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Diaguocqb:Lnamide (D.A.C)was prepared from cyanoc(,)ba,I~"Ilin(Yi.i:,atlliJl
13'12) ·v.i~t ·the Lnt.ezmed.Latre aquoeyanocob.i.nami.de .(F'ac'tO'r...S). 1:):r;,0'\'111' s
method for the conversion of Factor B to DAC, involving the
reduct;Lon of Co (III) us:lng zinc wool under a circulating inert
at1Inosp,here,followed by treatment. with 1 mol a.m-3 Hel, was
u~H~d.29 At best a 93% yield, baaed on Hl?LC peak inbegration, was
re<::o:r;ded.PAC samples were kept frozen under an im~:tt atmosphere
in d~cdark to prevent the fo:rmat.io~of stable yellow corrinoids.
ThE,rmodynamic paramet}ers for the conversion of pAC to
aqu.ohydroxocobinami.&e ().;.HC) (,/.lHo= 44 kJ mo l,"..I, AS" = -35 J

K-lmol-1) ( and of ARC to dihydroxocobinamide (DRC) (.A HO
::; 37 kJ

mol-I, Ll S" = -59 J K-1mal-1), were determined by .i1'1-cell
spectrophotometric titrations. The value of pKal at 25°C
calculated from these parameters compares well with available
literature values3,5, but the value of pKa2 does not.
Experimental error in the pE measurement during the titrations
for the second equilibrium are expected to be responsible for the
inconsistent results. Bindinq constants of ARC (pH 12.00) with
five ligand : cyanide, azide, pyridine, N-methylirnidazole, and
3-amino~1-propanol were determined by in ..ce11 spectro~hotomet:t:ic
titrations at 25°C. Comparison of the calculatedunco:nditional
binding constants with available data on DAC, aquocoba1amin
(vitamin B12a) and Factor B (i.e. the tr.ans-ligands H20,
5,6-dimethylbenzimidazole (dmhzim), and CN-) confirmed the trans
labilising order, H20 < dnilizim< OH- < CN-.l,14 The dependence of
the observed rate constant (kFObs) for the reaction of
DAC/.AHC/DIlC with HN3/N3- on pH was studied over the pH r.ange 3 -
12 at 25"'C using stopped flow spectroscopy_ DHC was shown to be
substitutionaly inert. An equation derived to describe the
relationship between the second order rate constant and.pIl w.as:
shown to fit the high pH data well, but not the low pH data. An
explanation for this behaviour could not be found. The kfobs for
the substitution of water in vitamin B12a by pyridine, and of



water in ABC(pH 12.00) -by cyanide, azide, Nl-methylimidazole, and'
pyridine 1 showed saturating, behav~.our at higher ligand
oonceritrratd.ons (± 0.4 mol dm-3). The reactiO'r). 01: ARC w).th the
J.igan~~3-amino-l-propanol ~id not show saturatiri~g beha:yiour over
the 1~\9a.r_'d co\~("~ntratiQn range. investigated (up to 1.0 mol clm3),.
satur~~iqp kinetics were shownto be useful in dIstinguishing
betwE~e\~a dissociative (D) and an interchange diss~ciati'(te (ID)

v .... -
mechan~"smof subst.i tution. The dependence of the sat:.ti;rai;j_.t~g:(ate
constarl:,ts (~sat)' and the activation parameters therebf\, ,o;n.tf~~~

\\ r :

nature !.'pf the different ligands investigated, confirmed tha1; l;{t.n

ID me(~hl~nism~Ta-J;6='6P'erablein both cases. Synthesis' of the cO:t'rin
model m~~crocyqlref 6 t 14-dipheny1-1, 4,8 , 12-tetraazacyclopent~deca""
4,5,ltf,j;\4-teraene (Ph2[15]tetraenatoN4) 10,11 was successful.

" '

Incl1f~idn of the cobalt at.omhowever, pzoduced an unstable corrin
i!

species,)': which made this model compoundunsuit.able for subsequent
II

kinetic 'fork.
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\1

AHC
[14]aneN4
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!_I
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1 INTRODUCTION
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Protein molecules containing meta~ complexE:s of h,ighly
unsaturated ligand ring systems ate invol ved in a varie.ty of
ess~ntial biological functions. Figure 1.1 indicates the two
.classes of t.hese naturally occurring unsaturated ligarld ring
E!ystems, the porphyrins and the corrins. porphyrins are
ubiquitous in natu?,=e,playing varied .and important roles Ln both
the animala.nd plant kingdoms. Ifon pq:rphyrins are essential for
the oxygen-carrying and storage functions of haemoglobin and
myoglobin, and 'the electron tran$:port functions PF the
cytochromes. III the plant kiI:Qdom, magnesium porphyrins are
required for the light-captu!:'ing function of the chlorophylls.
Corrins 1 in contrast r are re~:tricted to the and.ma.L kingdom.
Cobalt: corrins are found in vitamin Bl2, .a vit.amin required to

":,
catalyse reactions involving,

(1) the transfer of a methyl group,
(2 ) the transfer of a hydride.

Figure 1.1 structure of (a) the porphyrin ring (e.g. ha.emoglobin)
and (b) the corrin ring (e.g. vitamin B12).

(a)

Cll2
I

CIl?1 .
r.Opll

CIl2
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(b)

II

\'IlC-CII2I .
11112

ellJ
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Vitamin B12 has elicited scientific interest fr-0m numerous
disciplines since its isolation in 1948 in the form of dark red
crystals of cyanocobalamin. Coordinat,~ol1chemists became active
in vitamin B12 research Ln 1961 foll';JwingLenhert and Hodgkin's

\\demonstration by X-ray ana.ly'sisthat ..the coenzyme form of vitamin
B12 contained. a cobalt-carbt::m'bond and wa~, thus the first knowfi
naturally occuring organo-metallic compou~d.l Pratt identifies
tWb areas· of chemistry in which our understanding has developed
from an understanding of the coordination chemist:ty of vitamin
1312,1

(1) organometallic compounds containing a -bonded carbanion
ligands (in contrast to n: -bonded ligands sucl, as CO, olefins,
acetylenes etc.).
(2) the nature of the meta.l...ligand bond and cis- and

I;

trans-effec!ts.

It Jis in this second area that the work described in this thesis
is relevant.

1.1 STRUCTURE OF THE CORRINOIJ{~

The class of molecules known as the cobalt corrinoids, the
best known me:r~~.~'i'_('being vitamin B12 (cyanocobalamin), have a
cobalt atom coordinated to the four nearly coplanar nitrogen
atoms of a corrin ring in common. X-ray analysis has indicated
t.hat, the corrin ring is buckled and very flexible It a different
corrfozmat.Lon being found for each corrin structure deter-
mined.2 The corrin ring is asymmetric, with all acetamide side
chains projecting towards one side of the ring {/upper or (3

face) and all propionamide side-chains towards !the lower side
or a face.1 The corrin ring binds the cobalt(III) atom in on.e
plane, leaving two axial positions available for binding to
other ligands.
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Differences within the corrl....class arise concerning the
valency and coordination number of tli~?~obalt atom, the number
and identity of the axinl lfgands, the identity of the side
chains and any fUnctional groups on the corrin ring, and
sUbstitution or protonation/deprotonation reactions on the

~. ..~.. . ;cortin ring itself. More often than not.:the corrin complexes
,J-

display octahed.ral symmetry, with the central cobalt atom in
ri

the +3 oxidation state. within the corrinoid class, further
sub-groupings have emerged. The cchLnand.des., illustrated in
figure 1.1 ;]1,are distinguished from the cobalamins\~ for
example, by the abaence of a nu.cleotide side chain which
projects down and teri~inates i11 a 5 r 6-dimethylbenzimidazole
base, usually coordinated to the cobalt atom. The base alway~
coordinates to the lower face of the corrin.1

!f aquocobalamin (vitamin B12a) can be considered to be the
parent cobalamin, then diaguocobinamide (DAC) is cunsidered to
be the parent cobinarnide. Compara:i~.ivelylittle work has been
done on DAC, largely due to difficulties associated with its
synthesis. 3

Figure 1.1.1 140lecular structuris of (a) vitamin B12al' the
parent cobalamin, and (b) diagu6cobinamide (DAC), the parent
cobinamide.

o NIh'\ / ..
c
I
Cll2
I
CII2o ~"% 'll,i

C-CII~
/ "

tlll2

CIl3



Page 4

Stereoisome;r-sare 110t produced in the ligand sUbstitution
reaqtions of coba Lami.ns because only one axial site is
ava.ilable for substl tutibn. The same cannot however be said
for the ~obinamipes. Firth et al. reported isomerisati.on ·in

i,i I

aquocyandlcobinamide and aquocyanocoh;yric acid. He:t'ethe two
isomers were present in approximately equal concentrations at
equilibrium and had very simitar spectra.4 Is()merisation
required the presence of free eN'" and was postulated to
proceed through the intermediate formation of dicyano species.
No stereoismners are known for the organocobinamides. Here the
axial ligand cannot exist free in solution, and hence
isomerlsation cannot occur.2

O:o,'ewould expect all corrinoids with two different axial
ii

ligands, both of which could E!Xl.stfree in solution, to
exhibit: iSOMerism. Firth's aquoc:yano isomers could be
separated chromatographically and thus the rate of
interconversion between the two isomers was relatively slow~2
For ligands w.ith lower binding conat.ant.s Lsomer-Lsat.Lonwould
be expected to proceed more rapidly since the proportion of
unbound ligand would be greater than in the CN- case. This
would make it difficult to establish the' existence /of two
separate isomers crrromatioqraph.i.calLy~

1.2 FUNCTIONS OF THE CORRINOIDS

The two classes of reactions catalY$ed by vitamin B12 were
described above. In both cases the catalyst is the complex (or
holo-enzyme) formed from a·<'iorrinoid(the coenzyme) ,together
with a protein (the apoenzyme).l The complete cc:rinoids (the
cobalamins, the cobinamides being classed as incomplete
6orrinoids) have been the subject of some interest for:many
years in connection with the elucidation of their f~nction as
coenzymes. Comparisons between cObalamins and cobinamides are
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useful in evaluating the role of the axially coordinated
benzimidazole mqiety in the reactions of cobalamins.5 In
addition, in enzyme-bound cobalamin., the coordi~ate linkage
between the cobalt atom and the S,6-dimethylbenzimidazole
moiety is broken and thus it is postulated that the
enzyme-boundcobala.min should react like a cobinamide rather
than a cobalamin.6

Most of the features of th~ ligand sttbstitution reactions
shown by the corrinoids f i.ndparallels amongst the retactions
of other cobalt (III) complexes, viz. the inert.ness of the
hydroxo- compared to the aguo-complex, the strong la}:)ilizin.g
effect of S-bonded 5032- and alkyl groups, the rea~-tion with ,c

EN3 as well as N3-, the removal of coordinated 8°32- by.g+ and
of CH3- by HgCl2 and a dd.ssoc i.at.Lve reac;tion mec4ani~;m.l There
is however a striking difference in the general rateE' of
reaction. Compared to most other cobalt(III) complexes, the
highly unsa.turated porphyrin and corrin macrocyc.dic I[N(4)

ligands have been shown to enhance the rate of ligand
substitution at the metal atom by many orders of magnitude. No

!cases where the nature of both the axial Jigands and the
"

incoming ligand for the Li.qand s'lipstituti()nreactionl:;of
corrins, bis(dimethylglyoximato) ((DMG)2), (NH3)4 etc.,
.remained the same could be found in the literature, and hence
the cis-effects of these N4-macrocycles cannot be compared
directly. Labilising trends can nevertheless be observed.
Table 1.2.1 below gives the second order observed ra·te
constants for the substitution of H20 by SCN~ and N3';' for
var Lous Co (III)-N4 complexes.

F.i..gu:r,,=1.2. 1 Molecular structure of
Co(III)nitroaquQbis(dimethylglyoximato).

/H,
o fI' " ...0-

I I
ca /N~r~'xca,
,,;C/l:>-, cs

L",)
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Ta.ble 1.2.1 Second order observed rate constants for the
substitution or H20 by SCN- and N3" :for various Co(I1I)-N4
complexes 'measured under similar conditi,ons (pH-7}7

SCN-
N3-
SCN-
N3-
SCN-
N3-
N3-

aquocobalamin

haemai;:opotphyrin

nitroaquobis(dimethylglyoxima.to)
!I

I'.,

z kn:obs
I M-l s-~

5.0 ., 103A

7.9 X 102
1.9 X 10J

1(12
':i

1.4 X

5.8 X 10...4
5 .7 X 10-4
2.1 X 10-5

The primary influence of the porphyrin and corrin ligands is a
profound la.bilization of the axial bonds. This labilization
was proposed to be a consequence of the four CO(I11)-imine
bonds in the two macrocycles.1 Differences in rates bet'!>leen
the hai:~at()porphyrin and the cobalamin are attributed to' the
different labilizing effects of the trans ligands
(aquocobalaittin has a benzimidazole group, i~~b:~reasthe

,\._

haematoporphyriri has an axially coor'd.i.nat.ed -&ater molecule
here) .22 Dl-iGj indicated in figur~ 1.2.1, was initially

ibelieved to be an effective mode'',for the naturally' o6curing
I,corrinoids. The geometry and ohar'ce of the porp'hyrin, corrin.,

and DMG are similar, yet DMG read\.~ 106 ~~mes slower. ';.':0(111)
bis(DMG) complexes have four CO{I1I)"'imine bonds, believed to
be a vital component. of the corrin and porphyrin lability, but
the extensive conju~ation seen in these n~tural mac::rocycles is
absent. The structural and electronic characteristics of the
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corrin and porphyrin rings must account for the ~ability of
_,,-.==-=,

the porphyrin and corrin axial positions and hence must be the
\ .,

key to their suitability for their hiological functions.

)

A frequently occurring .feature o~) the discussion of the
chemistry of corrin and porphyrin complexes is the content:ftm
that the electronic interaction between the Co atom and the

~-::::

highly unsaturated ligand systems is .sufficiently extensive as
t,o render the Co(III) oxidation state formalism Lneppxopz'I>
ate.7,20 Application of crystal field theory to corrinoids,
assuming pseudo D4h symmet.ry, indicates that the six valence
electrons of low-spin Co(II1) will occupy the 10'11'1 energy dXZf

dyz and dxy orbitals. Considerable kinetic ~nertness is
associated with this electro,nic arrangement. It has been
proposed that a tt electron charge transfer from the
unsaturated corrin ring to the Co(III) produces a low spin
pseudo Co(I1) metal ion. Applying the same rules of crystal
field ctheory Lndd.cat.es that the extra elec.tron will now OCCllPY

a high energy dz2 orbital. Occupation of this orbital ·could
then be responsible fOr the observed axial ligand labilisation
exhibited by the corrin and porphyrin ligands.

Su,pport for this theory comes from comparisons between the
rates of ligand substitution reactions of chromlum( I.Il) and
cobalt(III) porphyrins. The ra,te of substituti.on of water
ligands of chromium-porphyrin complexes are about 103 - 104
times faster than "normal" chromium comp.l.exes, In an analogous
case using cubalt-P9rphyrins, the substitution rates were seen
to be about 106 times faster. Cr (III) is known 't9 be haz'dez;to
reduce t.han CO(III) because it is a d3 ion, whereas CO(III) is
a d6 ion. A tt electron charge transfer from the unsaturated
corrin ring to the Co( III). would then occur more readily than
to the Cr (III) and hence the Cr (III) porphyrin would be L\S5
labile than the Co(III) porphyrin.21
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1.3 THE MOPEL COMPOUND APPROACH

The understanding of a'p:i6tein's mode of action~( thougl:l
valuable, is not easily obtainable because of the Vf~ry
complexity of these living systems. The "model system"
approach was t;hus'devised in :the hope that the l;cn~wledge
obtained from the simpler syst~ems could be extrg_polated to
give an upderstandirig of the natural reactions itl'real
systems. Most of the vitamin B12 model compounds are
cobalt(III) complexes containing various macrocyclic
quadridentate amine ligands.

In 1963 it was observed that bis (dimethylglyoximato) cobalt Ii

complexes showed reactivity patterns similar to those shown by

the cc·/'jt.corrins. In view of th"eir similarity to the
~. /"/coba Lahu-ds, and for convenience, complexes of this type were

named "cobaloximes".8 However, as indicated above, the promise
of this model was not: fulfilled when the rat.es of its
reactions were cOmpared to those of the cobalamins.

Recent successes in the synthesis of.a great many macrocyclic
amine ligands by metal template reactions has further
stimulated research activities in various aspects of these
model compounds.9 Tang et ale have developed a synthetic rouue
to the formation 9f some promising new c9,rrin model
compounds.10,11 Th~se compoundsr indic:at~d below in figure
1.3.1, have the 1,4,8,12-tetraazacyclopentadecane ([15]aileN4)
macrocyclic structur.e found in the corrin ring. No work on the
SUbstitution kinetics of the Co(IIX) complexes O:E these
macrocycles has been reported so that their effectiveness as
models is not yet known. Furthermore, their solubility in
water is probably low, though this problem could be .addressed
by sulf9nating the benzene rings.
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l'-'igure1.3.1 Model macz.ocycLes wit,1'!the [15]aneN4 skeleton in
CO!CII!).onwi,\~h the corrin ring.lD,ll

i
I'1.4 CIS- ~~D TRANS-EFFECTS

The ,change of one or more ligands in a transition metal
complex can have a marked eff\i,jctan the properties of both t,he
central metal cation and the other ligands. Several mechanisms
contributing to this phenomenon can be identified, and broadly
classified under three headings:12

(1) cis- and trans'" effects or It internal" effects i., e.
,.,electronic effects transmitted through the central metal
', " cation,.
(2) steric effects due to direct contact between the atoms
of different ligands,
~) -external" effects due to changes in the outer
c~ordination sphere.
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The sensitivity of the rate of reaction of octahedral
complexes to the nature of the "noll-participating"l.igands is
ofte.riquite marked, either as a ois- or transreffect, or often
as a non-dire'ctional effect that does not ~reatly depend upon
the relative positions of the ligands concerned. The Oi8- and
traps-isomers of "nozma L II octrahedxa.L Co (III) complexes do not
d.i,fferenormously in th~Mc reactivity.13 Pratt et ale claim

~;

tha·t there is similarly no real evidence that ligands in the
corrinoid family (xert a significant and syst'?·.~aticdifference
on rates of ligand SUbstitution in the .Ci8- ~;..:1
trans-positions. 12

The study of the mutual interact.ions of ligands in transition
metal complexes can be traced back to observations made on the
position and relative eas~ .of ligand suPst:i/c.utionsin the. ,--, - .'. - - . ,,~:\\ - ';"

pzepar at.Lon of square pl-~""~rpLat.Lnum]II) complexes. Chernyaev
was the first to recognise the exi.st.ence of e. certain pattern
of re.;;ictivity,namely, that one ligand affecti!3dthe kinetic
lability of another ligand in the trans-position and that the
ligands could be arranged in an order of increasing
trans-~abilizing power. Since then many additional ligands
have been studied and the order of trans actiyation for Pt (I.I)
complexes can now be written CO, CN-, C2H4 > PR3t H- > CH3-'
SC(NH2)2 > c6HS-, N02-, I-, SCN- > Br-, Cl- > py, NH3, HO-,
H20.12 Experimental work has since been extended to include,

(I}the study of the effect of ligands on other properties
of complexes such as equilibrium constants and infrared
spectra,
(2) a search for ci8-effects,
(3) other metals and valencies.

Evidence from X-ray diffraction, infrared and UV/VIS
spectroscopy I and proton magnetic resonance. spectra indicate
that cis- and trans-effects are evident in the substitution
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reactions o.fthe cobalt corrinoids 'too. if strong electronic
interaction between the conjugated corrin r.:t:ri'.;,the cobalt ion

'<,\"

and the donor atoms of the axial l.:Jgandsmust thus exist.
Firth et al. divided the cis-and trans-effects observed in
;."

the corrins into three categories,4

1) Ground state effects e.g. effects on bond angles and
'iItengths,.bendi:qg and stretching force constiancs,
Ij .... ...."
!2) Thermodynaro..1.ceffects i.,e. equilibria,;
3) Kinetic effects E.',. g. rates of ligand sUbstitution.

