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Preface

For many years, the chemistry of vitamin B;, and its derivatives
has been investigated for their inherent eco-friendly and nontoxic
nature. This vitamin, also known as cobalamin, is an organic complex
that contains a cobalt ion in its structure. Its derivatives are vital
bio-inorganic cofactors and possess complex and rich photolytic
properties, facilitated by their excited states. However, studies on
vitamin B;, derivatives are still ongoing, with huge possibilities
still available. Due to the size and complexity limitations associated
with vitamin B;, derivatives, the main technique for investigating
the ground-state properties is density functional theory (DFT). An
analysis of the electronic excitation is essential to offer a detailed
understanding of the photochemical reactions of vitamin Bj,
derivatives. Normally, time-dependent DFT (TD-DFT) is the best
approach that can be employed to evaluate the excited states of
vitamin By,. Several investigations in the field of organic chemistry
have effectively applied vitamin B, as a catalyst in several organic
reactions, such as 1,4-additions to activated double bonds, alkyl
and aryl halide dimerization, dehalogenation and hydrogenation
of double bonds. The capability of vitamin By, to catalyse these
thermodynamically challenging reactions has captured attention for
futureresearch, which canlead torevolutionary catalyticinnovations.
The potential energy surface associated with the excited states
of vitamin B, provides the most reliable approach to analyse the
photophysical and photochemical properties. This book highlights
the application of vitamin By, as an environmentally benign catalyst
for several organic reactions. It discusses the recent advances and
the current understanding of the photolytic properties of vitamin
B, derivatives from the perspective of the density functional theory.
We hope that anyone involved in nanotechnology, macromolecular
science, cancer, and drug-delivery research will find this book useful.

Penny Poomani Govender
Francis Opoku

Olaide Olalekan Wahab
Ephraim Muriithi Kiarii
April 2021
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Chapter 1

Introduction

1.1 Background

The long-term effects of poor nutrition which continues over
generations are of much worry globally [1]. Vitamin By, is only
prepared by microorganisms in nature and, hence, is obtained by
human beings via their diet [2]. Vitamin B4, (cobalamin), the only
naturally biomolecule with a carbon-metal bond, is among the most
vital molecules in medicine and food [3]. Vitamin B;; a complex
water-soluble organic compounds within a tetrapyrrole ring
containing Co as a central atom, which is vital to several animals and
microorganisms, including humans [3]. Active forms of vitamin By,
are commercially available: adenosylcobalamin, cyanocobalamin
and methylcobalamin. Vitamin B, aids in the formation of red blood
cells and the normal functioning of the nervous system and the
brain. Vitamin B, plays a vital role in neurologic function, growth
of the myelin sheath and normal DNA synthesis [3, 4]. Vitamin B,
is also an essential micronutrient significant for cardiovascular,
cognitive and hemopoietic functions [5]. Animal foods, such as dairy
products, fish, liver and meat (e.g. yoghurt, cheese and milk), are the
main dietary sources of vitamin By,. It is also present in cobalamin-
synthesising oysters and bacteria. Nonetheless, vitamin By, is not
present in plants [6]. Several studies disapprove with these findings
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[7], but new reports have revealed that plant cells have the capability
to produce comparable vitamin By, compounds which participate
with vitamin By, for the same cellular receptors [8].

1.2 Causes of Vitamin B,, Deficiency

Vitamin By, deficiency is a usual diagnosis, particularly in older
persons [9]. Frequently the deficiency is because of mutations in
the genes encoding vital proteins in the diet (vegetarian), cobalamin
metabolism and reduced production of stomach acids, which are
required for vitamin B, absorption [10]. Traditionally, vitamin By,
deficiency is caused by a low concentration of vitamin By, in the
plasma or serum of the patient [11]. These findings are disapproved
by several studies which claim that an important proportion of
persons with a high or normal concentration of vitamin B, normally
have a deficiency [12]. The risk for vitamin B, deficiency is higher
with increasing age and varies with gender. Vitamin B4, deficiency is
particularly common in older persons because of the intrinsic factor
and a lack of malabsorption [13]. Vitamin By, in fortified bread and
milk is about 55%-60% absorbed by persons over 60 years [14].
Malabsorption from food, insufficient intake and other medical
conditions are causes of vitamin By, deficiency [15]. Nonetheless,
human body storage of vitamin B, is high, and it is broadly present
in food. An earlier report reveals that low folate, high serum
homocysteine and low vitamin B, concentration can be related to
dementia, cognitive decline and poor cognitive function [16]. Normal
serumvitamin B, concentrationsrange from200to 900 pg/ml, where
serum levels of <200 pg/ml suggest deficiency and concentrations
of <100 pg/ml typically induce neurologic damage or megaloblastic
anaemia [17]. Vitamin By, deficiency induces neurologic damage,
megaloblastic anaemia and gastrointestinal lesions [13]. Neurologic
symptoms include neuropsychiatric disorders [18, 19], mood
changes without anaemia, weakness, memory loss, ataxia and
paresthesias [20]. Vitamin By, deficiency may also result in nerve
degeneration, cardiovascular disease, pernicious anaemia because
of the failure of red blood cell formation, weight loss, constipation,
nausea, weakness, irreversible neurological damage and fatigue
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because of the failure to repair the myelin sheath protecting the
nerve cells [4, 21, 22]. Pernicious anaemia is a disease characterised
by the impaired production of red blood cells. Neurologic sequelae
as a result of vitamin By, deficiency comprise demyelination of
the corticospinal tract and dorsal columns, peripheral neuropathy
and paresthesias. The long-term effects of vitamin B, deficiency
include adverse effects on vascular health, cognition and pregnancy
[23]. Several reports have shown that low vitamin By, in pregnant
women is related with high blood pressure in offspring [24], low
levels of high-density lipoprotein cholesterol [25] and foetal growth
restriction [26]. Vitamin Bi, supplements have been effective in
reducing the risk of cardiovascular diseases [27] and improving the
pregnancy outcome [28]. Thus, vitamin B;,-fortified foods can act as
an effective approach to enhance the vitamin By, levels in pregnant
women, the elderly and children [29].

1.3 Uses and Effectiveness

Vitamin B;, can be applied to the skin either by blending with
avocado oil or alone for eczema and psoriasis. Moreover, vitamin
Bi, nasal gel is used against pernicious anaemia and inhibiting other
vitamin By, deficiency. Also, vitamin By, is taken by mouth for the
immune system, mental function, Alzheimer’s disease and memory
loss and to slow ageing and increase concentration, energy and
mood. Vitamin B, is likewise used for clogged arteries, low male
infertility, risk of reclogging arteries after surgery, high triglyceride
levels, heart disease, skin infections, allergies, asthma, diarrhoea,
mental disorders, inflammatory bowel disease, nerve damage in
the feet or hands, depression, swollen tendons, schizophrenia, weak
bones (osteoporosis), sleep disorders, diabetes, diabetic nerve
damage and high homocysteine concentrations which can be related
to heart disease.

1.4 Side Effects and Safety

Vitamin B, is most possibly safe for most persons (e.g. pregnant and
breastfeeding women) when applied to the skin, taken via the nose
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or by mouth, injected intravenously into the vein or administered
as a shot. About 2.6 mcg per day of vitamin By, is the permitted
amount for pregnant women, while breastfeeding women should
take no more than 2.8 mcg per day. Mild itching has been stated in
the use of avocado oil together with vitamin B, cream for psoriasis.
A combination of vitamin B, vitamin B, and folate should be
avoided after receiving a coronary stent or if you are sensitive or
allergic to cobalamin or cobalt. Those with Leber’s disease must not
take vitamin B, since it can extremely damage the optical nerve and
causes blindness.

1.5 Functions of Vitamin B,

The main functions of vitamin By, are summarised as follows
[11,30]:

e Without vitamin Bj,, folic acid cannot be absorbed and
remains trapped in the intestinal wall.

e Vitamin B;, takes and transports a methyl group to other
molecules, such as neurotransmitters and DNA.

e [t supports iron activity in the body, as well as in the synthesis
of choline.

e It supports the myelin sheath around nerve structures,
together with folic acid.

e It helps in the metabolism of vitamin A, particularly the
absorption of carotene.

e [t is involved in the synthesis of white and red blood cells,
working together with folic acid.

e Vitamin By, is necessary for the stability and reproduction of
RNA and DNA.

e Vitamin B;; expedites the conversion of amino acids into
neurotransmitters and hormones, together with vitamin Bg.

o [t participates in the synthesis of porphyrins which are a vital
component of haemoglobin.

e Vitamin By, acts as a coenzyme in several enzymatic reactions.
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Exercises

What is vitamin B;,?

How common is vitamin By, deficiency?

Why are folic acid and vitamin B, so important?
Name some of the causes of vitamin B, deficiency.
What are the symptoms of vitamin By, deficiency?
Name five foods rich in vitamin Bj,.

Does the body store vitamin B4;,?

Why is vitamin B, important?

What is the chemical name of vitamin B;,?

What is the best vitamin B, supplement?

. What happens when your vitamin B, is low?

12. How much vitamin By, is in a glass of milk?
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Chapter 2

Structure, Constitution and Properties
of Vitamin B,,

2.1 Vitamin B,, Structure

Vitamin By, (cobalamin), thelargestmolecule withamolecular weight
of >1000 g, is a water-soluble vitamin [1]. The chemical structure
of vitamin Bi, comprises four pyrroles in the centre of a corrin
ring and a Co atom binds to (ribose)-5,6-dimethylbenzimidazole
(Fig. 2.1) [2].

The cobalt can link to

e acyanide group,

e amethyl group, as in methylcobalamin, and

e a5’-deoxyadenosineatthe 5’ position,asinadenosylcobalamin
(coenzyme By,).

A specific connection to the cobalamin crystal structure has a high
influence on the mechanism of the enzyme reaction. A highly toxic
methylmercury ion (CH3Hg*) also offers an unfortunate connection
with methylcobalamin. The core of the molecule is a corrin ring with
several connected side substituents. The ring comprises four pyrrole
subunits, bound on one side by a C-H methylene group and on
opposite sides by a C-CHz methylene group and with two pyrroles
bound together directly. The core of the molecule is like that of
porphyrins but with one of the bridging methylene groups removed.
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A vital feature of the corrin ring is the flexibility of the corrin system
when compared to a porphyrin, where the corrin ring is less flat in
the porphyrin ring. Moreover, corrin only has a conjugated chain
around a part of the ring, while a porphyrin is delocalised around
the entire four pyrrole rings. The central Co ion is bonded to the two
ligands positioned on both a-bottom and B-upper face sides of the
corrin ring and four pyrrolic N atoms. The cyanide ion is usually the
fifth ligand at the B-face, while the sixth ligand below the ring is an N
of 5,6-dimethylbenzimidazole. The other N is attached to a 5C sugar
and bears the R5’-OH group, which, in turn, links to a phosphate
group and back onto the corrin ring through one of the seven amide
groups bonded to the periphery of the corrin ring.

R group:

CN: cyanocobalamin

OH: hydroxocobalamin
(vitamin By5,)

Me: methylcobalamin (MeCbl)

Ado: adenosylcobalamin
(coenzyme B,, AdoCbl)

OH
Ado = 5'-deoxyadenosyl

Figure 2.1 (a) 3D and (b) 2D chemical structures of vitamin By, [3].



Vitamin By, Structure

The X-ray crystal diffraction analysis of vitamin B;, offered the
firstinsights into a corrin complex with a biosynthetic and structural
relative to natural porphyrins [4, 5]. The corrin ligand consists of
four Co-coordinating N atoms as part of a linearly m-conjugated
chromophore system. Therefore, the corrin ligand is intrinsically
nonplanar, and the provided coordination hole is smaller than
that of the porphyrins [6]. The corrin ligand also shows a unique
functionalised periphery and bound to the Co ion very strongly in
natural corrinoids.

X-ray analysis was used to reveal the unique organometallic
nature of coenzyme Bj, (AdoCbl) [7]. In AdoCbl, a 5’-deoxy-5’-
adenosyl group binds through a metal-C bond at the B-position of
the Co ion (Fig. 2.2).

Figure 2.2 3D model of coenzyme By, (AdoCbl) from X-ray analysis [7]. (a)
Structure of AdoCbl in stick display style; colour representation: organometallic
adenosyl group (yellow), cobalt ion (blue), nucleotide loop (green) and corrin
moiety (red). (b) Stereo view of AdoCbl (hetero atoms: Co = light blue, P =
yellow, O =red and N = dark blue).

X-ray analysis of cob(I)alamin (B;,,) revealed a pentacoordinate
Co(II) centre which is similar to the Co-corrin part of the AdoCbl
structure [8]. Coenzyme B;, structure analysis in solution via
nuclear magnetic resonance (NMR) spectroscopy revealed that
the organometallic 5’-deoxyadenosyl group does not bind tightly;
however, it is present in two conformations around the Co-C bond
[9]. The MeCbl structure was also investigated by NMR spectroscopy
[10] and X-ray analysis [11], where both axial bonds of MeCbl (Co-N
= 2.16 A and Co-C = 1.98 A) were shorter than in AdoCbl (Co-N =
2.23 A and Co-C = 2.03 A) [11].

11
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2.2

Main Properties of Vitamin B,,

The main properties of vitamin By, are as follows:

1.

2.3

B w e

Vitamin By, is very stable at high temperatures if the pH is
between 4.5 and 5.0, whereas the strongly acidic and highly
alkaline environment loses its vitamin capacity.

It favours proper absorption of calcium.

Vitamin By, is negatively affected by oestrogen, sleeping pills,
alcoho], etc.

It favours the metabolism of food (fats, carbohydrates and
proteins).

Vitamin By, is well soluble in methanol, ethanol and water.

Exercises

Who discovered the structure of vitamin B;,?
What is the structure of vitamin B;,?

What element does vitamin B;, contain?
What is the coenzyme of vitamin B1,?
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Chapter 3

Nomenclature

Each amide group of the five-membered pyrrolic rings are labelled
from a to g and highlighted with various colours, as shown in Fig. 3.1.

b

a
HaN
o
HaM
Pry et
w 0
|
Phosphate ‘0'";5’-.. "
group o ;
ity o
SSont
L ———
Ribose group

Figure 3.1 The numbering of vitamin B4, [1].
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Nomenclature

Vitamin B;, (cobalamin) is a cobamide, where
5,6-dimethylbenzimidazole is bonded by a glycosyl group from its N
to the C of the ribose and additionally attached by a bond between
the N and the Co. The cobalamin (1) structure is indicated as Cbl.
The term (CN) in the vitamin B;, abbreviation at the beginning
states the presence of a cyanide ligand on the (-face side of the
central Co ion. The first section of the abbreviated vitamin B,
name changes after changing the ligand (compounds 2-9); for
example, hydroxocobalamin is written as (OH)Cbl 2 since it has
the OH ligand instead of the CN group. Anion(s) related to the
corrinoids is(are) termed after the name of the (cationic) corrinoid,
for example, cobamic dichloride instead of dichlorocobamic acid.
The oxidation state of cobalt can be shown either after the “cob”
prefix in the compound name, for example, cob(I)alamin or cob(III)
alamin, or in the subscript, where vitamin B;,; demonstrates the +1
oxidation state, vitamin B;,, as the +2 oxidation state and vitamin
Bi2 (compound 1) as the +3 oxidation state. Displacement of the
ribosyl-bound aglycon base from its normal coordinate bonding
to position a of Co by another ligand (or by water) can be shown
by placing the position and name of the substituting ligand before
the corrinoid name and enclosing the modified corrinoid name,
e.g. Coa-aqua-Cob-methyl(2-methyladenylcobamide), where the
2-methyladenyl residue is bonded to the ribose residue but is not
coordinately attached to the Co atom having been displaced by
water or methyl group. Methyl occupies the Cof position. The word
“nor” before vitamin B;, indicates a lack of certain groups, for
example, the methyl group at the C5, C15 or Pr; for compound 10,
11 or 12 [2]. When a number is included in the vitamin B;, name,
it signifies the position where substitution has taken place; for
example, cobalamin that lacks a CH;z group at position C5 is named
as C5-nor-(CN)Cbl. The word “epi” along with the position number
is used to signify a variation in the stereochemistry at that specific
position, for example, 13-epi-derivatives which are also termed as
neo-derivatives, as shown in Fig. 3.2.
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o i :
11 C15-nor-(CN)Cbl N —
15 13-gpi-vitamin By, (13-epi-Chl)
or nec-vitamin B4z (neo-Cbl)

L=CN dicyanocobalamin 3 (CN);Chl

Oy p\ OH hydroxocobalamin 2 OHCbI
fl (8 OH;, aquacobalamin 4 aqCbl

Ado Bz coenzyme 5 AdoChl

o SOzH sulfitecobalamin 6 (HSO4)ChI

= - - . CH=CH;, vinylcobalamin 7 vinCbl

g - : : - ; == g:“ :g :;i;:‘;’"’::’ BB,':] CHZCO;H carboxylmethylcobalamin g CM-Cbl
, Ny azidocobalamin 9 N4Chl

Figure 3.2 Nomenclature of vitamin B, [3].

Cobalamins may be termed as “cobamides” according to the
following patterns, for example:

e Coa-[a-(5,6-dimethylbenzimidazolyl)]-Cob-nitritocobamide,
also termed as “vitamin By, is named nitritocobalamin.

e Coa-[a-(5,6-dimethylbenzimidazolyl)]-Cob-hydroxoco-
bamide, also termed as “vitamin Bj;;,,” is named hydroxoco-
balamin.

e (Coa-[a-(5,6-dimethylbenzimidazolyl)]-Cob-aquacobamide,
also termed as “vitamin By,,,” is named aquacobalamin, which
is the conjugate acid of hydroxocobalamin.

e Coa-[a-(5,6-dimethylbenzimidazolyl)]-Cob-cyanocobamide,
also termed as “vitamin By,,” is named cyanocobalamin.

Cobinamide (Cbi) 16 in Fig. 3.3 can be obtained after cleavage
of the ribose moiety, in addition to the dimethylbenzimidazole and
phosphate groups, which also applies to Cbi derivatives, as in (CN)
Cbl, except that the central Co now has two CN groups—(CN),Cbi;
see compounds 17-19.

17



18 | Nomenclature

17 neo-cobinamide
{meo-Cbi, (CN),13-api-Chi)

R = NHCH,;CH{CH3)OH cobinamide 18 {CN),Chbi
NHCH,CH,0H nor-cobinamide 18 nor-{CN);Cbi
or 176-nor-cobinamide
NHCH;CH,CH3CHy iso-cobinamide 19 iso-(CN);Chi
OH cohyric acid 20
NH2 cobyramide or cobyrinamide 24
NHCH;CH{CH3)OP{OH};0 22 (CN),Chi-P

Figure 3.3 Nomenclature of cobinamide and its derivatives [3].

'q\_,cone

E—— H & R'=H L=CN

23 (CN)zCby{OMe)e(c-lactane)

R'O,C
J" A COR
R'O,C
R'=H, R"=H, L=CN cobyrinic acid 24 (CN)Chy
R'=Me, R"=H, L =CN dicyano cobyrinic acid heptamethylester 25 (CN);Chy(OMe)y
R'=Me, R"=H, L =H;O cyano aqua cobyrinic acid heptamethylester 26 (CN)(H.Q)Cby(OMe);
R'=Me, R"=CIl, L=CN 27 (CN);Chy(OMe)y{10-CI)
R'=Me, R"=MNH; L=CN 28 (CN);Chy(OMe)7(10-NH2)

Figure 3.4 Nomenclature of cobyrinic acid and its derivatives [3].

Cobyric acid (compound 20) can be obtained after elimination
of the 2-hydroxypropyl ligand at position f. If position f bears a
terminal amide (CONH,) group instead of a carboxylic acid, it gives
cobyrinamide/cobyramide (compound 21), where partial removal
of the ribose moiety from the phosphate gives (CN),Cbi-P 22.
Cobinic (R = OH) is formed by combining cobyrinic acid with D-1-
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amino-2-propanol at position f, where hexaamide (R = NH,) gives
cobinamide. Cobamic acid (R = OH) is formed when cobinic acid
is substituted at position 2 of aminopropanol by a-D-ribofuranose
3-phosphate, where its hexaamide (R = NH;) is called cobamide.
Complete hydrolysis of vitamin By, (compound 1) gives cobyrinic
acid, (CN),Cby 24, (Fig. 3.4).
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Chapter 4

B,, Organometallic Reactivity

4.1 Introduction

Organometallic compounds are defined as compounds containing
a metal-carbon bond, R-M. Composites of Grignard reagents, that
is Li and Mg, are amongst the most significant organic reagents.
Several supplementary metals have been used, such as Cu, Na, Zn
and Co, among others. Vitamin B;, was discovered and isolated 60
years ago, and as a crystallisable, red complex [1, 2], this was found
as a cobalt complex of the remarkable corrin ligand, an exceptional
member of the tetrapyrroles [3, 4]. In 1962 Lenhert and Hodgkin
[5] reported the partial synthesis of vitamin B;, coenzymes and
revealed the importance of a metal-carbon bond in enzymatic
processes. Coenzyme B, (Fig. 4.1) is, thus, recognised as an
organometallic derivative of vitamin By, [5]. In people, methionine
synthase and methylmalonyl-CoA mutase use coenzyme B;, and
methylcobalamin, correspondingly, B, cofactors [6-8].

Corrinoids cross the outer membrane through the TonB-
dependent transmembrane protein BtuB (Fig. 4.2).

In the periplasmatic space, substrates are trapped by BtuF and
transferred to the cytoplasm via a translocation pathway formed by
the inner membrane transporter BtuC,D,F [9].
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B;, Organometallic Reactivity

(a) (b)

Figure4.1 Generalstructural formula. (a) Cobalamins (Cbls = DMB-cobamides,
Ado = adenosyl). Vitamin By, (1, CNCbl, R = CN), coenzyme By, (2, R = 5’-deoxy-
5’-ado), methylcobalamin (3, MeCbl, R = CH;), aquacobalamin (4, R = H,0%),
hydroxocobalamin (5, HOCbl, R = HO), cob(Il)alamin (6, By, R = e_), chloroco-
balamin (18, R = Cl), nitroxylcobalamin (19, R = NO), 2,3-dihydroxypropyl-Cbl
(21, R = 2,3-dihydroxy-propyl), a-adenosyl-Cbl (22, R = 50-deoxy-50-a-Ado),
adeninylpropyl-Cbl (23, R = 3-adeninyl-propyl), homocoenzyme B;, (24, R =
50-deoxy-50-Ado-methyl), trifluoromethyl-Cbl (25, R = CF;), difluoromethyl-
Cbl (26, R = CHF,), vinylcobalamin (28, R = CH=CH,), cis-chlorovinyl-Cbl (29, R
= CH=CHCI), bishomocoenzyme B, (33, R = 2-[50-deoxy-50-Ado]-ethyl), 20-de-
oxycoenzyme B;, (48, R = 2’,5'-dideoxy-50-Ado) and 20,30-dideoxycoenzyme
Bi, (49, R = 20,30,50-trideoxy-50-Ado). (b) Structural formulae of other natu-
rally occurring ‘complete’ corrinoids (cobamides with other nucleotide func-
tions ‘Nu’ [6,11]: Cobcyano-imidazolylcobamide (14, R = CN, Nu = imidazole),
cob-methyl-imidazolylcobamide (27, R = CH;, Nu = imidazole), pseudovitamin
B12 (cob-cyano-700-adeninylcobamide, 16, R = CN, Nu = adenine) and factor
A (cob-cyano-700-[20-methyl]-adeninyl-cobamide, 17, R = CN, Nu = 2-methyl-
adenine).

