rate-determining step is
the decomposition of PA, and this results in the clean oxidation of [Cbl
(ID] and formation of [NOCDI]. Since the reaction stoichiometry is 2PA:
[CbI(ID)], the reaction must involve multiple steps. It was suggested that
HNO reduces [Cbl(I)] to [Cbl(I)]~, producing NO°®. [CbI(I)]~ then re-
duces a second equivalent of HNO, and the [Cbl(I)] thus produced re-
acts rapidly with NO*® to form the observed product, [NOCbI], with N as
a likely byproduct. To determine the feasibility of [Cbl(I)]™ as an in-
termediate, its reaction with PA was examined under anaerobic condi-
tions. This showed that [Cbl(I)]” indeed reacts with HNO, producing
[CbI(ID], and ultimately [NOCb], with the decomposition of PA the rate
determining step.

5.2.7. Reactions of Co(ID) with oxides of nitrogen

The ability of cob(Il)alamin to react with a wide variety of species
that are responsible for nitrosative and oxidative stress confers on it
antioxidant properties which may be important in biological systems
[578]. The reaction between [Cbl(II)] and NO has received considerable
attention because of the importance of NO in biology. Cobalt corrinoids
are important in the inhibition of nitric oxide-induced physiologies and
pathologies (for example [579-5871). NO inhibits methionine synthase
and methylmalonyl-CoA mutase in mammals, probably by formation of
[NOCDbI], by reacting with both [Cbl(I)]™ (the active form of cobalamin
in the methyl transfer reaction) and [CbI(II)] (which occurs when [Cbl
(D]~ is oxidised and an S-adenosyl methionine-dependent pathway is
required to restore function (Scheme 2) [588-591]. An NyO-dependent
inactivation mechanism is also possible [592,593]. NO will bind to [Cbl
(ID] but will not displace H,O from [H,OCbI] " [594].

[NOCbI] (variously referred to as nitroxylcobalamin, nitro-
sylcobalamin and nitrosocobalamin) is air-sensitive and will react with
0, to form [NO,Cbl] and [H,OCbl]* via a Co(Ill) peroxynitrito
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Scheme 15. The reaction of [H,OCbl]" with ascorbate.

intermediate, [ONO2Cbl] [595]. Only base-on [NOCDI] reacts with Oq
and rates approach zero at low pH, i.e., the reaction requires a strong ¢
donor ligand. (This is corroborated by a recent study that shows that
nitrosylcobinamide, where, given the strong trans influence of NO, the
trans coordination site is occupied by water and a significant fraction of
the complex is five coordinate, is much more resistant to aerobic
oxidation, while introducing trans ligands such as imidazole or cyanide
increases the rate of oxidation [596]). Correction of the apparent second
order rate constants for the reaction between O, and [NOCDI] for the
base-on/base-off equilibria of the reactant and product) leads to a rate
constant of 9.3(2) x 10°M's™! at 25°C, with AH¥ =29(1) kJ mol !
and AST=—-94(4) J K" mol™}, and an apparent equilibrium constant
for the reaction of log K = 3.21(8).

The structure of [NOCbl] was determined on three different crystal
batches [183]. The Co—N—O bond angle (119.4—120.3°) is consistent
with a Co(III)—NO™ complex with a lone pair on N and the N—O bond
length (1.12—1.14 10\) is consistent with a N—O bond. This confirms an
earlier report that surface-enhanced Raman scattering (SERS) shows a
significant change on adding NO to [Cbl(II)], consistent with reductive
nitrosylation [591]. The Co—Nyp,y bond length is remarkably long
(2.32-2.35 A), consistent with the strong ¢ donor (and moderate «
acceptor) properties of NO™. The strong trans influence of NO™ is also
manifested in a high value of pKpase-off = 5.1.

[NO2Cbl] reacts with ascorbate (HAsc™, pH 7.2, 25°C), to produce
[CbI(I)] under anaerobic conditions [597,598]. In the system,
[H50Cbl]™ and [NO5Cbl] are in equilibrium (log K = 5.3), and reduction
of [Ho,OCbl] " proceeds over 100 times faster than reduction of [NO,Cbl]
(Scheme 15), with k; = 17.3(4) M~ s! (in reasonable agreement with a
value of 24M st reported previously [470]) and kp=0.13(1)
M~ ls7 At pPH < 5, where ascorbate is present as HyAsc and HAsc ™, and
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Scheme 16. The oxidation of cob(Il)alamin by S-nitrosogluthanione (SNG) through an inner sphere electron transfer mechanism leading to the formation of
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Scheme 17. The oxidation of cob(Il)alamin by and S-nitroso-N-acetylapenicillamine (SNAP) through an outer sphere electron transfer mechanism.

is therefore a significantly weaker reductant, the reaction proceeds
differently. [H,0Cbl]"™ and NO3z (which are in equilibrium with
[NOyCbl]) are reduced by HAsc™ to [Cbl(II)] and NO® which combine to
produce [NOCbI].

Cob(Il)alamin is oxidised to Co(III) on reaction with nitrosothiols
(RSNO) such as S-nitrosogluthanione (SNG) and S-nitroso-N-acetyla-
pencilillamine (SNAP) (Fig. 19) [547]. The reaction with SNG is thought
to proceed through initial formation of the S-bound nitrosothiol. This
significantly lowers the Co(III)| Co(Il) couple from 0.16 V (vs SHE) to ~
—0.78V, enabling oxidation of Co(II) to Co(III) bound to a thiolate, and
release of NO. NO reacts rapidly with cob(ID)alamin to form nitro-
sylcobalamin (Scheme 16).

At least under the conditions where the reaction of cob(Il)alamin
with SNAP was studied [547], the dependence of the reaction rate on
[SNAP]? indicates that the oxidation of the metal proceeds through an
outer-sphere mechanism (Scheme 17), rather than the inner sphere
mechanism of Scheme 16). The oxidised product may rearrange to the
N-bound nitrosothiol and produce nitrosylcobalamin and RSSR (as in
pathway B of Scheme 11). The termolecular rate constant (25°C,
pH 7.4) for the process that leads to formation of SNAP bound to Co(III)
is 1.5(3) x 10*M?s™! [5471.

The reaction with nitrite will also oxidise Co(II) to Co(III) [440],
apparently due to decomposition of HNO, to NO™ and NO3z; NO™ oxi-
dises cob(Il)alamin to cob(IIl)alamin, producing NO which itself does
not react with [HoOCbl] ™ (see Section 5.2.2) [531].

The rapid reaction of [Cbl(II)] with NOy (k=3.5 x 108Mm1s ™
produces [NO,Cbl] [599]. ONOOH reacts with Co(II), forming [HOCDI]
and NOj, and NO; then reacts with Co(II) to produce [NOoCbl]. The
rate-determining step is oxidation of [CbI(II)] by ONOOH to [HOCbI]
(k=3.70 x 10°M~!s™! at pH7.4) [600].

HNO can be generated in situ from the decomposition of triox-
odinitrate (sodium trioxodinitrate, Angeli’s Salt, NagN203). HNO reacts
with cob(Il)alamin in an overall 2:1 ratio [601]. Cob(IIl)alamin was
shown not to be an intermediate. Hence the first step is proposed to be
the reduction of Co(II) to Co(I), which produces NO. Co(l) is then oxi-
dised by HNO to form Co(II) and N, while the NO of the first step reacts
with Co(II) to form [NOCDI]. The rate-determining step is the decom-
position of HN»O3 (Eq. 14).

HN,0;~—HNO +NO,~ (14a)
Co(Il) + HNO—Co(I) + NO+H" (14b)
Co(I) + HNO + H*—Co(Il) + ' /; N, + H,0 (14¢)
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Co(I) + NO—[NOCbI] (14d)

The overall reaction stoichiometry is therefore given by Eq. 15.
2Co(1I) 4+ 4 HN, 05~ —>2[NOCbI] +4NO,~ + N, + 2H,0

The reaction of ONOO~ with CO; produces the nitro-
soperoxycarbonate anion ONOOCO3; homolytic cleavage of the peroxo
bond generates the carbonate radical anion CO3 [602]. Brasch and co-
workers [555] used pulse radiolysis methods to study the reaction of
CO3 with cob(Il)alamin. It reacts rapidly with Co(II) to produce
[HOCbI] (k=2.0 x 10°M *s71) (Eq. 16).

(15)

[CbI(IT) ] + CO5*~ + H,0—[HOCbI] + HCO;~ (16)

Subsequent slower reactions produce modified corrinoids after H-
atom abstraction by CO3".

Co(I) will reduce dehydroascorbic acid (DHA) to the ascorbyl
radical in the presence of a thiolate such as cysteine [603]. It is thought
that the initial step of the reaction is formation of the (5 coordinate)
thiolato complex, with displacement of bzm. DHA then interacts with
this complex — either by (weak) coordination to the vacant coordination
site or in an outer sphere complex — and is reduced to the ascorbyl
radical, leaving a thiolato complex of Co(Ill), which may hydrolyse to
[HoOCbl]". The ascorbyl radical disproportionates to ascorbate and
dehydroascorbate.

5.2.8. Reactions of Co(I)

Cob(I)alamin, [Cbl(D]™, is an exceptionally strong nucleophile
(nucleophilicity n =14.4 on the Pearson scale [385]). Other Co(I) cor-
rinoids are also powerful nucleophiles; for example, the methylation of
some Co(I) corrinoids by methyl transfer from methanol and dimethy-
laniline has been reported [604].

Theoretical calculations (CASSCF/CASPT2 [245]; CASSCF/MC-
XQDPT2 [306]) suggest the ground state wavefunction of [Cbl]™ is an
admixture of d® Co(I) and & Co(I)/corrin x radical, the contribution of
each configuration depending on the level of theory used [245,306]. The
significant destabilisation of 3d2 as well as the partial biradical nature of
the Co(I) state may be an important reason for its high reactivity, often
referred-to as its ‘supernucleophilicity’.

[CbI(I)]~ will complex H' in acid media (pK,~ 1 [238,605], or 1.5
[442]), to form hydridocobalamin [HCbI(I)], which decomposes to cob
(IDalamin with evolution of molecular hydrogen.

[CbI(D]™ reacts with simple alkyl halides such as methyl iodide
[606] or a trimethyl sulfur derivative such as trimethylsulfoxonium io-
dide, [(CH3)3SO]I [607] to produce almost exclusively [CH3Cbl] with
the methyl ligand occupying the g coordination site. However, its
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reaction with some electrophiles such as phenylacetylene [133] pro-
duces two isomers of phenylvinylcobalamin, with the organic ligand
either in the g or in the a coordination site, which can be separated
chromatographically. The g isomer has been crystallised and its struc-
tured determined by x-ray diffraction [133].

The strong nucleophilicity of [Cbl(I)]™ allows it to readily react with
oxides of nitrogen. The reaction with NO; yields NH,OH as product
[608]. The dependence of the kinetics on pH indicates that HNO,
(HNO2|N2 E=1.45V, pH 0) and not NOz (NO3|N2 E=0.41V,pH 14,) is
the oxidant. At pH7, kapp =1.7 x 103M~!s™L. Fitting the observed rate
constant to the experimental data between pH 10.7 and 6.5, assuming
that only HNO reacts with [CbI(I)]™, gives a pH-independent second
order rate constant ko = 1.15(8) x 10 M~ s, It was proposed that the
rate determining step in the reaction is a 2e oxidation of Co(I) to
[H,0Cbl] ", producing HNO. This rapidly oxidises a second equivalent of
Co(I) to [Hy0Cbl]", producing NH,OH. Co(III) and Co(I) compropor-
tionate, giving cob(Il)alamin as the observed product. Overall, 4
equivalents of Co(I) react with one equivalent of HNO5 (Eq. 17), and the
overall reaction is given in Eq. 18 [609].

2H" +HNO, + [Cbl(I) | " =[H,OCbI]* +HNO (rate determining) (17a)

HNO + 2H" + H,0 + [CbI(T) | —[H,0CbI]* + NH,OH (fast) (17b)
2[CbI(T)]” + 2[H,OCbI] " —4[CbI(II) ] + 2H,0 (k =3.2x 10’ M ' s7")
(17¢)

4[CbI(1)]” + HNO, + 4H* —>4[Cbl(II) | + NH,OH + H,0 (18)

[CbI(D]™ reacts with NO3 under acidic conditions [610] up to
neutral pH (but with rates decreasing sharply with increasing pH [608])
in a reaction in which 8 equivalents of [Cbl(I)] ™ are oxidised to [Cbl(II)]
by NO3 (Eq. 19).

8[CbI(I)]” +NO;~ + 10H"—8[CbI(II) | + NH,* + 3H;0 (19)

The mechanism of the reaction is not well understood. Since the
product is NHj rather than NH,OH, it appears likely that the first step is
a le oxidation of [Cbl(I)]™ rather than the 2e oxidation proposed in the
reaction with NO3. If (as with HNOj) the oxidant is HNOj3
(pKy = —1.19), then this leads to a pH-independent rate constant of
3.2x10°M s (25°C, p=0.11M [610]) or 3.9 x 10° M~ 1571 (25°C,
p=1.5M [608]).

[CbI(D)]~ is oxidised by both ONOOH and ONOO™ (ky=1.6 x 108
and 1.4 x 10°M's71, respectively) to produce, initially cob(Il)alamin
and NO». This is followed by a number of rapid steps that lead ultimately
to the oxidation of 5 equivalents of [CbI(I)] ™ to cob(II)alamin, producing
N, [611].

One equivalent of hydrogen peroxide or tert-butyl hydroperoxide
oxidises two equivalents of [CbI(I)]™ to [CbI(II)] with little or no
degradation of the corrin [513].

The reaction of >NO with [CbI(I)]~ at an electrode surface showed,
from a mass spectroscopic analysis of the sampled headspace above the
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2[Cbl(1)]” + N,0 + 2H* »2[Cbl(IT) ] + N, 4+ H,0 (20b)

[Cbl]™ attacks, and is methylated by, PhNMe3, a reaction that may
be relevant to the formation of [MeCbl] with N-methyltetrahedrofolate
as methyl donor (see Section 3.1) [612].

The reduction of a variety of substituted hydroxylamine derivatives
to the corresponding amine by [Cbl(I)]™ has been reported [613]
(Scheme 18).

As with HNO; and HNOg, it is suggested that in the pH range studied
(pH 1-2) the reductant is [CbI(I)]™ (rather than [HCbI(I)]), and the
oxidant is the protonated hydroxylamine. In some cases, as with hy-
droxylamine itself, the reaction is independent of pH. In others, as with
NH(SO3)OH™, the reaction rate depends approximately linearly on
[H]. It was argued that this is a consequence of the protonated form of
the oxidant being a better electron acceptor than the unprotonated form,
and where the pK, is below the pH range of the study. The absence of any
effect of alcohols (which are efficient traps for putative radical in-
termediates such as NH3") is evidence that the reaction is likely to
involve heterolysis of the N—O bond, Eq. 21.

[Co(I)]” + HO—NHR, " +2H" —[H,0Cbl|* + NH,R,* (21)

This is followed by comproportionation between [Cbl(I)]” and
[H,0CbI]" to yield the stoichiometrically observed two equivalents of
[CbI(ID)] per equivalent of hydroxylamine reduced. Rate constants are
modest (between about 1 and 50 Mt s_l) with the notable exception of
NH,0S03H (> 2 x10*M~1s71); this is probably a consequence of
—OSOsH being an exceptionally good leaving group so that nucleophilic
attack, assuming that that is indeed the mechanism of the reaction,
would involve attack on N rather than O.

The oxides of sulfur are also oxidants of [Cbl(I)] . In a comprehen-
sive study, Dereven’kov and co-workers explored the oxidation of [Cbl
(D]~ and [Cbi(I)] by $,03™, SO3~ and S,0%~ [614]. Given that [Cbl(1)]~
is most likely 4-coordinate, as expected there was no appreciable dif-
ference in the observed reactions rates of these oxidants with the two
corrinoids.

The reaction of [Cbl)]~ with S,0%™ is pH-dependent and rates — 0 at
pH > 8 [614]. The experimental data are well-fitted to an equation that
assumes the only oxidant is HS;O3 (pK,=1.74), and gives a pH-
independent rate constant of 6.25(4) x 107 M 1s?! (and 5.0
(1) x 107 M~ ' s~ for the reaction with [Cbi(I)]). The available evidence
is consistent with a reaction that proceeds initially with a 1 e reduction
of S,03~ and S—S bond cleavage to produce either HS™ and SO3~ (or
possibly S*7) and HSO3. The S-based radical then reacts with a second
equivalent of [CbI(I)]™ to produce SO%’ (or possibly $2~, which would
be protonated, pK, > 14 and 6.9).

The reaction between [Cbl(I)]™ and SO%’ shows a complex depen-
dence on pH and it is likely that SO3%~, HSO3 and S,02~ are all oxidants
of [CbI(D)]~ [614]. The reactions are fast (10° to 10° M ! s’l), and based
on the assumption that these are indeed the oxidants, rate constants

reaction solution, that 15N2 and 15N20 are reaction products [591]. This o)
suggests that [Cbl(I)]™ can effect 2e reductions of NO and N,O, the - /
stoichiometry of which can be written as in Eq. 20. [Cbi@]  + N el
2[CbI(I)]” +2NO -+ 2H* -2[CbI(IT) ] + N,0 + H,0 (20a) OH
Scheme 19. The reaction of [Cbl(I)]” with an epoxide
R1\N/R2 R1\N/R2
| so[chlQ) + HY — | +2[ChbI(Il)] + RsOH
% H
VN
H R3

Scheme 18. The reduction of an hydroxylamine to an amine by [Cbl(I)]™ at low pH.
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have been estimated.
Dithionite, SzOﬁ_, is a powerful oxidising agent that will oxidise [Cbl
(D1, as will its monomer, SO3™ [614], Eq. 22.

$,0,7 =280, (K =1.4x107° M,25°C) (22a)
$,04% 4+ [CbI(I) | =S,04*" + [CbI(IT) ] (22b)
$,04% + [CbI(IT) |- [SO,Cbl]~ 4 SO,*~ (220)
SO,™ 4 [CbI(I) | —[CbI(IT) ] + SO~ (22d)

Sulfoxylate, SO3~, (and its protonated species SO;H™, S(OH)5) will
reduce [Cbl(II)] and [SO2Cbl] ™ to [CbI(I)]", Eq. 23. The rate constants
for the reduction reactions have been determined at pH 10 and, for the
oxidation reactions, at pH 13 [511,614].

[SO,CbI]~ + S0, = [CbI(I)]” 4250, (23a)

[CbI(IT) ] + SO~ =[CbI(I) ]~ +SO,~ (23b)

The strong nucleophilicity of [Cbl(I)]™ enables it to displace a halide
from an alkyl halide to produce an alkylcobalamin, [Cbl
(D1~ +RX — [RCbl] + X . The reaction with the artificial sweetener
sucralose [615] is an example of such a reaction. The nucleophilicity of
[Cbl(I)] ™ also permits it to react with epoxides (an example is shown in
Scheme 19) [616].

The reaction of [Cbl]™ with HNO, obtained from the decomposition
of Piloty’s acid, was discussed in Section 5.2.5.

The deleterious effects of mercury on human health are well known
[617-619], as indeed is the role played by [MeCbl] in the methylation of
mercury [620-624]. Ag(I) can remove CN~ and Hg(II) can remove an
alkyl group from Co(III) corrinoids [625]. The transfer of a methyl group
from a methylcobamide to mercury is thought to proceed by transfer of a
CH3 cation, as is usually found for the cobalamin-dependent methyl-
transferases [19]. Zhou et al. [626] used DFT methods (BP86-D with the
SDD ECP and basis set for Hg, 6-311++G(d,p) basis set for all other
atoms) to examine the ligand exchange reaction between a model cor-
rinoid (all side chains truncated to H; CoHsS™ as axial ligand to model
Cys) and (Et)pHg. Their calculations showed that the reaction proceeds
in a step-wise manner, with initial cleavage of the Co—C bond, and that
the transfer of both a methyl radical and a methyl carbanion to the Hg
(II) substrate is feasible, but carbanion transfer is energetically more
favourable. In sharp contrast, Kozlowski and co-workers [627], incor-
porating spin-orbit coupling effects in their calculations, found that the
exchange of CH3 bound to a model Co(III) corrinoid (also with all side
chains truncated to H and either imidazole or Cys as axial ligand) and
CH3S™ in Hg(SCH3); (modelled with SO-ZORA/BP86-D3/TZ2P,
COSMO/H0) proceeds through a single transition state in a concerted
manner. The exclusion of relativistic effects (BP86-D3/TZ2P, COSMO/
Hy0) produced a rather different potential energy surface (PES)
consistent with the initial heterolytic cleavage of the Co—C bond to
produce CH3. The main difference between the PES where the axial base
is Cys and where it is His is that the transition state in the first case
occurs at a significantly lower energy than in the second. The difference
between the predicted mechanism with and without relativistic effects
was found to lie in the electronic structure of Hg(II). The 6s orbital
decreases in energy and the 6p orbitals split into two spinors. They mix,
and accommodate the CH3 and two SCH3 moieties in a T-shaped struc-
ture. The absence of relativistic effects makes the 6p orbitals inaccessible
in the transition state; CH3S™ is then released and the reaction proceeds
in an energetically less favourable concerted manner.

5.2.9. Catalysis

The cobalt corrinoids have been used for a variety catalytic appli-
cations [7,34,628,629], including, for example, the photochemical
deprotection of allyloxyarenes [630]; the dehalogenation of mono-and
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Scheme 20. The catalytic dehalogenation of an alkylhalide by cob(III)ester.

polyhalogenated compounds [631-637]; the hydrogenation of alkenes
and alkynes [638]; the fluoroalkylation of heteroarenes [639]; the for-
mation of alkyl radicals from strain-release reagents via intermediate
formation of a Co(IIl)-alkyl complex followed by light-induced homo-
lytic cleavage of the Co—C bond [155]; radical C—C bond forming re-
actions [640-643]; and as asymmetric catalysts for, for example, the
enantioselective cyclopropanation of alkenes [644], isomerisation of
achiral epoxides to optically active allylic alcohols [645,646] and
achiral aziridines to optically active allylic amines [647], and the
reduction of q,f-unsaturated esters [648]. An understanding of their
electrochemical behaviour has permitted their use in a variety of cata-
lytic systems. Corrinoids have been shown to be more robust electro-
catalysts than cobalt porphyrins as the latter are comparatively rapidly
oxidised and deactivated [632].

A few examples of the use of corrinoids as catalysts are given below
only for the purpose of illustration as recent and comprehensive reviews
are available [629,649], including a personal account by Hisaeda and
Shimakoshi of their many outstanding contributions in this area [650].

Hisaeda and co-workers [651] studied the electrochemical dechlo-
rination of DDT mediated by heptamethyl cobyrinate (cob(III)ester) on
platinum. The reaction presumably proceeds by initial reduction of the
Co(II) to Co(I). The formation of an alkylcorrinoid intermediate was
shown spectrophotometrically; this decomposed into a Co(I) corrinoid
and an alkyl radical as shown by spin trapping with PBN (Scheme 20). A
similar reaction with other organic halides has also been reported [652].

The use of By covalently bound to agarose with a Cg spacer, and with
titanium(III) citrate as bulk reductant for the reductive dechlorination of
tri- and tetrachloroethylene, has been reported [653]. The use of an
immobilised catalyst makes this a potentially useful system for treat-
ment of chlorinated solvent-contaminated effluent. The reaction with
tetrachloroethylene proceeds by two parallel pathways, one involving
initial reductive f-elimination to form dichloroacetylene, the other by
hydrogenolysis to form initially trichloroethylene (Scheme 21).

The electrocatalytic reduction of vicinal dibromoalkanes by [Cbl
(D]~ to alkenes in room temperature ionic liquids has been reported
[654]. The stoichiometry of the reaction is given in Eq. 24.

2[Cbl(I)]” + RBry—alkene + 2Br~ +2[Cbl(II) ] 24)

Co(II) corrinoids may be reduced to Co(I) photochemically. Irradia-
tion of [Ru(H)(bpy)g.-]zJr with sacrificial oxidation of triethanolamine
produces [Ru(D)(bpy)s]*. Since E°(Ru(ID|Ru(D)) = —1.11V [655], this
can reduce cob(Iester to cob(Iester (Co(II)|Co(I) = —0.41 to —0.37V
[656]). The cob(I)ester dehalogenates an alkyl chloride (such as DDT).
Irradiation with visible light produces Co(II) and hence leads to a cat-
alytic system as outlined in Scheme 22 (S =solvent or H20; reaction
carried out in EtOH); it has a high conversion rate and reasonable
turnover number (99% conversion of DDT to a variety of dechlorinated
products; TN=77). A similar system with Rhodamine B as
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Scheme 21. Dechlorination of tetrachloroethylene by B;, immobilised on titanium citrate
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photosensitiser has been reported [657]. Other cobalt corrinoid-based
methods for dehalogenation of alkyl halides are known (for example
[657-662]).

[CNCDb]] is reported to act a water oxidation catalyst (WOC) in so-
dium phosphate buffer (pH 7) at an overpotential of 0.58 V and with a
Faradaic efficiency of 97.5% [663]. The reaction is thought to be initi-
ated by loss of coordinated CN~, and a proton-coupled oxidation of Co
(I1I) to Co(IV) below pH7 (to form a Co(IV)—OH™ complex). Above
pH7, the process becomes pH independent (i.e., becomes a simple
electron transfer process) between pH7.5 and 10, with the observed
pK,~ 7 consonant with the pK, of [H,OCbl]" (pK, =7.462(7) [111]).
Hence in mildly alkaline solution the active catalytic species is [HOCbI]
which is oxidised to the Co(IV)—OH~ complex. There is a linear
dependence of the catalytic current density on catalyst concentration at
the onset potential of 1.20 V (vs Ag|AgCl) in neutral sodium phosphate
buffer. The normalised cyclic voltammograms (j/v*/2) of the oxidation

H* e
B

OH _—,

L

!

H,0
- X
CON 2H*
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Scheme 23. The water oxidation reaction catalysed by [H,OCbl]" derived from [CNCbI].
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peak at 1.20 V indicates diffusion-controlled electrochemical behaviour,
while the inverse dependence of the normalised current on the scan rate
is indicative of catalytic behaviour. It was suggested that the rate-
determining step was formation of an O—O bond from coordinated
OH™ and a water molecule. Phosphate serves as the proton acceptor in
the proton-coupled electron transfer process and so enhances the rate of
the oxygen evolution reaction. Importantly, no evidence was found of
degradation of the cobalamin after 11 h of controlled potential elec-
trolysis. The assumed reaction mechanism is depicted in Scheme 23.

The mechanism of this reaction has recently been explored using DFT
calculations (B3LYP-D3/6-31G(d,p)/SDD(Co)) [664]. There is overall
agreement with the general mechanism proposed, including the role of
HPO3 ™ as proton acceptor. The study does suggest that the corrin ring is
a participant in the reaction; the results may not be very reliable,
however, possibly because of the functional and/or the basis set used.
The DFT energy-minimised structure of [H,0Cbl]™ indicates that HyO
does not coordinate Co(Ill) and is, instead, hydrogen-bonded to the
acetamide of the c side chain. The triplet state of [H,0CbI]™, featuring
the metal formally in the +2 oxidation state and a radical on the corrin —
which then becomes a participant in the reaction — is found to be lower
in energy than the well-established Co(III) singlet state.

In sharp contrast to these results is a recent study on the use of
[CNCbI] as a catalyst in oxygen evolution from water using in situ
electrochemical liquid transmission electron microscopy (EC-LTEM),
EXAFS, XANES and uv—vis spectroelectrochemistry at pH 11 [665]. This
study showed that [CNCbl] in fact decomposes on the working electrode
(a bare fluorine-doped tin oxide-coated glass slide (FTO)) and that the
formation of cobalt oxyphosphate nanoparticles Co(PO4)yOx on the FTO
interface in the presence of phosphate buffer is the initial step of the
catalytic pathway. Treatment of the FTO with EDTA removes these
catalytic entities. The authors of this study concluded that [CNCbl] is in
fact unstable under their conditions and decomposes on the electrode
surface.

Ph
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In an interesting, if preliminary, study the Gryko group explored the
influence of modifications to the ¢ and d side chains, and substituents at
the C10 position, on the function of the corrinoids as catalysts for C—C
bond formation reactions, using the reaction of 1,1-diphenylethylene
with ethyl diazoacetate as a model reaction [666]. This is shown in
Scheme 24, as is the proposed mechanism.

The substitution of C10H by Br, Cl or NH; had little effect on the
overall yield of the reaction, but did have a modest effect on the ratio of
the final mixture of alkene and alkane produced, i.e., the selectivity of
the reaction. Modification of the ¢ and d side chain substituents had a
very significant effect on both the yield and the selectivity of the reac-
tion. The presence of an hydroxyl group in the c side chain significantly
increased the yield and the selectivity (in favour of the alkene product),
suggesting that hydrogen bonding with the reactant promotes the
selectivity for the alkene over the alkane. The work emphasises the
importance of both steric and electronic effects in the overall course of a
cobalt corrinoid-catalysed reaction.

The immobilisation of [CNCbl] on reduced graphene oxide produces
a system capable of effecting the electrochemical reduction of CO2 to CO
[667]. While there is clear evidence of the efficacy of the system (at an
overpotential of 690 mV, pH7.2, a Faradaic efficiency of 94.5% was
obtained for converting CO, to CO with a CO partial current density
(jco) of 6.24 mA cm 2 and a turnover frequency of up to 28.6s 1) the
precise mechanism of the reaction was not established, and neither was
it established whether the integrity of [CNCbl] on the catalyst was
maintained. A similar comment can be made about a study of a catalyst
for the reduction of Oy to H,O and H505 at a cathodic surface. The
catalyst was prepared by pyrolysing [CNCbl] and carbon black in an Ny
atmosphere at 700 °C for 1h [668]. This almost certainly led to the
destruction of the corrin.

By contrast, [CNCbl] was immobilised on reduced nitrogen-doped
graphene under mild conditions (sonication in DMF in an ice bath for
2h) [669], which suggests the retention of its structural integrity; this
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Scheme 24. The reaction of 1,1-diphenylethylene and ethyl diazoacetate (EDA) catalysed by a Co(I) corrinoid, and the proposed mechanism. The starting cobalt
corrinoid was aquacyanocobester. The reactions were performed in acetonitrile so the identity of the ligand trans to coordinated alkyls and hydride is uncertain, and

the coordination site may be vacant.
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was confirmed by uv-vis, Raman and XPS analyses. [CNCb]] is likely to
adhere to graphene through z—x interactions as demonstrated with co-
balt phthalocyanines [670] and cobalt bis(benzenedithiolate) com-
plexes [671]. Given the steric barriers to interaction between graphene
and the corrin, it seems likely that the adherence to the material involves
(base-off) bzm, but this was not probed. The [CNCbl]-modified graphene
was bound to a glassy carbon electrode using Nafion as a binder. Elec-
trochemical studies of the behaviour of the modified electrode showed it
performed well in evolving hydrogen in 0.5M H3SO4 (—0.096V vs.
reversible hydrogen electrode, a low Tafel slope of 60.35 mV/decade —
diagnostic of fast electrode kinetics — and an overpotential requirement
of amodest —0.210 V for 10 mA cm~2). Co(III) is reduced to Co(I) which
then is likely to act as the source of reducing equivalents for the rate-
determining step of the hydrogen evolution reaction, Hags + H30" +
e~ — Hy + Hy0 (the Heyrovsky reaction). The electrode also performed
usefully as an Hy0 sensor with a sensitivity of 430 mA mM ! and a
detection limit of 20 nM.

