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ABSTRACT

The increase in steric compression in organocobalamins in
the series methyl< ethyl isopropyl; ethyl«n-propyl{ isobutyl<
neopentyl; cyclopropyl< cyclobutyl,<cyclopentyl< cyclohexyl gives
rise to parallel changes in the spectra, equilibrium constants and lability
of the Co-C bond in organocobalemins. The spectra of the five-
coordinate, protonated, 'base-off' forms show parallel changes in
the 440-460nm region, in the region cround 375nm ond in the band
at 303nm with increasing steric compression and the spectra of the
six-coordinate, 'bose-off' forms show a gradual shift of the ap
band from 522nm to 510nm with increasing steric compression. The
pKa values and the ratio of five-coordinaie, unprotonated, 'base-off'
forms to six-coordinate 'base-on' forms increase with increasing
steric compression. Organocobalamins show increasing ease of
decomposition by homolytic fission and,or g-elimination with
increasing steric compression.

It is proposed theat steric compression in the
organocobalamins is partially relieved by lengthening of the Co-C
bond and by conversion of the six-coordinate 'base-on' complax to
a five-coordinate 'base-off' complex with concomitant movement of
the cobalt atom out of the plone of the corrin ring. It is shown
that there are two different forms of 'base-off' organocobalamins
present in neutrol solution and it is suggested that benzimidazole
is not coordinated in either form but is completely free in one

form and held close to the corrin ring by hydrophobic bondina in

the other.

L;:—.
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The reactions of neopentylcobalamin in the presence of
oxygen, olcohols, thiols and imidazole are studied and it is
proposed that neopentylcobalamin undergoes homolytic fission at
room temperature due to lengthening of the Co~C bond caused by
steric compression. It is suggested that neopentylcobalamin can
be used as a model for the enzymne-induced homolytic fission of
adenosylcobalamin.

It is shown that cyclopropylmethylcobalamir rearranges to
3~butenylcobolamin ond that this reaction is accelerated by
in<rease of temperature ond by light and it is therefo.e proposed
that the formation of the Co-C bond inhibits the otherwise facile
rearrangement of cyclopropvlmethyl.

The enzymatic homolysis of the Co~C bond of adenosylcobalamin
is discussed in the context of steric effects in orgonocobolamins;
an enzyme-bound, stericolly-distorted form of adenosylcobalamin is
proposed and it is shown that such an intermediate could explain
the presence of unexpected bands in the UV-visible spectra of the

steady state of the enzyme reactions.
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CHAPTER 1 - INTRODUCTION

1,2,3

1.1 The history of vitamin B12

In man, aeficiency or malabsorption of vitamin B12 results
in pernicious angemia. This disease was first described early in
the nineteenth century ond is characterized by a decrease in the
number o, .ed blood cells and an increase in cbhormalities in the
red blood cells. In 1926 Minot and Murphy showed that pernicious
anaemia could be alleviated by feeding patients large amounts of
raw liver. This led to a search for the so~called ‘anti-pernicious
ancgemia’ factor which culminated in the isolation of crystalline
vitamin B12 in 1948 by Folkers and his co-workers and in the same
year by Smith and Parker. The isolation of vitamin B12 was made
difficult by the small omoun%s of vitamin B12 (<lppm) present in
liver and the lack of o suitable assay procedure (patients
suffering from pernicious anaemia were in short supply). The
discovery of a microbiological assay method for 812 considerably
speeded up the final stoges of the isolation of vitamin 812.

Vitamin B12 is now prepared by bacterial fermentotion rother than
by isolotion from liver.

Synthetic and degrudative methods were used to establish
that vitamin B12 contained 5,6~dimethylbenzimidazole, D-ribose
and aminopropanol as well as cobalt and cyanice and suagested the

presence of a macroeyclic ligand reloted to porphyrin.  The

P ] 11— g
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Fig.l1.1 Stricture of 1) vitamin B12 (cyonocobqlomin) and
2) adenosylcobalamin,

Hydrolysis ot ---3 gives the corresponding cobineomides.




structure of the corrin ring was elucidated by Hodgkin, using

X~-ray crystallography, and the correct structure (Fig.1l.1) of

vitemin B12 was proposed in 1957, In 1958 Barker discovered the
coenzyme form of vitamin B12 while studying the metabolism of
glutamaote in Clostridium tetanomorphum. Using X-ray crystallography
it was found that the cyanide group in vitamin 812 is replaced by

an adenosyl group in the coenzyme (Fig.1.1) and that a Co-C obond

is present. Coenzyme B., (adenosylcobalamin) was the first

12
naturally occurring organometallic compound to be discovered.
Later methylcobalamin, which also contains a Co-C obonr, was also
discovered in vivo. In 1979 the total synthesis of vitamin B12
was reported by Woodward.4

6,7

1.2 Structure of corrinoids5c’

Cyanocobalamin, adenosylcobalamin and methylcobalamirn bzlong
to a family of compounds known as corrincids. Corrinoids consist
of a central metal ion (usually cobalt in the +3 oxidation state),
a macrocyclic corrin ring (Fig.l.2) which is coordinated via its
four nitrogens to the cobalt ion, and two further ligands in the

fifth and sixth coordinction positions.

Fig.1.2 The basic corrin ligand
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The corrin ligand is made up of four reduced pyrrole rings and is
nearly planar. It is related in structure to the porphyrin fing
but is less extensively conjugated. The numbering of the corrin
ring corresponds to that of the porphyrin ring, except that the
C-20 carbon ctom is missing in the cerrin ring. The four five-~
membered rings of corrin are labelled A, B, C and D. The corrin
nucleus has on its periphery three acetic acid, four propionic acid,
and eight methyl groups.

In cobalamins the propionic acid attached to Cl7 is
amidated with (R)-l-amino-2~rrcranol and the other carboxyl groups
are convertasd to amide groups. All the propionamide groups point
away from the plane of the ring in one direction (the 'upper' side
of the corrin ring) ond all the acetamide side-chains in the other
direction (the 'lower' side of the corrin ring). The fifth
coordination position in cobolomins is tcken up by a nitrogen atom
of 5,6-~dimethylbenzimidazole. The other nitrogen of 5,6
dimethylbenzimidazole is bound to ribose in an a-glycosidic linkage
and the ribose moeity is in turn bound, via a phosphate linkage,
to the aminopropanol side chain. In cyanocobalamin the sixth
coordination position is taken up by cyanide (CN”). Cyanocobalamin
is a six-coordinate, diomagnetic complex. The positive charges
on the Co(III) ion are balanced by the negative charges on the
corrin ring, the cyanide and the phosphate. Adenosylcobalamin,
methylcobolamin and other organocobalamins are also diamagnetic
and can be considered as complexes of Co(III) with a carbanion as

sixth ligand.
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Cobinamides are corrinoids in which the phosphate linkage
to the ribose moiety of the benzimidazole side-chain has been
hydrolysed (Fig.l.1). The coordinated benzimidazole is usually
replaced by another ligand, often cvanide or water.

The numbering of the atoms of corrinoids is given in Fig.

1.3.

Fig.l.3 Numbering of the atoms in corrinoids

1.3 Nomenclature of corrinoids

Cobalt corrinoids are given nomes based on the prefix cob
(cob indicates the presence of a cobalt ion). The coordination
sites on the lower (acetamide) and upper (propionamide) sides of
the corrin ring are denotea by a and p. Corrinoids are usually

named by writing the a-substituent first in brockets, followed by




the p-substituent and then the name of the corrinoid eg.
(eyano)methylcokiamide. For cobalamins the 5,6~dimethylbenzimidazole
base, whether coordinated or not, is not included in the name and
cobalamin is preceded only by a term representing the p-substituent

eg. cyanocobalamin., If the oxidation state of cobalt is not given

the corrinoid is assumed to contain Co(III). If a corrinoid has
cobalt in an oxidation state other than (III) this is specified in

its name eg. cob(I) alamin, cob(II) alamin, cob(I) inamide,

cob(II) inamide.

The abbreviations B12 (cyanoccbalamin), B (aguocobalamin),

12q
Bl2r (cob(II) alamin), B125 (cob(I) alamin), Ber (cobin)

(cob(I) inamide) and B125 (cobin) (cob(I) inamide) will be used
throughout this thesis.

b,9

1.4 Reduced corrinoids5 !

Corrinoids containing Co{I) or Co(II) cre obtained by
reducing a Co(III) complex under anaerobic conditions. Examples

are given, for B in the following equations:-

124’
Co-OH2 RSH \ Co(II) RSH = thiol
alkaline solution”
NaBH

Co~OH, —-—-ﬁé Co(I)
Co(I) and Co(II) corrinoids are sensitive to aerial oxidation
giving Co(III) corrinoids. Co(I) corrinoids rapidly decompose in
aqueous solution at low pH to give Co(II) and hydrogen, probably
vig an intermediaote cobalt hydride. Co(II) corrinoids are low

.7 . . , .
spin d° compounds with one unpaired electron. In neutraol solution




B12r is probably 5-coordinate with the benzimidazole base

coordinated to cobalt but in ccidic solution the benzimidazole

base iz protonated and removed from coordination.lO For B

12x
at acid pH, HZO is probably coordinuted.lo Co(I) corrinoids are
spin-paired d8 complexes. In Bl23 the benzimidazole base is not
coordinated to cobal‘t.ll
1.5 Organocorrinoidsz'sc’6

The discovery of adenosylcobalamin end methylcobalamin
acted as a stimulus for chemists to prepare these two compounds as
well as other organocorrinoids. The organocobalamins and
organocobinamides prepared range from those with small, simple
ligands such as ethyl and vinyl to those with more complicated
ligands such as l—norbornyl.12 All of these organocorrinoids
contain a Co-C o bond.  Sigma-~bonded alkyl derivatives of metals
of the first transition series cre usuglly rather unstable and the
stability of the Co-C bond occasioned some surprise when first
discovered.  Adenosylcobalamin and methylcobalamin are stable in
the dark both in the solid state and in solution. This is the
case for most organocorrinoids unless they have an organoligand
which interacts sterically in con unfavourable way with the corrin
ring eg. isopropylcobalamin. All organocorrinoids are unstable
in the presence of light, their choracteristic reaction being
homolytic cleavage of the Co-C bond to give cobalt (II) and an
organic free radicel.

Organocobalamins and orgonocobinamides are generally
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prepared by first reducing a cobalamin (eg. aquocobalamin,

cyanocobalamin) or cobinamide (eg. eyanoajuocobinamide,

dioquocobinamide) in the III oxidation state to the I oxidation

state followed by reaction of the Co(I) corrinoid with compounds
such as alkyl halides, epoxides, alkenes and alkynes.

Organocorrineids undergo muny types of reactions involving
the cobalt coordination sphere (as distinct from the corrin ring
or side-chains). The Co-C bond may be broken by homolytic

fission where the intermediotes are Co(II) and a free radical eg.

Co-CH, 280%\co(11) 4 R

3T
by heterolytic fission eg.

+ ) _
Co-CH,CH,OH + H — co-OH2 + CH, = CH2

Co~COCH, + OH 8 Co(I) + CH,COOH

or by ap-elimination reaction eg.

CH3

Co-CH === (o-H + CH,-CH = CH
— 3 2

CH3

The organoligand may also be reversibly or irreversibly modified
without breaking the Co-C bond eg.
Co-C = CH + Ag® ——— (Co~C =C-Ag + HT
—
Co-C = CH + H,0 ____L Co-CO-CH,

The types of reactions undergone by organocorrinoids are shown in

fig.l.4.




5

Co-Rl

1

Co(I) + Riamq porpge=iCo-t + (R-H)

7

i
CoIl + Re Co(III) + R

Fig.l.4 Reactions of organocorrinoids

1.6 Stable yellow corrinoidsSd

Reactions of cobalamins which proceed with a change in the
oxidation state of the cobelt ion often give rise to by-products
which are known as stable yellow corrinoids.  Generally, stable
yellow corrinoids have an obsorption spectrum with a band ot about
460nm but, unlike B12r or 'base-off'organocorrinnids, they cannot
be converted to typical Co(III) corrinoids by the action of light,
oxygen or cyanide (separately or in combination).  The formation
of stable yellow corrinoids often occurs under conditions where
free radicals are present. This suggests that stable yellow
corrinoids ore formed by free-radical atteck on the corrin ring.
X-ray crystallography of o stable yellow corrinoid produced by the
action of ascorbic acid in oxygen on dicyanocobyrinic acid
heptamethylester showed the presence of a hydroxy group at C-5

3

and a five membered lacto’ ; ring between C-6 and C--7.l It was

suggested that this staoble yellow corrinoid arose by aottack of a
13

hydroxyl raodical on the corrin ring.
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1.7 Enzyme reactions requiring cobalt corrinoid52'7’l4 15,16

Enzymes containing cobalt corrinoids catalyse rieny reactions,
mainly in microorganisms. Only two enzymes occurring in higher
onimals have been found to require cobalt corrinoids. These are
methylmelonyl~coenzyme A mutase and N5-m&tHyltetrahydrofolute:
homocysteine methyltransferase. Enzyme reactions requiring
cobalt corrinoids can be divided into two classes:-

1) reactions requiring adenosylcobalamin and

2) methyl transfer reactions involving methylcobalamin.
The enzymes requiring cobalt corrinoids are classified and
tabulated below (Table 1.1). Only the rearrangement or
isomerization reactions, (Class 1:A) in the table, will be
considered in detail.

The isomerase enzyme reactions have many features in common
and their reaction mechanisms appear to be very similer. For all
these reactions the first step (after the binding of substrate) is
the cleavage of the Co-C bond in adenosylcobalamin. The
cleavage is probably homolytic and the products are BlQr and the
adenosyl free radical. The adenosyl free radical then abstracts
a hydrogen atom from the substrute to give 5'-deoxyadenosine and o
substrate free radical. The substrate free radical, either
directly or via a carbonium ion or ccbalt-substrate complex
rearranges to give a product free radical which ubstracts «a
hydrogen atom from5'-deoxyadenosine to give the product and an

adenosyl free redical, The adenosyl free radical combines w. .
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Table 1.1 - Enzyme Reactions Requiring Cobelt Corrinoids

Class 1 - Reactions requiring adenosylcobalamin

A. Rearrangement or Isomerization Reactions

Type of reaction

I
Carbon-skeleton -?l—?Z-F:=:£'-?l—?2—
rearrangement HoR R
Migration of R
lgration ot an -,l-!2-‘_____-!l_|2_

amino group

Enzyme

Glutamate mutase
Methylmalonyl-coenzyme
A mutase
a-Methyleneglutarate
mutase

L-p-lysine mutase
D-a-lysine mutase

(RSH)2 = dithiol

NH2H H NH2 D-ornithine mutase
Conversion of HO-C,-C ===HO-C,-C, Dioldehydrase
. ) . ll 2 Il |2
diols or amino 0ox x @ Glycerol dehydrase
alcohols to b \L Ethanolamine
aldehydes O=C~?2— + XH ammonia-lyase
H
B. Conversion of ribonucleotides to 2'-deoxribonucleotides
Reaction Enzyme
Base ,0 HZOPPP Base ,0 CHZOPPP Ribonucleotide
+ (RSH) reductase
2 }
OH CH OH
+ (RS)2 + H,0

Closs 2 - Reactions involving methylcobalamin

Reaction
5-CH,~THF + HS(CH,),CH(NH,)COOH ——
THF + CHBS(CH2)2CH(NH2)COOH

5~CH3-THF + HS(CH2)2

5~CHy-THF + COp——> THF + CH,CO0™

THF=tetrohydrofolate

N5—methyltetrchydrofolate:

homocysteine methyltrans-
ferase

503 -3 THF + CH3S(CH2)2$O3 Methane synthetase

"Acetate synthetase"
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Bl2r to regenerote adenosy.cobalamin.  Thus, the hydrogen transfer
reaction is intermolecular but the transfer of the larger group is
intramolecular. The mechanism of the rearrangement reactions is
represented schematically below (Fig.l.5).