NOMENCLATURE

The experi:mental approach to the study of cis- and
trans-effects is to compare the relative effect of a series of

::.:'

ligands by following the effect on some property 6f ligand Y
as ligand (~ is varied. In this thesis the ligand which is used

, '\ '.' .
as the hpl;"dbe" in ground-state effects is labeled Y. In
thermodyn~lrticeffects we consider the equilibrium'between two
ligands ~l and Z, and where a set of equilibria are compared
the common ligand, if any, is labeled Y. Similarly, for
kinetic determinations, we consider the substitution 0·£ Y by
Z. X is the ligand whose effect we are studying and which we
are trying to place in a series relative to other Ligands.

TRANS-EFFECTS

The phenomenon of the trans-effect was first observed i~.fhe
square planar platinum( II) complexes. This trans ....labilising !

order is slightly different from the order found for Co(III)
complexes. The two orders differ in the relatively high
positionso£. CN...., N02- and CO in the Pt(rI) series. Subsequent
studies ({indicated that all the octahedral d6 metal ions
(CO{III~(~ Ru(II), Ir(III), and Pt(IV)) show common features
which distinguish them from the square planar da Pt(II) ion.
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CN-, N02- and CO have the ability to form .metal-to-ligand
bonds. In the octahedral d6 complexes the trans-effect is due
mainly to their o +donoz ptreng'ch and is therefore small,'<1
whereas in the square planar d8 comI(,lexesbeth (J +donoz and
n'racgeptor capacities play their part and result in a high
titans-effect •.12

v:;~.,:<'--.J(:_",
.\....'

.A general trans-labilising order qt ligand atoms in Co{II!)
octahedral complexes can be written; CI, 0, N, C (in CN1) .(H,
S, ~e, If C"(in CH3- etc.), ~l (in N02-). A specific order of
carbbh ligands can also he written; CN- < HC=C- < CIl2=CH .... <
CB3CH2-. Thi':j'!seorders indicate that the moat; important
property of the ligand wh:i_chdetermines its influence on the
rest of the complex is t}>:~amount of negative charge donated
via the (J boud to 'the col~alt ion. 12' The order of l,igands
opse~ved fot:,.c:i,s'" and trahs-effectsl in cobalt (III) complexes
shbws. a general similarity to the uephe.Lauxetid.oseries (also
determined. by the amount of negative charge donated by the
ligand to the metal); F < 0, N < Cl < C, Br < S, Se,. ;1:.

Ground,.state, the:r:modynamic.and kinetic trans-effects in the
corrin~ids have been ,correlated. 14 Irable 1.4.1 below gives an
example of these effects for the sUbstitution of H20 by CN- in
various corrinoids.

As the axial ligand X becomes more polarisable and places more
negative charge on the cobalt ion, so the rate of water ligand
substitution at the other axial position increases, the
equilibrium binding constant for the Co(III)-CN- bond
decreases, and the Co(III)-CN- bond stretching frequency
decreases (bond length increases).
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,.,,,4, .,.'

Table 1.4.1 Trans-effect in.co.balt(III L. corrinoio's .14

log KeN bLigand, x I
I

kllobs a
dm3 mol,-! 5-1

H2O < 103 > 14
Bzm 8~5 X 102 14.1
HO- 6.8 X 104 > 9
CN- 2.1 X 105 8.4
CH3- > 108 2.1
CH3CIl2~ > 108 0.6

VCN q

I cm-1

2133
2132
2131
2119
2088
2082

a second order rate constants for the reaction 'of X-Co-OH2
and/or X-Co with CN- to give X-Co-CN in aqueous solution at
2SoC and an ionic strength of 0.2 mol dm-3

b [X-Co-CN]
-------------------------- ; various conditions
([X-Co-OH21 + [X-Co]) [CN-]

c infrared stretching frequency of coordinated CN- in KCl
discs

Al.though the vast majority of cobalt(III) complexes are
siX-coordinate, several groups of five or even four-coordinate
complexes are known in which the cobalt atom may be considered
as ha~ring the formal oxidation state (III). These complexes
represent the extreme case where the thermodynamic effects are
so great that no ligand, even H20, can form a stable bond to
the cabal t atom .12 In table 1.4 •1 above, it is shown that
equilibrium constants for the substitution of H20 by other
ligands decrease as the Co...;OH:tbondbecomes weaker. This trert2i
eventually leads to the formation of 5-coordinate complexes.
The labilizing effect of CH3- is so strong, for example, that
5-coordinate alkyl complexes of cobalt(III) may be formed and



isolated~15 As the amount of negative charge donated hythe
ligands to ,the cobalt atom increases, so ,the preferred
coordinat.to~ numbar of the complex <irops from six to five,
L •e. the steI:'eochemistry changes from that t~n?ical of
cobalt(IIr) to that typical of low-spin cobalt(rI).12

CIS-EFFECTS

.. \\

The Ci:~9'-effectobserved in the cQrrinoids can be'divid6d into'~'"• Dtt170cat~:~gorJ.es,

(1) the effect qf the axial ligands on the corrin ligand,
(2) the effect of the corrin ligand on the aXl;al ligands.

I..~

!I

Electronic spectra have been used to pL'ovide information"on
" . '(

the cis-effect of the axial ligands in the corrinoids;, ,;The
" r=>, .,' _ ..' _' :'d

apect.r'a.of corrilloids ))show a remarkable diversitr ,\ii....~)-)',~:·tf1hen
one axial ligand is kept constant, as in a serie~',i)'f'-
cobalamins (Y = Bzmj , the different spectra can ij~rfitted into
a series showing gt'adually changing features. TaBie 1.4.\2
below shows the dependence of the wavelength of the main
cobalamin absorption band on the nature of the second axial
ligand.

These axial ligands can be arranged in an org~r of
cis-labilisation which is parallel to the, order of
trans-labilisation. Cis/trans differentiation is hence not
exhibited by these ligands.

i \

!
I
I
I

I
I
I
t
II
1,

II

11
f

I
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Table 1.4.2. The dependence of the cobalamin's main absorption
band (y band) on the nature of the-=~xral ligand, $vi.denc(~i:or .
a cis-effect in a series of cobalamins.12

Axial ligand Wavelength
Inm

'\

)1
Ii~------~------~--,--------~!~

CB3-
CN- u

\

pyridine
imida~ole
HO""

Cl-
H2O.

374
360.5
360
358
357
352
350

The extensively, conjugated n -electron system of the corrin
rJng is expected to playa major role in thE~ ul1characi:;.eristid

,'j

lability exhibited by the cobalt(III) metal atom. Comparisons
of res\ti.lt;,~from ami.ne, diimine, dimethylgly6ximate, porphyrin
and c9,rd~;{oidligands are 'cofuplicatr;;idby questions regarding

\\

steric promotion of labilizAtion and variation of the overall
charge of the complex. r;(:!ve:'ileless, Pratt was able to arrange
the following ligands in an order of increasing ability to
labilise the axial Co (III) bonds: (NH3)4, en;>.< (DM~'J22 <
corrin. 12

The apparen~~cii:j~~.8ifisation oi the eorrins can be
investigFt~d by observing the effect of progressive degrees of
un saturation in model cobalt(III) macrocycles on their .lability. For the three macrocycles (shown in figure L 4; ~ 1),.

I

j

! .J

I
I
I
I
I

r:1,4,8,11~tetraazacyclotetradecane ([141aneN4),
1,4,8,11-tetraazacyclotetradeca-l,3-diene ([14]dieneN4,) and
1,4,8,11-tetraazacyclotetradeca-1,3,B,10-tetraene
([14]tetraeneN4,), the rate of substitution of two anionshy

I
!
~
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water has been investigated.I5 Table 1.4.3 indicates that th,e
lability of these macrdtycles increases 104"'fold when a ,
t.etraamine is reJ.aced by a sterically similar tetraimine.
Similar studies by )?oon.et ai. with the ligands (14laneN4,
1, ~,18, 11-tetraaza-2,3-dimethy'lcyclotetradeca-1 ,3-diEme (DIM),
and 1,4,8,lI ...tetraaza-2,3, 9, 10-tetralltethylcyclotetradeca-
1,3,8,10-t.etraene (TIM) (also shown in figure 1.4.1)f yielded
simi'tar results I also given in table 1.4~3.16 The kinet.ic
l.ability of the:se complexes increased in t:,~e order [14 )aneN4 <
DIM «oTIM (1;400;1640. f.or Cl- and 1:44:170 for Br-).

Figure 1.4.1 Molecular structure of (a) [14]aneN41 {bl
[14]dieneN4f (c) [14]tetraeneN4f (d) DIM) (e) TIM, (f) TMpyp2+
andl( g) TCpp6-

(a)

(d)

(l
eN" "") •••.tu
("l

.: ':X···"LJ

(b)

(e)

~

C~ •
.ij_J

(J
xu NX'

"'(';: •.

l)

(c)

(g)
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Table 1.4.3 Pseudo first ora.er o')~erved rate constants for the
substi·tution of an anionic axial ligand (Br- and Cl-) by H20
for various N4-macrocycTes.15,16

Macrocycle kBr / s-1 kCl / s-1
==: ......

[14]an.eN4 2.2 X 10";5 1.1 X 10-6
[14]dieneN4 7.8 X 10-2 2.3 X 10-4
[14]tetraeneN4 0.12 2.1 X 10-2

[14]aneN4 1.3 X 10-8 1.1 X 10~9
DIM 5.7 X 10-7 4.4 X 10-7
'DIM 2.2 X 10-6 1.8 X 10-6

Poon's observation that increasing the degree of unsaturation
of the macrocyclic ligand increased the lability of the
Co (III) centre can be exp1~.ined. The trend was shown to be a
direct consequence of the/decreasing emthalpies of activation
for the reaction. This is consistent with the view that
increasing the. degree of electronic delocalisation b~:tween an
amine macrocycle and the central cobalt(III) ion helps
stabilise the five coordinate intermediate of a dissociative
mechanism. )?olarizabiJ.ityof the central cobalt(JCII) ion wou:ld
increase with the increasing extent of electronic
delocalization between the metal ion and the encircling
unsaturated macrocycle.1

The ligand substitution ki.netd.csof the other gr(:mp of
naturally ocurring unsaturated N4 -maczccyc Las I the porphyrins,
Isupports the theory that the Cv(III)-imine bonds in the
exten.sively conjugated ring system are involved .inthe
cis"labilisation exhibited by the corrinoids. Thla'··hvailability
of water-soluble analogues of naturally occuring porphyrins
makes it feasible to carry out detailed kinetic Istudies of the
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substitution reactions at thetr axial positions. The rate of
su6=~titution of H20 by an incomihg ligand for porphyrins with
dift~rent peripheral charges (shown in figure 1.4.1) are
compared in table 1.4.4.17,18,19 The two reactions
investigated were,

po!:'phyrin(H20) 2 + L ~}porphyrin(H20)L + H20 1'1

porphyrin(H20)L + L ~ porphyrinL2 + H20 k2

Table'" 1.4,.4 Observed rate constants for the s,ubstitution of }~:~'\
H20 by CSHSNor SCN- in two porphyrins.17,18,19

Observed Rate CoTMpypS+ CoTCpp3-

0.7 2.1
2.BX104

c·

C5HSN
l~5XI02
1.8X106

Constant / s-l r ·'SCN'"

1.4XI03
2~lX1032. •.8

CoTMpypS+tetr:;ikis (4 ,..N-methylpyridyl) poxphd.necoba'lt (III)
CoTCpp3- tetracarboxyphenylporphi,natbcobc!Ll tate (III)

:",ii

The large amount of electron density pLaned upon the
cobalt(III) by the porphine ligand mi3:kest.he Co(III) Leaa
positive, more like <;0(.11) r and stabilizesl a f.:i.ve-coordiI1late
reactive intermediate during the cours_e of: the substitution
reactions .18 NegativeOty charged subat.Lcuent.s c.qncentrate
electron density at the metal atonl, whilst positively char-qed
substituents delocalise electron density •. For the pyridine
ligand, where Coulombic effects play no rc)le, changing front a.
positiv6ly- to a negatively-charged porphY:tin periphery

i

Lnczeaees the: rate of the Co(t!l:I) -H20 bond '\~bf"eakingrate
determining step by over 3 orders of magnJ.tt~e. The major
influence of the porphyrin peripheral sub~Jti·tuenls is' thus to
modify the degree of electron delocalis1'l,tion at the porpbyrin
core which in turn manifests itself in a ois effect. ,\
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1.5 AIMS OF TliIS PROJECT

Although e:g;tensive 't>lorkhas rieen done on the trans"'effect; in f/'

cobalam.ins1, tess ,has be~n done with,DACbecause of inrrenj/"
difficulties in its synJbesis,3 and problems associated Y"]it,~:f
its instability in air. 511 Far less work has been done on t~e
c.is-effect in corrins because of difficulties in ohtaining a
series PI models with sequentially'iu.creasing degrees of
unsaturation without. the alteration of any other structural
fea,tures., The present work was inbmded to,

(1:) elaborate on the data sUpporting C:I. k.tX1E~ticand
II" ,:.

thermodynamic trans-" ef"fect in DAC,_,.'.,' ".:-~"~"""""""". " ' ~:.;.s'-/ "~~;T:~:~ '-\ .- .~

(2) ,.determine the) relat,~onshi};) bet? \. li~gre~o:£:
ma\::rocyclic unsatarrat.Lon and the L ': J~>,;, ':!;t~'ff~ctusing

,', Tang's model compounds.lO,ll (±:1,rtL\,\:.J:'3:{))y'«(~
_ _ _ -r,;J, " -''_ - ',,)\

-')},-"

~?>' _ _ __ _ __ " _, _.:' , _", _ - _ _ _ _ .-l/
Although muchwO:;',:kh~'" been done on bhe mecham sm of ligand

" \.: .
substitution in aquocobalamin, disagreement still exists as to
whethe.r the mechanismis purely dis~t~q;ia1;.J.;re,p14,22,23,24,25,
or in,ter9hange dissociative, In23,26,:tz A novel approach to
.this question, using saturation kineti,cs is described here. A
similar approach 'Wasthen used to determine the mechanism of
ligand substitutiop in DAC.
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2 SYNTHESIS OF DIAQUOCOBINAMIDE (DAC)

Diaquocobinamicte was prepared .from cyanocobalamin (vitamin B12)
via the intermediate aquocyanocohtnamige (Factbr B). Cobalamlns,
unlike cobinamides, possess a heterocyclic base capable of
coordination to the central cobalt ,ion (figure 1.1.1). Two
methods for the cleavaget of the phosphate group, and its
accompanyi:ng heterocyclic baae , are known. Fairly vigqrous acid

, , !I

conditions, (e.g. concentizabed !tCl at 65°C for 5 minuttes)
Q.. .... .. h

promotes _,hydrolysis of the nuc1:eotide side-chain 'iJith little or
~ 1no hydrolysis of the amide.side chains. Alternatively, as used

in this work, ceriwn(III) hydroxide can be used as the catalyst
for hydrolysis.30 The hydrolysis product, dicyanocobinamide, is
convez t.ed to Factor B..~~. acid hydrolysis of one of 'che
Co(III)-CN- bonds.2 Cleavage of the second axial CN- to form DAC
is not So si.mply achieved since this CN- is very firmly held (~
fl.JI:ma'tionconstant of log K - 14 versus log K - '8 for the f ir::,t
C~-)1,28.

Twomethods for effecting this second CN- substitution have been
:reported. Firstly, NaBH4can be used to reduce Co(III) to Co(I) I'

and a subsequent reaction with CH31would then produce
Xllethylcobinamide. Photolysis of the cobalt-methyl bond' would then
lead to the formation oFDAc~"'=-Thesecond and 'mora popular method
;.nvolves the direct photolysis of the Co-CNbond in acid. A
streani' of nitrogen gas is then required to re~ove the HeN thus
:formed.3,28 C<='mpleteconversion of Factor B to DACusing this
method has r in certain cases, been reported. HoWever, cobalamine
and cobinarnides are known to be llnstable when exposed to light
and hence irradiation of Factor lBto produce DACwould be
expected to result in SO·1ephotodegradation. Photolysis invol v7s
the production of free radicals which, in the pre~ence of air,'
prOduce stable yellow corrinoids (degradation products), as shown
by an increased optical density of the solutiOr. at 455 nm.3 The
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100% conversion of Factor B to DAC thus seems unlikely and an
alternative method, not requiring the presence of light, Was
sought. Prof K.L.Brown kindly supplied us with such a metho'd,
involving the reduction of Co(III) using zinc wool.29

2.1 SYNTHESIS OF AQtWOCYANOCOBINAMIDE (FACTOR B)

All reactions involving cor.rins were performed in a dark room,
since co' 'ins are known to be sensitive to light, decomposing
in'to a variety of unidentified compounds, collectiv~ly known
as stable yellow corrinoids.1,3,5,29 It is believed that the
stable yellow corrinoids are produced by a reduction of the
cobalt ::5bllowedby an irreversible ring oxidation or some
other corrin ring ~(Rodification.1 When not in use, synthesis

1\

intermediates were\'·13toredfrozen.

Conversion of Vitamin E12 to dicyanocobinamide30

The number of molecules of water of crystallization associated
with a molecule of vitamin B12 illthe solid state is not .constjint, and thus the amouiit of vitamin in a sample of solid
vitami>.lBI2 cannot be determined using a simple mass
measurement. UV/VIS spectroscopy can, however, be used to
determine the effect.ive molecular weight of a sample by
measuring the absorbance of the sample at 367 Inn after
reacting the sample with NaCN (A367 dicyanocobinamide = 3.04 X
104 dm3 mol-1 cm-1)28.

A solution containing 0,5972 g (0.378 n~ol) of vitamin BI2
(effective molar ma[-,>sof 1580 g mol-I, true molar mass of 1350
9 m()I-I) (Roussel), 7.1651 9 Ce(N03)3.6H20 (Aldrich), 0.3863 9
NaCN (Merck) and 15 ml 2 mol dm-3 NaOH, dissolved in 150 ml
water, was refluxed at 14SQC for 30 minutes. The pH of the
cooled mixture (6.1) was adjusted to 9.0 using 10 mol dm-3
MaOH. cezous hydroxide, present in the reactiol~ mixture as a

'\1
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precipitate, was remqved by centrifuga~ipn oJ: the mixture at
,;!/ .. . ,. "I

9000 rpm for 10 minutes. The precipitate was washed six tim~.s
with a solution of 50 ml water and 3 Inl 30% aqueous ammonia.
The washings were COmbined with the supernatant of the
reaction mixture and concentrated down- to 150 ml by flash
evaporation. )The solution was then tiltered to remove trace
amounts of cercus hydroxide.

HPLC analysis (detai:tp in appendix 13.3) of the purple
reaction mixt.ure usin(:;Jan analytical 100 mm X 4.6 nun CIS
reverse phase column with a 5 IJ m particle size (Brownlee
Laboratories) indicated that a 75% conversion of vitamin B12
to df.cyanooobf.nami.dew.as achieved. It should be borne in :mina
that azea counts under: the HPLC chromatogram peaks are only
usef.ul in providing a zouqh estimate of the. .concenceat.Lon of a
certain substance in a given sample because the respons~
factor at the monitoring wavele;ngth (here 360 run) differs for
different substances.