6. Photochemistry

Because the Co—C bond of alkylcobalamins is readily cleaved on
exposure to light below about 580 nm, and as cleavage of this bond is
essential in various catalytic cycles in which the cobalt corrinoids are
involved [35], the photolysis of the alkylcorrinoids has been extensively
studied using both experimental and theoretical methods [36,672-680].
Moreover, interest in the photochemistry of Bj; has been heightened
with the discovery of light-activated molecular switches [81] and the
CarH photoreceptor that regulates carotenoid biosynthesis [377,379]
(see Sections 3.5 and 3.6). Cobalamins have also been used for
photolysis-mediated drug delivery systems [681]. It is interesting to note
that the photolability of a Co—C bond is by no means limited to the alkyl
corrinoids. For example, [Co([14]aneN4)(OH2)(CH3)]ZJr and [Co[14]
tetraeneN4)(OH2)(CH3)]2+ undergo homolysis with large quantum
yields, a process which is virtually wavelength independent [682-684].

Non-alkyl cobalamins, like [HoOCbl]" and [CNCbI] are usually
photo-stable [678,685], with ultrafast internal conversion to a low-lying
state of metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charge
transfer character which decays to the ground state with elongation of
the axial bonds but without their cleavage [686]. (Dicyanocorrinoids
can photogenerate 10y, which cleaves the corrin ring between C5-C6
and C14-C15 - see Section 5.2.2.) Recovery of the ground state is
often within 2-7 ps [679], showing little if any homolysis of the Co—p
bond [678], although [HOCbl], when exposed to radiation of <300 nm,
produces hydroxyl radicals [687,688]; this has been exploited for the
cleavage of super-coiled DNA by OH®. [CNCb]] is reasonably photostable
[689] because the S; state, the lowest excited electronic state, involves a
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LMCT with elongation of the Co—C and Co—Ny,y, bonds (confirmed
more recently with XANES [144,690]) with a very low barrier of c.
12kJmol ! (predicted to be 20 kJ mol ™! from theoretical calculations
[686]) for internal conversion to the Sy ground state [691], but which is
sensitive to solvent polarity [692]. [N3Cbl] and [H,OCbl]™ exhibit
similar behaviour [693]. Prolonged photoirradiation of [CNCbl],
[H,0OCbl]" and [HOGCbI] in the presence of ascorbic acid does lead to
complete bleaching of the solution, evidence of oxidative cleavage of the
corrin [694].

Irradiation of a base-on alkylCbl with uv-vis light rapidly produces
an intermediate with a cleaved or weakened bond to the base, followed
by homolysis of the Co—C bond. The result is a caged [CbI(I)]:R® pair
[676,695], and competition between geminate recombination and
radical escape determines the photolysis yield. This is dependent on
factors such as the presence of species like Oy that can react with the
radical, and cage effects around the caged pair [696]. From flash
photolysis experiments of [MeCbl] in deaerated aqueous and iso-
propanol solutions, the rate constant for recombination of [Cbl(II)] and
CHSis ca. 2 x 10°M ! s71 [697]. In aerated solutions, CH} reacts rapidly
with Oy (ko =4.7 x 10°M~!s7! [698]) to produced CH303 which then
reacts with [CbI(ID)] (ko ~ 2.4 x 10°M1 s’l) to form the peroxo com-
plex [CH50,Cbl] [697].

If the bzm is displaced by H»O, for example in acidic solution, and as
demonstrated with [AdoCbl], [MeCbl] and [propylCbl], the electronic
structure of the corrin is altered and a fast non-radiative channel that
competes with bond homolysis becomes available [699]. For example,
the quantum yield for bond homolysis drops from near unity for [pro-
pylCbl] and [AdoCbl] to 0.2 and 0.12, respectively. An EPR study of the
photolysis of [MeCbi]" and [AdoCbi]* (560-580 nm, 77 K and 300K,
methanol) in the presence of phosphines or pyridines showed that ho-
molysis of the Co—C bond occurs to form the Co(II) species which then
reacts with the phophine or pyridine ligands [700].

The fate of the Ado® radical after photolysis of [AdoCbl] depends on
environmental conditions. It can recombine with cob(II)alamin (kg) or,
after cage escape (kg) and under anaerobic conditions, cyclise to 5,8-
cycloadenosine 8. In the presence of oxygen it produces adenosine 5'-
aldehyde and 5'-peroxyadenosine (Scheme 25) [673,677,701-703].

In aqueous solution, kg =1.43(2) ns’l, kg =0.57(6) ns~! and the
quantum yield & =0.20-0.24 [676,704,705]. Cage escape is very
dependent on solvent viscosity [706]; in ethylene glycol, for example,
kg=0.11(3) ns~ ! which reduces @ to 0.08 [704]. For [AdoCbl], @ is not
very sensitive to the excitation wavelength [707,708].

The intermediates that follow after photoexcitation and before bond
cleavage depend on environmental factors. The singlet S; state corre-
sponds to a corrin 7 — Co 3d§ LMCT state [143,148]. In aqueous solu-
tion, this leads to an intermediate in which the Co—Ny,, bond is either

HQ PH OHHO, OH
H e ) '\/H )
0 hd W N O 0 ’\d n N
o} SN NH, N NH,
HQ OH
N=\ 0,
0 l\d \ N HO OH
Co" N NH HQ OH a
° : HQ, OH =0 o HaCo
N \ = HG Oy N —
e OON N | K S '
hv 2 L\ E N N 3
ke Co'mm N NH, Ho,N” N
||-
e e GCI“O
N=\
07NN

Scheme 25. The fate of [AdoCbl] upon photolysis.
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broken or significantly weakened [676,678], whereas in a viscous sol-
vent such as ethylene glycol, production of a caged radical pair proceeds
without this intermediate [704]. In a protein environment, such as in
glutamate mutase (in which [AdoCbl] is in the base-off/His-on form) the
S; state appears to arise from a corrin 7 — Co 3d — Ado MLCT state
brought about by mixing of Co 3d and Ado C 2s and 2p orbitals
[692,708]. TD-DFT calculations show there are two minima on the S;
surface [709]; the first is associated with elongated axial ligands and the
second is a MLCT minimum, corresponding to the pre-homolysis species
in aqueous solution and the state that is stabilised by the protein envi-
ronment, respectively.

The quantum yield @ will decrease with a decrease in the size of the
ligand and with weakening or breaking of the bond to the bzm «a ligand
as this increases the relative rate of internal conversion to the ground
state. Under aerobic conditions the CH3 radical that results from
photolysis of [CH3Cbl] eventually forms formaldehyde and smaller
amounts of methanol, formic acid and COy; in the absence of oxygen a
mixture of formaldehyde, methane, and ethane, as well as smaller
amounts of methanol and formic acid are formed [672].

The response of [CH3Cbl] to radiation is somewhat different to that
of [AdoCbl] and is wavelength dependent [710,711]. The S; state is
consistent with MLCT and electron density on the CHs ligand
[675,692,711-714]. Tt can be accessed with green light (520 nm),
resulting in ca. 15% radical pair production while the remainder of the
excited state molecules return to the ground state by internal conver-
sion. If blue light (400nm) is used, then a higher energy state is
accessed; 75% decays to the same S; state as accessed by green light and
25% produces radical pairs directly, with the additional translational
energy mitigating against geminate recombination [35]; hence, unlike
for [AdoCbl], & for [CH3Cbl] is wavelength dependent. A similar
mechanism is operative in ethyl- and n-propylcobalamins as well.

Alkynylcobalamins, with g ligand Co—C=C—R, are very stable
against photolysis and thermolysis (for example [170,715-717]), with
efficient internal conversion to the ground state. In 4-phenylethylcoba-
lamin, the Co—Ph(4-Et) bond, by contrast, is photolabile, although
with @ <1% [436]. An exploration of the two systems using TDDFT
methods (BP86/TZVPP), but with all side chains replaced by H and bzm
replaced by imidazole as axial ligand, suggests that while there is a path
for radical formation from the S; state for [(4-EtPh)Cbl], involving
cleavage of the Co—Ny, bond, the energetically most favourable path for
return of photoexcited Co—C = C-R to the ground state involves internal
conversion [718]. A more recent investigation of the factors affecting
the photolytic stability of alkynylcobalamins used ultrafast spectro-
scopic studies to show that the dynamics of the excited state and con-
version to the ground state occurs through Co—Ny,y, vibration and
deformations of the corrin, and are the vehicle responsible for ground
state recovery within 100 ps [719]. The stability of the Co—C bond of
alkynylcobalamins is due to the z orbitals of the axial ligand interacting
with corrin orbitals, shortening and stabilising the Co—C bond, a sta-
bilisation that survives photochemical excitation to the S; state.

After formation of a radical pair, conversion between a singlet (S)
and triplet (T;) radical pair state is possible. Since geminate recombi-
nation can only occur from the S state, and since spin-interconversion is
magnetic in origin, application of a magnetic field can remove accessi-
bility to the T.; states and hence influence the rate of geminate
recombination. These magnetic field effects (MFEs) have been very
useful is showing how radical quenching by protein dynamics can
contribute to the catalytic power of a cobalamin-dependent enzyme
[720]; this has been comprehensively reviewed [721-723].

The combination of a large f§ ligand and the coordination of an axial
base (either bzm or His), preceded by the S; state in which bonding to
the axial ligands is weakened [35], has clearly primed [AdoCbl] for the
formation of radical pairs. A smaller axial ligand such as CHs, or where
the axial ligand is either displaced or only weakly bonding, mitigates
against radical pair formation with the formation of an alternate excited
state referred to as a Type II MLCT S; state, and so avoiding radical
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chemistry. The sequence of events that follows the absorption of radi-
ation by [AdoCbl] has been elegantly delineated using XANES and
broadband uv-vis transient absorption [724]. Initial sequential expan-
sion of the Co—N¢o,r bonds, first along the y-direction perpendicular to
the transition dipole, and then very soon afterwards along the x-direc-
tion, is followed by expansion of the axial bonds as the molecule moves
out of the Frank-Condon active region of the potential energy surface.
This is accompanied by electronic changes and the appearance of a band
at 340nm in the uv-vis spectrum. Intermediates in the photolysis of
[CH3Cbl] using time-resolved XAS have also been observed [725]. The
first, in the picosecond time range, also involves marginal relaxation of
the corrin and expansion of the Co—C bond. Radical escape leads to
[H,OCbl]", as expected. Recombination of the radical products,
captured in the microsecond time range, sees an intermediate with
recombined Co—C bond, and an elongated Co—Np,, bond.

Warncke and co-workers [726] have reported incorporating
[MeCbi]™ into the (Ba)g TIM barrel protein, EutB, from ethanolamine
ammonia lyase and using this as a photocatalyst in a visible-light
(520 nm) photosensitizer/sacrificial electron donor system (Eosin Y as
photosensitizer and triethanolamine (TEOA) as sacrificial reductant
[727]) for production of Hy from water at neutral pH. The Co(II)|Co(I)
couple for a cobinamide, —0.50 V (vs SHE), Fig. 14, is thermodynami-
cally competent to drive the production of water at pH7 (2H'|
Hy = —0.42V). Under the conditions used, formation of the Co(I) spe-
cies, [Cbi(I)], was observed spectrophotometrically. Turnover numbers,
however, were low (maximum 4.4 x 1073 h’l) and 100-fold lower than
when using a cobalt dimethylglyoxime complex, [Co(dmgH),pyCl] as
catalyst. The reaction proceeds by formation of [Cbi(I)] and its pro-
tonation to form [HCbi(I)]*, which then acts as the reductant towards
H™ to produce Hy; a number of possible mechanisms for the reduction
steps have been proposed [726]. Whilst photoreduction of [MeCbi] ™ to
[Cbi(D)] clearly occurs, the low pKj for its protonation (pK, = 1, Fig. 12),
is thought to be the reason for the low turnover numbers generated by
this as a catalyst in neutral aqueous solution.

In contrast to the alkylcobalamins, comparatively little is known
about the photolytic properties of thiolatocobalamins. Early reports
suggest that they are photosensitive but provided little information
[494,506,560]. A fairly comprehensive study of the photolysis of N-
acetyl-L-cysteine cobalamin, [NAcSCbl], has since appeared [538]. A
comparison of the exposure of [MeCbl] and [NAcSCbl] to radation of ~
360 nm, pHb5.5, showed that photolysis of [NAcSCbl] to produce
[H,OCbl]" occurs three orders of magnitude slower than photolysis
[MeCbl] with @ values of approximately 5 x 107, 1x107* and
2 x 107° at 360, 405 and 546 nm, respectively, compared to values of
0.30, 0.30 and 0.15 for [MeCbl] at the same wavelengths, while the
molar absorptivities of the two at these wavelengths are comparable.
Given that the homolysis bond dissociation energy of, for example,
glutathionylcobalamin (110 kJ mol~?) is significantly lower than that of
[MeCbl] (155 kJ mol™) [464,728,729], the comparative resistance of
thiolatocobalamins to photolysis is remarkable. Presumably the
recombination rate of the radical pair is much more favourable for a
thiyl radical than for an alkyl radical. If, however, a fluorophore is
appended to the thiolatocobalamin structure (for example, by derivati-
sation of the 5'-OH ribose group [538]) the rates of photolysis increase
by an order of magnitude, largely due to an increase in the molar ab-
sorptivity of the compound since values of @ increase only modestly. In
the case of [NAcSCbl] and derivatives containing a fluorophore appen-
ded to the ribose, the use of a radical trap (PBN, N-tert-butyl-a-phe-
nylnitrone) and EPR showed conclusively that photolysis leads to
formation of a thiyl radical [538].

7. Coordination chemistry
The coordination chemistry and the ligand substitution reactions of

the Co(IIl) corrinoids have been studied for many years, with coordi-
nation chemists attracted to it very soon after the isolation and
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elucidation of the structure of vitamin Bq5 and the realisation that a
number of derivatives could be prepared. There are several reasons for
this, among them [331] their high molar absorptivity, which means the
chemistry can be studied using small volumes (< 2 mL) of low concen-
tration (< 50 pM) solutions by uv-vis spectroscopy; their high solubility
in aqueous solution in which (unlike many porphyrins and phthalocy-
anines [730]) they remain monomeric; the coordination of the equato-
rial site by a macrocycle which prevents cis-trans isomerisation; being in
most cases firmly octahedral complexes, the uncertainty sometimes
surrounding the number of ligands bound, inherent in the chemistry of
square planar complexes, is avoided; and chemical equilibria that are
usually relatively rapidly established. There is one drawback with cobalt
corrinoids in which the bzm ligand is absent. If the two axial ligands are
not identical, then diastereomers may well occur in solution which may
complicate the analysis and interpretation of the experimental results.
Equilibrium constants for substitution of a single ligand, such as HO in
aquahydroxocobinamide ([AHCbi]™) for example, will very often refer
to an equilibrium where reactants and products are mixtures of di-
astereomers. The solution structures of the two diastereomers of Factor
B (aquacyanocobinamide, [ACCbi]™) and of aquacyanocobyrinic acid
heptamethyl ester, the cobester, [ACCbs] ™, have been determined by 2-
dimensional '3C and '"H NMR methods [731]. The same methodology
has been applied to a study of the solution structure of dicyanocobina-
mide and dicyanocobalamin [134].

7.1. Analytical applications

The distinctive uv-vis spectra of the cobalt corrinoids, and other
factors mentioned above, have led to methods used for the determina-
tion of cobalt corrinoids in a wide variety of samples, and to their
application as analytical reagents. Some are mentioned here for illus-
tration. A relatively recent review of optical spectroscopy methods for
the determination of B15 is available [732].

The cobalt corrinoids have a high affinity for CN". For example, log
K=14.1 [444] for coordination of CN™ by [H,0Cbl1] ™, making it an
effective antidote against cyanide poisoning [406], although it requires
intravenous injection. The final product is [(CN)2Cbl]™, for which
€368nm = 3.04 x 10*MTem™! [733-735]. Recent work [736] has
shown, however, that it is not a simple matter of the corrinoids
competing with, for example, cytochrome oxidase for CN™ as they
cannot compete with the protein in direct head-to-head competition
experiments. That they are demonstrably effective cyanide antidotes
means the reactions involved under physiological conditions are much
more complex and have yet to be fully understood.

While formation of [CNCbI] from CN~ and [H,0Cbl]™ is quite rapid
(ko =2.36 x 10°M st [519]), the conversion to the dicyano complex
is relatively slow (k; = 4.2 x 107257} for replacement of bzm by Hy0
trans to CN~ which is rate limiting; this is followed by rapid
(ko =8.4 x 10°M s replacement of H,O by CN™ [737]) albeit with
a high affinity (log K=8.3 [7371]). [(CN)2Cbl]™ has a distinctive purple
colour, with, as mentioned, ¢ = 3.04 x 10*M ' em ™! for the y band at
367 nm. This provides a convenient and widely-used method for quan-
tification of the concentration of cobalamins in solution, especially in
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Scheme 26. Exploiting the high nucleophilicity of [Cbl] ™ to trap an oxirane.
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laboratory applications. Reaction with cobinamides are faster because of
the absence of bzm, and the use of aquahydroxocobinamide as a cyanide
antidote has been suggested [738], as has the use of dinitrocobinamide
[407]. The very obvious purple colour of [(CN)2Cbi] has been exploited
to develop fast and reliable indicators for the presence of cyanide in
foods such as cassava [395,739-741] and in blood [409-413]. A sum-
mary of methods for the determination of B;; in foodstuffs is available
[742].

An interesting application is the grafting of corrinoids onto a quartz
crystal microbalance, used to sense CN~ and SCN™ in solution [743].
Another very common procedure used in the analysis of corrinoids is
HPLC (for example [744-749]). An attractive alternative, especially if
the corrinoid is unstable under the HPLC conditions commonly used, is
to use the distinctive "H NMR signals of the aromatic region [750].

A variety of analytical electrochemical methods have been
described. A graphene electrode was used to oxidatively decompose B2
and oxidise all nitrogen to NO3 (1.3 V vs. Ag|AgCl, 15 min); NO3 was
then determined by reduction at a copper oxide nanocrystal coated
graphene electrode [751]. An electrochemical sensor, consisting of Au-
SnO, nanoparticles electrophoretically deposited on indium tin oxide,
and differential pulse voltammetry, was used to electrocatalytically
determine B3 in solution; the validity of the method was confirmed by
analysing the By, content of cow’s milk [752]. A voltammetric method
for determination of Co(Il) in the presence of azo dyes gave comparable
results to atomic absorption spectroscopy when applied to the deter-
mination of By in commercial vitamin supplements [753]. There are
some unusual applications of corrinoids as analytical reagents. For
example, silver nanoparticles functionalised with B;3 have been used to
detect Fe(IlI) in food samples [754].

The very nucleophilic character of [Cbl] ™ has been exploited for the
detection of toxic electrophiles such as oxiranes (1,2-epoxides) of al-
kenes [616,755,756] (Scheme 26). The products are readily detected
using LC-MS.

7.2. The corrin macrocycle

As mentioned, a distinctive feature of the cobalt corrinoids is their
intense and characteristic uv-visible spectra. While a description of the
origin of the spectra is beyond the scope of this review, a few observa-
tions are in order since uv-visible spectroscopy has played such a central
role in the chemistry of the cobalt corrinoids. Fig. 20 shows three ex-
amples, the spectra of [H,OCbl] ", [MeCbl] and [SO3Cbl] .

Species such as [H20Cbl]™ and [CNCbl] show so-called “typical”
spectra with the @ band around 550 nm, the $ band at around 500 nm, a
shoulder towards the higher energy of the $ band, the weak D and E
bands near 400 nm, and the most intense band in the near uv-vis spec-
trum, the y band, at around 350 nm. Soft donor ligands such as CHs and
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Fig. 20. Representative uv-vis spectra of the cobalamins.
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S0%~ produce “atypical spectra” in which the y band is red-shifted, split,
and appears to be significantly less intense.

The shift of the a,  and y bands in the spectrum to longer wave-
lengths [757,758] correlates approximately with the position of the
donor atom in the nephelauxetic series [759]
(F<O<N<ClaC<Br<I<S<Se). The correlation is a consequence
of the increasing polarizability of the ligands and their donation of
charge density to the metal through the ¢ bond [760].

The uv-vis spectra of eleven cobalamins [XCbl] (X =H,0, CN~, CHs,
N3, Cl7, (i-Pr)2PO, i-amyl, NO3, SCN~, SeCN ™, SO%’) were empirically
analysed by fitting the spectra with the minimum possible number of
Gaussian functions [761]. The af region could be adequately described
by the overlapping of between three and five Gaussians. The y region
was best modelled as the overlapping of three Gaussians which are
clearly not a vibrational progression, as proposed by earlier workers
[762,763]. This is in agreement with TD-DFT calculations [142] where,
for example, the y region of the spectrum of [H,OCbl]™ was shown to
arise from at least three different electronic transitions. The distinction
between the “typical” and “atypical” spectrum of a cobalamin was
shown to be arbitrary, as the differences stem from the components that
together constitute the “y-band” moving apart in response of the dona-
tion of electron density by the axial ligand. This is a good example of a
cis influence in the chemistry of the cobalt corrinoids given that virtually
all the prominent electronic transitions that are responsible for the uv-
vis spectra of these compounds involve the corrin ligand.

The apf region, and the shoulder towards the higher side of the g
band, may arise from several transitions [764,765] or predominantly
from a vibrational progression of a single electronic transition [766].
Given that the broad structure of this region of the spectrum persists in
metal-free corrins [251] and in [Znby] [261] (where Zn(II) replaces
cobalt in a cobinamide, section 2.5), the transition(s) clearly have pre-
dominantly 7 — z* chararcter. A study of the fluorescence of cobalamins
with g alkynyl ligands indicates that — at least in the case of these
compounds — a vibrational progression of a single excited state accounts
for much of the absorption intensity in the af region [767].

TD-DFT methods have been invaluable in providing insight into the
electronic transitions responsible for these spectra. Briefly, soft donor
ligands increase electron density on the metal ion which raises the en-
ergy of the metal 3d orbitals. They are therefore able to mix with corrin =
orbitals which increases the number of electronic transitions that occur
in the y region of the spectrum. By contrast, in compounds that present
with a “typical” spectrum, the transitions in the y region are largely
corrin 7 — 7* in origin, but virtually all electronic transitions are likely
to involve at least some contribution from metal d orbitals [768].
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Fig. 21. Correlation between the mean positions of the Gaussians used to fit the
aff region of the wuv-vis spectrum of some cobalamins and the
crystallographically-observed Co—Ny,m bond length. The labels refer to the g
ligand. The broken lines are the 10% confidence intervals.
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A plot of the mean position of the Gaussian functions used to fit the
ap region of eleven cobalamins against the Co—Nyp,y bond length
(= 0.90) [761] is shown in Fi g. 21 The horizontal error bars are drawn

>"6;2 and oj is the e.s.d. of the crystallographi-
VT

cally determined bond length, found from the crystallographic CIF file of
each structure deposited in the CSD. The vertical error bars are the cu-
mulative errors from the Gaussian fits of the spectrum. There is a clear
correlation between the trans influence of the axial ligand and its cis
influence. Brunold and co-workers [142] have shown that the contri-
bution of the Co 3d2 to the HOMO, which is largely corrin-based, in-
creases with the ¢ donor strength of the $ ligand. This induces an
antibonding interaction between the metal and bzm. The increased
electron density on the metal is partially transferred to corrin-based =
orbitals, narrowing the gap between the orbitals which are involved in
the electronic transitions, predominantly of 7= — z* character, that give
rise to the ap region of the uv-vis spectrum of the cobalamins.

A similar explanation accounts for the “atypical” spectra of thio-
latocobalamins. Like the alkyl ligands of the alkylcobalamins, the thio-
late ligand is strongly o-donating towards Co(IIl); this increases the
energy of the 3d2 orbital, which is then able to effectively mix with
corrin 7 orbitals, shifting the electronic transitions that give rise to the y
region of the spectrum to lower energy [537,729].

A weak band in the NIR region, referred to as band A [758], has been
observed [522,757,758,761] particularly noticeable, for example, for
iodocobalamin at 740 nm [757]. This region of the electronic spectrum
of a wide range of cobalamins has been examined in some detail; it was
found that the position of the A band is inconsistent with the neph-
elauxetic series but rather follows the spectrochemical series
(I<Br<SCN<Cl<F<N<O<NCS<C<P). This band is predomi-
nantly due to a LMCT transition, corrin 7 — Co 3d§ [758]. It is a feature
observed in the CD spectrum of [H,OCbl]™ at a lower energy than the af
region and assigned, on the basis of DFT calculations, to such a transition
[142].

In a Gaussian analysis of the uv-vis spectra of several alkylcobala-
mins [769] it was reported that three low intensity Gaussian bands occur
at approximately 500 nm, 460 nm and 400 nm. They were attributed to
spin-allowed, Laporte-forbidden d-d transitions of the metal ion. How-
ever, this could not be unequivocally verified [761] and it is generally
accepted that d-d transitions of Co in the cobalt corrinoids have low
intensity and cannot be reliably detected by uv-vis spectroscopy [236].

As might be expected, perturbing the electronic structure of the
corrin ring itself alters the position of the main bands in the uv-visible
spectrum, given the very prominent involvement of the corrin 7 or-
bitals in these electronic transitions. The C10H of a corrin can be
replaced by other groups [162,178,231,551,770-773]. Reaction of
[CNCbI] with NOCI produces 10-nitrosocyanocobalamin [770-772].
This can be reduced with NaBH,4 to 10-aminocobalamin [771]. The re-
action of [CNCbl] with HNO3/Acy0 at —10°C for 3h leads to [CN
(10NO2)Cbl in modest yields [162]. This is readily reduced to [CN-
10NH,Cbl] by borohydride which then provides a route to -N=CHR,
-NHR and -NHCOR at C10 [162]. [CH5Cbl] [771] and [H,0Cbl]™ [231]
react with N-bromosuccinimide to replace C10H with Br. [CNCbl] reacts
with choloramine-T to produced 10-chlorocobalamin [771] but with ac
lactone ring, and the reaction of chloramine-T with [CH3Cbl] also re-
places the C10H with Cl, producing [CH3-10CICbl] but without a c
lactone [178]. [CNCbI] reacts with HOCI to form 10-chlorocobalamin;
this rapidly reacts with HOCl which abstracts the C8H to form the c-
lactone [551]. Methods for the synthesis of [H20-10BrCbl] " using N-
bromosuccinimde as brominating agent have been described [231,774].

The corrin ring is not stable in alkaline solutions. For example, the
amides of the corrin side chains of [CNCbl] can be hydrolysed and the
bzm-containing moiety cleaved [775,776]; dehydroBs, featuring a c
ring lactam, formed [775]; the B ring can be opened between C7 and C8
to form the blue corrinoid 7,8-seco-cyanocobalamin which features a

at £36 where ¢ =
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Table 6

Position of the main bands in the spectrum of the cobalt corrinoids as a function of the substitutent, Z, at the C-10 position of the corrin ring.
Z op a axial ligand p axial ligand Band position /nm Ref

4 p o

NO 0.91 CN™ CN™ 356 530 568 [772]
H 0 CN™ CN™ 367 550 580 [58]
NH» —0.66 CN™ CN™ 379 610 655 [771]
NO 0.91 bzm H,0 345 507 535 [772]
Cl 0.23 bzm H0 355 536 558 [231]
Br 0.23 bzm H>0 356 539 555 [231]
H 0 bzm H,0 351 527 554 [787]
NHCH5(4-MeOPh) -0.70 ¢ bzm CN™ 371 ~560 586 [162]
NH, —0.66 bzm CN™ 376 611-615° [162]
N=CH-(4-MeOPh) —0.54 bzm CN™ 375 ~564 598 [162]
H 0 bzm CN™ 361 520 550 [162]
NHCO(CH3),CONHBn 04 bzm CN™ 362 531 559 [162]
Cl 0.23 bzm CN™ 364 546 576 [178]
Br 0.23 bzm CN™ 365 550 576 [788]
NO, 0.78 bzm CN™ 354 521 541 [162]

21789]. PBroad maximum observed. Value for NHMe. 4Value for NHCOMe.

C=Cbond at C7 and a carbonyl group at C8 [777]; and deprotonation of
C8 leads to the formation of an anionic reducing agent that reduces Co
(I11) to Co(II) [778]. Other sites of possible deprotonation are at C3 and
C13 [779]. A detailed study of the reaction of OH™ with [CNCbl] in
DMSO and isopropanol under anaerobic conditions has recently
appeared [779]. The initial reaction leads to the deprotonation of C8,
and the carbanion reduces Co(III) to Co(I). The CN ™ released reacts with
[CNCbI] to form [(CN),Cbl] . A lactone ring is formed on ring c. With
excess OH ™, the carbanion is reduced to Co(I) with formation of OH®.

Modified corrinoids in which the main conjugated ring has been
cleaved between C5 and C6 or between C14 and C15 are known
[780,7811; the implication of this for the thermodynamics and kinetics
of ligand substitution reactions at the axial coordination sites are dis-
cussed later in this review. Several corrins where the B ring has been
cleaved have been synthesised and characterised [777,782]. The
replacement of the d side chain in the cobester by a ketone, extending
the conjugation of the corrin ring, causes a red shift in the uv-vis spec-
trum [783]. Other modifications to the c and d side chains of ring B have
been described [784,785]. There are many accounts (for example
[107,181,786]) of the modificiation of the chain linking the f side chain
and the a base (bzm, imidazole, or one of their derivatives), but these are
not considered in this review.

Table 6 gives the dependence of the y, # and a bands on the sub-
stituent, Z, at the C-10 position of the corrin. The red shift of the bands as
the donor power of the C10 substituent increases is clear.

The estimated (see the original report for details [162]) oxidation
potential of the Co(I)|Co(III) couple correlates well with the Hammett
parameter op of the C10 substituemt, varying from ca. 0.8V for [CN-
10NHCbl] to 1.4V for [CN-10NO,Cbl].

In some early work, Murakami et al. demonstrated the effect that
changing the electronic structure of the macrocycle of the corrin has on

e

Co(corrin)

Co(BDHC)

Table 7
Position of the principal bands (nm) in the uv-vis spectrum of [(CN),corrinoid]
complexes.