Organometallic compounds offer nucleophilic carbon atoms
which react with electrophilic carbon, making a new carbon-carbon
bond. This finds application in the creation of complex molecules
from simple initial materials. To explain the general reactivity of
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organometallics it is expedient to view them as ionic, so R-M = R"M".
Like small organometallic compounds (Fig. 4.3), large ones react in
a similar manner with electron-rich or anionic carbon atoms, that
is as carbanions, which means they will function as either bases or

nucleophiles.
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Figure4.2 Schematic outline of By, transport in the bacterium Escherichia coli.

It is reasonable to think of these organometallic compounds as

R-M*.
RO-He=R: H
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Methyl chloride Methyl lithium Methyl magnesium bromide
(CH;Cl) (CH;Li) (CH;MgBr)

Figure 4.3 Electrostatic potentials for methyl chloride, methyl lithium and
methyl magnesium bromide. The redder an area, the higher the electron
density, and the bluer an area, the lower the electron density. In the alkyl halide,
the methyl group has a lower electron density (blue) and is an electrophile.

4.2 Cobaloxime Model Systems

4.2.1 Formation of CoX Bonds

Alkylcobaloximes are used as simple models for the reactions of
cobalamin-dependent enzymes. Reductive arylation has been used
to secure the substituted arylcobaloximes (R = p-CF3-C¢H,, m- and
p-Me0,C*C¢H, or p-Ac*CgHy,). The alkylcobalamins are commonly
prepared by alkylation of vitamin B, with a primary alkyl halide or
with an activated alkene, by reaction of B;,;, (hydroxocobalamin) with
an enol ether, by reaction of non-activated alkenes (or alkyl bromides)
with hydridocobalamin or by reaction of alkyl radicals with vitamin
Bi,- under ‘oxidising reducing’ conditions. The preparations of
methylcobalamin, hydroxocobalamin, (2,2-diethoxyethyl)cobalamin
and aquamethylcobyrinic acid heptamethyl ester perchlorate have



Cobaloxime Model Systems

been described in detail [10]. The synthesis of alkylcobalamins from
alkanes and vitamin By, under ‘oxidising reducing’ conditions has
been extended to include the preparation of n-alkyl-, neopentyl-,
isobutyl- and cycloalkylcobalamins from n-alkanes, neopentane,
isobutane and cycloalkanes, respectively.

Bz was found to react with alkyl halides. The kinetics of
the reactions with alkyl chlorides and bromides conform to a
second-order rate law which is interpreted in terms of a stepwise
atom transfer mechanism (Eq. 4.1). On the other hand, the
data for alkyl iodides are fitted by a third-order rate law which
is consistent with an associative mechanism (Eq. 4.2) [11].
e-Adenosylcobalamin (synthesis and characterisation of 8-methoxy-
5’-deoxyadenosylcobalamin, a coenzyme B;, analogue which,
following Co-C bond homolysis, avoids cyclisation of the 8-methoxy-
5’-deoxyadenosyl radical) has been further studied [12].

B12r+RX T XB 12 +R' N B12r+R' fast RB 12
determining
XB 15+ H0 ————— B+ X~ (4.1)

B, +RI :’ BiaRI l? [Blzr'RI +Bigr —3 RByp+ RByp, +I

rapid ratedetermining

equillibrium (4- 2)

4.2.2 Cleavage of Co—C Bonds

The Co-C bond dissociation energy of alkylcobalamins including co-
enzyme B, has been estimated to be in the range of 20-30 kcal mol™
Sterically hindered secondary alkylcobalamins with a $-hydrogen
decompose spontaneously [13], under both anaerobic and aerobic
conditions, by syn-elimination. However, in neutral aqueous solution
under strictly anaerobic conditions, organylcobalamins which lack
hydrogen in the P-position (namely neopentyl [13, 14] and benzyl
[13] derivatives) decompose slowly by homolysis of the Co-C bond,
since recombination of vitamin B, and organic radicals occurs with
high efficiency. On the other hand, under aerobic conditions and in
the presence of thiols, alcohols and imidazole, rapid oxidation or
reaction of the radical species occurs [14]. It is suggested that the
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homolytic cleavage is also triggered by upward distortions of the
corrin ligand in response to re-coordination of the axial base [13].
The importance of distortions to the Co-C%-XP bond angle and Co-CP
bond length are explained by Baldwin et al. [14].

The thermodynamic method for the determination of metal-
alkyl group bond dissociation energies, has been applied to two
series of a-phenylethylcobaloximes, one containing 4-substituted
pyridines as the axial base [15] and the other containing substituted
phosphines of varying cone angles [16]. In the former case the
Co-C bond dissociation energies increase systematically with the
increase of the basicity of the ligand [15], and in the latter case
the bond dissociation energies decrease dramatically as the cone
angle of the phosphine increases [16]. The thermodynamic method
has been augmented by a kinetic method [17] which involves the
determination of the enthalpy of activation of the thermally induced
homolytic process (Scheme 4.1). Based on the valid assumption that
the enthalpy of activation of the reverse process is small, the bond
dissociation energy can be estimated [18].

Bias MeCbhl

Scheme 4.1 Methylation of cob(l)alamin B;,s (39) by an SN2 mode is directed
to the ‘upper’ b-face (by both kinetic and thermodynamic reasons) and yields
MeCbl (3).

These methods, which promise to have a wide application,
have been reviewed [19, 20]. The factors influencing Co-C bond
dissociation energies are of considerable importance for coenzyme
Bi,-dependent enzymatic processes [21-23].

4.2.3 Electrochemistry

Electrochemistry is an excellent method for the selective and
controlled production of reduced B, forms under potentiostat
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control. As alkyl halides or alkyl tosylates react quickly and
efficiently with Co(I)-corrins [24], which are cleanly generated at
controlled electrode potentials near that of Co(Il)/Co(I) couples,
electrochemistry provides a suitable method for the synthesis of
organometallic By, derivatives [25].

The polarographic electroreduction of aquocobalamin (B,,) in
acidic medium is complicated by adsorption of protonated B, at
the dropping mercury electrode [10, 26]. A spectroelectrochemical
study of cyanocobalamin reveals two closely separated one-
electron reduction steps (Co (III) = Co (II) — Co (I)). However, at
low electron flux, the reduction proceeds via one two-electron step
because the reduction of ‘base-off’ Bj,. is rapid compared to the
reduction of Bj,. Moreover, in the presence of added cyanide, the two
reduction processes become successive again because cyanocob(II)
alamin reduces more slowly than ‘base-off’ B;,,[27]. This behaviour
may well be typical of other strong field ligands. The redox
equilibrium properties of the Co III /Co II and Co II/Co I couples of
diaquocobinamide are similar to those of the corresponding ‘base-
off’ aquocobalamins [27]. Indeed, the one-electron reduction of
organometallic Co(lll)-corrins typically occurs at more negative
potentials than the Co(II)/Co(I) redox couple By,./B1zs [25]. Using
electrolysis at a controlled potential of -1.1 V versus the saturated
calomel electrode (SCE), coenzyme By, (2) was prepared in 95%
yield from vitamin By, (1) or from aquacobalamin (4*) by alkylating
cob(I)alamin (397) with 5’-chloro-5’-deoxyadenosine [28]. Other
organometallic B, derivatives produced in an analogous method
were, for example pseudocoenzyme Bi, (37) (78% yield from
pseudovitamin By;) [110], neocoenzyme B, (39) (89% yield from
neovitamin By;) [29] and homocoenzyme B, (24) (99% yield from
41) [30]. Cob-methyl-imidazolylcobamide (31) (90% yield from
cob-cyano-imidazolylcobamide) [94] and methyl-13-epicob(III)
alamin (46) (88% yield from neovitamin B,;) [29] were synthesised
by alkylation with methyl iodide. Also, dimeric B;, derivatives, such
as the cob-alkyl-bridged and sterically crowded tetramethylene-
cob-1,4-biscobalamin (30) [31] and a strained organometallic By,-
rotaxane [32], were synthesised by similar methods (Fig. 4.4).
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Figure 4.4 Electrochemistry as a means for the preparation of alkyl-bridged
biscorrinoids. Structural formulae of tetramethylene-bridged biscobalamin (30,
n = 1) [24] and of a dodecamethylene-bridged biscobalamin (n = 5); symbolic
representations of alkyl-bridged biscobalamins and of a cyclodextrin-based B,-
rotaxane [28].

Bimolecular homolytic displacement of benzylcobaloxime
with a liphaticradicals yields benzylalkanes [33]. Oximes react
photochemically with trichloromethylsulphonyl chloride to
give high yields of alkanesulphonyl chloride [34]. The scope of
the regiospecifically transfer reactions from substituted allyl
cobaloximes to a variety of bromodiesters has been further explored
[35].

4.2.4 Alkene Coupling

Vitamin By, (1) benzyl radicals are formed from styrene derivatives,
which furnish the respective dimers. Styrene derivatives, with
(CN)Cbl (1a)/Ti(Ill) citrate, have been prepared by van der Donk
using this methodology [36]. Van der Donk et al. revealed that the
vitamin Bj, precatalyst is first reduced by Ti (III) citrate to the
catalytically active cob(I)alamin, which displays a characteristic
purple colour with a UV maximum near 380 nm. The reduced metal
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catalyst activates the substrate to generate the stabilised radical I.
Most likely the activation involves an inner sphere process which
may involve an organocobalamin, followed by homolytic cleavage
of the Co-C bond to produce I [36]. Radical I subsequently reacts
intramolecularly with the alkene to generate radical II. The fate of
this radical is dependent on the reaction conditions. It can either
be reduced to yield product Iil, or cob(Il)alamin can abstract
a B-hydrogen atom to give the unsaturated product IV. This
would also produce hydridocobalamin, which would be rapidly
deprotonated (pK, ca. 1) [37], regenerating the active cob(I)alamin
catalyst. Several studies have provided strong support for such a
homolytic mechanism for the generation of alkenes as opposed to a
-hydride elimination mechanism from an alkylcobalamin species.
An intramolecular reaction with dienes leads to the making of
tetrahydrofuran derivatives, depending on the pH of the reaction
mixture [38]. The light-induced methodology also works well for
dimerising substituted styrenes (Scheme 4.2) [39].

R R R R
Chiq) )V I B Ar
Ar/g — R Co> Ar”® Ar
. R
MB

Scheme 4.2 General pathway for Bj,-catalysed homocoupling of styrene
derivatives.

4.2.5 Ring Expansion Reactions

Ring expansion reactions are significant in the making of cyclic
compounds, mainly those which are challenging to access by other
methods. Typically, ring expansions operate by migrating to an
exocyclic leaving group (e.g., Tiffeneau-Demjanov rearrangement)
or by forming and opening a bicyclic intermediate (e.g., Buchner
reaction). Thelatter pathway was suggested by Dowd foraone-carbon
ring expansion of cyclic a-(bromomethyl)-f3-keto esters. A radical
mechanism for this process was also proposed [40]. The application
of BusSnH as a radical promoter for ring expansion reactions is
significantly limited in organic synthesis because numerous side
reactions may occur. In contrast, cobalamin derivatives provide a
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gentler, greener alternative. Cby(I1)(OMe); could electrochemically
form a Co(lll)-alkyl complex which after homolysis generated
a radical, which rearranged to afford a ring-expanded product
(Scheme 4.3) [40]. The ring size strongly influences the reactivity
of different substrates. Eight-membered rings have the lowest
reactivity.

o o)
Chy(I1)OC;3H,); (111), 1.5 mol%, hv
O VeI, 0, N*CsAla(C ), vesicle (112),
o)

Scheme 4.3 Ring expansion of nonhalogenated cyclopentanedione, catalysed
by Cby(11)(OC3H5);.

The ring expansion of cyclic a-(bromomethyl)-3-keto esters by
one carbon unit has been examined rather extensively by generating
radical species with Bu3SnH [41-43]. Torii etal. have investigated ring
expansion reactions of 2-alkyl-2-(bromomethyl) cycloalkanones,
which have 5- and 6-membered rings, mediated by cobaloxime in
methanol at 55°C-60°C by constant-current electrolysis under
irradiation with visible light [44]. Other ring expansion reactions can
apply to vitamin B, derivatives. [Cob(II)7C ester]ClO, was utilised
to catalyse ring expansion reactions under conditions of controlled-
potential electrolysis.

4.3 Computational Studies on Organometallic
Chemistry

Computational studies have played a vital role in advancing our
understanding of the electronic structures and catalytic cycles
of bioorganometallic enzyme active sites and cofactors. While
the success in obtaining high-resolution X-ray structures has
permitted detailed insight into the coordination environments
of the metal centres in these species, in many cases delivering
surprising information regarding the composition of polynuclear
metal clusters and revealing the identities of unusual active-site
ligands, these structures often raised more questions concerning the
corresponding catalytic mechanisms than they answered.
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Therefore, computational studies - when properly evaluated
on the basis of the results obtained in X-ray crystallographic,
kinetic and/or spectroscopic investigations - will undoubtedly
continue to play a key role in future research into the reaction
cycles of the bioorganometallic systems. Computational approaches
have been utilised with increasing frequency because they have
proven to be an extremely useful complement to experimental
investigations. For example, computations have been successfully
used to investigate the formation and cleavage of the Co-C bond in
a cobalamin comprehensive review in 2001 [45]. Several research
groups have engaged in theoretical studies which were aimed at
elucidating the molecular mechanism of Co-C bond activation by
adenosylcobalamin-dependent enzymes [46-62]. The energy of
Co-C bond heterolysis was found to decrease as a function of the
trans Co-N bond length [53]. Moreover, evidence for the existence of
a long axial ligand-Co bond opposite to the Co-CH3 bond has been
obtained for atleast one member of the family of methyltransferases.
To evaluate putative catalytic intermediates in methyl-coenzyme
M (methyl-CoM) reductase, Siegbahn and coworkers [63, 64]
computed the Ni-S bond strength of 39 kcal/mol for the putative
CoM-S-Ni(II)F43, species which is formed in this process, which is
much closer to the 70 kcal/mol needed to cleave the S-C bond in
methyl-CoM. The electron distributions and exchange interactions
was observed to be the active site metal ions in carbon monoxide
dehydrogenase/acetyl-coenzyme A synthase [65, 66] and the
magnetic properties of the [FeFe] hydrogenase active-site cluster
[67-69] was calculated. Computational approaches to chemistry
are the prediction of energies and molecular geometries. There is
a diverse selection of computational methods available to compute
the electronic structure of a system at a fixed geometry. A typical
geometry optimisation strategy can be illustrated by considering
the Co-C bond of methylcobalamin [70]. First, a reasonable initial
guess is made for the Co-C bond length and the total energy
of methylcobalamin is computed for this particular nuclear
configuration. To interpret the changes in terms of geometric and
electronic structural perturbations of Co?* cobalamin, researchers
have used spectroscopically validated DFT computations as the
basis for developing a spectro/structural correlation - specifically,
a series of DFT and time-dependent DFT calculations to predict
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how distortions of the axial ligand-Co?* bonding interaction affect
the electronic absorption, magnetic circular dichroism and electron
paramagnetic resonance spectra of Co?* cobalamin [71, 72]. This
correlation has enabled us to interpret the observed spectral changes
accompanying the binding of Co?* cobalamin to adenosyltransferase
complexed with adenosine-5’-triphosphate in terms of the formation
of an essentially four-coordinate Co?* cobalamin species which lacks
any significant axial bonding interactions [72, 73].
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Chapter 5

Coenzyme B,,—Dependent Enzymes

5.1 Introduction

The Bj;s, also referred to as cobalamin coenzymes, are complex
macrocycles whose reactivity is associated with a unique cobalt-
carbon bond. Carbon skeleton isomerases glutamate mutase,
methylmalonyl-CoA mutase and 2-methyleneglutarate mutase; the
isomerase lysine 5,6-aminomutase; the isomerases/eliminases
propane-1,2-diol hydrolyase (dioldehydrase), glycerol hydrolyase
(glycerol dehydrase) and ethanolamine ammonia-lyase; and the class
I ribonucleoside triphosphate reductase form the main enzymes.
There are two biologically active forms, methylcobalamin (MeCbl)
and adenosylcobalamin (AdoCbl) (Fig. 5.1), and their closely related
cobamide forms. MeCbl participates as the intermediate carrier of
activated methyl groups. During the catalytic cycle, the coenzyme
shuttles between MeCbl and the highly nucleophilic cob(I)alamin
form. Examples of MeCbl-dependent enzymes include methionine
synthase and Me-H,-MPT:coenzyme M (CoM) methyltransferase.
AdoCbl functions as a source of carbon-based free radicals which
are unmasked by homolysis of the coenzyme’s cobalt-carbon
bond. The free radicals are subsequently used to remove non-acid
hydrogen atoms from substrates to facilitate a variety of reactions
involving cleavage of carbon-carbon, carbon-oxygen and carbon-
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nitrogen bonds. Most reactions involve 1,2 migrations of hydroxy-,
amino- and carbon-containing groups, but there is also one class
of ribonucleotide reductases which uses AdoCbl. The structures
of two cobalamin-dependent enzymes, methionine synthase and
methylmalonyl-CoA mutase, have been solved. In both cases the
cobalt is coordinated by a histidine ligand from the protein. The
significance of this binding motif is presently unclear since in other
cobalamin-dependent enzymes spectroscopic evidence suggests
that the coenzyme’s nucleotide ‘tail’ remains coordinated to cobalt
when bound to the protein.

NH,
N

<Xy

(A) o W

Figure 5.1 Structures of B;, coenzymes (A) adenosylcobalamin and (B)
methylcobalamin [1].



Introduction

Both MeCbl and AdoCbl play essential roles in the metabolism
in higher eukaryotes [2]. In humans, lack of By, in the diet, or an
inability to absorb it, is the cause of pernicious anaemia. MeCbl is
involved in the methylation of homocysteine to form methionine
by methionine synthase as part of the methionine salvage pathway;
homocysteine is toxic in high concentrations and may be responsible
for many of the symptoms of pernicious anaemia. AdoCbl is the
coenzyme for methylmalonyl-CoA mutase, an enzyme which
converts methylmalonyl-CoA to succinyl-CoA, which is an essential
step in the metabolism of odd-chain fatty acids [2]. The figure
illustrates examples of Cbls with different -coordinating ligands
include CNCbl, H,0Cbl, MeCbl and AdoCbl (Fig. 5.2) [3], which
originate from the occupation of the opposite, ‘upper’ (b)-site.

N
c

H,NOC |

CONH, Co®
CNCbI
H,NOC CHs
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HiC™" “
HaC""
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Figure 5.2 Structures of Cbls (R = CN: cyanoCbl, CNCbl or B;,; R = OH:
hydroxoCbl, HOCbl; R= OH,: aquaCbl, H,0Cbl or B;,,; R = CH3: methylCbl, MeCbl;
R = 50-deoxy-50-adenosyl: adenosylCbl, AdoCbl) [4].
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5.2 Methylcobalamin

MeCblis aform of vitamin B;, which features an octahedral cobalt(III)
centre [5]. From the perspective of coordination chemistry, MeCbl
is distinguished as an uncommon example of a compound which
contains metal-alkyl bonds.

5.2.1 Methionine Synthase

Methionine synthase is a mammalian enzyme which metabolises
5-methyltetrahydrofolate to restore the dynamic cofactor
tetrahydrofolate. In cobalamin-dependent forms of the enzyme,
the reaction proceeds by two steps in a Ping-Pong reaction. The
enzyme is initially primed into a reactive state by the transfer
of a methyl group from 5-methyltetrahydrofolate to Co(I) in
enzyme-bound cobalamin, forming methyl-cobalamin which now
contains methyl-cobalamin(Ill) and activating the enzyme. Then,
homocysteine which has coordinated to an enzyme-bound zinc to
form a reactive thiolate reacts with the methyl-cobalamin. The
activated methyl group is transferred from methyl-cobalamin to
the homocysteine thiolate, which regenerates Co(I) in cob, and
methionine is released from the enzyme. The cob-independent
mechanism follows the same general pathway but with a direct
reaction between the zinc thiolate and 5-methyltetrahydrofolate [6].

Methionine synthase is responsibly involved in converting
homocysteine to methionine, encoded as 5-methyltetrahydrofolate-
homocysteine methyltransferase in human beings [7]. It makes a
portion of the S-adenosylmethionine [8]. Plants are cobalamin-
independent[9].Microorganisms have been found to have cobalamin-
independent and cobalamin-dependent forms [9]. The enzyme
catalysesthelaststepintheconversionofhomocysteinetomethionine.
The reaction converts tetrahydrofolate to 5-methyltetrahydrofolate,
changing a methyl group methionine to homocysteine form.

The mechanism of the enzyme depends on the constant
regeneration of Co(I) in cob, but this is not always guaranteed.
Instead, every 1-2000 catalytic turnovers, the Co(I) may be oxidised
into Co(II), which would permanently shut down catalytic activity.
A separate protein, methionine synthase reductase, catalyses the
regeneration of Co(I) and the restoration of enzymatic activity.
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Because the oxidation of cob-Co(I) inevitably shuts down cob-
dependent methionine synthase activity, defects or deficiencies in
methionine synthase reductase have been implicated in some of the
disease associations for methionine synthase deficiency discussed
later. The two enzymes form a scavenger network seen on the lower
left [10]. Methionine synthase from Escherichia coli is the most
further studied B,-dependent enzyme [11].

5.2.2 Methylated-thiol-Coenzyme M Methyltransferase

Tallant etal’s [12] study on the conversion of CoM methyltransferase
ascribes that methanogenesis from dimethylsulphide requires the
intermediate methylation of CoM. This reaction is catalysed by a
methylthiol:CoM methyltransferase composed of two polypeptides,
MtsA (a MeCbl:CoM methyltransferase) and MtsB (homologous to
a class of corrinoid proteins involved in methanogenesis). Further
studies have been done on the same subject [12-14] and show that
methylated-thiol-CoM methyltransferase catalyses the chemical
reaction of methanethiol and CoM to methyl CoM plus hydrogen
sulphide as (1a) methanethiol and (Co(I) methylated-thiol-specific
corrinoid protein) yields (methyl-Co(IlI) methylated-thiol-specific
corrinoid protein) and hydrogen sulphide. In another reaction
(1b) (methyl-Co(IlI) methylated-thiol-specific corrinoid protein)
plus CoM gives methyl-CoM and (Co(I) methylated-thiol-specific
corrinoid protein); this enzyme is involved in methanogenesis from
methylated thiols, such as methanethiol, dimethyl sulphide and
3-S-methylmercaptopropionate.

One of the better-understood systems is the methanobacterium
thermoautotrophicum methyltransferase, which catalyses the
transfer of a methyl group from methyltetrahydromethanopterin
to mercaptoethane sulphonate, a reaction chemically very
similar to that catalysed by methionine synthase. Methyl-CoM is
the substrate for methyl-CoM reductase which uses the nickel-
containing macrocycle, coenzyme F450, to reduce the methyl
group to methane and regenerate CoM [15]. Methyl-CoM reductase
is the key enzyme of methane formation in methanogenic
Archaea. It catalyses the reduction of methyl-CoM, CH;-S-CoM,
2-(methylthio) ethanesulphonate, with coenzyme B (CoB) (CoB-
S-H, 7-thioheptanoyl-threoninephosphate) to methane and the
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heterodisulphide of CoM (CoM-S-H, 2-thioethane sulphonate) and
CoB under strictly anaerobic conditions [16, 17].