The pH of the solution was adjusted to 3.15using glacial
acetic" acid. Organic components of the solution were extracted
into 10 successive 20 ml portions of 1:1 phenol/chloroform
(58 •8 g phenol in 50. 0 ml, chlorofonn). The purple product
(dicyanc.Scobinamide) was completely extracted in the first six
0xtractions, whilst a yellow product~ taken to be stable
yellow corrinoid species, appeared in the later extractions.
The stable yellow components were discarded together with the
aqueous phase containing the inorganic salts.
Dicyanocobinamide was diluted with 400 ml ethe:r:and extracted
back into the aqueous phase (400 1\11in 10 portions) •.The
aqueous phase, washed twice with 200 ml of ether, was
concentrated down to 300 ml by flash evaporation.
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Conversion of dicyanoeobinamide to Factor a30

Cleavage of the first Co-eN bonds was achieved by adding 2 ml
5 mol dm-3 acetic acid to the dicyanocobinamide solution,
producing HCN and Factor B. The product. solution was
concentrated down to 5 ml whereupon 25 ml water and a further
2 ml 5 mol dIn"'3 acetic acid was added. Acetic acid and water
were removed ona vacuum pump to yield dry Factor B.

A 2.5 ell!X 35 em gP-Sephadex C-25 (Pharma.cia Fine Chemicals)
cation exchange column was conditioned by passing 400 ml 0'.010
mol dm-3 NaCI through the column. Chloride ions were then
removed by passing 150 ml deionised water through the column,
until no more chloride ions were detected (A9N03)' usIng water
as the eluent, 2 fractions t'lereobtained; the first fraction,
seen as a distinct red band, was identified as unreacted
Vitamin B12 from the first reaction, whilst the second
fraction, a purple band, was subsequently shown to be
dicyanocobinamide. Changing the eluent to 0.1 mol dm-3
NaCH3C02 produced a red/orange band subsequently shown to be
Factor B. Further eluti.on using 0.1 mol dm-3, and then 0.5 mol
~~3 NaCH3C02, produced two more fractions, the first, an

1-'--;

orange band believed to contain a mixture Or Factor Band
stable yellow corrinoid species (SYC), and the second, a pal~~
yellow fraction, containing only SYC. Identification of all
five fractions was confirmed using UV/V!S spectroscopy and
HPLC analysis. The column elution was completed using 2 mod,
dm-3 NaC!. Two more bands were collected, a diffuse pale
yelloW band containing more SYC, and an amber band containing
a mixture of E'actor B and stable yellOW species.

Figure 2.1.1 below gives the UV/VIS spectrum and HPIIC
chromatogram of Fraction 3, the fraction believed to contain
only Factor B. The small shoulder between 570nm - 600nm on ,the
UV/VIS spectrum suggests a small dicyanocobinamide impurity in
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this fraction. Table 2.1.1 gives the elution pr.ogra.mused ,;fq.r

tne aPLC analysis. As explained in the previous chapter,
Factor B.'Ls present as two isomers. The relative orientation
of the cOl~rin sid.e chains and the slight deviation :h"om
planarity of the corrin ring result in the corrin molec~;lle
having an "upper" and a "lower" face; hence whenJthe two axial
ligan,dsare not identical, two geometrical isomers are
possible.28 The chromatogram has the characteristic two peaks
produced by the t~lo Factor .a isomers, but indicates a further
substantial peak with a retention tim!::(RT) of 9a21 minutes. A
sample of Factor B, kindly donated by Prof K.L.Brown, was.
similarly analysed by HPLC and seen to give the same 3 peaks.,
Using the same elution program, but changing the buffer pH
from 7.4 to 3.0, produces a chromatogram of Factor'B with only
the expected two isomer peaks evideIlt. This indicates, as
suggested by the UV/VIS spectrum, that the extra peak was
produced by dicyanocobinamider and that at low pa one axial
CN- is released as HeN.

UV /VIS spect:roscopic guantification of the corrinoid species
"in the various fractions, indicated in Table 2.1.2 was
achieved by conversion of the relevant corrinoid species to
dicyanocobinamide by addition of NaCN. (A367 dicyanocobinamide
= 3.04 X 104 d.m3 mol-1 cm-1).28 Comparison of the amount of
~~actor B determined using UV /V1.S spectroscopy (74%) and HPLC
peak integrations (75%) shows that the use of HPLC peak areas
as a measure of the' concerrtrat.Lon of a corrinoid species is
adequate f.orrough measurements.
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/1u
Figure ?f,'J..1 (a) UV/VIS spect:z;'um, (b) BPLCchromatogram (pH

, .'.\ i

7 .4) artd~, '(c) HPI,C chromatogram, (pFI 3.0) of the fraction
obtained :Er9mthe cation eJtcharige column which waS identifietl
as Factor B (Fraction,3).
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Table 2.1.1 HPLC elution:~'programto analyse the fraction,
believed to be Factor B (Fraction 3), on an analytical 100 rom
X 4.6 romCIS reverse phase column.

,

AcetonitrileTime % 50 mM Phosphate ,% Flow Rate
I min Buffer (pH 7.4 or I ml

3.0) min-l

0 95 5 1.5
5 95 5 1.5

10 70 30 1.5
15 70 30 1.5
16 95 5 1.5
20 95 5 STOP

Fraction 3, containing Factor B, was concentrated and aesalted
u.sing the same phenol/chloroform and ether serial extrac;~ions
described above.

Table 2.1.2 Distribution of the various corrinoid reaction
products (from 0,378·mmo l, '\ritaminB12) aft,er separation on a
2.5 ,cm X 35 cm SP-Sephadex C-25 cation (Na+) exchange column.

-
Fraction iAmount / mol % Composition

of Reaction
Mixture,!"

1- vitamin B12 1.90Xlq-5 .0"
2- Dicyanocobinamide 2.36XIO-6 I

3- Factor B 2.78XIo.--1 j .'
4- Factor B + SYC 2.77XIO-6
5- SYC
6- SYC
7- Factor B + SYC 1.67Xl0-5 4.4

~
TOTAL 3.19xlO-4 84.4
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2.2 SYNTHESIS OF DAC

Factor B (3.3 X 10-5 mol)" was dd.ssoLved in 50 ml 5% (w/v)
" ~:';

N?4Br in methanol in a 3 necked round bot.t.omed flask capped
with :;;erumstoppers .with a glass frit gas feeder. A~gon,
passed through a prebybbler contain.ing.methanol. to prevent .evapqJ;ation, was used to deaerate the solut.ion thoroughly for
1,,5 houz s s' .zinc wool (0.5 g), fresh,ened with 2 mol dm-3 Hel
for a few minutes, was rinsed with methanol and added to the
flask. The reduction proceeded for 1.5 hours under the

Iicirculating inert atmosphere. ~~he orange solution turned
brownish/yellQlil~ Brown indicates that the solution should turn
dark blue/grey at this point.29 This colour change is probably
indicati VE.\ of the reduction of Co (III), pr.~l~.rentially a
6-coordinate species, to Co(I), preferentially a 4-coordinate
speoies. 1 The axial ligands, H20 and err, would then be
released into the methanol. A yellOW solution is more.
indicative of a'reduction. to Co (II) I preferentially a
5-coordinate species.1 If the reduction proceeds via the
scheme shown below, then an equilibrium condition exists
between the two reduced ions, with the Co(II) in the majority
in this il').stance.

e- + Co(IIl) ~ Co(II)
2CO(II) ~ Co(III) + Co(I}

The solution was r;:anulatransferred into 100 ml 1 mol dm""3 Bel
and left for a further 1.5 hours under argon. Free eN? ''flas

protonateq. to form HCN, a gas which is insoluble in m~ihanol,
;\\

and Was thus vented off with th$ circulating Ar. When the
reaction solution was exposed to air, the CoCI) or Co(II) was
.reoxidis:edto Co(III). In the absence of CN-, D,~C is produced.
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The solution was then desalted by extr,rction into 10
sucoeaskve 10 ml portions of 1: 1 phenJ1/chloroform. The
organic 19-yer was wash,ed 3 times with 1 :moJ .:iIi{-3 HCI, dilute?, (,
with 300 ml ether and back extr?'pt6d into water (150 ml in 10)

-'

portions). The product Was analysed using reve:r:'se phase
analytical HPLC, using the eluti'.)n program in table 2.2.1

"Table 2.2.L HPLCelution program to,ana~yse DACreaction
mixture on an analytical 100 rom X 4.6 nun CIS reverse phase
column.

:~iTime % 50 roM KH2P04 Acetonitrile Flow Rate
I min Buffer (pH 3.0) I ml

min-1

0 95 5 2
10 I' 90 10 2,.

15 60 40 2
20 60 40 2

20.1 95 5 ~TOP

Table 2.2.1 HPLCelution pJ:"ogramto analyse the DACreact.i.on
mixture on a semi-preparatory 250 rom X 1~1mm C1S Aquapor~,

'<!

reve:t:se phase column.

=;

1% 50 roM KH2P04'J:.'~me % Acetonitrile Flow Rate
! I • IBuffer (pH 3.0) I mlm.Ln

~in-1
.:

a 95 5 5
15 94.5 5.5 5
16 60 40 5

25 60 40 5

25.1 95 I 5 STOP
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Table 2.2 •.3 HPLC eluti0n program to analyse the separated
fr'actions of the DAC reaction m,\xture on a semi ··preparatory
250 nun K 10 rom C18 j!\_quaporer~\vers.:!phase COlUIrUl.

"

~====~,~=:======~======r===============r=======~
Time % 50 roM KR2P04 % Acetonitrile
I min Buffer (pH 3.0)

Flow Rate
/ ml
~in-1

0 95 5
8 90 10

12 c.; 60 40
20 60 40
20.1 95 5

5
5
5
5

STOP

Figure 2.2.1 (a) shows the chromatogram obtained. Using a peak.
area estimate (345 nm) DAC constituted 83% of the reaction
mixture. The remaining peaks on the chromatogram are
attributed to Factor B (verified by spiking with the starting
material) and the inevitable degradation products. A
'semi-preparatory 250 rom X 10 rom C18 Aquapore reverse phase
column with a 20 .~m particle size (Brownlee Laborator~es) was

!; ~

used to a,ttempt''aseparation of the various reaction mixture
constituents. Table 2.2.2 indicates the E:::iutionprogram used
for the separation. Figure 2.2.1 (b) indicates how the eluti'on
program was designed to optimise the separation of DAC from
the remaining unwanted reaction components. The arrows on the
chromatogram indicate at what points the two fractions were
collected.
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Figure 2.2.1 HPLCchromatograms
elution program in Table 2.2.1,
elution program in Table 2.2.2,

of (~;) reaction mixture using
., J!

(b) reaction' mixtur;'e using
(c) fraction expected to

contain pure DACusing elution pr(,')gramin Tabl:~ 2.2.3, {d)
Ii

fraction containing starting material and. stab'le yellow
coza..inoid species using elution program in s;rable 2.2.3.
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;1

The two fractions were reanalysed using a modified elution
program given in Table 2.2.3. Figures 2.2.1 (c) and (d)
indicate tIte chromatograJ.'nsobtained. Improvement in the
pezoent.aqe purity of DAC '\',AJaS small, increasing at best to 96%.

,,/

The inability to achieve a 100% pm:e DAC sample Q~ing thIs
separation tet!hnique is likely to be a consequence of "the
instability of DAC in air~3;5 Ford et al. reported that
changes in the abso:r:ptiol1spectrum of DAC \lere pronounced
after only a few days, even when solutions were maint.ained
frozen.5 Exposure of DAC to air during the laborious
separations probably negated the expecxed improvement in the
percentage purity aChieved by the separation. The DAC solu.ti!on
was nevertheless obtained free from starting material (Factor
B) by, this procedure.

The DAC was concentrated and desalted once more using
phenol/chloroform and.sther serial extl.7actions~ The pink
so~htion was stored frozen und~r argon. In subsequent
I,'rJpetitionsof this synthesis, the separated DAC was .not;
desalted because desalt.ing using phenol/chloroform or benzyl
alcohol extractions". has been implicated in the. formation of
stable yellow corrinoids.3,.29 Ultra-filtration3 an.d high
voltage paper electrophoresis5 have been l:eported to zemeve

electrolytes without effecting fUr'thel:'degrradation of t.he
sample, but these methods was not attempted here. Comparable
problems with exposure of· DAC to air during these separations
was not reported. PAC ~las.then stored frozen under a:r:'gol1in !a

c:

solution containing some phosphate buffer salts~' HPLC analysis
of the sample 6 months later indicated only very li.ttle (1% ...
3%) degradation o.f the sample du:dng storage.
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2.3 OPTIMISATION OF THE CONDITIONS USED IN THE SYNTHESIS OF
-DAC FROM FACTOR B

Percentage yields for the conversion of Factor B to DACusing
Brown's method29 varied from 75%to 93%. Reaction mixtures at
the end of the syrrthes i.s consisted of three components:
unrerJ/~ted starting material, DACand stable yellow corrinoid
species. Optimum reaction conditions were thus investigated in
the hope that the yield of DACCQuid be improved and that the
conditions contributing to this yield could be better
understood.

\

Investigat.ion of· an· Alternative Reduci,rJ.gAI1ent

fncomplete conversion of Factor B to DACand st.able yellow
corrinoid species is probably the result. of incf..)mplet.e
reduction of Co(III) to Co(I) by the,. zinc Wool" NaBH4was thus
investigated as an alternativ'e red1;'~cing~g~l1t. Preliminal:Y
spedtroscopic studies of degassed Factor 13in met.banol pefore
and after addition of degassed aquedus NaBH4suggested "'chat
the Co(III) had be~n successfully reduced to Co(!). Figu.re
2 •3•1 'shows the UV!VIS spect.rum of the reaction mixture before
and after the addition of NaBH4' The solution changed from an
orange/red {co3+} to a grey (Co+) colour (maximumabsorbance
shifted from 350 nm to 391 um).

The synthesi.s of DAC from Factor B wa.s then attempted using
NaBH4as the reducing a.gent. Factor B (3 mg, 3 fl mol) was
dissolved in 100 -'il± methanol and deaerated using nitrogen for.
1.5 hours. NaBH4 (0.2 g) (Merck.) in. 10 ml wat.er was similarly
deaera:ted for 1.5 hours, t.hen ca!l,1.l1atransferred to the:",JJ'2.CCbr
B solution. After 15 minutes the solution had ..turned ambez.,
and not the expected grey. teaving the reduction. to continue

I:
for a fu,~ther hour had no effect on this colour change
(verified spectroscopically). A further 0.2 g NaBH4was added

I)
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to the solution •.1\ virtually instantaneous colour ohange to
grey WqS observed. Deaerated acetone was immediately added to
scavenge excess boro.hydride. Deaerated 12 mol dm-:-3 Hel was
added dropwise to the solution until the pH dropped from 12 to
3. The solution was then left under nitrogen .fo:ca further 1.5
hours. Using a oanu.La, 100.ml deaerated 1 mo l, dm-3 ncr w'as

/ \added to the solutio ....'which was then ].eft under nitrogen for a
further 2 hours -.l1PLC analysis of the reaoticm mixture
(elution program in table 2:2.1) indicated that complete
conversion of Factor B had ocourred, though cmly 58% had been
converted to DAC. The rem~ining amount of (lFac;torB was
converted to stable yellow corrinoids. A sub~~tantiallY larger
pr~portion of stable yellow corrinoids is thus produced when
1~aBH4 rather than zino wool is used as the red,*c;:i~gagent.

\:/

Figure 2..3.1 UV/VIS spectrum of DAC before and after the
addition bfN'EtBH4'

0.7

0.6

0.5

ill
0 0.4z-c
~
0 0.3til
Ol-c

0.2

0.1

0.0
.1300

WAVEL~NGTH / nrn



Page 34

Investigation of an Optimum.Reduction Time
,

Cond.i tions 't'lere then investil,3'ated to improve DAC¥ields using
zinc wool ';l.S the reducing agent. Tl~ezeduct.Lcn time is one
factor which was considered. Factor :B was r~duced as described
in the previous section (2.2). Samples l>lere-~ithdraW'n from the
reaction mixture at regular intervals, added to the equivalent
amount of 1.0 mol dm-3 Hel, and 9.l1al,ysedusing Hl?LC(elution
program in table -2.2.1). Solut;ions were not left standing in
acid under a circulating iI;I~rt atmosphere and hence the
over.;ll DACyields were/lbw" Comparisons between the solutions
are nevertheless" use£l):l and an optimum.reduction time of -1. 5
hrs was confirmed •• Figure 2.3.2 indicates how the composition
of the r'eact.Lon IJl;i.xture chanqe s with I:'reduction time.

Figure 2.3.2 Changes in the reaction mixture composition in
the conversion of Factor B to .DACwith zinc wool as a function
of reduction time.
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Inv~stigation of artoptimum AcidConcentratiQ!!

The effeel'cof the. concentration of the acid on the conversion
of Factor B to PAC was then investigated in the same manner ;as
described above far th:e determinat.,ion of an optimum reduction
time. Samples were again analysed immediately and not left for

"some time under a circulating inert atmosphere to allow the
elimination of CN- as HCN, and thus the percent conversion of
Factor B to DAC is again low. Nevertheless, table 2.3.1 does
indicate that increasing the concentratiort.of the acid
resulted in a decrease in the percentage conversion of Factor
B to DAC and a corresponding increase in the percentage
decomposition products. ijxposure to any acid is likely to lead
to some detJ.radation of the cobinamide, but is nevertheless
necessary in order to facilitate removal of CN- .;I;.S gaseous
HeN.

'~
Table 2.3.1 R~lationsh:i.p between acid concentration and the
percent conversion of Factor B to DAC.

[HCl.] % Conversion 9;f

/ mol drn"::S Factor B to DAC
,.

0.25 33.5
0.5 30.6
1.0 22.7
2.0 21.9
3.0 16.1 -_
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Investigat.ion of an.Optimum Time for Exposure to the Acid

Samples of the ~eaction mixture produced during the NaBli4
reduction e:x:perimentwere extracted regularly and analysed
using liPLC (elution program in table 2.2.1) to determine t.he
percent conversion of Factor B to DAC. Table 2.3.2 indicates
the relationship between the time the reduced Factor B was
left in acid and the percent conversion of Factor B to DAC. An
optimum time of 1.5 hours was confirmed.

Table 2.3.2 Relationship between the time tl1at the reduced
Factor B is,,, left in acid and the percent conversion of'.~actor
B to DAC.

Time % Conversion of
I min Factor B to DAC

40 31
60 38
90 56

120 55
US 58
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2.4 COMPARISON OF BROWN'S SYNTHE'rXC TECHNIQUE29 WITB OTHER
LITERATURE METHODS

It is difficult to compare the results obtainy4 using Brown's
synthesis29 with those involving photolysis f io:r~either Factor
B directly29, or of the methylcobinamide intermediate3• At
best, using Brawn's synthesis, a 93% pure DAC sample was
achieved, though percentage pUrities as ..low as 75% were also
obtained on occasion. Brown reported that his sample was 85~
pure.29 All these measurements were taken direct.ly from the
integration of the peaks in the HPLC chromatogram, and thus
a:t;:~,susceptible to ~,;:rr':)rdue to incorrect integration of the
p~~k area (a probl6ri.Cassociated with tailing peaks as was
found in the chromatograms of DAC), as well as ..,the error
introduced because of the different response factors at
different wavelengths of different substances. Earlier,
however, it was shown that BPLC peak integration is suitable
for rough quantifications. Pratt reported no detectable levels
0f hy<;lrol.ysisproducts when he used the technique of
photolysis of Factor.B'to produce DAC3, though other authors
were not so fortunate.S Thin-layer chromatography was the
technique\::ited for analysis of his DAC sample. HPLC is a :far
more sensitive technique and analysis of his reaction mixture

-, .
using this technique might well have .yielded a different .
result. Brown investigated the reaction products of the

J.~'

photolysis of methylcobinatnide using HPLC. He reports
achieving DAC percen.tage purities of around 70%.29 Brown'S
method of synthesi:\Sis thus superior to the methylcobinamide
method, but cannot be comparedto Pratt's method until
comparable HPLC :analyses of these reaction mi:'{turesare done.
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3 THE ACID DISSOCIATION CONSTANTS OF COOlmINATlilDWATER, IN
DIAQUOCOBINAMIl)E

Spectrophotometric titrations of DAC were used to determine the
acid dissociation constants of its bIO axially coordinated. 't>late.t,.
molecules (pKI and pK2). The cobalt corrinoid mo.l.ecuLes are well
suited to spectroscopic investigati.on because their e~ectronic
struct,ureR are profoundly altered by the. nat.ure of the ligands
att,Slchedto the metal atom.1 As previously described, this
characteristic WaS exploited in the synthesis of DAC, where
colour changes ~lexe used to identify reaction intermedicQes and
products. Spectrophotometric investigation of deprotonation
equilibri.a reflect ..only those changes directly involving the
9hromophore (l.e. changGs in the conjugated ring itself and in
the nature pi the ligands axially coordinated to the cobalt(III)

\\atom) and not changes oocur'Lnq at the periphery of the molecule
(e.g. possible hydrolysis of the amide side chains).28

Table 3.1 gives available values of the acid dissociation
constants of DAC's two axially coordinated water molecules. The
effect of temperature on these quanti ties has not yet he.en
investigated~ Such information is important tor th~ kinetic

~~..."investigations described in subsequent chapters, and hence the
relationship bet~ieen temperature and these values was dete.rmin~~d.
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Table 3u.1· LiteratU17e values of the acid dissociation constants of
\ .:~

the two axially coozdd.naj ~r.j water molecules in DAC at 250 C and an
( ,

ionic strength of 0.2 mO.:lJaIn-3, staIldard deviations' in
parenthesis.