Corrinoid®

4 B @
Corrin 367 544 578
BDHC 377 525 562
TDHC 397 678 753

%Data from [790]; corrin and BDHC in aqueous solution; TDHC in methanol

the properties of their Co complexes [790,791]. They synthesised cobalt
complexes of the modified corrins 8,12-diethyl-1,2,3,7,13,17,18,19-
octamethyl-AD-didehydrocorrin (BDHC) and its tetradehydro
analogue, TDHC) and compared their properties to those of the cobalt
corrinoids. The macrocyclic skeleton of these and of corrin itself are
shown in Fig. 22.

The extended conjugation of TDHC compared to BDHC and the
cobamide has a significant effect on the position of the absorption
maxima in the uv-vis spectrum. For example, while the position of the y,
p and a bands of the dicyano complexes of a cobamide and BDHC are
similar (Table 7), those of TDHC are markedly red shifted. Like [CbI(II)]
[563], the Co(II) complex of BDHC forms a superoxo Co(III) complex on
exposure to Og; both this complex and the complexes of [Cbl(II)] and
[Co(I(BDHGC)] ™ with pyridine have similar EPR spin Hamiltonian pa-
rameters, indicative of a similar electronic structure. Furthermore, the
PK, for ionisation of coordinated HyO in the diaqua complexes of a Co
(III) cobinamide and of BDHC are very similar (6.0 [331] and 6.2,
respectively). This is understandable since the double bonds between C2
and C3, and between C17 and C18 are not part of the extended delo-
calised 7z electron system between N1 and N4. (There are steric

Co(TDHC)

Fig. 22. The macrocyclic skeleton of the cobalt complexes of corrin, A,D-didehydrocorrin BDHC and its tetradehydro analogue, TDHC. The charge on Co is not

specified as various oxidation states of the metals were examined [790].
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consequences of having a methyl group at C19 [790,791].)

Extending the conjugated system by introducing double bonds be-
tween C7 and C8, and C12 and C13 does have a significant effect. The Co
(IID |Co(II) and Co(I1)|Co(I) couples of the Co complexes of BDHC and
TDHC are observable by cyclic voltammetry in methanol; the values for
[Co(TDHC)] are more positive: +0.59V vs +0.47V (vs SCE);
and — 0.25V vs —0.71 V. For the dicyano complexes, only a 2e process is
observed (see Section 5.1). The Co(IlI)|Co(I) values in DMF for
[(CN),Cbi], [(CN)2Co(BDHC)] and [(CN)2Co(TDHC)] are —1.14V,
—1.38V and — 0.58 V, respectively. The extended conjugation of TDHC
makes its cobalt complexes more easily reducible.

A DFT and TD-DFT study of dicyano complexes of the type [CN-
[Co®**—corrin(C10-X)]-CN] using the BP86 functional in which C10H
was replaced by substituents X with Hammett op constants varying be-
tween 0.91 (for X =NO) and — 0.66 (X = NH,) to assess the cis effect on
the equatorial ligands has been reported [792]. The BP86 functional
reproduced the essential features of the experimental spectra of the
dicyano cobalt corrins and the gap between the @ and y bands (204 nm)
reasonably close to that observed experimentally in the uv-vis spectrum
of [(CN).Cbl]™ (213nm), and much better than other functionals
(B3LYP, CAM-B3LYP, PBE1PBE, M06 where the gap was found to be
between 155 and 167 nm). The a band of the simulated spectrum cor-
responds to a transition between the HOMO (7¢orrin/0cn) and the LUMO
(7*corrin/3dyz) and therefore is associated with the transfer of electron
density from the axial ligand to the corrin, as also demonstrated by
Andruniow and co-workers [195]. The a band shifts to longer wave-
length as the HOMO-LUMO gap narrows with increasing electron
donation by X. The study also showed that the ionic character of the
Co—CN bond decreases with the electron withdrawing power of the C10
substituent; the bond becomes stronger and as a consequence the C=N
stretching frequency increases towards that of free CN™.

Similar calculations on models of the type [NH3—[C03+—corrin
(C10-X)]-Me]" [793] showed that as X becomes more electron-
donating, the weaker of the two axial bonds to the metal — the
Co(II)—NHj; bond - is elongated. This allows for a strengthening of the
Co—CHs; bond, as evidenced by the electron density at its bond critical
point (from a QTAIM analysis). The Co—CHjs bond length shortens
marginally; there is therefore a normal trans influence between the axial
ligands. Perhaps somewhat surprisingly, the BDE of Co—CHgs (and AG
for the homolysis reaction) decreases as the bond strengthens, empha-
sizing that they are not necessarily synonymous [794]. After cleavage of
the Co—CHj3 bond, the Co(I)—NH3 bond shortens, the extent of which
increases as the electron donation ability of X increases. The effect of an
increase in donation of electron density by the C-10 substituent is to
differentially stabilise the five-coordinate complex. Stabilising the
Co—N, bond in the five coordinate product may be an important factor
in modulating the BDE to a Co—Cg bond [795,796].

In DFT modelling of compounds of the type [H3N— [C03+N4] —Me]™,
where N4 = bis(dimethylglyoxime), porphyrin, corrin, and corrole, the
nature of the tetraaza equatorial ligand can change the BDE values by
over 30kJmol! [796]. For N4 = bis(dimethylglyoxime) the BDE is
significantly larger than for the other three systems, among which dif-
ferences in BDE are quite small (~10kJ mol™1). The differential stabi-
lization of the five-coordinate product by the shrinking of the Co—N,
bond (in corrin and in corrole) or its elongation (in porphyrin and in bis
(dimethylglyoxime)) is an important factor in determining the BDE of
these systems. Corrin has the longest and weakest Co—Cp bond; this,
together with a significant contraction of the Co—N, in the post-
homolysis product, appears to be the origin of its relatively low BDE.

There is also experimental evidence for the effect of perturbing the
electronic structure of the corrin on the thermodynamics (log K values
for coordination of ligands in the axial site, typically, substitution of HoO
by an exogenous ligand, L), and on the kinetics of this process, as dis-
cussed later in this review.

There is no convincing evidence for a ground state cis influence of
corrin (i.e., the effect of the equatorial ligand on the structure of the
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Table 8
Axial bond lengths of alkyl Co(III) complexes with the alkyl ligand trans to a N-
donor of a fused 5- and 6-membered ring system.

Alkyl ligand n Co—C Co—N(5,6 bicycle)
/A (mean(o)) /A (mean(s))
CHj3 Corrin 4 1.986(8) 2.167(22)
Other complexes 4 2.004(11) 2.080(17)
CH2R Corrin 16 2.012(26) 2.213(37)
Other complexes 9 2.015(43) 2.076(35)
CHR, Corrin 2 1.947(7) 2.162(35)
Other complexes 5 2.039(44) 2.058(42)

complex, and in particular its impact on the axial ligands). A search of
the CSD [797] produced 11 corrins with CN™ trans to CN™ for which the
atomic coordinates have been deposited. There is no statistically sig-
nificant difference between the Co—(CN), bond length, 1.931(17) [o\,
and the Co—(CN)g bond length, 1.922(18) Io\; the average is 1.926(17) A.
This is indistinguishable from an average of 1.926(22) Ain bis-cyano
porphyrin complexes (n=7), or bis-cyano phthalocyanines (1.928(25)
A, n=24). The three bis-cyano cobaloximes have a somewhat shorter
Co—CN bond (1.908(10) A) while the nine complexes where Ny is a
macrocyclic ligand have somewhat longer Co—CN bonds (1.969(10) A).
The 22 complexes where the equatorial ligand is an open chain have on
average Co—CN bond lengths of 1.925(14) A, again statistically indis-
tinguishable from the bond lengths of the bis-cyano corrinoids. When
comparing these statistics, apart from the rather large standard de-
viations, one also needs to keep in mind the relatively large uncertainty
in the bond lengths of cobalt corrins. For instance, of the 11 bis-cyano
corrins, only two have esd’s between 0.006 and 0.01 A; one has an
esd >0.03 A; and the majority have 0.01 <esd < 0.03 A. Also see the
caveats in Section 2.2. It is therefore unwise to use the available struc-
tural data to attempt to make definitive conclusions about ground state
cis structural effects in Co(III) complexes.

There are not many other axial ligand combinations that are well
represented for a variety of Co(III) complexes. The data for alkylcoba-
lamins trans to an N-donor ligand consisting of a fused 5- and 6-
membered ring system, such as bzm, are summarised in Table 8.

One might tentatively conclude that there is little difference in the
Co—C bond lengths between alkyl Co(Ill) corrins and alkyl Co(III)
complexes with other N4 equatorial ligand systems; but, firstly, the
caveat given above about the precision of the data, secondly, the rela-
tively large value of the standard deviation of the data, and, thirdly the
relative paucity of data, means such a conclusion needs to be treated
with caution.

There is some structural evidence that perturbing the electronic
structure of the corrin affects the bond lengths to the axial ligands, but
the differences are small, may not be statistically significant, and no
clear-cut trends emerge. Replacing the C10—H with Cl or Br (both #
donors to the corrin) causes the Co—OH; bond length of HO in
[H,0CbI]" to shorten marginally from 1.952 A [179] to 1.948 A in
[H20-10CICbI]* [178] and to 1.933 A and 1.943 A in the two molecules
in the asymmetric unit of [H20-10BrCbl] " [231], while the Co—N bond
to bzm increases from 1.925 A to 1.967 /0\, and to 1.975 and 1.961 /0\,
respectively. In [MeCbl] the Co—CHj3 bond length is reported as 1.979 A
[180] and 1.990 A [169], while the Co—Ny,, bond lengths are 2.613
and 2.156 [o\, respectively. In [Me-10CICbl] [178], the axial bond lengths
to CHs remain essentially unchanged (1.979 A and 2.200 A). In [CN-
10CICbl], the Co—CN bond length at 1.97A is longer while the
Co—Nyp,m bond length, at 2.04 10\, is essentially the same as in [CNCbl]
itself (1.867 and 2.029 A [180]; 1.886 and 2.041 A [180]; and 1.877 and
2.028 A [7981). In [N3(10-Br)Cbl], both axial ligands are shorter than in
[N5Cbl] itself (1.942 A for Co—Nj and 1.974 A for Co—Npym [231], vs.
1.983 A and 1.999 A [1711).
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7.3. The ligand substitution reactions: equilibria

7.3.1. The nature of Co(II) in the cobalt corrinoids

Co(IID) in the cobalt corrinoids does not behave like a typical low spin
d® metal ion. As discussed in Section 9, its ligand substitution reactions
are surprisingly fast; this may arise from the transfer of electron density
from the electron rich delocalised 7 electron system of the corrin mac-
rocycle to the metal ion, conferring on it a measure of labile Co(II)
character. One way of probing this is to examine the reaction of Co(III)
in [H,OCbl]" with ambident nucleophiles. Replacement of H,O by
SeCN™ and NO3 [799,800], and szo§* [799] shows (from the structures
determined by x-ray diffraction methods) that the ligands are coordi-
nated through the softer available donor in each case (Se, N, S). In one
study SCN™ in solid [SCNCbl] was found coordinated through N, but
there is 13C NMR evidence that in solution the compound exists as a
mixture of the two linkage isomers [799]. In a second report, [SCNCbI]
was found to crystallise as a mixture of the S- and N-bound species in a
ratio of 3:2 [800]. This structural evidence, together with values of log K
for ligand substitution (Section 7.3.3) and the kinetics discussed in
Section 9, indicates that the metal has some measure of softness, or a
borderline class b character [757,801].

7.3.2. The trans influence: the base-on/base-off equilibrium

Perhaps the simplest ligand substitution reaction of the cobalamins is
the displacement of bzm, to form an equilibrium mixture of a five co-
ordinate complex and one where, in a coordinating solvent, the a co-
ordination site is occupied by a solvent molecule; the ratio of the two can
be altered by increasing pressure which will favour the more compact six
coordinate species [802,803].

The trans influence and the trans effect have played an important
role in coordination chemistry and many reviews have appeared (for
example [794,804-811]). We discuss the trans influence in cobalt cor-
rinoid chemistry here, and look at the trans effect in Section 9.

Cobalamins exist in a variety of forms in solution, depending on pH,
as illustrated schematically in Scheme 27. In addition to the species
shown in the scheme, it has been suggested there may be a species in
which the bzm in protonated, yet remains coordinated to the metal ion
[812]. If that is indeed the case, the site of protonation is unclear and the
species is likely to be a very minor contributor to the species present at
any pH.

In acidic aqueous solution, protonation of bzm will lead to its
displacement to form the six coordinate base-off complex with H20 in
the a coordination site. However, if X is a strong ¢ donor such as, for
example, vinyl, methyl, sulfite, or dialkyl phosphite, a significant frac-
tion of the base-off species may be five coordinate [802,813-820].
Increasing temperature favours the five-coordinate form in both co-

balamins and cobinamides [819]; as shown in the case of
(n-1)+ (n-1)+ n+
x 1 x | x
| Koase-off |
(—Co'"— — Collmm Tom_ +Hz0*
OH N
NH* NHY 2
,1 + n+
—I(n ) N _|
Kdmbzm
Colllmm Colllmm +H*
N OH, OHy
n+ n+
x | x |
KCo

+Hy0

(l;ol”- +H* (I;OHI_
| N
OH, N

Scheme 27. The base-on/base-off equilibria of the cobalamins
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diethylphosphitocobalamin, an increase in pressure favours the base-on
form [818].

There is evidence of an interaction between the uncoordinated base
and the corrin in the base-off species, probably through formation of a
hydrogen bond between the (unprotonated) B3 nitrogen of the nucleo-
tide and a side chain amide of the corrin [821,822].

The on-off equilibrium of bzm can be monitored by 'P NMR
[112,127,823,824]; coordination of bzm to the metal induces changes in
the OP2—P—OP3 bond angle, a strain which is relieved on displacement
of the base from the metal [175,825]. Indeed, there is a good correlation
between the Co—Ny,, bond length and the position of the 31p resonance
[175,183]. In the absence of a crystal structure, and certainly for co-
balamins in which the side chains have not been epimerized from their
usual positions, the 31p chemical shift of the phosophodister moiety is a
very useful way of estimating the Co—Ny,,, bond length [175].

NMR-restrained molecular dynamics simulations of the base-off form
of [NOCDbI] indicated that there are two major forms in solution. In the
first, the bzm is perpendicular to the corrin, and the B3 nitrogen, while
>3 A from the metal, points directly at it. In the second, bzm is parallel
to and tucked beneath the corrin D ring. There is NMR evidence that in
the base-off, bzm-deprotonated form of organocobalamins, the B3 ni-
trogen atom is hydrogen-bonded to an N—H of the e side-chain [826].

It follows from Scheme 27 that Kyyse-ott = (1 + Kco)Kpzm [113,827]. If
it is assumed that pKp,m = 5.56 [113], the value for free a-ribazole, then
values of pKpase-off, Kco and —AGg, can be deduced, some of which are
summarised in Table 9.

There is a good correlation between the Gibbs energy, ~AGc, for the
coordination of bzm and the Co—Np,y, bond length (Fig. 23); this is a
reflection of the affinity of the metal ion for the bzm ligand, which is
subject to the trans effect of the g ligand. It is likely that electronic effects
(the inductive power of the  ligand) are modulated by steric factors (the
interaction between the f ligand and the corrin [816,817]). The position
of the equilibrium towards the base-off form increases with the steric
bulk of the alkyl group (Me < Et ~ Pr < Bu ~ cyclobutyl < neopentyl ~
cyclopentyl < Pr ~ cyclohexyl). At 25 °C [MeCbl] is ca. 5% in the base-
off form in aqueous solution whereas ['PrCbl] is ca. 80% base-off.

The structure of the loop connecting the f side chain to the a axial
base is likely to play a role as well. Comparison of the base-on/base-off
equilibria of two B mimics with imidazole as potential a axial base
showed that addition of an additional methyl group to C176 (Pr2, Fig. 4)
steers the imidazole towards coordination (AAG® = —4 kJ mol’l) [836].

The pressure-dependence of the spectra of vinylcobinamide, and of
[CH3Cbl] in 0.5 M HClO4 (pKpase-oft = 2.89 [113]) has been investigated
[803]. Under ambient conditions the two species are, respectively, 70%
and 90% in the five-coordinate form [814]. Increasing pressure (up to
150 MPa) favours the six-coordinate form in both instances, with, from a
plot of In Kpaseoff against p, AV=-12(1) cm® mol~! in both cases,
within experimental error of the theoretical value of —13.1 cm®mol?
[837] for uptake of an HyO ligand by a metal to form an octahedral
complex.

7.3.3. The trans influence: substitution of coordinated H2O

The substitution of coordinated H,O in [H,OCbl] ™, Factor B (aqua-
cyanocobinamide, [ACCbi] ), diaquacobinamide ([(H20)Cbi]**, DAC)
and aquahydroxocobinamide ([AHCbi]™) by an exogenous ligand was
known from the very early years of the study of By, chemistry. There
were early reports on the substitution of HoO in [H,OCbl]" by, for
example, CN™ [838-841]; SO%‘, H,S, CNO™, Cl7, NO3 and Br~ [839];
SCN™ [841-843]; I" [843]; NH3 and histidine [841,844]; imidazole,
pyridine, MeCN, NOz, N3, [Fe(CN)g]*~, [Fe(CN)6]®~ and [Co(CN)g]®~
[841]. The substitution of HoO in [ACCbi] ™ by a variety of neutral and
anionic ligands was also reported [841].

The first comprehensive study of substitution of H,O in [H,OCbl]*
by an exogenous ligand appears to have been that by Hanania and Irvine
in 1964 [845], who determined the equilibrium constant for the reaction
with imidazole (HIm) spectrophotometrically as a function of pH and
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Scheme 28. Structure of the f ligand of 5'-deoxynucleosidylcobalamins referred to in Table 9. a: Ado, 5'-deoxyadenosyl; b: 2,5'-dideoxyadenosyl; c: Cyt, 2/,5'-
dideoxycytidyl; d: AdePr, 5'-deoxyadeninylpropyl; e: Thy, 2,5'-dideoxythymidyl; f: Urd, 2’,5'-dideoxyurinidyl; g: Rib, 5'-deoxylribosyl; h: isoRib, 5'-deoxy-2,3-

isopropylidene-ribosyl

temperature. Three reactions are pertinent: the ionisation of coordi-
nated H,0; the deprotonation of HoIm™ to form Him; and deprotonation
of coordinated HIm to form the imidazolate complex (Eq. 25, where it is
understood the the a coordination site is occupied by bzm).

CoH,0" = CoOH + H' Kc, (25a)
H,Jm*™ = HIm + H" K (25b)
CoHIm" = Colm + H" K, (25¢)

The observed pH-dependent equilibrium constant, Kqps, is related to
the equilibrium constant, K, for the reaction of Eq. 26 by Eq. 27.

—_
Sl

CoH,0" + HIm CoHIm" + H,0 K (26)

Kons(Kco + [HT])(K; + [HT])

A ACSEA )

(27)

A plot of the experimentally-determined values of log Kops as a
function of pH with the best-fit line determined using log K = 4.60(3),
PKco =7.72, pK1 =7.06 and pKy = 10.31 is shown in Fig. 24.

Determination of K as a function of temperature between 10 °C and
30°C yielded, from a van’t Hoff plot of log K against 1/T, values of
AH=-30+3kJmol ' and AS=-13+8JK "mol".

A more comprehensive study of the coordination of imidazole and its
derivatives was reported more recently [846] and demonstrated factors
that can make the system quite complex, depending on the structure of
the entering ligand. (It should be emphasised, though, that the absolute
values of log K values reported in that study may not be very reliable
because of the use of KCl as ionic strength adjustor (u=1.0 M)).
Although K for coordination of Cl™ is small (3.3 [331]), it is not zero; so
the reactive cobalamin species was not only [H,OCbl] " as assumed, but
also [CICbl].)

The observed equilibrium constant, Ko, is a function of pH and can
be written as shown in Eq. 28, where the parameters a, # and y depend
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on the structure of the imidazole.

K](l
(1 + Keo/ [H'] )8y

Protonation of the N-donor of an imidazole to form an imidazolium
cation will prevent its coordination by [H,OCbl]™. Substitution at the a
position sterically hampers coordination of an imidazole; hence the
apparent log K for coordination of 2-methylimidazole by [H,OCbI]™ at
pH7.00 is 0.16 but 4.13 for coordination of imidazole itself.

In the case of an asymmetrically substituted imidazole, such as 4(5)-
methylimidazole, and based on the very low binding constant observed
for 2-methylimidazole, it is reasonable to assume that coordination to
[H,OCbl]" will occur almost exclusively through the 5-tautomer
(Scheme 29), and Kt = [4-tautomer]/[5-tautomer] must be taken into
account [847]. A generalised scheme for the coordination of an imid-
azole by [H20Cb1]™ is shown in Scheme 30 [846,8471].

For a pH range above the pK, of the acid functionality of the side
chains of imidazole lactic and histidine, it follows that for imidazole and
2-methylimidazole, a =1 + K,/[H'], =1+ [H*1/Ky, and y = 1; for N-
methylimidazole and  1,5-dimethylimidazole, a=y=1 and
p=1+[H"]/Ky; in the case of 4(5)-methylimidazole and imidazole
lactic acid, e =1+K,/[H"], =1+ [H']/Ky and y =1 + Kr; for imid-
azole lactic acid, a=1+K,/[H'], =1+ [H"]/Ky and y =1 + Kr; and
for histidine and histamine, a=1+Ky/ [HN] +KyK,/ [H*]z,
p=1+[H"1/K +Kp/[H'] and y=1+Kr. Non-linear least squares
fitting to the appropriate equation yielded values of the equilibrium
constants (Table 10). Three representative fits are shown in Fig. 25 (data
from [846].)

Excluding the value for sterically hindered 2-methylimidazole, log
K; increases with the pK, (i.e., the ¢ donor power) of the imidazole.
Coordination of histamine and histidine decrease the pKy values of the
pendant amino group by ca. 1.1 units. The deprotonation to form, in the
case of histamine, a neutral side chain, and in the case of histidine, a side
chain carrying a — 1 charge, increases the affinity of the ligand for the

Kops = (28)
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Table 9 ? See Scheme 27 for definitions. 25°C unless otherwise indicated; Kpase—-
PKbase-off and K, values of [XCbls]®. oft = (1 + Kco)Kbzm; PKpzm = 5.56 [113]. ® Hydrolysis of [NO,Cbl] to [H,0CbI]*
! . precluded a precise measurement. ¢ 4 = 1.0 M. ¢ Using pKp,m = 5.56 rather than
X PKbase- I:g ;ﬁfx::ol’l ?15.[] ol ;AJSK’I mol-1 Re 5.0 used in [737]. © P! = 4-ethyl-2,6,7-triooxa-1-phosphabicyclo[2.2.2] octane
off Co (illustrated below). f See Scheme 28. & In 0.2 M acetate.  The e propionamide
Cob(IIlalamins side-chain is epimerised from the lower to the upper face of corrin. ' The d pro-
H,0 ;22)4 8.0 45 [331] pionamide side-chain is epimerised from the lower to the upper face of corrin.
H,0 -2.13  7.69 43.8 [112] o/‘P
< o ©
NO; -0.15 [132]
b
CN™ 0.02(4) 55  32°¢ [828]
CN 0.1 55 31 [331]
CN~ 0.1 55 31 [824]
CN™ 0119 55 31 [7371
CCH 0.7 49 28 [331]
ple <11 [829]
P(OMe)3 1.25(3) 4.32 24.6 [830] .
CFs 1.44 412 235 —29(1) —20(5) [113] metal centre (i.e., log K3>log K;). Based on precedents from Fe(III)
P(OEt)3 1.46(4) 4.10 23.4 [830] chemistry [848-850], this was attributed to a decrease (in the case of
HO2CCHy 1.5 41 23 [58] histamine) and (in the case of histsidine) an increase in coulombic
CHCN), 16 40 23 [8,3,1] repulsion and attraction, respectively, between the side chain and the
P(OMe)(F)O 1.6 40 23 [832] . . ..
NCCH; 181 375 214 [827] residual +2 charge at the metal centre. This means that affinity of the Co
SO5 1.9 3.7 20 [575] (111) centre of [Hy0Cbl]™ and an imidazole (log K3 for histamine and
S03~ 2.0 3.6 20 [787] histidine; log K; for the other imidazoles in Table 10) is rather insensi-
g;"géw i;s g';” 12'5 -292) —31(6) Eé ;} tive to the ¢ donor power of the ligand. There is, nevertheless, a clear
P(OMe),0" o3 313 19 [820] lu?ear tren.d between log K5, the binding constant for a second ligand
CH;0COCH; 236 320 183 ~36(2)  —61(6) [113] with the displacement of bzm, and pK;.
CH,CH™ 2.4 32 18 [633] There have been many studies subsequent to this. The relevant
isoRib™ 245 311 177 [833] equation can be written in summarised form as Eq. 29.
P(OEt);0™ 245(1) 3.11 177 [830]
CH3 2.5 31 18% [331] X-Co-Y + Z = XCoZ + Y (29)
CF3CHz 260 296 16.9 —-34(3) ~56(10) [113]
Cyclopropyl™ 2.86(6) 2.70 15.4 [816] For the purposes of illustration, Table 11 gives some examples of log
CH3 289 267 152 -31(2) —54(6) [113] K values. More complete details — but no claim is made that the Table
PO Pr)zfo 3.12(3) 244 139 [850] covers all log K values ever reported! — can be found in Table A of the
AdePr 331 225 128 (1751 A dix. The range of log K values is enormous, spanning nearly 14
CH;0COCH,CH; 3.33  2.23 127 —322)  -71(6) [113] ppendix. rang 8 K val > SP 8 Y
Rib-f 3.40 216 123 [833] orders of magnitude for substitution of HO trans to bzm, and some 8
Thy™ f 3.4 22 12 [834] orders of magnitude for its substitution trans to CN". (It should be borne
Ado:: 3.5 21 12 [834] in mind that aquacyanocobinamide exists in solution as a mixture of two
g;f, ‘ gg i(l) g Ezgﬂ stereoisomers, viz., a-aqua-f-cyano and a-cyano-f-aqua; this may be the
NCCH,CH,CH;  3.50 206 11.8 _32() _67(7) [113] case of alkylcobinamides as well, especially if the alkyl ligands is steri-
Ado™f 367 1.89 10.8 [112] cally undemanding.) An alkyl group has a very strong trans influence,
Cyclopropyl ™ 3.7 1.86 10.6 [835] and log K values are very small.
Cyclobutyl™ 3.8 18 10 [835] The polarity of the solvent will affect the values of log K. For
CHaCH,CH, 4.10 146 8.33 —303 -730D) [113] xample, log K for th rdination of imidazole and pyrazole trans to X
(CH;),CHCH;  415(5) 141 8.04 [816] cxamp e, ‘0g L 1o the coordination 0 azole and pyrazole trans to
CH,CH; 416 1.4 80 ~37(3) —99(10) [826] in [XCbs]", X=CN~, SO3%", vinyl, increases with the polarity of the
Cyclobutyl~ 417(4) 1.39 7.93 [816] solvent (water > methanol > DMSO > DMF) [861]. This is probably a
(CH3)2CH™ > 4.5 [816] predominantly entropic effect, but unfortunately log K values were only
Cyclopentyl™ > 45 [816] determined at 25 °C.
(CH3)3CCH3 455 101 576 [835] . . . . -
(CHz)zCCHz 47 086 49 [816] The high affinity of Co(III) in [HOCbl] " for a range of relatively soft
Cyclohexyl™ 47(2) 086 4.9 [816] ligands such as CN™, S~ and aromatic N-donors, and its relatively low
NO™ 5.1 0.56 2.6 [116] affinity for hard ligands such as O-donors, indicates the metal has a
13‘?" Cob(Im borderline class b character [757,801] (see also Section 7.3.1).
alamins . . . . .
oN- 090 65 37 _440) _26(5) [820] 'An important point that’emerge’d early og in these studies is the
CF3 047 51 29 _36(3) —22(10) [820] existence of a thermodynamic trans influence, i.e., ligand X can have a
NCCH, 0.85 4.7 27 —35(1) —27(3) [820] profound effect on the equilibrium constant for the replacement of the
CF5CHy 1.82 374 213 -38(1)  —54(4) [820] trans ligand Y by an incoming ligand Z; this is readily discerned from the
CH B 215 341195 —39(2) —67(4) [820] results listed in Table 11. Further illustrative examples are brought
NCCHoCH,CH; 281 275 157 —36(2) —67(4) [820] ther i bl
CH3CHj5 351 205 117 —37(2) —88(4) [820] together in Table 12.
8-epi Cob(IIl) The data in Tables 11 and 12 indicate that as X becomes a better
alamins’ donor to Co(III), the bond to the trans ligand weakens; secondly, as the
CN™ 050 51 29 —-33(2) 138 [820] donor power of Z increases, so does log K for its coordination to Co(III) —
CF3 L.75 381 217 —272t9 -19(1) (6201 and in some instances (for example [846,858]) a clear linear correlation
CF3CH; 3.08 248 141 -32(3) —59(4) [820] p > .
CH5CH; 462 0940 5.36 202)  —92(2) [820] between the pK, of Z and log K has been demonstrated); and thirdly, at
Cob(II)alamins the steric bulk of X increases, log K for coordination of Z decreases
Hzoi 2.9 [116] [858,863] (but 7 back bonding effects from CN ™, for example, are likely
SCI:I 3.4 (1171 to be important as well [827,864,865]).
SO; 4.8(1) [118]

In a series of papers, Finke and co-workers explored in detail the
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coordination of a variety of bases trans to 5-deoxyadenosyl in
[AdoCbi]*, prompted by the novel evidence at time of the binding of
[AdoCbl] in the base-off/His-on form in a number of coenzyme Bis
dependent enzymes [863,866-868].