The axperimental evidence in favour of scheme 1.5 is

summarized in Table 1.2.

ACHZ" + Co(III) g==rd ACH3 + Co(III)
+ SH + 5
¢! A
iy !L
ACH,~Co === ACH; + Co(Il) = ACH, + Co(II) gzz=zd ACH, + Co~$
+ SH + SH 4+ S
4 Al
n f
i i
+ ' S ACH. = C (1)
. ACH2 + CO(I) g====2 AC 3 + Lo\l
I
+ SH +st

ACHZ—CO = adenosylcobalamin === more likely pathways
{ SH = substrate z====2 less likely pathways

Fig...5  Scheme of pnssible reaction mechanisms for
iie isomerase enzymes.

We are still a long way frem understanding the reaction mechanism
of adenosylcobulamin-~dependent rearrangemznt reactions ond the
specific role of the apoenzyme is still obscure.

1.8 Aims of this thesis

The work described in this thesis was undertaken with the
following aims:-

1) To elucidate 'he role of steric factors, as opposed

to electronic foctors, in determining the spectra, equilibria and

hinb it o

~ A——.
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reactions (specifically cleavage of the Co-C bond) of
alkylcobalamins. In order to do this three series of
olkylcobalamins were studied.  These were methylcobalamin,
ethylcobalamin and isopropylcobalamin (increasing substitution on
Cq ); ethylcobalamin, n-propylcobalamin, isobutylcobalemin and
neopentylcobalamin (increasing substitution on Cg );
cyclopropylcobalamin, cyclobutylcobalamin, cyclopentylcobalamin
and cyclohexylcobalamin (increasing ring size).

2) To find an alkylcobalamin which can serve as a model
for the cleavage of the adenosylcobalamin Co-C bond during the
isomerase enzyme reactions. This inveolves finding an

alkylcobalamin which undergoes homolytic fission at room

Table 1.2 - Experimental Data on the Adencsylcobaolomin-dependent
Rearrangement Reactions

Experimental data Enzymes References
Detection of B and organic Dioldehydrase 14, 17
free radicals using UV-visible Glycerol dehyd -se 14, 18, 19
and ESR spectroscopy Ethanolamine 14
ammonia lyase
No exchange of hydrogen All 7, 14-16
with solvent water
The migrating hydrogen Dioldehydrase 14, 15, 17
atom becomes equivalent to Glutamate mutase 14
the two hydrogen atoms of Methylmalonyl- 14, 20
C-5' of adenosylcobalamin coenzyme A mutase
Formation of 5'-deoxy- Dioldehydrase 14, 15, 17
adenosine as an incermediate  Ethanolamine 14
ammonia lyase
L-p-lysine mutase 14
Methylmalonyl- 14

coenzyme A mutase
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temperature and where the Co-C bond is labilized by steric
distortion.

3) To 7ind a model reaction for the rearrangement step
of the isomerase enzyme reactions, specifically in order to test
whether or not isomerization of the enzyme substrates is likely
to occur while the substrate is coordinated to the cobalt atom.
This involves prepuring an alkylcobalamin containing an alkyl
group which is known to undergo rearrangement as a free radical
and observing whether the rearrangement of the alkyl group is
speeded up or slowed down by attachment to the cobalt.

The experimental work reported in this thesis can be
divided into three parts:-

1) Preparation of organocorrinoids (Chapter 3).

2) Spectra and equilibria of organocorrinoids (Chapters
4 and 5).

3) Reactions of organocorrinoids (Chapters 6 - 9).

The first part describes the preporation of organocorrinoids;
some are new and some have been prepared before. In the second
part the spectra ond equilibria of organocobalamins are studied
in detail. The trends in the spectra and equilibria of
alkylcobalamins in the series given above are shown to depend on
the degree of steric interaction of the organoligand with the rest
of the cobalamin molecule. Chapter 6 describes the homolytic
fission of neopentylcobalamin, which is considered as a possible

model for the homolytic cleavage of the Co-C bond of
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adenosylcobalamin during the enzyme catalysed isomerization
reactions. In Chapter 7 the recctions of organocobalamins, viz.
p-elimination and homolytic fission, are described and considered
in terms of the steric effects of the organoligands. In Chapter
8 the isomerization of cyclopropvlmethylcobalamin to
3-butenylcobalamin is described ond it is concluded that the
reaction involves free-radicel intermediates and does not occur
while the cyclopropylmethyl group is attached to cobalt.

Chapter 9 uses the results of the previous chapters to illuminate
two steps in the mechanism of the isomercse enzyme reactions viz.
the homolytic fission of adenosylcobalemin and the rearrangement
of the substrate. Chaopter 10 summarizes the main results ond

conclusions.

1.9 [iterature survey

In 1975, when this work was begun, very little was known
about the steric effects of organoligands. Many primary
organocobalamins had been prepared5c but only two secondary ones
viz, isopropylcobalamin21 and cyclohexycobalamin.
Isopropylcobalamin and cyclohexylcobalamin have UV-visible spectra
in neutral solution similar to those of the corresponding
cobinamide521’23 and it was proposed that they exist mainly in a
form where the benzimidazole base is not coordinated to the

20,21 Isopropylcobalamin and cyclchexylcobalamin

21,22

cobalt.

spontaneously decompose in neutral solution t

cyclohexylcobalamin was shown to be stabilized by protonation ond
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removal from coordingtion of the benzimidazole base. The

21,23 Brodie23 proposed

corresponding cobinamides are stable.
that the addition of a strong ligand to the lower coordination
site labilizes cyclohexylcobinamide by forcing the cobalt atom to
move into the plane of the corrin ring giving rise to increased
steric hindrance.

Grate and Schrauzer in ‘_97924 published a puper in which
they considered alkylcobalamins similar to those described in
section 1.8,  They proposed o new mechanism, p-elimination, for
the decomposition of alkylcobclamins and showed that increased
reactivity of organocobalamins could be correlated with increased

steric interactions of the organoligand. They observed that

secondary and higher primary alkylcobalamins are more stable in

acidic than in neutral solution and suggested thut the removal of
the benzimidazole base from coordingtion stabilizes the
organocobolamin by a conformotional change of the corrin ligand.
Neopentylcobalamin has been prepared and shown to be stable under
anaerobic conditions but decomposes in neutral solution in the
presence of air and isoproponol.2

20,26-34 (i

Model reactions, n the absence of protein) have
been found for two of the three enzymatic carbon-skeleton
rearrcngements ie. a-methyleneglutarate mutase and methylmalonyl-
coenzyme A mutase. These model rearrangements occur during
photolysis or thermolysis of organocobalamins or organocobaloximes

(cobalt complexes with the bis dimethylglyoxime ligand) having

ligands with the same carbon skeleton as the enzyme substrates.
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CHAPTER 2 - MATERIALS AND METHODS

2.1 Materials

2.1.1 Cobalamins and cobinamides

Samples of B12 and BlZc were supplied by Mr A P Domleo of
Glaxo-Allenbury (Pty) Limited ond a sample of adenosylcobalamin
by Dr L Mervyn of Glaxo Lgboratories, England. Methylcobalamin
was prepared by Dr R A Firth and methylcobinamide by Dr R G Thorp,
Some of the aquocyanocobinamide used in this work was prepared oy
Mr E A Betterton by the method given in section 3.6.1.  Other
organocobalamins and organocobinamides were prepared as described
in Chapter 3.

2.1.2 Alkyl halides

Methyl iodide (Merck ninety-nine per cent), cyclopropyl
bromide (Merzk for synthesis, ninety-eight per cent), cyclobutyl
bromide (Fluka, purum, ninety-eight per cent) and neopentyl
bromide (Fluka, purum,2 ninety-seven p-. cent) were used as
received. Ethyl bromide and n—propyl iodide (b .th Hopkin ond
Williams, GPR), isopropyl bromide and cyclopentyl bromide (both
Schuchardt), isobutyl bromide (BDH, laboratory reagent) and
cyclohexyl bromide (Emanuel, ninety-five per cent) were all
redistilled before use.

The purity of neopentyl bromide and the secondary alkyl

17
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halides, isopropyl bromide, cyclopentyl bromide and cyclohexyl
bromide (where the corresponding olkylcobalamins cannot be purified
by column chromatography) was checked using gas chromatography.

The purity of these alkyl halides is given in table 2.1 together
with the experimental conditions used.

Table 2.1 -~ Retention Times and Percentage Purity of
Alkyl Halides

Alkyl halide Retention time Percentoge purity
(minutes)

Isopropyl bromide® 1,7 98
Neopentyl bromide® 2,6 98
Cyclopentyl bromideb 3,2 99
Cyclohexyl bromide® 3,5 99
Cyclobutyl bromided 7,0 2 99
Cyclopropylmethyl 7,5 97
bromide

., d 3
3-Butenyl bromide 5,5 299
a. Column 1, temperature = l5OZC, carrier gas pressure = 12psi
b. Column 1, temperature = l7OOC, carrier gas pressure = l4psi
c. Column 1, temperature = 190 C, carrier gas pressure = l4psi
d. Column 2, temperature = 42° C, carrier gas pressure = 6psi

For the columns used see section 2.2.9,.

Cyclopropylmethyl bromide and 3-butenyl bromide were
prepared and characterized as described in Appendix 1. The
purity of these alkyl halides and that of cyclobutyl bromide is
given in Table 2.1, together with the experimental conditiors.

2.1.3 Buffers

The buffer systems used were based on phosphate and acetate.
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The phosphate buffer consisted of 0,2M potassium dihydrogen
phosphate (Hopkin and Williams) and 0,2M disodium hydrogen

phosphate (BDH) mixed together in the required proportions to

give pH values 5,5 - 7,0.35 The acetate buffer consisted of 0,2M

sodium acetate (BDH) and 0,2M acetic acid (Protea) mixed together
35

in the required proportions to give pH values 3,7 - 5,6.

2.1.4 Other reagents

The materials used in the preparative work were sodium
borohydride, cobalt nitrate (both Hopkin and Williams), ceric
nitrate (Schuchardt), phenol (Merck 'for analysis'), chloroform,
diethyl ether (both Hopkin and Williams 'Analar'), sec butanol
(BDH 'laboratory reagent') and glacial acetic acid (Protea).

For other work, the following reagents were used as received:
methanol, n-propanol, isopropanol, dimethylformamide, cysteine
hydrochloride (all Merck X ninety-nine per cent), thioglycollic acid
(BDH *laboratory reagent', ninety-seven per cent), neopentane (Matheson,
CP). Imidazole (Aldrich ninety-nine per cent) was decolourized using
charcoal and recrystallized three times from benzene; pinacol (BDH
'laboratory reagent') was recrystallized from diethyl ether.

2.2 Methods

A description of the general application and the theoretical
principles of the various methods used is given in this chaopter.
Specific applications of these methods are given in the oppropriate
chapter. All of these methods have been used previously but they

have beei, adapted to fit the requirements of this work.
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2.2.1 Phenol-chloroform extraction36’37

Because of their large number of omide side-chains, which
can participate in hydrogen bonding with phenol, corrinoids are
soluble in mixtures of phenol and chloroform and phenol-chloroform
extraction can be used to purify them.36 The aqueous solution
of the corrinoid is extracted with portions of 1:2 (weight:volume)
phenol-chloroform. The corrinoids dissolve in the phenol-
chloroform phase, while the inorgunic impurities remain in the
aqueous phase.  The phenol-chloroform extract is washed twice
with water. The corrinoids are then displaced back into . ater
by adding two volumes of ether. Organic impurities are left
behind in the organic phose. The aqueous extract is then
washed twice with ether to remove traces of phenol and chloroform.

2.2.2 Column chromatography 37,38,39

The ion-exchange celluloses used were carboxymethyl (CM)
and diethylaminoethyl (DE) cellulose.40 CM cellulose contains
negatively charged groups R-O—CHZCOO' (R = cellulose) and is a
weakly acidic cation exchanger. DE cellulose contains positively
charged groups R—O-CHZCHZ—NHEt2 and is a weakly basic anion
exchanger. The grades of ion-exchangers used were CM 32 and
DE 32 (Whatman) which are microgranulor forms of ion-exchange
cellulose. The use of o microgranular grade of ion-exchange
cellulose gave very efficient separation of corrinoids, but the

flow rate of eluant through the column was rother slow.

Ion-exchange celluloses are prepared as followq:—40

PR RO~ |
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For activation of the ion-exchange cellulose twenty grams of
cellulose is stirred in fifteen volumes of ‘first treatment? acid
or base (0,5M sodium hydroxide for CM, 0,5M hydrochloric acid for
DE) and left for thirty minutes. The supernatont is filtered
off and the cellulose washed in a Buchner funnel until the
effluent is at the 'intermediate pH' (pH = 8 for CM, pH = 4 for
DE). The ion-exchanger is then stirred into fifteen volumes of
'second treatment' acid or base (0,5M hydrochloric acid for CM,
0,5M sodium hydroxide for DE) and left for thirty minutes. The
supernatant is again filtered off and the cellulose washed in a
Buchner funnel until the effluent is neutral. Activation of

CM and DE ion-exchange cellulose is necessory because these
celluloses are supplied in the hydrogen and free base forms
respectively.

The ion-exchanger is dispersed in water to give a slurry
of thirty ml/g dry ion-exchanger. The slurry is gently stirred
and allowed to stand twenty minutes, ofter which the 'fines'
(small fibres of cellulose which remain in suspension) are
removed by pouring off the water. Water (twenty per cent of the
wet settled volume of the cellulose) is then added to the cellulose.
The 'fines', if present when the cellulose is packed in the column,
slow down the rate of flow of the column.

Columns are packed by pouring the slurry into the top of
the column and allowing the water to drain off at the hottom.

The columns used were glass columns with a plug of glass wool at

21
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the bottom. The cellulose is allowed to settle under the
influence of gravity and the flow of water. The dimensions of
the columns used were lem x 1Ocm or 2,5cm x 30cm (for large-scale
preparations).

Concentrated solutions were applied to the top of the
calumn using a syringe or Pasteur pipette. The eluting solvent
was deionized water. Elution using water is slow for CM
cellulose and was sometimes speeded up by substituting lO—3M
perchloric wcid for waoter as the eluting solvent.  Attempts to
speed up elution by passing water through the column under
pressure were unsuccessful; the rate of flow was increased but
the efficiency of the separation was correspondingly decreased.

Sepuration of corrinoids on ion-exchange cellulose
depends both on the overall charge on the molecules and on
specific charges at local sites. 8120 which, on elution by
water, has a positive charge is not retarded by DE cellulose (an
anion exchanger) but is retained by CM cellulose (a cation
exchanger). Organocobalemins, which are uncharged when water is
used as the eluant, are not retained by DE cellulose but are
selectively retoined by CM cellulose. The rate of elution from
CM cellulose depends qualitatively on the pKa of the
organocobalamin, organocobalamins with a high pKa being eluted
more slowly, and CM cellulose can therefore be used to separate
organocobalamins from each other.

Organocobinemides, aquocyanocobinamide and

22
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hydroxoaquocobinamide (overall charge + 1) on elution with water
are all passed through DE cellulose but are retained to vorying
degrees on CM cellulose. Dicycnocobinamide is retained by DE
cellulose, Hydrolysis products of organccobinamides, usually
having zero overall charge, are retained by DE cellulose,

presumably due to specific interactions with the carboxylate

groups.