Spectroscopic investigations of methyl-CoM reductase have
revealed several Ni electron paramagnetic resonance (EPR)-active
and EPR-inactive states of the enzyme [18]. After harvesting of H,-
CO,-grown cells, the enzyme is present in an inactive EPR silent
state designated as MCRgjje,- In this state, methyl-CoM reductase
contains bound CoM [19] and coenzyme B (CoB) [20] and can only
be partially reactivated by enzymatic reduction [21]. When cells
are gassed with H, before harvesting, the enzyme is present in an
active MCR,.q; state whose characteristic Ni(I) F437 EPR spectrum,
designated as red 1, can be correlated with the enzymatic activity in
the enzyme [22].

5.3 Adenosylcobalamin

AdoCbl referred to as cobamamide and dibencozide is, along
with MeCbl, an active form of vitamin B;,. Mainly available as
a nutritional supplement, alongside MeCbl, hydroxocobalamin
and cyanocobalamin, AdoCbl can catalyse both the migration
of hydroxy or amino groups in vicinal diols or amino alcohols,
followed by dehydration or deamination to yield aldehydes and, the
aminomutases, which catalyse the 1,2 migration of an amino group
within an amino acid and also require pyridoxal phosphate as an
additional coenzyme.

5.4 Hydroxocobalamin

Hydroxocobalamin was used as an antidote in experimental cyanide
poisoning in mice in 1952 [25] and has since been shown to be
efficacious in a variety of animal models [26]. [t has been used for the
treatment of human cyanide poisoning in France since the 1970s [27,
28]. Hydroxocobalamin has also been used to treat smoke inhalation
victims [29] and children poisoned by improperly prepared cassava
[30]. In lower doses, it has been used to treat diseases thought to be
caused by chronic, low-level cyanide exposure, tobacco amblyopia
and Leber’s hereditary optic atrophy [31].
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Experimentally, hydroxocobalamin has been used as prophylaxis
for cyanide poisoning during sodium nitroprusside therapy [27,
32]. Hydroxocobalamin detoxifies cyanide by giving up a hydroxyl
group and binding a cyanyl group, forming nontoxic cyanocobalamin
(vitamin B4;), which is excreted in the urine [28]. It does not have the
problems inherent with sodium nitrite: profound hypotension from
vasodilation and possible excessive induction of methemoglobinemia
(undesirable in cases of combined carbon monoxide and cyanide
poisoning from smoke inhalation or when the diagnosis is uncertain)
[28, 33].

Hydroxocobalamin has further been used to treat cyanide
poisoning [34], toxic amblyopia [35] and Leber’s optic atrophy [36]
and is commonly referred to as vitamin By,,. The main source is
found in food as well as often given as a supplement. Cobalamins
together with folate are required in the formation of DNA at the
chromosomal division and replication process. Hydroxocobalamin
is altered to either 5-deoxyadenosyl cobalamin or MeCbl and serves
as storage in the serum [37]

5.5 Cobamamide

Methylmalonyl-CoA mutase (MCM) enzyme uses cabamamide
(dibencozide or AdoCbl) as a cofactor. Cabamamide is an active form
of vitamin Bj,. It has the formula C;,H;70CoN;501,P. Coenzyme B,
(5’-deoxyadenosylcobalamin), in which the configuration of the
N-glycosidic bond in the Ado ligand is inverted (a-ribo) AdoCbl,
has been synthesised and its crystal structure determined by
X-ray diffraction, MoKa: A = 0.71073 A; monoclinic P212121; a =
16.132(12) A, b = 21.684(15) A, c = 27.30(3) A; 9611 independent
reflections; R1 = 0.0708. As suggested by molecular mechanics
(MM) modelling before the structure was known, the Ado ligand
lies over the southern quadrant of the molecule, as is the case for
AdoCbl. The most striking feature of the structure is a disorder in
the orientation of the adenine (Ade) moiety relative to the ribose of
the Ado ligand. This was resolved with a two-state model in which
in the major (0.57 occupancy) conformer the A16(0)-A11-A9(N)-A8
dihedral angle is 1.9° and the Ade is virtually perpendicular to the
corrin ring; in the minor conformer, the Ade is tilted down, and this
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dihedral is -48.7°. The Co-C and axial Co-N bond lengths and the
Co-C-C bond angle are quite similar to those in AdoCbl. The corrin
ring is considerably flatter than that of AdoCbl, with a fold angle of
11.7°. The molecule was successfully modelled by MM, and rotation
of the Ado ligand relative to the corrin gave rise to four locally
minimum structures with the Ado in the southern, eastern, northern
or western quadrant, with the southern conformation as the global
minimum, as is the case with AdoCbl itself.

5.6 Cyanocobalamin

This is a synthetic form of vitamin B;, with the general formula
of Cg3HggCoN14,014P, administered as an injection. Cob(IIl)alamin
cyanide is a product of cob(I)alamin, cyanide, and NADP* (Eq. 5.1).

cob(I)alamin + cyanide + NADP* —= cyanocob(III)alamin
+NADPH+H" (5.1)

The resultant three products are NADPH, H* and cyanocob(III)
alamin. This enzyme originates from the classification of
oxidoreductases, precisely the ones which oxidise metal ions and
use NADP* or NAD* as an electron acceptor for the oxidisation
reaction. The systematic name of this enzyme class is cob(I)
alamin cyanide:NADP* oxidoreductase. Other names used describe
the same include yanocobalamin reductase (NADPH, cyanide-
eliminating), cyanocobalamin reductase, NADPH:cyanocob(III)
alamin oxidoreductase (cyanide-eliminating) and ccyanocobalamin
reductase (NADPH, CN-eliminating). The coenzyme is instable
towards light and acid [38, 39]. The structure of the coenzyme was
elucidated through the crystallographic studies of Hodgkin [39],
who showed that the general macrocyclic structure and peripheral
substituents were the same for both cyanocobalamin and the
vitamin coenzyme and also demonstrated a unique feature of the
coenzyme, the covalent bond between cobalt and the 5’ carbon
of an adenine moiety. This was the first example of a naturally
occurring organometallic compound. Indeed, to this day the vitamin
coenzyme and related alkylcobalamins represent the only known
organometallic compounds of nature [39].
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While the crystallographic studies elucidated the major
structural features of the cyanocobalamin coenzyme, they left open
the possibility that the extent of the conjugated chromophore might
be different in the coenzyme than that of By, itself. This difference
in the extent of oxidation of the chromophore was suggested by
studies on the formation of the coenzyme from vitamin and would
have been consistent with the considerable differences in the optical
spectra of the coenzyme (orange-yellow) and B, (red-purple) [39].
The degree of unsaturation of the corrin chromophore was related
to, and further complicated by, the oxidation state of the cobalt,
which is trivalent diamagnetic in vitamin By, but which had been
reported to be paramagnetic by some and diamagnetic by others
in the coenzyme. At this time the coenzyme had been prepared by
an initial reduction of cyano- or hydroxocobalamin, followed by
alkylation with a suitable derivative of 5/-deoxyadenosine [39].
Thus the mode of formation did not define the oxidation state of the
cobalt and allowed for the possible reduction of the chromophore
during the formation of the coenzyme.

References

1. E. Marsh, Coenzyme Bi, (cobalamin)-dependent enzymes, Essays
Biochem., 34 (1999) 139-154.

2. S.Savvi, D. F. Warner, B. D. Kana, . D. McKinney, V. Mizrahi, S. S. Dawes,
Functional characterization of a vitamin B;,-dependent methylmalonyl
pathway in Mycobacterium tuberculosis: implications for propionate
metabolism during growth on fatty acids, J. Bacteriol,, 190 (2008)
3886-3895.

3. G.Schrauzer, Inorganic Chemistry of Vitamin B;,, Academic Press, New
York, USA, 1972.

4. B.Kréutler, Antivitamins B;,-a structure- and reactivity-based concept,
Chem. Eur.J., 21 (2015) 11280-11287.

5. W. T. Wangui, G. N. Kamau, M. S. Ngari, M. C. Njambi, Electrocatalytic
reduction of 2, 2, 2-trichloro-1, 1-bis (4-chlorophenyl) ethanol
(dicofol) in acetonitrile-aqueous solution using cyanocobalamin as a
catalyst, Science, 3 (2015) 1-10.

6. R. G. Matthews, A. E. Smith, Z. S. Zhou, R. E. Taurog, V. Bandarian, J. C.
Evans, M. Ludwig, Cobalamin-dependent and cobalamin-independent

47



48

Coenzyme B;,—Dependent Enzymes

10.

11.

12.

13.

14.

15.

16.

17.
18.

methionine synthases: are there two solutions to the same chemical
problem?, Helv. Chim. Acta, 86 (2003) 3939-3954.

Y. N. Li, S. Gulati, P. ]. Baker, L. C. Brody, R. Banerjee, W. D. Kruger,
Cloning, mapping and RNA analysis of the human methionine synthase
gene, Hum. Mol. Genet., 5 (1996) 1851-1858.

R. V. Banerjee, R. G. Matthews, Cobalamin-dependent methionine
synthase, FASEB]., 4 (1990) 1450-1459.

T. Zydowsky, L. Courtney, V. Frasca, K. Kobayashi, H. Shimizu, L. Yuen, R.
Matthews, S. Benkovic, H. Floss, Stereochemical analysis of the methyl
transfer catalyzed by cobalamin-dependent methionine synthase from
Escherichia coli B, ]. Am. Chem. Soc., 108 (1986) 3152-3153.

K. R. Wolthers, N. S. Scrutton, Protein interactions in the human
methionine synthase-methionine synthase reductase complex and
implications for the mechanism of enzyme reactivation, Biochemistry,
46 (2007) 6696-6709.

M. L. Ludwig and, R. G. Matthews, Structure-based perspectives on B ,-
dependent enzymes, Annu. Rev. Biochem., 66 (1997) 269-313.

T. C. Tallant, L. Paul, J. A. Krzycki, The MtsA subunit of the methylthiol:
coenzyme M methyltransferase of Methanosarcina barkeri catalyses
both half-reactions of corrinoid-dependent dimethylsulfide: coenzyme
M methyl transfer, J. Biol. Chem., 276 (2001) 4485-4493.

L. Paul, J. A. Krzycki, Sequence and transcript analysis of a novel
Methanosarcina barkeri methyltransferase II homolog and its
associated corrinoid protein homologous to methionine synthase, J.
Bacteriol., 178 (1996) 6599-6607.

T. C. Tallant, J. A. Krzycki, Methylthiol: coenzyme M methyltransferase
from Methanosarcina barkeri, an enzyme of methanogenesis from
dimethylsulfide and methylmercaptopropionate, J. Bacteriol., 179
(1997) 6902-6911.

U. Ermler, W. Grabarse, S. Shima, M. Goubeaud, R. K. Thauer, Crystal
structure of methyl-coenzyme M reductase: the key enzyme of
biological methane formation, Science, 278 (1997) 1457-1462.

R. Thauer, Biodiversity and unity in biochemistry, Antonie van
Leeuwenhoek, 71 (1997) 21-32.

R. S. Wolfe, My kind of biology, Annu. Rev. Microbiol., 45 (1991) 1-36.

S. Albracht, D. Ankel-Fuchs, R. Bocher, ]. Ellermann, ]. Moll, ]. Van der
Zwaan, R. Thauer, Five new EPR signals assigned to nickel in methyl-
coenzyme Mreductase from Methanobacteriumthermoautotrophicum,



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

References

strain Marburg, Biochim. Biophys. Acta, Protein Struct. Mol. Enzymol.,
955 (1988) 86-102.

P. Hartzell, M. Donnelly, R. Wolfe, Incorporation of coenzyme M into
component C of methylcoenzyme M methylreductase during in vitro
methanogenesis, J. Biol. Chem., 262 (1987) 5581-5586.

K. M. Noll, R. S. Wolfe, Component C of the methylcoenzyme M
methylreductase system contains bound 7-mercaptoheptanoylthre-
onine phosphate (HS-HTP), Biochem. Biophys. Res. Commun., 139
(1986) 889-895.

P. E. Rouviere, R. S. Wolfe, Component A3 of the methylcoenzyme M
methylreductase system of Methanobacterium thermoautotrophicum
delta H: resolution into two components, J. Bacteriol, 171 (1989)
4556-4562.

S. Rospert, R. Bocher, S. Albracht, R. Thauer, Methyl-coenzyme
M reductase preparations with high specific activity from H,-
preincubated cells of Methanobacterium thermoautotrophicum, FEBS
Lett., 291 (1991) 371-375.

D. Crowfoot-Hodgkin, Die Rontgenstrukturanalyse komplizierter
Molekiile. Nobel-Vortrag am 12. Dezember 1964, Angew. Chem., 77
(1965) 954-962.

K. Gruber, B. Puffer, B. Krdutler, Vitamin Bi,-derivatives-enzyme
cofactors and ligands of proteins and nucleic acids, Chem. Soc. Rev., 40
(2011) 4346-4363.

C. W. Mushett, K. L. Kelley, G. E. Boxer, J. C. Rickards, Antidotal efficacy of
vitamin By,, (hydroxo-cobalamin) in experimental cyanide poisoning,
Proc. Soc. Exp. Biol. Med., 81 (1952) 234-237.

J. C. Linnell, The role of cobalamins in cyanide detoxification, in Clinical
and Experimental Toxicology of Cyanides, eds. B. Ballantyne, T. C. Marrs,
Wright Pub., Bristol (1987) pp. 427-439.

A. Brouard, B. Blaisot, C. Bismuth, Hydroxocobalamine in cyanide
poisoning, J. Toxicol. Clin. Exp., 7 (1987) 155-168.

J. C. Forsyth, P. D. Mueller, C. E. Becker, ]. Osterloh, N. L. Benowitz, B. H.
Rumack, A. H. Hall, Hydroxocobalamin as a cyanide antidote: safety,
efficacy and pharmacokinetics in heavily smoking normal volunteers,
J. Toxicol.: Clin. Toxicol., 31 (1993) 277-294.

F. ]. Baud, P. Barriot, V. Toffis, B. Riou, E. Vicaut, Y. Lecarpentier, R.
Bourdon, A. Astier, C. Bismuth, Elevated blood cyanide concentrations
in victims of smoke inhalation, New Engl. J. Med., 325 (1991) 1761-
1766.

49



50

Coenzyme B;,—Dependent Enzymes

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

0. Espinoza, M. Perez, M. Ramirez, Bitter cassava poisoning in eight
children: a case report, Vet. Hum. Toxicol., 34 (1992) 65.

C. Bismuth, F. Baud, P. Pontal, Hydroxocobalamin in chronic cyanide
poisoning, J. Toxicol. Clin. Exp., 8 (1988) 35-38.

J. E. Cottrell, P. Casthely, ]. D. Brodie, K. Patel, A. Klein, H. Turndorf,
Prevention of nitroprusside-induced cyanide toxicity with
hydroxocobalamin, New Engl. ]. Med., 298 (1978) 809-811.

A. H. Hall, K. Kulig, B. Rumack, Suspected cyanide poisoning in smoke
inhalation: complications of sodium nitrite therapy, J. Toxicol. Clin.
Exp., 9 (1989) 3-9.

L. MacLennan, N. Moiemen, Management of cyanide toxicity in patients
with burns, Burns, 41 (2015) 18-24.

L. Nguyen, A. Afshari, S. A. Kahn, S. McGrane, B. Summitt, Utility and
outcomes of hydroxocobalamin use in smoke inhalation patients,
Burns, 43 (2017) 107-113.

A. H. Gray, ]. Wright, V. Goodey, L. Bruce, Injectable Drugs Guide,
Pharmaceutical Press, 2010.

R. Miller, B. Katzung, In Basic and Clinical Pharmacology, ed. B. G.
Katzung, Appletion and Lange, USA (1989) pp. 323-333.

D. Dodd, M. Johnson, The organic compounds of cobalt (III), J.
Organomet. Chem., 52 (1973) 1-232.

R. H. Abeles, D. Dolphin, The vitamin B, coenzyme, Acc. Chem. Res., 9
(1976) 114-120.



Chapter 6

Recent Trends

6.1 Introduction

Over recent years, advances in functional cobalamin (Cbl)
derivatives for biological and medicinal applications have received
increasing attention [1-3]. This trend is probably inspired by the
metabolic importance of Cbls and their unique properties, functions
and reactivity in biological systems. Earlier developments and
achievements have already been briefly reviewed [4, 5], but recent
important developments have significantly expanded the knowledge
horizon and are thus worth mentioning. One of the most important
current practical applications of corrinoids deals with cyanide
detoxification and detection [6, 7]. For this purpose, aquacobalamin
and related corrinoids are usually applied. These molecules are
nontoxic; they bind cyanide with a remarkable affinity and selectivity
and represent naturally occurring chromophores. Highlights of
recent progress in the field of vitamin By, derivatives for medical
uses with an overview on the following are explored: vitamin B4, for
cyanide detection and detoxification, antivitamins B, for diagnosis
and therapy, the use of vitamin By, conjugates and corrinoids as
activators of soluble guanylyl cyclase, among others.
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6.2 Vitamin B,, for Cyanide Detection and
Detoxification

Aquacorrinoids represent probably the most promising reagents
for cyanide detoxification and detection [6]. This behaviour is
based on the remarkably high affinity of cyanide to the Colll centre
of corrinoids [8]. For aquaCbl (H,0Cbl), the binding constant of
cyanide equals 10'* M~! [8-10], explaining its ideal qualification as
a cyanide scavenger. Taking advantage of these properties, Mushett
et al. [11] introduced H,0Cbl in 1952 as a favourable antidote for
treating cyanide intoxications in mice.

These results were supported by other pioneering studies
[12, 13], and H,0Cbl is nowadays administered as one of the
most effective antidotes in prehospital intervention [14-16]. The
scavenging product, natural B;,, is nontoxic and stored in the
liver, used further as a provitamin or renally excreted. Therefore,
the antidote is tolerated at high doses by humans and shows no
interference with tissue oxygenation. However, its application
leads to some red-colouring effect, which causes interferences with
standard laboratory tests for bilirubin, blood glucose and creatinine
[17].

In 1964, Evans suggested aquahydroxycobinamide as a potential
alternative [18], since it shows a higher potency as a cyanide
scavenger in animal models compared to aquaCbl [18-22]. In 2008,
Zelder applied for the first time By, for the quantification of cyanide
[23]. Detection is based on the formation of the violet-coloured
dicyano-B;, complex, with an absorption maximum of the g-band at
B 580 nm. In 2009, Mannel-Croise and Zelder started a program to
study the excellent sensing properties of ‘incomplete’ corrinoids in
more detail. In fact, they demonstrated that the binding of cyanide
is controlled by the stereochemistry at the metal centre (a- or
b-site) and the nature of the side chains located at the periphery
of the macrocycle [24, 25]. The colour of corrinoids changes from
orange to violet during cyanide binding, and concentrations as low
as 10 mM are detectable by the naked eye. This value is close to the
acceptable level of cyanide in drinking water (1.9 mM), as suggested
by the World Health Organization (WHO) [26].
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6.3 Vitamin B,, for Diagnosis and Therapy

Since Paul Ehrlich, who won the Nobel Prize for Medicine in 1908,
suggested the concept of the ‘magic bullet’, a drug which selectively
destroys diseased cells but is not harmful to healthy cells [27], a great
deal of research has attempted to reach that goal, for instance for
the treatment of cancer. In the field of tumour physiology, a crucial
step forward was achieved with the discovery of the enhanced
permeability and retention (EPR) effect. The first examples deriving
from such strategy were described in 1980 with the development
of ligand-conjugated liposomes. Since then, many researchers and
companies worked on the design of even more efficient drug delivery
by active targeting [28-31].

Abroad range ofligands have been used for targeted nanocarriers
and belong to the families of small molecules, carbohydrates,
peptides, proteins or antibodies. Among the small molecules,
molecular ligands are often readily available, inexpensive, easy to
handle, easy to be chemically modified and easy to be characterised.
Among biologically active small molecules, vitamins such as folic
acid (FA; vitamin Bg) [32, 33], and biotin (vitamin B,) [34] are widely
employed for the targeting of cancer cells. Indeed, FA binds with low
affinity to the reduced folate carrier virtually present in all cells.
Cbl (vitamin Bj;), known to promote the intestinal adsorption of
associated molecules, was recently employed for the development
of an oral delivery system of insulin in order to bypass subcutaneous
administration drawbacks [35].

6.3.1 Diabetes Mellitus

Diabetes mellitus is a disorder of glucose regulation characterised
by the accumulation of glucose in the blood [36-38]. In 2013, 382
million people throughout the world suffered from diabetes, and
this number is estimated to be 592 million by 2035 [39]. Insulin
therapy is essential in the treatment of patients with insulin-
dependent diabetes (type 1) and for many patients with non-
insulin-dependent diabetes (type 2) [38, 40]. Nanoparticles have
been attached to vitamin By, and other polysaccharides in the design
of targeted nanoparticles. In the case of dextran, its amidation with
succinic acid followed by the amidation reaction with aminoalkyl
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vitamin By, derivatives assisted by the N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) resulted,
after nanoparticle formulation including insulin entrapment, in
dextran-vitamin By, nanoparticles. Amidation (dextran + succinic
anhydride) and carbodiimide (vitamin B;,-NH, + dextran-COOH/
EDC/NHS) which is pathology/target diabetes is incorporated
in insulin [41]. The oral delivery of peptide/protein drugs still
represents a major challenge due to their poor intrinsic permeability
across the intestinal epithelium and the rapid degradation in the
gastrointestinal tract. Insulin is being used for decades for the
treatment of diabetes, but the molecule does not immediately
reach the liver after subcutaneous administration. During the past
few decades, several delivery mechanisms have been proposed for
effective oral delivery of insulin, including liposomes and polymeric
nanocapsules [42]. Chalasani and coworkers designed a dextran-
based nanocarrier system decorated with vitamin B, [41], a
molecule with confirmed ability to promote the intestine uptake
of pharmaceuticals [43].The reported results demonstrated the
efficacy of vitamin By, as a targeting moiety for intestinal delivery;
however, the supremacy of these delivery systems compared to
those clinically employed for insulin delivery needs to be proven.

6.3.2 Cardiovascular Disease

In the early 1990s, elevated blood concentrations of the amino acid
homocysteine were associated with increased risk of cardiovascular
disease. Supplementation with FA, vitamin B, and vitamin B4 can
lowerhomocysteineblood concentrations,and therefore,randomised
controlled trials (RCTs) using high amounts of FA, either single or in
combination with vitamin B, and vitamin B¢, were initiated [44].
These studies followed the hypothesis thatlarge amounts of FA would
be effective in reducing elevated homocysteine concentrations (used
as an intermediate endpoint) and therefore also reduce the risk of
coronary heart disease or stroke [44]. Doses in these trials ranged
from 0.8 to 5 mg FA daily, 400-1000 mg vitamin B, and 25-50 mg
vitamin Bg; median follow-up periods were between 2 and 7.3 years.
One trial in renal patients even used higher vitamin doses (40 mg FA,
2 mg vitamin B, and 100 mg vitamin Bg). Recently, a meta-analysis
of eight trials involving about 37,000 patients has been reported
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in which it was obvious that supplementation with these vitamins
neither reduced cardiovascular morbidity or mortality nor total
mortality [44].