DAC ~ ABC + H+ 5 • 40 ( 0 • 05 ) 5
5~~ (0.1) j

Equilibrium pKa Reference

ABC ~ PBC + H+ 10. 30 (0. 07 ) 5
10.3 (0.2) 3

3.1 EXPERIMENTAL PROCEDURES

The two deprotonation equilibrium constants of DAC were
measured at four ciifferent temperatures. Figure 3.1.1 below
indicates the arrangement of the appi:'ratusused in the
deter:minations. An~a.gueous solution of DAC (80% - 95% pure,
5. X.10-5 mbl dm-3) with an ionic strength of 1.a mol dm-3,
achieved by using appropriate amounts of NaCI04, was placed in
tl1e reaction vessel. The reaction vessel, surrounded by a
water jacket insulated with cotton wool and aluminium foil,
and the spectrophotometer cell holder were maintained at the
required temperature by a circulating water bath (± O.PC). A
peristaltic pump was used to transfer a fixed quantity of
solution from the reaction vessel to the cuvette in the
speptrophotometer cell holder. The cuvette hence remained
sta{t.ionaryt.hzouqhctrt,the titration. Measurements were

II· .

pez ilozmed under reduced Li.qht, conditions to minimise
degradation of DAC. Solutions of BCl and NaQll (1.0, 0.1 and
0.01 mol dm-3), were transferred by means of a capillary tube
to the reaction vessel to alter the soluti.on's (pH d'l.l,J:'.ingthe

IItitration in steps of o. 01 to O.05. Volumes adqihd.·~w'(l'.raaJ.ways
j/: .•
if
\



very small in order to minimise the volume change (and hence
the. concentratIon 01: DAC)during the course of the titration.
The pfI electrode, immersed in the solution" measured the
solution's pH following addition of either acid or bape. The
pE of the equilibrated solution was measured, an aliquot was
transferred to the C,U'i.?etteand the absorbance of that solut1ol1
at a specific wavelength was",then recorded.

Figure 3.1. 2 Belo\>7shoW'sthe UV/VIS spectra of DAC,'\
\\

aquohydroxocobinamide (AHC), and dihydroxocobinamide\(DBC).
ABCcan exist as two isomers an~ thus tp~ spectrum ot\1)ABCis
an a,verage of the spectra of the two is~~ers. From th~se

\'

spectra, waveleXJgths were chosen where a maximim absorbance
change adcomparlled a deprbtonation. 'wavelengths of 278 nm and
344 run \;'1erethus identified. For the first equilibriul,l
(DAC~ AHC), isosbestic points were observed at 341 run and 357
nm. For the second equilibrium (ABC~ DHC), isosbestic points
were observed at 341 n:mand 377 nm.

Figure 3.1.1 Apparatus used in the determinations of thi(acid
dissociation constants of the ~:woaxially coordinated water:
molecules in DAC.
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Figure 3.1.2 UV/VIS spectra of (a) DAC
(c) DHC at 25°C~3

'(b) AHC •• ~, and

X/nm

3.2 R~SULTS

Tables 11.1.1 - 11.1.4 in. the appendix give the absorbance
data collected as a function of pH. For data collect~d at
35 e :0oe and 25.O°C, the absorbance chanqe at: 278 nm and 344 nm
was collect,ed over t.hewhole pH range. The data collected for
these titrations indicated that the first eguilibrium, was best
followed at 344 nm, whilst the second equilibrium was best .
followed at 27'8 .nm, though it can also be adequately followe'd
at 344 nm. suitability of the selected wavelength was based on
using the wavelength at which the largest absorb~;nce change
accompanied deprotonation. Thus, ;Earthe other two
temperatures investigated, absor'bance change as a function of
pB in the acid to neutral titrat~..on was only followed at 344
nm, whilst the neutral to basic titration was followed at 278
r'lVl' Problems encountered with the spectrophotometer's
m6nochromator necessitated duplication of ,~ome titrations.
Data analysis (described lat:~r) was, whenever possible,
performed on these duplicate data. sets.
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3.3 ANALYSIS AND INTERPRETATION OF DATA

The two reactions of ~'interestare,
DAC '~ARC + R+ (Kal)

AIlC ~ DBC + H+ (Ka2)
\'.

II
[H+]eq[AHC]eq fa+jeq[DHC]eq

Then, Kal ._ ... _ ... _ ....... i.;", .... _ and, :Ka2 -
[DAC]eq (ARC]eq

These observed ionisations of DAC are macroscopic pKas since
ABC can exiriitas two stereoisomers.

1]
II
\'

Coqsidering only the first equilibrium, then the absorbance
II, (!

measured when only DAC is present is Ao' If 100% conversion of
DAC to ARC occurs, then the absorbance at the same wave Lenqnh ,
due only to the ARC is AI- At any time during the equilibrium
titration, the absorbance measured is A. Appendix 12.1 gives
the derivation of equations 3.3.1 and 3.3.2.

A,o ...A
Then, Kal = (equation 3.3.1)

Similarly, considering only the second equilibrium: 1:1= 100%
conversion of ARC to l.)RCoccurs, then the absorbance at the
same wa'V'elength,due on.Ly to the DBC is A2.

Then, Ka2 = (equation 3.3.2)

Plots of log[ (Ao - A) /(A - AI) 1 ver sus pR at 25°C for the
first equilibrium, and log[ (AI - .fl..) I (A - A2) J versus pH for
the seccn-" ~quil,ibrium, determined at bot.h wavelengths gave
linear plots, shown in figure 3.3.1. 'This confirms the



assumption made in the equations' derivation that each
observed equilibrium correspcnds t:~Jthe transfer .of one
proton •

.lngure 3.3.1 (a.) loge (Ac - A}/(A - AI)] versus, pH at 2SQC for
data qpllected for pKal at 344 nm, (b) logE (AI - A) I(A - A2) J
versus pH. at 2"ooC for data collected .,for pKa2 at 278 nm,)L

(a)

".'j\,-.,l:/;
";:;., (b)

·\----_,_5~-~.l-6~-~.~
pH

HI

pH

One problem with such a plot is that the values of i~Of Al and
" ! >

A2 are not known and can cn+¥ be extrapolated from the raw
( /

datia , Values of pKal and pK~2' derived by fitting a, stl:aight
line to the data, will then be It!Fgely ..dependent on t.he
accuracy of these estimated absorbance values. An equa·tion was
thus derived (appendix 12.1) which would de.scribe the data

"
't>lithout any assumptions regarding the values of Ac, Al and A2
having to be made.

ADAC[H.+)2

Then Atotal -- (equation 3.3.3)--.-~,---.------......--------_....-"I-I

AAH.CKaI

+ ------------------------
KalKa2/[H+l + Kal + [H.+]
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+ -----------------~------
KalKa2 + ;;l[~+] 1\+[H+]{)

When a titrationc,to determine a single deproton.ation
equilibrium constant was, performed, data was fitted by one of
two simplified f.ornis of equation 3.3.3,

AAHC
then,. Atotal = ------------ +

1 + [H+I/Ka1
(equation 3 • .30. 4)

ADHC
then, Atotal = -------~---- +

1 + [H+]/Ka2
(equation 3. 3 •5).

Figures 3.3.2 -3.3.5 show how equations 3..3.3 - 3.3.5 were
o

fit\ted to the data tabulated in tables 11.1.1 - 11..1.4 (in
appendix 11.1). Table 3.3.1 below gives the optimised values

of ptal and pKa2'

CFigure 3.3.2. Spectrophotometric titration at 35°C, (a) data
. c6l1ect.ed at 344 nm, curve fitted using equation 3.3.3, (b)
data cQllected at 278 nrn, curve fit.ted using equation 3.3.3.

(a) (b)

J\~\4.r'lm
0.3. --'----~-~~........:.--.-,

0.~91
O.2~ •
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0.26

O.2~

0.24

0.23

0.22

0.21

o·~.s 4~--·5~57~s-· -;:;·.........10.5

pI! pl1
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Figure 3.3.3 Spectrophotometric titration at 25°C, (a) data
collected at 344 nm, curVe fitted; usIng equation 3.3.3, (b)
data collected at 278 nm, curve fitted using equation 3.3.3.

A34~n",

;Iil ••#o ••~••••••••
1!.46 •

Q.~S .

0.44
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3 4 7 II 9 10 11 1~

(b)
A!lf8nm1.2r-------------------~--,

5 6

pH

1 -

D.e -

:::'I~~·
o.a

o ' , !

2 3 ~ $ 10 11 127
pH

II

Figure 3.3.4 Spectrophotometric titra+-ion at 15°C, (a) data
collected at 344 nm, curve fitted using equation 3.3.4, (b)

.)

data collected at 278 nm, curve fitted using equation 3 ..3.5.
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Figure 3.3.5 Spectrophotometric fitration at 5°C, (a) data
collected at 344 nm, curve fitted using equation 3.3.4, (b)
data collected at 278 nm, curve fitted using equation 3.3.5.
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Thermodynamic parameters for the averaged deprotonation
equilibria Were determined using equation 3.3.6,

bHO .6.8"

In Keq = - -- +
RT R

(3.3.6)

Table 3.3.2 shows the data used to produce figure 3.3.6. The
'thermodynamic paralneters thus derived :are given in table
3.3.3.

Table 3.3.1 Acid dissociation constants of the two coordinated
water molecules in DAC, standard deviations in parenthesis.

F====F============~======.=========================- ~~
Temperature / °c

35.0 ± 0.1 25.0 ± 0.1 15.0 ± 0.1 5.0 ±0.1
()pKal 5. 56 (0•16)a

5.54(0.04)b
5.95(0.03)a ..6.14(0•03 )b
5.87(0.06)b

.i.:

5.91 6.14AV. 5.55

pKa2 9.40(o.02)a 9.S5(O.66)a 9.46(O.Ol)a
{7.90(O.05)b} 9.38(O.Ol)b 9.54(o.Ol)a

9.47 9.50Av. 9.40

a measured at 278 nm
b measured at 344 nm

6.04'(0.03)b
6.76(0.aO)b
6.40

10.:i.1
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Table 3.3.2 Data used to calculate the thermodynamic
paxamebez-s for the acid diS?sociation constants ofc> the two
axially coordi.nated water molecules in DAC.

T I °c T-l (K) In Kal In Ka:2

35.0 3.25 X 10"'3 --12.78 -21.64
25.0 3.36 X 10-3 -13.61 -21.81
15.0 3.47 x 10-3 ....14.14 -21.88
5.0 3.60 X 10...3 -14.7~ {-23.28}

lo"igure3.3.6 .Linear plots of data in table 3.3.2.

In K••
·12r-~----=----"_-

.n KaZ
:2I.1il.r---'--..-.....---~--..,

·13· ~.

-ai.e • /-/

.21.9~

·13.5·

.15'---- ....
0.0032 0.0033 0.0034 O.OO3~ 1l.003~

liT II: t(

Table 3.3.3 Thermody~amic parameters for the acid dissocl~tion
constants of the two axially coordinated water molecules in
DAC, standard deviations in parenthesis.

Deprotonation .6FI¢ 65" I
Equilibr.i.um I kJ mol-1 /J K...1 mol-1

DAC ...!>. ARC + H+ 44 ( 4 ) -35 (15)"
ARC ~ DEC + R+ 37 (15 ) -59 (50)"
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3.4 DISCUSSION

The measured value of pKal at .250 C compares well with. the
published values in table 3.1. The same, however, cannot be
said for the va.lue of P!)a2' Both Baldw'in3 and FordS collec,ted

,":' ,

data for both equilibria at 34.8 nm, whereas the data collect,ad
for pKal here w~s at 344 nm, and the data for pKa2 ~t 278~run.
This suggests that the discrepent pKa2 results could be a
;&avelength-dependent phenomenon. Howeve~, at 2S<>Cand 35°CI

data for both pKas were collected at boi wavelengths. At
25"C, the two values for pKal and pKa2' are, within'error, the
samer and hence a waveLenqt.h-depende '\)henomenon is not
supported. At 35"c, the two values fm.:pKal are very close
whilst tne two values .for pKa2 are very different. 'It is
however the measurement at 344 nmwhich appea.rs discrepent,
rather than that at 278 nm, A wavelength-dependent discrep.ency
is'thus not supported. Alternative reasons must then be sought
to explain the dd.sc.repent; set of pKa? v~lues, and the
exceedi~lgly low pKa2 value mea.sured , ·44 nm,

Marques has determined tl::· tempera~ure dependence of the pKa,2
of DAC.31 The.value obtained at 256C compares well with the .
other published results and hence these r'~sill ts (A aO = 27 kJ
mol-I, Ll S"::;:-;I,09 .1' K-1 mol-1) were used in subsequent
ca.lculat.ions (later chapters). Table 3.4.1 compares these
values to.those calculated here.
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Table 3.4.1. Dependence of the acid dissociation constant,.of
. . (/

the aXially coordinated water molecule in
aquohydroxocobinamide, pKa2, on temperature.

!,;

F================9r=============~'==~r"~'==============9
~t'emperatureI °c ~~a2 - Marques31 pI{12 "':,this work

5.0 10.77 10.11
15.0 10.59 9.50
25.·0 10.43 9.47

, 35.0 10.27 9.40

Both series exhibit the. same trend, with the magnitude of pKa2
decreasing,o-withinGreasing temperature. A moderate dependence
on temperature is evident in both cases~ A fairly consistent
difference exists between the two series, indicating that the
"slope" of the two series are similar. Experime~tal error

"associated with the pH measurement !90uld explain the
.\discrepent pKa2 series measured here~ An incorrectly

calibrated pH meter, as a result of a defective electrode or
defectiv~ standard solutions, could produce this result.
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4 BINDING 'CONSTANTS OF,., AQUOHYDROXOCOBINAMIDE (ABC) WITH FIVE

SELECTED LIGANDS

The prituary aim of this work was to measure the binding constants
of chosen ligands to ABC, and hence to determine the suitability
of these ligands iEor subsequent kinetic investigation. very srnijlll
binding constants, for example, complicate kinetic determinations
because detection of the sUbstituted product is more difficult.

DAC can exist as a mixture of four possible species, nAC, AHC
(the ~ - and (J '~isomers), and DHC, depending on the pH of the
solution. Baldwin et al. reported that OAC and AHC are
kinetically labile, whereas DHC.is kinetically inert.29 It was
assumed that the ligand substitution kinetics of DAC would be
more complicated than those for AHC since DAC has two possible
coordinated water molecules for substitution and hence multipnase
kinetics can be expected. In contrast, AHC, with only one wat~r
for possible substitution, was expected to exhibit much simp~,e~
kinetics. The hydroxide ligand was reported to helinert to '
substitution.1 Since the AHC sample comprises a mixture of the d
- and (3 +aquo complexes, biphasic kinetics were not ruled out •.
Kinetic studies, and thus preliminary binding studies too, were
then planned at a high pH (12.0), to limit the number of
observabh; reactions by ensuring that only one labile corrin
species, AHC (with two isomers), would be present.

-.
\.\
\\
\\

Three classes of ligands were identified for thermodynamic and
kinetic investigation, anions, aromatic amines and primary
amines. Six li.gands were chosen to investigate their binding
constants with AHC: sulphite, cyanide, azide, pyridine,
N-methylimidazole and 3-amino-l-propanol. With the exception of
S032- and CN-, all ligands \tlereN-ctonor ligands. An IF,spectrum
of the solid product of the reaction of aqu~?obalamin with S032-
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indicates that S032- honds tllrough sulphur.32 The CN- ligand can
potentially bind th;rough both its C and N ends, but only binding
through the C with cobalamins and cobinarnides has been reported. 1

Two st.ructu.,ralisomers of ARC are expected to exist,. and hence
two isomers will be pzroduced in their ligand sUbstitution
reactions. Pratt et al.33 Were unable to rr.·tectthe two expected

,,\

isomers when DAC was reacted with i:midazole and ammonia, probanly
because the differences in the spectra of the two isomers are
slight. Since isomers are present at equilibrium {f aqueous
solution in approximately equal amounts in all
cyanoaquocorrinoids so far studi'ed,l and in an approximately 2:1
ratio in the two cobinamide isomers,50 the 'formation constants
for the substitution of coordinated water by CN- in the two
differel1t coordination sites must be almost identical. Pratt
assumed that the same was true for the substitution of ammonia
and imidazole and hence the possible exis·tence of .isomers was
neglected.33 The same approach was used in this work. Equilibrium
constants zepor+ed here are thus macroscopic equilibrium
constants.

4: • 1 EXPERlME11TAL PROCEDURES

Equilibrium constants for the substit.ution of coordinated H20
in .AHC in aqueous solution (adjusted to pH 12.0 using NaOH and
an i~inic strength of 1.0 mol dm-3 using NaCI04) were
determined spectrophotometricall:y at 25.0°C (temperature
maintained ±O.loC with a circulating water bath). Preliminary
spectroscopic studies indicated the optimum waveleugth (refer
to table 4.2.1) for observing the absorbance changes which
accompany binding of the ligand. An in-cell titration of a
solution of cobinamide ([DBC + ABCl = 2XIO-5 mol dm-3) was
then performed by observing the absorbance change at the
chosen wavelength as a function of the amount of ligand added.
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The chot';enligands or where the ligands were charged, their
salts, werei NaCN (Merck), NaN3 (Merck) I 3-amino-1-prop'ail01~=
(Aldrich), N-methylimidazole (Aldrich), pyridine (Merck) and
Na2803 (Merck).

4.2 RESULTS

Preliminary spectI'oscopic investigations of the reaction of
AHC 'With 8°32- indi.cateqthat 8°32-- reacted with AHC to
produce stable yellow corrinoids, and hence this determination
was not continued. Firth et al.32 observed a similar reaction
when investigating the reaction of AHC with 8°32- at pH 14-15.
They obaarved t.hat,the treatment of AHC with a slight excess
of sodium sulphi:te showed a rapid and reversible equilibrium
with a reddish complex and also a slower, irreversible
decomposition which prevented a Cinantitative study of the,
first equilib~ium.