2.2.3 Thin-layer chromqtogrqphy38,39,4l

Thin-layer chromatography (TLC) was done on cellulose-
coated TLC plates (Merck, cellulose precoated, layer thickness
0,1mm, 20 x 20m) using solvent systems based on sec-butanol-water.
The plates were cut smaller if necessary, to give dimensions of
5 x 20cm or 10 x 20cm,

The three different solvent systems used were:—38’39'41
(1 §g£-butonol/hater 95:40
(II §gg—butqnol/glccicl acetic acid/water 100:1:50
(111 sec-butanol/0,88 ammonia/water 95:6,75:40.

The TLC plates were developed in glass tanks (approximately
25 x 25 x 5cm) which were lined with filter paper and which
contained 150ml of solvent system I, II or III., The closed
tanks containing the solvent were allowed to stand at least one
hour before the TLC plates were put in. This was done in order
to saturate the vapour in the tank with solvent vapour.

Concentrated uqueous solutions of the corrinoid sample were

applied, using a microsyringe, to the TLC plote and the spots

23
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dried using compressed air or an electric hairdrier. The
plates were developed for four hours.

The corrinoids are very intensely coloured and can easily
be detected visually. Some organocorrinoids gave yellow spots
which were not readily detected on the white plates but these
spots could be photolysed to give red B120 or diaquocobinamide.
This technique is very sensitive and impurities of the order of
one per cent of the total sample are easily detected.

For thin-layer chromatography on cellulose Rf values
(distance travelled by sample/distance travelled by solvent front)
are very sensitive to small variations in experimental conditions
eg. temperature, development time, solvent composition and

thickness of the cellulose coating. Because of this the R

38,39, 41

.F

value of B12 is used as a standard in TLC. B

1o ¥as
spotted either next to the corrinoid spot or on the same position
as the corrinoid spot. All results for TLC were quoted as RBlZ
values (R\c of corrinoid/Rf of cyanocobolomin), which are much
more reproducible than Rf values,

Thin layer chromatography is very sensitive to changes in
the organoligand which makes it useful as a technique for
identifying particular orgaenocorrinoids. The RBlZ values for
cobinamides are similar to those for the corresponding cobalamins.
It appears that the most important factor in determining the RBl2

value of an organocorrinoid is the ability of the organoligand

to participate in hydrogen bonding.  The RBlZ value is low if

o

4 ST R




the ligand can form strong hydrogen bonds (eg.HOCH2CH2“)

and high if 1t cannot (eg. CH,-, CH CHZ—).41

3773
2.2.4 Rotary evaporation and Freeze—dryingé8’39

The rotary evaporator used was a Blchi Rotovapor-RE.
Water was removed at about 50°C using a water-pump.  The freeze~
drying apparatus consisted of four round-bottomed flasks connected
to a vacuum pump vie two liquid nitrogen traps. The solution of
the corrinocid to be freeze-dried was frozen in liquid nitrogen
pefore freeze-drying was begun. Freeze~drying gave non-
~~ystalline, very dry solid corrinoids.

2.2,5 Ultraviolet-visible spectra and extinction coefficients

Ultraviolet (UV)-visible absorption spectra were recorded
over the wavelength range 300-650nm using the following
spectrophotometers:- Unicam SP 8000, Unicam SP 1800 and Jasco
Uvidec-1l.  The spectrophotometers were calibrated using holmium
glass as a stondard. Spectra were usually recorded with quartz
cells of pathlength 10mm.  Occasionally cells of pathlength
1,40, 50 or 100mm were used.  The Unicam SP 8000 spectrophotometer
was useful for following the course of a reaction over a
range of wavelengths ond for determining the positions of
isobestic points since it could instrumentally superimpose a
series of spectra on the same sheet of chrrt-paper. The Jasco
spectrophotometer has o digital read-out and was particularly
suited to work where absorbance readings were taken at specific

wavelengths.,  The Unicom and Jasco spectrophotometers had

25
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temperature control units and the cell temperature could be varied
. ) o
varied from 0 °C to 100°C.

8, cannot be

Molar extinction coefficients of corrinoids3
dets .mined by measuring the absorbance of solutions of a known
weight of corrinoid because corrinoids (as solid samples) contain
a large and variable amount of water. The molar extinction
coefficient of dicyanocobalamin  has been deilermined with

reference to o sample of B 2 of known molecular weight, including

1

cssociated water, (from X-ray onalysis).42 Since most cobalamins

can b quantitatively converted to dicyanocobalamin in solution their

extinction ccefficients con be determined with reference to that of

dicyanocobalamin ( ¢= 3,04 x lO4 for the y-band at 368nm).  The

same value is used for the corresponding band in dicyanocobinamide

since the positions and relative intensities for the peaks above

300nm of dicyanocobalamin and dicyanocobinamide are the sume.39
Corrinoids, other than orgenocorrinoids, were converted to

the dicyonide by adding o small crystal of potassium cyanide to

the solution. Organocorrinoids were converted to the dicyanide

form, ofter the oddition of potassium cyanide, by photolysis.

2.2.6 Measurement of pH and determination of pKu values

The pH of solutions was measured using o Metrohm digital
E532 pH meter. The elecirodes used were o Metrohm glass
electrode oand a Metrohm glass microelectrode (specif. ally for
the reading of pH in spectrophotcometer cells). The -~ rence

electrolyte was 3M potassium chloride. The pH meter was




1 ' standardized using BDOH phosphote buffer solution pH 7,0 t 0,01
, at 20°C.
. . 43 .
For the determination of pKu values = organocobalamins

were dissolved in dilute sulphuric acid in o spectrophotometer

cell to give pH = 1. The organocobalamin was then titreted with
0,1 - 1,0M sodium hydroxide solution using o microsyringe., The
absorbance was measured spectroscopically at one or two wavelengths
or, in some cases, the absorption spectrum from 300-650nm was run.
The pH wos measured using the glass microelectrode described
above.
2.2.7 Photolysis

Tungsten lamps of 60W and 200W were used. The sample was
placed at o distance of 15cm unless otherwise specified.
Photolysis was generally used for the determination of extinction
coefficients and for completing (to give 100 per cent product)
slow thermal reactions of organocobaolamins (60W lamp). The
effect of photolysis on the conversion of cyclopropylmethylcobalamin
te 3~butenylcobolamin was also determined (200W lamp).

2.2.8 Deoxygenation of sclutions

Experiments involving small volumes of solution (2-3ml)
were done in spectrophotometer cells which vere closed using a
rubber septum (Suba-Seal).  These solutions were deoxygenated by
passing a stream of oxygen-free nitrogen through the olution for
five minutes. For experiments involving larger volumes of

solution (2 200ml) the solutions were degassed under vacuum for

er een i




&
3

EL;
&+

L T

e ST

o O .

DO TS SRR £

T TEIR T, e R,

28

twenty minutes, followed by a brisk stream of oxygen-free
: nitrogen for twenty minutes.

2.2.9 Gas chromatography

The instruments used were a Packard model 427 gas
chromatograph and a Pye series 105 gas chromategraph, both of

which had a flame ionization detector. The Packord gas

chroratograph used helium as the carrier gas and the Pye gas
chromatograph used nitrogen as the carrier gas. The columns

used were

1) o 1,5m x 4mm column of 5 per cent GE-SE 52 on

Anakrom and
2) al1,5m x 6mm column of five per cent GE-SE 52 on
Supelco.
Column 1 was used with the Packard gas chromatograeph and column
2  with the Pye gas chromatograph.

Gas chromatography wasused for determining the purity of
alkyl halides used in the preparation of organocorrinoids. The
retention times and percentage purity of alkyl halides are given
in Toble 2.1, together with the experimental conditions.  Gas
chromatography of the vapour phase over reaction mixtures
containing neopentylcobolamin was used to detect the presence of
neopentane. For this the Packard gas chromatograph and column 1

were used.
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CHAPTER 3 - PREPARATION AND PURIFICATION OF ORGANOCORRINOIDS

3.1 General features of the preparation, purification
and identification of organocorrinoids

c,

3.1.1 PreEaration5

Organocorrinoids are usually prepared by first reducing a
cobalt (ITI) corrinoid (eg. 812, Blzq,dicquocobincmide,
aquocyarocobinamide) to a cobalt (I) corrinoid, followed by
reaction of the cobalt (I) corrinoid with the required alkylating
agent. Cobalt (III) corrinoids can be reduced using reducing
agents such as sodium borohydride, zinc in the presence of
ammonium chloride or chromium (II) in alkaline solution or by
controlled potentiagl reduction. Reduction of cobalt (III)
corrinoids to cobalt (I) corrinoids, always proceeds via cobalt
(II) corrinoids. Cobalt (I) corrinoids are extremely strong
nucleophiles ond take part in rapid addition and substitution
reactions with a large variety of electrophiles. alkylating
agents commonly used are alkyl halides and tosylates, epoxides,
alkenes (with electron-withdrawing substituents) and alkynes.
The reaction of cobalt (I) corrinoids with alkyl halides usually
praoceeds vic a 5 mechanism44’45 but for bulky alkyl hclides a

N2

mechanism invelving electron transfer from cobalt (I) to the
alkyl halide giving cobalt (II) and an alkyl radicel followed by
combination of cobalt (II) and the alkyl radical to give an

alkylcobalamin may be operative.

it i g
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Preparations involving cobalt (I) corrinoids are very
versatile. The variety of orgenocorrinoids which can be
prepared using cobalt (I) corrinoids is limited only by steric
hindrance of the alkyl group which gives rise either to very slow
reactions or to unstable organocorrinoids which cannot be
isolated or purified.

In this work all preparations of organocobalamins and
organocobinamides were done using 8120 or aquocyanocobinamide as
the starting materials. The reducing agent was sodium
borohydride ond the alkyloting agents used were alkyl halides
(section 2.1.2). The following equations describe the reaction

sequence used:-

Co(TTI)-0H, NaBHAY co(1) RMoly co(rr)-r

3.1.2 Purification

The purification of organocorrinoids requires:-

1) separation of corrinoids from excess inorganic (eg.
sodium borshydride, meteol salts) and organic (eg. alkyl halides)
reagents.

2) separation of the required organocorrinoid from other
corrinoids present, eg. unreacted starting material, corrinoids
with hydrolysed side-chains.

Separation of organocorrinoids from excess organic and inorganic
reagents 1s usually accomplished using phenol-chloroform
extraction (section 2.2.1). For the separation of the required

corrinoid from other corrinocids present, ion-exchange

it I
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chromatography on cellulose can be used (section 2.2.2). The
purity of corrinoids can be determined by thin-layer chromatography
(section 2.2.3).

All steps in the preparation and purification of
organocorrinoids must be carried out in the dark or under subdued
red light as organocorrinoids are light-sensitive,

3.1.3 TIdentification>®

Because the organic ligand is a very small part of the
corrin molecule (inmethylcobaleomin for example the molecular
weight of the organoligand is fifteen compared to a total
molecular weight of about 1 800) most conventional techniques are
of little use in determining the composition of organocorrinoids.
Microanalysis is unreliable both because of the smallness of the
variation in the moleculgr formula with change of organoligand
and because of interference from the cobalt and phosphorous
atoms.37 Techniques which rely on comparison with authentic
samples eg. NMR and IR spectra have been of little use because
signals due to the organcligand are swamped by signals from the
corrin ligand. The usefulness of NMR in the determinaotion of
the structure of organocorrinoids has increased in the last few
years with better resolution of NMR spectra and the introduction
of time-averaging techniques, but it is still not possible to
routinely apply NMR to all organocorrinoids. The structure of
naturally occurring adenosylcobalamin has been determined using

X~ray crystallography47 and synthetic adenosylcobalamin has been
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shown to be identical to naturally occurring adenosylcobulamin

in its chromatographic, electrophoretic and UV-visible spectral

properties.37 The structure of synthetic adenosylcobalamin is
! therefore assumed to be the same as that of naturally occurring

adenosylcobalamin. For other, newly-prepored, organocorrinoids

P

the organocorrinoid is shown to be pure using chromatographic
techniques and its structure then inferred by analogy to
adenosylcobalamin and other known organoccorrinoids. All simple

alkylcorrinoids exhibit UV-visible spectra which are similar to

L2 B S S

that of adenosylcobalamin in either the protonated 'base-off' or

'base-on' form and this type of spectrum is therefore diagnostic

O ]

re

of organocorrinoids; however each alkylcobalamin or alkylcobinamide

has o slightly different UV-visible spectrum which can be used in
its identification.

The structure of a newly prepared orgcnoco?rinoid is
inferred by reference to

1) the structure of the alkylating agent used

2)  the identity of the electronic spectrum and

chromatographic properties to those of an authentic sample (where

available).

The presence of the Co-~C bond is confirmed using the following

reactions, which are typical of organocorrinoids,

1) decomposition in the presence of light and air to

give agquocorrinoids

2)  decomposition in the presence of light, air and

cyanide to glve cyanocorrinoids
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3) the pH-dependent equilibrium bYetween the red ‘hase-on'
form and the yellow protonated 'base-off' form (for organccobalamins

only).59

3.2 Reduction of B120 and aquocyanocobinamide to B125 and
in)bh,9
Blzs(cobln) '

B and aquocyanocobinamide are reduced by sodium

12a

borohydride at room temperature in neutral or alkaline solution
under nitrogen to 8125 or Blzs(cobin) via the corresponding Co(II)
corrinoid. It was found thot reduction proceeded rapidly to
give the Co(II) corrinoid but reduction to Co(I) corrinoid was
slow and irreproducible. The reduction of 812 and BlZa to B125

by borohydride is catalysed by the addition of transition metal
9,48

ions.

In order to see which metal ions are capable of catalysing

the borohydride reductiion, metal salts were added to a solution

of B o followed by addition of sodium borohydride. In all

12

cases the woncentration of B120 was 2,7 x lO—SM, the concentration

of sodium borohydride was 9,3 x lO"ZM and the metal ion

4

concentration was 1,4 x 107 M.  The following metal ion salts

were added: V0S0,. 5H,0, [CrClz(H20)4] Cl, MnSO,, FeSO,,

Ni(so

Co(NO CU(SO4), InSO,, Na,MoO,. The time tcken to

3)2’ 4)’ 41 72774
give complete formation of Blzs (as shown by its UV-visible
spectrum) was decreased from seven minutes (in the absence of any

added metal ions) to two - three minutes by the addition of V(IV),

Co(II), Ni(II) and Cu(II) ions. The others had no effect.
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The addition of these metal ions leads to the formation of
transition metal borides49(sometimes seen as block particles in
suspension) which catalyse the reduction of Co(II) corrinoids to
Co(I) corrinoids by borohydride. In some organocorrinoid
preparations, where the rate of reduction of cobalt (III)
corrinoids was irreproducible, cobelt nitrate was routinely
cdded to the solution. The irreproducibility presumably arises
from varying concentrations of trace metals in the different

samples of 8120, aquocyanocobinamide, sodium borohydride and

'deionized' water.