6.3.3 Epilepsy

“Epilepsy” is a term applied to a group of chronic brain disorders
characterised by epileptic seizures. Epilepsy may arise from a
variety of different neurological conditions and via many different
pathophysiological mechanisms. Some patients have seizures which
are often easy to treat, for instance as part of an age-dependent
syndrome, while in others the seizures may be therapy-resistant
associated with neurologic disabilities. There are about 50 million
individuals with epilepsy in the world, and so epilepsy is an
important health issue. Infrequent vitamin B disorders may induce
epilepsy. Epileptic disorders during the first year of life have a
variety of clinical pictures and outcomes. A few of these disorders of
infancy are related to the cofactor function of B vitamins. B vitamins
play an important role in normal brain function. Inborn errors of
metabolism may occasionally affect vitamin B function in the central
nervous system. Data on a few hundred cases have been published
and are of special interest. Vitamin deficiencies due to malnutrition
may sometimes cause brain disorders and seizures.

Vitamin By, is essential for DNA synthesis, in collaboration
with folate. Deficiency of vitamin B;, is not uncommon among
adults, especially the elderly. Haematological and neurological
symptoms and signs are the most prominent findings. Inborn
errors of Cbl metabolism are rare: Cbl C/D deficiency impairs the
synthesis of methyl or adenosylcobalamin (AdoCbl) and can give
rise to combined homocystinuria and methylmalonic aciduria,
causing severe neurologic symptoms and epilepsy. Therapy with
hydroxycobalamin and betaine is rarely successful. Infantile vitamin
B, deficiency occurs in babies who are born with a limited hepatic
reserve of vitamin Bq,. The content of vitamin By, in breast milk
is important to maintain adequate supplies. Infants of vegetarian
mothers or mothers with unrecognised pernicious anaemia may,
therefore, develop vitamin B;, deficiency. Vitamin B;, deficiency
may have detrimental neurological effects such as psychomotor
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retardation and epilepsy. Vitamin By, is important for normal brain
function.

6.3.4 Cancer

Vitamins are the vital nutrients required for normal cell growth
and survival. Especially cancer cells, which have a high metabolic
rate, rapid cell division and growth, require a larger amount of
vitamins, explaining the higher expression of vitamin receptors on
the surface of tumour cells [34]. Imaging unit with vitamins may
be a valuable strategy to deliver a specific drug at higher doses to
cancer cells. Among the different vitamins, FA, biotin, riboflavin and
vitamin By, are essentially required for cancer cell division and are,
therefore, used as cancer-targeting units for the selective delivery
of anticancer drugs. MidJeon et al. [45] used biotin as a cancer-
targeting unit for the development of glutathione (GSH)-activated
theranostic agents 3-6 bearing different drugs and imaging units
conjugated through the self-immolative S-S unit. Vineberg et al. [46]
also used biotin to develop the dual-warhead theranostics 7a and
7b, which carry two drugs, camptothecin (CPT) and a taxoid, linked
with -S-S- linkers on the tripod splitter 1,3,5-triazine. Kennedy
et al. [47] studied the conjugation of a suitable drug and reported
meta-analysis, which included 18 case-control studies, and nine
vitamin B intake or vitamin blood concentrations have also been
related to various cancers. The cancer types which have been best
investigated with respect to FA are colon cancer and colorectal
cancer. Convincing evidence from observational studies led to the
initiation of RCTs with FA in colorectal adenomas [47]. However,
similar to cardiovascular disease, there seems to be a discrepancy
between the observational epidemiological studies, which reported
in the majority an inverse association of folate and cancer risk, and
the effect of FA supplementation in the RCTs, which reported no
effect of FA on recurrence of colorectal adenoma risk [47].

6.3.5 Dementia

Age-related cognitive changes include mild memory loss, cognitive
impairment and dementia. There is a substantial degree of
overlap among these conditions, and although there are a number
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of widely accepted tests of cognitive performance, it has to be
acknowledged that the different tests measure different domains of
cognitive function and complicate direct comparisons of studies. In
observational studies, a low folate status and elevated homocysteine
levels were associated with poor cognitive test performance, as
summarised by Raman et al. [48]. These authors also stated that it is
large. The addition of vitamin B4, to FA or the supplementation with
vitamin B;, alone does not seem to alter either the results or the
conclusion of the RCTs by Malouf and Grimley Evans [49, 50].

6.3.6 Renal Disease

End-stage renal disease (ESRD) is associated with an age-adjusted
mortality rate of 3.5-4 times that in the general population, mainly
because of increased cardiovascular mortality [51]. Among other
factors, nutritional status is believed to play a key role in determining
survival [52]. The components of nutritional status in ESRD patients
which may give cause for concern are the protein and amino acid
metabolism and vitamin status. Vitamin supplementation with
water-soluble vitamins is widely used in ESRD patients to counteract
the restricted intake, increased losses and altered metabolism. The
percentage of patients receiving supplements of water-soluble
vitamins varies widely [53]. The first guidelines on vitamin use in
ESRD were published in 2007 [54]. Although observational studies
have shown that vitamin supplementation may reduce mortality
in ESRD patients [55], the results of the first RCT with vitamin B
intervention in patients with advanced chronic kidney disease and
ESRD did not confirm this observation [56].

As the kidney has a major role in vitamin B metabolism, it is
plausible that chronic kidney disease may affect the vitamin status
to a clinically significant extent (Table 6.1). This holds especially
true in ESRD, when the dialysis process may cause additionally
vitamin losses, as reported by Heinz et al. [57]. Although vitamin
supplementation among patients with ESRD is widely practised,
the scientific evidence for doing so was, until recently, very vague.
Contrary to common beliefs, supplementation with B vitamins in
patients with either chronic kidney disease or ESRD affected neither
cardiovascular morbidity and mortality nor total mortality [44, 57,
58].
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Antivitamins B;,

6.4 Antivitamins B,,

Antivitamins represent a broad class of compounds which
counteract the essential effects of vitamins. The symptoms triggered
by antinutritional factors resemble those of vitamin deficiencies
but can be successfully reversed by treating patients with the
intact vitamin. Despite being undesirable for healthy organisms,
the toxicities of these compounds present considerable interest
for biological and medicinal purposes. Indeed, antivitamins played
fundamental roles in the development of pioneering antibiotic and
antiproliferative drugs, such as prontosil and aminopterin. Their
development and optimisation were made possible by the study,
throughout the 20th century, of the vitamins’ and antivitamins’
functions in metabolic processes. However, even with this
thorough knowledge, commercialised antivitamin-based drugs
are still nowadays limited to antagonists of vitamins Bg and K. The
antivitamin field thus still needs to be explored more intensely, in
view of the outstanding therapeutic success exhibited by several
antivitamin-based medicines. Antivitamins counteract the essential
effects of vitamins, for example by inhibiting vitamin-dependent
enzymes [2, 60]. Definitions, classifications and efforts towards the
development of antivitamins By, have been recently reviewed [2,
60]. This book highlights two recent examples, one report by Zhou
etal. [61, 62] and Mutti et al. [63, 64].

Antivitamins entertain a pairwise functional relationship with
respect to their physiological effects. Classifying vitamin-antivitamin
pairs on the basis of their opposing metabolic roles in humans and
other mammals has been used as the basis of classification. Besides
these criteria, broader considerations may, for example, include a
widerrange of organisms [2, 65]. Antivitamins, structured similarly to
their vitamin counterparts and, thus, primarily acting as competitive
multifunctional inhibitors, are classified here as type I antivitamins.
Others, the type II antivitamins, have more diverse structures and
physiological roles, and they may, mostly, act indirectly. They may
reduce the effective cellular activity of vitamins, for example, by
direct destruction of the vitamin, by inhibiting the formation of active
vitamin forms or by inhibiting cellular access of the vitamin [66].
Zelder et al. [2] studied a ‘biochemical’ classification of antivitamins
as inhibitors or as modifiers. Antivitamins of either type may be
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helpful therapeutics counteracting particular vitamins, in case the
activity of the latter needs to be reduced to prevent serious health
problems. For example, compounds broadly classified as type II
antivitamins K, such as the coumarines and acenocoumarol, are used
in therapies preventing excessive blood clotting and thrombosis [67,
68].

Antivitamin-type compounds may develop a beneficial effect by
interfering selectively with the metabolism of bacterial or fungal
pathogens, in addition to being explored as anticancerous agents
[69]. Antifolates, such as methotrexate, have been applied along
these lines as antibiotics inhibiting folate-dependent enzymatic
processes in bacteria [70, 71].

By taking into account the structural requirements of vitamins
for their uptake, for intra- and intercellular transport and for their
physiological modes of action [72], corresponding antivitamins of
type I may be designed rationally when structured very similarly
and lacking the specific metabolic reactivity of the reference vitamin
[64]. Vitamin B;, deficiency causes widespread health problems
[73], whereas ‘overdoses’ of vitamin By, appear to have no toxic
effects. Now, how could studies about antivitamins By, contribute
to this topic? Indeed, a growing number of suspected contributions
of vitamin B, deficiency to pathological phenomena have come into
focus, such as degenerative diseases of the central and peripheral
nervous systems. Therefore, studies of vitamin B;, deficiency
in laboratory animals have been helpful. In fact, to induce and
investigate effects of vitamin B, deficiency efficiently, deep surgery
(‘total’ gastrectomy) has been routinely practiced on laboratory
mice [74, 75], with corresponding ethical implications and with
serious physiological interferences unrelated to the specific vitamin
Bi,-related questions [76]. Alternative means for inducing vitamin
B1, deficiency in animals have become highly desirable. Indeed,
application of metabolically ‘locked’ analogues of vitamin B, could
be a ‘humane’ way of inducing ‘functional’ vitamin B;, deficiency
[64].

Metabolically inert Cbls with molecular structures similar to
CNCbl or AdoCbl could be taken up in mammals like vitamin By,
without subsequent conversion into proper vitamin B;, cofactors.
Such ‘dummy’ vitamin B;, analogues should, thus, cause ‘functional’
vitamin B;, deficiency. Therefore, metabolically inert Cbls have
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excellent potential as (broadly effective) antivitamins Bi, and
are classified here (more specifically) as ‘type I’ antivitamins By;.
Remarkably, the historically used anaesthetic laughing gas’ (N,0)
would be a ‘type Il antivitamin By, as it interferes effectively with
MetH by oxidising the reduced vitamin By, form Cbl(I) [77].

Antivitamins B, are to be considered poisons for humans,
and a direct diagnostic or therapeutic benefit from their use is not
foreseeable at present. However, studies of the effects of antivitamins
B1, with healthy animals are expected, first of all, to help recognise
hallmarks of ‘functional vitamin B, deficiency’. Due to a deficit of the
cofactors of the two vitamin B;,-dependent enzymes, these are the
accumulation of homocysteine and of methylmalonic acid [78] and
a corresponding lack of methionine and of free folate [79]. Among
further downstream consequences of an inactive methyltransferase
MetH, an insufficient supply with S-adenosyl-methionine would be
assumed to result and, thus, for example, deranged epigenomics
would be expected [76], due to a lack of proper DNA methylation
[80].1tis, therefore, of interest to better relate the expected metabolic
changes with puzzling consequences of vitamin By, deficiency, which
often still lack a sound physiological or metabolic rationalisation.
Among these are the degenerative brain and nerve diseases in
humans [81], noted changes in the availability of important growth
factors correlating with vitamin Bi, deficiency, altered profiles of
cellular proliferation [82], impaired reproduction [83] and impaired
development [74, 84].

Investigations with animals of the pathological effects of
antivitamins B;, may also lead to the discovery of yet unknown
roles of Cbls. Among these are, potentially, vitamin B;,-dependent
mechanisms which exploit the behaviour of Cbls as high-
affinity ligands of regulatory biomacromolecules (Fig. 6.1), thus
representing the largely elusive ‘noncanonical’ roles of Cbls in
mammals [85]. The unique 3D structures of Cbls have been exploited
by nature for regulatory roles using RNA-based riboswitches
[86], which were discovered in studies of what became known
as the BtuB By, riboswitch of Escherichia coli [87]. This vitamin
B1, riboswitch appears to recognise and to bind Cbls and related
‘complete’ corrinoids in their base-on structures and, yet, to display
a remarkable structural tolerance for the axial ligands at the corrin-
bound Co III centre [88].
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Figure 6.1 EtPhCbl and PhEtyCbl are examples of aryl- and alkynyl-Cbls,
respectively, two classes of (potentially) effective antivitamins B;,. These
‘By; dummies’ induce ‘functional vitamin By, deficiency’ by lacking (blocking)
cofactor activity of Cbls (as shown in mice) and may (still) function in regulatory
roles of Cbls in mammals [60].

6.5 Vitamin B;, in Biological Systems

Nature has always been the ultimate source of inspiration for
scientists working across all disciplines. This statement certainly
applies to catalysis, where continuous effort has been invested in
mimicking and improving the function and effectiveness of enzymes.
To this end, new synthetic catalysts have been developed and
exploited to facilitate more efficient and selective transformations
of organic compounds. However, many of these catalysts are poor
replicas of naturally occurring enzymes, compromised by low
stability or selectivity, high catalyst loading or toxicity.

Nicholas Lunin studied the effect of salt content on mice
maintained on artificial food. The mice, however, could not survive
for very long, irrespective of the salt content of the food. Lunin
concluded that natural food such as milk must, therefore, contain,
besides these known principal ingredients, small quantities of
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unknown substances essential to life [89]. First isolated by Folkers
and Smith in 1948 [90, 91], vitamin B, has been known as a cofactor
for enzymes that catalyse a range of biological processes, including
isomerisation, methyltransferase and dehalogenation [92].

Cbl (1) as a cofactor for methylcobalamin (MeCbl)-dependent
and AdoCbl-dependent enzymes plays a key role in biological
processes, including DNA synthesis and regulation, nervous system
function, red blood cell formation, etc. Enzymatic reactions, such
as isomerisation, dehalogenation and methyl transfer, rely on the
formation and cleavage of the Co-C bond. Because it is a natural,
nontoxic, environmentally benign cobalt complex, Cbl (1) has
been successfully utilised in organic synthesis as a catalyst for Co-
mediated reactions. Microbes which possess vitamin B;,-dependent
reductive dehalogenases can remove halogen substituents from
organic halides. Over the years, these reactions have attracted a
lot of attention due to their potential application in remediation of
persistent polyhalogenated pollutants among other vitamin B;,-
catalysed reactions [93].

The coupling of therapeutic agents to vitamin B4, (1) has been
a major goal for many researchers due to vitamin By, possessing a
specific uptake pathway [94]. Furthermore, the chemical synthesis of
coenzymes (adenosylcobamide and methylcobamide) from vitamin
Bi, is important as they work in unison with enzymes to catalyse
rearrangement and methyl transfer reactions, respectively [95]. A
Cbl derivative, cobinamide, is used for cyanide detection in solution
and in blood and has also been utilised in the separation of different
Cbl-binding proteins, such as transcobalamin (TC), intrinsic factor
(IF) and haptocorrin (HC), within various excreted substances from
fish [96] and mammals [97].

It can also be employed in soluble guanylyl cyclase (sGC)
regulation, activating the enzyme through the catalytic domain,
whereas other activating agents target the regulatory domain
[98]. Vitamin By, derivatives have also been studied as catalysts in
dehalogenation reactions [99]. From an environmental point of view,
this method shows promising results for converting pollutants such
as 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane (DDT) into less
harmful 1,1-bis(4-chlorophenyl)-2,2-dichloroethane (DDD) [99]. A
similar type of reaction has also been utilised in the detoxification of
inorganic arsenic [100].
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Vitamin Bq, cofactors play important roles in the metabolism of
microorganisms, animals and humans. Microorganisms are the only
natural sources of vitamin By, derivatives [85], and the latter are
vitamins for other vitamin B;,-requiring organisms. Some vitamin
B1,-dependent enzymes catalyse complex isomerisation reactions,
such as methylmalonyl-CoA mutase. Vitamin B;, is required to
induce enzymatic radical reactions. Another group of widely relevant
enzymes catalyses the transfer of methyl groups, such as methionine
synthase, which uses MeCbl as a cofactor. This chapter covers the
structure and reactivity of vitamin B;, derivatives and structural
aspects of their interactions with proteins and nucleotides, which
are crucial for the efficient catalysis by the important vitamin B;,-
dependent enzymes and for achieving and regulating uptake and
transport of By, derivatives.
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Chapter 7

Catalysis

7.1 Introduction

For decades, catalysis has remained an indispensable agent of quick
positive transformation for life and society. There is always the need
for a more accelerated, economic and value-oriented technological
development to improve living. The goal of catalysis is the effective
optimisation of resources to meet some immediate and future
needs. Catalysis is the main driving force for key sectors of the global
economy, such as petroleum and energy production, chemicals and
polymer manufacturing, the food industry and pollution control.
Owing to the increasing world population, the production of
numerous beneficial products, including fuels (e.g. gasoline, diesel,
heating oil, fuel oil), polymers (e.g. plastics, synthetic rubbers,
adhesives, fibres, coatings, foams, fabrics, cables,), foods, drugs
and cosmetics needs to be catalysed to meet the expanding needs
of mankind. Energy production through water splitting, reduction
of automobile emissions and conversion of organic pollutants
into harmless form are all catalyst-dependent processes. Catalysis
also plays an essential role in living systems. Important biological
processes, such as digestion of food substances, metabolism,
detoxification and DNA synthesis, are catalysed by specific enzymes
in mammals.
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7.2 Concept of Catalysis

When the introduction of a small amount of a chemical substance
accelerates a spontaneous chemical reaction or allows faster
attainment of chemical equilibrium without the substance itself
undergoing a permanent chemical change, then the reaction is said
to be catalysed. A catalyst is, therefore, defined as a component of
a chemical reaction which accelerates the reaction but does not
undergo a permanent chemical transformation. It speeds up a
chemical reaction by lowering the activation energy of the reaction
through the provision of an alternative route which involves a
lower energy transition state (Fig. 7.1). A catalyst has no effect on
the free energy of a reaction because it is not concerned about the
initial and final states of the system. The role of a catalyst is only to
increase the reaction speed. This is why a catalyst is not involved
in the stoichiometry of a balanced chemical reaction. An inhibitor
is the opposite of a catalyst. It decelerates a chemical reaction by
increasing its activation energy.

Y Activated complex

Energy

Product

Reaction coordinate

Figure 7.1 Comparison of the activation energies of a catalysed and
uncatalysed exothermic process.
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7.3 Types of Catalysis

On the basis of the physical state of a catalyst in relation to the target
substrate (i.e. reactant), catalysis is broadly classified into two types,
homogenous and heterogeneous catalysis.

7.3.1 Homogenous Catalysis

Homogenous catalysis is the type of catalysis in which the catalyst
is in the same phase (physical state) as the reactant [1]. That is,
the reactant and the catalyst are in one single physical state, which
could be gas or liquid. Examples include chlorofluorocarbon (CFC)-
catalysed depletion of ozone (03), in which both the CFC and O are in
the same gaseous phase; nitric oxide-catalysed oxidation of sulphur
dioxide; iodine vapour-catalysed decomposition of acetaldehyde;
acid-base-catalysed ester and nitrile hydrolysis (liquid phase);
and enzyme-catalysed processes (liquid phase). Most vitamin B;,-
catalysed reactions are homogenous catalytic reactions occurring
predominantly in the liquid phase [2].

7.3.2 Heterogeneous Catalysis

In this type of catalysis, the catalyst and the reactant are in different
physical states (phases) [3-6]. The catalyst is usually in the solid
state, while the reactant can either be in the liquid or the gas phase.
Examples of heterogeneous catalytic reactions include platinum-
or nickel-catalysed hydrogenation and polymerisation of alkenes;
platinum-, palladium- or rhodium-catalysed oxidation of CO gases
and reduction of nitrogen oxide gases to reduce pollution; and
photocatalytic degradation of organic dyes using powerful oxidising
semiconductor or metal oxide catalysts such as TiO,, ZnO, or W03
[7-15]. The reaction sequence illustrated in Fig. 7.2 shows the steps
involved in heterogeneous catalytic processes [16-20].

1. Reactant migration to the catalyst surface: This first step of
a heterogeneous catalytic reaction involves the movement of
reactant molecules (R) from the bulk fluid to the pore mouth
on the catalyst surface.
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Pore mouth
\ / Bulk fluid
,/
Af;f)

Catalyst surface

Catalyst pore

Figure 7.2 Heterogeneous catalytic reaction steps.

2. Reactant diffusion into the catalyst: The reactant molecules

diffuse from the pore mouth through the surface pores to the
immediate internal portion of the catalyst surface. The rate of
diffusion depends on the molecular size and the temperature
of the system.

. Reactant adsorption onto the catalyst surface: This refers to

the attachment of the reactant molecules to the immediate
inner portion of the catalyst surface through some sort of
physical or chemical interactive forces. When the molecules
are held onto the surface by weak intermolecular forces,
the molecules are said to be physisorbed, and the process is
termed ‘physisorption’ [21, 22]. However, when the surface
attachment of the molecules involves the formation of some
chemical bonds, the molecules are said to be chemisorbed,
and the process is termed ‘chemisorption’ [21-24].

. Product formation: The adsorbed molecules undergo chemical

transformation through breaking of some chemical bonds and
formation of new ones on the catalyst surface to form new
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compound(s) (i.e. the product [P]) which is also adsorbed
onto the surface.

5. Productdesorption: This refers to a detachment of the product
formed from the surface of the catalyst into the immediate
interior part of the catalyst.

6. Product diffusion to the pore mouth: The product diffuses
from the immediate interior part of the catalyst surface
through the surface pores to the pore mouth.

7. Product migration to the bulk: The product finally migrates
from the pore mouth to the bulk fluid.

The net rate of a heterogeneous catalysed reaction is the rate of
the slowest step. In the reaction mechanism highlighted before, if the
adsorption (step 3) and reaction (step 4) of the reactant molecules
on the catalyst active site are slow compared to their migration
(step 1) and diffusion (step 2) from the bulk fluid, the concentration
of the reactant molecules in the reaction site is negligibly different
from that in the bulk phase. As a result, steps 1 and 2 have no impact
on the net rate of the reaction, which implies that the overall rate
depends on steps 3 and 4 only. However, if the diffusion (step 2),
adsorption (step 3) and reaction (step 4) steps are fast compared
to the rate at which the reactant molecules migrate from the bulk to
the catalyst (step 1), then the net rate depends only on the reactant
migration step. Hence, any slight change in the rate at which the
reactant molecules approach the catalyst will alter the overall rate of
the reaction.