Figures 4.2.1 - 4.2.3 below show the TN/VIS spectra produced
during the titrations of ARC with cyanide, azidev pyridine,
N....methylimidazole and 3-amino-l-propanol. 'Table 4.2.1 shows,
the wavelengths selected at which the greatest absorbance
change accompanied the substitut.:Lon.Isosbestic points in each
titrat.ion are also given in table 4.. Ll. Tables 11.2.1 -
11.2.5 in the appendix give the absorbance ved.us the amount
of ,ligand added data for these titrations. Absorbance data are
corrected for dilution effects Which accompanied the
titration.
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Figure 4.2.1 UV/VIS spectra of the ti,tations of AHC (PH 12.0)
with (al sodium cyanide and (b) sodium azide at 2S.0"C.
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Figure 4.2.2 UV/VIS spectra of the titations of ARC (pH 12.0)
w'ith (a) pyridine and (b) N-methylil11idazole at 25.0°C.
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Figure 4.2.3 UV"/VISspectra of the titatloll of ABC(pH 12.0)
with 3-amino~'1-propanol at 25.0 °c.
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Table 4.2.1 Spectroscopic data assoc5.ated with the titrat.l.OI}
\ \\ IIof ABC w·ith the five chosen ligan,ds. <>, !(

'I Ligand

cyanide
azide
pyridine
N-methylirnida.zole
3-amino-1-propanol

Titratioti>
wavelength l nm

Isosbestic
points / urn

348
370

368
365
364

402, 544
/543
542
391
376
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Absorbance versus ligand concentration data can be analysed to
determine ligand bi.nding stoichiometry using a Hill"plot, as
was described in chapter 3 to determine deprotonation
equilibrium constants. For the re,action represented by,

AHC + nL ~ AHC"'Ln + nH20 (Keg)

It follows that (A - Ao)
Keq X [ligand]n

and log[(A - Ao)/(A1 - A)] (f
If

(\
(r'

Ao is the absorbance of ARC \\.
Al is the absorbance of the substitution product\
(100% conversion) !I

Ii

[ligand] is the oonceritaratri.on of free ligand

= 10gKeq + nlog[ligand]

where A is the measured absorbance

n is the ligand binding stoichiometry

If [AHC] « [ligand]totalt then [ligand]total - [ligand]free

This assumption is valid for all ligands investigated, e~cept
CN-, because log K values f?r the binding of these ligands to
AHC are modest~ Observed binding constants are macroscopic
PKeqs since a .sample of AHC contains two stereoisomers.

As discussed before, the inherent problem with such a plot is
that it requires accurate values for Ao and Ai i.faccurate
values for nand Keq are expected. Nevertheless the plot is
useful for determining ligand binding stoichxometry~ Data
collected when A - A1 were not used in these.plots because
small errors in A are magnified in the course of the analysis,
resulting in significant skewing of the fitted stihight line.
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Table 4.3.1 below, .has the values of n and Keg produced using~
the Hill plot. Figure 4.3.1 ind.icates the straight Li.ne.s fits
which were obtained.

Figure 4.3.1 Hill plots for the substitution reactions of ARC
(pH=12) with (a) cyanide, (b) azide, (c) pyridine, (d)
l'I-methylirnidazole, and (e) 3-amino-l-propanol.
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Table 4.3.1 Values for n and Keg for the subs..titution
reactions of AHC (PH=12) with the five selected ligands,
ob't.ad.ned using a Hill plot.

Ligand logKeqn

9.09(0.72)*
1.54(0.07j
2.75(0.06)
4.09(0.21)
2.79(0.15)

Cy~,nide
Azide
pYJ:idine
N-~nethyli.miclazole
3-amino-1-propanol

0.7558 0.5824 2.00(0.16)
0.1662 0.3100 0.91(0.03)
0.2466 O.40~l4 1.09(0.03)

:;.

0.5111 0.7520 0.94(0.05)
0.5867 0.8046 0.97(0.05)

*logKIK2
standard devii?:tioI':lJ:l....,.i_;nparenthesis

These results suggest that, in all cases except for !Cyanide,
only one ligand coordinated to the AIle (producing the
ligand-hydroxocobinamide complex, IlC-L). For cyanide, two
ligands appear to bind to ABC (producing the cobinamide
complex, NC~Co-CN). Cyanide is well known to exert a strong
trans-effect on other axial ligands.l This strong trans-labil-
ising eff~ct can b~ interpreted in one of two ways/, the net
results of which (sufficiemt'labilisation of the remaining
axial position to allow a second CN- substitution) are
indis,tinguishable. Firstly, the strong trans-labilisation of
CN- could increase the pKa of the remaining water in the
cyanohydroxocobinamide to a vallle greater than 12, so that the
equilibrium between the oa- and H20 trans to the CN""r)!would
shift in favour of the water. water is not substitutionally
inert, and hence a second substitution could occur. The pKa of
coordinated water in cyanoaquocobinamide (Factor B) is
reported to be 10.951, and hence only a very small proportion
of hydroxcyanocobinamide will be present as aquocyanocobi-
naroide at pH 12.00. A second possible explanation for the
observed bisubstitution is that, on"', gene;t:'allyinert
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to substitution, qpuld be labilised suffic,~ent~.yby the
trans-CU- to allow substitution of a second CN". Marques ,{,

Ifhowever' has shown that hydroxocyanocobinamide is inert to '\\
IIsUbstitution31 and hence the first mechanism is more likely to l

, ./;,'1
be operable. The other ligands investigated here exert weaker /C'

f/thus the,OH- remains firmly held by the If

/iII
\.\
\,As (Aplained in chapter 3, an equation can be derived to fit '

the absorbance data withollt PJ~;e-knO'tvledgeof the values of Ao
and AI- Equation 4.3.1, derived in.appendix 12.2, was used to
fit data from the azide, pyridine, N-methylimidazole, and
3-amino-1'-propanol tit:r:ations.The o~timised Keg values are in
table 4. 3•3. "

trans-effects, and
sUbst.ituted AHC.

For the reaction represented by,

[HC-L]
then,

(AHC] [L]

and,
AAHC + AHC-IJKeq[L]

A = -------------------
1 + Keq[L]

(4.3.1)

In the case of cyanide, two ligands bind to AHC. TWo mode+s
can be used to describe this process r a,sequential
substitution model where the reaction proceeds through the
formation Of a mono-ligated intermediate which, at higher
ligand concentrations, binds a second ligand to form the final
bis-ligated species,l,or a simultaneous sUbstitution model
where the binding constant for the second ligand is similar in
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magnitude to, or larger than, the binding of the first ligand
so that the the two substitution reactions canri)Dtbe
distinguis!xed.

~i~~-/'~ //
~ • pDerivation' of the equation describing the s~muiltaneous

sUbstitution model is in appendix 12.2 .e For th)'~simuitaneous
"

substitution model, the reaction uriaer considefation i~
represellted tv I \"

AHC + 2L.~ L-Co-L + 2H2o

Only azfC overa.ll equilibrium constant, {J 2, can be determined,

[L-Co-L]
{J 2 =

[AHC][L]2

and, A = -----------+ ------------- (4.3.2)
1 + 1/Keq[L]2

Ho,,:reVer,the assumption that [LJ - [L]total is no longer
necessarily valid since a high binding equilibrlUIrtconstant
means that saturation is reached wit.h very low concentratiol)':S
of ligiind. A polynomial €;!quationwas derived (app~nd.i.x12.2)
to express the free ligand concentration, [L], in terntr?of the
total and hound ligand concentrations respectively, and the
solutions to thi~,equation, obtained by an iterative procedUre
using Newtorl/S method, weze then substituted into equation
4.3.2.

F.or the sequential substitution model., the reactions undez,
consi.deration are represented by,

~HC + L ~ HC-L + H20
HC-L + L ~ L-Co-L + H20
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then,
\\

[AHC1 [Id

[L-Co-L]

[HC"'L)(L]

This situation is analogous to the deprotonation of DAC, dea~lt
wit-.hin chapter 3 (equation 3. 3 •1) .1

A = -------------------- + -------------------
1 + KIILj + K1K2[L]2 1 + K2[L] + 1/K1[L]

AL-Co'-L
+ ------------------------

1 + 1/K2(L] + 1/K1K2(L]2
(4.3.3)

Again, the assumption that [L] ....[Lltotal is no longer
necessarily valid. An equation was once more derived (appendix
12.2) to describe [L], and the solutions to this equation were
then substituted into equation 4.3.3.

Both the aequerrt.La.L and the simultaneous substitution models~
were fitted to the cyanide data. Meaningful results were only
obtained using the latter model. For the sequential
substitution .model a strong correlation between the values of
K1 and K2 and unstable itera.tions during the optimisation
process prevented the determination of meaningful values of Kl
and K2. Only the overall stability constant for the binding of
two ligands to AHC was thus obtained. Table 4.3.3 gives t)1e
values for logK~q and lo9~2 for the substitution reactions of
AHC, produced by fitting equat.i.ons4.3.1 ,_'1.nd4.3.2 to the
data. Figure 4.3.2 indicates the fits obtained.
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Figure 4.3.2. Plots of Acorrected versus [L] for the
sub§titution reactions of ABC Wi\"ll ('\a)\;cyanide,(b) azide, (c)

"pyridine, (d) ~-methylimidazole, and (e) 3-amino-l-propanol.
Data fitted using equat.ion 4.3.2 (a) or equat:ion 4.3.1
(b)-(e) •
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The values of Ao and Al can be compared with the
experimentally determined approximate val"1J.eits in table 4.3.1.
The experimentally determined and'calculated values are in all
caSes consist~nt. with the exception of CN- thelogKeq valu';s
calculated here are consistent with those determined using a
Hill plot. Data used in the Hill plots "I:>1ereanalysed using the
assumption that iILJtotal - [L]freer which as explained before,
is inappropriate :forthe CN- data. It would thus seem probable
that. th'ecalculated log (i' 2 value for CN-, the determination of
which invob,"cs the calculation of [L]freel would be the more
correct "value.

Table 4. 3 •3 Optimi::tedvalues of Ao, Al and 10gKeq obtai'ned by
fitting equations 4.3.1 and 4.3.2 to the l:>,!::isorbancedata.

Ligands loglCeq
O~7S6(O.004) 0.574(0.002) 17.111K3)*
0.169(0.003) 0.302(0.003) 1.74(0.04)
0.246(0.002) 0.415(0.001) 2.48{0.01)
o .512(0.006) 0.748 (0•003) 4.35 (0.04 )
0.585(0.005) 0.796(0.004) 2.95(0.04)

C!yanide
Azide
Pyridine
N--me'thylimidazole
3-amino-l-propanol

*10gKIK2 or log {1 2
standard deviations in parenthesis

I

\--'/1\'.

Given a trans-1abilising order of H20" bz.m< OH- < CN-14, it
follows that the binding constants for the reactiolls of AHC
with var.ious ligands shOUld be less than for the analogous
reactions with vitamin B12ar which again should be less than
for the analogous reactions of DAC. 'rhe log /3 2~value for the
reaction of AHC with CN- cannot be directly compared wi.th any
reported logReg values. Assuming a reaction scheme of,
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HO-Co"'OB2 _...,. H2o-co-eN ---,.1:1C-Co-CN
n+

thr:!na logKeq value f,ora sin~le substitution of ABC by CN-
can be calculated by ~ubtracting the logKeg value for the
substitution of "later by CN- in Factor B (8.4) 1 from the
log i12 :-Taluefor the reaction of ABC (18.8). T1:).ecalculated
logKeq valu,? is then 10.4, which is consistent with .~he
reported data on Factor B and vitamin B12a (table 4 .'4\~:.1
below). Baldwin et.al reported an approximate log~eq value for
the substitution reaction of ARC with CN- of > 9.14
Assnmp,tions made in the above reaction s.cheme are that DHC and
hydroxocyanocobinamide are itiertand that the equilibrium
constants involving HCN are very much smaller than those
involving CN- and thus can be ignored.

(J

'.rheoptimised values of Keq are conditiomU binding constants
because of the dependence of Keg 011 pH. The pH is an important
factor i.nthese measurAments. Heterocyclic bases, for example ..
can coordinate to corrinoids in severa.l forms e.g. the
imidazole .molecule and the imidazolate,anion. Formation
constants are several orders of magnit~\de greater for the

'+'coordination of the anion than for the corresponding neutral
molecule.33 Here, at.pH 12 all ligands are in their protonated
forms. However, at pH 12 the proportion of labile corrin, AHC,
is ve:.:ysmall and hence the pH dependence of these equilibrium
constants on the measured values will be large (DHC is
inert29). An', equation was thus derived (appendix 12.2) to
determine the unocndd.t.Lona.L binding constants of L to ABC.

'iAt' any pH, the experimental binding constant for the reaction
represented by,

corrin + L ~ Co-L + H20



[Co-L}
Ke2{p = ------~-~~----~-

[L]total[corrin]tot.al
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The reaction of interest however is repr~sentedby,

[Clh-L]
... ,IIfor which, K \'~".~~,;.;-'""---at high pH

[L][AEC]

The unconditional binding constant I K, can then be rela,ted to
the conditional binding constant, Kexp,

Kexp ([H+1 +. I<a2)
K = ----------------

[R+]
(4.3.4)

Table 4.3.4 below shows the unconditional binding c(')nstants
caiculated using the above equation.

Table 4.3.4 Unconditional binding constants, given as log Ie,

for the reaction of .AUG with the fi',religands at 25°C.

,Ligand log K
ra. S*
3.45
4.19
6.06
4.66

Cyanide
Azide
Pyridine
N-methylirnidazole
3-amino-1-propanol

* log 112 , using Kexp == 17.1
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4.4 DISCUSSION

A large number of binding' consfiarrts fo,'fthe stibstitution
reactions, of the cobalt corrinoids ha~e been det6rmined.
Ex~eri.mental conditions (temperat.ure, ionic strength, etc.)
used in the determination of the formation constants vary
considerably, but Pratt et al.12 claim that the differences
which are significant for the study of cis- and trans-effects
are, in most cases, greater than ,the differences which would
be caused by a change in the. experimental cpnditions. Table

'>,>,'C, (1""

4 •4.1 DC.J.OW fif.iowsthe binding corrabarrt.sfor the substitution
of coordinated H20 in cobalt(III) corrinoids by various
ligands Z, with several different ligands X in the
trans-position. 1 A,single o:J;derof equilibrium constants for
different ligands X is predicted for all Z (here equilinrium
constants should decrease across the table). In general, as X
becomes a better a -donor (across the table), so the
equilibrium constants fall, a manifestation of the
thermodynamic trans-effect; H20 < bzm < OH- < CN-.14

Tahle 4.4.l;?Log Kexp values for the ligand substitution
reactions of various corrins,
X-Co(I:II)-H20 + Z ~ X-Co(II:I)-Z + 19:20.1,14,

Lig:and, Z X = H2O X = bZJrIX ~ c:::N-
v

azide 4.9 2.7
hydroxide 8.0 6.3 3
imidazole 7.5 4.6 4.1
ammonia > 9 7 3.35
cyanide 14 l__24.1 8.4

Earli!3!:it Was shown that conditional binding constants can:
:1

vary quite considerably from their unconditional counterparts
(by almost two orders of magnitude here), and hence the
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trans-labilising order given above is not necessarily correct.
Unless the pH of the reaction solution is known, the validity
of these comparisons and apparent ozdez's cannot be tested. ,It
has proved impossible to reconstruct the above table using
unconditional binding constants because, in most eaSElS, the
primary literature gives no indication of the pH at which tne
measurements w'e:temade. The results discussed here? retabulat-
ed in table 4.4.2 foz:;convenience, ,do nevertheless fit the
predicted sequence and hence the proposed trans-labilising
order; bzm < OH- <,CN-14, is supported.

Table 4.4.2 Comparison of the log Kexp (log K when X == OH-)
'values for the ligand substitution reactions of various
corrins, X-Co(III)-H20 + Z ~ X-S:o(III)-Z + H20.1,14,31

Ligand, Z X = bzm X = OH- X = CN-
azide 4.9 3.45 2.7
pyridine 4.19 2.6
3-amino-l-propanol > 6 4.66
N-methylimidazole 6.06
cyanide 14.1 12.0 8 ..4

Pratt noted that although the binding constants for th~
substitution of water by nitrogenous bases decrease as X\\
becomes a better d -donor, the sensitivity of K to the n~ture
of X st.:k.llvaries with the nature of ·,!·.Z.1 Such a difference in
sensitivity could then lead to a change in the relative order
of stab!li ties as X is va:.:1'ied.Table 4.4.2 shows how the
ligands investigated here can be arranged in an ascending
order 'ofbinding constants for the subst.Ltnrt.Lon of water (down
a column); azide < pyridine < 3-amino-l-propanol <
N....methylimidazole < cyanide. Insufficient comparative data are
available for comment on th~; possible different orders of
sensitivity exhibited by analogous corrins with different



trans'-ligandsf though no anoma'Li.esare observed here. The
factors which contribute to these orders are nof yet fully
understood. Both electronic and steric effects wez e considered
in an attempt to rationalise the order recorded for th,e
sUbsti"tutiou reactions of PJ.HC.

Table "4.4.3 Comparisoll between the acLd dis;?ociation constants
of_the ligands, shown here as pKa, and the ligand binding
constants of AHC, log K.

pKa !L log 1<Ligand (Z)

4.1
5.25
7.21

I !:~:IG~:~6
.4.66~.--~--------------_.--------

azide
"pyridine
N-methylimidazole
cyanide
3-amino-l-propanol

9.31
10.44

In f..:a.ble4.4.3 above, compari.son between the pKa of the
ligands and the binding con~tant~ of these ligands with'ABC,
log K, shows a good correlatil!TI)~\xcept for the case of the
ligand, 3-amino-l-propanol. In gep.eral" the greater the.~
basicity of the ligand, the greatJer the .pinding.constant of
the ligand to AHC. Whilst this correlation suggests that

/. -,

electronic effect:;;;.ire important in determining the magnitude
of the ligand binding constant, they must certainly not be the
only factor to be considered. Alternative factors must be
responsible for the anomalous behaviour of 3-amino-l-propanol~

The impor.tance of steric effects on the ligand binding
constant sequence was considered by calculating the molecular
surface areas and volumes of these ligands using ~~teprogram
QCPE 509.35 ALCHEMY II36 was used to construct molecular
fragments of the ligands of interest and the force field
parameters built int? 'the program were used to find an
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energy-minimised structure of each ligand. These molecular
fragments were then submitted t:oQCPE 509 for analysis.

'/

Molecular surface area, given .intable 4.4.4, increases in the
order; cyanid~ < azide < pyridine < :N-methylimidazole <

1) ... .~

3-amino-1-propanol; \~o1hilstmolecular volume increases in t.he
order;. cyanide < azide < 3-amino-l-propanol, N-methylimidazqle
< pyridine. .A comparison between the molecular vo.Lume.sand
ligand binding· constants reveals a t.rend, with azide being the
only ligand not con:f;ormingto the trend. High ligand binding
constants are correlated with small molecular volumes.