5¢,9,37

3.3 Preparation of stchle organocobalamins

The following organocobalumins were prepared by the method
given below: ethylcobalamin, n-propylcobalamin, cyclopropylcobelamin,
isobutylcobalamin, cyclobutylcobalaemin, cyclopropylmethylcobalamin,
3-butenylcobalamin.,  None of these alkylcobalamins except
ethylcobalamin and n-propylcobalamin had been prepared before the
start of this work. The methylcobalamin used was prepared by
R A Firth more than ten years ago. UV-visible spectroscopy and
thin-layer chromatography showed that ths methylcobalamin was ~
ninety-nine per cent pure ie. no significant decomposition had

occurred in ten years. The method of preparation is exemplified

by the preparation of cyclobutylcobelamin,

3.3.1 Cyclobutylcobalamin

Bl“c (0,5g, 3,7 x lO—4 mole) in 25ml deionized water was

reduced under nitrogen vsing sodium borohydride (0,6g, 0,016 mole),

L
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giving the greyish-green BlZs' The flow of nitrogen was stopped
3

G ETEDSRITS AT NG iy T TRy

and cyclobutyl bromide (0,5ml, 3,7 x 107" mole) was added to the

B solution and the solution allowed to stand one hour. After

12s

this time the solution was red in colour, indicating the formation

of cyclobutylcobalamin.  The solution was extracted through

P el e Sh fiins

phenol-chloroform (section 2.2.1) to remove unreacted alkyl

R

bromide and inorganic ions and then chromatographed on CM ion-
exchange cellulose (section 2.2.2) using water as the eluant.

A small amount of B

T LFY RIS PR AT e A

12q YOS retaoined at the top of the column and
the cyclobutylcecbalamin was slowly eluted from the column.  The
eluate from the column was again extracted through phenol-chloroform
in order to concentrate it and then freeze-dried to give a red
solid.  The yield of cyclobutylcobalamin was eighty per cent.

This preparation could be scaled down five~fold so that

0,1g of BlZc was used,

Thin-layer chromatography showed the presence of less than

one per cent impurity. The UV-visible spectrum was that
expected for an organocobalamin and the expected pH-dependent
equilibrium between the red 'base-on' and yellow protonated
'base-off' forms was observed. Decomposition in the presence

of light to give B and in the presence of light and cyanide to

12a
give dicyanocobalamin occurred as expected, showing the presence

of the Co-C bond.

3.3.2 Other organocobalamins

The cbove procedure was used for the preparction of other
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organocobalamins, The yield of organocobalamin was seventy to
eighty per cent except in the case of cyclopropylmethylcobalamin
where the yield was five to ten per cent becouse 3-butenylcobalamin
was formed during the preparation (see section 8.3).
Cyclopropylmethylcobalamin was well separated from
3-butenylcobalamin (and a trace of cyclobutylcobalamin) on a CM
cellulose column, the three bands being eluted in the order
3-butenylcobalamin, cyclopropylmethylcobalamin, cyclobutylcobalamin.
The purity of the above organocobalamins was checked using
thin-layer chromatography, showing$ one per cent impurity in all

cases. The RB values for the organocobalamins are given in

12
Table 3.1. In all cases the spectra were as expected for
organocobalamins, the expected pH-dependent equilibrium was
observed, and the expected reactions in the presence of light and
cyanide were observed.
All the organocchalamins were stored in containers which

excluded light and organocobalamins which underwent decomposition
subsequent to purification (cyclopropylmethylcobalamin and

3-butenylcobalamin) were stored at liquid nitrogen temperature.

3.4 Preparation of unstable secondary organocobalamins

It is well known that, while primary organocobalamins are
uvsually stable to isolotion and purification, secondaory
crganocobalamins decompose when attempts are made to purify them

21,22

from the reaction mixture. In order to overcome this

problem the organocobalemins isopropylcobalamin, cyclopentylcobalamin




Table 3.1 - RBl Values on Thin-layer Cellulose

2 _—
Compound R 12 valuei
Solvent I Solvent IT  Solvent III

Cobalamins
Methyl 1,40
Ethyl 1,50
n-Propyl 1,48
Cyclopropyl 1,66 1,51 1,45
Isobutyl 1,65 1,52 1,69
Cyclobutyl 1,56 1,58 1,52
Cyclopropylmethyl 1,54 1,54 1,33
3-Butenyl 1,59 1,64 1,70
Cobinamides

) Me thyl 1,40
Ethyl 1,49
n-Propyl 1,54
Isopropyl 1,44
Isobutyl 1,79
Cyclobutyl 1,71 1,90
Cyclopropylmethyl 1,62 1,76
3-Butenyl 1,84 1,91

Aquocyano 1,08 0,38
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ant cyclohexylcobalamin were prepared in situ in o
spectrophotometer cell at the pH required as follows:- B120 was
reduced to BlZs using ‘. ‘ium borohydride and alkylated using an
alkyl halide.  Excess sodium borohydride was destroyed using
phosphate buffer pH = 5,5 (section 2.1.3) or dilute sulphuri~
ccid.Zl The reactions w ‘en studied spectroscopically and
further reagents added as required.

The detailed procedure for the preparation of isopropyl,
cyclopentyl and cyclohexylcobalemin to give final pH = 1,6 and 12
is now given. In all cases a stock solution of B120 (6,0 x lO—sM
B120 in 2,4 x lO*4M cobalt nitrate solution) was used.

Fingl pH = 1 0 Into a lem pathlength spectrophotometer cell was

pipetted 1,0ml stock solution of B and C,95ml deionized water,

12q
A small cmount of solid sodium borchydride was added.  When

+i | 1
reduction of B120 to B125 had occurred 60pl of alkyl bromide was
added, the cell closed with a Suba-Seul and nitrogen bubbled
through for Tive minutes. When no more B125 was present (shown
spectrophotometrically), 0,05ml of 3,6M sulphuric acid was
added under nitrogen and nitrogen passed through the solution
for about one minute. This gives a solution of alkylcobalamin

with o concentration of 3,0 x lO—5M at pH = 1,0,

Final pH = 6-7 Into o lem pathlength spectrophotometer cell

was pipetted 1,0ml stock solution of Bl and 0,5ml deionized

2a
water.  Sodium borohydride was added, followed by alkyl

bromide and reduction and elkylation occurred as in the

previous casa. Then 0,5ml of phosphate buffer pH = 5,5

s,
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section (2.1.3) was odded and nitrogen passed through the
solution for one minute. This gives a solution which is
3,0 x 10™°M in olkylcobalamin at pH = 6,36, 6.

Fingl pH = 12,0. Alkylcobalamins at pH = 12 were prepared in

the same way as in the previous cases except that 0,05ml water
was substituted by 0,05ml 2M NgOH. The sodium hydroxide was
added after the phosphate buffer. This gives a solution of
olkylcobalamin - at a concentration of 3,0 x lO-SM at pH = 12,0,

The hydrogen formed in the aobove preparations was flushed
out of the cell by a rapid stream of nitrogen.

In these preparations sodium borohydride was inactivated
by the addition of either sulphuric acid or pH = 5,5 phosphate
buffer,  Treatment of sodium borohydride with protonic acids
generctes dihorane which reacts with water to give boric ocid.49

The reaction of sodium borohydride with sulphuric ocid is:-

‘ZNqBH4 + H2504 —_— BZHé + 2H2 + N02504

82H6 + 6H20 — ZB(OH)3 + 3H2.

Sodium borohydride is hydrolysed rapidly at pH{7 but very slowly
at pHY7.

Excess alkyl halide was probably present in the
spectrophotometer cell for all these preparations. A brisk stream
of nitrogen through the solution removed some, but probebly not
all, of the olkyl haolide. Atiempts to remove the alkyl halide
by extroction with ether were unsuccessful, resulting in par:ial

conversion aof the organocobaleomin to Bl2 .
a

e e




Another problem occasionally encountered when working with
preparations of this type was turbidity due to fine particles of
cobalt boride in suspension (see section 3.2). Turbid
preparations were discarded. If the cobalt nitrate was omitted
the reduction {and hence the alkylation) reaction became
extremely slow and irreproducible.

3.5 Preparation of neopeniylcobalamin

Preliminary experiments showed that icopentylcobolamin was
stable in the presence of air at pH's £ 3 and was stable under
nitrogen at all pH's. The greater stability at acidic pH's is
associoted with the protonation and removal from coordination of
the benzimidozole base.23 The increased stability of
organocorrinoid complexes with bulky organoligands when the
benzimidazole base is removed has been obszrved previously. For
example, the secondary organocobinamides isopropylcobinamide
sec - butylcobinamide and cyclohexylcobinamide are much more
stable than the corresponding organocobclumins.21_23
Neopentylcobalamin was prepared and partially purified by doing
the purification under acidic conditions, where the benzimidazole
base was hot soordinated and the cobalamin was stabilized.

The preparution ard purification of neopentylcobalamin was
performed as follows: B, (0,19, 7,4 x 1073 mole) in 10ml of a
solution of 3,5 x lO—4M cobalt nitrete was reduced under ltrogen
using sodinm borohydride (0,34g, 9,0 x 10—3 mole), giving 8125
Neopentyl bromide (704, 5,6 x lO—4 mole) was added under nitrogen

and the reaction mixture allowed to stand under nitrogen for

40
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twenty minutes. At the end of this tine the solution was orange
in colour, indicating the formaotion of neopentylcobglamin.  The
sodium borohydride was inoctivated aond the solution made acidic by
the addition of 0,2M potessium dihydrogen phosphate. Tha
reaction mixture was then extracted through phenol ~ chloroform
into dilute sulphuric acid, pH = 3.

Varying cemounts of B120 (two to ten per cent as judged
from the UV-visible spect.". ) were found in different preparations.

The Bl arises from incomplete reduction of starting matericl and/

2a
or decomposition of neopentylcobalamin during preparation and
purification.  Neopentylcobalomin was shown to be rapidly
decomposed in the presence of u large excess of sodium

borohydride (t; .{2minutes in 0,5M NaBH,() but under the
2

)
conditions used in the preparation of neopentylcobalamin the rate
of formation of neopentylcobolamin was greater than its rate of
decomposition. The solution of neopentylcobalamin in dilute
sulphuric ocid, prepared as described above, could be stored for
ot least two weeks at -20°C without significant decomposition.

Neopentylcobalamin could not be purified on CM cellulose
because at pH = 3 (using perchloric acid as the eluant) there is
no separation of orgenocobalamins from each other or from 8120
and because neopentylcobalamin shows significant decomposition at
pH's2 3.

Thin-layer chromatography could not be used to determine

the purity of neopentylcobalamin beccuse this orgaenocobalamin

41
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decomposed on the TLC plate (the solvent used was solvent IIT ie.
sec-butanol/water/glacial acetic acid 100:1:50). A yellow-
orange spot which turns red on exposure to light
(neopentylcobalamin) followed by a :ed streak (decomposition to

aquocobalamin) is seen on TLC.

Becaouse o large excess of alkyl bromide, compared to BlZa’
was used in the agbove preparction there was o possibility that g
substantial proportion of the organocobalumin isolated was a
compound other than neopentylcobalamia.  Gas chromatography of
neopentyl bromide shows the presence of two impurities which
together represent two per cent of the total alkyl bromide.  The
impurities are probably isomeric pentyl bromides. In general,

primary aolkyl bromides should react more rapidly with B S than

12
neopentyl bromide and the resulting alkylcobalamins should be
more staoble than neopentylcobalamin. Secondary alkyl bromides
should react more slowly with B125 than neopentyl bromide and the
resulting alkylcobalamins should be less stable than neopentyl-
cobalamin., It is unlikely that a secondary alkylcobalamin is
present as an impurity in neopentylcobaleomin but it is possible
that o primary alkylcobalamin is present. In erder to check
whether neopentylcobalamin contained a significant proportion of
organocobalamin impurity the following experiment was done:-
Neopentylcobalamin was prepared as above, phenol-chloroform

extracted into woter instead of dilute sulphuric acid (this coused

the decomposition of neopentylcobalamin to give Bl2c) o d
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chromatographed on a CM cellulose column.  Two bands were
collected from the column, o fast-moving yellow band and a slow-
moving red band.  The fast-moving band corresponded to a primary
organocobalamin (or organocobalamins) as shown by its spectrum,
light-sensitivity and behaviour in the presence of acid and base.

The slow-moving band was B as shown by its spectrum. The

12¢
organocobalamin band corresponded to two per cent of the total
cobalamin present at the start of the preparation (the recovery

of cobalamin was ninety-four per cent). Neopentylcobalamin,
therefore, conteins two to ten per cent 8120 and about two per

cent of other organocobalamins (probably isomeric pentylcobalamins).
The impurities are not present in lorge enough amounts to
significantly affect the spectra, equilibria or reactions of

neopentylcobalamin,

. ‘g , . . 9
3.6 Preparation and purification of orgurocoblnamldes3

The preparation of organocobinamides from B 9 requires two

1
steps, firstly the removel of the 5,6-dimethylbenzimidazole
nucleotide, and secondly the alkylation of the nucleotide-free
product.

The nucleotide can be removed from 812 using cerous
hydroxide. Cerous hydroxide hydrolysis of 812 gives
aquocyanocobinamide as the corrinoid product as well as the
5,6-dimethylbenzimidazole nucleoside and phosphate.so The
aquocyanocobinamide can be reduced to give B125 (cobin) and

alkylated analogously to B giving organocobinamides.

12q’
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3.6.1 Aquocyunocobinqmide13

For the preparation of aquocyanocobinamide the procedure
followed was that of Thorp,39 which was based on that of Friedrich
5
and Bernhaver.
Aquocyanocobinamide was prepared using BlZ(l'Og' 6 x lO_4mole),

cerous nitrate (84ml of 0,33M Ce(NO °6H20,)sodium hydroxide

3)3
(25ml of 2M NaOH), potassium cyanide (0,84gKCN in 12,5ml water).
These reagents were added to 150ml water and refluxed over «
boiling water bath for thirty minutes with frequent shaking. The
mixture was cooled in ice, made basic (pH = 8,5) with 0,880
ammonia and left in a refrigerator overnight to allow the cerous
hydroxide to coagulate. The solution was then filtered using a
sinter-gluss funnel and extracted with phenol-chloroform.  The
product ¢t this point was mainly dicyanocobinamide. In order

to convert the dicyanide to the equocyano form the solution was
made ccidic with 1M perchloric acid and shielded from the light

to prevent photolysis to diaquocobinamide. A stream of nitrogen
was passed through the solution (to remove hydrogen cyanide
formed) for two days until most of the dicyanocobinamide had been
converted to aquocyanocobinamide (shown by the spectrum of the
neutralized species). The solution was neutralized using sodium
hydroxide, extracted through phenol-chloroform and concentrated by
rotory evoporation tc small volume. This solution was made

alkoline (pH = 8) ond chromatographed on columns of DE and CM

celivlose, connected in series, using water as the eluaont.  The
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aquocyanocobinamide band was not retarded by the DE cellulose but
was retained ot the top of the CM coluan. Products of further
hydrolysis and small amounts of dicyanocobinamide were retained
by the DE cellulose. 812 passed through both columns.
Hydroxoaquocobinamide (this was not always present) passed
through both columns as a broad, slow-moving band.  The two
columns were disconnected once the cquocyanocobinamide had moved
off the DE column end elution continued until the
hydroxoaquocobinamide band was well separated from the
aquocyanocobinamide band.  The aquocyanocobinamide band at the
top of the CM column waos then removed from the columr and the
product eluted with lO—SM perchloric acid.  The solution was
again neutralized using sodium hydroxide, and rotary evaporated.
The yield was 0,6g or severty per cent.

The product was show: to be pure using thin-layer
chromatography. Two szets of approximately equal intensity were
observed., The two spots were due to the presence of two isomers
(qquo)cyonocobincmidecnd(cycno)cquocobincmide?g For RBlZ values
for aquocyanocobinaomide see table 3.1.

3.6.2 Isobutylcobinomide

The preparation of isobutylcobinamide is given below as an
example of the method of preparation of organocobinamides.