The coordination of a series of isosteric pyridines of variable basicity
(as inferred from their pK, in aqueous solution) to the « coordination site
of [AdoCbil" in ethylene glycol showed low affinity for the bases (K
values from <0.2 to 2.5 M}, with AH from —14 to —27 kJ mol !, and
AS from —46 to —84JK ! mol’l), about an order of magnitude lower
than K¢, = 14.3 for the intramolecular coordination of bzm in the same
solvent (Scheme 27) [315]. The affinity increases with the basicity of the
pyridine, and a compensation effect between AH and AS was noted (i.e.
as AH becomes more negative, and the reaction enthalpically favour-
able, so does AS, making the reaction entropically less favourable).
Based on an analysis of products of Co—Ado bond cleavage at 110 °C
trans to pyridine and to p-dimethylaminopyridine, it was found that the
basicity of the base has no effect on the rate of Co—C bond homolysis but
increases the rate of hetereolysis of this bond [866]. N-methylimidazole
also binds trans to Ado with a very modest K= 0.4 M™%; while the

w
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-AG,,/k) mol™
N
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Co-Np,m /A
Fig. 23. Correlation between -AGg, (see Scheme 27) and the

crystallographically-observed Co—Ny,m bond length. The labels refer to the
p ligand.
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Fig. 24. The dependence of the observed equibrium constant, K,ps, on pH for
the substitution of H,O by Him in [H,OCbl]*. Constructed using data
from [845].
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binding is more enthalpically favoured (AH=—33(2) kJ mol™ D) it is
much more entropically disfavoured, with AS=-117(4) J K ! mol™?
[867]. The thermodynamic parameters are unsurprising given the
smaller steric demands of an imidazole compared to a pyridine. The
binding of N-methylimidazole makes heterolysis of the trans Co—C bond
competitive with homolysis, which led to the suggestion that to suppress
heterolysis in the base-off/His-on form the Co—N bond must be long, i.
e., close to that expected for the Co(Il) oxidation state [867], although a
later study concluded that there is no correlation between the ratio of
homolysis to heterolysis and the Co—N bond length [868]. Sterically
hindered bases such as 1,2-dimethylimidazole, 2-methylpyridine, and
2,6-dimethylpyridine do not bind detectably to Co(Ill) trans to Ado
(K < 0.03). Uv-vis evidence was found for their coordination by [CbI(II)]
but the presence of both @ and f diastereomers made quantification of
binding constants (which are likely to be small) impossible [868].

If factors such as those discussed above are indeed important in
determining the trans influence of a ligand in cobalt corrinoid chemistry,
then there may be supporting structural evidence.

7.3.4. Structural evidence for the trans influence

Crystal structures of many cobalt corrins are available; over 150 are
listed in the CSD (see Section 2). Of these, 14 structures have both axial
coordination sites of Co(III) occupied by CN™ and another 55 structures
have CN™ in one of the axial coordination sites. There are 31 structures
in which one of the coordination sites is occupied by an alkyl, ethenyl or
ethynyl group. So, cobalt corrinoids with at least one Co—C bond should
provide a statistically meaningful data set for exploring structural
trends.

Studies of alkyl cobaloximes, which have sometimes been advanced
as suitable models for the alkylcobalamins, showed that complexes with
short Co—C bonds also have short Co—N bonds to a trans N-donor
ligand [156,157], an effect described as an inverse trans influence. At-
tempts to quantify the factors that affect the length of the Co—C bond in
the alkyl cobaloximes indicate that the bond lengthens with an increase
in the steric bulk of the ligand and its ¢ donor ability, and shortens as the
Co—C—X bond angle increases, where X is a substituent on the donor C
atom of the axial ligand [159].

The structural data for [RCbl]’s with R trans to bzm show that the
Co—Nyp,m bond length tends to lengthen as the Co—C bond length in-
creases. In Fig. 26 (insert) the crystallographic values of the Co—C bond
length are plotted against the Co—Np;my, bond length for all [RCb1]’s (i.e.,
where C is (formally) sp3 hybridised as in —CH3 and —CH3(CH32)>CHg,
sp2 hybridised as in —CO(OMe), and sp. hybridised as in —C = C-Ph);
the data for [CNCbl] itself, and related structures, are included, yielding
101 structures. There is a clear, albeit weak = 0.79), correlation be-
tween the two parameters and steric effects (the bulk of the ligand and
its probable interaction with the corrin and its side chains) and elec-
tronic effects (hybridisation, ¢ donor power, ability to act as a =
acceptor) may be important factors. The data in the main graphic of
Fig. 26 are limited to those structures where the C donor atom is either in
CN~ or (formally) sp® hybridised to obviate against such effects. The
inverse trans influence correlation clearly persists (2 =0.82). As has
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Scheme 29. The tautomerisation of an imidazole.
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Scheme 30. Generalised scheme for the substitution of H,O in [H,OCbl]* by an imidazole derivative.
Table 10

Equilibrium and acid dissociation constants for the binding of imidazole and its
derivatives by aquacobalamin at 25°C, 4 =1.0 M.

5.00

4.50

4.00

3.50

obs

log K

3.00

Ligand PKL log K3 log logKs  pKy PK,
K>
histidine 6.23 4.30 < -1 4.60 7.99 10.06
3) 6) 5) [©)]
histamine 6.41 4.41 -0.9 4.71 8.89 9.89(9)
2) 3 )
2-methylimidazole 7.21 1.15
6)
N-methylimidazole 7.21  4.63 0.2
5)
imidazole 7.24 459 0.6 9.85(4)
(€8]
imidazole lactic acid 7.39 4.86 0.9 10.20
“ ®
4(5)-methylimidazole 7.76 4.90 1.3 10.4(2)
3)
1,5- 7.97 4.82 1.4
dimethylimidazole 2
already been mentioned, there is considerable variability in

crystallographically-determined structural parameters, as the standard
deviations for the mean values of the axial bond lengths in [CNCbl] (57
observations in 49 crystal structures), [CF3Cbl] (2 structures), [MeCbl]
(4 structures), [CHF,Cbl] (2 structures) and [AdoCbl] or structurally
related complexes (8 structures), shown as error bars in Fig. 24, reveal,
and caution needs to be exercised lest the data are over-interpreted.

In the case of non-alkyl cobalamins [XCbl]’s (Fig. 27), where (A) the
ligand X is an O or N donor or, (B) P, S or Cl, there appears to be no
significant correlation between the Co—Ny,, and the Co—X bond
lengths (or perhaps a hint of a normal trans influence), particularly if the
value for nitrosylcobalamin, [NOCbI] [183], is included; in this

45

2.50
NMelm
4(5)-Melm
2.00 Histamine
1.50 M M 2 " M ;
5.00 6.00 7.00 8.00 9.00 10.00 11.00
pH

Fig. 25. The dependence of log K,s on pH for substitution of HyO in
[H,0Cbl]™ by by three representative imidazole derivatives: NMeIm (blue
circles); 4(5)-Melm (red triangles); and histamine (green squares). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

structure the Co—NO bond length is 1.907 A while the Co—Nyp,m bond
length is 2.32-2.35 A, the longest bond to bzm yet observed.
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Table 11
Representative log K values for substitution of H,O by Z trans to X (Eq. 29).
z X log K Ref Z X log K Ref z X log K Ref
CN™ bzm 141 [17]1 imidazolate CN™ ~8 [625] CN™ CHj3 2.4 [851]
Glutathione 9.7 [485] CN™ 6.25 [852] 4-NH,; pyridine 1.38 [321]
NH3 7.0 [625] benzimidazolate 5.0 [625] 4-Me pyridine 1.06 [321]
NH,CH3 ca. 6 [853] imidazole 4.7 [625] imidazole 1.04 [851]
histidine 5.8 [854] SO%’ 4.6 [787] pyridine 0.95 [855]
NOz 5.5(1) [856] imidazole 4.1 [857] N-Me imidazole 0.70 [851]
N3 4.9(1) [856] NH,CH3 3.4 [853] N3 0.62 [321]
imidazole 4.63(7) [856] NH3 3.35 [625] NH3 -0.7 [855]
SeCN™ 3.93(3) [856] NH,CHj3 3.4 [858] ethanolamine —1.5 [851]
$,03 3.86 [757] NH,OH 2.5 [858] imidazole CoHs -0.5 [859]
HS™ 3.83 [517] NH,NH, 3.1 [858] imidazole C3Hy ~1.0 [851]
SCN- 3.4(2) [856] NH(CH3)2 2.0 [853] 4-NH;, pyridine benzyl 0.96 [321]
isonazid 3.02(2) [860] N(CHs)3 ~0 [853] imidazole 0.85 [321]
OCN™ 2.72 [757] pyridine 2.6 [625] 4-Me pyridine 0.78 [321]
pyridine 1.23(7) [856] pyridazine 2.6 [858] pyridine 0.72 [321]
CH3CO2 0.65 [7871 4-aminopyridine 4.6 [858] N3 0.64 [321]
4-N(CH3),pyridine 4.8 [858] 4-NH, pyridine neopentyl —0.96 [321]
MeNC 2.8 [787] imidazole —0.28 [859]
N3 2.7 [787] pyridine —-1.4 [321]
benzimidazole 2.3 [625] imidazole isopropyl < -2 [859]
SCN™ 2.08 [852] imidazole cyclohexyl < -2 [859]
Table 12
Illustrative examples of the thermodynamic trans Influence in the ligand substitution reactions on Co(III) in the cobalt corrinoids®.
Y Z X log K Ref Y z X log K Ref
bzm CN™ CN™ 4.89(3) [736] H,0 N3 bzm 4.9(1) [856]
CCH 2.7 [331] OH 3.45 [570]
CHCH3 0.7 [331] CN™ 2.7 [787]
CHs 0.1 [331] CH,CH™ 0.68 [787]
H,0 SCN H>0 4.03 [117]
H,O CN™ H>0 >14 [331] bzm 3.15(3) [485]
bzm 141 [444] OH™ 2.79 [117]
CN™ 6.25(6) [852] SCN™ 2.13 [117]
Me 3.0(2) [331]
CCH™ > 6.8 [188,862] H,0 S03~ H,0 ~11 [787]
bzm 7.3 [7871
H,O NH3 H>0 >9 [625] CN 4.6 [787]
bzm 7 [625]
CN™ 3.35 [625] H,0 N-methylimidazole OH™ 6.06 [570]
S03~ ca. 0.6 [625] imidazole CN™ 3.10(2) [861]
CH3 < -0.7 [855] S03~ 1.23(2) [861]
CHCH3 —0.06 [853] CHCH3 1.15(2) [861]

4Substitution of Y by Z trans to X (Eq. 29).

7.3.5. Insights from DFT calculations

DFT calculations are useful in providing insight into these data.
Calculations using the BP86 functional reproduce the experimentally
observed axial bond lengths in [MeCbl], [AdoCbl], [CNCbl] and
[HOCbI] quite well [709]. For example, a BP86/def2-SVP level energy
minimization using the COSMO solvation model (¢ = 80) gave the Co—C
bond length as 2.032 A and the Co—Np;m bond length as 2.206 A in
[AdoCbl]. The average Co—C bond length in six structures of [AdoCbl]
and closely-related compounds is 2.016(22) A while the Co—Ny,,, bond
length is 2.224(18) A. The computational values fall well within the
experimental ranges observed.

Interesting insights have been provided [158,187,194]. An increase
in the steric bulk of a f# alkyl ligand causes an increase not only in the
Co—Cj bond length, but also in the Co—Nyyans bond length, as the steric
interaction between the $ ligand and the corrin macrocycle itself induces
a steric interaction between the macrocycle and the trans « ligand [194].
A study of the properties of the Co—C bond in phenylvinylcobalamin
using a quantum theory of atoms in molecules (QTAIM) analysis
[869,870] at the bond critical point from the wavefunction generated by
BP86/TZVP modelling, and which reproduced the solid state structure
reasonably well [133], showed the bond has significant elipticity, which
is diagnostic of multiple bond character [871]. Thus both steric and
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electronic effects will be factors affecting the coordination sphere in a
cobalt corrinoid [158,194].

In a comprehensive study to determine the origin of the normal and
inverse trans influence in the cobalt corrins, Kozlowski and co-workers
used the BP86 functional to calculate the equilibrium geometry of 28
alkylcobalamins in the gas phase [187]. All corrin side chains were
truncated to H so results will be insensitive to interactions between the
axial ligands and the side-chains. Nevertheless, the coordination sphere
of the metal was reasonably well reproduced. Using a range of alkyl and
fluoroalkyls as j8 ligand, where the donor atom to Co was an sp° C atom,
they reproduced the inverse trans influence that is observed experi-
mentally (Fig. 24).

They then focussed on two sets of ligands. In the first set (—CHg;
—CH2CH3; —CH(CHs)s; —C(CH3)s), both the donor ability and the
steric bulk increase across the series, whereas in the second set (—C
(CN)3, —CCI(CN)2, —CCl(CN), —CCls), the steric bulk is relatively
constant while the electron withdrawing ability increases.

An analysis of the Kohn-Sham orbitals of the complexes in this study
showed that three MOs, a linear combination of Co d,2, C p, and Nyans
Pz, and their mixing with corrin z orbitals, Co dy, and Nians px and py,
could be used to rationalise the inverse and normal trans influence. In
agreement with a previous study [188], it was found that increasing the
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Fig. 26. Correlation between the crystallographically Co—C bond length and
the Co—Ny,m bond lengths in [RCbl]’s where R is CN~ or a ligand with an sp® C
as donor atom. The insert shows data for all [RCbl]’s where the ligand X has C
as donor atom.
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Fig. 27. Correlation between the Co—X bond length (where (A) X has O or N as
donor atom and (B) where X has P, S or Cl as donor atom) in [XCbl]’s at the
Co—Np,, bond length.

o donor ability of the $ ligand raises the energies of several of these MOs,
diminishing the extent of the bonding and hence causing an elongation
of the axial bond lengths. However, as steric bulk increases, an orbital
which has strong anti-bonding character between the metal and the
axial ligands decreases in energy. The increase in steric interaction
weakens the overlap between Co d,2 and both C p, and Nirans Pz, Which
diminishes the anti-bonding character of the orbital. There is therefore
an interplay between electronic and steric effects.

For the second set, steric effects are minimal and the effect is virtu-
ally entirely electronic. An increase in the electron-withdrawing power
of the ligands increases the positive charge on the metal; this in turn
causes an attraction of the nitrogenous base but a repulsion of the alkyl
group, i.e., a normal trans influence is seen.

They concluded that the reason a normal trans influence has not been
observed in the experimental data for alkylcobalamins is that complexes
which would show this effect have yet to be prepared and their struc-
tures determined.

Based upon this, it is probably reasonable to conclude that the trans
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influence seen in the data in Table 12 does indeed have its origins largely
in electronic effects, and that the donor power of one ligand causes the
bonding to the trans ligand to weaken.

7.3.6. Steric effects of the corrin

The nature of the side chains of the corrin will affect log K values for
substitution of coordinated HyO by an exogenous ligand. This is prob-
ably a steric effect, although the possibility of hydrogen bonding be-
tween, for example, the ¢ side chain amide and H,0 coordinated on the
face of the corrin should not be underestimated. The value of 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 [625,845,872,873]. Electrostatic effects are also important, of
course. For example, the value of log K for coordination 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, pH7.5) as the interaction of coordinated CN~ changes
from an attractive interaction with an amide side chain(s), to a hydro-
phobic interaction, and then to a repulsive interaction [852].

As mentioned several times, cobalt corrinoids such as cobinamides,
with two different axial ligands X and Y, will exist in solution as di-
astereomers, [(f-X-a-Y)Cbil, and [(#-Y-a-X)Cbi] and they may inter-
convert [874,875]. They are readily prepared from [CNCbl] by, for
example, treatment with CF3SO3H [876].

The thermolysis of the Co—C bond of an alkylcobinamide leads to
formation of a [Co(ID][R*] solvent-caged pair
[316,317,382,383,877,878]. The viscosity-dependence of the thermol-
ysis reactions allows for an estimation of the ratio of the in-cage
recombination rate constants to the @ and g faces, k%/kL. In the case of
R =NCCH3, k‘c’/k{f =2.6(6), which predicts a kinetically-controlled
product distribution of 72%:28% of the a and $ diastereomers, respec-
tively, in excellent agreement with the 73%:27% observed for the
oxidative addition of NCCH,Br to cob(II)inamide [874].

The two faces of the corrin have different steric demands; the upper
face, with three acetamide side chains, is less sterically crowded than the
lower face with its four propionamide side chains. These different steric
demands have been demonstrated by the kinetics of the formation and
the decomposition of a- and g-alkylCbi*s [559,879-881]. The inter-
conversion of a- and [#-NCCH,Cbi]" shows that coordination to the a
face is thermodynamically favoured by 7.5kJmol ! but entropically
disfavoured by 35JK ' mol~! so that K=3.3 at 25°C for the a > §
conversion [880]. The entropic effect arises from the thermal mobility of
the side chains [559,879,881]. The determination of binding constants
for coordination of imidazole and pyridine to a- and [B-NCCH,Cbi] " asa
function of temperature confirmed that the @ coordination site is
enthalpically preferred but this has a larger negative value of AS [882].
The interplay between the two factors means that log K for coordination
of pyridine in the a coordination site is larger than for coordination to
the g site (1.26 compared to 0.93, based on the values of AH and AS
determined from the temperature dependence of K between 5 °C and
45 °C) but the converse is true for imidazole (1.44 vs 1.96). Qualitatively
similar results were obtained in the case of a- and [$-CF3Cbi] ™, although
entropy changes were found to be positive (Table A1 of the Appendix).
The sterically more demanding NCCHj ligand overrides the preference
of the nitrogenous bases for the sterically less crowded 8 coordination
site.

By manipulation of the reaction conditions, the kinetically-
controlled product distribution of the addition of CH3CH3 (produced
from the Fenton-like reaction of a Co(II) corrinoid and Et(CH3)>OO0H,
section 5.2.4) to a Co(II) corrinoid (cobinamide or 3,5,6-((CH3)sbenzi-
midazolyl)cobamide) could be studied, and the differential enthalpies
and entropies of activation for formation of the two diastereomers
determined [559]. Under these conditions, 87% of the a diastereomer is
produced, whereas under equilibrium conditions there is <2% present
[883]. Use of corrinoids with altered side chains showed the importance
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of entropic factors due to differential side chain motion in controlling
the product distribution [559].

7.3.7. The Cis influence

A number of ways of assessing the effect the corrin macrocycle has on
the properties of Co(III) suggest themselves. One way is to perturb the
electronic structure of the corrin; a second is to interrupt the 13-atom
14-7 electron conjugated system of the corrin; a third is to cleave the
macrocycle itself; and a fourth is to compare the properties of Co(IIl) in
the corrins to its properties in other macrocyclic complexes but in which
the inner coordination sphere of the metal bears a close resemblance to
that in the cobalt corrinoids. The effect of these factors on equilibrium
constants for substitution of H,O is reviewed here; the consequences for
the kinetics of the ligand substitution reactions are discussed later in this
review.

Shown in Fig. 28 is the structure of (A) the standard corrin as in
[H,0Cbl] ", with the substituent at C10 marked as R; (B) cobyrinic acid
heptamethyl ester, the cobester, [Cbs], again with the substituent at C10
marked as R; (C) (5R,6R)-5,6-dihydro-5-hydroxy-heptamethylcob(III)
yrinate-c,6-lactone, or the stable yellow cobester, [SYCbs] [884-886];
(D) 5,6-dioxo-5,6-seco-heptamethyl-cob(Ill)yrinate, the 5-seco cobester,
[5-secoCbs], in which the corrin ring has been cleaved between C5 and
C6 [780,7811; (E) [10-(2-[[4-(1H-imidazol-1-ylmethyl)benzoyl]amino]-
phenyl)-5,15-diphenylcorrolato]-cobalt(IlI), [DPTC-Co], a Co(III) cor-
role model for [H,OCbl]™ [111]; and (F) the 8 amino acid porphyrin-
containing fragment obtained from the proteolysis of cytochrome c,
referred to as N-acetylmicroperoxidase 8 ([NAcMP8]), and in which Fe
(I1) has been replaced by Co(III), [NAcCoMP8] [111,887].

OCH,

OCH;

OCH3

D E
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Perhaps the simplest modification that can be made to the electronic
structure of a corrin is to replace the C1OH with a substituent. The red
shift in the main bands in the uv-vis spectrum of [H,OCbl]™ on
substituting the C10H with Cl or Br (from 351, 527 and 554 nm in
[H,0Cbl]" to 355, 536 and 558 nm in [H,0-10CICbl]" [856] and to
356, 539 and 555 nm in [H20-10BrCbl]™" [231,771] [231]) confirm that
Cl and Br are resonance donating towards corrin. The substitution of
C10H by Br alters the electronic structure of the ring and leads to dif-
ferences between the resonance Raman spectra of [CNCbl] and [CN-
10BrCbl] [151]. Available values of log K, which refer to Eq. 30, and
in which charges are omitted for convenience, are given in Table 13.

K

L + [H,O-10RCbl] =" [L-10RCbl]] + H,O (30)

The results compiled in Table 13 show that substitution of H by Cl or
Br at C10 moderately favours the coordination of anionic ligands (log K
increases by between 0.6 in the case of S,0%3~ and 0.1 in the case of
CNO™) but decreases the affinity for neutral N-donor ligands (log K
decreases by between 0.2 and 0.3). DFT calculations (BP86/TZVP) and
an examination of the properties of the electron density using Bader’s
QTAIM model [869,870] on model complexes (all corrin substituents
replaced by H; bzm modelled with imidazole) showed [231] that on
changing the C10 substituent R from H to Cl or Br (i) the charge on the
corrin nucleus (the 13 atoms of the macrocycle and Co) become more
positive, while there is minimal effect on the imidazole axial ligand, and
this is more pronounced with an anionic rather than neutral f ligand; (ii)
Co becomes more electron-rich, an effect that is more marked if the g
ligand is neutral; (iii) the charge on the donor atom of the $ ligand be-
comes more negative; and (iv) an anionic 4 ligand causes the charge on

OCH,

OCH, OCH,

Fig. 28. Co(IlI) complexes that have been used to assess the cis influence of the corrin macrocycle on the chemistry of the Co(Il)-axial ligand system (see text).
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the C10 substituent R to become more negative, an effect that increases
as R changes from H to Cl to Br. These effects suggest that when R = Cl or
Br, [H,0-10RCbI]™ will disfavour coordination of a neutral ligand
compared to an anionic ligand because the corrin nucleus is more pos-
itive, and Co is more electron-rich, hence less capable of accepting
charge density from the axial donor. If the ligand is an anion, binding to
the metal will be favoured because of electrostatic interaction with the
corrin; moreover, charge donation by that ligand can be accepted by the
corrin and be delocalised onto the C-10 R. Anions are therefore bound
more favourably by [Ho0-10RCbl]™, R =Cl or Br, than by [H,0Cbl]™
itself, R=H.

These rationalisations help explain why there is a small, but signif-
icant, decrease in the pK, of coordinated H,O when R=Cl or Br
(Table 13): since anionic OH™ coordinates preferentially to the 10-Cl
and 10-Br derivatives, it will be a poorer Lewis base towards H™.

Values of log K for substitution of HyO trans to CN~ in cobester
complexes of the type [(H20)(CN)-10RCbs]*t (and which are for equi-
librium mixtures of the a-H20,8-CN~ and -H50,a-CN™ diastereomers)
are given in Table 14.

The extent of the perturbation of the electronic structure of the corrin
in now more pronounced. The NO; group is strongly electron-
withdrawing (Hammett para constant, 6, = 0.78 [789], and confirmed
by the shift of the y band from 354 nm to 345 nm), while NH; is electron-
donating (o, = —0.66 [789], y band at 371 nm).

There is a large error in the pK,s of these compounds because of
hydrolysis of the ester groups of the corrin side chains, and no conclu-
sions can be drawn as the values are unreliable. From DFT calculations
(BP86/TZVP) and QTAIM analyses of the wavefunction, it was found
that the metal becomes more positively charged, and hence harder, as R
is varied from NH; to H to NOg. Whilst [(H20)(CN)-10NHoCbs]™ and
[(H,0)(CN)Cbs]™ have a similar affinity for virtually all ligands, [(H20)
(CN)-10NO,Cbs]™ has a lower affinity for the soft anions CN~ and SO%’
as well as 4-N,N-dimethylimidazole and imidazole, a similar affinity for
CH3NHoy, but a much higher affinity for the harder anions SCN™, N3 and
NO3.

The values of log K listed in Tables 13 and 14 provide clear evidence
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that perturbing the electronic structure of the corrin by varying the
substituent at C10 can have a significant effect on the ligand substitution
reactions of Co(III), and are an illustration of the importance of cis ef-
fects in the chemistry of the cobalt corrinoids.

The reduction potentials of C10-modified aquacyanocobesters in
acetonitrile as determined by cyclic voltammetry on a glassy carbon
electrode are shown in Table 15 [666].

Given the electron-donating properties of C10Cl and C10Br towards
the corrin (see above), the reduction potential of [(CN)(H,0)Cbs] " shifts
to less negative potentials, i.e., Co(II) and Co(I) becomes more acces-
sible. It is surprising though, given the strong electron-donating prop-
erties of CIONHo, that its reduction potential is not less negative. The
markedly more negative potential of the CLONO derivative is in line
with the strong electron-withdrawing properties of this substituent, i.e.,
the Co(III) state is favoured in the case of the aquacyanocobester.
However, this does not apply to the dicyanocobester for reasons that are
not obvious.

Other ways of perturbing the electronic structure of the corrin are to
interrupt the conjugation of the native macrocycle (for example, to form
the so-called stable yellow cobester, Fig. 26C) or, more extreme, to
actually cleave the corrin ring (as in the 5-seco-cobester of Fig. 26D). In
[SYCbs] the C5 carbon is oxidized and the c side chain cyclized to form a
lactone at C6; the 13 atom, 14 z-e~ delocalised system of the corrin is
interrupted, giving a triazamethine system with four conjugated double
bonds between N2 and N4 and an isolated double bond between N1 and
C4.

A comparison of the 59Co NMR resonance of [(CN)5Cbs] and
[(CN),SYCbs] with available 59Co data for analogous systems suggests
that the more z-conjugated corrin of [(CN),Cbs] interacts more strongly
with the metal than the less extensively conjugated macrocycle of
[(CN),SYCbs] [886]. Moreover, as the interaction between Co(III) and
the equatorial macrocycle increases, vcy of axially coordinated CN™
shifts to lower frequency. The uv-vis spectral data and DFT-calculated
MOs (at the PBE1PBE/6-311G(d,p) level of theory) are consistent with
greater overlap between the corrin and the metal orbitals in [(CN)2Cbs]
than in [(CN)2SYCbs], which gives the metal in the former a softer, more

Table 13
Equilibrium constants for the substitution of H,O trans to bzm by incoming L in [H,0(10-R)Co] ™.
L R log K* Ref L R log K* Ref
OH™ H 7.62° [111] SeCN™ H 3.77(2) [856]
cl 7.22° [231] 3.92 [757]
Br 7.28° [231] al 3.93(3) [856]
CH3NH, H 5.12(8) [856] S0% H 4.10(8) [231]
Cl 4.82(6) [856] Cl 4.45(7) [231]
imidazole H 4.63(7) [856] Br 4.72(7) [231]
H 4.59 [888] SeCN H 3.77(2) [856]
Cl 4.32(7) [856] 3.92 [757]
Br 4.27(5) [231] Cl 3.93(3) [856]
pyridine H 1.23(7) [856] $,03~ H 3.72(2) [856]
Cl 1.0(1) [856] 3.76 [889]
4-N,N-(CHgz),aminopyridine H 3.8(2) [231] 3.86 [757]
Cl 3.5(2) [231] Cl 4.35(5) [856]
Br 3.5(2) [231] SCN™ H 3.21(3) [231]
NO5 H 5.32(6) [231] 3.03(5) [856]
5.34(3) [856] 3.36 [888]
5.3 [787] 3.11 [889]
5.93 [890] 3.08 [757]
Cl 5.5(2) [231] Cl 3.29(6) [231]
5.5(1) [856] 3.4(2) [856]
Br 5.8(1) [231] Br 3.26(4) [231]
N3 H 4.68(7) [231] CNO™ H 2.57(4) [856]
Cl 4.85(3) [231] 3.00 [888]
4.97(8) [856] 2.63 [889]
Br 4.84(6) [231] 2.72 [757]
SO%’ H 4.10(8) [231] Cl 2.67(7) [856]
Cl 4.45(7) [231]
Br 4.72(7) [231]

25 °C unless otherwise indicated. PpK,, 25 °C, y = 0.50 M, Na,SO4.
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Table 14
Equilibrium constants for the substitution of H>O trans to CN— by incoming L in aquacyano-10Rcob(III)ester.
L R log K*® AH /kJmol ™! AS /JK'mol™! Ref
OH™ H 10.6 86(10) 85(34) [891]
NH, 10.4 89(11) 100(39) [891]
NO, 10.2 84(11) 87(39) [891]
CH;3NH, H 3.2(1) [891]
NH, 3.52(7) [891]
NO, 3.13(6) [891]
imidazole H 4.66(6) [891]
NH, 4.5(2) [891]
NO, 4.37(4) [891]
4-N,N-(CH3),aminopyridine H 4.97(3) [891]
NH, 4.9(2) [891]
NO, 2.91(9) [891]
CN H 6.13(5)° [852]
6.44(3) [852]
9.05 —63(4) —38(14) [781]
8.26 —23(2) 81(6) [892]
9.6(1) [891]
NH, 10.0(3) [891]
NO, 7.39(8) [891]
NO3 H 3.11 -21(3) -11(10) [781]
2.88 —6.6(9) 33(3) [892]
4.2(1) [891]
NH» 4.8(2) [891]
NO, 5.22(3) [891]
N3 H 2.80 —-16(2) 0(6) [781]
2.59 —9.4(7) 13(3) [892]
3.55(3) [891]
NH, 4.27(7) [891]
NO, 4.53(9) [891]
S0%~ H 6.13 10(2) 151(6) [781]
5.08 50(3) 265(9) [892]
7.94(6) [891]
NH, 8.6(1) [891]
NO, 6.04(6) [891]
SCN™ H 3.16(3) [891]
NH, 3.1(2) [891]
NO, 3.9(1) [891]

325 °C unless otherwise indicated. Log K values interpolated from values of AH and AS where available. ® In 50% aqueous isopropanol unless otherwise indicated. “pH

7.5; 21°C. de 9.5; 21 °C.

Table 15
Reduction potentials of C10-substituted aquacyanocobesters.

C10 Redox couple?
subst
CNCo*"OH,| Co**OHy| CNCo*"CN| Co®*CN|
Co®*OH, Co™ Co®*CN Co™"
H -0.23 —0.44 -1.10 -1.31
Br -0.15 —-0.34 -0.98 -1.19
al -0.14 -0.33 -0.93 -1.14
NH, -0.19 -0.42 -1.10 -1.34
NO, -0.28 - -1.07 -1.33

%in V vs SHE; only axial ligands given.

covalent character [886].

The corrin cavity is quite small; the average diagonal N—N distance
across the cavity in all Co(III) corrins is 3.79(4) A [781] and is signifi-
cantly smaller than the 3.92(4) A found in Co(III) porphyrins (although
the ability of corrin to accommodate larger metal ions, see Section 2.4,
should be kept in mind). The small cavity size seems ideal for accom-
modating low spin Co(III) [893], but it is possible that Co(IIl) is in a
compressed state in a corrin macrocycle; if so, this is very likely to
significantly impact its chemistry [894]. Cleavage of the corrin ring, as
achieved in [5-secoCbs] will relieve this putative strain. Values of log K
for substitution of HyO trans to CN~ in [(H50)(CN)SYCbs]™ and in
[(H20)(CN)5-seco-Cbs] ™ are collected in Table 16.