7.4 Vitamin B;,: A Unique Natural
Organometallic Catalyst

Vitamin By, also known as cobalamin (Cbl), is a versatile natural
organometallic complex of interesting catalytic properties.
Its versatility lies in its ability to mediate different types of
organic reactions of industrial and environmental importance,
such as rearrangement, coupling reactions, dehalogenation,
transmethylation, cyclopropanation, ring-opening, ring expansion
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and oxidation [2, 25, 26]. This is due to the ability of the cobalt
(Co) atom centre to switch between three different oxidation states
in different ligand fields. The different oxidised forms of vitamin
By, are By, (III) in which the oxidation state of Co is +3, By, (II)
where the oxidation state is +2 and By, (I) in which Co exhibits a
+1 oxidation state [2, 27-31]. The last two oxidation states are
referred to as reduced (nucleophilic) and super-reduced (super-
nucleophilic) states with symbols B;,, and By, respectively [32,
33]. Naturally, vitamin B, exists in biological systems in the most
stable By, (III) form, where the upper axial binding site of the Co-
centre (known as the -position) is coordinated to 5-deoxyadenosyl
(Ado) or methyl (CHs3) groups (Fig. 7.3) through the formation of a
stable organometallic Co-C bond. Homolytic cleavage of this bond in
the 5-deoxyadenosyl derivative (adenosylcobalamin [AdoCbl]) and
its heterolytic cleavage in the methyl analogue (methylcobalamin
[MeCbl]) give rise to the +2 and +1 states, respectively [2, 32, 33].
Being a form of transition metal complex, the various oxidation
states of Cbl exhibit different colours, depending on the oxidation
states of the metal ion. By, (1I) exhibits a yellow-orange colour, B, (I)
appears grey-green, while By, (I1I), which is the most dominant form,
possesses ared colour, and it is therefore called ‘red vitamin’ [30, 33,
34]. AdoCbl and MeCbl are the two most important natural vitamin
B1, analogues which act as coenzymes or cofactors for enzymatic
reactions such as isomerisation, methyl transfer and reductive
dehalogenation in biological systems [2, 30]. They are referred
to as coenzymes because they act as facilitators for apoenzyme
(apoprotein) catalytic activities in biological systems. An apoenzyme
or apoprotein is the protein part of an enzyme which does not
contain its characteristic prosthetic group. Other forms of vitamin
Bi; include cyanocobalamin (CNCbl), hydroxocobalamin (HOCbI),
aquacobalamin (H,0Cbl) and cyclohexylcobalamin. These forms
are converted to the more important biological active derivatives
AdoCbl or MeCbl in living systems by replacement of the CN, OH, H,0
or cyclohexyl moieties with 5-deoxyladenosyl or a methyl group.
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7.5 Catalytic Features of Cobalamins

In the modern-day practice of catalysis, selection of a suitable
catalyst for a given chemical process is usually based on some criteria
in order to achieve an effective and more environmentally friendly
application with minimal cost input. Some of the distinctive features
of Cbl derivatives which are responsible for their widespread
catalytic application are as follows.

7.5.1 Availability

Cbl can naturally be obtained from serum, liver, organ meat, tissues,
shellfish, eggs, fish and cheese and can be produced in the bodies of
most mammals. It is predominantly available in the form of CNCbl,
which is considered as the most widely manufactured member of
the vitamin By, family because of its higher stability, relative ease
of crystallisation and purification compared to other members
after production through bacterial fermentation. The main Cbls in
humans and animals are AdoCbl, MeCbl and HOCbI, where the first
two are active coenzyme forms.

7.5.2 Balance between Stability and Reactivity

An important feature of a good catalyst is adequate stability to allow
storage over a reasonable period of time. However, high stability is
a hindrance to catalytic activity during a reaction, because reactivity
is needed in this case. Therefore, an ideal catalyst must possess
adequate stability in its free state but instantly become active
during a reaction. This requirement is met to a large extent by most
vitamin By, derivatives as they quickly become active towards a
substrate through a temporary loss of their -ligand when involved
in a chemical reaction. The stability of the Cbl family, particularly
the vitamin By, coenzymes, is due to the unprecedented degree of
stability of their organometallic Co-C bond, in addition to the central
Co-atom obeying the general 18-valence electron rule when the
derivatives are in their free state.
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7.5.3 Recoverability

As with all catalysts, vitamin By, and its derivatives do not undergo
a permanent chemical change when involved in a reaction. They
only help to increase the reaction speed and can also serve as a
temporary reservoir for ligands or substituent groups to allow the
chemical transformation of the substrate. Depending on the reaction
type, the ligands may be released as a by-product, as with the case of
vitamin Bq,-catalysed dehalogenation, or situated at a new position
in the substrate structure, as with the case of vitamin B,-catalysed
rearrangement. The catalysts themselves are recovered at the end of
the reaction.

7.5.4 High Activity-to-Dosage Ratio

Cbls possess remarkable catalytic activity, even when used in low
dosages. For instance, in a dechlorination study of lindane (an
organochlorine pesticide) using CNCbl, AdoCbl, dicyanocobinamide
((CN),Cbi) and aquacyanocobinamide ((CN)(H,0)Cbi) as catalysts,
800 nanomoles of the pesticide was dechlorinated per minute with
1 mg of CNCb], 750 nanomoles in the case of AdoCbl and 6750 and
6825 nanomoles per minute in the case of (CN),Cbi and (CN)(H,0)
Cbi, respectively [2].

Other features of Cbls include a relatively low cost, nontoxicity,
significant thermal resistance capacity due to the large molecular
weight and structural complexity and the ability to function in both
acidic and alkaline environments.

7.6 Chemistry of the Organometallic Co—C Bond
in Vitamin B,, Derivatives

AdoCbl and MeCbl are the most biologically active forms of the vit-
amin By, (CNCbl) family where the cyano group is replaced by 5-
deoxyadenosyl and methyl groups, respectively. They act as cofactors
(coenzymes) in enzymatic reactions, such as rearrangement and
methyl transfer processes occurring in living systems, by intimately
binding to the actual enzymes and subsequently interacting with
substrate molecules [2, 31, 34-38]. However, the catalytic activity
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of these vitamin By, coenzymes depends on the behaviour of the
organometallic Co-C bond. AdoCbl and MeCbl do not show catalytic
activity without the cleavage of this bond. The reversibility of the
Co-Cbond cleavage allows these coenzymes to undergo a temporary
structural and chemical change during the reaction and reassume
their original structures when the reaction has completed. AdoCbl
undergoes a reversible Co3* to Co?* reduction through homolysis of
the Co-C bond, whereas MeCbl undergoes a Co3* to Co* transition
type by means of heterolytic cleavage of the bond (Scheme 7.1) [2,
31].

R
Cllo3+
¢ %
& DMB %,
& %,.
" Cobalamin “©
&> %
& “,
%
& : e
9 Heterolytic cleavage

R+ ﬂ Homolytic cleavage m + Rt
Radical
DMB DMB Cation

Reduced form Super reduced form

R = Ligand (Supernucleophilic)

e.g CN, CHj;, OH, Ado

Scheme 7.1 Homolytic and heterolytic Co—C bond cleavages in cobalamins.

Prior to Co-C bond cleavage, the Co atom has a d° electronic
configuration. However, reduction to the +2 or +1 oxidation state
as a result of cleavage gives rise to the paramagnetic d’ or the
diamagnetic d® configuration, respectively, with the Ado radical or
the methyl cation.

The Co-C bond is regarded as the most stable natural
organometallic bond known because of its unprecedented bond
strength. For instance, the Co-C bond dissociation energy (BDE) for
isolated Ado-Cblin solution is 31.4 + 1.5 kcal mol1, and the observed
rate of homolysis is about 1079 s71 at 25°C, which corresponds to a
half-life of 22 years [39, 40]. This implies that the Co-C bond cleavage,
which is pivotal to the catalytic activity of Cbls, is a slow process.
Thus, for any enzyme to make use of a vitamin B, coenzyme, it must
be able to significantly activate the organometallic Co-C bond.
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7.7 Factors Controlling the Co—C Bond Cleavage

To better understand the catalytic behaviour of Cbls, it is necessary
to examine some of the inherent factors which control the cleavage
of the Co-C bond, since their catalytic behaviour depends on the
kinetics of this bond cleavage. These factors include:

e Positional influence of neighbouring ligands
e Nature of the ligand
e Presence of an enzyme

7.7.1 Positional Influence of Neighbouring Ligands

Depending on their positions relative to the cobalt centre, ligands in
Cbl derivatives are classified into two groups, cis and trans ligands
for ligands occupying the cis and trans positions, respectively, in a
Cbl. These positions can influence both the labilisation and the BDE
of the Co-C bond [35]. Cis ligands are fused macrocyclic equatorial
ligands which are coordinated to the Co atom through the lone pairs
of four nitrogen atoms. They include corrin, corrole, cobaloxime
and porphyrin rings (Fig. 7.4). Trans ligands are the ones which are
axial or perpendicular to the plane of the corrin unit (Fig. 7.3). A
transposition is a position just below the Co centre at a bond angle of
about 180° to the beta ligand (Fig. 7.3). In Fig. 7.3, the transposition
is occupied by the alpha ligand; hence, trans ligands are also referred

[ o ) [0)

Cobaloxime Corrole Corrin Porphyrin

Figure 7.4 Common macrocyclic equatorial ligands [35].
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to as trans alpha ligands [35]. On the other hand, the cis positions
are occupied by the four equatorial N atoms attached to the Co
centre of the corrin ring. The influence of these positions on Co-C
bond labilisation and the BDE is discussed in the following sections.

7.7.1.1 Trans influence of the alpha axial ligand

The influence of the trans alpha ligand on Co-C bond cleavage could
be electronic and/or steric in nature, depending on the nature and
size of the ligand. Increasing the electronic effect by replacing a
neutral trans alpha ligand with a charged counterpart of an identical
donor atom brings about contraction of the lower axial Co-N bond
(i.e. the bond to the alpha ligand in Fig. 7.3B) and elongation of the
upper axial Co-C bond (i.e. the bond to the beta ligand in Fig. 7.3B).
Elongation of the Co-C bond weakens the bond and, as a result,
lowers the BDE. The extent of the lowering depends on the degree
of contraction of the lower axial bond. A lower BDE implies that the
rupture of the Co-C bond is a rapid process. The lengthening of the
Co-C bond and the consequent shortening of the Co-N bond are
described as a normal trans influence. An example of this is the Co-C
bond-weakening effect of NH3;, NH,~ and NH?- [35].

On the contrary, the effect of steric hindrance of the alpha axial
ligands on Co-C bond weakening is minimal. However, this effect
was first considered significant when an increase in the size of
the alpha axial ligand was found to produce inverse trans effects
between the beta and alpha axial ligands. An inverse trans effect
implies that both Co-C and Co-N bonds lengthen and weaken as the
bulkiness of the alpha axial ligand increases [35]. However, recent
findings on the trans influence of NH3;, NH,CH3; and NH(CH3), on the
lengths and dissociation energies of both Co-C and Co-N bonds [35]
revealed that the elongation of the Co-C bond and the consequent
decrease in the BDE as bulkiness increases from NH; to NH(CH3),
are predominantly due to the trans inductive effect of the ligands
rather than their steric effect. This was observed when the Co-N
bond was constrained to a fixed bond length to monitor changes in
the Co-C bond length only. The corrin ring was populated with more
electrons as the number of the methyl groups surrounding the alpha
ligand increased. As a result, a trans inductive effect was imposed on
the beta ligand (i.e. the upper axial ligand), causing it to shift away
from the Co atom, leading to elongation of the Co-C bond. Absence
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of distortion in the corrin ring serves as additional evidence that
confirms no contribution from steric effect [35].

7.7.1.2 Cis influence of the equatorial ligand

The type of macrocycle (ring) coordinated to the Co atom could also
impact homolysis of the Co-C bond. Different equatorial ligands alter
the Co-C bond length and BDE differently irrespective of the nature
of the alpha axial ligand involved. For example, in a study of effects
of the equatorial ligands shown in Fig. 7.4, the corrole macrocycle
was found to produce the shortest Co-C bond length and, hence,
the largest Co-C BDE [35], while both porphyrin and the corrin
ring produced the longest Co-C bond and, hence, the least BDE with
different alpha axial ligands. Because of its relatively large aromatic
ring size, which gives extra stabilisation to the charged ligand,
porphyrin gave the least Co-C BDE with NH,™ as the alpha axial
ligand, whereas corrin produced the smallest BDE with NH3 [35]. In
the latter case, the Co centre was drifted closer to the defined mean
plane of the corrin unit because of a weak orbital overlap between
the metal centre and the beta axial ligand. This resulted in a weaker
Co-C bond with a lower BDE.

7.7.2 Nature of the Alpha Axial Ligand

The chemical nature of the alpha ligand in terms of its capacity to
donate an electron lone pair into the valence orbital of the cobalt
centre also plays a key role in the homolysis of the Co-C bond. Alpha
ligands bearing -S, -0 and -N as their donor atoms are classified as
soft, hard and intermediate ligands, respectively [35]. Soft ligands
weaken the Co-C bond, while hard ones strengthen the bond.
Intermediate ligands produce a Co-C bond of moderate strength/
stability which is suitable for the catalytic purpose. This explains
why nature prefers an intermediate (i.e. N donor atom) ligand in the
form of imidazole or histidine as the alpha axial ligand in vitamin B,
coenzymes, as opined by Penny (2013) [35].

7.7.3 Presence of an Enzyme

Under normal conditions, homolysis of the Co-C bond is usually the
rate-limiting step in Cbl-mediated processes because it is the slowest
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step [39, 40]. However, the presence of an enzyme could speed up
the rate of Co-C bond cleavage to an extent that it is no longer rate-
determining [40]. For example, in the study of glutamate mutase-
assisted cleavage of the AdoCbl Co-C bond [40], the presence of this
enzyme has a dramatic impact on the process. The BDE decreased
from 142 kJ/mol in vacuum to 8 kJ/mol in the enzyme (i.e. a
reduction of 134 kJ/mol), while the activation energy also dropped
from 130 kJ /mol to 25 k] /mol in the respective media. Therefore, the
Co-C bond cleavage step was not the rate-determining step under
this condition, because this step occurred faster than the later steps.
The observed catalytic effect of the enzyme is the resultant of the
following contributing effects.

7.7.3.1 Caging effect

In the caging effect, the enzyme positions the Ado radical relative to
the corrin ring at a distance between 3.2 and 4.2 A from the Co centre
(i.e. Co—C distance of 3.2-4.2 A) without loss of the electrostatic and
van der Waals interactions between the Ado moiety and the corrin
ring. This lowers the BDE by ~20 k]/mol [40].

7.7.3.2 Distortion effect

In this case, the Cbl (i.e. the AdoCbl) is distorted by the enzyme
through its ribose unit. This distortion, which is more pronounced
in the Co3* state of the Cb], offers the highest catalytic contribution
with about 61 k] /mol reduction in the BDE. The Co-N;,,bond (i.e. the
bond between the Co ion and the donor nitrogen atom of the alpha
imidazole moiety) (Fig. 7.3) has a negligible contribution to the
catalytic effect because the lengthening of this bond only destabilises
the coenzyme by less than 4 k] /mol. This ineffective bond elongation
is as a result of the enzyme keeping the Ado group away from the Co
centre by steric interactions [40].

7.7.3.3 Mutual stabilisation between the Co?* state and the
enzyme

The mutual stabilisation effect between the surrounding enzyme
and the dissociated form (i.e. the Co?" state) of the coenzyme
through electrostatic and van der Waals interactions leads to a total
of 53 kJ/mol reduction in the BDE, where the Co?* and the enzyme
are stabilised by 42 kJ/mol and 11 kJ/mol, respectively [40].



7.8

References

Exercises

. Citing relevant examples, distinguish between homogeneous

and heterogeneous catalyses.
In sequential order, highlight the stages involved in a
heterogeneous catalysed reaction.

. Mention five examples of Cbl and use the illustrative chemical

equation to explain homolytic and heterolytic Co-C bond

cleavages with any two biologically active members.

Briefly discuss five reasons why vitamin By, is considered as a

good catalyst for organic reactions.

(a) List three factors controlling the rupture of the Co-C bond
in Cbls.

(b) Provide a suitable justification for why nature prefers N
donor ligands compared to O and S donor counterparts in
Cbl derivatives.

(c) Explain the following types of ligand effects as related to
Co-C bond cleavage:

(i) inverse trans effect,
(ii) trans inductive effect,
(iii) caging effect and
(iv) distortion effect.
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Chapter 8

Vitamin B,,—Catalysed Reactions

8.1 Introduction

Vitamin B, (cobalamin [Cbl]) serves as a cofactor for Cbl-dependent
enzymes such as adenosylcobalamin (AdoCbl) and methylcobalamin
(MeCbl) in a range of important biological processes which include
nervous system coordination, red blood cell biosynthesis, DNA
synthesis and regulation [1]. It plays a vital role in enzymatic
processes such as methyl transfer, isomerisation and dehalogenation
[2]. The main biologically active forms of the vitamin which act as
co-catalysts are AdoCbl and MeCbl [1, 3, 4]. AdoCbl undergoes a
reversible homolysis of the Co3*-C bond to form the nucleophilic
Co?* state and a 5-deoxyadenosyl (Ado) radical (Scheme 8.1), which
is needed for enzymatic isomerisation or rearrangement reactions.
MeCbl, on the other hand, undergoes heterolysis of the Co3*-C bond
to yield the supernucleophilic Co* state and a methyl cation (Scheme
8.2a), which is required for enzymatic methyl transfer reactions. The
Co* state itself can act as a dehalogenation agent by abstracting an
alkyl or halide ion from alkyl halides (Scheme 8.3a,b).
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8.2 Vitamin B,, Enzymes and Their Functions

Vitamin B, enzymes can be classified into four major groups: B,-
binding and B4,-transporting proteins, methyltransferases, corrinoid
dehalogenases and Cbl-dependent enzymes [3]. Members of all
groups of the vitamin By, enzymes are essential to microorganisms,
while Bj,-binding proteins and methyltransferases (such as
methylmalonyl-CoA-mutase [MMCM] and methionine synthase)
play crucial roles in human and animal metabolism [5, 6].

8.2.1 B;,-Binding and B;,-Transporting Proteins

This class of vitamin By, enzymes is essential in human, animal
and microorganism metabolic processes, serving as intracellular,
membrane-bound and extracellular proteins [3]. The vitamin B;,-
binding protein in humans is a glycoprotein with high binding
potential for all Cbls. This protein is secreted in the gastric mucosa.
It binds Cbls and transports them to the ileum part of the small
intestine, where they are received by receptor proteins for onward
transfer across the epithelial absorptive cells in the intestine [3], and
then through the blood to specific body cells. Lack of vitamin By,-
binding extracellular protein causes a disorder in the absorption of
Cbl derivatives from nutrition. Hence, it has been widely identified
recognised as the cause of pernicious anaemia [3, 7].

8.2.2 Methyltransferases

These are corrinoid enzymes which facilitate methyl transfer
processes in human, animal and bacteria metabolism. An example
of such a process is Cbl- or cobamide-dependent methylation
of homocysteine to methionine [5, 8]. Members of this group of
enzymes include methionine synthase, which oversees the synthesis
of methionine from methylation of homocysteine; corrinoid
enzymes in bacterial acetate metabolism, which act as functional
intermediates during autotrophic fixation of CO, through acetyl
coenzyme A [9, 10]; and the ones in bacterial methanogenesis,
which control the formation of methane in methanogenic bacteria
[3, 5]. The catalytically active forms of these enzymes are the ones
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with Co*-corrins, such as Co*-Cbl, and methyl-Co3*-corrins, such as
MeCbl.

8.2.3 Cobalamin-Dependent Enzymes

Cbl-dependent enzymes are further classified as Cbl-dependent
mutases (e.g. glutamate mutase, methylmalonyl-CoA mutase,
methylene glutarate mutase, isobutyryl-CoA mutase) [5, 11],
deaminases (e.g. ethanol-amine ammonia-lyase and two amino
mutases) [3, 5], dehydratases (e.g. diol and glycerol dehydratases),
reductive dehalogenases [1] and ribonucleotide reductases
[3]- Mutases catalyse isomerisation/rearrangement processes,
deaminases control the deamination reaction, dehydratases
catalyse the removal of water molecules from diols or glycerol,
reductive dehalogenases facilitate the removal of halogen groups
(dehalogenation) and ribonucleotide reductases catalyse the
reduction of ribonucleotides, which provides building blocks for
DNA synthesis.

8.3 Cobalamin-Mediated Organic Reactions

Due to their natural availability, nontoxicity and environmentally
friendly nature, Cbls and their synthetic analogues such as
cobyrinates have been successfully employed as co-catalysts for the
following types of Co-mediated organic reactions:

e Rearrangement

e Methyl transfer

e Dehalogenation

e C-Cand C-X multiple bond hydrogenation

e 1,4-addition to the double bond

e Ring-opening reaction

e Cyclopropanation

e Coupling reaction

e Oxidation

¢ Ring expansion

93



94

Vitamin B;,—Catalysed Reactions

8.3.1 Rearrangement (Isomerisation)

The AdoCbl-catalysed rearrangement reaction is initiated by
homolysis of the Co-C bond to generate the Ado radical and the Co?*
state, which can be stabilised by mutual interaction between AdoCbl
and the surrounding enzyme. The Ado radical abstracts hydrogen
from the substrate to form a substrate radical, which isomerises into
anew isomer known as the product radical. The product radical then
regenerates the Ado radical through hydrogen abstraction. The final
step is the recombination between the Ado radical and the corrin
Co?*. The following chemical equations show the steps involved in a
typical AdoCbl-catalysed rearrangement process. Notice the change
in the positions of X and H between the substrate and the product
after rearrangement (Scheme 8.1).

Ry Rs  Rearrangement \C C/
N\  ——— AdCbl + H—X—d—x

\?4 Catalyst Rz/ \?4

Product

AdoCbl  +
Catalyst R,

Substrate

Scheme 8.1 Adenosylcobalamin-catalysed isomerisation/rearrangement
reaction.

Xis any group other than hydrogen (e.g. -OH, -COOH, halide ions
[F~, CI5, Br-and I']), and

R1-R4 could be hydrogen, an alkyl or an acyl group.
Reaction steps:

1. AdoCbl undergoes Co-C bond homolysis.

Ado
Co-Chomolysis
o\ St N
DMB DMB Ado radical

Reduced form

2. The Ado radical abstracts hydrogen from the substrate.
Ry R

Ado R A N S

Ado radical / \ —> H-Ado + X—/C—C\
R2 Ry < s
Substrate

Substrate radical
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3. The substrate radical isomerises to form a product radical.

Ry Rs Ry Rs
\ / Rearrangement/Isomerisation \
X—C——C" = - '/C—C\—X
Rz/ \R4 Re Ra

Substrate radical Product radical

4. The Ado radical is regenerated by the product radical.

Rq R3 Ry R3
H-Ado + ‘p—C—x ——® H—p—Cc—x + Ado
Rz/ R4 RS Rq Ado radical
Product radical Product
5. AdoCbl is regenerated.
Aldo
Co
DMB Ado radical DVB
Reduced form AdoChl

8.3.2 Methyl Transfer Reaction (Transmethylation)

The methionine synthase-catalysed transmethylation reaction
is facilitated by MeCbl, which serves as a methylating agent for a
nucleophilic methyl acceptor. The catalytic cycle consists of the
following steps:

1. First, MeCbl undergoes heterolysis of the Co-C bond in the
presence of a reducing agent to generate a methyl cation and
the Co™ state.

2. The methyl cation generated is then transferred to a methyl
acceptor (a nucleophile), forming a methylated product.

3. Finally, the Co* state abstracts a methyl group from a methyl
donor, such as methyltetrahydrofolate, to regenerate the
coenzyme (i.e. MeCbl).

Example 8.1: MeCbl-catalysed methylation of 2-ammonio-4-
mercaptobutanoate
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N
NH3 CH
(|3H3 HS "NH3 H Reducing agent H3CS/\’K | 3
i 3+‘:
3+ /\A< “Methyl donor Co
@ + CO.,"

2

Methylcobaiamin Substrate Methylated product Methylcobalamin
(a)
Th Ph
Zn/ZnCl |
Cby(ll)(OMe); + “eM13 +/ ~_ Eton oH13SCH, HN\ m
Heptamethyl Hexanethiol Methyl -
b Y Dimethyl- thiohexane Methylaniline

cobyrinates bkt
aniline

Scheme 8.2 (a) Methylcobalamin-catalysed transmethylation reaction.
(b) Heptamethylcobyrinate (Cby(l1)OCHj;);)-catalysed methyl transfer reaction.