Aquocyanocobinamide (0,05g,3 x 10—5 mole) in 25ml water
was reduced under nitrose: {cobin).  The solution turned

purple due to the presence of dicyanccobinamide formed at the
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‘ same time as Blzr (cobin) and BlZs (cobin). To this solution
L E was added 50ul (3,7 x 10—4mole) isobutyl bromide. After one
hour the yellow organocobinamide had been completely formed and
the reaction mixture was extracted through phenol-chloroform

(section 2.2.1) and purified on DE and CM cellulose as described

1 for oquocyonocobinamide.  The eluate from the column was again

: extracted through phenol-chloroform and freeze-dried to give a
yellow solid.  The yield of isobutylcobinamide was 0,029 or

§ : forty per cent.

The UV-visible spectrum was that expected for an

olkylcobinamide and was very similar to that of the protonated
‘base~off' form of isobutylcobalamin.,  The presence of the Co-C
bond was confirmed by the expected decomposition in the presence
of light to give diaquocobinamide and in the presence of light
and cyanide to give dicyanocobis .mide.

Thir. layer chromatography immediately after preparation
showed the presence of one yellowv spot (RBlZ = 1,79 solvent I)
and isobutylcobinamide was2 ninety-nine per cent pure.

On storage at 0° -4°% (in the freezer compartment nf a
refrigerator) the sample gradually decomposed as shown by thin
layer chromatography. After five weeks an additionel yellow
spot of lower RBlZ (RBlZ = 1,65) was present, representing.
twenty per cent of the total organocorrincid.  After five
months a further vellow spot (RBlZ = 1,49) was present. At

this stage the yellow spots were approximately equal in intensity,
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each representing «~thirty per cent of the total organocorrinoid.
The yellow spots of lower RBl2 were organocorrinoid spots as
shown by their sensitivity to light (red diaquocobinamide was
formed on exposure to sunlight). Over five months there was
little or no change in the UV-visibla spectrum.  These spots
were gscribed to hydrolysis of the side~chains of the cobinamides
(section 3.6.3).

3.6.3 Other organocobinamides

The organocobinamides prepared by the above method were:-
methylcobinamide, ethylcobinamide, n-propylecobinamide,
isopropylcobinamide, isobutylecobinamide, cyclobutylcobinamide,
cyclopropylmethylcobinamide and 3-butenylcobinamide.  The yields
cf alkylcobinamides were variable (twenty to seventy per cent)
due to the formation of hydrolysis products {see below).

The organocobinemides prepared by the above method have
the UV-visible spectra expected for organocobinamides ond where the

orgaunocobinamides have been previ-usly prepared they have spectra

21,39

identical to the published spectra. The Co-C bond is

present in all cuses os shown by photolysis in the presence and
absence of cyanide,  The RBlZ values for organocobinamides ore
given in Table 3.1.

Thin-layer chromatography shows, however, that the
organoccbinamide preparations are sometimes inhomogeneous. In
some cases there was more thon one spot on TLC immediately after

preparation and purification. For others .nere was only one

47
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spot present immediately after preporation and purification but
other spots appeared after a period of weeks to months similarly
to isobutylcobinamide.  All of the spots are light-sensitive and
are therefore presumably due to organocorrinoids. Also, the
UV-visible spectra show the presence of 100 per cent
organocorrinoid and are similar to the spectra in acidic solution
of the corresponding cobalamins.  The extra spots probably
represent organocobinamides with modified side-chains rather than
compounds where changes have occurred in the organoligand or the
corrin ring.

The most likely modification of the side~chains is hydrolysis
of amide groups to give carboxylic acid groups. It is known that
mild acid treatment of corrinoids gives rise to hydrolysis of
some of the amide side-chains to carboxylic acid groups;é this
could occur when the cobinamides are eluted from CM cellulose
using lOm3 M perchloric ecid.  The decomposition of
organocobinamides in the solid state is rather unexpected becaussz
hydrolysis of amides does not usually occur either in neutral
solution or the solid state. However, corrinoids which have been
freeze~dried pick up wa”er from the atmosphere and it is known
that cobalt (III) complexes catalyse hydrolysis of cmides.51
Perhaps the cobalt atom of cobinamides catalyses the hydrolysis
of the amide side-chains. It appears thot organocobinamides
are much less stable in the solid stat: than are the corresponding

organocobalomins eg. methylcobalamin kept for a period of ten

':{:-,‘ .
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years is still chromatographically homogeneous but methylcobinamide,
over the same period of time,gives three organocorrinoid spots
(RBlZ = 1,40,1,13 and0,70) in approcximately equal proportions as

well as o trace of diaquocobinamide.

3.6.4 Organocobinomides prepared in solution

Some organocobinamides were prepared in situ in a
spectrophotometer cell by the same method used to prepare
secondary alkylcobalamins (see section 3.3). The organocobinamides
prepared in this woy were methylcobinamide, cyclobutylcobinamide
and neopentylcobinamide.  For methylcobinamide and
cyclobutylcobinamide prepored in this woy the UV-visible spectra
were identical to the UV-visible spectre of methylcobinamide and

cyclobutyleobinamide prepared as in sections 3.6.2 and 3.6.3




50

CHAPTER 4 - THE EFFECT OF STERIC DISTORTION OF THE COBALT

COORDINATION SPHERE ON THE SPECTRA AND pKa's
OF ORGANOCOBALAMINS

4,1 Introduction

A great deal of work has been done on the inductive effect
of axial ligands on the spectro and equilibrium constants of
corrinoidsEi'Ej but very little work has been done on the steric
effects of the oxial ligands on the spectra and pKa's of the
organocobalamins.  This chapter describes a systematic study of
the steric effects of the organoliganus of cobalamins on the

spectra and equilibria of cobalamins.

4,1.1 Steric effects of the organoligand

A
In adenosylcobalamin the Co-Ca-Cp bond angle is 125047

rather than the tetrahedral angle (109,50) expected for a o bond.
This large deviation is presumably caused by the need to
naximize overlap of the sp3orbitol of the alkyl ligand with the
relevant hybridized (sp3d2) orbital of the cobalt and to minimize
non~bonded repulsion.52 This repulsion originates from
interactions between the electron pairs in the C-C and C-H bonds
of the ligand and the non-bonded electron pairs of the cobalt

(the t, subshell) as well as the lone pairs of the nitrogen atoms

29
. 52
coordinated to the cobalt.

The Co-C bond in adenosylcobalamin is surrounded at 6,53

by the two—CHz—groups of C26 and C37 and by the two methyl groups

&
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(C,, and C.,), forming a square nearly 28 above the cobalt.47
46 54

Steric interactions between these groups and a bulky organoligund
would be expected. In adenosylcobalamin the oxygen atom of the
ribose ring is in contact with the corrin ring between Cl4 and
Cl5 as shown by X-ray crystallography and interaction would be
expected between this oxygen atom and the methylene groups (C26
and C37) of tne acetamide side-ch s and the methyl groups (C46
and c54).47

Adenosylcobalamin is the only organocobalamin for which
X-ray crystallography dota is available but for other simple
organocobalamins such as ethylcobalamin the Co-éanp buond angle
is presumably also close to 125°. Thus, in orgaonocobalamins in
sereral, steric compression can originate from iwo sources -
firstly, repulsive interactions between the electron pairs in the
C-C and C-H bonds of the organoligand and the non-bonded electron
pairs of the cobolt and the nitrogens and, secondly, repulsive
interactions between the Cp substituents of the organoligand and
the side-chains of the corrin ring.

4,1,2 Selected series of alkyl ligands

The effect of steric distortion around the Co-C bond ond
between the Cp ubstituents and the propionamide side-chains on
the spectra, equilibriac end reactions of organocorrinoids have
been studied with three series of ligonds. For series 1 (methyl
<ethyl<isopropyl) there is increasing substituction on Ca of the

alkyl ligand. Organocorrinoids having the tert-butyl group
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(the end-member of this series) as a ligand have never been
prepared, due to their instthlity.24 One would expect the
Co—ea-Cp bond angle to be progressively decreased in this series.
For series 2 (ethylSn-propyl { isobutyl < neopentyl) there is
increasing substitution on Cg of the olkyl ligand.  One would
expect the Co—eu—Cp bond angle to be progressively increased in
this series because of increasing steric interactions between the
Cp substituents and the propionamide side-chains of the corrin
ring. For series 3 (cyclopropyl{ cyclobutyl{ cyclopentyld
cyclohexyl) one would expect the Co—ea—Cp bond angle to be
descreased due to the increasing bond angle of the cycloalkane
ring. These series of alkylcobalamins show gradual changes in
the degree of repulsion either between the bonding electrons in
the Cq- Cp and Cy-H bonds on the one hand and the lone pairs on
the cobalt and nitrogen atoms on the other (as in 1 and 3) or
between substituents on C, and upward-projecting groups on the
corrin ring (as in 2).

The adenasyl ligand was also studied for comparison with
the ligands in series 1, 2 and 3. The cyclopropylmeth;1 and
3-butenyl ligands (Chapter 8) are included here for compl=teness.

Strictly speaking, it is not possible 1~ separate steric
and electronic effects in corrinoids. Changes in steric effects
(due to non-bonded electrons) will be accompanied by some changes
in electronic effects (in the Co~C, bonded pair) due to changes

in the hybridization of Cq as well as changes in the Co-C, bond

length.

52
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A summary of the forms of alkylcobalamins and
alkylcobinamides and their equilibria in solution is given in
Fig.4.1. Capital letters in the text refer to Fig.4.l.

Evidence for the presence of the 5-coordinate, unprotonated form
C is discussed in section 5.3

The effect of steric distortion due to the organoligand on
the UV-visible spectra of organocorrinocids and on the pH-dependent
equilibria of organocobalamins will be discussed in this chapter.
In the following chapter (Chapter 5) the pH-independent equilibria
of organocobaiamins will be discussed.

4,2 UV-visible spectra

The electronic transitions giving rise to the absorption
spectra of corrineids, above 300nm, occur mainly within thew
system of the corrin ligend. The d-d transitions are expected
to be weck and are probably buried under the intense wr™
transitions, Charge transfer transitions are not generally
observed in the spectra of corrinoids. The most important
evidence for this is the similarity of the spectra of naturcl and
synthetic metal-free corrinoids to those of cobalt (111)
corrinoids.5j The spectra of metal-free corrinoids have all the
main bands seen in the cobalt (III) corrinoids and they are of
similar intensity to those of cobalt (III) corrinoids.53 The
electronic transitions in the region below 300nm are due to the

. . . . . 54
benzimidazole ring and will not be considered here.
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Fig.4.1. Schematic summorySk’ 21 of the equilibria involving

a chonge in the axial ligands exhibited by

organccobalamins (A-E) and organocobinamides (F, G).

R is the organoligand and B is the 5,6-~dimethylbenzimadazole
base. C, E and G are five-coordinaote complexes, the others
are six-coordinate complexes. Complexes in the same
vertical column are involved in pH-independent equilibria,
in which increasing temperaoture favours the five over the

six-~coordinate forms.
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4.2.1 Types of UV-visible spectru5l'55

The nomenclature of the bands in the corrinoid UV-visible
spectra follows that of porphyrins.51

The UV-visible spectra of corrinoids car be classified as
*normal' (eg. cyanocobalamin), ‘'intermediate' (eg. methylcobalamin

in neutral colution) or 'anomalous' (eg. methylcobalamin in acid

solution) (Fig.4.1)

0.50

Absorbance

Wavelength (nm)

Fig.4.2 Absorption spectra of 812(_——)’ methylcobalamin in neutral
solution (~--) and methylcobalamin in acid solution (...)
as exomples of "normgl', 'intermediate' and ‘anomalous’

spectra. The a , B ond ybands are indicated for 812

'"Normal' spectra show the following bands:-
The abonds. This is o series of low to medium intensity bands

in the 500nm region. The aband is the band at longer wavelength
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and thefz band that at shorter wavelength.  The bands in this
region are clearly defined.

The D and E bands. These are two bands of low intensity in the
390-420nm region.

The yband in the 350-370nm region of the spsctrum.  This is the
sharpest and most intense band in the spectrum.

The & bands. Bonds of low intensity in the 300-330nm region of
the spectrum.

As the spectra become increaosingly 'anomalous' the
following changes occur:- In the af region intensity moves from
the a to the p band with the bands becoming less clearly separatad
("intermediate’ spectrc) and thef3 band moves to longer wavelength
(*anomalous' spectra). Only one low~intensity band is found in
the D and E region for the 'intermediate' spectra and for the
‘anomalous' spectra the D and E bands are no longer seen as
distinct bands. In the 300-400nm region the one y band in the
normal spectrum is replaced at first by a complex series of at
least three bands extending from 300-400nm with the y band moving
out to longer wavelengths ('intermediate' spectra). All the
bands are of considerably reduced intensity compured to the band
found in the "normal' spectra. In the extreme cese of the
'ahomalous' compounds the spectrum is agoin simple with o single

Y band at 300-310nm.
Theoretical interpretations of the electronic transitions

56,57

have been mcde eg. but these will not be discussed here.
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4,2.2 Spectra of protonated 'base-off' organocobalamins

All alkylcobalamins in dilute aqueous solution at pHS 1
exist entirely in a yellow five-coordinate (E) form where the
benzimidazole side-chain is protonated and removed from
coordination (see later in this section). Alkylcobalamins in
acid sclution have 'anomalous' spectra ie. absorption in the op
region occurs between 440 and 460nm and bands are observed at
374-390 nm and ot 303nm. The presence of only the E form ut pH
€1 is useful because the spectra at pHS 1 can be used to assess
the effects :f alkyl ligands on the properties of a single complex
rather than on an equilibrium as at higher pH’s. Thz spectra of
the protonated base-off alkylcobalamins with the alkyl ligands
described in section 4.1.2 were therefore studied.

The spectra were recorded at pH = 1,2 (pH = O for
methylcobalamin end cyclopropylcobalamin) at concentrations of
3,0 or 6,0 x lO-5M. Examples of the spectra of the five-
coordinate, protonated,'base~off(E) forms are given in Figs.

4.3 and 4.4, The wavelengths and extinction coefficients of the
main bands are given in Table 4.1. Beer's law plots for

5

methylcobalamin (1,0 x 100°M - 1,0 x 10—4M) and ethylcobalamin

6M - 2,0 x 10-4M) were linear.

(2,0x 107
Series 1 Varying the alkyl ligand in the order methyl,
ethyl and isopropyl causes marked changed in the UV-visible

spectrum in the 440-460nm region, in the region around 380nm and

in the 303nm reg:z-n. In the 440-460nm region methylcobalamin

57
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Fig.4.3

0.50

Absorbance

500 600

Wavelength (nm)

Spectra of 6,0 x lOusM solutions of the protonated
'base~off' (E) forms of methyl (— ), ethyl (---)

ond ncopentyl (....) cobalamins.