(i

Table 4.4.4 Molecular s~\rface areas and volumes of the five
ligands, calculated using QCPE 509.35

Molecular area !Molecular volume
/ _A2 / _A3

.
46.3 29.0
59.4 35.4

110.1 87.5
112.2 83.4
122.6

'I
83.3

Ligand

cyanide
az i.de
pyridine
N-methylimidazole
3:-amino-l-propanol

An explanation for the observed ligand binding order is likely
to be found in a combination of steric and electronic factors.
In general, the expected ·trend "'Ifthe smallest, stl:ongest
nucleophile having the largest binding constant aeems
consistent with the data.
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4.5 CONCLUSIONS
\1

The prJmary aim of the work discussed in this chapter; to
determine t(iesuital;:>ilityof these ligands for kinetic

i\ Ii ... .
investigati~)n, was succe ssfuL, All fiv~ N-donor ligands were

11 . n

found suitable for further investigation. The data collected
appears consistent with the established t;rang-labilising
order, despite the limited availability of unconditional
binding constants. Both steric and electronic factors are
important in arriving at an explanation as to the order of
stability of thE? substituted complexes.
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5 pH PltOFILE 01'"THE KINETICS OF THE REACTION OF DAC WITH AZIDE

The mechanism of ligand substitution in vitamin B12a, the parent
molecule of DAC, is generally accepted to be dissociative. The
rate of substitut.ion of the axially coo.tdinated water molecule in
the B12a molecule. by a V'ariety of li:gands varies only by about
two orders of magnitude, wherea~ the correspondi~g sta~~lity
constants vary by about eleven orders of II1agnitude.9 Firth. et: ale
observed five coordinate corrin 'complexes when investigating the
removal of co-orginated water fr~,m o:r:ganocobinamides.37 These
five co-ordinate complexes are c:tfialogousto the intermediates in
SUI ligand substitution reactions.

o

We assumed that, the sUbstitution reactions of DAC would similarly
be dissociative. Whether the mechanism is interchange
d.lssociative, ID, or purely dissociathTe, D, will be addressed in \'
the following chapters. Observed rate constant.s of B12a r~actions
are known to be pH dependent I' since hydroxocobalamin. is
substitutionally inert.1 A similar pH dependence is expected for
PAC, since PRC is also supstitutiollally inert.3

5.1 EXPERIMENTAL PROCEDURES

The kinetics of the sUbstitution of coordinated H20 in DAC/'l\HC
were followed by observing the change in absorbance with time
at 370 nrnusing stopped flow spectrophotomet-ry (see appendix
'13 for more details).. Both azide and DAC/ARC solutions .were :
prepared with an ionic strength of 1.0 mol dm-3• The pH of
splutions, buffered with phosP:hate buffers, was adjusted using
either NaOH or HCI as appropriate. The concentration of DAC,
quant.ii:iedby conversion to dicyanocoblnamide, was 2X10-5 mol
dm-3• Irhe temperature was maintained at; 25 "C using a
circulating water bath (:to.1"C). The pSEludo-firet-order rate
constants" k' obsv were detiezmi.ned by fit.ting the
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absorbance-time traces to an exponential function, Ameas ==
Alexp(-k'obst) +'A2t using a non-linear least squares routine
employing a Newton-Raphson procedure.

5.2 RESULTS

Table. 11.3.1 in the appendix gives the obse'rved
pseudo-first-order rate constants, k'obsr as a function of
1iiga,nd concentration and pR at 25°C. Eigure 5.2.1 shows that a
linear relationship exists between ,'the pseudo first order r;~te
constants and the;c,once.~tratlon of azide. The slopes of these
li.near least. squares fits pr(,~Z:h::::iesecond order rate constants r

kr1obs, whkre krrobs refers to the equation,

COT + LT ~ L-Co-OR/OH2
where [COT] = [H20-Co-OH2) + [H20-Co-OH} + [HO-Co-OR]

[ LT ] = [EN3] + [N 3- ]

d(L-Co-OH/OH2]
-------------~. = krrobs X [COT] X [LTJ

dt

Table 5.2.], gives the values of kr!obs as a func,tion of pH.

:E'igure 5.2.1 Plot of k'obs Versus [N3""']at pit fo. o.
k370 I B-1

::::r-_-.-.--~---.--~~---'--.--,-]

800 -

600 -

:400 •

200 - ,/
../o "'-- ..-J-------''-------t-- .•~.-,,---J

o 0.005 0,01 0.015

(AZIDE]mlx I mol dm 3

0.02
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Table 5.2.1 The dependence of kIXobs on pH for the
sUbstitution of a H20 in DAC (or ABC) by N3- (or HN3) at °25°C.

:k;Xlobs
/ dm~ mol-1 15-1

* from work described in chapter 7

pH

The\ absorbance/time traces for the substitution of water in
DAC/AIlC by azide over the whole pH range investigated \llere
monophasic. This does not necessarily imply that only one of
the axially coordinated water molecules in DAC is availab1~

12.0* 1.4X103 (3X102)
11.5 8.8X103 (9XI02)
11.0 1.02XI04 (6X102)
10.5 .2.8X104 (lXI03)
10.0 4.3X104 (4X103)
9.5 q.4SXI04 (2XI01)
9.!> 6.7XI04 (4X103)
8.5 7.6XI04 (5XI03)
8.0 8.2Xl04 (6XI03)
7.5 1.12X10S ($XI03)
7.0 {1.06XI05 (5X103) }

6.5 ,. 1.59X105 (6X103 )
6.0 1.46X10S (9XI03)
5.5 1.02XI05 (5XI03)
5.0 ., 4 (7X103)6•.SXIO
4.5 {5.4Xl04 (4XI03 )}
4.0 4.4XI04 (7Xl03)
3.5 5.28XI04 (9X102)
3.0 4.6XI04 (2XI03)

5.3 DISCUSSION
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for substitution, but rather that the first sUbstitution is
kinetically indistingui~~±le f.rom the second because the i/rate
of substitution of the first water molecule is much ..slower
than that of the second. Monophasic kinetics similarly 'J

indicate that the tec:p.nique"liasunable to differentiate
d between the reactions of the two ,structural isomers,o,;EAHC so

that krrobs is a ma(jroscopic rather than a microscopic rate
constant. This result can be interpret~ld in one of three ways;

\i

(1) only one isomer is present (>90% total), (2) both isomers
are present and react at very similar rates, and (3) the
interconversion of the two stereClisomers is rapid compared to
the rate of reaction of either with the incoming ligand. This
third option is most likely since the,interconversion between
the two isanlers requires only a proton transfer (generally at
or near t('- )iffu~ion cont:co11ed 1im,i.,tin l;'later),and not
ligand sub;:;£itution.:Baldwin ei: al.3 reported that AHC e:1tists
as a mixture of two Or more isomers and Brown et al.50
indicate that t.hediastereoisomers in aquocyanocorrinoids ate
present in approximately th~ ratio of q : p = 2; 1. This suggests
that the monophasic kinetics must be interpreted .l.ll terms of
the two Lscmezs reacting at very similar rates.

An equation wa~~ derived (appendix 12.3) to de soz'Lbe the
.relationship btS~tweenkllobs and pH. The reaction scheme below
indicates all the pos~dble :eorward reactions that can
contribute to the yalue of k'obsf and hence kr1obs. Reverse
reactions have been ignored for simplicity~ Both DAC and ABC
react with azide, though in the caSe of DAC a second
substitution reaction is p,?ssible. However, since the first
sUbstitution reaction is rate determining, a second substitu-
tion will not contribute to the magnitude of k'obsf and heoce
this possibility is ignored in the reaction scheme. Both N3-'
and HN3 can coordinate to DAC/AHC.l1
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H20-Co-N3-
1T'

k,2 I N3-
I Kal

-HO-Co-N3-
l'

k4 I N3-
I Ka2

DAC AHC --~"'-- DRC

kl I HN3
-J,

H20-Co-N3Il

k3 1 HN3
~.

-HO-Co-N3H

kl[H+j3 + k2[H+)2KL + k3Ka1IH+]2 + k4Kal[H+]KL
krobs = --------------- ....~------------------------------

(5.3..1)

A noh-linear least ·squares technique employing a
Newton-Raphson procedure and Marquardt's algorithm was used to
fit the data in table 5.2.2 with equation 5.3.1. Figure 5.3.1
below indicates the fit obtained. Table 5.3.1 has the
opti:mised values of the component rate constants and
equilibrium constants thus obtained, and table 5.3.3 the
corre1p.tion matrix.

\1
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:Figure 5.3.1 Plot of kllobs versus pH for the substit.ution
reaction of DACIA-He with BN3/N3"'" at 25.:p; data fitted using
equatio~i 5.3.1.

150

s
o
::100
en.ao

501--_D---

o ....._.."--~~~..,,.__---~~.~---~-
3 4 11 126 8

pH

9 105 7

Table 5.3.1 Optimised values of the parameters in equation
5.3.1 a·fter fitting with data in table 5.2.2.

Parameter I optimised Value
kl 4.9XI04 (:nt103 )

k2 1.7XI05 (2XIOIO)
k3 9.2XI05 (3Xl011)
k4 7.0XI04 (3}tl03)

pK1 7.09 (0.08)
pK2 10.28 (0~O8)
pKL 5.82 (0.08)

I:>
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Table 5.3.3 Correlat,i.onmatrix of the parameters in squation
5 ~3.1 after fitting wit.h data in table 5.:2e 2.

D kl k2 k3

~ 1.00~----+---~~-----+------~----7------+----~
[ }c2 J O.38 1.00

W 0.26 -0.88 "1.00

W,...0.15 -0.47 -0.42

I pKal I 0.79
:~----~----~------+------r~--~~----~-----;

I. P~2 I 0.00:~----~-----;------+-~---r----~~----~-----;[PKL l-a.so

0.46 '0.47 -0.98 1.00 :\
0.00 0.57 -0.11 0.13 1.00

-0.50 -0.42 0.99 -0.99 -0.20

1.00

1.00

Although component, rate constants can theoretically be
determined by \'Citti1,"i.gequation 5.3.1 to the data, the large
errors associated with these values indicate that. few_
conclusions Cd.D p,e drawn from them. The extremely large errbr
associated with the parameters k2 and k3 could be the result
of a strong correlatio1l between the two, shown in the
correlation matrix in table 5.3.3.

The value of pKa2 is in good agreement vlith the literature
valueS (10.30), whereas ~he values for pKa15 and pKL38 (5.40
and 4.38 respectively) are not. A strong correlation betwee~
these two factors could play some part in this. However~ if
the values of pKL1 pKal and pKa2 are kept constant (using the
literatUre values) then the fit obtained when equation 5.3.1
is applied to the data is not good. Figure 5.3.2 shows how the
data at low pH are inconsistent with the relevant pKa2 and pKL
values. The optimised values of these parameters given. in
table 5.3.1 are thus not artefacts, produced as a consequence
of a close ,correlation between the two parameters. No reason
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cculd be f.ound for the r.ealelevation of the magnitude of
these parameters, and nOJ?c~=_Apnt for such an elevaticn is
available in the literature.

Figure 5.3.2 Plot of krrobs versus pH for the 'substitution
re~btion of DAC/AHC with HN3/N3- at 25cC; data fitted using

[I

egtfatL{.o.p.5.3.1, fixing the values of PI<L, pKa1 and pKa2 at
4.,3838'/5.405 and 10.305 :t"espectiv~lY,
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If an incorrect reaction scheme had been proposed then an
incorrect equation would have been derived tc describe the
data. Binding studies .ofABC with azide at pH: 12 had indicated
that the ABC was singly substituted by the azide. However,
analogous measurements were not done at lower pHS, and thus it
is quite conceivable that DAC would react with two azide
ligands to produce a doubly sUbstituted product. N3- and OH-
exert similar trans-Iabilising effects, ~pth being greater

1\
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tha,p.,~T2()1,and thus since HO-:-Co-OH2 (AHC) undergoes
sub·s.fitutionof the H20 r it is likely t}:latthe H20 in
N3--C~-OH2 will similarly undergo substitution. The effect of
a second substitution t'}fthe mono-r'hbs+Ltubed DAC species was
thus considered. If this second substitution was faster than
the first~ then such an occnrence would not effect the kinetic
data since the rate determining step would remain the
substitution of the first azide ligand. If the second
sUbsd.tution was sLowez , however, then the kinetic data wou Ld
have shown biphasic behaviour. Monophasic kinetics were
observed at all pHG investigated, and hence such a possibility
is unlikely.

Assuming then that the proposed mechanism is correct, the
elevated pKa2 and pKL values must then be the re~ult of some
other experimental error. At low pH, azide, in the protonate'd
form, l~volatile. Skewing of the results at low pH could then
be th~'result of real ligand concentrations being considerably
less than expect.ed. In an analogous study using vitamin B12a'
Marques et al. did not encounter any such problems.45 In that
study kinetic measurements were obtained over the pH range
from 10 to 2, with no inexplicable deviations occuring at
lower pHs.

5.4 CONCLUSIONS

The fit of equation 5.3.1 to the pH profile data indicates
that, at least at high pH, the postulated m~chanism is
supported. Th~ assumption that DRC is inert to substitution
has been verified. Subsequent measurements of AHC SUbstitution.rate constants (pH 12) can thus be corrected in order to
produce a pH independent rate constant. The low pH data
Clearly requires further investigation.
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6 i'HEUSE, OF ,~ATURATION KINETICS TO DISTINGUISH BETWEE~ AN ID AND
A D MECHANISM OF LIGAND SUBSTITUT1'ON: TEST CASE USING

'_'(

AQUQCOBJU.AMIN..--

Two extreme possibilities for the mechanism of ligand
substi:t'lttionreactions at octahedrally-coordinated metal atoms
have b'een identified.34 For the dissociative mechanism, 0, the
bond to the leaving ligand, L, is entirely severed to generate a
five-coorJ~nate Lnt.ezmedd.at.e which then reacts with an incoiding
ligand, L', \\t.oreform a sLx-ooocdf.nat;e substitution product. At~)
the other extreme is the associative mechanismy Ar in which the
new ligand becomes' fully bound, thus generating a
seven-coordinate intermediate before one of the original ligands
is lost. These extreme mechanisms are often tuo inflexible to

i'ideal with the subtle v,a:~iationsin real mechanisms and hence'
, .;'c: - -- - ','- - ,,- "-,-,__-_-(/variations on t.hese two '.b~9;si.cmschanisms have been pr_9,'i.f~§P""_'1The

-:' ( r: ,

dissociative interchange, mechanism, IDI is characte:t.i-se~'J5:ya
j-lt

transition stat.e involving considerable extension of ",~heM~L
bond., but not its complete rupture 'I together with somJ Lnc i.pd.ent;
interaction with the incoming ligand. This incipient interaction
positions the new ligand to enter the first coordination sphere
on the departure of L. The associative interchange mechanf.sm, lA'

is ohaz'act.ezLaed by a similar transition state, but ",herethe
1,,/,1interaction between M and L' is more advanced and the M-L'

,. . ,,>

bonding is important in defining the activated complex.

In the real world there are processes whose mechanisms define a
corrcfluuousgradation from D through increasingly associated
interchanges to A. In any given case it is difficult to give an
exact description since th,e ~xperimental criteria are seldomll. ". "-

definitive,}4 Interest in the mechanism of SUbstitution of
vitamin B12a has nevertheless be? 7.' great. 1"
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Hague and Halp<?rnshowed that for a series of seven singly
charged anions, rate constants for the sUbstitutiori of H20 i(:=_an
aquocobalamin molecule varied by about one order of magnitude
although the !?tability const~hts for the :formation of the
complexes varied by about 12 orders of magnitt',de.~4i I'n addition,
Thusius ahowedthat the formation ra.te constants for the

/ I

SUbstitution .of H20 in 1m aquocobalamin mol~cule with various
anionic ligands varied fro1f}170 to 2300 elm3 mol-1 s-l, whereas'
the dissoci,;;i\;ion rate constants varied between 590 and < 10-5

s-1.22 This behaviour is typical of. mechanisms in which d,j~J:f':.:'F
!'\ . "

bonding of 'the entering group does not conunenceuntil after. the
rate determining transition st.ate. has been passed.

There is thus general agreement that the mechanism of 'che ligand
SUbstitution reactions of aquocobalamin are dissociative;
nevertheless there remains some disagreement concerning whethE,;';t
the intimate mechafi.lsmis purely dissociative, D,.14,22,23,24,25
or interchange dissociative, 1D.23,26 Here the limiting "
dissociative mechanism is characterised by a rai;e determining

o \\ "~"

step involvi~::>the unimoleculC\;t'dissociation of H20 from the
Co(II1) cc;prdination sphere to produce if five coordinate
transition state. The ID mecharrl"'tn, in contrast., requirelS some

I

degree of participat.ion of the l...~.comingligand in the transition
state (which is thus never fully 5 coordinate),

A modest dependence of 1:.11esubstitution rate constants on the
identi ty of the incoming ligand has been cited as evidence for: a.
D mechanism. Howeverr compensating changes in LI H'I' and IIst for:
the reactior f 1ith a series of' primary amines has been
reported. 39,40 The slope of the plot of L1H't against L1S'"
happens to be such that, ne~r room temperature, these ligands
react at a similar rate, and thus the independence of the
substitution rate on t.he nature of the incoming ligand, in this
case, is not necessarily indicative of a Dmechanism. Researchers
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have attempted to use measurements of the volumes of actiLvation
of the reactions to solve the question of interpretation of ·these
results24,25, but ,interpretation of the data was complicated and
proved unsuitable for solving the question.41

Activation enthalpies and entropies for t.he sUbstitution of H20
by small anionic ligands such as SCN-, S2032- f N02- and lasp3'" are
all very' s-:iJld.lar. This is evd.denee for a D mechanism.41 l!rhe
t.r ans i.t.Lon state :Eor the substitution of H20 by CN-, howevez , is
enthalpicajly stabilised by more than 20 kJ mol-1 relati:ve to the
substitution by HCN, and the LI S'" for the two reactions Ls -2 ..5
and +50 J K-1 mol-1 , respectively. 41,42 This evd.dence SU,PPOl:'tsan
ID mechend.sm, Furthermore, the rate of sUbsti-eation of bound H20
by a serJ.~s of Lmd.daao.Le s was found to vary linearly wit,h the !

basicity( of the Lncomi.nq ligand.43 This re~earch team wc~:sthus of
the opinion that the ligand substitution reacti..,ns of
aquocobalamin involve the nucleophilic participation of the
incoming l.igand in ethe transition. state, which is charac:teristic
of an In mechanism.27

Stochel and van Eldik found that for the substitution of H20 in
aquocobalamin (shown below as dmbzim--Co"'H20,dmbzim=
5, 6-dimethylbenzimidazole, ,where only the., axial ligands are shown

:1
and the overall charge is ':).f.!glectedfor convenience) wi1ch
pyridine, a plot of obaervod rate constant against ligal.'ld
concentration showed saturating behaviour at high (i.e. > 0.5 mol
dm-3) ligand concentrations.25 No other observations of
saturating behc.v.i.ouxcould be found in the literaturel'} 'i'hey
indicated that this saturating beha.viour can be explained using
J)o' " a D and an In mechanism. Fo!.' a D mechanism, equations 6..1
and 6. Z' apply. If k-2 is significant, then the observed rate
constant I kobs' is related to the microscopic rate const.ant s by
equation 6.3 (derivation in appendix 12.4); if. not, 'thEmequation
6.3 simplifies to equation 6.4.
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(6.1)

k2
dmbz Im-Co + I, ~,,;~ dmbz Lm-Co+I,

k~2

kobs = (0.3)

k"'l + k2 [L.]

kobs = (6.4)

In the Case of an In mechanism (equations 6.5 ~ 6.6),. the
observed rate constant is given ~Y equation· 6.7 if k"'4 is
significant (derivation in apper!S.ix12.4), and equation 6.8 if
not.

K

dmbzim-Co-H20 + L ~=~ { H20 .••dmbzim-Co •.•r. } (6.5)

k4
{ H2o ••• dmbad.m-Co ••• L } ~=~ drnbzim-Co-L + H2o

k-4
(6.6)

k4K[LJ
i' "

kobs = --_ .......... ._-- (6.7)
1 + K[L}

kobs ==

1 + K[L)
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Equations 6.3 and 6.7 (and 6.4 and 6.8) have the same hyperbolic
c:

f orm , The~micros~copic rate constants, or combinations thereof,!
which des9~ibe the three sections of the hYPerbola shown in
figure 6.1 below, viz., the y-axis intercept, the initial sloper
and Jehe saturating rate constant, ksatr are given in table 6.1
bt3lovl.

Table 6.1 The microscopic rate constants, or combinations
thereo£'~ \;vhichdescribe ti).ethree areas of the observed hyperbol~

1) .,'

of t:p.egraph of kobs versus [L] for the substitution of H20 in
aquocobalamin with pyridine.