Focusing first on the ionic ligands listed in Table 16, it is clear that,
consistent with the conclusion that Co(IIl) is softer in [ACCbs]™ than in
[ACSYCbs] " as a consequence of interruption of the delocalised # system

50

in the latter, the results show that the ligands with a harder donor atom
(N in N3 and NO3y) produce AH values that are more negative in their
reactions with [ACSYCbs]* than with [ACCbs]*. If the donor atom is
softer (Cin CN~; S in SO%’and SgO%’) then AH is less positive, or more
negative, for reactions with [ACCbs]™ than with [ACSYCbs] . The softer
metal in [ACCbs]™ has a preference for softer ligands and the harder
metal in [ACSYCbs] ™" for the harder ligands.

The results with neutral ligands (Table 16) confirm the trend. Sub-
stitution of HyO by the aliphatic amines with a harder donor atom
produce AH values that are more negative in their reactions with
[ACSYCbs]™ than with [ACCbs]™, while the softer, aromatic N donors
produce more negative AH values with [ACCbs]" than with
[ACSYCbs] ™. Modelling (DFT, MO6L/SVP, and a QTAIM [869,896]
analysis of the electron density) shows that complexes of the aliphatic
amines with the stable yellow cobester produce shorter and stronger
Co—N bonds with less ionic character than the Co—N bonds of these
ligands with the cobester. Conversely, the Co—N bond to the aromatic N
donors are found to be shorter, stronger, and somewhat less ionic in the
complexes of the cobester than in those of the stable yellow cobester.
The distinction between the harder Co(III) in [ACSYCbs]™ and softer Co
(1I1) in [ACCbs]™ seen for the anionic ligands is maintained for neutral
N-donor ligands.

Cleavage of the corrin between C5 and C6 to form [(H20)(CN)5-seco-
Cbs]™ ([AC5-seco-Cbs] ™) has a very marked effect on the pK, of coor-
dinated H0, decreasing it from ca. 10-11 in [ACCbs]t and in
[ACSYCbs] ™ (the precise values are uncertain because of hydrolysis of
the ester side chains in alkaline solution) to 7.28 at 25 °C. By compari-
son, the pK, of Hy0 coordinated to Co(Ill) in complexes such as [Co
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Table 16
Equilibrium constants for the substitution of H,O trans to CN~ by incoming L in
Co(III) corrinoids.

L Corrinoid log K* AH AS Ref
/kJmol ! /IK mol™?!
OH™ cobester” 9.8¢ [781]
10.6¢ [891]
SYCbs® ~11¢ [892]
5-seco- 7.28° —88(17) —434(56) [781]
Cbs?
CN™ cobester 9.05 —63(4) —38(14) [781]
8.26 -23(2) 81(6) [892]
SYCbs 7.16 -17(1) 80(5) [892]
5-seco-Cbs 5.38 —93(5) —209(18) [781]
NO3 cobester 3.11 —21(3) -11(10) [781]
2.88 —6.6(9) 33(3) [892]
SYCbs 2.34 —22.9(4) —32(2) [892]
5-seco-Cbs 2.40 —82(3) —229(11) [781]
N3 cobester 2.80 -16(2) 0(6) [781]
2.59 —9.4(7) 13(3) [892]
SYCbs 2.63 —18.6(7) —12(2) [892]
5-seco-Cbs 2.96 —44(5) —-91(15) [781]
S03~ cobester 6.13 10(2) 151(6) [781]
5.08 50(3) 265(9) [892]
SYCbs 2.88 59(1) 253(5) [892]
5-seco-Cbs 3.83 —83(10) —205(33) [781]
$,03" cobester 0.69 36(6) 134(19) [781]
0.50 21(3) 80(10) [892]
SYCbs 0.6(2) [892]
5-seco-Cbs 1.55 32(9) 137(30) [781]
NH; cobester 2.75 —41(1) —85(2) [895]
SYCbs 2.94 [895]
NH,EtOH cobester 1.91 —24(2) —44(7) [895]
SYCbs 1.52 [895]
NH,;EtOMe cobester 1.84 —-51.2 —136(8) [895]
SYCbs 1.70 [895]
4Melm’ cobester 4.29 —-23(1) 5(4) [895]
SYCbs 1.56 [895]
4Mepy* cobester 3.36 —29(2) —-33(8) [895]
SYCbs 0.38 [895]
4MeOpy cobester 3.33 —25(1) —-19(3) [895]
SYCbs g [895]
CF3CH,NH,  cobester 0.4" [895]
SYCbs <-2" [895]
NH,OMe cobester 1.93 [895]
3
SYCbs i [895]

425 °C unless otherwise indicated. Log K values interpolated from values of AH
and AS where available. "Cobyrinic acid heptamethyl ester. “(5R,6R)-aqua-
cyano-5,6-dihydro-5-hydroxy-heptamethylcob(IlI)yrinate-c,6-lactone, or
aquacyano-stable yellow cobester. Yaquacyano-5,6-dioxo-5,6-seco-heptamethyl-
cob(Il)yrinate. ®pK,, of coordinated H,0. ‘Im = imidazole; py = pyridine. 8Very
slow reaction; no reliable value obtained. 8Estimated. ‘Slow destruction of the
corrin observed; no reliable value of log K obtained.

(H20)613t (2.9 [8971), [Co(cyclen)(H20)213" (cyclen = 1,4,7,11-tet-
raazacyclododecane; 5.6 [898]), and [Co(NHp,)5(H20)]3+ (6.36 [899])
may be noted. The pK, of Co(II) complexes is significantly higher (9.7 in
[Co(H20)6]?t [900] and ~ 12.1 in [Co(Py5)(OH)]1%*, Py5 = 2,6-(bis
(bis-2-pyridyl)-methoxymethane)pyridine) [901]), reflecting the lower
polarization of the O—H bond of coordinated HyO by the metal ion. The
pK, values are clear evidence that Co is much less polarizing in
[ACCbs]™ than in [AC5-seco-Cbs] ™, or, it could be argued, the metal ion
has acquired some Co(II) character in [ACCbs] ™.

A comparison of log K values for coordination of CN™, SO%‘, NO3,
N3 and S,03~ by [ACCbs] ™ and [AC5-seco-Cbs]* shows that cleavage of
the corrin ring significantly decreases the affinity of Co(IIl) for the softer
ligands CN™, SO%‘ and, more marginally, NO;. However, [AC5-seco-
Cbs]™ has a higher affinity for N3 and S;03 than [ACCbs]t. The
observed trend in log K values correlates with the position of the ligands
in the spectrochemical series (N3 < $,03~ < NOz <S03~ <CN). N3
and szo§* are r donors; the others are r acceptors. When the corrin is
cleaved, the hardness of the metal ion increases and this decreases its
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affinity for = acceptors. The stability of its complexes with = donors
increases as the metal ion becomes more Co(IIl)-like, and more capable
of accepting electron density from the ligand. The temperature-
dependence of log K values show very negative values for AH offset
by AS values which are also large and negative.

It is unfortunate that the crystal structures of a 5-seco-cobester is not
available. DFT modelling (BP86-D3/6-311G(d,p)) suggests that cleav-
age of the corrin does not unduly perturb the coordination sphere of the
metal ion and it essentially retains an octahedral coordination geometry
[781]. A QTAIM analysis of the topological properties of the electron
density indicated that the sum of the partial charges on the metal and the
entire coordination sphere, or the metal and the four equatorial donor N
atoms, is less negative in the 5-seco-cobester complexes than in the
cobesters themselves and supports the conclusion that cleavage of the
corrin has made the metal and its immediate environment more positive.
The cleavage of the corrin causes the bond lengths to the equatorial N
donors closest to the site of ring cleavage to increase and permits a closer
approach of the axial ligand to the metal ion. This rationalises the very
negative AH values for substitution of H,O by incoming L (Table 16).
Generally, values of AS are also very negative, offsetting the enthalpic
drive to complex formation.

There are several notable differences between corrins, corroles and
porphyrins. Firstly, the corrin, porphyrin and corrole macrocycles, when
coordinated to a metal, carry —1, —2 and — 3 formal charges, respec-
tively; in the +3 oxidation state of Co, the immediate coordinate sphere
of the metal ion in [HoOCbl]" and its porphyrin and corrole analogues
(Fig. 26) has a formal charge of +2, +1, and 0, respectively. (It is
assumed that the charge on the phosphate in the cobalamins, some 9 A
away from the metal centre, and the charge on the propionate side
chains of haem ¢ — between 5.5 and 8.5 A from the metal, depending on
their orientation — will have little influence on the chemistry at the
metal.) Secondly, with their delocalised 18 z-electron system, porphy-
rins and corroles are significantly more electron rich than corrins
[902-904]. Thirdly (see Fig. 32 below), the upper face of a corrin is
much more sterically hindered than the corresponding faces of a
porphyrin and a corrole. There is therefore likely to be an interplay
between electronic and steric factors in determining the stability of
complexes of these macrocycles with anionic and neutral ligands, and
sterically demanding and less demanding ligands. The available values
of log K for substitution of HyO trans to bzm, or an imidazole derivative
(Fig. 28) are collected in Table 17. The values are plotted in Fig. 29.

The pK, of coordinated H,O increases as the charge on the imme-
diate coordination sphere of the metal ion increases, viz., from 7.462(7)
in [HoOCbl]™, to 7.81(3) in [NAcCoMP8], to 9.76(6) in [DPTC-Co].
However, the effect of solvent is probably not negligible; while the
values for [H,OCbl]" and [DPTC-Co] were measured in 80% CH3OH,
the value available for [NAcCoMP8] was determined in aqueous solu-
tion. Nevertheless, a comparison of the properties of the Co—OH; bond
using a QTAIM analysis of the wavefunction of the DFT (BP86/TZVP)
energy minimised structures of models for [H,0Cbl]"™ and [DPTC-Co]
(all substituents on corrin replaced by H; imidazole used as the «a
ligand) offers a rationalisation for the trend [111]. There is ample evi-
dence that QTAIM is useful for examining the properties of the metal-
—ligand bond of a complex of a metal ion from the first transition series
[871,907-911]. The electron density, pp (given in atomic units, au,
where 1 au of p=6.7483 e A™>) and the Laplacian VZp, (1 au of
Vzpb =24.099 e /0\’5) at the bond critical point (bcp) are a measure of
bond strength [912,913]. The ratio of the potential (V) and kinetic (Gp)
energy densities at the bond critical point, |V,|/Gp, gives insight into the
nature of a bond. For |V;,|/Gyp, > 2, the bond is predominantly covalent in
nature; for |Vp|/Gp <1 the bonding is essentially ionic; and 1 < |Vp|/
Gp < 2 is characteristic of a bond of intermediate character [914].

The modelling showed that the Co—OH, bond in [H,OCbl]" is
shorter (2.10710\ vs 2.128 .7\), stronger (pp, =0.0551 au vs 0.0538 au;
V2pp = 0.297 au vs 0.272 au) and less ionic (|Vb|/Gp=1.087 vs 1.069)
than in [DPTC-Co] [111]. An increase in the ionicity of the Co—OH,
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Table 17
Equilibrium constants for the substitution of H,O trans to an imidazole derivative, Y, by incoming L in Co(III) macrocyclic complexes."
L Y Macrocyle log K AH /kJ mol ! AS /JK 'mol ™! Ref
OH™ bzm corrin 7.462(7)"¢ [111]
His porphyrin 7.81 (3)f [890]
(N-R)im corrole 9.76(6)%¢ [111]
HONH, bzm corrin 4.83 100(9) 428(30) [890]
His porphyrin 5.45 —105(13) —248(44) [890]
CH30NH, bzm corrin 5.79 —81(7) —161(23) [890]
His porphyrin 4.01 —64(6) —138(20) [890]
HOCH,CH,NH, bzm corrin 3.60(5)8 [111]
(N-R)im corrole 5.15(2) [111]
(N-CHj)imidazole bzm corrin 4.49 —62(3) —-122(11) [890]
3.99(5)8 [111]
His porphyrin 5.70 42(3) 250(11) [890]
(N-R)im corrole 5.32(2) [111]
pyridine bzm corrin 1.23(7) [856]
1.00 6.2(5) 40(2) [890]
0.48(4)8 [111]
His porphyrin 4.94 —30(3) —6(9) [890]
(N-R)im corrole 4.11(2) [111]
4- N,N-(CHj3)aminopyridine bzm corrin 3.8(2) [231]
3.99(2)8 [111]
(N-R)im corrole 5.32(2) [111]
Thiophene bzm corrin 1.0(2)% [111]
(N-R)im corrole 1.09(4) [111]
Thiourea bzm corrin 1.1 [7871
1.76(2)* [111]
(N-R)im corrole 2.1(1) [111]
P(OCH3)3 bzm corrin 5.0 [818]
4.77(7)8 [111]
(N-R)im corrole 11.8(1)¢ [111]
10.4(1)¢ [111]
cysteine bzm corrin 6.0 [905]
6.5(1)8 [111]
(N-R)im corroleX 5.7(2) [111]
CN™ bzm corrin >12 [331]
14.1 [906]
12.53(7)%% [111]
11.9(5)% [111]
(N-R)im corrole 13.1(7)¢ [111]
His porphyrin 6.02 -47(2) —42(6) [890]
NO; bzm corrin 5.32(6) [231]
5.34(3) [856]
5.3 [787]
6.7(4)8 [111]
5.93 —47(3) —44(9) [890]
(N-R)im corrole 3.0(1) [111]
His porphyrin 2.88 —-20(2) —-12(8) [890]
N3 bzm corrin 4.68(7) [231]
4.9(1) [856]
4.74 [888]
4.75 [889]
4.9 [787]
5.03 —-29(1) -1(3) [890]
6.35(5)8 [111]
(N-R)im corrole 2.82(2) [111]
His porphyrin 2.30 —20(1) —23(5)
HSO3 bzm corrin 6.3 156(9) 644(31) [890]
His porphyrin 3.61 22(2) 143(7) [890]
SCN™ bzm corrin 3.21(3) [231]
3.03(5) [856]
3.36 [888]
3.11 [889]
3.08 [757]
4.73(4) [111]
(N-R)im corrole 1.31(5) [111]
I~ bzm corrin 1.4 [856]
3.96(2)8 [111]
(N-R)im corrole 2.33(3) [111]

Refer to Fig. 28 for details of the structure of the complexes. 25 °C unless otherwise indicated in aqueous solution unless otherwise indicated. Log K values inter-
polated from values of AH and AS where available. All log K values for substitution of H,O in the corrole, and the pK, of coordinated H,0, were determined in 80%
CH30H. “In competition reaction with 4-N,N-(CHs),aminopyridine. 4In competition reaction with pyridine. “In competition reaction with azide. In competition re-
action with nitrite. The pK, of coordinated H,0. 8Determined in 80% CH3;OH.
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Fig. 29. Comparison of log K values for substitution of coordinated H,O in (left) a Co(III) porphyrin and a Co(IIl) corrin, and (right) a Co(III) corrole and a Co(III)

corrin (see text for details).

bond is expected to make the lone pair on coordinated OH™ more
accessible to a proton from solution, hence increasing the pK,. This ef-
fect is presumably a consequence of the differences in the positive
charge on the immediate coordination sphere of the metal ion.

The equilibrium constants for substitution of HyO by neutral and
anionic ligands in corrin, porphyrin and corrole systems, collected in
Table 17, are not directly comparable because of differences in the
solvent used. The composition of the solvent is known to affect both the
log K value for complex formation and (see later) the kinetics of the
reaction. For example, log K for coordination of I~ by [H,OCbI]" in-
creases from 1.41 to 3.95 as the fraction of CH30OH in varied from 0% to
100% [915]; log K for binding of SCN™ increases from 3.03 to 4.17 as the
fraction of CH3CN is increased from 0% to 70% [916]; but log K de-
creases from 4.32 to 3.99 for coordination of N-methylimidazole on
going from aqueous solution to 80% CH3OH [111]. The values in
Table 17 indicate that log K values for neutral ligands are usually higher
in aqueous solution than in 80% CH3OH, but the converse is usually true
for anionic ligands.

The broad trends (Fig. 29) are nevertheless clear. The corrin system
binds anionic ligands more strongly than the porphyrin and the corrole
systems, but binds neutral ligands less strongly, and the affinity trends
parallel each other. The very low value of log K for coordination of
pyridine by [H,0Cbl] ", 1.00 or 1.23 in aqueous solution, 0.48 in 80%
CH3OH (Table 17) is noteworthy. There are no available crystal struc-
tures of pyridine coordinated to Co(IIl) in a cobalt corrinoid system. A
survey of available Co(IIl) pyridine complexes in the CSD showed that in
the relatively sterically undemanding environments of simple pentam-
mine complexes, porphyrins, cobaloximes and corroles, the Co—N bond
length to pyridine is very similar, on average 1.99(2) A. A feature of the
S face of the corrin is its steric crowding (see Fig. 30, details of which are
discussed late) [211,258] where C26, C37, C46, C54 and C19H adopt
sentinel-like positions to an incoming ligand. DFT modelling (BP86/
TZVP [111]) produced a long Co—N bond (2.045 [o\) compared to the
Co—N bond length to imidazole (1.985 A) or NO3 (1.966 A). Pyridine
was aligned along the C5—C15 vector of the corrin, with close contacts
between its C2 and C6 H’s and C5 and C15 of the corrin. By contrast, the
planar structures and relatively sterically more accessible § coordination
site of the porphyrin and corrole are much more accommodating to the
steric demands of pyridine. The stronger base, 4-N,N—(CH3);amino-
pyridine (pK, = 9.15, cf. pK, = 5.2 for pyridine itself [917]) binds much
more strongly to the corrin (log K = 3.99(2) vs. 0.48(4) in 80% CH30H,
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Table 17), and, according to DFT modelling, has a somewhat shorter
Co—N bond length (2.027 [o\) than in its corrin complex (2.045 A).

One factor that may be important is the net charge at the metal
centre of these systems. The +2 charge on corrin may be a reason why it
coordinates anionic ligands more strongly than a corrole or a porphyrin,
although the very small differences in log K values for coordination of
NOz and N3 by the porphyrin (+1 residual charge) and the corrole
(neutral) — but taking cognisance of the effect of the solvent — suggests
that this is unlikely to be the only factor.

The order of log K for binding to Co(IIl) in all three systems
approximately parallels the pK, of their conjugate acids [917]: HCN,
9.04; HySO3, 6.85; HN3, 4.44; HNO,, 2.93; HSCN, 0.93; HI, —0.93, i.e.,
the affinity of an anion for Co(IIl) in these systems parallels its affinity
for the proton. By contrast, the affinity for a neutral N-donor ligand
shows little correlation with the pK, of the ligand (4-N,N-(CH3)ami-
nopyridine, 9.7; HOCHCH3NH,, 9.47; (N-CHs)imidazole, 7.10;
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Fig. 30. An illustrative pH dependence of the apparent rate constant for the
substitution of HyO in [H,OCbI] " by HX. This is a function of the separation of
PKux and pKgjz,. For purposes of illustration, it is assumed that the pK, of
[H,0Cbl]" = 7.75, HX does not displace H,O from H,OCbl" and that the pH-
independent rate constant for the reaction X+ H,OCbl™ - XCbl + H,0
isk=10°M"1s7L.
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HONH,, 5.96; CH3ONHo, 4.60).

DFT calculations (MO6L/SVP/SVPFit) on models of the corrin and
porphyrin systems with a range of neutral and anionic ligands, L, in the
coordination site trans to imidazole showed that Co—L; and Co—N,
bond lengths are longer in corrins than in porphyrins as might be
anticipated given the greater steric constraints of the corrin [890]. The
average difference of the Co—L; bond lengths, Arcorrin-porphyrin, for the
neutral ligands was 0.025(3) /O\, larger than Arcorrin-porphyrin fOr anionic
ligands, 0.015(10) A. Precisely the same was found in DFT modelling of
corrin and corrole systems: Arcorrin_corrole = 0.038(15) A for neutral li-
gands (pyridine, imidazole, trimethylphosphite) but
ATcorrin—corrole = 0.013(7) A for anionic ligands (CN~, CH3S™, NO3). This
was attributed to the increased coulombic interaction between the
anionic ligands and the greater charge on the metal centre in the corrin
system. While the bonds to the axial anionic ligands are still longer in the
corrin system than in the porphyrin and corrole systems, they are shorter
than might have been expected based on the results obtained with the
neutral ligands.

A fairly detailed QTAIM analysis of corrin and corrole model com-
plexes with neutral (L = pyridine, imidazole, trimethylphosphite) and
anionic (L=CN", CH3S™, NO3) ligands gave further insights into the
nature of the bonding in these complexes [111]. Not unexpectedly
[912,913], a strong correlation between the electron density at the bond
critical point, pp, and the Co—L; bond length was found. The bond be-
tween Co(III) and H5O is long and weak (2.128 10\, 0.0538 au in corrole;
2.107 f\, 0.0551 au in corrin), rationalizing the ready replacement of
H,0 by a very wide variety of ligands (for examples, see Table 17). The
bonding between Co(III) and L is predominantly ionic (p}, close to zero;
Vzpb > 0; |Vp|/Gp close to 1). However, as the electron density on L
increases (H20 < imidazole < pyridine < NO3 < CN™ < trimethylphos-
phite < CH3S"), the bonding becomes significantly more covalent (| Vy|/
Gy, increases as does the delocalization index, DI, which is a measure of
the average number of electrons shared between the ligand and the
metal).

The bonding to NO3 in both the corrin and the corrole systems has
significant ellipticity. The ellipticity of a bond ¢ is defined as |1;|/|12| -
1, where 1; and 15 are the eigenvalues of the Hessian matrix of the
electron density at the bond critical point along mutually perpendicular
axes, perpendicular to the bond path [869]. It is therefore a function of
the ratio of the rate of electron density decrease in the two directions
perpendicular to the bond path at the bond critical point. In the event of
7 bonding between two atoms, |A;| > |l2| and e will be significantly
greater than 0. For the Co—NO3 bond in the corrin system, ¢ = 0.107 au
and 0.109 au in the corrole system; this can be compared to a value of
0.273 for the C5—C6 (formally) double bond of the corrin, and a value of
0.001 for the C7—C8 (formally) single bond. This measure therefore
points to a significant participation of the z* frontier orbital of NO3 in
the bonding with Co(IIl). In the case of CN™, ¢ is small (0.018 and 0.002
in the corrin and corrole systems, respectively) but this masks the
participation of both, mutually perpendicular frontier z* orbitals in the
bonding, as evidenced by large values of both 1; and A5. Very similar
effects were found for the bonding in the porphyrin system [890].

7.3.8. Solvent effects

The uv-vis and fluorescence spectra of [CNCbl] show a modest
dependence on solvent polarity [918]. The hexaalkylcobesters, in which
all seven side chains have been hydrolysed to their corresponding acids
and esterified, yield so-called hydrophobic corrinoids which are soluble
in a wide range of solvents [919]. They have been quite extensively
studied to probe the effect of solvent on their properties. The polarity of
the solvent has a small but not insignificant effect on value of log K for
the substitution of coordinated HyO by a variety of incoming ligands.
Generally, log K increases with an increase in solvent polarity (see Table
Al of the Appendix) (DMF < DMSO < methanol < water [861]; and
toluene < ethyl acetate < acetonitrile < methanol < water [873]). There
is a linear correlation [920] between log K and the cube of the empirical
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solvent polarity parameter, ET(30) [921] for substitution trans to coor-
dinated SO%~ complex of the heptamethylester of sulfitocobyrinic acid.
This was attributed to charge diffusion of coordinated SO%~ by hydrogen
bonding or dipole interaction with the solvent, i.e., the greater the
interaction between coordinated SO3~ and the solvent, the weaker the
trans influence of the ligand.

A detailed study of the coordination of iodide by [H,0Cbl]™ in
methanol-water mixtures showed that log K at 25 °C varies linearly with
the concentration of methanol (from log K=1.41 in Hp0, y=0.15M,
NaClOy4) to log K = 3.96 in pure methanol) [915]. Balt et al. observed a
similar trend in the coordination of SCN™ by [H,OCbl] ™, with log K
varying from 3.30 in aqueous solution to 4.17 in 80% acetonitrile [922].
By contrast, there is a minimal increase in the affinity for a neutral
ligand such as urea in water-dioxane mixtures, where K varies from 13 to
17 M1 [923]. The effect is clearly a consequence of charge neutraliza-
tion that occurs on coordination of an anionic ligand by [H,0Cbl]*, a
process favoured in non-aqueous solvents.

7.3.9. Substitution at the a coordination site

Many studies have been carried out on the cleavage of the Co—C
bond in adenosylcobalamin [73], the first step in the mechanism of the
[AdoCbl]-dependent enzymes [312], including reactions that entail
ligand substitution. [AdoCbl] is very light-sensitive (Section 6) and the
Co—C bond is also cleaved at elevated temperature; the Co—C bond
dissociation energy in aqueous solution is approximately 125kJ mol~!
[316] (and about 132kJ mol~! in ethylene glycol [315]). The bond
dissociation energy of [AdoCbi] " is significantly larger, ca. 175 kJ mol !
[924]. This value is reproduced within the experimental uncertainty
8kJ mol’l) by the BP86-D3 functional [925]. Thiols react with alkyl-
cobalamins, to ultimately produce cob(I)alamin (Section 5.2.2), and
cyanide reacts with [AdoCbl], forming [(CN)2Cbl]~ [926].

Arguably the first comprehensive study of the reaction between
AdoCbl and CN™~ was undertaken by van Eldik and co-workers [927], in
which they attempted to resolve the conflicting reports about this re-
action (see references in [927]). In the presence of 0.1 M CN™, pH 11,
u=1.0M (NaClOy) there is clean conversion of [AdoCbl] to [(CN),Cbl] ™
as identified by its distinctive uv-vis spectrum and by 'H and '*C NMR.
The NMR data identified the formation of adenine which arises from the
cleavage in solution of the Ado ligand to adenine and a cyanohydrin
[926]. From the rate dependence of the reaction on [CN™], a value of
ko =7.4(1) x 103M st (pH11) was obtained and the pH depen-
dence of the reaction shows that CN~ and not HCN is the reactant. A
study of the temperature-dependence of the reaction gave AH = 53.0(6)
kJ mol™! and AS!= ~127(3) J K1 rnol’l, and from the pressure-
dependence of the kinetics, AVi= —10.0(4) cm® mol~!. It was reason-
ably concluded that the initial (and only experimentally observable)
step is the attack of CN™ on [AdoCbl], which is then followed by a fast
uptake of a second equivalent of CN~ to produce the final product,
[(CN)oCbl] . There was no clear evidence whether the rate-determining
initial step was attack of CN™ on the f coordination site, displacing Ado
from the metal, or its attack on the a coordination site, either displacing
bzm or attacking a vacant or HoO-occupied coordination site of the base-
off form of [AdoCbl]. Given the very negative values of AS! and AVi,
which are indicative of a reaction under associative activation, van Eldik
and co-workers favoured a mechanism where the rate determining step
is attack of CN™ on the f§ coordination site (Scheme 31, red pathway). It
was surprising to them, though, as reflected in a subsequent perspective
[808], that the reaction would be so slow at such a labile Co(III) centre,
and that it have a distinctly associative character.

When the same reaction was performed in 92:8 DMF:D,0, 'H NMR
evidence was obtained of the rapid formation of [(-Ado)(a-CN)Cbl]™
followed by Co—C bond cleavage to produce [(CN),Cbl]™ [928]
(Scheme 31, blue pathway). The cleavage of the Co—C bond to the Ado
ligand trans to CN™ is rate-limiting with a saturating rate constant
k1=9.3(3) x 10 °s7}; at low [CN7], ky=kK=2.1(5) x 10 M s},
where K (2.2(4) x 10>°M 1) is the equilibrium constant for the formation
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of [(-Ado)(a-CN)Cbl] . From the temperature-dependence of the re-
action, values of AHY = 90.0(5) kJ mol™! and AS'= —-20.5(2) J
K ! mol~! were found. Increasing the percentage of D,0 in the solution
causes an increase in the rate of the reaction, and the rate-determining
step changes from cleavage of the Co—C bond in [(4-Ado)(a-CN)Cbl] ™
to formation of [($-Ado)(a-CN)Cbl]™. It is therefore likely that the
mechanism in aqueous solution is not that shown in Scheme 31, but
rather initial formation of [($-Ado)(a-CN)Cbl] . Given the very negative
values of AS* and AV# it seems likely that the reaction involves nucle-
ophilic participation of entering CN™ in the displacement of the bzm
ligand.

The reaction of [(Ado)(OH)Cbi] with CN™ at pH 11.0 proceeds by
rapid, initial formation of [(Ado)(CN)Cbi] with CN™~ occupying the a
coordination site, followed by slow (k; =2.91 x 107257 'in H,0, 25 °C,
#=1.0M; k;=6.7x10°s7! in 92:8 DMF:D,0, 25°C, u=0.5M)
solvent-assisted displacement of the  Ado ligand by CN™~ [929]. The
equilibrium constant for formation of [(Ado)(CN)Cbi] is 5.6 M lin H,0
(25°C, p=1.0M) and 2.8x10°M~! in 92:8 DMF:D,0 (25°C,
u=0.5M).

Cyanide readily replaces bzm from the a coordination site trans to an
alkyl ligand (see Section 7.3.1 in which the base-on/base-off equilibrium
is discussed). Another example is the displacement of bzm by an imid-
azole derivative trans to imidazole to form a bis-imidazolylcobalamin,
with log K ranging from < —1 for histidine, 0.6 for imidazole itself,
and 1.4 for 1,5-dimethylimidazole [846]. One such reaction, the sub-
stitution of bzm by N-methylimidazole (NMI) trans to NMI has been
reported in detail [930]. There is clear ' NMR and FAB-MS evidence
for the formation of [(NMI),Cbl]"™ when [(H,0)Cbl]"/[(OH)CbI]
(pK, = 8.13 under the conditions used) is added to 50 mM NMI. A value
of log K= 0.98(1) for substitution of bzm trans to NMI was determined
by NMR, since the difference in absorbance between [NMICbI]* and
[(NMI),Cbl] " is too small for reliable determination of the equilibrium
constant using uv-vis spectroscopy. The kinetics are unusual, and are
discussed in Section 9.

8. Organometallic chemistry of the cobalt corrinoids

Given the importance of [MeCbl] and [AdoCbl] in biology, and
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featuring as they do a Co—C bond which has to be heterolytically or
homolytically cleaved during enzyme turnover, the organometallic
chemistry of Bjy and its derivatives has been extensively studied and
comprehensive reviews are available (for example [6,34,931-933]).
Only some selected, illustrative examples of the broad organometallic
chemistry of the cobalt corrinoids is given in what follows in this section,
and some has been covered elsewhere in this review, and particularly in
Section 2 on the structure of the cobalt corrinoids, Section 3 on their
biological chemistry, and in Section 6 on their photochemistry.