Reaction steps:
1. Heterolysis of the Co-C bond of MeCbl occurs.
CH3
/_Co3+ Co - C heterolysis Co* . CHy

[ —

-

( DMB ( DMB Methyl cation

Super nucleophile

2. There is an electrophilic attack of methyl cation on
2-ammonio-4-mercaptobutanoate, leading to displacement of

the hydrogen atom.
*NH, "NHs
o HCS
Methyl cation
Substrate Methylated product

3. The methyl group from a methyl donor is transferred to the
supernucleophilic Co*.

S CH,
N + |
| R — Co®* +
DMB

Methy! donor Methylcobalamin

Example 8.2: Heptamethylcobyrinate (Cby(II)(OMe),)-catalysed
methylation of 1-hexanethiol in ethanol by N,N-dimethylaniline
in the presence of Zn and ZnCl,. N,N-dimethylaniline is the methyl
donor, while Zn and ZnCl, act as reducing agents.
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Reaction steps:
1. Co3*in Cby(II)(OMe); is reduced to the Co* state.

Zn/ZnCl
Cby(I)OMe); ———m / cot N\

EtOH
Super nucleophile

2. A methyl group is abstracted from N,N-dimethylaniline by
Co*.

%:>—> O A
Super nucleophile H3C °

Methyl cobalamin

3. The hexane thiol is methylated by MeCbl.
CHj3

/" Co*\| * CoHiaSH ——» CeHisSCHy  +

Methyl cobalamin  Hexane thiol  Methyl thiohexane  syper nucleophile

An important application of the transmethylation reaction is
the conversion of arsenic trioxide (As,03) to the less toxic trimethyl
arsine oxide using MeCbl [12].

8.3.3 Dehalogenation

Cbl-catalysed removal of halogen substituents from organic
halides is one of the most important types of vitamin B,,-catalysed
reactions which have received immense research attention over
the years. This is due to its potential application in the treatment
of persistent polyhalogenated environmental pollutants. The
widely accepted catalytic cycle begins with the reduction of Co3*
to the supernucleophilic Co*, which subsequently reacts with an
electrophilic halide to form an alkylated product (alkylcobalamin)
and a free halide ion (Scheme 8.3a). Alternatively, dehalogenation
can also occur through halide ion abstraction from the alkyl halide by
the supernucleophilic Co* to yield an alkyl cation and halocobalamin
(i.e. Cbl-X, where X = F~, CI” or Br™) (Scheme 8.3b). In other words,
the abstracted halide ion does not exist as a free ion but binds to the
Cbl moiety [13].
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Reducing agent
Cobalamin + R—X R—H + Cobalamin +  x-

Alkylhalide Alkane Free halide ion
(a)

Reducing agent

X
Cobalamin + R—X EEE— . | - + R*
Alkylhalide Alkyl cation
Halocobalamin

(®)

Scheme 8.3 Cobalamin-catalysed dehalogenation of alkyl halide to
corresponding (a) alkane and free halide ion and (b) halocobalamin and free
alkyl cation.

An alternate dehalogenation mechanism is as follows:

1. Co3*in Cblis reduced to Co*.

Reducing
Cobalamin —_— m

agent Super nucleophile

e Co* attack an electrophilic halide.

|
. free halide ion
Super nucleophile Alkyl cobalamin

e The Co3*-R bond is homolysed.

R
| Homolysis .
LN —= oA\ ¢ R

Alkyl radical
Alkylcobalamin Nucleophilic Co(ll) y I

e The hydrogen from the solvent is abstracted by a generated

alkyl radical.
. H+ _
R R—H
Alkyl radical Solvent Alkane

For polyhalogenated compounds, the dehalogenation cycle
can be repeated by the nucleophilic Co?* formed as many times as
possible to form other dehalogenated products.

A similar mechanism holds for Scheme 8.3b, except that in this
case, the supernucleophile is attacked by the halogen group instead
of the alkyl group.
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Here are a few specific examples of Cbl-catalysed dehalogenation
reactions:

e Successive dechlorination of CCl, to its trichloro, dichloro and
monochloro forms proceeds as follows:
1. The supernucleophilic Co* are formed.

CHj
i(|:03+> Reducing agent +  CHy*
—_—
. Methyl cation
Methylcobalamin Super nucleophile

2. The supernucleophile attacks methyl tetrachloride to yield
trichloromethyl Cbl and a free chloride ion.

Cl\l/
—_— + cr
I

CoB* S
Super nucleophile free chloride ion

Methyl tetrachloride ~ Trichloromethyl cobalamin
3. MeCbl is regenerated from trichloromethyl cobalamin. The
trichloromethyl radical abstracts a proton from the solvent to
give trichloromethane.

\(|:/ (|)H3 a cl
Solvent
/. Co®* N\ + CHz* e [ CON +
Methyl cation H

Trichloromethyl cobalamin Methyl cobalamin

Trichloromethane

These steps are repeated with trichloromethane to furnish the
dichloro product, which also follows the same steps to yield the
monochloro product.

o Stereoselective dechlorination of tetrachloroethylene to
Z-1,2-dichloroethylene in the presence of titanium(III) citrate
as areducing agent [14-16]

cl cl cl ci al cl
Cobalamin Cobalamin
— ) —— - =
Ti(ll) citrate Ti(lll) citrate
cl cl cl H W H
Tetrachloroethylene Trichloroethylene Dichloroethylene

e Defluorination of 2,3,3,3-tetrafluoropropene using
titanium(III) citrate as a reducing agent in the presence of
cyanocobalamin (CNCbl) [17]
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F F H F
. CNcbl CNCbI " !
— F—  »
Ti(lll) citrate Ti(Il) citrate F
F F F

Tetrafluoropropene Trifluoropropene Difluoropropene

An important application of Cbl-catalysed dehalogenation is the
dechlorination of lindane using aquacobalamin (H,0Cbl), MeCbl or
aquacyanocobalamin [(CN)(H,0)Cbl] in the presence of reducing
agents such as titanium(III) citrate, dithiothreitol and cysteine [12,
18].

For Cbl-catalysed dehalogenation reactions involving solvents
of low polarity, such as tetrahydrofuran (THF), acetone, toluene,
dichloromethane (DCM), etc., where most of the Cbls are less soluble,
hydrophobic cobyrinates, such as heptamethylcobyrinate [Cby(II)
(OMe);] and dicyanoheptamethylcobyrinate [(CN),Cby(OMe)-],
can be employed instead of the actual Cbls [19]. Cobyrinates are
derivatives of Cbls which contain peripheral ester groups around the
corrin macrocycle [1].

8.3.4 C-C and C-X Multiple Bond Hydrogenation

Hydrogenation refers to the addition of hydrogen molecules across
multiple bonds of an unsaturated substrate. A reducing agent
supplies the needed hydrogen molecules, which bring about an
increase in the saturation of the substrate. Hydrogenation processes
can be catalysed by the addition of some Cbl derivatives such as
H,0Cbl and CNCbl. In the presence of a reducing agent and sufficient
amount of Cbl in a protic solvent, activated olefins, such as a,3-
unsaturated carbonyl compounds, nitriles, nitro compounds, etc.,
can add hydrogen molecules across their carbon-carbon multiple
bond and/or their carbon-heteroatom bond [20, 21]. Examples
of such reactions include H,0Cbl-catalysed reduction of nitriles to
corresponding aldehydes [22] and CNCbl-catalysed hydrogenation
of prochiral alkenes [21]. Prochiral molecules are achiral molecules
which can be converted to their chiral forms in a single step through
the formation of a new stereogenic carbon during a reaction [23].

e H,0Cbl-catalysed nitrile reduction
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HO

0
| Zn, AcOH TZ
3+ = +
/ _Co¥\, + RC N Hz—0> RCHO Codt
10 mol%
Aquacobalamin
a (a)
hv, CNCb, Zn hg, M
on N ACcOH, EtOH, H,0 /\)</C°2C”2°H3
CO,CH,CH3 Ph
(2)-ethyl-3-methyl-5-phenylpent-2-enoate (S)-ethyl-3-methyl-5-phenylpentanoate

(A prochiral substrate)

(b)

Scheme 8.4 (a) Aquacobalamin-catalysed reduction of nitrile to the
corresponding aldehyde.

Only aliphatic nitriles undergo this reaction. No evidence of
reduction was observed for the aromatics [22]. (b) Cyanocobalamin-
catalysed hydrogenation of (Z)-ethyl-3-methyl-5-phenylpent-2-
enoate to (S)-ethyl-3-methyl-5-phenylpentanoate.

Reaction steps:

1. A supernucleophile is formed from H,0Cbl.

H,0
|
/ Co* N\ Zn, AcOH
10 mol% H,O
Aquacobalamin Super nucleophile

2. The supernucleophile attacks the nitrile, accompanied by
proton abstraction from the solvent to form an intermediate

complex.
HN\C _R
/Co N\ = H' |
+ RC=N R
Solvent / Co* \

; Alkyl nitrile
Super nucleophile Intermediate complex
Note: Observe the occurrence of the first hydrogen atom

addition in the intermediate complex.

3. The intermediate complex is reduced, followed by hydrolysis
to produce an aldehyde.
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HN\C/R

Zn A Hydrolysis
Co®* —— ™ R—C=NH ———» RCHO

Reduced nitrile Aldehyde

Note: Observe the second hydrogen atom addition in the
reduced nitrile.

e CNCbl-catalysed hydrogenation of prochiral alkenes: In
this reaction, a supernucleophilic Cbl(I) ion is first formed
through a reductive cleavage of the Co-C bond of CNCbL
This supernucleophile preferentially attacks the re side
of the prochiral substrate, forming a new Co-C bond with
the substrate. This is then followed by reductive cleavage
of the new Co-C bond formed with retention of the initial
configuration.

Reaction steps:

1. A supernucleophile is formed from CNCbl.

CN
/_(liﬂ C:) -C heterolysls J—

Super nucleophile Cyanide ion

2. The supernucleophile attacks from the re side of the substrate
to form an intermediate complex.

X

- = HaG,
N NN

% CO,CH,CH;
Super nucleophile CO,CH,CHy Ph

Intermediate complex
(Z)-ethyl 3-methyl-5-phenylpent-2-enoate

3. The intermediate complex is reduced to the product.

O .
P Reduction 4
g Z
CO,CH,CH ————» /\/’</COZCHZCH3 +

Ph Ph

Super nucleophile
Intermediate complex
(S)-ethyl 3-methyl-5-phenylpentanoate

Note: Reduction in the above cases is in terms of addition of
hydrogen.
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8.3.5 1,4-Addition to Double Bonds

Vitamin B;,-mediated double-bond hydrogenation usually takes
place in a protic solvent (Section 8.2.4). However, when an aprotic
environment is introduced together with an alkyl halide which acts
as a potential source of radical, a 1,4-addition to the double bond is
observed (Scheme 8.5a-c). Examples of this type of reaction are as
follows:

e H,0Cbl-catalysed cyclisation of bromoalkylcyclohexenone
in the presence of 6-bromoalkyne as a potential radical
source [19]: This is a type of intramolecular 1,4-addition
reaction which produces bicyclic products under a chemical
or electrochemical condition. The cyclisation can yield six-
and seven-membered rings through an endocyclic closure
mechanism in which the component rings of the resulting
bicyclic compound are fused together, or five- and six-
membered rings through an exocyclic closure mechanism in
which the component rings are connected by one carbon atom
(Scheme 8.5b).

o}
H2°Cb' NH,CI Product is formed via
DMF electrolysis, 95% endocyclic closure

2-(4-bromobutyl)cyclohex-2-enone octahydronaphthalen-1(2H)-one
()

H20Cbl,NH,CI i .
- o Product is formed via
DMF, electrolysis, 95% exocyclic closure

Br

3-(4-bromobutyl)cyclohex-2-enone spiro[4.5]decan-7-one

(®)

HaCOC

CC:°3+ EWG (CH;C0),0 \/\EWG
Aquacobalamin Acylation Acylated product
(Catalyst) Olefinic double bond
activated by electron
withdrawing group
EWG = Aldehyde, ketone, ester or nitrile group
©
Scheme 8.5 Aquacobalamin-catalysed intramolecular 1,4-addition

reaction (a) of 2-(4-bromobutyl)cyclohexenone to octahydronaphthalenone,
(b) of 3-(4-bromobutyl)cyclohexenone to spirodecan-7-one and (c) between
carboxylic anhydride a,f—unsaturated aldehydes, ketones, nitriles or esters.
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Absence of evidence for the formation of tertiary alcohols
through a hydrogen attack on the carbonyl group of the
reactant confirms the non-occurrence of hydrogenation due
to the use of an aprotic solvent.

e H,0Cbl-catalysed intermolecular 1,4-addition of carboxylic
anhydride to a,B-unsaturated aldehydes, ketones, nitriles
or esters [19]: This reaction involves the formation of
acetylcobalamin through the attack of an acetyl radical
generated from the anhydride on supernucleophilic Cbl(I).
The acetylcobalamin releases the acetyl radical on photolysis,
which causes acylation of the activated olefinic double bond
[24] (Scheme 8.5¢).

Reaction steps:

1. The Co-C bond is heterolytically cleaved to form the super-

reduced Cbl(I) state.
H,O )
:(|::03+ Reducing agent
Aquacobalamin Super nucleophile

2. An acetyl radical is generated, with a subsequent attack of the
radical on the supernucleophile.

(CH;C0),0 (|3OCH3
T G\t oHooo
Super nucleophile Acetylcobalamin

3. The activated olefin substrate is acylated.

COCH,3
LEN Ao "5 AN
Co®* + /\EWG Acylation \/\EWG + m
Acetylcobalamin  Olefinic double bond Acylated product Super nucleophile

activated by electron
withdrawing group

EWG = Aldehyde, ketone, ester or nitrile group
The electron-withdrawing group (EWG) could be an aldehyde, a
ketone, a nitrile or an ester functional group.

8.3.5.1 Scheffold principles of cobalamin-mediated
1,4-addition reactions [25]

For any cobalt complex catalyst to be considered suitable for C-C
bond formation reactions under reducing conditions, the following
criteria must be met:
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e Itshould be able to switch easily between its Co(I1I) form and
its corresponding super-reduced Co(I) state.

e The Co(I) complexes should exhibit high nucleophilicity at
the Co centre and readily form organometallic intermediates
which contain a Co-C bond with alkyl, vinyl and acyl
derivatives in rapid reactions.

e The Co-C bond of the organometallic intermediates should be
cleaved in a fast reaction with the formation of an active carbon
species and a cobalt complex, which has to be recycled to the
active Co(I) complex under the same reaction conditions.

e The cobalt complex should exhibit appropriate solubility and
stability under the reaction conditions.

8.3.6 Ring-Opening Reactions

Cyclic compounds such as oxiranes, cyclopropanes and aziridines
possess a large ring strain and are as a result less stable. They
consequently undergo a spontaneous ring-opening reaction
in the presence of strong nucleophiles to produce their acyclic
analogues. Due to high nucleophilicity of the super-reduced form
of vitamin Bj,, ring-opening reactions of these compounds can
be effectively promoted by Cbls. For example, cyclopropanes
containing EWGs undergo a spontaneous ring-opening reaction
with the supernucleophilic form of CNCbl (Scheme 8.6) [26]. The
unsubstituted position in the cyclopropanes is attacked by the
supernucleophilic Co*, forming an alkyl-cobalt(Ill) complex with
cleavage of a C-C bond in the substrate. The alkyl-cobalt complex
then undergoes a hydrogen-cobalt elimination reaction to produce
the corresponding olefin.

§~EWG
oN X—EWG
| Reducing agent
: Co3+> + —_—
Cyanocobalamin Bicyclic substrate with Monocyclic olefinic product

cyclopropane moiety

Scheme 8.6 Cyanocobalamin-catalysed ring-opening reaction of the bicyclic
substrate containing cyclopropane (X = C) part to the monocyclic olefinic
derivative.
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Reaction steps:

1. A supernucleophile is formed from CNCbl through heterolytic
cleavage of the Co-C bond.

<|:N Reducing agent
—_—
=

Cyanocobalamin Super nucleophile

2. The supernucleophile attacks the bicyclic substrate through
a cyclopropane (X = C) moiety to form an alkyl-cobalt(III)

complex.
x—EWG X-EWG
N
Co’*
Super nucleophile Bicyclic substrate with Alkyl-cobalt(lll)complex

cyclopropane moiety

3. The supernucleophile and hydrogen are eliminated to produce
an olefinic product.

X—=EWG

Hydrogen-cobalt _
elimination §—Ewe

Alkyl-cobalt(lll) complex Monocyclic olefinic Super nucleophile

product

X =C, O or N for cyclopropane, epoxide or aziridine, respectively.

Cbl-catalysed ring-opening reactions of epoxides (X = 0)
and aziridines (X = N) proceed via the same mechanism, but the
nucleophilic attack of Co* occurs faster on the epoxide ring compared
to the aziridine. The hydrogen-cobalt elimination reaction of their
respective alkyl-cobalt(IlI) complexes gives allylic alcohols and
amines, respectively, in a nonstereospecific manner.

8.3.7 Coupling Reactions

Both halide coupling and alkene coupling reactions can be catalysed
by vitamin B1,. The catalytic cycle begins with the formation of alkyl-
Cbl derivatives, followed by homolytic cleavage of the Co-C bond to
release the alkyl radical, which dimerises into a coupled product.
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8.3.7.1 Halide coupling reaction of alkyl halides

(Scheme 8.7a)
Cyanocobalamin + R—X e R—R  + X
(Catalyst) Alkylhalide Dimer

R = CHj, C,H5, CH,CHCHS, etc.
X=F, Cl, Br, |, etc.

(a)
R
R
Cyanocobalamin + /K > Ph Ph
(Catalyst) Ph
R
R= CH3, C2H5, CH3CHCH3, et.c Dimer

(b)

Scheme 8.7 (a) Cobalamin-catalysed coupling reaction of alkyl halides and (b)
cyanocobalamin-catalysed dimerization of styrene.

Reaction steps:

1. Alkylcobalamin is formed by displacement of a halide ion
from the alkyl halide.

|
S S N

Alkylhalide Super nucleophile Alkylcobalamin

2. An alkyl radical is generated through homolytic cleavage of
the alkylcobalamin Co-C bond.

(|;03+ Co— C Homolysis + R
Alkylcobalamin Nucleophilic Cbl (Il) Alkyl radical

3. The alkyl radical generated is dimerised.

) . Dimerisation
R+R ——>» R—R

Dimer
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8.3.7.2 Alkene coupling reaction of styrene derivatives
(Scheme 8.7b)

Reaction steps:

1. An alkylarylcobalamin complex is formed through the attack

of supernucleophilic Cbl on the styrene derivative.
R

Ph

R
/& : PRI
Ph Co

Styrene Super nucleophile Alkylarylcobalamin
derivative

2. An alkylaryl radical is generated through homolytic cleavage
of the alkylarylcobalamin Co-C bond.

R

Ph” . R
:C:c)% Co— C Homolysis . .

Ph

i Nucleophilic Cbl (Il
Alkylarylcobalamin p (1 Alkylaryl radical

3. The alkylaryl radical generated is dimerised.

R R
)_— B Ph
Ph Ph
R
Alkylaryl radical Dimer

The choice of a catalyst and reducing conditions are vital in
coupling reactions. The reaction condition must be able to allow
spontaneous switching of the vitamin between the Co3* and Co*
states and also guarantee significant stability of the generated alkyl
radical.

For example, CNCbl proved effective for dimerization of benzyl
bromide and styrene derivatives in the presence of Ti(IlI) citrate
in aqueous ethanol [1, 14]. The catalyst dosage required for the
reactions is relatively high (~10 mol%), and the product yield
decreases with benzyl bromide but increases with styrene as R
changes from H to CH; [1, 14].
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R R
CNCbI, 10mol% Q
—_—
Br
Ti(ll)citrate O

R
Benzylbromide derivatives Dimer
R =H or CH3

R
R
CNCbl, 10mol%
_—
Ti(lll)citrate O
R

Styrene derivatives Dimer
R=Hor CH;

8.3.8 Cyclopropanation

Using CNCbl as a catalyst, tetrachloroalkanols undergoes reductive
cyclisation followed by complete dechlorination in the presence of
sodium borohydride to produce cyclopropyl-substituted alkanols
(Scheme 8.8a), which is a nontoxic derivative [1, 2].

Cl
CN)Cbl
qsc\)\/\/OH L, I>\/\/OH
NaBH, 70%
4,6,6,6-tetrachlorohexanol 3-cyclopropylpropanol
(a)
H,0
| - SN cHycl, DM,
@ + electrolysis
—_— >
DMB AcOH
Styrene
(b) Phenylcyclopropane

Scheme 8.8 (a) Cyanocobalamin-catalysed cyclisation of tetrachlorohexanol
with sodium borohydride to produce cyclopropylpropanol and (b)
aquacobalamin-catalysed cyclopropanation of styrene to phenylcyclopropane.

Similarly, H,0Cbl-catalysed cyclopropanation of styrene with
dichloromethane in dimethylformamide (DMF) predominantly gives
a cyclopropane derivative (Scheme 8.8b). The catalytic cycle begins
with the production of a Cbl(I) ion by means of electrochemical
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induction. The Cbl(I) ion combines with a chloromethylene cation
from methylene dichloride, which is then released as a radical
through homolytic cleavage of the Co-C bond between Cbl and the
attached chloromethylene cation. The resulting chloromethylene
radical reacts with the styrene to produce a carbanion, which cyclises
into a cyclopropyl-substituted derivative. The carbanion can also be
protonated in the solvent medium, but this gives an infinitesimally
low yield [1].

Reaction steps:

1. A supernucleophilic Cbl(I) is produced from H,0Cbl.

H,0
Co3* DMF, electrolysis= m + H,0
AcOH
DMB DMB
Aquacobalamin Super nucleophile

2. The chloromethylene cation attacks the supernucleophile to

form a chloromethyl-Cbl complex.
Cl

AN j; e
Methylene . .
DMB dichloride Chlorine radical

MB

Super nucleophile
Chloromethyl cobalamin

complex
3. The chloromethyl-Cbl complex undergoes Co-C homolysis to
produce a chloromethyl radical.

cl
H
\l 3\ Co-C homolysis c m
Co = d .
H DMB

MB

Chloromethylcobalamin

Chloromethyl radical Nucleophilic Cbl
complex

4. The chloromethyl radical reacts with styrene to form a
chlorophenylpropyl radical.

AillcaStonn

hi hyl ical Styrene
Chloromethyl radica ty 1-chloro-3-phenylpropyl

radical
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5. The chlorophenylpropyl radical is reduced to a carbanion,
and the carbanion is subsequently cyclised to a cyclopropane
derivative.

OMC /)
(- Cl
- = Cyclisation
©/\/\ v

1-chloro-3-phenylpropyl
radical Carbanion Phenyl
cyclopropane

8.3.9 Oxidation

Although the larger percentage of Cbl-catalysed reactions follow the
reductive mechanism, where the catalytically active form of the Cbl
is the super-reduced Co* state, there are significant cases of vitamin
Bi,-catalysed oxidation reactions in which the Cbl remains in the
Co3* state, as follows:

e Vitamin B;,-catalysed aerobic oxidation of thiols, such as
2-mercaptoethanol (Scheme 8.9a) [27]

Catalyst, O, S OH
SH
2 Ho/\/ ket Ak HO/\/ \S/\/

2,2'-disulfanediyldiethanol

2-mercaptoethanol (Oxidation product)

(@)

OH

| hv + .
i Co* —_— i (302*: OH
\IleB \ELMB

Hydroxycobalamin Nucleophilic form
HO + DNAplasmid 4 Cleaved DNA fragments
(®)

Scheme 8.9 (a) Cobalamin- or cobinamide-catalysed oxidation of
2-mercaptoethanol and (b) hydroxycobalamin-mediated DNA plasmid
fragmentation.