Mechanism ksaty-axis
intercept

initial
slope

-
D , k-2 significant

, k-2 insignificant
k-2

origin
In , k-4 significant

,.'~,

, k-4 insignif~,dant
k-4

origin

;

klk2/k-1
k1k2/k~1
(k4 + k-4)K

k4J<
k4 + k-4

k4 J
,')

Figure 6.1 The three sections of a hyp<;rbolic function.

saturation ,- - - _. -_ - - "-:~',

initiaiFslope

y-axls intercept

[LIGAND] 1M
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A distinction between the two mechanisms is not possible unless a
series of ligands ~howing saturating behaviour are compared. For
a D mechanism, ksat corresponds to the rate constant for the
unimolecular ;r:eleasE'~'of.wat.er from the Co (III) coordination
sphez e, The value of ksab and its activation parameters, shoulfl}/
then be 'independent of·the nature of L. Xn the case of an ID
mechanism, k4, ob'tained from the. difference· between ksat and the
inte:t'ceptv and its activation parameters, shou Ld rlepend on L.27

Saturation kinetios of aquocobalamin with 6 ;~...donor ligands, v i.z ,
hydroxylamine, methyl glycinate, imidazole, pyridine,
4-methylpyridine and histamine; are dd.scussed in tl~,isthesis. The

.... , ',i

'I',~un"t~actic;nsauthof was only directly Lnvo.Lved with th~ S'''~i'''$,{
'\with pyridine and expez Lmentie I, clat.ais.thU/ )' 1',-.:' ~,;;sedfer

this li:gand. Although saturation kinetics } (~J,~~'t'~J;'/i been
• i ~.I . •reported for H}e substitution reaction 01;. u.«;iu6dobalaxninwith

pyridine25~~i th~se meac\,":ements were repeated in order bo verify
, - . \

the results, and to cbl],ect mor e data in thu high pyridine
concentration region.

6.1 EXPE:RIlfENTAL PROCEDURES

The SUbstitution of H20 in aquocobalamin by pyridine was
studied under pseudo first-ordeI:'conditions at a single pH
(6.50), halfway between the pKa of the N-donor of the ligand
(5.25 at 25. O°C.) 47 and the pKa. of coordinated H20 in B12a
(.8.10 at 25.0~C)1 and at fot,l='different temperatures (5.0()C,
l5.0"C, 25.0°C, and 35.0°C). An 80 1.1 mol dm-3 solution of
B12a' with a total ionic strength adjusted to 1.00 mol dm-3
with KCl: was buffered with phosphate (0.1 mol dm-3) and
adjusted to pH 6.5 usi~g additions of NaOH and HCI, as
appropriate •.Fifteen ligand solut.ions, varying in
concentration between 0.01 mol dm.-3 and 1.0 mol 00-3, were
similarly prepared. Preliminary spectrophotometric
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observations indic~ted two possible wavelengths at which the
reaction could be monitored (the require"menE-being a large
absorbance change accompanying the reacti9n) viz. 362.5 nm
(the y -band of the complex), and 351. 0 nm (the y +band of ,the
aquocobalamih). The, reaction was monitored at both wavelengt;hs
by mixing equal volumes (100 /1 dID3)'of the two solutions using
a ,Hi-Tech Scientific SF-51 stopped flow spectrometer (c~!.ll
pathlength 1.00 em) interfa.ced throp,gh a DAS-50 A/P boa~;rdwith
art 113M-type PC. The experimentallti'determined rate cons/tants,

Q ,', " 9k'obSl werG;ofound by fitting the absorbance/time trace to an
equation ,of the form A1exP(-k'obst) + A21 or, where
appropriate (see Results), to A1eXP(~,k'1(obst) +
A2exP(-k'2,obst) + A3 us,tpg a non-linear least squares
technique employing a l'leviton....Raphson procedure. The
temperature of the system was maintained (±O.tOC) with a
circulating water bath. Data analysis, elaborated on below,
wa~ by" means of either a non-linear least squares technique
employing a Newton~Raphson procedure and Marquardt's
algorithm, or by standard linear least squares methods.

6 • 2 RElSULTS

The absorbance time traces used to follow the kinetics of the
S':l.9stitutionof H20 in aquocobalamin with pyridine were
follOWed at two wavelengths.· Those traces followed at 362.5 nm

II
were best fitted bY,\a two-exponential expression, in contrast
to those measured at 351 nm which were best fitted with a
single exponential trace. No analogous effects Were reported
for the other five ligands investigated, t.hough the kinetics
of thE;!sereactions were only followed at one wavelength, the
y -band of the cobalamin.
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The dependence on pH of the experimentally determined pseudo
first-order: rate constants, k'obs s for the ligand substitution
reactions of B12a is well established.40,41,42,45,46
Hydroxocobalamin is inert to substitution, and protonated
amines will not coordinate. The reaction was thus studied at a
single pH (6.50), where the observed reaction rate is a'l:a ,-
maximum (halfway between His pKa of"the N-donor of the ligand:
(5.25) and, "the pKa of coordinat~d HZO in B12a (.8.10)). The
pH-dependent: rate constant, k?obs r Was converted to a l?~
independent rate constant, kobs, using equation 6.2.1. The
values of kobs and k/ohs' are given in appendix 11.4. The
graphs Of/fobs versus [pyridine] at the four tempera.tures
investigated are givWm in figure 6.2.1 below.

" .1\
kobs :;:;k'obs(1 + '[\g+]/KL)(1 + KCo/[H+]) (6.2.1)

F.or pyridine (in agreement with the observations of stochel
and van Eldik25) and 4-methylpyridin,:?, the rate constant for
the clissoci.i:!.tionof the ligand from Co (II!) is significant.
For hydroxylamine, methyl glyqinate, histamine, and imidazole,
the y-axis intercepts were within two st.andazd deviations of
the origin, which means that t~e reverse rate constants (k-2,
in equation 6.3 or k-4 in equation 6.6) are very small. FigUre
6.2.2 shows the plots of kobs versus [ligand] for th~ six
ligands investigated. It is evident from this figure that the
saturating rate constants vary significantly for the differ.ent
ligands investigated. This suggests that an ID mechanism
(equations 6.5 and 6.6) is appropriate and the data was thus
fitted with equations 6.7 and 6.8.
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Figure 6.2.1 Dependence of kobs on [pyridii ue] and temperature
q l

for the reaction of pyridine with aguocobalamin.
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Figure 6.2.2 Dependence of kobs on ligand ccncent retd.on, All
data at 25.0C>C except for histamine (24.2°C) .and methyl
glycinate (2S.2°C).

20

5 8 0 c 0.2

METHYL
GLYCINATE

15

PYRIDINE
'.!t
1.

li
HIS1"AMINE

4·METHYLPYRIDINE

r I

o 0.2 0.4 0.6 0.8 1.0 1.2 o 0.4 0.8
[ligand)/mol dm-3 [ligand]/mol dm-3

Althou9h significant curvature is seen in all plots it is
clear ..:hatcomplete saturation is not Ci,ttainablein the liganci
concentration range studied s6 that reliable values for. the
saturating rate con::;tantare difficult to obtain. Higher
ligand concentrations could not generally be used. In the ca/se
of pyridine, 4-:methylpyridine and. histamine, a large initial
signal change occurs on first mixing, before the onset of..the
exponential absorbance change which can be attributed to the
reaction. The size of this initial signal increased with
liganci concentration and we suspect that it is due to the
mixing of solutions of very different refractive indices. (No
such effects were noted with comparable concentrations of
solutions of ionic salts, such as ferric nitrate and potassium
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thiocyanate, for example). The inevitable consequence of this
mixing effe'ctwas that significant fractions of the abs&-±:-bance
chang.e due to the reaction were lost at the higher ligand
concentrations Cthemixing signal increased in intensity as
the ligand ccncerrtxatid.onincreased, and the rate constant
increased too; thus the overlap between the mixing and the
rate signals increased) ,.

'rable 6.2.1 gives the values of ksat (k4) obtained by fitting
equa.tions 6.7 and 6.8 to the data. Alternative ways of
obtaining estimates of ksat were also explored. Equations 6.7
and 6.8 were manipulated to yield equations 6.2.2 - 6.2.5 .
(derivation in appendix 12.4). One of the problems as socLat.ed
witb,'rec~R,:l:0calplots such as used in equations 6.2.2 and
6.2.3 is the excessive weighting which the data pOints
corresponding to low ligand concentrations will carry. Even
small errors in these values lead to a significant skewing of
t.he fit parameters, and especially the intercept. For this
reason, only the last 6 or 7 points of each data set
(corresponding t.othe higher ligand concentrations) were used
for obtaining values of k4i however the complete data set was
used for .obtaining the values of K. Figures 6.2.3 and 6.2.4
show the. fits obtained when equations 6.2.2 and equations
6.2.4 were fitted to the pyridine data. Values for k4, k-4 and
K, 'and their averages, thus obtained, are given in table

') 6.2. 1. 'rable 6.2.2 shows the average values of k4, k-4 and K
for the other five ligands investigated.

1 1 1

----------= ------ + -- (6.2.2)

1 1 1

= ---",!"","-- + (6 2.3)

kobs



Page 91

kobs - k.,,",
_______i'~';:i·)= (6 •.2.4)

[L]

kobs

[L]
i)

\'
Figur.e 6.2.3 Plots of kobs-1 against ( pyridine] "·1 for the
reaction of pyridine with aquocobalamin; data fitted p.sing ';,

( >-~~\

equation 6.2. 2• \\ ('

1/(kobs - k-4) f s6~--------------------~------.

5

'h::::=:: J
o ~. ~ •. • .~------ ~

t I , i l • I

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

1/(UGANDJ I M-1
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Figure 6.2.4 Plots of kobs/[pyridine] against kobs for the"
reaction of pyridine with aquocobalamin; data fitted u.sing
equation 6.2.4.
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Table 6.2.1 Rate and e:quilibrium constants for the
v-,

coordination of pyridine by aquocobalamin.
i:'..I.

-
Parameter 'Il'emp.I using 351 nm 351 nm 362.5 nm

/ "'c equation Value Average Value
K / 5.0 6.7 2.5±0~3 2.S±O.1 4.3±0.6

dm3 mol-1 6.2.2 (3.3±0.5)
6.2.4 2.4±O.2

6.7 I,'15~O 2.2±(t.3 2.3±O.3 3.0±0.3
6.2.2 2.5±0.3
6.2.4 2.0±O.1

25. 0 6.7 2.S±0.2 2.4±O.1 2.4±O.4
6.2.2 2.4±O.2
6.2.4 2.4±O. 1

I Ie
35.0 (;~7 2.9"tO.4 3.5±0.7 2.1±O.5

6.2.2 (7.2±2.1)
6.2.4 4.0±.o.7

---:-'

k....4 I s-l 5.0 6.7 O.12±0"Ol 0.l.otO.01
15.0 O.52±O.O2 0.4U;0.03
25.0 1.99±0. 05 2.~l±0.4

I35.0 6.9±O.3 7.6±O.3
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1/
'i

Parameter Temp. Using
/ 0 C ~quation

351 nm
ValuEr.~;

351 nm 362.5 .nm,

Average Value

,

~",,';
5 •.,0 6.7

6.2.2
6.2.4

O.61±O.02 O.63±0.03 0.65±O.02
O.66±O.03
O.62±O.08

2.4±0.1
2.6:£'0.1
2.5±O.3

2. 5±O. 1 2. 58±O. 08

7.1±0.1 7.1±0.4

~'--------~----~------~--~----~~------~--~----'~

15.0 6.7

6.2.2
6.2.4

25.0 6,7

6.2.2
6.2.4

35.0 6.7

6.2.2
6.2.4

_~lY_O±O. 2
r --;~l±O . .3

7.2±O.5

20.2tO.9 21.2±1.4 14.::'i:1.2
22.2±1.3

\(18.2±7.3)
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'jrable6.2.2 Rate and equilibrium constants for thc~
coordination of the ligand, L, by aguocobalamin.

Ligand Temp Parameter
/ °C K k4 k-4

/ clm3 mol-1 I s -1 ,/ s -1

hydroxylamine 5.4 0.066 35
15.0 0.14 ± 0.01 53 ± 4

','
1/

25.0 0.25 ±liO.03 87 ± 3
c: 36.2 0.62 ± 0.09 101 ± 8

methyl 19 ~,7 2.0 ± 0.4 0.61 ± 0.02
\\glycinate 25.~ 1.7 ± 0.2 1.03 ± 0.04

'\1\

35. ~ 1.8 ± 0.2 2.6 ± 0.2
50.1 2.9 ± 0.3 6.9 ± 0.3

4-methyl- 5.7 2.8 ± 0.1 0.61 ± 0.02 0.025 ± 0.005
pyridine 15.3 2.9 ± 0.1 2.24 ± 0.04 0.11 ± 0.02

25.0 3.3 ± 0.1 6.4 ± 0.2 0.44 ± 0.08
35.0 3.6 ± 0.3 15.9 ± 0.5 1.46 ± 0.2.~

imidazole 5i17 0.93 ± 0.01 4.5 ± 0.3
15.8 0.63 ± 0.04 14.9 ± 0 I)

25.0 0.65 ± 0.07 43.3 ± 0.9
"45.0 0.42 ± 0.14 209 ± 9

histamine 9.2 1.0 ± 0.6 0.19 ± 0.05
15.6 0.65 ± 0.10 0.58 ± 0.04.
20.0 R·59 ± 0.09 1.2 ± 0.1
24.2 0.49 ± 0.15 2.0 ± 0.2
35.0 0.33 ± 0.04 3.5 ± 0.7

"--".
\''; '\
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From the temperature dependence of k4
k_-4' the activation para1~ete.rs of the
determined by plotting Ilh{kih/kBT}, i

g,lJ.d (whe.re app Li.oab Le ]
r, ""j

real::::tions tY'ere
= 4 or -4, against T-l.

Figure 6.2.5 shows the plots for pyr.idine. The aqti1rati(m
\1

parameters thus obtained are given in table 6.2 ..3' •...TherE: is
considerable uricertainty': in the values of t.he pre"'equilibriUln(
const.arrt, K. It was as sumed that a plot of' In K against T-l
waa linear and 4 n° and ,.:1 s'" values were determined frOn1lthe
slopes and intercepts. These V'3.lu'(::sare also listed in it.able
6.2.3.

Figure 6.2.5 1J.1emperaturedependence of (a) k4 and (b) k.-4, for
·tho reaction of pyridine with aquocoba.Lami.n,

(a)
In {1i<OD.Xh)/(i<Il>:r»

(b)
In {(kOboXh)l(k6lCr))

.~,. -,\,,", --------'
0.~32 0.= 0.0034 .e.eeas e.eeae 0.0037

,IT X K
C.~2 O.~:: 0.003< e.ecas O.O(l3~ O.~7

vn X K
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.Table 6.2.3 Rate and thermodynamic parameters for the react:~on" . . . . ....

of aquocobalamin with the ligand, L (1 hydroxylamine, 2 methyl
glycinate, 3 pyridine, 4 4-methylpyridine, 5 imidazole, 6
histamine) •

K
4ft' I .6so I

~J mol-I JK-lmol~l
45 ± 7 139 ± 24

10 ± 7 40 ± 22:

7 ± 5 33 ± 19

6 ± 1 31 ± 4

1-14 ± 3 -51 ± 9 '11-30 ± 2 1-106 ± 8

AHY I ,DS· I AH1' I /:lSI( I
kJ mol-1 uK-lmol-1 kJ mQl,...lJK-lmor-1

1 23 ± 4 -131 ± 12

2 60 ± 3 -43 ± 10

3 80 ± 2 4.1 ± 1 95 ± 1 79 ± 3

4 78 ± 3 32 ± 9 99 ± 1 81 ± 4

5 70 ± 4 19 ± 12
6 101 ± 4 101 ± 14

" .
J)
,;

f/

6. Z'! DISCUSSION

The classical reaction scheme for the ligand sUbstitution
reactions of transit.ion metal ions , given in equations 6.1 and
6.2 .or.6.5 and 6.6,9 ar.e challenged by the results ob~erved
fo± the ligand substitution reactions of aqua~obalamin with
pyridine. The absorbance time traces followed at 362.5 nm were
best fitted by a two-exponential expression, in contrast to ,
those traces measured at 351 nm which were best fitted with af' . . . . ,

si.ngle exponential trace. This suggests that at.le~st two
kinetically-distinguishable processes are occuring. The faster
phase 'l.yas about three times as fast as the slower. phase and
uaua Ll.y accounted for about 15% of i;.hetotal obse!:v~d.signal
change. The rate of the slow phase corresponded well wJ..ththe
single rate observed at 351 nm, No analogol.l\~effE.!ctswere
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reported for the other five ligands investigated., though here
the reactions were qnly investigated at a single wavelength
and thus an analogous effect could have been overloo.ked.

It is mathematically impossible to distinguish between
parallel and consecutive processes;48 and it is thus possible
that weijare observing the II slow" formation of some unstable
intermediate which then rapidly rearranges to the final
equilibrium product~ !t is also possible that we are observing
a parallel process where the approach of the ligand to the
metal atom follows at. least two kinetically"'distinguishable
trajectories. Whythis process is obse:rvable ,at I".>rlewavelength
but not another is not clear, but; is not particularly
sur\~rising since there is a possibi.lity that two QJo::;~ly
related cOJ;llpoundscould pJ:oduce UV/VIS spectra which are
identical in some regions and distinguishable in (',thl.?-'cs.The
ligand substitution reactions of E12a;irh~y be more complex th'3.n

" ' . \\
was originally a.ssumed, and the reaction schemes giv~n in
equa·tions 6.1 and 6.2 or 6.5 and 6.6 may be, at best,
approximations of the events occuring ci): the molecular level.
Further :workis required before any real conclusions can be
drawn concerning this particular obse.rva't.Lcn.,

In any event., the focus of this chapter, to determine whe;t.her
saturation kinetics can be used to distinguish betw'een a D an.d
an 1:0mechanism, can be addressed. For convenience the
satl.l.rating rate oonatiantrs for the six ligands investigated
were recalculated us5.ng the activation parameters in table .
6.2.3 and normalised. to 25"c in table 6,.3. L rt is clear that
ksat1 and the activation parameters associated with .:this
microsc,9pic rate con:3}taht, depend oil the identity of L, a6.1~f
thus an 1:Dmechanism, in which there is nucleophil~f;'!
}?a:cticipat/lon of the incoming ligand. in the transition I?tate,
.:t~ operable.
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Table" 6.3.1 saturating rate constants (k4) for the reaction of
"=-c.=_:'!;::_._~;__;_ aquooobaIsanti.nwith the ligand, L, at 25°C; calculated using

the activation parameters given in table 6.2.3.

Ligand k4 / s-1
"

2.3
6.2
8.2
33

83
,

methyl glycinat,e
histamine
4-methylpyridine
pyridine
imidazole
hydroxylamine

Figure 6.3.1 shows that a plot of L1" H1 against L1 S"" for k4 if! a
straight line. A similar correlation has been not~(f\~pr these
two quantit~es for the reaction of aquocobalamin with primary
amines39,40 and ..thus a compensation effect between,"the entropy
and enthalpy of activation may be a general feature of the
ligand substitution reactions of aquocobalamin. This feature
has led to the ,erroneous conclusion that similar rates of
reaction are indicative of a D mechanism.

Marques et ;11.27 showed that the steric bulk of the ligands
could be used to explain the increasing order of the ,
saturating rate constants given in table 6.3.1. A reasonable
~orrelat.ion between L1 H'"and t.he ligand cone angle, and L1 H
and the "molecular vo},ume of the incoming ligand was foung.
This is not sur.prising sf.nee the f3 -face. of the corrin ring is
sterically crowded with t.he band c (icetcmtideside-cbains of
rings A and S, respectively, and the methyl groups at
positions 12 and 17 in the C and D rings, respectively,
placing four stez Lc p.i.cketrsin the pathway of a l~'~'aUd
apprqaching the metal atom. The correlation betwe~n steric
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bulk and saturating rate constant is further evidence for an
In meehanism since for a D mechanism the steric bulk of the
ligand should have no effect \+·'l.atsoeveron ksat.

Figure .6.3.1 Relationship between L1 H'f and .l.I S" for k4 1
hydroxylamine, 2 methyl glycinate, 3 pyridine, 4
4.-methylpyridine, 5 imidazole, 6 histamine.