As mentioned in Section 2 and in Section 6, organometallic corri-
noids are known with a Co—(sp3 C) bond (such as [AdoCbl] [169],
[MeCbl] [169], [ethylCb] [182] and [isoamylCbl] [173]), a Co—(sp2 Q)
bond ([PhCbl] [174], [CH2CHCbI] [633], [cis-CHCICHCbI] [633]) and a
Co—(sp C) bond ([PhCCCbl] [170], [4NO,PhCCCbl] [177], [2,4-
FoPhCCCbl] [716]).

Homolysis of the Co—C bond in the [AdoCbl]-dependent enzymes
requires the reversible formation of [Cbl(I)] and Ado®, and suppression
of irreversible side reactions involving f-alkoxide or p-hydride elimi-
nation [934-936], Scheme 32 [937]. [AdoCbl] is quite resistant to acid
hydrolysis, and requires severe conditions (boiling in 1 M HCI) for it to
be hydrolysed [934]. By contrast, tetrahydrofurfurylcobalamin, where
the g ligand lacks the hydroxyl and base substituents of the Ado ligand, is
rapidly hydrolysed (half-life of <5min at 25 °C, pH 2.2 [938]). Even
[2',5'-dideoxyAdoCbl] which lacks the g hydroxyl group of Ado is
significantly less stable than [AdoCbl]; in boiling 1 M HCI after 10 min,
[AdoCbl] underwent approx. 30% hydrolysis whereas [2',5'-dideox-
yAdoCbl] was virtually completely hydrolysed [934]. A series of
(alkoxylethyl)cobalamins were also shown to be readily hydrolysed in
aqueous media, pH 0-4.4, 25 °C [939]. Acid hydrolysis of [MeCbl] is
apparently unknown [933] although the bond is heterolytically cleaved
by a soft Lewis acid such as Hg(II) to produce [HoOCbI]* and CHsHg ™"
[620].

As discussed in Section 5, [CbI(I)]™ is a very strong nucleophile
(n=14.4 on the Pearson scale [385]) and will react with a variety of
alkylating agents such as methyl iodide [606] and trimethylsulfoxonium
iodide, [(CH3)3SO]I [607] by an Sy2 reaction. The product is usually the
p diastereomer, but depending on the alkylating agent, and reaction
conditions, variable amounts of the @ diastereomer can be produced
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Scheme 31. The reaction of CN~ and [AdoCbl].
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Scheme 32. The reversible and irreversible cleavage of the Co—C bond of [AdoCbl].

[133,316,744,874,939-941]. The products usually can be separated
chromatographically. Under certain conditions, alkylation does occur
through a two-step, one-electron transfer pathway; a Co(I) cobamide
acts as a one-electron reductant and the reaction proceeds via a Co(Il)
intermediate [940]. Since Co(I) cobalamins exist predominantly as a
four-coordinate complex, the presence or absence of the bzm base has
virtually no effect on the reactivity pattern. The electrochemical syn-
thesis of alkylcobalamins in well-established [439,463]. Co(I) is gener-
ated at controlled electrode potentials near that of Co(II)|Co(I) couple; it
then reacts rapidly with a suitable alkylating agent [330,942-944].

[CbI(ID)] reacts efficiently with alkyl radicals to produce an alkyl-
cobalamin stereospecifically on the g face [674,945-947]; this is
ensured by the presence of bzm in the a coordination site, and appears to
involve minimal rearrangement of the corrin [227]. Some alkylcobala-
mins, such as [CH30COCH,Cbl], are difficult to prepare by direct
alkylation of [Cbl]™ because they are easily reduced. An alternative
procedure for their synthesis involves the reaction of [Cbl(II)], produced
and maintained by controlled potential electrolytic reduction, or
chemical reduction with formate, of [HoOCbl]™, with an excess of
BrCHCOOCHj3; [557].

The reaction of a Co(III) cobamide with a nucleophilic alkylating
agent such as an organomagnesium halide, a vinyl ether in a nucleo-
philic solvent, malononitrile, or phenylacetronitrile, will produce an
alkylcobamide, but the route is seldom used as reductive alkylation is far
more versatile [948].

As discussed in Section 6, alkylcobalamins are unusually light sen-
sitive and dissociate to an alkyl radical and [Cbl(II)]. Homolysis of the
Co—C bond of [AdoCbl] is of course key to its function as an enzymatic
cofactor. The bond dissociation energy is relatively low, about
125 kJ mol ! [315,384]; that of [MeCbl] is somewhat higher,
155kJmol ! [464]. The absence of bzm increases the strength of the
Co—C bond to ca. 185 and 175kJmol ™! in [MeCbi]* and [AdoCbi]™
[924], although factors other than the trans influence of bzm (see Sec-
tion 7) are the likely cause [462].

The Co—C bond of [MeCbl] can be cleaved homolytically by reaction
with an alkyl radical R® to produce [Cbl(II)] and RCH3 [949,950].
Thermolysis of ethyl-, neopenty- and cyclohexylcobalamin (80 °C) pro-
ceed at similar rates, irrespective if the reaction involves homolytic
fission (with neopentylcobalamin) or p-elimination (with
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cyclohexylcobalamin), suggesting that both reactions involve, as initial
step, homolytic fission of the Co—C bond to form a caged radical pair
[859].

Exposure of [MeCbl] (in a glass of CD3OD + D,0) to ionising radia-
tion leads to electron capture and ultimately cleavage of the Co—C bond
and formation of Co(Il) and CH3, which is then protonated; but the
reaction sequence is complex [951]. The initial species is a #* corrin
anion; on annealing, EPR signals diagnostic of Co(II) appear, with
electron density in 3d,2_,2. Further annealing leads to reorganisation of
the unpaired spin and the emergence of a Co(II) (3d22)1 species. The
conclusion was that this is the kinetically favoured reduction pathway —
at least under the conditions of the experiment. The addition of an
electron to [AdoCbl] also leads to initial formation of a 7* corrin anion,
but the (3dX2,y2)1 intermediate was not detected. Photolysis of
[AdoCbl] in a frozen glass leads to the expected homolysis of the Co—C
bond [951].

Thiolates demethylate [MeCbi]™ and [MeCbl] to produce the Co(III)
cobamides, the reaction with [MeCbi]™ being much faster due to sta-
bilisation of the Co—C bond in [MeCbl] by trans bzm [462,507]. The
dealkylation of [MeCbl] with soft metal ions such as Hg(II) is well
known (see Section 5.2.8). The exchange of a methyl ligand between a
methylcobamide and a Co(II) cobamide has been observed [462,952].

9. Kinetics of the ligand substitution reactions

Co(II), along with Cr(III), is the classic example of an inert metal ion
from the first row of the d block. For example, NMR methods show that
the residence time of H,O in cOig [953] and Crg'g [954] is of the order of
10°s, compared to 10~°s for Fe3; and Tisg [955] and 1073 s for Coag
[956]. In the cobalt corrinoids, however, the reactions are quite fast
(sometimes described as “instantaneous” [757]) and their study has
been a fruitful area of research for many years.

In line with the chemistry of Co(IIl) complexes in aqueous solution
[957], from early work on the kinetics of ligand substitution on
[H,OCbl]" [518,888,958] and subsequently confirmed several times
(for example [519,737,847,959,960]), it is well-established that the
hydroxide ligand in [HOCbI] and also in aquahydroxocobinamide
[568,737,888,961,962] is essentially inert to substitution by other li-
gands. There is evidence for the (slow) reaction of [HOCbI] with HNO
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(which arises from the decomposition of Piloty’s Acid, PA, benzene-
sulfonylhydroxamic acid, PhSO;NHOH) between pH 10 and 12.4, to
produce nitrosylcobalamin, [NOCbl], with a pH-independent initial rate
of 4.33(9) x 107/ M s}, [PA] = 130 mM, [HOCbI] = 85 pM [536].

Usually a ligand HX such as imidazole or NH3 will only coordinate
the metal ion if it is deprotonated (pK, for imidazole = 6.93 [963] and
9.25 for NH3 [917]). There are exceptions; for example, both HCN and
CN~ [737] and HN3 and N3 [888] will substitute H,O on [HoOCbl] ™,
albeit the protonated ligand reacts more slowly — see below. Hence the
observed rate constant for the reaction of HX with [HoOCbl]* will in-
crease with pH. On the other hand, since [HOCDbI] is inert, the observed
rate constant will decrease above the pK, of [H,OCbl]"T (7.462(7)
[111]). The net effect is a bell-shaped curve, the position of the
maximum and the shape of which will depend on the separation of the
pK, of HX and [H,OCbl]™, and the inherent value of the rate of substi-
tution of [HyOCbI]" by the incoming ligand (Fig. 30).

One of the landmark papers in the inorganic chemistry of the cobalt
corrinoids is the study by Reenstra and Jencks [737] of the reaction of
[H,0Cbl]" and CN™ across a wide pH range. It is unfortunate that KCl
was used to adjust the ionic strength. While the affinity of [H,OCbl] " for
Cl™ is low, it is not zero (K = 3.3 [331] or 1.3 [757]), and some [CICbl]
will have been present in the system. Hence, while the absolute values of
the reported rate constants are suspect, the general conclusions are
nevertheless valid.

Reactions with CN™ have proved very useful in cobalt corrinoid
chemistry because of the very high affinity of the cobalt corrinoids for
CN7, the moderately fast kinetics of the reaction making their study by
stopped flow methods (or even in some instances conventional spec-
trophotometric methods) feasible and, not least, the very distinctive
changes in the uv-vis spectrum that accompany the reactions. The re-
action of [HoOCbl]" and CN~ is first order in cyanide and first order in
Cbl, and Reenstra and Jencks rationalised the pH-dependence of the
second order rate constant for formation of [CNCbl] by proposing that
[H,0Cbl] " reacts with both HCN and CN~; that the initial product of the
reaction with HCN has the ligand bound through N, which then loses H*
and isomerises to C-bound CN~; and that [HOCDI] is inert to substitu-
tion. The reactions are summarised in Eq. 31.

k

CN™ + [H,0Cbl" % [NCCb] + H,0 (31a)
k>
HCN+ [H,0Cbl]" =2  [HCNCbI]* + H,0 (31b)
k_p
K
[HCNCbI]* = [CNCbl] + H* (310)
[CNCbI] & [Ncebl] (31d)

The observed second order rate constant, k‘z’bs is related to the
microscopic rate constants [519] by Eq. 31, where a = k4K3Ky/k_2 and
K¢, refers to the dissociation of coordinated H,O to produce
substitution-inert [HOCbI] [518].

k] k2a/[H+]

obs _ I

U I Ko ) (14 Ko/ T) (1 Ko/ )1+ Ko/ [HT) (1 /]

There are therefore two pathways to the product and the overall
observed rate constant varies with pH in the form of a skewed bell-like
curve (as in Fig. 28).

An alternative way of viewing the data is shown in Fig. 31 [519]. The
second-order rate constants are expressed as corrected rate constants in
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Fig. 31. The variation of kcor (Eq. 33), the second order rate constant for the
reaction of free [H,OCbl]™ with cyanide, corrected for the ionisation of
the reactants.

terms of the addition of CN~ and the fraction of cobalamin present as
[H,OCbl]" (Eq. 33).

kcnrr = ki)lbb(l + [H+]/KHCN )(1 + KCO/[H+] ) (33)

The plot converges to k; at high pH, where addition of CN™ to
[H,0OCbI] ™" is rate-limiting. As the pH decreases, there is an acid cata-
lysed region (addition of HCN to [HoOCbI] ™ to form the N-bound species
is rate-limiting), which converges to kaa/Kucn at low pH (where iso-
merisation of the N-bound species is rate-limiting).

If the bzm base is absent, as in diaquacobinamide, [(H20)2Cbi]2+
([DAC]2+), the situation is much more complicated as both
[(H20)>Cbil** and [(HO)(H,0)Cbi]* (pK, = 5.9 [962]) will react with
both HCN and CN™. This is considered further below.

9.1. Distinguishing between a dissociative and a dissociative interchange
mechanism

Given the steric crowding of Co(IIl) in the cobalt corrinoids, and in
particular the effect of the a, ¢ and g side chains, the “sentinel” methyl
groups at C12 and C17, and the C-19 H (Fig. 32, from the crystal
structure of [HoOCbl]" [179]) it is most unlikely that the ligand sub-
stitution reactions of a ligand coordinated in the $ coordination site of
the metal will proceed through an associative (A) mechanism which
would entail the formation of a seven-coordinate intermediate. It is also
unlikely — but less improbable - that an interchange mechanism under
associative activation (I), which would require very substantial bond
formation with the incoming ligand whilst significant bonding between

(32)

Co(IIl) and the departing ligand is retained, is operative. Simple steric
arguments would (intuitively) suggest that the reaction proceeds
through a purely dissociative (D) mechanism or an interchange mech-
anism under dissociative activation (Ig).

Thusius [889] pointed out that although stability constants vary by
at least six orders of magnitude (from K = 32 M ™! for coordination of I~
by [H20CbI] ™ to 2.2 x 10’ M ! for coordination of SO%’ for the limited
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Fig. 32. The crowded upper face of a corrin, from the crystal structure of
[H,OCbI] " [179].

series of ligands that he studied) and much more if the value for CN™ is
included, the second order rate constants ky vary only by an order of
magnitude (from 1.7 x 102M~!s™! for the reaction of [H,OCbl]* with
HSO3 to 2.3 x 103 M~ 5! for the reaction with SCN™). The compilation
of data by Poon [964] shows that equilibrium constants in fact vary by
about 11 orders of magnitude but rate constants vary by only some 2
orders of magnitude. The very low dependence of the rate of ligand
substitution on the nucleophilicity of the entering ligand suggests that
bond formation between the entering ligand and the metal plays a
relatively minor role in the transition state of the reaction, which is
dominated by dissociation of departing H,O. There is also a linear free
energy relationship between log k3 and log K with unit slope, suggestive
of a mechanism that is dissociative in nature [964]. As discussed below,
however, reliance on values of rate constants may be unwise because
very significant differences in the reactivity of two species may be
masked by compensation effects in the activation parameters, AH' and
ASh

The unusual lability of Co(III) in the cobalamins was recognised early
on [331,888,958]. Thusius seems to have been the first to point out that
this lability appears to be due to AH! which is some 45 kJ mol~* lower
than in typical Co(III) complexes [889], and a direct quote may be
appropriate: “It would appear that some property common to both the
corrin and porphyrin ring systems can dramatically alter the lability of
axial ligands, but the nature and origin of the effect remain obscure”. He
also pointed out that comparison between different Co(III) complexes
should be done with care. Thus, cobaloximes are some 107 times less
reactive than the cobalamins, but the difference here seems to be largely
a consequence of much more negative values of AS, which may be
indicative of a mechanism which is more associative in nature.

The anation of aquapentaamminecobalt(IlI) complexes is well-
established to proceed by an I mechanism [965], and indeed an Iy
mechanism appears to be the predominant mechanism of ligand sub-
stitution reaction in octahedral complexes of the metal ions of the later
first transition series. So the early view was that the ligand substitution
reactions of Co(III) in the corrinoids proceeded through a D mechanism,
although it was pointed out [888] that since substitution of HyO in
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[H,OCbl]" by imidazole was significantly slower than by N3 and NCO ™,
the reaction rate was unlikely to depend solely on the rate of unim-
olecular release of H,O from the metal ion.

Reenstra and Jencks [737] advanced convincing reasons why a D
mechanism in a coordinating solvent such as water is unlikely. Their
elegant analysis is worth a brief reiteration (Scheme 33; only axial li-
gands are shown and charges are omitted for clarity. In the scheme, Z
replaces HyO trans to X). As already mentioned, the presence of Cl™ in
their system (from the use of KCI to adjust ionic strength) makes the
absolute values suspect but does not invalidate the overall conclusions.

The formation of the product [XCoZ] will normally proceed through
the intermediate 1 in Scheme 33 which is formed either through the
initial dissociation of HyO, producing a species where departing H»O is
in the outer coordination sphere (red pathway in Scheme 33), followed
by uptake of Z, or through the formation of an outer sphere complex
with Z in an interchange mechanism (green pathway) in which bond
formation to Z may be significant as bond breaking to departing H,O
occurs (an I mechanism), or bond breaking between the metal and
departing Hy0 occurs to a significant extent before bond formation to Z
begins (an Iy mechanism). If there is incontrovertible experimental ev-
idence for a seven coordinate intermediate (blue pathway) then the
mechanism is an associative mechanism, A. No such evidence has been
found to date in cobamide chemistry.

As mentioned above, in a sterically crowded environment with a
relatively rigid equatorial ligand as in the cobalt corrinoids, an A
mechanism is unlikely. Whether a D or an I mechanism is operative then
depends on the lifetime of 1. If 1 adds water faster than Z diffuses away
(i.e., k; > k) then the pathway for reverting of 1 to reactants must
proceed through the outer sphere complex [XCo(—OH))(:--Z)] and
therefore based on the principle of microscopic reversibility, the same
pathway must be the lowest energy route for the formation of 1.

If a D mechanism is operative, yet the reaction is second order and
the rate constants vary by several orders of magnitude, then k, must be
smaller than k_,, but k; and k_; must be larger than k; in order to
maintain second order kinetics. This requires the metal to have a low
selectivity as HyO is not a particularly reactive ligand towards metal
ions. A higher selectivity would mean that addition of Z and HoO would
become competitive and the reaction would no longer be second order.
Such a mechanism in a coordinating solvent is unlikely to occur. In a
non-coordinating solvent, the lifetime of the pentacoordinate interme-
diate may be long enough to permit diffusion of the departing ligand
away before entry of the incoming ligand, favouring a D mechanism.
This is found, for example, for alkylcobaloximes in chloromethane
where the rate of ligand exchange is insensitive to the identity of the
entering ligand [966].

Of course, there is no clear distinction between an I, and an Ig
mechanism; they form a continuum between a pure D and a pure A
mechanism, and depend on the extent of participation of Z in the for-
mation of 1, i.e., the extent of participation of the incoming ligand in the
transition state between reactants and products.

There is another way of distinguishing between a D and an I mech-
anism. In general terms, for a reaction in which Y in an octahedral (or
pseudo octahedral) complex, LsMY, is replaced by Z, and where the
reaction proceeds through a D mechanism, the elementary steps of the
reaction are shown in Eq. 34.

k
LMY 2 LM+Y (34a)
k-
LM+Z S LMz (34b)
It is then readily shown that Eq. 35 applies.
d[P]  kik[LsMY][Z
dlP] _ kk[LMY]Z) 35

at kY] +k(Z]

In the case of an interchange mechanism, the elementary steps may



H.M. Marques Journal of Inorganic Biochemistry 242 (2023) 112154
ki
XCo—OH, XCo- - OH, D
k.1
Ke, Z ka || kaZ
I
K k i fast
W e X00Z —2 s XCo e Ro—Z
N ~ -
OH, Kk g bty T8
kq
§§g§
74
k. XCo
3 " o H2 A

Scheme 33. Possible routes to the substitution of H,O in a Co(IIl) corrinoid by an incoming ligand, Z, trans to X.

be written as in Eq. 36 where Kg is the equilibrium constant for for-
mation of the encounter complex (LsMY,Z) in which the entering ligand
Z is in the outer coordination sphere.

LMY 1 Z2 (L;MY, Z) (362)
(LsMY,Z) 5 (LsMZ,Y) (36b)
(LsMZ,Y) % LMz + Y (360)
Eq. 37 then follows.
d[P] _ kKg[LsMY][Z]
dt 1+ KgZ] 87)
Since %’] = kobs|LsMY][Z] and if, as is usually the case in cobalt cor-

rinoid chemistry, [Z] > > [LsMY], under pseudo first-order conditions,
Eq. 38 is applicable, where k’ops = kops[Z].

Pl _ LMY

dt (38

The microscopic and macroscopic rate constants can then be related.
For simplicity, suppose Y=Hy0 and the reaction is carried out in
aqueous solution so that [Y] is invariant. Then for a D mechanism, Eq. 39
applies, while for an I mechanism, the applicable equation is Eq. 40.

kiky[Z]

K ops = kops[Z] = ——2 39a

b wlZ] ki + k(2] (392)
lim K gps = kikaZ] (39b)
[Z]-0 k_y
lim ks = ky (39¢)
[Z]-e

kK g[Z]

Kops = ———— 40a

™ T4 K [Z) (402
lim kg = kK [Z) (40b)
[Z]-0
lim K ops = k (40¢c)
[Z] >0

Hence if a D mechanism is operating, the saturating rate constant is
the rate for the dissociation of Y from the coordination sphere and this
must be strictly independent of the entering group. For an I mechanism,
the saturating rate constant is the rate of interchange of Y and Z and will
depend on the nature of Z (Fig. 33). Therefore, even if there is no direct
experimental evidence for the existence of a five coordinate intermedi-
ate, which would be incontrovertible proof for a D mechanism, a D and
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an I mechanism can be distinguished provided saturation kinetics are
observed. In the absence of such definitive proof, it is probably
reasonable to assume an interchange mechanism. Of course, the un-
derlying assumption is that the same mechanism is operative for all li-
gands in a particular study — and that may or may not be the case.
Conclusive evidence for the operation of an Iy mechanism in the
substitution of Hy0 in [H,OCbl]" was provided by Meier and van Eldik
[967,968] when they showed that the rate of reaction of [HoOCbI]]™
with pyridine reaches a saturating value of 34(7) s Lin aqueous solution
(25°C, u=0.1M, NaClO4) whereas no saturation is observed with
stronger nucleophiles such as thiourea and dimethylthiourea. Saturation
effects with other ligands (imidazole, 33 s™1; hydroxylamine, 8.357%;
pyridine, 8.2 s L 4-methylpyridine, 6.2 s~%: histamine, 2.3s7%; and
methylglycinate, 1.1 s~1) had been observed before [960], but the use of
KCl as ionic strength adjustor, which will inevitably lead to the forma-
tion of some [CICbl] in solution (K=3.3 [331] or 1.3 [757]), compro-
mises the reliability of the data [969]. The values of AV* for the
substitution of H,O by a series of ligands (in cm® mol™': pyridine, 9(1)
[967]; 4-methylpyridine, 8.2(5) [970]; 3-acetylpyridine, 10(1); thio-
urea, 9.9(9) [968]; dimethylthiourea, 7(1) [968]; I’l, 5.5(8) [889,971];
SgO%’, 6.0(8) [889]; N3, 6.9(3) [972]; HN3, 9.4(8) [972]) are all posi-
tive, rather similar, and significantly smaller than values for ligand
substitutions on the Co(III) porphyrin complexes [Co(TMPP)(HZO)Z]5+
and [Co(TPPS)(H20)2]3’, which proceed through a limiting D mecha-
nism (14(4) and 15.4(6) cm® mol’l, respectively [973,974]). This is as
expected for an interchange mechanism under dissociative activation
where the most significant event in the rate determining step is cleavage
of the Co—OH; bond. An Iy mechanism persists even if H,O is replaced

Dissociative Mechanism

Interchange Mechanism

obs

kika/k-
kKE

[Z]

Fig. 33. The dependence of the pseudo first order rate constant, kops’, on [Z]
for the reaction LsMY + Z = LsMZ + Y.
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by a bulkier I" ligand [772].

There is other, albeit indirect, evidence against a limiting D mech-
anism. For example, the transition state for substitution of H,O in
[Ho0Cbl]™ by incoming Z = CN™ is some 25 kJ mol ! more stable than
when Z = HCN [519]; the rate at which H,0 in [H,OCbl] " is replaced by
Z = a substituted imidazole increases with the basicity — and hence the
nucleophilicity — of incoming Z [847]; and the activation parameters for
substitution of Hy0 in [HoOCbl]™ by small neutral and anionic ligands
varies with the ligand (Table 18). Saturating rate constants (see Fig. 29)
were found for substitution of Hy0 in aquahydroxocobinamide, [(H20)
(OH)Cbi™]. The activation parameters show a strong dependence on the
nature of the incoming ligand which means the saturating rate constant
cannot be due to unimolecular dissociation of HoO from the metal
(Table 19).

There is a compensation effect between values of AH' and AS? [980];
an increase in AH', making the reaction enthalpically less favourable, is
compensated by an increase in AS', and the reaction becomes entropi-
cally more favourable. This is discussed further below. Therefore, the
similarity in rate constants determined at a single temperature cannot be
used as the basis of assigning a limiting D mechanism to the reaction, as
was originally proposed [889,964].

In aqueous solutions in which salts of non-coordinating anions such
as ClOz or NO3 have been used to adjust the ionic strength, saturation
behaviour (see Fig. 29) is usually not observed; hence the only infor-
mation generally available is a second order rate constant, ko, which, for
an I mechanism, corresponds to kKg (Fig. 29). If one assumes that K,
the equilibrium constant for formation of the outer sphere complex, does
not change significantly whether the cobalamin is present strictly as the
aqua complex, or whether there is some [CICbl] present so that satu-
ration behaviour is observed, then it is possible to determine Kg from a
plot of ky/[Z] against ky [960]. Values of Kg for a wide range of ligands
including substituted pyridines, NH2OH, methyl glycinate, imidazole
and a number of anions are available [969] and range between 0.2 and
42M7L.

Another example of a kinetic trans effect in cobamide chemistry
comes from the thermolysis of the Co—C bond of an alkylcobalamin,
which leads to its homolytic cleavage [981]. The reaction is faster in the
presence of oxygen as the oxidation of the metal to Co(III) competes
effectively with radical recombination [982]. The results of a study of
the rate of homolysis of p-X-benzylcobalamins are summarised in
Table 20 [982]. The rate of the homolysis reaction is virtually inde-
pendent of the identity of the alkyl ligand. What is very evident is the
very marked difference in the kinetic trans effect of bzm and H3O.

The presence of two readily available coordination sites on dia-
quacobinamide, [DAC]?", which exists is solution as the diaqua, aqua-
hydroxo or dihydroxo complex, depending on pH (pK,s =5.9 and 10.2
[961]), with a reactant that itself has multiple protonation states can
lead to complex kinetics. A good example [522] is that of the reaction of
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[DAC]**with HyS (pKas = 7.04 and 11.96 [983]).

Coordinated OH™ in aquahydroxocobinamide, [AHCbi]", and in
dihydroxocobinamide, [DACbi], is substitution-inert [961,962].
[DAC]?" reacts with two equivalents of HyS to sequentially produce
[(HS)(H,0)Cbi]" and [(HS)2Cbi] (Scheme 34, adapted from [522]). The
value of pKj,2 is >10.5, the limit of the pH range of the study.

Coordinated HS™ in [(HS)(H,0)Cbi]™ reduces Co(III) to Co(Il) to
form [HS*Cbi(I1)]" which deprotonates (pK, = 5.2(6)) to produce [SCbl
(ID]. This species reacts further with H,S, as well as HS™, to form
[HSSCbi(ID)] (Scheme 35, adapted from [522]).

The complexity of the system required several assumptions to be
made, and the fitting of multi-parameter expressions to the experimental
data, determined as a function of temperature and pH. This inevitably
resulted in significant uncertainty in the activation parameters. Never-
theless, the results (summarised in Table 21) give a clear indication of
the validity of the proposed mechanism (Schemes 34 and 35) and the
conclusions that follow.

The reaction of [DAC]2+ with HyS depends on the concentration of
H,S. At low concentrations, one equivalent reacts with [DAC] 2+ to form
[HSCbi]™; at higher concentrations, a second equivalent reacts to form
[(HS)2Cbi] (Scheme 34). HS™ reacts faster than H,S, and [DAC]ZJr is
more labile than [AHC]* towards anionic HS™. The values of AS" for the
reverse reactions (k_1, k_4, k_s) tend to be positive, indicative of a re-
actions under dissociative activation. Those for the forward reactions
are either indistinguishable from zero within the uncertainty in the
experimental values (k4), somewhat negative (k;) or strongly positive
(ks) suggesting (k4, k1) an interchange mechanism is operative, while
substitution of HyO by HS™ trans to HS™ would appear to be a disso-
ciative process, consonant with the strong trans effect of HS™.

Coordinated HS™ reduces Co(IIl) to Co(II) to form the long-lived
radical intermediate [(HS)°Cbi(II)]T (which equilibrates with its
deprotonated form [S*Cbi(II)] (pKas = 5.2(6)). H2O is released from the
coordination sphere in the process, as reflected by positive value of AV,
The formation of the radical intermediate, however, is hindered by the
formation of [(HS),Cbi]. [(HS)*Cbi(II)] and [S°Cbi(II)] react with H»S
and with HS™ to form [(HSS) *Cbi(I)], the reactions with HyS (k7, ko)
being slower than with HS™ (kg, k10).

9.2. The influence of the corrin ring and the Cis effect

A notable feature of the corrin macrocycle is its effect on the rate of
the ligand substitution reactions on Co(III). Low spin Co(III), along with
Cr(ID), is the quintessential kinetically inert metal ion from the first row
of the d block because of the high ligand field contribution to the acti-
vation energy [984,985]. Yet in the cobalt corrinoids Co(III) undergoes
ligand substitution reactions that are relatively fast. This suggests that
the corrin macrocycle imparts significant lability to the metal ion,
perhaps conferring on it some measure of Co(II)-like character. Indeed,

Table 18

Activation parameters from the temperature dependence of the second order rate constants for the substitution of H,O in [H,OCbl]" by incoming Z.*
zZ AH! AS? Ref Z AH! AS! Ref

/kJ mol ! /JK 1 mol ™! /kJ mol ? /JK 1 mol ™!

NH3 77.0(4) 27(1) [975] NH;Me 81(2) 46(7) [975]
NH,OH 72.0(5) 21(2) [975] NH,CH,CO,Me 66(2) -21(6) [975]
NH,CH,CH(OH)CH,OH 60(1) —44(4) [975] NH,(CH5)>OH 59.7(3) —46(1) [975]
NH,(CH;)30H 68.3(6) —15(2) [975] NHEt 64(2) —21(7) [975]
Aspartate 99(2) 27(6) [976] Asparagine 97(2) 43(6) [976]
Glutamate 100(2) 30(6) [976] Glutamine 103(2) 53(6) [976]
NH,Pr 65(1) —21(4) [975] SCN™ 63(1) 26(4) [977]
$,03" 68.5(7) 23(2) [977] NO3 67(1) 26(3) [977]
S0%~ 79.9(5) 33(1) [977] HSO3 67.2(4) 20(1) [977]
CN™ 52(1) —25(4) [519] HCN 72(2) 50(1) [519]
N3 65.9(7) 28(2) [978] HN3 70(1) 27(4) [978]
N3? 65(2) 30(5) [979] [Fe(IN)(CN)sNO]%~ b 56(2) 10(8) [979]
[Fe(II)(CN)6]* ¢ 84(5) 101(16) [979] [Fe(III)(CN)s(OH)]> ¢ 88(15) 119(49) [979]

Values of AV (em® mol™): 2 6.9(2); © 8.9(5); © 16(1); 4 8.2(8)
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Table 19
Activation parameters from the temperature dependence of the saturating rate constant® the substitution of H,0 in [(H,0)(OH)Cbi] " by incoming z.b
zZ AH* ASt Z AH' AS?
/kJ mol ™! /JK ' mol ™ /kJ mol ™ /JK~ ' mol ™
CN™ 53.009) 9(3) N3 45(2) —14(6)
pyridine 81(4) 106(13) N-methylimidazole 79(5) 106(18)

3See Fig. 29. PAll data from [961].