With either a Cbl or cobinamide series of vitamin B, as a
catalyst, the mechanism of the reaction is the same. However, the
cobinamide series demonstrated higher catalytic activity compared
to the corresponding Cbl series, and the highest catalytic activity
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was observed in diaquacobinamide ((H,0),Cbi) [27]. The catalytic
cycle begins with substitution of the beta aqua ligand with a thiol
molecule to furnish a Co(III)-S complex. The Co®* in the complex is
then reduced to the Co™* state by the attack of a thiolate anion on the
complex, which also leads to the production of a disulphide bond.
The catalyst is regenerated in the final step by molecular oxygen.

Reaction steps:

1. Abeta aqua ligand is substituted with a thiol molecule.

HO(H,C) H HO(HzC)z
2 2\ /
H,0
| HO(CHZ)ZSH
N ‘7 C

I @ LQ

H,0
Diaquacobinamide Co(lll)-S complex

2. The Co3*isreduced to Co* by the attack of a thiolate ion on the
Co(IIT)-S complex.
HO(H,0),

HO(CH,),S"

S

/ (|303* > HO(CH2)28-S(CH2):0H  + : Co* 2
|
H,0

Thiolate anion |
H,0
1,2-dihydroxyethylenedisulphide
(oxidation product)

3. Diaquacobinamide is regenerated.

i (|)o+ i M £C°3+>

H,0
Dlaquacoblnamide
For catalysts containing beta alkyl ligands, a preliminary step
involving light-activated conversion of the Co-alkyl species to the
active Co-aqua species is involved [1].

e Hydroxocobalamin (HOCbI)-catalysed hydroxyl radical
cleavage of DNA plasmid strands in the presence of light
(Scheme 8.9b) [28]

In the presence of the light of sufficient energy, the Co(III)-OH
bond in HOCbl undergoes homolysis to release a hydroxyl radical,
which subsequently splits the DNA plasmid. The presence of
molecular oxygen allows the regeneration of the catalyst.



Exercises

Cbl-mediated oxidation of organic and inorganic compounds
such as hydrazine, nitric oxide and nitrite has also been reported
[27, 29].

8.3.10 Ring Expansion Reactions

Ring expansion reactions are an important class of organic reactions
used for the synthesis of cyclic compounds, especially when other
synthetic routes are difficult for the compound(s) of interest.
Tributylstannane (Bu3SnH) is a known radical promoter for ring
expansion reactions. However, the use of this reagent is significantly
limited in organic synthesis because it stimulates numerous
unwanted side reactions which interfere with ring expansion
processes. In contrast, Cbl derivatives serve as a milder and a more
eco-friendly alternative. For example, transformation of 2-methyl-
1,3-cyclopentanedione to its respective 6-membered cyclic product
was achieved in the presence of Cby(I1I)(OC3H,); [30] (Scheme 8.10).
In this reaction, vanadium trichloride served as a reductant, which
enabled the formation of an alkyl-Co(III) complex, and UV radiation
assisted Co-C homolysis.

o)
Cby(l1)(OC3H7)7, 1.5 mol%, hv
VC|3, 02, N*CsAIa(C16)2 vesicle,
70h, 30% o
Methylcyclopentanedione Cyclohexanedione

Scheme 8.10 Heptapropylcobirinate-catalysed ring expansion reaction of
methylcyclopentanedione to cyclohexanedione.

8.4 Exercises

1. State four classifications of vitamin B, enzymes and their
functions.
2. Highlight six types of organic reactions which can be catalysed
by Cbl and its analogues.
3. Explain the following:
e Cobirinates
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e Prochiral substrates
e Endocyclic and exocyclic types of ring closure

4. Highlight the steps involved in the following Cbl-catalysed

reactions:
e [somerisation

Transmethylation

Dehalogenation
e Coupling
e Ring-opening reaction

. State the conditions necessary for a cobalt complex to be

considered suitable for 1,4-addition reactions.

. Identify the following types of enzyme-catalysed organic

reactions and suggest a suitable enzyme for each.

COOH H;C COOH
S
(a) HZN "y, - -, ':,,/
4 ///NH2 H2N ’/H //NH2

H

R H

H OH
e + H,O
(b) R)QOH
O

(0]
HO,
(9] \/\ - )k + NH;
NH, H
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Chapter 9

Vitamin B,, Derivatives

Vitamin By, is a vital nutrient for the body, which is required to
support immune function, contribute to red blood cell formation,
stimulate serotonin production, protect brain and nerve cells,
support energy and protect RNA and DNA. Among all the vitamins,
vitamin B, is the most chemically complex. The levels of vitamin B,
decrease in our blood as time goes by; therefore, older people are
advised to take a supplement to maintain their general well-being.
Vitamin By,, together with folic acid, helps maintain the heart, as well
as aid the process levels of amino acids. Cobalamin is the chemical
name of vitamin By, since it is derived from the central cobalt (Co)
atom. However, cobalamin cannot be found in its chemically pure
form, because it is commonly bound to other molecules. Vitamin B,
as a cofactor for methylcobalamin (MeCbl)- and adenosylcobalamin
(AdoCbl)-dependent enzymes, play an important role in biological
processes, such as DNA regulation and synthesis, red blood
cell formation and nervous system function. Biologically active
forms of vitamin B, including cyanocobalamin (CNCbl), AdoCbl,
hydroxocobalamin (HOCbl) and MeCbl, are complex organometallic
molecules because of their distinctive o Co-C bonds (see Fig. 9.1 and
Table 9.1).
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Vitamin B, Derivatives

R= l—CN Cyanocobalamin (CNCbl)

l—CH3 Methylcobalamin (MeCbl)

liOH Hydroxocobalamin (HOCbl)
OH
© OH
N
X
AN (/ \ / ;
07 o H \ N Adenosylcobalamin (AdoCbl)
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NH,

Figure 9.1 Chemical structures of cobalamin and its derivatives.

HOCDI and AdoCbl are the most frequent forms found in meats,
while MeCbl is usually found in dairy products. AdoCbl and MeCbl
are cofactors in several enzymes which catalyse complex molecular
transformations which involve the breakage of the Co-C bond
as the first step [1, 2]. For example, AdoCbl-dependent enzymes
catalyse rearrangement reactions which are facilitated by radical
intermediates [1], while MeCbl is a cofactor which catalyses the
intermolecular methyl (CHs) transfer reactions [3]. CNCbl is inactive
in mammalian cells. In the mitochondria, the AdoCbl serves as a
coenzyme of the methylmalonyl-CoA mutase. Nevertheless, vitamin
B1, can be used after it has been converted into activating forms (i.e.
AdoCbl or MeCbl). Figure 9.2 shows the steps necessary to convert
each form of vitamin By,.

MeCbl is the most effective form of vitamin B;, in subcellular
organelles of neurons. Thus, MeCbl may offer excellent therapy
for nervous disorders via effective local or systemic delivery. As a
supportive agent, MeCbl can treat Alzheimer’s disease syndromes
[4] and vitamin B4, deficiency [5].
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Figure 9.2 Conversion steps of each form of vitamin B;, (Source: www.
vitaminb12.de).

9.1 Vitamin By, as an Active Ingredient of
Supplements

The synthetic hydroxocobalamin (HOCbl) and cyanocobalamin
(CNCbl) forms have been used traditionally as vitamin B, shots. The
synthetic CNCbl and HOCbl forms are commonly used for oral
supplements, such as capsules and tablets. Adenosylcobalamin
(AdoCbl) and methylcobalamin (MeCbl) are the readily useable
bioactive forms of vitamin B;,; however, they are unstable outside
the body because of their photosensitivity, which makes them
difficult to produce. On the other hand, AdoCbl and MeCbl forms
have become more readily available as supplements because of their
important therapeutic value.

9.2 Efficacy Spectrum of Bioactive Vitamin B,
Forms

9.2.1 Cyanocobalamin vs. Hydroxocobalamin

CNCbl has a considerably poorer sustained release and absorption
rate compared to HOCbl. Therefore, HOCbl is more frequently
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Efficacy Spectrum of Bioactive Vitamin B,, Forms

preferred when administering injections. This is attributed to
the less metabolic route needed when breaking down HOCbI as
compared to CNCbl. Moreover, HOCbl shows no danger of cyanide
poisoning; therefore, HOCbl is used as cyanide detoxification. CNCbl
commonly results in smoke inhalation/heavy smoking in the human
body with a normal diet. Therefore, smokers are advised not to take
CNCbl but other vitamin By, forms. HOCbI also efficiently reduces
nitric oxide, which is responsible for causing oxidative stress.

9.2.2 Cyanocobalamin vs. Methylcobalamin

MeCbl-based supplements are rapidly gaining popularity over
CNCbl in the market. MeCbl contains a methyl group, while CNCbl
has a cyanide group. Although the level of cyanide in the vitamin By,
supplement is too small to be toxic, it is still important to remove
cyanide levels from the human body. Since the human body needs
the methyl compound to function properly, it is essential to convert
any CNCbl supplement into MeCbl as soon as possible. The human
body can use MeCbl directly without the need for conversion as
compared to CNCbl [6]. Moreover, MeCbl shows better cellular
absorption compared to CNCbl. When a high oral dose of CNCbl is
taken, large quantities remain unused and are passed out with the
urine, while MeCbl has been proven to increase the pivotal cellular
levels of vitamin B, [6]. MeCbl has been shown to significantly
increase the survival rate of mice with cancer, while CNCbl shows
little or no effect [7]. This was ascribed to the highly important
S-adenosylmethionine, which was regenerated during epigenetic
processes. MeCbl is also superior in the treatment of sleep disorders
because it encourages melatonin synthesis.

9.2.3 Exercises

What is vitamin B, and why do we need it?
Where does it come from?

Who is at risk for vitamin B, deficiency?
What are the best sources for vitamin B;,?

Are animal foods a good source of vitamin B;,?

o vk W

What are the symptoms of vitamin By, deficiency?
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7. What happens if vitamin B, deficiency is overlooked or
ignored?
8. What are the four types of vitamin B,?
9. Which type of vitamin By, is suitable?
10. What is the best type of vitamin B,?
11. What is the difference between CNCbl and HOCbI?
12. What makes MeCbl a superior health supplement compared
to CNCbI?
13. What are the benefits of a vitamin B4, supplement?

9.3 Methylcobalamin

MeCbl is a cofactor of methionine synthase, an enzyme which
transfers CH; groups to homocysteine to restore methionine.
MeCbl is a naturally occurring, bioactive coenzyme form of vitamin
Bi. Thus, our body can use it directly without going through any
metabolic steps to make it body-friendly. Therefore, MeCbl is among
the two bioactive coenzyme forms of vitamin B;,, which our body
really needs. MeCbl is present in foods, such as cheese and milk. Only
AdoCbl and MeCbl may have a direct positive effect on our health.
However, all other forms of vitamin B, must initially be converted
into AdoCbl or MeCbl before they can become an active coenzyme
in our bodies. In the body, MeCbl is normally found in the central
nervous system and cells. MeCbl differs from CNCbl since the cyano
(CN) group at the Co is substituted by a methyl (CH3) group [8].
MeCbl can be obtained as a bright-red crystal with an octahedral
cobalt (III) centre [9]. Moreover, MeCbl is a rare compound, which
contains a metal-alkyl bond. MeCbl is equal physiologically to
vitamin By, and can treat or prevent pernicious anaemia rising from
vitamin By, deficiency. MeCbl is also used as an initial treatment of
amyotrophic lateral sclerosis, in addition to the treatment of diabetic
neuropathy and peripheral neuropathy [10]. MeCbl cannot be used
as a direct cofactor when ingested; however, it is initially converted
into cob(Il)alamin by homocystinuria. Subsequently, cob(II)alamin
is then transformed into MeCbl and AdoCbl, which can be used as
cofactors [11-13].



Methylcobalamin

MeCbl works directly within the cells, and it is responsible for
the reactivation of folic acid. Thus, folic acid remains unusable
without MeCbl and cannot have a positive effect on the body.
This can cause genetic errors during cell division, nerve damage
and anaemia. MeCbl can liberate the dangerous amino acid (i.e.
homocysteine) which endangers blood vessels and induces
cardiovascular issues. The corresponding methionine, which is
a precursor of S-adenosylmethionine, plays a crucial part in the
synthesis of neurotransmitters, protection of nerves and regulation
of genes and enzymes. A deficiency in S-adenosylmethionine causes
difficulty in nerve disorders, increased risk of a variety of diseases
and mood changes. MeCbl supplementation can help in improving
sleep—wake cycles, normalising circadian rhythms, enhancing light
sensitivity and modulating melatonin secretion. MeCbl also enhances
heart rate variability and sympathetic nervous system function via
its association with melatonin synthesis and light entrainment.

During a single reaction, MeCbl can:

1. Reactivate the folic acid
2. Break down the dangerous homocysteine
3. Create a precursor of S-adenosylmethionine

9.3.1 Mechanisms Underlying the Analgesic Action of
MeCbl

Vitamin B, has been used to increase the effectiveness of
5-hydroxytryptamine and noradrenaline in the inhibitory nociceptive
system [14]. MeCbl exerts neuropathic ache in diabetics patient via
its neuroprotective and neurosynthesis actions [15]. Nonetheless,
the analgesic mechanism of MeCbl remained elusive until now.

9.3.1.1 Enhancing the nerve conduction velocity

Studies have shown that high doses of MeCbl enhance nerve
conduction in streptozotocin diabetic rats [16] and patients with
experimental acrylamide neuropathy [17] and diabetic neuropathy
[18]. Histological and morphological evidence has confirmed
that continuous use of MeCbl promotes regeneration and myelin
synthesis, as well as enhancing the nerve neuronal function and
conduction velocity in peripheral neuropathy of myelin [19].
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9.3.1.2 Improving the rejuvenation of wounded nerves

MeCbl was able to recover injured nerves by introducing radioactive
leucine into the protein segment of the rumpled sciatic nerves in
vivo [20]. In the sciatic nerve injury and experimental acrylamide
neuropathy simulations, the number of rejuvenations of motor
fibres revealed much improvement with high doses of MeCbl [17]
Moreover, the collective use of pyridoxal 5’-phosphate, MeCbl and
L-methylfolate enhanced the calf muscle surface neural density [21].

9.3.1.3 Constraining ectopic spontaneous release

Ectopic spontaneous release is anticipated to initiate allodynia,
hyperalgesia and spontaneous pains [22]. MeCbl has been reported
to suppress the ectopic fringe caused by chemical material in a dog
dorsal root [23]. MeCbl evidently restrained the ectopic spontaneous
discharges of dorsal root ganglion neurons in dorsal root ganglion
rats, as well as inhibiting peripheral pain signals [4].

9.3.2 Exercises

What is MeCbl and why do you need it?

How does MeCbl work?

What are the special effects of MeCbl?

Is MeCbl natural?

Who should supplement with MeCbl?

Do people with methylation defect take the MeCbl form of
vitamin B{,?

ok w e

9.4 Adenosylcobalamin

Besides HOCbl, AdoCbl is a naturally occurring form of vitamin
B, commonly present in foods [24]. Alongside MeCbl, AdoCbl is
one of the two forms of a bioactive coenzyme which the human
body needs. AdoCbl is a cofactor for the metabolism of enzymes in
bacteria, humans and other mammals [25]. AdoCbl is mostly used
in the mitochondria, which act as the engine room of the cells.
AdoCbl acts within the mitochondria as a chemical building block
of the enzyme methylmalonyl-CoA mutase, which is converted to



Adenosylcobalamin

succinyl-CoA, a central metabolic cycle for the production of energy
[26, 27]. Moreover, AdoCbl is also involved in the provision of vital
hormones and amino acids, such as thymine, methionine, threonine,
isoleucine and valine. AdoCbl as a cofactor for enzymes can undergo
elimination reactions via radical-based chemistry, as well as catalyse
carbon skeleton rearrangements [28]. AdoCbl has been used very
effectively for many years by several naturopaths and doctors in
the form of AdoCbl capsules, drops and vials, which are available in
several pharmaceutical shops. Thus, AdoCbl is useful in combating
hepatitis, liver damage, chronic tiredness and exhaustion, weight
loss and anorexia, muscle weakness and fibromyalgia [29, 30].

AdoCbl contains a Co-C bond and can be used as a light sensor by
the light-dependent transcription factor [31]. The photochemistry
of AdoCbl has been extensively studied [32]. The exposure of
AdoCbl to <550 nm light induces a homolytic cleavage of the Co-C
bonds [32], which generates a five-coordinate cob(II)alamin as
well as the 5’-deoxyadenosyl radical. This cleavage is harnessed
by a photoreceptor protein (CarH). Under aerobic conditions,
the 5’-deoxyadenosyl radical quickly combines with molecular
oxygen (0,) to form 5’-peroxyadenosine, which then breaks down
to produce adenosine-5’-aldehyde, with adenine and adenosine as
minor products (Scheme 9.1) [33].

The ultraviolet (UV)-visible spectrum of the CarH free dark state
is equivalent to the free AdoCbl [34]. In the presence of oxygen,
CarH-bound cobalamin (Cbl) has a Co(Ill) oxidation state [34].
However, in the absence of oxygen, the oxidation state of Cbl is Co(1I),
as shown by electron spin resonance spectroscopy and UV-visible
spectroscopy [35]. Under anaerobic photolysis, exposure of CarH-
bound Cbl with Co(II) generates cob(II) and 5’,8-cycloadenosine as
the major products [36]. AdoCbl can serve as a cofactor for CarH,
which controls the expression of DNA coding for the transcription
of proteins required for the fabrication of carotenes using
nonphotosynthetic bacteria [25]. The UV-visible spectroscopic and
Co-C bond photolysis investigation reveals that AdoCbl is not much
altered in the enzyme-coenzyme-substrate ternary complex [37]. In
addition, substrate binding cannot change the protein to a structural
state, which can quickly stabilise radical pair generation [37]. The
underlying microscopic mechanism, which constitutes the design of
favourable binding energy between the 5’-deoxyadenosyl radical and
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Scheme 9.1 Homolysis of the Co-C bond of adenosylcobalamin.

the protein, has also been proposed by modelling and theory [38].
Spectroscopic studies using resonance Raman, magnetic circular
dichroism (MCD) and UV-visible absorption have revealed that
AdoCbl is not much altered in the presence of substrate analogues
or in the MCM holoenzyme compared to the solution form [39]. The



Adenosylcobalamin

structure of cob(Il)alamin, which is the cleavage product, is also not
much affected by protein [40]. The lack of ground-state Co-C bond
activation by the enzyme was established from the infrared [41]
and picosecond optical [42] spectroscopic investigations. Obviously,
nuclear magnetic resonance (NMR) spectroscopy and liquid
chromatography-mass spectrometry (LC-MS) studies have shown
that the AdoCbl-bound CarH under both aerobic and anaerobic
conditions revealed 4’,5-anhydroadenosine as the only organic
photolysis product [35]. Moreover, 4’,5-anhydroadenosine has
been detected in the thermolysis of AdoCbl in glycerol [43], and this
might offer a model for the photolysis of CarH-bound AdoCbl. The
5’-deoxyadenosyl radical, which was produced by homolytic fission
and Co(Il), would undergo a B-elimination reaction to generate
HOCDbI and 4’,5’-anhydroadenosine [43]. The HOCbI then quickly
breaks down to form a hydrogen and Co(II) (Scheme 9.2) [43].

Jost and coworkers [35] further proposed the CarH photolysis
mechanism (see Scheme 9.3, paths 1 and 2) on the basis of the
results presented by Garr and Finke [43].

The CarH-bound AdoCbl initially goes through photolysis to
produce a 5’-deoxyadenosyl radical and Co(II) via homolytic fission
of the Co-C bond (see path 1 of Scheme 9.3). Besides the thermolysis
of adenosylcobinamide and AdoCbl [43], homolytic fission followed
by a radical-mediated -elimination reaction has been established
in alkylcobinamides and alkylcobalamins [44]. The formation of
4’ 5’-anhydroadenosine as the organic product of CarH photolysis
may signify a suitable mechanism to ensure that the reactive
5’-deoxyadenosyl radical is not discharged [35]. Path 2 of Scheme 9.3
involves the preliminaryheterolyticbreaking ofthe Co-Cbond to form
a 5’-deoxyadenosyl anion and Co(III), followed by the (3-elimination
reaction to generate HOCbl and 4’,5’-anhydroadenosine [35]. Kutta
and coworkers [45] proposed a different path 2, where heterolysis
of the Co-C bond gave a 5’-deoxyadenosyl anion, as well as a five-
coordinated positively charged Co(III) or HOCbI as an intermediate
to give a cob(Il)alamin and 4’,5"-anhydroadenosine. Path 3 of
Scheme 9.3 involves a concerted {3-elimination reaction through the
transfer of a hydride ion to form 4’,5’-anhydroadenosine and HOCbl.
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Cyanocobalamin

The wild-type CarH forms a stable complex with Cbl after
photolysis has occurred, while the Cbl moiety binds strongly to the
light-state CarH [34]. Similarly, the Cbl-dependent light-sensing
protein AerR in Rhodobacter capsulatus forms a stable complex
with Cbl [46]. This complex comprises Cbl bound to two histidines
from the protein at both bottom and top positions [46]. Nonetheless,
this type of coordination of histidine is contentious since it has
not been perceived for free Cbl [47]. The equilibrium constant of
the coordination of Co(Ill) to the first histidine (log K, = 14.30)
was favourable; however, the coordination of Co(III) to the second
histidine was much more difficult (log K, < -1) [47]. This indicates
that the spectrum of the bis-histidine complex cannot be perceived
[47]. Nevertheless, the UV-visible spectra of Cbl with dbzm in the
lower position and imidazole or histidine in the upper position are
almost identical [47]. The UV-visible spectrum of a bis-imidazole
complex of Cbl was perceived as log K; = 4.59 and log K, = 0.6
[47]. The UV-visible spectrum of the light-state CarH protein was
indistinguishable from that of the Co(III)-Cbl complex with two
imidazole ligands binding via the N atoms in the lower and upper
positions [35]. This was in agreement with the replacement of Cbl
with two histidines of the protein [19].

9.4.1 Exercises

What is AdoCbl?

What are the uses of AdoCbl?

How exactly is the Co-C bond in CarH-bound AdoCbl broken?
What are the products of photolysis of CarH-bound AdoCbl?
How is the Co(III) in the light-state CarH protein bonded to
the second histidine (His 132) on the protein?

S

9.5 Cyanocobalamin

CNCbl is a synthetic form of vitamin By,. Generally, CNCbl is a form
of vitamin B, since the human body can transform CNCbl to other
active forms of vitamin B, [48]. CNCbl is normally used after surgical
removal of all or part of the intestine or stomach, and this ensures
suitable serum levels of vitamin B;,. CNCbl is used in the treatment
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of kidney disease, liver disease, haemorrhage, thyrotoxicosis,
pernicious anaemia and malignancy. CNCbl is used to carry out
the Schilling test to examine how the body can absorb vitamin By,.
Besides it importance, CNCbl injection can cause allergic reactions,
such as diarrhoea; extreme thirst; swelling of the feet, ankles, lower
legs, hands and arms; redness of the face; hives; and difficulty in
breathing. However, less serious side effects include rash, itching, leg
pain, dizziness and headache. Treatment of megaloblastic anaemia
builds the possibility of hypokalaemia owing to the increased
cellular uptake of potassium upon anaemia resolution and red blood
cell production.