1 ]

Fig.4.4

400 500 600

Wavelength (nm)
Spectra of 6,0 x lO_5M solutions of the protonated
"base-off' (E) forms of cyclopropyl (— ),
cyclobutyl (---) and cyclohexyl (....) cobalamins.
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Tasle 4.1 - UV-visible Spectra of Protonated, 'base off'

(E) forms of organocobalamins

afregion yregion 330nm
Ligand Maxima Ratio band
A /nm (10‘4e) €440:¢460 N/nn (10“45) 1074
adenosyl 458 (0,88) 0,89 376 10,82)
methyl 460 (0,93) 0,90 374 (0,%u) 2,2
ethyl 455 (0,82) 440 (0,84) 1,08 380 (0,91) 3,0
isopropyl 442 (1,1) 1,23 382 (1,2) 73,2
ethyl 455 (0,82) 440 (0,84) 1,08 380 (0,91) 3,0
n-propyl 455 (0,86) 441 (0,88) 1,05 38 (0,94) 2,8
isobutyl 439 (0,85) 1,12 384,5 (0,92) 2,9
neopentyl 438 (0,93) 1,22  388,5 (1,0) (3,0)
cyclopropyl 460 (0, 83) 0,97 374 (0,83) 2,0
cyclobutyl 438 (0,84) 1,19 378 (0,86) 2,7
cyclopentyl 440 (0,83) »1,1° 382 (0,90) 3,1
cyclohexyl 442 (0,93) 1,27 384 (0,93) ¥3,3
3-butenyl 455 (0,78) 440 (0,76) 0,98 378 (0,88) 2,4
cyclopropylmethyl 455 (0,79) 442 (0,83) 1,06 382 (0,99) 2,7

dOnly a minimum value could be obtained due to the presence of some
B which absorbs at 470nm.

12r

ik
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has a maximum at 460nm, ethylcobalamin has bands of near equal
intensity at 440 and 455nm and isopropylcobalamin has a band at
460nm.  The ratio of the extinction coefficients at 440 and 460nm
- £440: €460 - increases in the order methyl < ethyl { isopropyl.
In the region around 380nm the band at 374nm in methylcobalamin
moves to higher wavelengths in the order methyl { ethyl{ isopropyl.
Over the series there is a rise in the intensity of the band at
303nm in the order methyl< ethyl< isopropyl.

Series 2 Varving the alkyl ligand in the order ethyl,
n-propyl, isobutyl and neopentyl causes marked changes in the
UWea-visible spectrum in the 440-460nm region and in the region
around 380nm, In the 440-460nm region all the members of this
series have an obsorption moximum at 440nmbut for ethyl and
n-propyicobalamin the absorbance at 440 and 455nm is clmost equal
while for isobutyl and neopentylcobalamin the absorbance at 440nm
increases relative to that ot 460nm.  The ratio €440 :460
increases in the order ethyl~ n-propyl  isobutyl < neopentyl.

In the region around 380nm the band at 380nm in ethylcobalamin
moves to higher wavelengths in the order ethyl - n-propyl < isobutyl<
neopentyl. There appears to be no significant change in intensity
in the band at 303nm in this series.

Series 3 Varying the alkyl ligand in the order cyclopropyl,
cyclobutyl, cyclopentyl and cyclohexyl causes changes in the UV-
visible spectrum in the region around 440-460nm, in the 380nm

region and in the 303nm region. In the 440-460nm region

69
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cyclopropylcobalamin has o moximum at 460nm while the others of
the series have their maximae ot about 440nm.  The ratio £440 :e460
increases over the series in the order cyclopropyl< cyclobutyl<
cyclopentyl £ cyclohexyl. In the region around 380nm the band at
374nm in cyclopropylcobalomin gradually shifts to higher wavelengths
in the order cyclopropyl< cyclobutyl  cyclopentyl < cyclohexyl.
Over the series there is a rise in the intensity of the band ot
303nm in the order cyclopropyl < cyclobutyl < cyclopentyl< cyclohexyl.
Comparing the spectra of cyclopropylcobalamin to isopropylcobalamin
and cyclopropylmethylcobalamin to isobutylcobalamin it can be seen,
as expected, that the change from o cyclopropyl to an isopropyl
substituent in the -position has very little effect on the UV~
visible spectrum but the same change at the a-position has a large
effect.

It is possible, looking at the 440-460nm region, to divide
the alkylcobalamin spectra into twe groups. One group,
containing methyl, cyclopropyl and adenosylcobalamin, has - maximum
at 458-460nm.  The other group, containing isopropyl, iscouuyl,
neopentyl, cyclobutyl, cyclopentyl and cyclohexylcobalamin, hcs
a maximum at 438-442nm.  The spectca of ethyl and
n-propylcobalamin are intermediate betweeti the two ¢roups,
showing bands of similar intensity at 440-44lnm and 455nm.  Thus
changing the organoligand for the 5-coordinate alkylcobalamins
produces maximo in only one of two regions (~440 and ~460nm) and

has a marked effect on the ratio of the extinction coefficients



¢ XTR PTG S 2 TS

& R IR T TR TR SRR SR A TR TR R Y 2 4 |

HIEET

ot

at 440nm anc 460nm. This contrasts with the changes seen when
ligands are varied in the 6-coordinate normal cobalamins where a
gradual shift in the wavelength of theap bands is seen but there
is little change in the overall shape of the bands.5i

The appearcnce of only two maxima, together with the
variation in intensity of the maxima in the series suggests the
possibility that two species are in equilibrium for each
alkylcobalamin. In order to check this possibility spectra of
ethylcobalomin in 0,1M sulphuric acid at pH = 1,0 were run at

4M, 2,0 x 1o‘5M, 2,0 x 10°%. The

concentrations of 2,0 x 10~
ratio of the extinction coefficients of the bands at 440 and 455nm
(1,08 : 0,02) did not vary over this range, Also, there was no
change in *he spectro of methyl, ethyl, cyclopropyl and
cyclobutylcobalamin on heoting to 80°C and for isopropyl, isobutyl,
neopertyl, cyclopentyl ond cyc! «xylcobalamin on heating to 50°C.
It therefore appears thet only - species (2 ninety-five per cent)
is present at pH = 1 for each alkylcobalamin (or that AH = 0 for
interconversion of the species.

Using the variation of the ratio ¢440 : £460 the
alkylcobalamins can be ploced in the following order for the
effect of the different alkyl ligands on the cobalt and henc=
the corrin ring:- methyl~ aderosyl{ cyc10pr0pylﬁ1}-butenyli
cyclopropylmethyl 4 n-propyl £ ethyl{ isobutyl<d cyclobutyl <
isopropyl~neopentyl ?cyclopentyld cyclohexyl. A similar oo~

is obtained from equilibrium studies (see later).
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There are a large number of overlapping bands in the 325-
400nm region of the spectra of alkylcobalamins.  Only the band
at ~380nm (the band of highest wavelength) is considered. The
wavelengths and extinction coefficients of this band are probably
altered by the presence of other bands close by. This band
gradually shifts to longer wavelengths as the ligand is changed
in the order methyl- cyclopropyl { adenosyld3-butenyldcyclobutyld
ethyl— n-propyl< cyclopropylmethyl £ isopropyl =cyclopentyl
cyclohexyl =isobutyl & neopentyl. The behaviour of the band at
approximately 380nm is different from that of the}3band in theot
it shows a gradual shift to higher wavelengths rather than a jump
to lower wavelengths. The higher wavelength of this band in
isobutyl and neopentylcobalamin is the only parameter which
distinguishes isobutyl from cyclobutylcobalamin and neopentyl
from cyclopentylcobalamin,

The band at 303nm again behaves differently.  The
wavelength of this band does not change for the entire series of
organocobalamins but for series 1 and 3 there is a gradual
increase in intensity of this band.

The origin of the changes in the spectrc is obscure but,
however these changes originate, they are useful for establishing
an order for the effects of different alkyl ligands on the central
cobalt atom.

4.2.3 Spectra of organccobinamides

The wavelengths and ratios of extinction coefficients at

63
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440nm and 460um are given in Table 4.2 for organocobinamides (G)
forms.

Table 4.2 - UV~visible Spectra of Organocobinamides

apregion Y region
Ligand
Moxima Ratio Maximum
A/nm A440: 2260 A/nm
methyl 460 0,87 374
ethyl® 455 440 1,02 380
isopropylb 460 442 1,27 382
ethyl® 455 440 1,02 380
n-propyl 455 441 1,01 381
isobutyl 440 1,03 385
neopentyl 438 1,06 368
eyclobutyl 438 1,03 378
cyclohexylC 440 1,25 384
9 ref 39
ref 21
¢ ref 23

The spectrum of cyclobutylcobinamide is given in Fig.4.5.

Except for cyclobutylcobinamide, isobutylecobinamide ani
neopantylcobinamide where the ratio £440 :¢460 is lower than for
the corresponding cobclamins the spectra of the cobinomides are
identical to those of the cobalamins in acidic soluiion. For

the cobinumides the ligand order (on the basis of <440:¢460) is
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forms of methyl (— ) and sthyl (---) ccbalamin.
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methyl € ethylv n-propyl —isobutyl - cyclobutyl- neopentyl<
isopropyl— cyclohexyl. The series is slightly different (for
isobutyl to neopentyl) from the corresponding series for the
protonated, base-off organccobalamins.

4,2.4 Spectra of 'base-on' organocobalamins

Becouse alkylcobalamins in neutral sclution show an
equilibrium between the 6-coordinate base-on (A) form and the
5-coordinate base-off form (C) it is impossible to obtain spectra
of the pure 6-coordinate forms (section 5.3). For this reason
only the spectra of alkylcobalamins which have 2 eighty-five per
cent of the 6~coordinate (A) form present at room temperature and
neutral pH, viz. methylcobalamin, ethylcobalamin, n-propyl-
cobalamin, cyclopropylcobalamin, cyclopropylmethylcobalamin,
3-butenylcobalamin, adenosylcobalemin will be considered.  The
UV-visible spectra for methylcobalamin and ethylcobalamin are
given in Fig.4.6 and the wavelengths and extinction coefficients
are tabulated in Table 4.3

The absorption bands in the ap region are found at longer
wavelengths for the red base-onforms than for the yellow
protonated base~off forms. The bands ere found at higher
wavelengths (506-522nm) for the base-on forms than for the base-
off forms (438-460nm) and the bands for the base-on forms have
broader maxima. There is a gradual shift to chorter wovelength
in the order cyclopropyl - adenosyl & methyl { n-propyl - 3-butenyl

~cyclopropylmethyl{ ethyl instead of the discontinuous shift

seen in the protonated base~off forms.
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Table 4.3 - UV-visible Spectra of 'base-on' (A) Forms of
Organocobclaming
) -4
Maxima: A/%m(lO e )
Ligand . . . .

ap region yregion further UV region
adencsyl 522 (0,84) 374 (1,1) 340 (1,2) 305 (1,3)
methyl 518 (0,87) 372 (1,1) 342 (1,3) 310 (1,3)
ethyl 506 (0,91) 375 (0,97) 342 (1,3) 305 (1,7)
n-propyl 510 (0,95) 375 (0,97) 343 (1,3) 305 (1,6)
cyclopropyl 522 (0,87) 375 (0,95) 342 (1,4) 305 (1,3)
3-butenyl 510 (0,84) 375 (0,92) 342 (1,2) 305 (1,4)

cyclopropylmethyl 510 (0,83) 375 (0,98) 342 (1,3) 305 (1,5)

In the y-region methylcobalamin, cyclopropylcobalamin and
odenosylcobalamin have well-defined peaks at 372-375nm.  The
other alkylcobalamins have this peck reduced to a shoulder on the
peak at 342-343nm. The wavelengths and the extinction coefficients
of the yband may be affected by the lorge aumber of overlapping
bands in the region below 400nm. In ethyl and n-propylcobalamin
the real wavelength of the shoulder for this reason is probably
closer to 380nm than the 375nm quoted in Table 4.3

In the region around 305nm the absorbance is significantly
lower for methyl, cyclorpropyl and adenosylcobalamin than for
ethyl and n-propylcobalamin (even when gbsorbance due to the
base-off forms of ethy! and n-propylcobalamin is tcken into
account). This correlates with changes in wavelength in the ap

region.

P SR . Py
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; 4.3 pH-Dependent equilibria of organocobalamins

g : Measurement of the pKa for the protonation and displacement
?

§ from coordination of the benzimidazole side-chain of cobalamins is
: a useful method for studying the effect of changing the 'upper®
axial ligand since the pKa for this equilibrium is very sensitive

5i ,58

to- the nature of the axial ligand. The value of this pKa

4 TR T RS, T RTEERERS T

has been correlated with the odonor power of the upper ligand

for a large number of ligands where the donor atom is C, N, 0, S,

e TN e

TRTTAT A,

C1, T. For these ligands the pKa increases with increasing o
donor power.58 The same occurs for the series of cobolamins
woere the ligand is a carbanion (viz. cyanide, ethinyl, vinyl,
methyl) where the pKa rises with increasing odonor power of the
ligcnds58 and is not significantly affected by the steric effect of
the ligand. The order of ligands abserved is the same as thet
for the wavelength of the ap and ybands in the UV-visible spectra
of the cobalamins and for the NMR resonance of the ClO hydrogen
in the corrin ring. Thus the effect on the axial ligand trans
to the donor ligand (the trans effect) and the effect on the

; corrin ring (the cis effect) must hove a common origin; both the

trans and the cis ligands 'see' the electron density on the cobalt

atom. These results show that the groups in the 'upper' position
affect the pKa by their ebility to withdraw or donute electron
density to the central cobalt ctom.5

On a more quantitative basis, it has been shown that there

is a linear relgtionship between the pKa for the displaccement of
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benzimidazole when the upper ligand is a substituted ethyl group

{Co-~CH H2R) or substituted methyl group (Co—CHzR) and the

59

Hammet meta-substituent of R.

2C

For bulky alkyl ligaonds in the upper coordination position
the protonated 'base-off' five-coordinate form should be stcbilized
relative to the six~coordinate 'base on' form.  This should result
in an increase in the pKa with increasing steric bulk of the upper
axial ligand. In order to assess the effects of steric
compression (caused by the upper axial ligand) on the pKa as
opposed to the inductive effects of the upper ligand, it was
decided to study the effect on the pKa by the ligands in series
1, 2 and 3 discussed in section 4.1.2.

4.3.1 Determination of the pKa's of organocobalamins

UV-visible spectra were run gt pH's = 1, 6~7 and 12 at room
temperature for all the organocobalamins prepared. In all caoses
the spectra at pH = 6-7 were identical to those at pH = 12 and the
only spectroscopically observed equilibrium was that between the
yellow, protonated 'base-off' form and the unprotonated ‘'base-on’
forms at pH's between 2 and 5.