Table 20

Activation parameters and interpolated rate constants (aqueous aerobic solu-
tion, 25°C) for the thermolysis of para-substituted benzylcobalamins and
cobinamides.

X axial ligand AH* /kJmol ! ASt /JK Tmol ! ky /st

H bzm 90(1) 10(4) 2.59x 1073
Me bzm 93(2) 18(7) 2.44 x 1073
MeO bzm 98(3) 32(8) 2.11x1072
Br bzm 98(2) 34(7) 2.18x1073
~0,C bzm 105(2) 54(7) 1.85x 1072
H H,0 120(5) 60(17) 9.50 x 10°°
Me H,0 114(6) 42(20) 1.16 x10°°

the problem of assigning a formal oxidation state to a metal ion in a
complex with ligands that have a delocalised electronic structure has
long been recognized [986-988]. Some second order rate constant for
the substitution of X by L trans to Y in Co(III) systems with four N-donor
equatorial ligands (N4) are given in Table 22.

In almost all cases substitution occurs faster on Co(IIl) in a corrin
than in cobaloxime, porphyrin, tetrammine or bisethylenediamine sys-
tems. (The one exception is where L. =NO; for reasons that are not
obvious). The ratio kimin /kN+varies from 7.6 x 10® to 6.5 x 102 for
N4 = (NHj3)4, (en); and BQDIy; 10° for N4 = porphyrin; and between 114
and 2 for N4 = cobaloxime.

It is clear that the corrin is responsible for imparting on Co(IIl) the
unusual lability of the cobalt corrinoids. There are two immediately
obvious ways of verifying this. The first is to compare the kinetics of
ligand substitution reactions in corrins and other N4 macrocycles such as
porphyrins and corroles, or pseudo macrocycles such as the cobalox-
imes, expanding the data of Table 22. The second is to modify the
electronic and structural properties of the corrin and see what effect this
has on the kinetics of the ligand substitution reactions on Co(III). These

cis effects have received less attention than the trans effect in cobalt
corrinoid chemistry.

Saturation kinetics have been observed in the reaction of the diaqua-
Co(IIDhematoporphyrin, [(H20)2Co(HP)]", with SCN™ (pH7.2) and
with CN™ (pH 13) [988]. Since the pK, of [(Hy0)2Co(HP)]™ is 10.5
[988], the reaction with SCN™ was for substitution of HO trans to HoO
and the reaction with CN~ was for substitution of H,O trans to OH ™.
Although the authors interpreted the data in terms of a D mechanism,
they provided no definitive proof of the existence of a five coordinate
intermediate. In the absence of such evidence, it is reasonable to
conclude that the rate constant at low ligand concentrations, ks, corre-
sponds to kKg of an interchange mechanism (Fig. 33), whereas the
saturating rate constant corresponds to k, the rate constant for the
interchange of HoO and the entering ligand. The substitution of HoO
trans to H,O by SCN™ has kp =1.85 x 10°M s landk=17.4 s’l; for
substitution of HyO trans to OH by CN~, ky=65 M~ ts! and
k=11s"1

The rate of substitution of H,O by SCN™ in [H,0CbI1™" (i.e., trans to
bzm) is of the same order of magnitude as for the porphyrin system
(between 1.319(5) x 103M's™! with y=2.2M (KNO3) [969] and
7.1 x 10°M ' s~! with u=0.054 M [958]), but saturating kinetics (i.e.,
a value of k) was not observed. The substitution of HoO by SCN™ trans to
H,0 appears not to have been reported.

As mentioned before, the absence of the bzm ligand, as in dia-
quacobinamide, [(H20),Cbi]?>* ([DAC]?"), complicates matters. Both
[DAC]* (pK,=5.9 [962]) and aquahydroxocobinamide [(HO)(H20)
Cbil" ([AHC]™) will react with both HCN and CN~; OH™ is inert to
substitution, but displacement of H,O by CN~ in [AHC]" will lead to
protonation of OH™ trans to CN™ (pK, of [AHC]™ =11.0 [331]); and the
two diastereomers of [DAC]%>" and [AHC]" may well react at different
rates. The kinetics have been examined between pH 4.5 and 12.0 [962],
but no attempt appears to have been made to derive microscopic rate

oH, —1** OH, — 1" OH'
| OKa1 | PKao |
—C y [ F—C ¥ [ !
OH, + OH" OH"
pKa3
HyS HS’
H+
k_1, k_2 k_3, k_4 Flg131
k1, ko K3, Ky
] ) + ks )
i Pl [
! — (| m— — ! m—
K
| PRaa | HS |

OH- OH;

ks SH-

Scheme 34. The reaction of [DAC]?** and [AHC]* with H,S and HS™. (Adapted from [522].)
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S SH | S
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_COHI_ - —COII_ _CO”—
[Tk
OH, ¥
pKa3 B
H,S HS
H+
k7. kg kg, K0
k7. kg kg, k10

:T,SH-

—Co"—

Scheme 35. The reduction of Co(Ill) to Co(I) by coordinated HS™ in [(HS)(H,0)Cbi]™ (see Scheme 34) and its subsequent reaction with H,S/HS™. (Adapted
from [522].)

Table 21
Activation parameters and rate constants for the reaction of [DAC]?** and [AHC]* with H,S and HS™ (Schemes 34 and 35).

PKas

PKas 7.3(1) PKaa 10.0(1) PKas 5.2(6)

Activation parameters and second order rate constants (25 °C)?

Rate constant AH*/kJ mol ! AS*/JK 'mol ! AV*/em®mol ! k(@25°C)M1s7?!

k1 46(4) —-26(12) 2.4 x10°

k_q 85(4) 59(12) 9.5

k4 58(8) 26(24) 1x10*

k_4 100(11) 124(34) 55

ks 109(12) 158(36) ¢ 87

kP 82(6) 42(20) 4
90(1) 65(3) 3

K8 72(6) -8(28) 22(1) 0.6
108(10) 110(30) 0.4

Ko 28(4) —~155(12) 0.6
77(1) ¢ 11(3) 0.2

Observed first order rate constants (/s )¢

ks 0.07(5)

K's 0.49

ko 0.29

k10 1.77(3)

AInterpolated from values of AH'and AS. Several errors in the text ([522]) have been corrected. PDetermined by two different methods. “Incorrectly given as —158(36)
M !s!in the publication. d Incorrectly given as 7(1) kJ mol ! in the publication. ¢ 25 °C, pH 4.0 to 10.5; [Cbil¢ota1 = 50 pM; [HaSltota1 = 6.25 mM.

constants from the data, no doubt because of the complexity of the the faster and the slower phase were 2.2 x 10°M's7! and
system. We have attempted to fit the kinetic data, but without success, as 4.2 x102M~'s7!, respectively. Correcting for the fraction of inert
the variables (i.e., the rate constants and pK, values) are heavily cross- dihydroxocobinamide, [(OH),Cbi], (the pK, of [AHC]' is 10.3+0.2
correlated. [962]) then leads to ko =1.2 x 10°M s and 2.2 x 10*M s~ for
Terphasic kinetics were observed between pH 5 and 7, and biphasic the two phases observed, or at least two orders of magnitude faster than
kinetics (i.e., the fastest phase presumably occurred within the dead for a porphyrin. Although saturating kinetics for this system have been
time of the stopped flow spectrometer used) between pH 7 and 12. The observed [961], with k =9.6(6) x 10° s’l, or nearly three orders of
existence of multiphasic kinetics was attributed to the presence of magnitude faster than for the porphyrin system, the use of KCl to adjust
different isomers in solution, depending on the hydrogen bonding be- ionic strength to 1.0 M makes the actual value suspect.
tween the side chains of the corrin and the axial ligands, but no The reaction of [(HgO)ngi]2+ and I has also been studied [962].
convincing evidence was presented for this supposition. It is likely that The pH-dependence of the rate of substitution of HoO by I" could not be
the fastest phase (which produced relatively small changes in the uv-vis explained, and the authors suggest that ion pairing may be a factor, but
spectrum) was due to the formation of an outer sphere complex between made no attempt to resolve the issue; the results are unreliable as it is
the cobamide and the incoming ligand. Ligand exchange with coordi- unclear what reaction was monitored. The reaction of I at pH 1 and 2 (i.
nated H,O then proceeded at different rates for the substitution of the e, where the only cobalt species is [(H20)2Cbi] 2hy produced results that,
and f ligands, with the more sterically hindered « face presumably un- as expected, are within experimental error independent of pH; the two
dergoing ligand substitution more slowly. At pH 12.01 (the highest pH rate constants, 2.2(3) x 103M's7! and 2.7(4) x 10>°M~!s™! are pre-
value of the study) the only reaction of consequence will be substitution sumably for the substitution of H,O by I" on each of the two faces of the

of HO trans to OH™ in [AHC]™ by CN™. The observed rate constants for corrin (but see below).
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Table 22

Second order rate constants for substitution of ligand X trans to Y by incoming L in some Co(III) complexes.?
Equatorial ligand L X Y K28/ M st Kgorin /e B Ref
Corrin SCN™ H,O H,0 8.20 x 102 [989]
(NH3)4 SCN™ H,0 H,0 8.60 x 1077 [990]
(NH3)4 SCN H,0 NH;3 1.30x10°° 7.6 x 10° [804]
Corrin CN™ Me H,0 very fast © [991]
(en)y CN™ Me H,0 198 [991]
cobaloxime CN~ Me H,0 14 2x107 [992]
Corrin im H,O bzm 212 [847]
(0-BQDI), © im PPh, - 9.50 x 10~* 2.2 x 10° [993]
Corrin MeGly H,0 bzm 1.3 [975]
(NH3)4 Gly H,0 NH;3 2.00x1073 6.5 x 107 [994]
Corrin NO3 H,0 bzm 4.50 x 102 [995]
(NH3)4 NO3 H,0 NH3 8.00 x 10° 0.06 [531]
Corrin I H,O H,O 2.20 x 10° [989]
Corrin I H,0 bzm 1.40 x 10° [915]
(4-N-Methyl-pyridyl)porphyrin I~ H,0 H,0 1.62 1.1x10°% [996]
Corrin histam® H,0 bzm 1.14 [847]
Cobaloxime histam® H,0 CH,Cl 0.01 114 [997]
Corrin H,0 thiourea bzm 154 [916]
Cobaloxime H,0 thiourea CH3 24 8 [916]
Corrin histam™ H,0 bzm 7.5 [8471
Cobaloxime histam™ H,0 CH,Cl 2.58 3 [997]
Corrin thiourea H,0 bzm 223 [916]
Cobaloxime thiourea H,0 CH3 113 2 [916]

2 Abbreviations: cobaloxime, bis(dimethylglyoximato); bzm, 5,6-dimethylbenzimidazole; histam® and histam™, neutral and cationic histamine with neutral and
protonated pendant amino groups, respectively; im, imidazole. ° Ratio of ky for corrin to ky for an N, equatorial system at 298 K. € Reaction too fast to measure by
stopped flow methods. Assuming a typical instrument dead time of 2 ms, this suggests t; 5 < 2 ms or kops > 10°s~1. Assuming [(H,0)(CN)Cbil* = 50 pM, this requires

[CN™] > 500 puM for pseudo first order conditions, or kj > 2 x 10°Mts L d Aquation rate constant, s™ .

¢ o-benzosemiquinondiiime,

There are limited data for the hydrolysis of cobalt corrinoids so direct
comparison with other Co(III) macrocyclic complexes is difficult, not
least because of different trans ligands. Nevertheless, is may be noted
that the rate of hydrolysis of [BrCbl] (Br~ trans to bzm), 5.90 x 10%s7!
[889], is considerably faster than hydrolysis of [BryCo(teta)]™ (i.e., Br~
trans Br™; teta=5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclote-
tradecane), 3.8 x 102s7! [998], although the rate of hydrolysis of
[SCNGbI] (1.8s57! [958]) is very similar to that of hydrolysis of
[(SCN)5Co(teta)]™ (1.5 s~1 [998]). Poon pointed out that cyanide and
chloride have very similar trans labilising effects in cyclam complexes
(cyclam = 1,4,8,11-tetra-azacyclo-tetradecane) [964]; it may therefore
be reasonable to compare the rate constant of aquation (substitution of
NHs) of trans-[Co(cyclam)CI(NH3)]?", kaq=4.6 x 107151 (25°C)
[999] and [(NH3)(CN)Cbi] ™, kaq>0.3 st [625], indicating the nearly
10 orders of magnitude greater reactivity of the corrinoid complex.

Further evidence for the lability imparted on Co(III) compared to
other N4 equatorial donor systems is given in Table 2.3.

Direct evidence of the cis effect of the corrin ligand can be obtained
by perturbing the electronic structure of the corrin. Replacing the C10H
by electron-withdrawing NO in 10-nitrosoaquacobalamin completely
deactivates the metal ion towards ligand substitution by 1.2 M pyridine
(no observable reaction after 72h, 1.2 M pyridine) or 0.7 M N3 [772].

The replacement of the C10H by Cl [856] to form [H,0-10CICb1]*
(Table 24) and by Br to form [H20-10BrCbl] " [231] (Table 25) results in
a decrease in the rate of HyO substitution by an incoming ligand, Z.

Saturating kinetics were observed for the reaction of [HoO-
10CICbl]* with pyridine but not with N3, indicative that an interchange
mechanism is operative. Both AH! and AS' values are more positive for
the reactions between these ligands and [H,0Cbl]™ than for the re-
actions with [H,0-10CICbl] ", which suggests that the transition state in
the latter occurs earlier along the reaction coordinate than the former.
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Table 23

Second order rate constants for substitution of Y trans to X in X—COHI(N4)—Y
systems by entering Z.

Equatorial ligand Y VA X ko/ Ref
M-1ls!
corrin H0 I” H,0 2.2x10° [989]
(4-N-methyl-pyridyl)- H0 I° H,0 1.62 [996]
porphyrin
corrin H,0 SCN™ H,0 8.2 x 10? [989]
(NH3)4 H,0  SCN- H,0 8.6x1077  [990]
corrin Me CN™ H,0 very fast [991]
(en)y Me CN™ H,0 198 [991]
cobaloxime Me CN™ H,0 14 [992]
corrin H0 imidazole bzm 212 [847]
(o-benzosemi- PPhs imidazole none 9.5x 1074 [993]
quinonediiminato),
corrin H,O0  histamine’  bzm 1.14 [847]
cobaloxime H,0 histamine® CH,Cl  0.01 [997]
corrin H,0 histamine™  bzm 7.5 [847]1
cobaloxime H,0 histamine CH,Cl 258 [997]

Single point semi-empirical MO calculations (RHF, ZINDO/1) showed
that as the Co—OHj;, bond length is increased, the charge density on Co
in [Hy0-10CICbI]" is always more positive than in [HoOCbl]"; the
former is therefore the better electrophile towards the incoming ligand,
rationalising the observed kinetics results.

The results for [Hy0-10BrCbl] ™ are similar. Replacement of C10H
with Br results in slower substitution reactions that are a consequence of
smaller values of AH but which do not compensate for more negative
values of AS', again indicative of an earlier transition state. That the
transition state occurs earlier along the reaction coordinate of the re-
action with the 10-Cl and 10-Br derivatives than with [HoOCbl]* was
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Table 24
Kinetics data for the substitution of H,O in [H,OCbl]* and [H,0-10CICbl]*.
Z=py Z=N3
k AH* AS* k AH* AS*
/sta /kJ mol ! /IK 'mol™! /s71P /kJ mol ! /IK 1mol™?
[H,0Cbl"]® 16.8 80(2) 47(8) 15.7 x 10° 92(2) 125(8)
[H,0CbI "] d 28.0 85(3) 68(10)
[H,0-10CICbI "] © 3.8 70(1) 1(4) 8.0 x 102 74(1) 58(5)

4Saturating rate constant for interchange of py and H,O in an I3 mechanism (see Fig. 33). PEstimated from the values of kKg; for Kg, AH=—24kJmol ! and
AS=-90JK 'mol ! [980]. ¢ p=2.2M [856],. 4 4 =0.5M [967]. AH' =73(3) jkJ mol "}, AS'=21(11) J K 'mol !, and k, =12.5M 's~! AH'=73(3) jkJ mol ?,

AS'=21(11) JK 'mol™}, and k, =12.5M 's7 1,

Table 25
Kinetics data for the substitution of H,O in [H,OCbl]* and [H,0-10BrCbl]". (Data from [231] unless otherwise indicated.)
Z = imidazole Z=N3
k2(25°C)° AH* AS* o ka AH* AS* o
M ls! /kJ mol~! /JK 'mol ! T M 1s! /kJ mol ! /JK 'mol ! T
[H,0CblT]> © 24.9 82(2) 57(8) [960] 4.47 x 10% 68(2) 34(8) [969]
[H,0-10BrCbl]* 6.4 66(4) —8(15) 3.62 x 10% 54(5) -13(17) d

2Second order rate constant k. No saturation behaviour observed. b/l =1.0 M. For Z = N-methylimidazole, AH'=73(3) jkJ mol’l, AST=21(11) JK! mol’l, and
ko =12.5M 57! [890]. YReverse reaction: AH' = 89(5) kJ mol !, AS' =20(17) J K ' mol !, and k,=1.7s .

suggested to be a consequence of the lower charge density on the metal
in the 10-Cl and 10-Br derivatives, making them better electrophiles
both towards the incoming and the departing ligand.

The rate constants and activation parameters for the substitution of
H,0 by CN™ in aquacyanocobester ([ACCbs]™) and aquacyano-stable
yellow cobester ([ACSYCbs] *, see Fig. 27) (which exist in aqueous so-
lution as an equilibrium mixture of the a-cyano,f-aqua and a-aqua,f-
cyano diastereomers) have been determined using stopped-flow spec-
trophotometry [892]. Biphasic kinetics were observed, and the results
are summarised in Table 26.

The two rate constants could correspond to the reactions of the two
diastereomers with entering CN™. However, the reaction of the two di-
astereomers of aquacyanocobinamide ([ACCbi]") with CN~
(ko =2.1 x 10°M's™') [1000] and the reaction of aqua-
hydroxocobinamide ([AHCbi]") with CN~, N3, pyridine, N-methyl-
imidazole and 3-aminopropan-1-ol gave only monophasic kinetics
[961]. Only in the case of the reaction of aquacyanocobyrinic acid (with
all amide side chains hydrolysed) were biphasic kinetics observed by
Zelder and co-workers, with ko, =1.56(4) x 10* and 4.22(5) x 10° and
M! s’l; this was assumed to be due to the reaction of the two di-
astereomers [1001].

In a subsequent study, the same group [108] were able to produce
diastereomerically pure aquacyano corrinoids and measure the kinetics
of substitution of H,O by CN™. The results obtained are summarised in
Table 27.

Perhaps surprisingly, substitution of HyO on the a face of the corrin
proceeds over five times faster than on the sterically less hindered f face,
with a significant difference of some 5kJmol ! in the value of AHF,
indicative of more significant bonding between the metal and the
incoming CN~ ligand. There is no statistically significant difference in
the values of AS'. The slower reaction of CN~ with the cobester con-
taining a ¢ side chain monocarboxylic acid was tentatively attributed to
the effects of hydrogen bonding with the H,O on the j face of the corrin,

Table 27
Kinetics data for the reaction of cyanide with diasteromerically pure aquacyano
corrinoids.

AH* /kJmol ! AS* /JK mol ™! ko /M 1571
[(5-H20,a-CN)Cbi] ™ 58(1) 50(1) 1.73 x 10°
[(5-CN,a-H,0)Cbi] 53(1) 47(5) 9.09 x 10°
[($-H20,a-CN)Cbs-cCA] * 51(1) 19(1) 7.03 x 10*

ACobester with all side chain terminating in —OCH3 except for the ¢ side chain,
which is a carboxylic acid.

perhaps stabilising the bonding between Co(III) and H»0, and conferring
on the reaction a more associative character as reflected in the signifi-
cantly less positive value of AS.

[AHCbs]™ reacts with CN™ (pH 9.0) with a change in absorbance at
367 nm which very nearly — but not quite — conformed to a single-
exponential process [892]. The absorbance changes could not be fitted
to a double-exponential because of the high cross-correlation of the
variables. Clearly the two diastereomers of [AHCbs]" react at very
similar rates, with ky =5.3(5) x 103M1s! at 25°C, identical to the
value of 5.39 x 103M!s™! of the slower phase of the reaction of
[ACCbs]T with CN™ (Table 26). There is evidence (spectroscopic and
chromatographic) that dicyanocobester ([DCCbs]) and dicyano stable
yellow cobester ([DCSYCbs]) are present in aqueous solutions of
[ACCbs]T and [ACSYCbs]™ [892]. An analogous observation has been
made about solutions of aquacyanocobinamide ([ACCbi]*) [989]. It is
therefore likely [ACCbs]™ and [ACSYCbs]™ (and indeed [ACCbi] ™) exist
in solution as an equilibrium mixture of the aquahydroxo, the aqua-
cyano and the dicyano complexes. Given that CN™ has a greater trans
effect than OH™ and that the slower phase of the reaction of [ACCbs]™
with CN™ is identical to that of [AHCbs]™ with CN, it was reasonably
concluded that the k5 values in Table 26 are for substitution of H,O by
CN~ trans to CN~, and k¥ for substitution of H,O by CN™ trans to OH™.

Table 26
Kinetics data for the substitution of H,O in [ACCbs]* and [ACSYCbs]* by CN .
AH' /kJ mol ™! AS' /JK ' mol ™! Ky /M tsT! AH' /kJ mol ™ AS' /JK ' mol™? Kb /mtst
[ACCbs] 46(3) —-2(9) 4.23 x 10* 52(7) 1(24) 5.39 x 10°
[ACSYCbs] 57(6) 29(3) 2.08 x 10* 72(5) 50(18) 6.10 x 10?

3For the faster of the two reactions observed. °For the slower of the two reactions. The values of k are interpolated from the activation parameters.
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The value of of kIZ at 25 °C for the reaction of CN~ with [ACCbs] ™ is
just over twice that for its reaction with [ACSYCbs]'. The apparent
similarity requires careful consideration, however. There is a compen-
sation effect between the values of AH! and AS' (as AH' decreases, AS'
increases). As noted above, kb = kKg, where, in an Iy mechanism k is the
rate constant for interchange between CN™ and HyO and Kg is the
equilibrium constant for the formation of the outer sphere complex.
According to the Fuoss-Eigen model, Kg is a function of the molar vol-
ume and the charge of the outer sphere complex; these are likely to be
very similar for [ACCbs]™ + CN™, and for [ACSYCbs]* 4+ CN™. Hence it
is reasonable to suppose that differences in AH! and AS? reflect differ-
ences in the transition state for the interchange reaction.

The transition state will feature an elongated Co—OHj; bond, and the
formation of a Co—CN™ bond. Differences in the electronic structure of
two systems are expected to manifest predominantly as differences in
AH' [1002]. That the value of AH' for the reaction of CN~ with
[ACCbs]t is some 11kJmol ! smaller than for its reaction with
[ACSYCbs] ™ reflects a transition state that occurs earlier along the re-
action coordinate, with better bonding between the soft incoming ligand
and the softer metal centre on [ACCbs]™. Interruption of the conjugation
of the corrin makes the Co(III) harder and hence have a lower affinity for
entering CN™. The consequence of this is a more negative value of AS*
because of loss of freedom of the entering ligand which has not been
wholly compensated for by the increasing freedom of the departing
ligand. A late transition state, on the other hand, will have a large AH*
value because bond breaking to the departing ligand has not been
significantly compensated for by bond formation to the entering ligand,
and this will be offset by a positive value of AS™ because of a more
disordered transition state with significant freedom of the departing
ligand and with only a small loss of freedom of the entering ligand — and
hence the more positive value of AS' for the reaction of CN~ with
[ACSYCbs]™. Indeed, if the values of AS' were the same, [ACCbs]™
would react one hundred times, and not twice, as fast with CN". Values
of AH' are more informative than values of k, and indicate the signifi-
cant increase in the inertness of Co(IIl) upon interruption of the conju-
gation of the corrin ring.

The reaction of CN~ with [ACCbs]™, aquacyano(10-nitro)cobester
([AC-10NO5Cbs] ™) and aquacyano(10-amino)cobester ([AC-
10NH,Cbs] ™) in 50% isopropanol also produced biphasic kinetics, with
the faster phase attributed to the substitution of HyO trans to CN™ by
CN, and the slower phase to substitution of HO trans by OH™ by CN™
[891] (Table 28).

There is a small, but significant difference in the values of kb, but a
difference which is again masked by the compensation effect between
AH* and AS!. If all three reactions had the same value of AS the values
of k5 would vary in the approximate ratio 109:106:1 for the C10 sub-
stituent Z = NHj, H and NO», respectively.

The results in Table 28 are consistent with an early transition state
for the reaction between CN™~ and [AC-10NH,Cbs]™, a somewhat later
transition state for the reaction between CN~ and [ACCbs] ™, and an even
later transition state when CN~ reacts with [AC-10NOCbs] ™. This is a
consequence of the hardness of the metal ion increasing as the C10
substituent changes from electron-donating NHj to strongly electron-
withdrawing NO,, and concomitant decrease in the affinity of the
metal ion for the soft entering ligand, CN ™. This is an illustration of what
a profound effect altering the electronic structure of the equatorial
ligand in a Co(III) macrocycle will have on the reactivity of the metal
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ion.

Biphasic kinetics were also observed for the substitution of HyO in
the aquacyano complex of 5-seco-cobester [AC-5-seco-Cbs]™ (see
Fig. 27) [781]. For this system as well there was clear evidence of the
presence of the dicyano and the diaqua complexes in solution in equi-
librium with the aquacyano complex. The faster phase was attributed to
substitution of HyO trans to CN ", and the slower phase to substitution of
H,0 trans to HyO. Only an estimate of the rate constant for the substi-
tution of HyO in [AC-5-seco-Cbs]™ by CN™ could be obtained because of
the rather poor reproducibility of the data; the value of k, was estimated
to be 10°M s~ L. The value of ko, for substitution of HyO in [ACCbs]™
and [ACSYCbs]" is 4.8(3) x 10*M's™! and 1.53(2) x 10°M's7,
respectively in aqueous solution [892]. In 50% isopropanol, ky for
substitution of HoO by CN™ in the aquacyano complexes of 10-Z-Cbs,
where Z is the substituent at the C10 position of corrin, is
7.8 x 10*M !s7! for X =H (i.e., for [ACCbs]" itself); 3.0 x 10* M s
for Z=NH,; and 1.7 x 10°M s~ for Z = NO; [891]. Despite the un-
certainty in the value of ks for the substitution of H,O by CN™ in [AC-5-
seco-Cbs]™, it is clear that interrupting the delocalised electronic system
of the corrin causes a very marked decrease in the rate constants. Per-
turbing the electron density of the macrocyclic ligand, and the size of the
macrocyclic cavity, affects the lability of Co(IIl); the metal ion becomes
more inert and Co(III)-like in its behaviour.

The kinetics data for substitution of H,O in [H,OCbl]" and the Co
(III) porphyrin analogue of [H20Cbl]", NAcCoMP8 (see Fig. 27) are
shown in Table 29.

The value of AH' for the reaction of CN~ with [H,0CbI]" is much
smaller than for its reaction with NAcCoMP8, although the much more
negative value of AS' masks the very considerable difference in the
behaviour of the metal ion towards incoming CN™ if only the value of k5
is considered. If the values of AS! were the same, then k, would be some
10* times larger for the reaction of CN~ with [H,OCbl]*. The opposite is
true for the reaction with NMelm, a consequence of a smaller value of
AH' and a somewhat larger values of AS*. This parallels values of log K
for coordination of CN™ by the two Co(III) complexes: log K =14.1 for
[H,0Cbl]™ [444] but 6.04 for NAcCoMP8 [890]; in the case of NMelm,
log K = 4.49 for coordination by [H,OCbl] ™ but 5.70 for coordination by
NAcCoMP8 [890]. The relative lability of Co(IIl) in a porphyrin and a
corrin is clearly influenced by their relative affinity for the incoming
ligand.

Another factor that may influence the values of AS* are the effects of
electrostriction; this was the main argument advanced to rationalise the
activation parameters in a comparative study of the kinetics of the
substitution of H5O in [H,OCbl]™ and [H20-DPTC-Col, a Co(III) corrole
analogue of [H,0Cbl]™ (Fig. 27) by CN™ in 80:20 MeOH:H30 and low
ionic strength (30mM) [1003]. For the reaction with [H,OCbl]",
AH'=82(5) kJ mol™! and AS*=96(19) J K 'mol™}, giving k;
(25°C) =2.72 x 10> M ! 57! while for [H,0-DPTC-Co], AH = 41(1) kJ
mol ! and AS* = -50(3) J K ' mol !, and k=9. 90 x 10°M !5 L. In
this case, AH' is much smaller for the corrole system than for the corrin
system — but again differences in k; are masked by a compensation effect
with AS* very negative and very positive, respectively, for the two sys-
tems. [Hy0-DPTC-Co] has a higher affinity for CN™ in 80% MeOH than
does [H,OCbI]" (log K=13.1(7) compared to 12.53(7) [1003]), a
consequence of which is the difference in values of AH'. A factor con-
trolling AS! is the position of the transition state along the reaction co-
ordinate, as was argued in several instances reviewed above, reflected in

Table 28
Kinetics data for the substitution of H,0 in [ACCbs] ", [AC-10NO,Cbs]™* and [AC-10NH,Cbs] " by CN".
AH' /kJ mol ™! AS' /JK ' mol ™! Kha /M ts AH' /kJ mol ™ AS' /JK ' mol ! KP /M ts?
[ACCbs] 58(3) 43(12) 7.8 x 10* 92(19) 150(66) 3.3 x10*
[AC-10-NO,Cbs] ™ 90(3) 119(12) 1.7 x 10° 77(8) 53(28) 1.3 x 102
[AC-10-NH,Cbs]* 40(3) —27(11) 3.0 x 10* 34(3) —71(9) 1.1 x10°

3For the faster of the two reactions observed. °For the slower of the two reactions. The values of k are interpolated from the activation parameters.
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Table 29
Kinetics data for the reaction of [H,OCbl]* and NAcCoMP8 with CN~ and N-methylimidazole.
Entering ligand Co(III) complex AH' /kJmol ! ASt /JK Tmol ! ko /M st AH' /kJmol ! AS* /JK mol ! k.o/st Ref
CN™ [H,OCbI]* 52(1) —25(4) 2.37 x 10% [737]
NAcCoMP8 75(3) 46(9) 1.12 x 102 [890]
NMeIm [H,0CbI]* 73(3) 21(11) 1.2 x 10 146(26) 196(83) 1.2x1072 [890]
NAcCoMP8 66(5) 34(16) 1.0 x 10° 86(25) —5(99) 3.3x107° [890]

a substantially more negative value for AS* for the corrole system than
for the corrin system. The effect of electrostriction was advanced as an
additional factor to be considered [1003]. [H2OCbl] " has a net charge of
+2 at the metal centre (the charge on phosphate, some 9 A away from
the metal, is unlikely to influence matters). On the other hand, the
corrole system has a net charge of 0 at the metal centre, with the 3+
charge on the metal balanced by the negative charges on the N donors of
the macrocycle. The reaction between CN~ and [H,OCbl]" would
involve some neutralisation of charge at the metal centre; this would
lead to a significant release of solvent electrostriction, contributing to
the large, positive values of AS'. The entering of CN~ into the coordi-
nation sphere of Co(IIl) in [HoO-DPTC-Co] results in an anionic species,
leading to the electrostriction of the solvent, and a contribution to a
negative value of AS'.