9.5.1 Chemical Reactions

Usually, cobalt (Co) is in the trivalent state (i.e. Co(Ill)) in Cbls.
Nonetheless, under reducing conditions, the Co centre is reduced
to either Co(Il) or Co(I), which are represented as Bi,; and By,
for super-reduced and reduced, respectively. B;,; and By, can be
fabricated from CNCbl through controlled chemical or potential
reduction using sodium borohydride and zinc in acetic acid or in
alkaline solution. Both Bi,; and By,, are stable under oxygen-free
conditions. By, appears purple under artificial light and bluish-
green under natural daylight, while By, appears orange-brown in
solution [49]. In aqueous solution, B, is among the most suitable
nucleophilic species. This property permits the appropriate
fabrication of Cbl analogues with different substituents through a
nucleophilic attack on the vinyl and alkyl halides [49]. In particular,
CNCbl is transformed to its analogue Cbls through reduction to
Bis.. Subsequently, alkyne, alkene, acyl halides and alkyl halides
were added. The major hindrance in the synthesis of By, coenzyme
analogues is a steric hindrance. For instance, no reaction can
occur between Bj,; and neopentyl chloride, while the secondary
alkyl halide analogues are too unstable to be inaccessible [49].
This outcome can be ascribed to the strong coordination between
the central C atom and benzimidazole. The trans effect controls
the polarisability of the Co-C bond formed. Nonetheless, after the
benzimidazole is separated from Co by quarterisation with CH;l,
it is substituted by hydroxyl ions or H,0. Subsequently, several



Hydroxocobalamin

secondary alkyl halides are easily bound by the modified B, to
form a corresponding stable Cbl analogue [50]. The products are
commonly extracted and purified by column chromatography or the
phenol-methylene chloride extraction approach [49]. Cbl analogues
prepared by the above approach comprise the naturally occurring
coenzymes cobamamide, MeCbl, as well as other Cbls which do not
occur naturally (i.e. cyclohexylcobalamin, carboxymethylcobalamin
and vinylcobalamin) [49].

Recently CNCbl has received increasing criticism, such as lack
of prolonged release, methyl group raiders, utilisation difficulties,
bioavailability, build-up in cells and toxicity [51-53].

9.5.2 Exercises

What is CNCblI?

Who should use CNCb]?

Is the CNCbl form of vitamin B, safe?

What happens when you take too much CNCbI?
What are the effects of CNCbl?

vtk oo

9.6 Hydroxocobalamin

HOCDb], also known as hydroxycobalamin, is a natural form of vitamin
Bi,. HOCbI is produced by most microorganisms and is one of the
most common vitamin By, forms found in natural food sources [24].
HOCbI has received considerable interest since the photolysis of
HOCDbl in the presence of oxygen was utilised to cleave plasmid DNA
[54].

9.6.1 Special Effects of Hydroxocobalamin

9.6.1.1 Long-lasting effects and sustained release

HOCDI binds to the body’s transport molecules and circulates much
longer in the blood compared to the other vitamin By, forms. This
ensures a balanced and long-lasting supply of vitamin B, [55]. HOCbl
also acts as a suitable sustained release, and this ensures that the
body’s vitamin B, store is optimally topped up, as well as ensuring
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an even supply of vitamin By, for the cells. This protects the body
during periods of difficulty or stress.

9.6.1.2 Detoxing and quitting smoking

Moreover, HOCbl carries out other special effects, such as disease
preventative and detox effects before conversion to its coenzyme
forms. This is because HOCbl is a superb cyanide catcher and can
treat smoke poisoning [56]. Therefore, the active ingredient may be
an excellent tool to aid a person who wants to quit smoking, as well
as detoxifying the human body:.

9.6.1.3 Blocking nitrosative stress

HOCDbI can also block nitric oxide radicals, and therefore, it is an
excellent approach for the advancement of nitrosative stress, which
causes a wide variety of diseases.

9.6.1.4 Hydroxocobalamin supplements: pills and capsules

When the amount of absorbed HOCbI present in the oral supplement
exceeds its limits in the intestine, the long-lasting effects and
outstanding resorption of HOCbI active ingredients come into play
[57].

Application of hydroxyl radicals, which are generated
photochemically through the homolytic cleavage of the Co-OH
bond, provide several benefits compared to the Fenton reaction
using Fell ethylenediaminetetraacetic acid (EDTA) and H,0,.
Moreover, HOCbl has an advantage of controlling the intracellular
temporal by light-dependent photo-initiated reactions as compared
to chemical methods, where initiation and termination of the radical
reactions cannot be exactly contained [58]. Anaerobic photolysis
with a radical scavenger; such as sorbitol or sodium benzoate, shows
no measurable photolysis at a wavelength of >350 nm. However,
photolysis to generate cob(Il)alamin is readily observed following
excitation at a wavelength of 253 nm.

9.6.2 Exercises

1. Whatis HOCbI?
2. What are the special effects of HOCbI?
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3. What should be avoided while taking HOCbI?
4. What are the possible side effects of HOCbI?
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Chapter 10

Theoretical Approach

10.1 Mechanism of the S, Excited-State Internal
Conversion in Vitamin B,,

Studies using ultrafast transient absorption spectroscopy reveal
that the time scale of vitamin By, excited-state dynamic is between
femtoseconds and nanoseconds [1]. Therefore, the specific
mechanisms of photolysis rely on the form of the substituent group
and the environment of the cofactor, for example enzyme or solvent
[1]. To check the mechanism for the photochemical production of
hydroxyl radicals from HOCbI, broadband femtosecond ultraviolet-
visible transient absorption spectroscopy was used to characterise
the excited electronic states of HOCbl and the results were compared
with time-domain density functional theory (TD-DFT) calculations
[2]. An earlier measurement of hydroxocobalamin (HOCbl) was
performed in D,0 with a mixture of D,0Cbl and DOCbIl complicating
the interpretation [3]. The excited-state lifetime of aquacobalamin
(H,0Cbl) was substantially shorter than that of HOCbI [4].

The species-associated difference spectra (SADS) can be used
to determine the excited-state spectra by adding the appropriate
ground-state contribution to the different spectra:

A(A) = AA(A) + aAgs(A),
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where «a is the fraction of the ground state excited by the pump pulse
[5]. The spectrum of the S, state was broad, which extend across
the full spectral region. The sensitivity of cobalamin (Cbl) spectra
to the axial ligation indicated that the S, state is characterised by
significant elongation of the axial bonds, while the S; state has
a structure comparable to that of the ground state [4]. This was
different from the significant displacement found for the S; state of
cyanocobalamin (CNCbl) [4].

To check the nature of the low-lying excited states of HOCbI,
TD-DFT was used to determine the corresponding potential energy
surfaces (PESs) [6]. These surfaces were produced using a structural
model of HOCbl, employing the BP86/TZVPP level of theory for
all the calculations. The energy surfaces analogous to the lowest
excited state (S;) comprise three different electronic states. The
association was apparent to the presence of two energy minima,
with one at shorter Co-OH and Co-NIm bond lengths and the other
at just slightly elongated and much longer Co-OH and Co—NIm bond
lengths. The third state appears on the PES at a Co-OH bond length
of about 2.5-2.6 A and within a Co-NIm range of 1.9-2.3 A.

To achieve a more accurate explanation of the PESs related to the
Sy state, the geometry of the lowest excited state was optimised as a
function of the axial bond lengths [7]. General, the PES corresponding
to an adiabatic description of S; state does not differ much from
that generated through vertical excitations. The optimised S; axial
bond length does not differ much from those of the ground state.
This is certainly in sharp difference with CNCbl, where changes are
rather significant [8]. To check the photostability of vitamin By,,
the internal conversion of the S; state was studied by the TD-DFT
calculations [7]. The active coordinate of radiationless deactivation
was observed as lengthened axial bonds, and this overcomes a 5.0
kcal mol~! energy barrier between the ground (S,) and the relaxed
ligand-to-metal charge transfer (S;) states.

Although excited-state dynamics of cyanocobalamin have been
widely investigated experimentally, there is a partial understanding
of the photostability mechanism. Earlier theoretical studies by
TD-DFT investigated the nature of the lowest electronic transition
and the corresponding PES [9]. The main aim of this chapter is
to investigate the electronic spectra of cyanocobalamin and the
potential energy curve along the Co-C elongated bond. To obtain a



Influence of the a (Axial)-Ligand

more accurate explanation of the S§; PES, more dependable energy
of the intermediate related to the internal conversion mechanism
and the excited-state geometry of cyanocobalamin were studied by
means of TD-DFT calculations [10]. The relaxed structural property
of the S; state was created as a function of both axial Co-NIm and
Co-C bond lengths, and a minimum energy crossing point with
reference to the S, state was then found. This calculation was used to
attain mechanisms of S;-state radiationless deactivation of vitamin
B1, which offers novel, in-depth knowledge of the molecular level
of the excited-state dynamics of cyanocobalamin, which agree with
previous experimental results [11].

The simplified geometrical model indicated as Im-
[Colll(corrin)]-CN* has been verified to mimic the spectroscopic
features and essential structure of vitamin By, precisely [8] using
DFT and TD-DFT [12] calculations in an inherent COnductor-like
Screening MOdel (COSMO) [13] with the BP86 functional [14, 15]
and TZVPP basis set [16], as applied in TURBOMOLE [17]. The
dependability of TD-DFT by means of the BP86 functional for the
lowest excited states for cyanocobalamin was confirmed from earlier
theoretical studies [8].

10.2 Influence of the a (Axial)-Ligand

The distinctive features of coenzyme B;, as a naturally occurring
organometallic compound with a Co-C a-bond and several model
systems comprising a four-nitrogen equatorial model, as well as
the axial Co-ligand and Co-C bonds in an octahedral sphere of the
Co(III) ion have received much interest [18]. All known vitamin
Bi;-dependent enzyme reactions involve the breaking and making
of Co-C bonds [19]. In this perspective, a knowledge of the effects
caused by the substitution of the axial ligands and the structure of
the equatorial ligand, which can associate with the vital Co-C bond
homolysis route in the vitamin B;,-dependent enzyme-catalysed
reaction. The redox properties, kinetics of axial ligand exchange and
relationships between structures have been studied previously [20].

For adenosylcobalamin (AdoCbl), the proposed enzymatic
mechanisms consist of the homolytic Co-C bond breaking, while
heterolytic cleavage was assumed to occur for methylcobalamin
(MeCbl). The interactions of the coenzymes with the peptide
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chain at the active sites was accountable for the improved Co-C
bond homolysis rate (>12 orders) in AdoCbl after it was bonded
to the apoenzyme [21]. However, the factors which govern the
rate improvement have not yet been completely explained and
remain a topic of interest, especially understanding the behaviour
of the axial R-Co-L fragment [22]. Moreover, a vital contribution
to comprehend the properties of the cofactor from comprehensive
vitamin B;, models has been studied [23]. This chapter shows
fascinating findings with the hydrogen atoms of the alkyl group
being replaced by highly electronegative fluorine. In addition, the
fluoroalkylcobaloximes obviously showed that the total or partial
fluorination of an alkyl group causes a shortening of both the axial
Co-N and Co-C bond lengths as compared to the alkylcobaloximes
[24]. This result was explained on the basis of the difference in the
steric and electronic properties of the alkyl and the corresponding
fluoroalkyl group [25]. The fluoroalkyl groups are less influential
ligands, thus causing shorter Co-N and Co-C axial bonds as
compared to the corresponding alkyl. This was due to the lower
electron-donating performance of the fluoroalkyl group with
reference to the alkyl analogues. A linear connection between
the stability of the Co—C bonds and the electronegativity of the R
ligand have been studied with an order of Me < CF,H < CFCl, < CF;
[26]. This relationship was ascribed to the stronger Co-C bond in
fluoroalkylcobalamins compared to that in MeCbl.

10.3 Electronic and Steric Effects

Since the axial Co-NB bond lengths are arduous to examine directly by
most of the recent accessible experimental methods, first-principles
study can be beneficial to gain in-depth knowledge of the nature of
the Co-NB binding. The rising attention in modelling the electronic
and structural properties of vitamin By, [27] has proved that DFT
might be a vital part of coenzyme B;, research [28]. Theoretical
investigations might be a vital portion of coenzyme B;, study. A
force field has been designed and used in the past [29] to perform a
molecular mechanical calculation on Cbl and has lately been applied
to cobaloxime B;, forms [30]. Nonetheless, these calculations,
although vital for conformational search investigations, may perhaps
not be able to explain the underlying mechanisms of coenzyme B;,-
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supported reaction because the electronic effect cannot be addressed
in most force fields calculations. Because of the large size of the Cbl
model system, only a few quantum mechanical calculations have
been performed on Cbl. In the past, the triaminomethyl cobalt(I1I)-
amide system has been shown as the only historical importance
in modern vitamin B, chemistry [31]. Moreover, semi-empirical
calculations have been carried out on corrin and cobaloxime models
[32], which were initially studied by Zhu and Khostic [33]. These
findings have been significant in terms of discussing the balance
between the electronic and steric effects which occur in the vitamin
Bi, reaction. In addition, other groups presented the first DFT
calculations on vitamin By, forms, which contain the entire corrin
ring [34]. The special effects of the different axial substituents on
the corrin folding and the Co-C bond lengths were studied using
the LACVP** basis set. A less systematic trans-induction and an
unsystematic cis-steric effect were found. The corrin structure was
inert towards the size of the axial R ligands, which was in contrast
to the mechanochemical trigger mechanisms. The highest occupied
molecular orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gap energy increases via the steric series, making the corrin
less inclined to homolytic cleavage. Moreover, DFT has been used to
study the association between the electronic and steric properties of
the energetics and trans-axial base of Co—C bond cleavage of several
coenzyme forms of vitamin By, [35]. The dissociation energy was
observed to be feebly reliant on the trans-axial base and relates to
its basicity. Studies have revealed that different exogenous bases
stimulate a biological heterolysis differently and the axial base
in the free coenzyme has a significant influence on hastening the
Co-C bond heterolysis instead of homolysis [36]. Therefore, the
explanation of how the kinetic of Co-C bond cleavage is reliant
on the steric and electronic properties of the axial base and, thus,
the Co—NB bond lengths has been a significant objective in the
bioinorganic investigation of vitamin B, coenzymes [36]. To explain
how the steric and electronic factors of the trans-axial base affect the
Co-NB bond length, 11 different B-[Co"!(corrin)]-Rib* complexes
were completely optimised [35]. Among the 11 investigated bases,
2,6-dimethylpyridine (2,6-lutidine or 2,6-Me,Py), 2-methylpyridine
(2-picoline or 2-MePy), 1,2,4-trimethylimidazole (1,2,4-Me3Im) and
1,2-dimethylimidazole (1,2-Me,Im) could not form a stable bond
with Co (see Table 10.1).
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The low values calculated for the three sterically hindered bases,
2,6-Me,Py, 2-MePy and 1,2-Me,Im, show that none of them binds to
AdoCbi* at 25°C [35].

10.4 Bond Dissociation Energies

The factors which affect the Co-C bond dissociation energy (BDE) in
coenzyme Bi,-dependent enzymes is one of the most vital features
of the vitamin B, bioinorganic investigation [35]. A common feature
of coenzyme B;,-dependent enzymes is that the Co-C bonds of
vitamin By, are cleaved homolytically to initiate the reaction. Hence,
these reactions are started with the cleavage of the organometallic
Co-C bond [39]. The calculation of the Co-C BDE has been a
subject of extreme experimental study mostly in the Halpern [40]
and Finke [41] laboratories, but only lately has this problem been
solved quantum mechanically [42]. Theoretically, the energy of the
homolytic cleavage of the Co-Cg bonds in the B-[Co(corrin)]-R*
systems of vitamin B, coenzymes were calculated as

BDE = (B —[Co™(corrin)]-R}, ) - (B —[Co" (corrin)]} R:)pt )

opt opt
(10.1)

where ‘opt’ represent the energy of the optimised structure.

Kinetic studies have revealed that the homolysis of the isolated
AdoCblin an aqueous solution was slow, with arate of 10~ 9s 1at25°C
[41]. The Co-C BDE was calculated as 126 * kJ/mol [41]. Similarly,
the equilibrium constant for AdoCbl homolysis was small, with a rate
of 7.9 x 10718 M [43]. However, several coenzyme B, forms achieved
a catalytic rate of 2-300 s™! (AG* = 60 kJ/mol) [41]. This enzyme
appears to increase the rate of the Co—C bond homolysis by an order
of magnitude of 12 + 1 [41] with a lower AG* of about 60 k] /mol [43].
Moreover, these enzymes shifted the equilibrium constant towards
the homolysis product by an order of 3 x 10'? and a BDE of 74 kJ/
mol [43]. Earlier theoretical studies have revealed that the B3LYP
functional gave too low calculated BDE values [44]. Hence, a Becke-
Perdew86 functional [14, 45] for both the calculation of energies at
several Co-C bond lengths and geometry optimisation. The Co-C
bond strengths and geometries calculated with the Becke-Perdew86
functional were in close agreement with earlier experiment values
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[44]. The cleavage of the Co—C bonds was studied by optimising the
CoCorImAdo* system, with the Co-C bonds constrained to several
distances in a range of 2.0 to 4.0 A [46]. The Co-C BDE curves in a
protein and vacuum are given in Fig. 10.1.
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Figure 10.1 Co-C homolytic cleavage of glutamate mutase with reference to
the vacuum energies of the CoCorlmAdo* model. The reference energy was set
at 3.5 A but at infinite separation in a vacuum [46).
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The vacuum curve was similar to previous work reported for
the MeCbl and AdoCbl models [27]. However, the total BDE ranges
with the quantum mechanics approach used [44]. Remarkably, the
vacuum curve gave an energy difference of about 125 kJ/mol in a
range of 2.0 to 4.0 A. However, the isolated product gave a BDE of
about 143 kJ/mol.

The influence of protein as the difference between the structures
attained at the Co-C bond lengths of 2.0 and 3.5 A was evaluated
[46]. The energy difference was 8 kJ/mol, which favours the Co™
state. Moreover, the influence of the protein on the Co-C BDE was
135 kJ/mol (143 - 8 k]J/mol). This effect can be ascribed to the Ado
radical not able to dissociate from the enzyme but rather being bound
with the corrin ring with hydrogen bonds [41]. The differential
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stabilisation of the Co'" state by the electrostatic interaction with
the surrounding protein was observed [46]. Therefore, it offers
an enhanced estimation of the electrostatic effect of the protein
compared to those obtained previously [27].

Two different trans-axial bases of biological prominence have
been considered [35]. The results showed that the DBI < TIm
interchange of the trans-axial base has a minor effect on the energy
of the Co-Cy bond homolysis. Remarkably, the DFT calculations
reveal a minimal but steady increase of the Co-Cy BDE in the Im-
[Colll(corrin)]-R* model compared to the DBI-[Colll(corrin)]-R*
model. This indicates that there is a probability of a small steric
influence on the axial base of the homolytic dissociation of the Co-C
bond. The BDE decreases in the order Me > Rib > Et > ‘Prop > ‘But
and this is in agreement with the variations in the Co-CR bond
lengths (Fig. 10.2).
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Figure 10.2 Calculated BDEs as a function of the Co-Cy bond lengths [35].

10.4.1 Exercises

1. What atoms in AdoCbl are affected in Co-C bond cleavage?

2. What residues in the protein cause improved Co-C bond
cleavage?
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3. Why are the reasons for improved Co-C bond cleavage?
4. What interactions are in improved Co-C bond cleavage?

10.5 Structural and Electronic Properties of
Vitamin B,,

Vitamin Bj,, also called Cbls, comprises a central cobalt ion, which
is equatorially chelated by a tetradentate corrin macrocycle
and is surrounded by two axially coordinating ligands [47]. The
lower o-coordinating ligand is a dimethylbenzimidazole (Dmbz)
base, which is linked to the f-side chain of the chelator by an
a-ribazole containing a backbone [48]. AdoCbl, MeCbl, H,0Cbl
and CNCbl are examples of Cbls with different B-coordinating
ligands [49]. The corrin macrocycle involves four pyrrolic subunits
with 14 m-electrons spread over 13 C atoms. The corrin ligand
shows prominent differences than the 18 m-electrons containing
porphyrins. The boundary of the ligand is completely saturated,
and this makes corrinoids structurally flexible with the tight-
binding Co ion in different oxidation states. The intensely s-donating
property of the macrocycle considerably improves the reactivity
of metal-centred Cbl than the Co complexes. The substitution of
axially coordinating ligands was observed to be 103 times faster
in the Cob(Ill)alamins complex compared to the Co"-porphyrin
complex [50]. This reactivity has also been observed in cofactor B;,-
dependent enzymatic reactions [48]. In the biological structures,
Cbl contains square planar Co' complexes (d® electrons), square
pyramidal Co" complexes (d’ electrons) and octahedral Co(III)
complexes (d° electrons) with distinct coordination geometries. The
former comprises a dissociated nucleobase (base-off constitution),
as shown in Fig. 10.3.

The base-off forms of Cob(Il)alamins and Cob(IIl)alamins
can be achieved by replacing the intramolecular bound Dmbz
base with competitive ligands, such as water [51]. This reversible
coordination route was aided by the protonation of the Dmbz base.
Because the intensity and energy are intensely reliant on the nature
of axially coordinating ligands, corrinoids signify a fascinating
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chromophore for analytical uses [52]. Incomplete corrinoids (i.e.
corrinoids lacking the nucleotide base), such as Cob-dicyano-
cob(j)yric acid heptamethyl ester, Cob—cyanoaquacob(;)inamide
and an intermediate in the biosynthesis of vitamin By, include both
artificial By, derivatives and naturally occurring ones. TD-DFT has
been used to explore electronically excited states of vitamin By,
[8] using the BP86 functional [14, 15] and the 6-31G(d) basis set
as applied in Gaussian 03 [53] code. Recent studies showed that
the BP86/ 6-31G(d) level of theory was a suitable theoretical
parameter for describing the electronic property of vitamin By, [9].
The electronically excited states of vitamin B;, have been studied
along the elongated Co-CCN bond to check why the Co-C bonds
in CNCbl cannot undergo photodissociation under simple photon
excitation [8]. The full geometry optimisation was performed for
each minimum, and electronic properties related to each optimised
structure were analysed. One minimum was defined as excitation
having mixed mm*/metal-to-ligand charge transfer (MLCT)
transition, whereas the other was ligand-to-metal charge transfer
(LMCT) character. To further comprehend the electronic property of
excited states given in Fig. 10.4, frontier orbitals conforming to three
different geometries, S, minimum (A), the optimised S; geometry
corresponding to a Co-Cbond length 0of 1.9 A (B) and the §; minimum
geometry (C) were obtained from the TD-DFT calculations [7].

, ,
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oH oH oH
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Figure 10.3 Elementary reaction routes for the Co'", Co" and Co' structures of
Cbls. CN represents the coordination number [47].
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Figure 10.4 Optimised energy of the S; state as a function of the Co—C bond
length. The energy of the lowest vertical singlet excited states is shown as A and
is based on the optimised geometry of the ground states. Point B corresponds
to the Co—C bond with a distance of 1.9 A, while point C corresponds to the S;
minimum [7].

The HOMO-LUMO excitation was used to determine the lowest
singlet excited state of the three geometries. The lowest S; excited
state is of m—mt* character at the S, optimised geometry. The character
of Sy state changes to the t—d/p for the same Co-C bond length when
its geometry was optimised, and this corresponds to the minimum
ground state. Because the antibonding s* orbital has a large influence
from the dz? orbital of cobalt, the S, state at its optimum geometry
can be defined as a LMCT state with elongated axial bonds and was
in agreement with earlier experimental studies [11].
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