For organocobalamins where a tetrahedrol caorbon atom is
bound to the cobalt atom the protonated base-off species with
H20 coordinated to the cobalt (D) can be neglected sinceX ninety-
five per cent of the five-coordinate, protonated ’base~off’ (E).

form is present (section 4.2.,2), By anology the unprotonated

base-off species with HZO coordinated to the cobalt (B) can be
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neglected. Thus the pH-dependent equilibrium is between forms
A and C in neutral solution and form E in acidic solution and the

pKa can be given by

oka = W]+ [6)
E)

The pKa values for cvclopropyl, cyclobutyl, isobutyl,
cyclopropylmethyl and 3-butenylcobalamin were determined by
spectrophotometric titration43 at 25°C and are given in Table 4.4,
In eac case the number of protons involved in the equilibrium was
found to be equal to one. For the unstable alkylcobalamins,
isopropyl , neopentyl , cyclopentyl and cyclohexylcobalamin the
pKa values are much less cccurate and for isopropyl and
cyclopentylcobalamin only a limiting value could be determined.
These pKa values ure also listed in Table 4.4

For the spectrophotometric titration of the stable
alkylcobelamins, viz. cyclopropyl , cyclobutyl , isobutyl ,
cyclopropylmethyl and 3-butenylcobalamin, 3 - 5 x lO—5M
solutions in 0,05 M sulphuric acid contained in a 1,0cm
spectrophotometer cell were used. These were titrated with
solutions of 0,1 - 1,0M sodium hydroxide as described in section
2.2.6. The ionic strength of the solution was not kept constant.
The ionic strength of the solution appeared to have no effect on
the spectrum of organocobalamins. For methylcobalaomin ot pH = 7,4
increcsing the ionic strength from p= 0 (deionized water to
p= 0,5 (0,5M sodium perchlorate) and at pH = 1,0 increasing the

ionic strength from p= 0,15 0,05M sulphuric gcid to p= 0,65
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Table 4.4 - Values of pKa for Organocobalamins

Ligand

a
Present results

Other resultsC

pKob pKab ref
gdenosyl 3,3 - 3,5 5b
methyl 2,5 - 2,7 5b
ethyl 3,87 5b
isopropyl 24,5
ethyl 3,87 5b
n-propyl 3,84 5b
isobutyl 4,15 = 0,05 4,20 24
neopentyl 4,7 *o0,02 4,55 24
cyclopropyl 2,82 : 0,06 3,71 24
cyclobutyl 4,17 £ 0,04 3,83 24
cyclopentyl 2 4,5
cyclohexyl 4,7 0,02
3-butenyl 3,42 ¥ 0,07
cyclopropyl-
methyl 3,88 £ 0,08

® Ka = {1 (!Eé]h!c])

b Conditions - 250C, ionic strength not held constant

c P . o s
Conditions - vorious, see originel paopers
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(0,05M sulphuric acid + 0,5M sodium perchlorate) caused no
noticeable change in the spectra. The titrotions were monitored
by measuring the change in absorbance (at 440nm for
cyclopropylcobalamin, 510nm for cyclobutylcobalamin, 43%nam for
isobutylcobalamin, 510nm for cyclopropylmethylcobalamin and 444nm
for 3-butenylcobalamin) for each addition of sodium hydroxide and
the pH was measured using a glass microelectrode. Good
isosbestic points were obtoined in each case.

The changes in optical density were evaluated in terms of
two species using the equation

pKa = pH + log /Al - Af
&Ry

where Al, A2 and A represent the absorbance at a particular
wavelength A at the start of the titration, the end of the
titration and any pH during the titration, respectively. All
absorbance volues were corrected for the volume change on the
addition of sodium hydroxide. Graphs of log IAl - A] spH gave

M - &ﬂ

slopes of 1, indicating that only one proton is involved,  The

pKa's were calculated by solving the above equation for pH values
close to the pKa value. The experimental plots for cyclopropyl ,
cyclobutyl , isobutyl , cyclopropvlmethyl and 3-butenylcobalamin
are given in Fig.4.7.

Accurate pKa values could nct be determined for isopropyl ,

neopentyl , cyclopentyl and cyclohexylcobalamin for two reasens.
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Fig.4.7 Experimental plots for determining the values of pKo and
n (number of protons) for (a) cyclopropylcobalamin,

(b) cyclobutylcobalomin, (&) 3-butenylcobalamin,

(d) cyclopropylmethylcobalemin and (e) isobutylcobalamin.
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Firstly, the differences between the spectra at pH = 1 and at

neutral pH are much smaller than for cyclopropylcobalamin etc.,

particularly for isopropylcobalamin and cyclohexylcolbalamin,

This is due to the presence of larger amounts of the 'base-off'
unprotonated Torm C, which has a very similar spectrum to that of
the 'base-off' protonated (E) form (section 5.3). Secondly,
these alkylcobalemins are unstable, especially isopropylcobalamin
and cyclopentylcobalamin, and their instability increases with
increasing pH.

Because of their instability it was not possible to
determine the pKa values for these alkylcobalamins by the above
method. For isopropyl-, cyclopentyl~ and cyclohexylcobalamin a
series of solutions at the same concentration (5,5 x lO_5M) but
at pH's varying from 2 - 9 were prepared us described in section
3.4, using acetic acid of varying concentrotions and ecetic acid,
sodium acetate buffers (section 2.1.3) instead of phosphate buffer.
For neopentylcobalamin a series of solutions of the same
concentration (6,8 x lO_5M) but at pH's varying between 1 and 10
was prepared by the addition of dilute sulphuric acid or sodium
hydroxide to a stock solution of neopentylcobalamin in 5 x lOm4M
sulphuric acid.

The neopentylcobalamin and cyclohexycobalamin solutions

were handled under nitrogen. Ionic strength was not kept

constant for these solutions. For each alkylcobalamin spectra
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Firstly, the differences between the spectra at pH = 1 and at

neutral pH are much smaller than for cyclopropylcobalamin etc.,

particulerly for isopropylcobalamin and cyclohexylcobalamin.

This is due to the presence of larger amounts of the 'base~off!
unprotonated Torm C, which has o very similar spectrum to that of
the 'base-off' protonated (E) form (section 5.3).  Secondly,
these alkylcobalamins are unstable, especially isopropylcobalamin
and cyclopentylcobalamin, und their instability increases with
increasing pH.

Because of their instability it was not possible to
determine the pka values for these alkylcobalamins by the above
method. For isopropyl-, cyclopentyl- and cyclohexylcobalamin a
series of solutions ot the same concentration (5,5 x lO—5M) but
at pH's varying from 2 - 9 were prepared as described in section
3.4, using acetic acid of varying concentrations and acetic acid/
sodium acetate buffers (section 2.1.3) instead of phosphate buffer.
For neopentylcobclamin a series of solutions of the same
concentrotion (6,8 x lO—sM) but at pH's varying between 1 aend 10
was prepared by the addition of dilute sulphuric acid or sodium
hydroxide to a stock solution of neopentylcobalamin in 5 x lO—4M
sulphuric aqcid,

The neopentylcobalamin and cyclohexycobalamin solutions

were handled under nitrogen. Ionic strength was not kept

constant for these solutions. For each alkylcobalamin spectra
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were run at each pH used and the spectra superimposed, giving
approximcte isosbestic .oirts. Plotting absorbance ot A=442nm
for cyclohexylcobalamin and at  A=438nm for neopentylcobalamin
versus pH gave approximate pKa values for these cobalamins

(Table 4.4). Because of the very rapid decomposition of
isopropyl aond cyclopentylcobalamin on.y minimum values for their
pKa's could be obtained (Table 4.4). For none of these cobalamins
were the data sufficiently accurate tn determine the number of
protons involved in the equilibria but ihis is assumed to be one.

4,3.2 Ordering of alkyl ligands according to their pKa's

The pKa values of alkylcobalamins determined in this study
as well ar those determined by other workers are given for series
1, 2 and 3 in Table 4.3, which shows that even for organocobalamins
where the ligand is coordinated via o tetrchedral carbon atom and
the carbanion is an alkyl group without heteroatoms the pKa
increases by about two logarithmic units in going from methyl-
to neopentylcobalamin.,  This means that the equilibrium constant
for the coordination of unprotoncted benzimidazole decreases one
hundred-fold.  The data of Table 4.4 show that the pKa rises in
the orde: methyl (2,6) < cyclopropyl (2,8) {adenosyl (3,4)~
3-butenyl (3,4) {n-propyl (3,8) {ethyl (3,9) ~cyclopropylmethyl
(3,9) < isobutyl~cyclobutyl (4.2)< isopropyl, { naopentyl,
cyclopentyl, cyclohexyl (all24,5). In Table 4.5 the ligand
orders for the various spectrophotometric porameters and the pKa's

are summarlzed.



TR ENGTROIA |

~
~
Toble 4.5 Experimentally Observed Orders of Organoligonds in Series 1, 2 and 3
A. Observable parametar Observed order of ligands
pKa methy]ﬁcyclopropyl(udenosyl { ethyl-n-propyl Leyclohutyl -~ isnbutyl(isopropylvﬂeopcntylwcyclopentylwcyclohexyl
Spectro of £ complexas methylSadenosyl(cyclopropyl(n—propylﬁcthyl(isohuLyl(cyclobutyl(isopropylwneopenkyl (?cyclopes tyl)écyclnhexyl
ir of reqgion
Spectra ot £ complexes methy lecy v loprupyl {udenosylcyclobutyl efhylvn»»prupylﬁisnpropyl—‘rvclopenlyl(cyclonexylv-isobuly‘(ne(vpenI,yl
in Y region
Speciro of A complexes cyc1npropylv-adenosyl_(.methyl(n—propylﬁe‘thyl
ind  region
Spectro of G complexes methyl(3thylwn-propylwisobutyl«acyclobutylwneopentyl(isopropyl- cyclohexyl
intB region
B. Variable parometer
of ligand structure Observed order of iigonds
' i i
Substitution onCq methyl <'| ethyl : :isopropyl
] t |
Substitution onCp : ethyl~ n-propyl (!isobutyl <:neopentyl
] t '
1
Size of alicyclic ring cyclopropyls (:cyclobutyl(: cyclopentylﬁcyr:lohexyl
1
1 l
cf also adenosyl " E ;
g S e, e . y " e it .
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4.3.3 pKa's of organocobalamins aond inductive effects of
organocligands

Two parameters useful as g measure of the inductive effect
of a substituent are the Hommet metg constant (om) which is based
on the equilibrium constants for the ionization of m substituted
benzoic acids and the Taft constunt (¢*) which is based on the
ratioc of the rate of hydrolysis of acidic and basic esters.éoa’6l
The pKa values for substituted acetic acids RCHZCOOH correlate
well with o¥* and can therefore be used as o measure of the
inductive effect of R.éoq’él

For o series of organocobolamins where o minimum of steric
interaction is expected, ie. the series where the ligand is
cyanide, ethinyl, vinyl and m2thyl, there is a quantitative
correlation between the effect of R on the pKa's for protonation

of the benzimidazole base and the pKa's for the series of R

substituted acetic acids.

R= NZC-  HCEC-  CH,=CH- CH,
oKa of RCH2C00H62'63 2 47 3,32 4,35 4,87
pKa of cobclamin5l 0,1 0,7 2,4 (1,9) 2,6
difference 2,4 2,6 2,0 (2,5) 2,3

The correlation is surprisingly good considering that the naiure
of the equilibria varies over the series of organocobalamins.

For cyanocobalamin and probably ethinylcobalemin the pKa
represents o simple equilibrium between the 6-coordinate 'base-on'

5k, 21

form (A) and the protonated 'base-off' (D) form. For
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vinylcobalamin seventy per cent of the 5-coordinate (E) form is
present in ccile and correction for this gives the pKa value (in
parentheses, above) for the equilibrium between the 6-coordinate
A and D forms.

The correlotion brecks down completely beyond
methylcobalamin as is shown for series 1,2 and 3 (where steric
interaction is sxpected).
Series 1 R = CH3-— CHCH,- (CH3) 2CH—
pKa of RCH2C00H62 4,87 4,82 4,78
pKa of cobclcmin5l 2,6 3,9 24,5
difference 2,3 0,9 £0,3
Series 2 R = CH,CH,-  CH,CH,CH, - (CH3)2CHCH2- (CH3)3CCH2-
pKa of RCH2C00H62 4,82 4,86 4,78 ?
pKa of cobc:lamin51 3,9 3,9 4,2 4,7
difference 0,9 1,1 0,6 ?
Series 3 R =—Q —O —C] —O
oKa of RCH2C00H64’ 65 474 ? 4,84 4,87

cobalomin5l 2,8 4,2 24,5 4,7

difference 1,9 ? £0,3 0,2

Substitution of the methyl group by other soturcted alkyl and

cycloalkyl groups results in a change of2 2 in the pKa of the

organocobalamins but of only£0,1 in the substituted acetic acids.
The same breakdown in correlation between the pKa's of

organocobalamins where steric hindrance occurs is observed for
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other inductive parameters eg. the pKa's of substituted formic

62,66

acids (R-COOH), which correlate with o¥*; the pKa's of meta

substitutad benzoic'acids,67’68 which correlate with om

and the pKa values for the removal of o proton from alkanes (RH)69
which give o direct measure of the stability of the carbanion R~
(Table 4.6).

It seems reasonoble to conclude that the breakdown in
correlation between the pKa's of organocobalamins beyond
methylcobalamin and the various inductive parameters is caused by
the increosing importance of steric relotive to indictive effects
for thesz cobalamins. Any inductive effects that may occur are
swamped by the much longer steric effects.

4.4 Equilibria of organocobinamides with imidazole

When the methyl ligend in methylcobalamin is substituted
by n—prOpyl7o or cyclohexylzz’23 not only is the pKa increased,
ie. the binding constant for the benzimidazole base decreased, but
the binding constants for other ligands with the corresponding
cobinamides are decreased, The equilibrium constants for the

binding of imidazole, ammonic and cyanids by methylcobinamide axe

11, 0,1 and 23OM_l respectively but the equilibrium constant for

80

the binding of imidazole by n-propylcobinamide is as low as O,].M'-l 70.

The spectrum of cyclohexylcobinamide remains unchangad in the
presance of imidczole,22 agmmonia, cyanide and other ligands
(methylamine, ethylamine and pyridine)23 indicating that the
binding conslants for cyclohexylcobincmide with thess ligands must

be very low.
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: Table 4.6 -~ pKa's of Organocobalamins Compared to Various
é Inductive Parameters
y
] pKa of pKa of pKa of pKa of
Ligand R-COOH® §:i}}COOHe R-H"  organocobalamint
R
: . b £
: N “C~ - 4,27 9,1 0,1
3 HC - C- 1,84° 25 0,7
: HyC = CH,- 4,25° 36,5 2,4 (1,9)
j CH, 4,76° 5,600 40 2,5 - 2,7
3
c f
CH- 4,76 5,60 40 2,5 - 2,7
CHCH,,- 4,87° 5,64 42 3,9
(CHy ) ,CH- 4,86° 57.F 44, 24,5
i ' c f
r | CH,CH - 4,82 5,64 42 3,9
‘ c
CH,CH, CHa- 4,82 44 3,8
. c
(LH3)2CHCH2— 4,84 4,2
. c f
(CH3)3CCH2- 4,79 5,67 44 4,7
~ 4,829 5,859 39 2,8
.<:> 4,79¢ 5,899 43 4,2
- 4,99¢ 5,939 44 24,5
_<::> . 4,90° 5,93° 45 4,7
a. in water e. in water/ethanol 50/50

b. N C-COOH is unstable f. ref 67
c. ref 62 g. ref 68

d. ref 66 h. ref 69 i. From table 4.3 and ref 51.
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4.4.1 Binding constant for neopentylcobinamide with imidazole

It was decided to determine the binding constant of
nevpentylcobinomide with imidazole becaus= no quantitative value
exists for the extent of binding of imidazole by an
organocobinamide corresponding to an ocrganocobalamin with a high pKa.

A limiting value for the binding constant of
rneopentylcobinamide with imidazole was determined by comparing
the spectra of neopentylcobinamide in the presence and absence
of 3,3M imidazole at pH = 9. It was assumed that the imidazole
complex should have a similar spectrum in the 400-550nm region
to that of a typical 6-coordinate organocobelamin.  There was no
significant difference between the neopentylcobinamide spectra
with ond without imidazole which mezans that less than ten per
cent of the neopentylcobinomide is coordinated to imidazole under
these conditions. The value of the equilibrium constant can

therefore be given as

K = !NP—Co—imid! {3 x lOsz-l and the binding constant as
[NP-Co] [imid] NP =

log K<-1,5 imid = 2::22:2&
Neopentylcobinamide, in the presence of imidazole, is slowly
decomposed (section 6.4.5), via the intermediate formation of the
imidazole adduct but this decompositinn is too slow to obscure
any initiel chonges in spectrum.