The rationalisation of kinetics data is not a straight forward matter; it
is clear, though, that the examination of values of AH!, AS' and (where
available) AV* is likely to provide more insight that simply comparing
values of rate constants.

9.3. The effect of solvent

The effect of the solvent on the kinetics of the ligand substitution
reactions of the cobalt corrinoids has received some - if limited —
attention. Perhaps the most comprehensive investigations were carried
out by Balt et al. [916,922,923,1004]. They measured the rate of the
reaction of [H,OCbl]™ with SgO%’ as a function of ionic strength and
solvent composition [1004]. The second order rate constant ky (a com-
posite of the interchange rate constant k and the equilibrium constant Kg
for formation of the outer sphere complex in an interchange mechanism,
Fig. 33) decreases with increasing ionic strength, u(NaClOy4), presum-
ably reflecting the competition of the non-coordinating anion with
8203_ for the outer coordination sphere of the metal complex [1002]. A
plot of ky against u”* yields a good straight line (not shown in the original
paper) in accordance with simple Debye-Hiickel theory.

Increasing the percentage of (non-coordinating) dioxane in dioxane-
water mixtures marginally decreases the rate of anation (from k3 = ca.
50x10°M st in aqueous solution, x=0.1M to ca.
2.0x10°M! ’1 in 70% dioxane). Since this does not parallel the
solubility pattern of [H,OCbI]Cl in the solvent mixtures, it was
concluded that the transition state resembles the ground state and that
the reaction has a dissociative character.

Qualitatively similar results were obtained for substitution of H,O in
[H50Cbl]™ by thiourea in dioxane-water mixtures. The rate is only
moderately sensitive to the composition of the solvent, decreasing with

an increase in the fraction of dioxane (ko=235M" 1 ’1
AH' = 69kJ mol !, AS* =32 JK ™! mol~! in aqueous solution, y = 0.1 M
(NaClOy); and kpo=97M 157, AH'=70kJ mol~?,
AS* =28 JK 'mol™! in 80% dioxane), leadmg to the conclusion that

[H,0Cbl]™" creates its own solvent micro-environment that makes its
ligand substitution reactions rather insensitive to the bulk solvent
composition [923].

A study of the kinetics of substitution of H,0 in [H,OCbl] ™ by a series
of neutral S-donor thiourea derivatives in H,O solvent and in 50%
dioxane-water solvent show that (i) reaction rates in H,O are about 4
times faster than in the mixed solvent system, (ii) decrease with the
steric bulk of the incoming ligand, as expected, and (iii) it was specu-
lated, are influenced by whether the incoming ligand is capable of
hydrogen bonding with the acetamide side chains of the corrin [916].
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Equilibrium constants for the formation of these complexes are rather
insensitive to the composition of the solvent.

The reaction of [HoOCbl]" with SCN™ occurs in two steps. The first
was assumed to be the displacement of HoO by SCN™ to produce the
thiocyanato-x-S isomer, which then isomerises to the thiocyanato-x-N
isomer. (There is more recent NMR evidence that SCN-Cbl exists as a
mixture of the two isomers in solution [799].) It is unclear which is the
primary kinetic product but the assumption that it is the x-S isomer
seems reasonable given that the initial uv-vis spectrum is reminiscent of
complexes with S-donor ligands while the final spectrum is similar to
complexes with N-donors. The x-N isomer is well-known in the solid
state [799,800,1005], although there is a report of the existence of the
x-S isomer as well [1006]. The equilibrium constant for formation of
[(SCN)Cbl] increases from log K = 3.30 in H50 to 4.17 in 80% MeCN-
H0, while the rate of the anation reaction decreases from
3.24x10°M 157! to 1.67 x 103 M1 s7! in these solvents.

Very similar trends were found for the reaction of pyridine and
[H,0Cbl]™ in 70% EtOH [1007]. Saturation kinetics are observed, as
first reported by van Eldik et al. [967,968]. The non-aqueous solvent
mixture decreases the observed rate constant at 25°C from 16.8 s
9.5 5 L. This very small difference belies the significant differences in the
activation parameters for the reaction. The values of AH! for the rate
constant for interchange of H,O and pyridine are 80(2) and 99(8) kJ
mol ! in water and ethanol-water, respectively, while AS! values are 47
(8) and 106(27) J K! mol’l, respectively. There is therefore a
compensation effect between the two parameters, emphasizing, as
stated above, that a comparison of rate constants (and for that matter,
equilibrium constants) determined at a single temperature is unlikely to
be very meaningful. The compensation effect between the two activa-
tion parameters is interpreted in terms of the position of the transition
state along the reaction coordinate; this occurs later in an ethanol-water
mixture, probably because the outer sphere complex that precedes the
ligand exchange is less favoured than in pure water. These results,
together with those of Balt and co-workers, suggest that this may be a
general feature of the ligand substitution reactions of [H,0CbI]™ in
mixed solvents.

9.4. The base-on/base-off equilibrium: kinetics

The kinetics of the base-on/base-off equilibrium in alkylcobalamins
have been studied by pH-jump stopped flow measurements [802]. The
observed rate constants decrease with increasing [HT] up to
[H']~0.1M, and then increase as an acid-catalysed pathway from
dissociation of bzm becomes important, kg =k_1/K (Scheme 36). The
results obtained with X~ = CF3, NCCH; and CN™~ are summarised in
Table 30, illustrating the kinetic trans effect order NCCH; > CF3 > CN™.

The rate constants for the dechelation of bzm in [CF3Cbl] were
determined by pH jump experiments [802]; the assumed reactions of the
system are shown in Scheme 37. (Where precisely the site of protonation
of base-on 2 is, is unclear.) The ratio k_1/K4 was defined as ky, the rate
constant for the acid-catalysed dechelation of bm and its substitution by
CN7; k_3 is the rate constant for the replacement of bzm by solvent HyO.
The observed first order rate constant is related to the microscopic rate
and equilibrium constants by Eq. 41; k! =k_; K4.

k%Z

kO S
& Ao K, +[H']

=k, + K [HY 41

As the pH decreases, the contribution of the second term to kops
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Scheme 36. Kinetic scheme for the base-on/base-off equilibrium of the cobalamins.

Table 30
Rate constants for coordination of bzm in alkylcobalamins®.
X~ PKbase-off kico/s™! keco/s™t ky/M 157!
NCCH; 1.81 4.4(3) x 10° 83(13) 9.1(7) x 10%
CF3 1.44 7.80(7) x 10* 7.7(2) 31.8(4)
CN™ 0.1 9.2(6) x 10° 0.19(4) 0.28(6)
4See Scheme 36.
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Scheme 37. Reaction scheme for the substitution of bzm trans to X by CN™ as
defined by van Eldik and co-workers [802].

decreases and kops drops (for example, from 365 s with
[HCIO4] = 0.01 M to 130 s~ when [HClO4] = 0.025 M for the reaction
of [NCCH,Cbl] with HCIO4 (5°C, u=1.0M) [802]. With increasing
[HCIO,] the rate rises as the k¥ term becomes more important
(kops = 360 s~ with [HCIO4] = 0.30 M).
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The values of k" (25°C, M~!s™) for [NCCH,Cbl] (9.1(7) x 102),
[CF3Cbl] (31.8(4)) and [CNCbl] (0.28(6)] reflect the trans effect order of
the p ligand. Based on this [802] and evidence from other studies
[516,927,1008], the trans effect of alkyl ligands in alkylcobalamins was
determined to be Pr>Et>Ado>Me > CFsCHz> CF:H > NCCH:
>CFs>CN".

9.5. Kinetics of the displacement of bam

The mechanism of the substitution of bzm coordinated in the a co-
ordination site by CN™ trans to an alkyl group in alkylcobalamins
[516,1008] and of imidazole trans to CN™ in cyanoimidazolylcobamide
in which the axial base is imidazole rather than bzm [812], has been
studied. The kinetic evidence points to a D [516] or Iy [812,1008]
mechanism involving rate-limiting dechelation of the axial base to form
an alkylaqua intermediate, followed by replacement of HoO by CN™
(Scheme 38, X=R~ or CN"). For X=CHs, the apparent equilibrium
constant for substitution of bzm by CN™ is 0.38 M 1[1008] (or 0.35 M}
[1009]).

The substitution of the base (bzm or imidazole) with CN~ shows
saturation kinetics in a plot of the observed first order rate constant
against [CN™], and a non-zero intercept. The saturating rate constant
could then correspond to the rate of dissociation of HoO in a D mecha-
nism (k; in Scheme 38) or to the rate constant for the interchange of the
base and H,O in an Iy mechanism. The intercept is the rate constant for
the reverse reaction.

For X = NCCH,, AH* = 85(2) kJ mol %, At =97 (6) JK ' mol ! and
AVF=12.7(5) em® mol~Y; and for X=CN~, AH!=105(2) kJ mol},
AS'=81(6) J K 'mol™! and AV*=13.1(3) ecm® mol™! [516]. For
X = CFj3 trans to bzm, AH' =77(3) kJ mol !, AS* =44(11) J K ' mol ™!
and AVF=14.8(8) ecm® mol'; and for X =CHyCFs, AH!=71(1) kJ
mol_l, ASt = —-25(4) J K 'mol™! and AV1:9(1) cm® mol™! [1008].
The range of values of AV* and AS' suggests the mechanism of the re-
actions ranges from purely dissociative in character (replacement of bzm
by CN™ trans to CF3) to significant participation of incoming solvent in
the transition state (replacement of bzm by CN™ trans to CH,CF3).

In the case where the axial base is imidazole rather than bzm [812],
its substitution by CN~ trans to CN™ has AH =111(2) kJ mol 1,
ASt= 97(6)J K 'mol !and AV = 9.3(3) cm® mol ™. The displacement
of imidazole proceeds more slowly than does displacement of bzm from
[CNCbI]. This accords with a smaller equilibrium constant for
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Scheme 38. The probable mechanism of the substitution of bzm by CN™ trans to an alkyl group, X. The first step may proceed in a purely dissociative manner with

initial dechelation, or involve entering H,O in the transition state.

displacement of imidazole from the a coordination site by CN™ (log
K =2.9) than when the base is bzm (log K = 4). The smaller value of AVH
for the reaction with cyanoimidazolylcobamide compared to that for
[CNCbI] is also indicative of a reaction that is less dissociative in
character.

The reaction of [AdoCbl] with CN™ proceeds by rapid initial
displacement of bzm, followed by rate-determining heterolysis of the
Co—C bond (AH!=55(1) kJ mol™}, AS*=-98(3) J K" mol™! and
AVF = —5.7(3) em® mol 1) and formation of [(CN),Cbl]~ [928,1010]. In
92% DMF-8% D30, rather different activation parameters were found,
AH'=90.0(5) kI mol ™}, ASt = —20.5(2) JK~ mol " and AV} = —8.2(3)
cm® mol ™}, strong evidence for the participation of HyO solvent in Co—C
bond cleavage by, it was suggested, protonation of the O atom of the
ribosole [1010].

9.6. Kinetics of the reaction of Co(Il) and Co(I) corrinoids

As mentioned in Section 6, the flash photolysis of [MeCbl] in dea-
erated aqueous and isopropanol solutions generates the [Cbl(I)]:CH3
caged radical pair. The rate constant for their recombination was found
to be ca. 2x10M st [697]. CH3 which escapes recombination
rapidly dimerises (ko ~ 10'°M s [1011]). In aerated solutions, CH3
reacts rapidly with Oy (ka=4.7 x 10°M st [698]) to produced
CH3035 which then reacts with [Cbl(I)] (ko ~ 2.4 x 10°M 's™) to form
the peroxo complex [CH302Cbl] [697].

Pulse radiolysis methods have been used to generate the carbonate
radical anion, CO3". It oxidises [CbI(II)] rapidly (ko = 2.0 x 10°M s
to form [HOCDI] and HCO3 [555]. [CbI(II)] also reacts rapidly with NO4
(k=3.5x10*M ! s7! at room temperature, pH 7.0 and 9.0) producing
[NO,CbI] [599].

HOCI rapidly oxidises [CbI(II)] to [HOCbI] with apparent rate con-
stants decreasing from 1.38(2) x 10°M s at pH8.60 to 2.28
(2) x 10°M s lat pH 12.00 [554]. Fits of the data taking into account
the pK; of HOCI (7.40) and assuming that the rate constant for reaction
with OCl™ is the value observed at pH 12, gave kg = 2.6(1) X 10’M ts7!
(25 °C) for the oxidation of [Cbl(II)] by HOCIL. Small amounts of other
corrinoids, from which two to four H atoms had been extracted by C1°
formed from the oxidation of HOCI by [CbI(II)], were detected. High
concentrations of HOCI (up to 0.9 M) cause extensive destruction of the
corrin.

As mentioned in Section 5.2.6, at pH 1, SO4 reacts with [Cbl(II)] to
form the (protonated, base-off) [’SOngl(IH)]2+ complex [575] which
then reacts with a second equivalent of SO, to produce [~S;04Cbl
(III)]2+. The reaction with cob(Il)inamide, [Cbi]™, produces an equiva-
lent product. The rate of the reaction of [Cbl(II)] and [Cbi]™ with SO,
depends strongly on pH, and increases as pH decreases, with [Cbl(II)]
reacting more slowly. The reactive form of SO is therefore SOy(aq)
rather than HSO3 (pK = 1.9). The reactions are first order in [SO3(aq)]
and first order in [corrinoid]. The rate of reaction of the two species
approaches a value of 3.2 x 10°M 257! at pH 2. Clearly, bzm has a
marked retarding effect on the rate of the reaction (for [Cbl(II)], pKpase-
off = 2.9 [116,522]).

The oxidation of [CbI(I)] by complexes of the type [Co(III)
(NH3)5x1™" and by [Co(III)(bipy)g,]3+ [573] is described in Section
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5.2.6. Also described there is the reaction of [Cbl(II)] with O3° (in the
presence of catalase to scavenge the HyO2 produced) [568,569]. The
rate constant is ~ 7(1) x 108 M1 s™!, which approaches that of super-
oxide dismutase (2 x 10°M 's™ 1) suggesting [568] that [CbI(II)] may
play a role in biology to scavenge of O3°, modulating intracellular signal
transduction and protecting against chronic inflammation.

Cbl(ID)] reacts with I, to produce [ICbl], ks =6(1) X 10°M s,
which is then rapidly hydrolysed to [H,0CbI]" [1012]. The analogous
reaction with Bry has ko =6(1) x 10M 's~L. The initial reaction of
[CbI(II)] and H05 has ko =1.32(8) x 102M! s’l, and the products
formed include a significant amount of stable yellow corrinoids.

Cbl(ID)] reacts directly with organic halides, RX, in methanol (and
with chlorides and bromides in aqueous solution) with the stoichiometry
2CbI(ID] + RX + Hy0 (or CH3OH) — [H,OCbl]*™ + [RCbI] + X~ [5611,
refuting an earlier inference that the attacking nucleophile is [Cbl] ",
generated from the disproportionation of two equivalents of [CbI(II)]
[1013]. The results were interpreted in terms of the initial rate-
determining formation of [XCbl] and R®; the alkyl radical then rapidly
reacts with a second equivalent of [Cbl(II)] to produce [RCbl]. Hydro-
lysis of [XCbl] produces [H,0Cbl]™ (or [CH30Cbl]). Rate constants
(25°C) vary from 0.8(1) M 's7! for the reaction of [CbI(ID] with
CCl3CO,CHs to 6(1) x 107> M1 s for its reaction with CHoBrCO,CHs
in methanol. The latter reacts faster with [Cbl(II)] in aqueous solution
(ky=2.6(3) x 103 M~ 1s7h).

In aqueous solution the proposed mechanism of the reaction of an
alkyliodide entails initial formation of a complex between RI and [Cbl
(ID] which then reacts with a second equivalent of [Cbl(II)] forming
[RCbI], [H,OCbI]" and I". The reactions are second order in [Cbl(I)]
and first order in RI. Rate constants vary from 14(3) M~ 257! for the
reaction with CH,ICO3 to 1.0(1) x 104M 2571,

[CbI(ID)] reacts with NO to form [NOCbI] which can be formally
described as [NO~CbI(III)] [116]. NMR data (lH, 31P, 15N) are consistent
with a six coordinate species with weakly bound bzm and a bent Co—NO
bond. As discussed in Section 5.2.3, the pK, of the base-on/base-off
equilibrium shifts from 2.9 in [CbI(ID)] to 5.1 in [NOCbI], indicative of
a weakening of the bond between the metal and bzm due to the strong
trans labilising effect of NO. Flash photolysis of [NOCbI] (532 nm) in the
pH range 4-6 produces base-off [Cbl(II)] and NO. Base-off [CbI(II)] picks
up an Hy0 ligand (k =10"s71) and then equilibrates with the base-on
form. (The rate of HoO exchange on base-off [CbI(II)], 25°C, 0.1 M
HCIOy4, is 4(1) x 107 s’l). Above the pK, of [NOCbI] (5.1), photolysis
leads to the 5-coordinate base-on [Cbl(II)] with a weakened Co—bzm
bond. This presumably then shortens and strengthens, and the resulting
5 coordinate [Cbl(II)] equilibrates with six-coordinate [HoOCbI(II)] with
H,0 in the f coordinate site. These Co(II) species then recombine with
NO, and the kinetics of the recombination reaction were investigated.
The recombination occurs with ky=7.4(2) x 108M1s™1 (25°C,
pH 7.4) and increases marginally with pH (from 5.0(2) x 108M s !at
pH 1.0), indicative of the small trans labilising effect of coordinated
bzm. The activation parameters found (pH 7.4) were AHF = 24.5(7) kJ
molfl, ASF = 7(2)J K! mol’l, and AV = 5.4(2) cm® mol’l, consistent
with an Iy mechanism for the interchange of H,O and NO.

Cob(Dalamin, [Cbl]™ reacts rapidly with CH3l (kp=3.4
(2)x10*M's™!) to form [CHsCbl] [289]. The ratio of the rate
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constants for the attack of [Cbl] ™ and of CH3OH on CHsl, = log (kp12s/
kmeon) = 14.4 makes [Cbl]™ one of the most powerful nucleophiles
known [385]. Whilst powerful nucleophiles in their own right, Co(I)
cobaloximes and Co(I) compounds with cobaloxime-like equatorial li-
gands have a lower nucleophilicity with  values between 12.2 and 14.3.

The reaction of [Cbl] ™ with NO3 was studied between pH 1.5 and 2.5
and the rate law found was rate =ks[Cbl] [NO3][H'], yielding
k3=1.2 x 10*M 257! (25°C) [610]. The pH dependence of the reac-
tion might suggest that the corrinoid reactant is [HCbl(I)]. Alternatively,
HNOj is more rapidly reduced than NO3 (pK, = —1.38 [1014]). A study
over a wider pH range, including below the pK, of [HCbl(I)] would be
required to elucidate this more clearly. A more recent study, of the re-
action between [Cbl] ™ and NO; and NO3 [608] was discussed in Section
5.2.8. The reaction between [Cbl]™ and N5O is complex [609]. [Cbl]™
was produced by pulse radiolysis of aqueous solutions of [CbI(II)] and
formate in the presence of N3O which produces initially OH®, e~ and H®.
A sequence of reactions (Eq. 42) then leads to formation of CO3, which
reacts with [Cbl(II)] to from [Cbl] ™.

H,0+N,0+e —-OH®* +OH +N,,k=87x 10°M ! s7! (42a)
OH* +HCOO —H,0+CO, k=35x10°M's7! (42b)
H*® +HCOO —H, +CO, k=23x10° M5! (42¢)
CO,™ +[CbI(I) |»CO, +[Cbl]”  k=82x10°M~' s~ (42d)

[Cbl]™ is then oxidised by N3O to [H20Cbl],+ the rate constant
varying from 1.4 x 103M's™! at pH3.5 to 1.5 x 10°M s ! at pH 8
(Eq. 43). The increase in the rate of the reaction with a decrease in pH
suggests that [HCbl(I)] may be the reductant. The decrease in rate in
alkaline solutions was attributed to the formation of [NoOCbl] .

[Cbl]” +N,0 + 2H" - [H,0CbI]" + N, 43)

[H,0Cbl] " rapidly reacts with [Cbl] ™ to form two equivalents of [Cbl
(ID]. Rate constants for this reaction are virtually independent of pH
between pH 5.8 and 11, with k~ 3.2 x 10’ M~ 1s7 1.

[Cbl]™ is rapidly oxidised to [Cbl(II)] by peroxynitrous acid, ONOOH
(or perxoynitrite, since pK, of ONOOH = 6.8) [611], a reaction that may
have biological significance since elevated levels of peroxynitrite have
been linked to chronic inflammatory disorders. The second order rate
constant for the reaction varies with pH, increasing sharply. The rate of
reaction is independent of pH above 10.5, and increases sharply as pH is
decreased. Assuming the two oxidants of [Cbl]” are ONOO™ and
ONOOH, fitting the experimental data (confined to above pH 8 as the
reaction became too fast to monitor at lower pH under the experimental
conditions used) gave konoon =1.60(3) x 108M~'s™! and konoo-
=1.36 x 10° M~ 157! (the average of the values obtained at pH 11.67
and 12.23). Two possible mechanisms for the reactions that oxidised
[Cbl]™ to [CbI(II)] were discussed [611]. The first envisages the first step
is oxidation of [Cbl]™ to [Cbl(I[)] by ONOO™ (or ONOOH), producing
NO; and OH; NO; the reacts with [Cbl]™ through multiple (unspeci-
fied) fast reactions to form [Cbl(II)], N, and OH™. The second entails a
two electron oxidation of [Cbl]™ to [HOCbl] and NO;. Comproportio-
nation of Co(III) and Co(I) yields the observed Co(II) product. The sec-
ond mechanism does not accord with the experimental observations of
the study.

That the rate of reduction of hydroxylamines and hydrox-
ylaminesulfonic acids by [Cbl]™ (Eq. 44, R, R’ =H, Me, Et, SO3; R" =H,
Me, SO3) is independent of pH in the pH range 1.0-2.0 suggests that the
reductant is indeed [Cbl]™ [613].

RR'NHOR * +2[Cbl]~ + 2H* RR'NH + R OH + 2[Cbl(II) | (44)

Rate constants vary by at most an order of magnitude (between 4.1
and 48 M~!s71, 25 °C) and are pH independent, except for the reactions
with sulfonic acids which are strongly pH-dependent. For example, the
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reaction with HON(SO3)3~ has k, = (0.20 4+ 5.4[H*]) M~!s~!. NH,0-
SOsH is rapidly oxidised by [Cbl]™ with ko>2x10*M™1s7! (at
[H"] = 0.04 M). The proposed mechanism entails nucleophilic attack of
[Cbl]” on the OR” moiety (Eq. 44) to generate the Co(IIl) species
[ROCbI] which rapidly hydrolyses to [H,OCbl]". Comproportionation
between Co(III) and Co(I) generates the observed two equivalents of Co
(ID).

Two equivalents of [Cbl]™ reduce disulfides RSSR to thiolates, pro-
ducing [CbI(II)] [528], as discussed in Section 5.2.6. The oxides of sulfur
are also oxidants of [Cbl(I)] (and [Cbi]), as also discussed in Section
5.2.8.

10. Concluding remarks

Much has been written about the chemistry of the cobalt corrinoids,
and entire conferences held to discuss aspects of their chemistry. The
effect the corrin ligand has on controlling and modifying the chemistry
of cobalt has attracted, continues to attract, and undoubtedly will
continue to attract in the future the attention of coordination chemists in
particular, and organic and inorganic chemists in general. Our under-
standing of the role these compounds play in biology continues to grow,
and it would come as no surprise if even more discoveries are made of
the role they play in nature. The advent of computational methods
during the last thirty years or so has shed new light on their chemistry.
More rigorous, ab initio methods are likely to provide even greater
insight in the future as accessibility to computational resources con-
tinues to grow.

Table of Abbreviations

[ACCDbi]™ aquacyanocobinamide (Factor B).

AdoMet S-adenosylmethionine

[AHC] " aquahydoxocobinamide

Bi2a aquacobalamin

Bios cob(I)alamin

BDHC 8,12-diethyl- 1,2,3,7,13,17,18,19-octamethyl-AD-
didehydrocorrin

CASPT2 complete active space second-order perturbation theory

[CbI(D]™ cob()alamin (B12s)

CFeSP a corrinoid iron-sulfur protein

[CH3Cbl] methylcobalamin

CH3-THF 5-methyltetrahydrofolate

[CIRhbI] chlororhodibalamin

[(CN),Cbl] ™ dicyanocobalamin

cobamide all side chains terminating in amides, and with the f side chain
lacking bzm and terminating with 3'-phosphoryl-D-ribose

cobinamide all side chains terminating in amides except for the f side

chain = CH,CH,CONHCH,CH(OH)CH3

all side chains terminating in amides except for the f side
chain = CH,CH;COOH.

2-mercaptanmethanesulfonate, HS(CH2)2SO3

cobyric acid

coenzyme M

[DAC]? diaquacobinamide

DFT density functional theory

[DPTC-Co] 10-(2-4-(1H-imidazol-1-ylmethyl)benzoylamino-phenyl)-5,15-
diphenylcorrolato-cobalt(IIl), a Co(IIl) corrole model of
[H,0CbI] ™.

ECD electronic circular dichroism

ENDOR electron nuclear double resonance

EXAFS x-ray absorption fine structure

GIF gastric intrinsic factor.

[H,0CbI]™ aquacobalamin (By2,)

[(H20)(OH) aquahydroxocobinamide

Chbil*

[HbI] hydrogenobalamin

Hcey homocysteine

IF intrinsic factor

[IRhbl iodorhodiblamin

MCD magnetic circular dichroism

MC-XQDPT2 a modified variant of the second-order multi-configurational
quasi-degenerate perturbation theory

[MeCbl]™ methylcob(IV)alamin

MLCT metal to ligand charge transfer

(continued on next page)
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(continued) (continued)
MP2 second order Mgller-Plesset perturbation theory XANES x-ray absorption near edge structure
MSR methionine synthase reductase XRD x-ray diffraction
[Nibl] nibalamin, the Ni(II) analogue of cob(I)alamin [ZnCbl] zincobalamin
QM/MM combined quantum mechanics and molecular mechanics
[R-10XCbl] a cobalamin with axial ligand R, and X substituting for H at the
C10 position of the corrin ring.
RDases reductive dehalogenases
R resonance Raman Declaration of Competing Interest
SAH S-adenosylhomocysteine

[5-secoCbs]

SHE
SNG
[SYCbs]

TDHC

TMA

WOC
XMCQDPT2

[Znby]
[AdoCbl]
[AdoRhbl]
Biz

Biar

BDE

bzm
CASSCF
Cbl(ID]
[CH3Cbi] ™"
[CH3RhbI]
[CICbI]
[CNCbl]
cobamic acid

cobester
cobinic acid

cobyrinic acid

COSMO
DDHC

DHA

DTT
EC-LTEM
EPR

FTO
[GSCbl]
[HoORhbI]*
[(H20)2Cbi]*"
[Hby]
[HOCDbI]
ISC

LMCT

MCM

[MeCbl]
MFE
MM

MS

[NAcCoMP8]

nOe
QTAIM
[RCbI™H!
ROS
rROA
SAM
SERS
SNAP
SORCI
TD-DFT
TDHC
TTP

the 5-seco cobester, 5,6-dioxo-5,6-seco-heptamethyl-cob(III)
yrinate

standard hydrogen electrode

S-nitrosoglutathione

the stable yellow cobester, (5R,6R)-5,6-dihydro-5-hydroxy-
heptamethylcob(Ill)yrinate-c,6-lactone

tetradehydrocorrin

Thrombotic microangiopathy

water oxidation catalyst

second-order extended multiconfiguration quasi-degenerate
perturbation theory

zincobyric acid

5’-adenosylcobalamin (coenzyme Bj3).
5’-adenosylrhodibalamin

vitamin B;3, cyanocobalamin

cob(INalamin

bond dissociation energy

5,6-dimethylbenzimidazole

complete active space self-consistent field

cob(IDalamin (By2,).

methylcobinamide

methylrhodibalamin

chlorocobalamin

cyanocobalamin, vitamin Byy

all side chains hydrolysed to carboxylic acid, and with the f side
chain lacking bzm and terminating with 3’-phosphoryl-D-ribose
heptamethyl cobyrinate

all side chains hydrolysed to carboxylic acids but with the f side
chain = CH,CH,CONHCH,CH(OH)CH3

nucleotide-free corrinoid with all amide side chains hydrolysed to
carboxylic acids

COnductor-like Screening MOdel.

didehydrocorrin

dehydroascorbic acid

dithiothreitol

electrochemical liquid transmission electron microscopy
electron paramagnetic resonance

fluorine-doped tin oxide

glutathionylcobalamin

aquarhodibalamin

diaquacobinamide

hydrogenobyric acid

hydroxocobalamin

inter system crossing

ligand to metal charge transfer

methylmalonyl-coenzyme A mutase (methylmalonyl-CoA
isomerase)

methylcobalamin

magnetic field effect

molecular mechanics

methionine synthase (5-methyltetrahydrofolate-homocysteine
methyltransferase)

the 8 amino acid porphyrin-containing fragment obtained from
the proteolysis of cytochrome c, referred to as N-
acetylmicroperoxidase 8 (NAcMP8), and in which Fe(III) has
been replaced by Co(III).

nuclear Overhauser effect

quantum theory of atoms in molecules

a cob(IlNalamin with R™ axial ligand

reactive oxygen species

resonance Raman optical activity

S-adenosylmethionine

surface-enhanced Raman scattering
S-nitroso-N-acetylpenicillamine

Spectroscopy ORiented Configuration Interaction
time-dependent density functional theory

the tetradehydro analogue of BDHC

thrombotic thrombocytopenic purpura

(continued on next column)
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