The binding constants (log K) for the cocrdination of
imidazole by organocobinamides therefore decrease in the order:

methyl (+ 1,0)> n-propyl (- 1,0)> neopentyl (< - 1,5). The

binding constant for cyclohexylcobinamide with imidazole is
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probably of the same order of magnitude as that for neopentylcobinamide.
4.5 Discussion

As shown in Table 4.5, for each series of alkylcobalomirs
there is a parallel between the orders determined for the A and E
forms from their UV-visible spectro and that determined from their
pKa's and this order is determined by steric rather than by
inductive effects (section 4.3.3). Series 1, 2 and 3 can be
combined into o single series without any significant anomalies
in the orders of spectro or pKa's and odenosylcobalamin can be
given a definite position in this series. There is no
significant difference between the effect of the two types of
distortion of the Co~e;—Cp bond angle (increasing or decreasing
Co—eg-Cp) on the spectra and pKa's of organocobalamins and
between the effects of primery and secondary organoligands.

4.5.1 Relief of steric strain in the 5-coordinote base-off
organocobalamins

As shown in section 4.3.3 the pKa's of organocobalamins in
series 1, 2 and 3 depend on steric, rather than inductive, effects.
The pKa's in the series increase in the order methyl{ ethyl
{ isopropyl, ~ethyl n-propyl{ isobutyl< neopentyl, cyclopropyl
< cyclobutyl { cyclopentyl £ cyclohexyl. This shows that the five-
coordinate, prononated, 'base-off' form (E) becomes increasingly
stable relative to the six-coordinate, unprotonated 'base-on' (A)
form as steric compression by the organdigand is increased.

Remosal of the benzimidazole base from coordination could

stabilize the organocobalamin by two possible mechanisms, viz.
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movement of the cobalt atom out of the plane of the ring23 or the
'bending down' of the corrin ring,24 both of which should result
in a decrease in steric compression. The suggestion that large
alkyl substituents attached to cobalt should 'bend' the corrin
ring downwards was mode by Grate and Schrauzer.24 They
considered the fact that in cobalaomin derivatives there is
contact betwean the hydrogen atom on carbon B-4 of benzimidazole
and the C5 and C6 carbons of the corrin ring, causing the corrin
ring to bend towards the upper axial ligand, ond suggested tho*
when the upper axial ligand is bulky the corrin ring is ‘'bent
downwards' causing the benzimidazole base to be removed from
coordination.  This explanation is not adequate becaguse it
cannot account for the effect of increasing steric compression by
the organoligandon the spectra of the five-coordinate, prononated,
"base-off' (E) forms of organocobalamins.  Also, ligands such

as ammonia, cyanide and imidazole show a decrease in their
equilibrium constonts for coordination to organocobinamides with
increasing steric bulk of the organoligand (section 4.4) which
parallels the decrease in the equilibrium constant for
coordination of unprotonated benzimidazole in the corresponding
organocohalamins.,  These ligands should not causs bending of the
corrin ring because of their much smaller steric bulk so the
mechanism of Grate and Schrauzer cannot account for the obsesrved
effect of increasing steric bulk of the upper axial ligand on the

equilibrium constants for coordination to organocobinamides.

84
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Another possible mechanism for relief of steric strain in
the five~coordinate 'base-off' crganocobalamins, suggested by
Brodie,23 is movement of the cobalt atom out of the plane of the
ring and the consequent increase in the Cq—éo—Neq bond angle.

If alkyl derivations of corrinoids and model compounds for
corrinoids are considered it can be seen, using X-ray diffraoction,

that in the six~-coordinate, octahedral complexes the cobalt ion

lies within the plane formed by the four equatoriel ligand atoms,
but that in the five-coordinate, square pyramidol complex
CHBCo(BAE) (BAE = bis (acetylacetone)(ethylenediamine) the cobalt
is displaced 0,128 above the plane of the equatorial ligand
towards the carbon atom of the single axial ligond.7l This
allows a shortening of the Co-C bond length from 1,99 - 2,052 in
the six-coordinate complexes52 to 1,952 in the 5-coordinate
comple><7l and presumably serves to raduce steric repulsion, For
the fodo - Co(II) cobyrinic acid heptamethyl ester dimer,72’73
where two symmetrical halves consisting of o cobalt atom
surrounded by o corrin ring are joined by an iodine atom, each
cobalt atom is displaced from the plane of the corrin ring by an
average of 0,128 (0,11 and 0,13R).  Thus the displacement of
cobalt from the plane of the ring is possible for both cobalt
corrinoids and their model compounds. Unfortunately, there is
no X-ray crystcllographic data on any of the presumed five-
coordinate organocorrinoids so it is not possible to say for

certain that the Co atom is displaced above the plane of the ring.
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However, the suggestion that the cobalt atom is positioned above
the plane of the ring in the five-coordinate, ‘base-off’
corrinoids but is in the plaone of the ring for the six-coordinate
'base-on’ corrinoids provides a simple and reasonable explanation
for the decrease in steric compression and the increase in
stability for the five-coordinate organocobalamins as compared to

the six~-coordinate organocobalamins.

4.5.2 Relief of steric strain in the six-coordinate 'base-on'
organocobalamins

For the six-coordinate 'base~on' organocobalamins the
mechanism for relief of steric strain in the five-coordinate
organocobalamins {movement of the cobalt atom out of the plane of
the ring) proposed in section 4.5.1 is not available.

X-roy crystollegraphy of adenosylcobalamin olso shows that
the Cq- eo-Neq bond angles (890, 93°) are not distort:d although
the Co—egucp bond angle is 125° (rother than 109,50) and ihe
Neq—eo—NBzm bond angles (88o and 920) are nhot distorted although
the benzimidazole (coordinated to cobalt) is tilted with
Co—ﬁBzm—C bond angles of 123° and 132° (due to contact between
the hydrogen atom on carbon 84 of benzimidazole and the C5 ~ Cé
portion of the corrin ring).47 This means, if it is assumed
thot the structure of other organocobalamins is similar to
adenosylcobolomin, that steric compression around the donor atom
o7 the upper axial ligand connot be alleviated by changing the

/\ .
Co-Co-Neq bond angles in é-coordinate 'base-on' organocobolamins.




£
3
:
3
1
i

ST RNTRIAR Y

M e TR VT e BT [

This makes sense if the high electron density around the Co-Cy; bond
from the lone pairs of electrons on the cobalt and the aquatorial
nitrogen atoms is token into considerution.

There must be some other mechanism of relief of steric

stroin operative in the 6-coordinate organocobelamins.  As

shown in the following section the other possible mechanism for
relief of steric stroin is the lengthening of the Co-C, bond.

4.5.3 Secondary inductive effect in sterically hindered
organocobalamins~proposal of a long Co-C bond

The order of ligands for the spectra of organocobalamins
(both in the 'base-on' and 'base-off' forms) is very similar to
that for the pKa's for oll the ligands considered. These results
show that changes in the structure of ligands are 'perceived' on
the whole as changes in a single variable by both the cis (corrin)
ligand and the trans (benzimidazole) ligand and hence also by the

cobalt atom., Both the corrin ligand and the benzimidazole base

A \J

see' the electron density on the cobalt atom and the variable
'seen' by the cis and troens ligands, olthough steric in origin,
must be ultimately electronic.  This variakle is almost certainly
the Co~-C bond length. In organocobalamins where there is a
large degree of steric interaction between the alkyl ligand and
the corrin ring the lengthening of the Co-C bond will provide
relief of steric strain., The lengthening of the Co~C bond with
increasing steric compression by the organoligend can only be

proved conclusively by X-ray crystallography of a suitable series

of alkylcobalamins.
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For organocobaloximes (cobalamin model complexes) X-ray
crystallography shows a positive correlation between the steric
effect of the organoligand and the length of the Co-C bond.
Marzilli gi_g£74 determined the structure of trans - bis
(dimethylglyoximato) - (isopropyl)(pyridine) cobalt (III) and
showed that it hsd an unusually long Co-C bond.  They showed
that there was a definite linear relationship between the Co-C

bond length and the number of substituents on the methyl group

75
3/
The idea of the long Co-C bond in

for the series of cobaloximes py Co(DH)ZR where R = -CH
76

~CH,CO0CH," " and —CH(CH3)2.
adenosylcobalamin and in other organocobalamins where steric
compression occurs around the Co-C bond is thus well supported

by model studies.

The increase in length of the Co-C bond must be accompanied
by @ change in the electron distribution in the partially covalent
Co-C bond and by o change in the hybridization of the 3d, 4s and
4p orbitals of the cobalt.

The ratio of the absorbance for the apband at 440nm and
460nm (c440/e460) puts all the ligands studied in an order
according to the steric compression they cause.  The change in
the ratio €440/¢460 is probably associated with increasing
movement of the cobalt out of the plane of the ring but since the
lengthening of the Co-C bond must be intimately associated with

the movement of the Co out of the plane of the ring the ratio

e 440/€460 probably also is a reflection of the Co-C bond length.
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4.5.4 Comparis~n of effects of substitution at Ca and C 3

Although the effects of substitution at Caq and Cg are
fundamentally the same there are minor differences in the spectra
of alkylcobalamins with substitution at Ca and Cp.

The band appearing at-380nm in the spectra of 5-coordinate
(F) organocobalamins shows an order less similar to the pKa order
over the entire group of alkylcobalamins studied.  This band
appears to be more sensitive to the substituents on Cg than the ap
band and is apparently the only variable which distinguishes
neopentylcobalamin from isopropylcobulamin and cvclohexylcobalamin,
and isobutylcobalamin from cyclobutylcobalamin.

The effect of substitution at the B position on the spectra
and pKa values appears to be smaller than the effect of a-
substitution. If the poir of organocobalomins cyclopropylcobalamin
and isopropylcobalamin (where the change of group from cyclopropyl
to isopropyl occurs on the a-carbon) is compared with
cyclopropylmethylcobalamin and isobutylcobalamin (where the change
of group from cyclopropyl to isopropyl occurs on the(}—carbon) it
can be sezen that the magnitude of the effect both on the spectra and
on the pKa (a2.1,7 for a-substitution and A= 0,45 for B-
substitution) is greater at the a-position than at thep ~position.
The first twc members of series 2 (where 3-substitution occurs),
ethylcobalamin cnd n-propylcobalamin show only very small

differences in their spectra and pKa's.
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4.6 Summary

The spectra in neutral and acid solution and the pKa's for
protonation and displacement of the benzimidazole base were
determined for organocobalamins with alkyl and cyclelkyl ligands
having no heterocatoms. Increasing the amount of distortion
around Ca (in the series methyl< ethyl {isopropyl ond cyclopropyl
{ eyclobutyl { cyclopentyl £ cyclohexyl) or Cp (ethyl=n-propyl <
isobutyl < neopentyl) gives rise to parallel changes in the spectra
and in the oKa's with no fundamental difference between primary
and secondary groups, between alkyl and cyclalkyl groups (methyl=
cyclopropyl, ethyl =cyclobutyl, isopropyl=cyclopentyl and
cyclohexyl) or between substitution on Caq and Cp (neopentyl =
isopropyl). It is shown that the changes in spectra and pKa
originate from steric rather than electronic effects of the
orgenoligand. It is proposed that the main variasble, as seen by
the cobalt otom and the rest of the cobalamin molecule, is the
Co-C bond-length and that relief of steric strain occurs by two
mechanisms viz lengthening of the Co-C bond (in five- and six-
coordinate complexes) and movement of the cobalt atom chove the

plane of the corrin ving (five-coordinate complexes).
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CHAPTER 5 - TYPES OF EQUILIBRIA SHOWN BY ORGANOCOBALAMINS

5.1 Introduction

The equilibria displayed by organocorrinoids are given in
Fig.4.2. I".r organocobalmins there are three possible species in
neutrel aqueous solution. These are the six-coordinate 'base-on'
form (A), the six-coordinate 'base-off' form with H20 coordinated
in the sixth position (B) and the Yive-coordinate 'base-off' form
{C). In acid solution there are two possible forms; the five-
coordinate, protonated ‘base-off’ form (E) and the six-coordinate
protonated ‘base-off' form with H20 in the sixth coordination
position (D). For vinylcobalemin all of these forms are found
in solution.2l However, for organocobalamins where the ligand
atom bound to cobalt is a tetrchedral carbon atom only one species,
the E form, is present (2 ninety-five per cent) in acid solution
and there is no B form in neutral solution (section 4.2.2).
Most organocobinamides considered here are entirely (2 ninety-five
per cent) in the five-coordinate (G) form at room temperature but
methylcobinamide has a small proportion (~ten per cent) of the
21

six-coordinate form with H,0 coordinated to the cobalt (F).

2

No structure of a monomeric five-coordinate organocorrinoid

has yet been determined using X-ray crystallography but lFHSCo BAEJ

1

has been shown by X-ray crystallography to be five-coordinate.

Evidence for five-coordination amongst organocobalumins, which




E{»
3

is based on that for the organocobinomides is odequately discussed
elsewhere.sk' 21

As well os differences in the number and nature of the
axial ligands orgenocorrinoids may also show differences in the
conformation of the corrin ring, in the position of the cobalt
otom with respect to the plane of the corrin ring and in subtle
interactions between the corrin ring and the benzimidazole side-
chain.  Because of the large variety of different possible forms
of organocobalamins and the complicated interactions within the
organocorrinoid molecule the interpretation of the equilibria of
organocorrinoids is difficult., In porticuvler, difficulties
arise in distinguishing between changes in conformation of the
corrin ring and changes in coordination number. In this chapter
the overall pattern of equilibria (detectable by UV-visible
spectroscopy) of organocobalamins will be discussed. In section
5.2 it will be shown that changes in the conformation of the
corrin ring and in the coordination number of organocorrinocids
occur independently of each other and that chonges in the
conformation of the corrin ring have very little effect on the
electronic spectra of organocorrinoids. The electronic spectra
will therefore be used to elucidate the equilibria (involving
changes in the number and nature of the axial ligands) of
organoccbalamins.,

5.2 Conformation of the corrin ring

X-ray crystal structures have been determined for several
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47,72,73,77-82 all of which can be

cobalt-containing corrinoids,
placed in two groups according to the conformation of their
corrin ring.47 All the cobalemins so far studied ie. the two
! 177 1 178 :

crystal forms ('wet and 'dry'’ ") of cyanocobalamin, cyano (13

. . 79 . . . . 80
epi) cobalamin®’ (neovitemin 812)' cyanocobalamin 5'-phosphate
and odenosylcobclamin47 have one particular conformation of the
‘cobalamin'). For all the

81

other corrino!ds studied ie. cyanoaquocobyrinic acid, = 8-

corrin ring (which we have termed

aminocobyrinic acid-C-lactam chloride cyanide,82 ana both halves
of the iodide-bridged dimeric Co(II) complex of cobyrinic
heptamethyl ester where the cobalt atom is five-coordinate and
displaced by an average of 0,11 and 0,132 from the mean plane
. . 72,73 . . . . .

the corrin ring (all of which do not contein the benzimidazole
base) the corrin ring is more nearly planar. This conformation
we have termed 'normal'. The main difference between the 'normal!
and 'cobalamin' forms of the corrin ring is that the 'cobalaomin'
forms show an obvious bend in the C5 - C6 region due to contact
with the hydroger atom on B-4 of the benzimidazole base.47 Very
similar conformations of the corrin ring are found when comparing
pairs of cobalamins with differences in the conformations of the

: ; ! 177 ' 178 ; : :
side-chains ('wet and ‘'dry cyanocobalemin), in the exocyclic

. . .7 . 77,78
ring (cycno(lS epi) cobalamin 9and cyonocobclcmin) 78 in the
7,78

axial ligond and Co~N bond lengths (cyunocobclamin/ and

udenosylcobclcmin47). The conformation of the corrin ring is

therefore not greatly affected by changes in the side-chains, in












































































































































































































































