A H", kJ mo(·1
120r-----------~----·------·--~

100

80
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6.4 CONCLUSIONS

~he work.discussed in this chapter confirms that saturation
kinetics can be used to distinguish between a D and an ID
substitution mechanism. It is clear that ksatf and the
activation parameters associated with this microscopic rate
constant, depend on the identity of L, and thus an In
mechanism, in which the:r;eis nucleophilic participation of the
incoming ligand in the transition state, 'is 0pEl.rable.
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7 SATURATION KINETICS TO DISTINGUISH BETWEEN AN In AND A n

MECliA,WISM FOR THE SUBSTITUTION OF THE AXIAL WATER MOLECUl.lE IN

AQUOHYDROXOCOBl:NAIUDE BY <.FIVE LIGANDS

In chapter 6 it was shown chat extensive research has been done
into the determination of the mechanism by which the axial water
molecule in aquocobalamin is sUbstituted by an incoming ligand.
Relatively little work has been done on the kinetics of the
sUbstitution reactions of nAC/AHcl,3, despite the obvious
similarities between the two systems, and thus 'bhe question of
wheth~:!rthe sUbstitution of the axial water'tnolecule(s) in
pAC/AlaC proceeds' via a D or an In mechanism has still to be
broa.ched. Of the few kinetic investigations availabl~ in the
literature, no mention could be ;found of the observation of, .

':'

sat.uriationkinetics. rrhe Use of saturation kinetics to confirm
the In mechanism of substitution in aquocobalamin27 (chapter 6)
has indicated that saturation kinetics is a useful tool in
mechanistic determt~)ations. In this work, it was hoped that
saturation kinetics 'l:Y'ouldbe observed in similar reactions 'l:qith
ABC, and that the value of ksatl and its associated activation

.,

parramet.ea-s, th\1s obtained could be used to differentiate bebleen
a D and an In mechanism.

7.1 EXPERIMENTAL PROCEDURES

The substitution of a water molecule in AHC by 5 ligands,
viz., cyanide, azide, pyridine, N-methylimidazole, and
3-amino-l-propanol, were followed at four temperatures at a
single pH. All reactions were studied under.pseudo first-order
conditions at pH 12.00. As e::r.:plainedin chapter 4, a high pH
was used in kinetic and preliminary thermodynamic
dete:L'minationsin o:dl&!. to limit the number of possible labile
corrin species in solution. At pH 12.00, th~ cobinamide is
prese'l1tas DBC or AHC. Only AHC is labile r though the
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PRl?g~E;L-li-ty of biphasic kinetics as a result of the two
structural isomers was n,~yertheless still anticipated.

,~>
Cobf.nami.desoLut.Lons, [AIlC] + [nHC] = 2XIO-5 mol tim-3, were
buffered with phosphate (0.1 mol dm-:-3) and adjus,i:§dto pH
12.00 at 25.0°C using either NaOH or HCI, ,where\ippropriate,:
and then adjust~d to a total ionic strength of 1.00 mol dm-3
with KCl for reactions with the neutral ligands, and 2.00 mol
dm-3 for reactions with the anionic ligands. Ligand solutions
(between 7 and 13) varying in concentration between 2 romol
dm-3 to 1.0 mol dm-3, were similarly prepared. Reactions,
monitored at the same wavelengths as used for the binding
conl'jlt-,antdeterminatior.. \chapter 4), were fOllowed by mixing
equai volumes (100 II- dm3) of the two solutions using a
:ai-Tech Scientific SF-51 stopped f10\,1speccomet.e.r(cell
path length 1.00 cm) interfaced through a DAS...50 AID board with
an IB:t·t-typeJ?C. The experimentally determined rate constants,
k'obsf were found by fitting the absorbance/time trace to an
equation of the form A1exP(-k'obst) + A2 using a non~linear
Le.rst; squares technique employing a Newton'-Raphson procedure.

" ",f

The temperature of t.he system was maintained (fO.10C) withia
circulating water bath> Subsequent data analysis was by means
of either a non-linear least squares technique employing a
Newton-Raphson procedure and MarquardtJs algorithm, or by
standard linear least squares methods.

7.2 RESULTS

In chapter 5 the dependence on pH of the experimentally
determined pseudo first-order rate constants, k/obs~ for the
ligand substituticn reaction of AHC with azide was
established. Dihydroxodobinamide was confirmed to be inert to
substitution. The pH.....dependent; rate constants can be converted
to pH independent rate constants using equation 7.2.1. Table
7.2.1 gives the values of pKL f the acid dissociation



Page 104

constants for th~ ligands used in this work. It is thus clear
that at pH 12.00, all ligands are unprotonated. Values of pKa2
1;qeredetermined .inchapter 3 (11 H"= 27 .kJ mol-1 r LI SO= -109 J
K-1 mol-1)31.

kobs = k'obs ("1 + [H+l/t<L)(1 + Ka2/[H+])
- k "obs (1 + Ka2/[H+])

7.2.1

cTable 7.•2.1 gives the values of 1 + [H+l/KL, at pH 12.00, for
th~ five ligands investigated. In all cases 1 + [H+]/KL -
1.00, and hence the approximated version of equation 7.2.1
could be used to convert pH-dependent, krobs' to
pH-independent, kobsr rate constants. Tables 11.5.1 - 11.5.5
in the appendix give the values of k'obs and kobs for the five
ligands investigated at each of four different temperatures.

\\

'fable 7.2.1 Values of.pKLt the acid dissociation constants of
the ligands used in this work, and the calculated values of 1
+ IH+]/KL at pH 12.00.

Ligand Ref. 1 + [aT] IKL

Cyanide
Azide
Pyridine
N~methylimidazole
3--amino-1-propanol

9.04
4.54
5.25
7.209

10.435

42 1.001

39 1. OOO~

27 1.000

43 1.000

41 1.027

Values of kobs(25°C) for the five ligands investigated are
plotted as a function of ligand concentration in fj~~ure 7.2.1.
Significant curvature is seen for the reactions with cyanide
and azide, slight curvature is seen for the reactions with
pyridine and N-methylimidazole, and no curvature is seen for
the reaction with 3.-amino....l-p:r:opanol.As Was seen for the
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reacti6ns l'N'ithaquocobalamin (chapter 6) the values of ksat
appear dependent on the I\;">'tt,ureof the incoming ligand and thus
an ID mechanism is sUggC-\!;';~d.The releva1J.t mechanism is then,

K
--~,--

OH
I

{ H20••• Co ••• L }

OH k4
I

{ H20••• Co••• L } ~=~ HO-Co-L+ H20

k-4

(7.2.2)

(7.2.3)

Figure 7.2.1 Plots of kobs(25°C) as a function of ligand
concentrat.ion for I (a) cyanide, (b} a~i.de, '(c) pyridine I (d)
N-methylimidazole and (e) 3-amino~1-propanol.
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It is clear from figure 7.2.1 that ,complete saturation is'not

Feliable values for the saturating rate eonstsarrca ar~
attainable in the ligand concentration range stud~ed, sO,that

~j

difficl1lt to obtain. Higher ligand concentrations could uot;

g~nerally be used. In the Case of pyridine.and
N-methylimidazole, a large signal change was seen to occur on
first mixing r an analogous effe\~~thaving been" noted ~~?r the

.;j.- ,:. _- . ,- -_ . ,. . -, -_- . _'-. _ . _- .. ' . -"<react.ions of pyridine, 4-methylpyridine and histamine with
aguocobalamin in' chapter 6. The size of 'this initial signal
increased 'l.l7ithligand conc'entrati.on.Si.nce the rate of the
reaction also increases with liganli concers.i.rat.Lon., this effect
results in the loss of valuable kinetic data for the more
conc:.entpat,e~ligap.d solutions. The or~,gin of this mixing

i! "1,' .

effect is believed to be in'tha very different refractive
indicesiof the mixed solutions. In the case of cyanide and
azide, the.rates of the reactions became so .fast that the
detection limit of the stopped-f:J_owspectrometer (2 ms dead
time) was exceeded and meaningful data could no longer he
obtained. In' 'the .case of 3"'amino"'1-,propanol,a 2 mol dm-3 (f

.' . . 3 . !Isolution (Which on mixing leads to a solution 1 mol am'" ~n
ligand) is close to the solubility limit of the ligand.

As was shown in chapter 6, the microscopic rate constants for
this proposed mechanism can be related to kobs using equations
7.2.4 and 7.2~5.

k4K[L]
kobs = -------- + k-4

1 + K[L]
(7.2.4)

kobs = (7.2.5)
1 + K[L]
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For all Li.qanda,~~£!~e_tttazide, :fitting equat.Lon" 7.2.4 to the
data resulted in values for the y-axis intf~rcept that were
wit'hin two standard deviations of bhe origin/ which meane- that.

r: /i

the z'evezse (,r{(te constants (k-4) ar~ very small and equation
7.2.5 is adequat.e ~~ describe the' obs6c7CVedlrelationship \ c>

be~",weenkobs and the ligand concentrations. For azide, the
rate constant f6r dissociation of the ligand froin Co(III) is
significant, and hence equation 7.2.4 was used.

The ltnear plots used to determine the value of ksat in
chapter 6 ~Jere also used on this d~ta. The relevant equati'ons
a:r:eI

1 1 1
(7.2.6)

kobs

1 1 1

= ------ + (7.2.7)

kabs

kabs - k-4
---------- = -kobsK + (k4+ k-4lK

[L]

(7.2.8)

kobs
';(7.2.9)

[L]

Again, to prevent. small errors in the meaeuzementis made at low'
ligand concentrations sket9'ingthe fits Q·fequations 7.2.6 and
7.'\'2.7, only the last 5 - 8 points of each data set
(corresponding to the higher ligand concentrations) were used
for obtaining values of k4 r, whilst the complete data set was
used for obtaining the vaLues of K. Equations 7.2.8 and 7.2.9
were fitted to the co:mplete data sets, though the fits
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obtained were not generally very guod. For the case of azide,
.t.hevalue of k-4 9btai:tJ.edfrom fitting equat.Lcn 7.::2.4to the
data, was substituted into equations 7."2,.6 and 7.2.8 in order
to obtai~alternative valUes of k4 and K. Figures 7.2.2 and
7.2.:3'bel'ak,indicate the *ind 'of fits obtained. The values of
k4, k-4 and K obtained from these,variuus plots I and their
averages, are listed in tal?le 7.2.2

Figure 7..2.2 plot of kobs-i against
(a) C1:.r....', (b), N3"" (C) pyridine, (q,)

/' Ii

3-amino-l-propanol with aquohydro~ocobinarnide
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Figure 7.2.3 plot of kobs/[!J] again,~;t;:)kobs-l for the creactiop
of (a) CN-, (b) N3-, (c) pyridine, and (d) N-methylimid~zole
with aquohydroxocobinamide at 25°C.
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Table 7.2.2 Rate and Equilibrium cOllstanto for the
coordination of the ligand, L, by :~quohydroxocobinamide.

Ligand !parameter 're),'np. Using Value !Average
I °C ~quation

Cyanide K / 25.0 7.2.5 7~8±O.5 8.9
u

~3 mol';"1 7.2.7 9.9±0.3
7.2.8 9.1±0.9

118•0 7.2.5 7.8±0.4 7.2
7.2.7 7.6±0.3
7.2.8 6.1±1.1

12.0 7.2.5 5.9±0.8 4.7
7.2.7 3.1±0.2

-~\ 7.2.8 5.2±1.2
I) 5.0 7.2.5 5.5:1;0.6 3.9

7.2.7 1.7±0.3
7.2.8 4.4±1.2

': k4 X 103 25.0 7.2.5 6.6±0.2 6.6
/ 5'-1 7.2.7 6.9±0.4

7.2.8 6.2±0.6
18.0 7.2.5 3.9±O~1 5.0

7.2. 'j 5.8±0.7
7.2.8 5.2:1;0.4

12.0 7.2.5 2.9±0.2 2.9
7~2.7 ! 2.8±0.3
7.2.B 3.1:1;0.3

5.0 7.2.5 1.8:1;0.2 2.6
7.2.7 3.4:1;0.6
7.2.8 2.5:1;0.2
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Table 7.2.2 continued ~"_~~~=~_

))

Ligand !parameter Temp.
I "'c

Value !Average

Azide

Using
!Equation

K I 25. 0 7 .2.4
~m3 mol-1 1.2.6

7.2.3
18. a 7.2.4

7.2.6
7.2.8

12.0 7.2.4

7.2.6
7.2.8

S.O 7.,2.4
7.2.6
7.2.8

25.0 7.2.4
7.2.6

1k4 X 104
I s-1

1k-4 X 102

I 13 ....1

I'

7.2.8
18.0 7.2.4

7.2.6
7.2.8

12.0 7.2.4
7.2.6
7.2.8

5.0 7.2.4
7.2.6
7.2.8
7.2.4
7 < 2'. 4

7.2.4
7.2.4

25.0
18.0
12.0
5.0

2.7±O.6 3.2

3.! 8±O•.~ J)
3 .tr±w'. 6

O.79±O.12 0.75

3.7±1.1
2.8±O.4
1. 8±l. 6
6.4±L8
5.5:tO.5
S.B±1.5
1.9±0.S
3.4:tO.l
L S±O.2
1.8±O.2
L4±O.B
1.7±O.1
l.S±O.2
1.0±O.8

(2.3±O.5)
O.61±O.6
0.S8±O.4
O.64±0.7

-I0.45±O.4
l.O±O.1

13.4±2.4
7.1±3.2
2.0±1.5
1.9±0.4

2 .•B

(5.9)

2.3

1.6

1.3

(0.61)

13.4
7.1
2.0
1.9
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Table 7.2.2 continued

Ligand

12.0

!parameter Temp.
I 0 c

Value lAver age
:.:i

Using
!Equation

Pyridine K I
idm3 mol-I

k4 X 103
I s-l

25.0 7.2.5
7.2.7
7.2.8

18.0 7.2.5
7 ~'2.7
7.2.8
7.2.5
7.2.7
7.2.8
7.2.5
7.2.7
7.2.8

25.0 7.2.5
7.2.7

5.0

7.2.8
18.0 7.2.5

7.2.7
7.2.8

12.0 7.2.5
7.2.7
7.2.8

5.0 7.2.5
7.2.7
7.2.8

4.lfO.6
6.1fO.3
4.9±O.8
2.3±O.7
6.4±O.6
4.5±L4
2.2±O.6
5.8±O.5
4.1±1.3
3.4±O.6

..

5.4±O.6
2.4±O.8

lL5fO.9
9.3±2.2

10.4f6.0
8.4±L 6
4.9f1.6
5.8;tC.6
6.6±1.0
3.9fl..3
4.7±0.,I5
2.1fO.2
1.5fO.5

iI

l.S±O.2

5.0

4.4

4.0

.3.7

10.4

5.1
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Table 7.2.2 corrt Lnued

Ligand !parameter Temp.
I o·c

Using
Equation

N-methyl- K I 25.0 7.2.5
imidazole kim3mol-1 7.2 ..7

7.2.8
18.0 7.2.5

("

i· 7.2.7
7.2.8

12.0 7.2.5
7.2.7
7.2.8

5.0 7.2.5
7.2.7
7.2.8

1k4 x 103 25 • 0 7 • 2 • 5

/ 8-1 7.2.7
7.2.8

18.0 17•2.5
7.2.7
7.2.8

12.0 7.2.5
7.2.7
7.2.8

s .o 7.2.5

7.2.8

2.4±O.5
1.7±O.1
2.2fO.6

0.9110.16
O.92±O.03
1.3±O.4
rf .1±1.0
1.3±O.1

(5.4±10.1)
2.0±O.2
2.1±O.1
1.4±O.5

15.9±2.2
(21.8±8.4)
l7.3±O.7
(23.0±3.5) (16.8)

Value

(24.1±11.2)
16.8±O.~
5.6±2.5
8.l±4.R
(2.0±O.6)
3.6fO.3
.3.l±O.5
5.0±O.2

( 1.0)

1.7

1.8

16.6

6.9

3.9
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The.'plots of kobs versus [3-amino-l-propanolJ (Figure 7r[2.1)
are linear at all temperatures investigated. The slope of this
Li.ne, if an. In mechand.sn; is operable, correspon.ds to k4,K.
Tabl~ 7.2.3 gives the val,ues of this compos.rte constant,

.i.'.,:

calcula.ted }?yfitting a straight line to the four data se·cs.

Table 7.2.3 Values of the composite function, k4K, for the
rep-ction of 3-amino-l-p:z:-opano1with aquohydroxocobinamide.

«

Temperature k4K
I °C I dm3 mol-1 6-1

25.0 ± 0.1 .854 (18)
18.0 ,,± O. 1 501 (9 )

12.0 ± o.1 311 (13)
5.0 ± O. 1 172 (6 )

...

From the temperature dependence of k4 and (where applicable)
k-4 I the Cictivation paX'arnetersof t.he ".c!tions were
determined by plotting In {kih/kB'+'}, 4 or -4, against T-l.
The graphs in figure 7.2.4 .,howthe~e plots and the activation

. ,
parameters thus determined are listed in Table 7.2.4.

Figure 7.2.4 Plot of·In {k4h/k)3T} versus T-l for· the
substitution of a water molecule in ABC by fa) CN-, (b) N3-,
(c) pyridine, and (d) N-rnethylimidazole.
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Table 7.2.4 Rate and, thermody~"a~~i~_:earametersfor the .react~iion
of aquohydrox6cobinamide 'with the ligand, L; 1 cyanide, 2
azide, 3 pyridit'l.e,' :4 N-methylimidazol~, 5 3-amino-l-propano1.

f
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L ~arameter ~H'f; Lls* .6HO As"
I kJ mol-l IJ K-l mol-l I kJ mol-l /J K-l

~ol_'l

-71 (22)1 k4 30 (6)

f\

k4 25 ( 1)

k-4 ~::)

62 ( 0)

K

k4 56 (10)
K

k4 48 (1)
K

~4l\ 52 (2)

26 (5)

2 ·-82 (4)
24 (34)

10.6 (0.3) -200 (1)

3 22 (34)

8 (1) -205 (4)
\.\

...0 • 4 (3. 4) (~4

4 (5) -224 (19)

5 12 (6)

1.3 DISCUSSION

Whendetermining the equilibrium constants for the reaction of
azide, pyr.idine, N-methylimidazole .and 3...:am,ino-l"'propanol with
ABC (chapter 4) only one ligand was found to coordinate to the
cobalt atom. In the case of cyanide however, two ligands bo~nd
to the cobalt atom to form dicyanocobinamide. The process
whose k.i.netia.c.s~7eremeasured fo.r all ligands, Lf other than
CU-.f is thus the replacement of H20 in ARC by L. This may not
be the case for CN- however. The absorbanceltime traces" for ~
the substitution. of H20 in ARC by all five ligands
investigated could all be fitted using a single exponential
funct.i.on, ;i_nq~cating :that only one kinetically distinguishable
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process was being followed. It is likely that the two AHC
stereoisomers iriterconvert rapidly and react wi~h the ihcoming
ligands at approximately the 'same rates. FUrthermore, for the
case of cyanide, either the second substitution reaction must
occur faster than the first so that the rate limiti.ng step in
the react:ion is the first substitut.:i.on,or the first
sUbstitut.ion is faster than the dead time of the stopped-flow
instrument (c. 2 :toso). Reenstra and Jencks49 determined the
rate constants for the reactiurt of CN- with the two isomers of
aq:uocyanocQ.pinamide. At pH 12.0 MarquesSl determined that the
apparent second-order rate constants would then pe 2.4 X 105 (
a -cyano- p +aquo ) and 1.7 X 105 ({3 -cyano- a -aquo). dm3 mol-1
s-l. At pH 12.0 the apparent second-order rate constant for
the reaotion of AHC iF!1.4 X 103 dm3 mol-I s-l. The reaction
to produce the intermediate aquocyanocobinamide is thus
clearly rate limiting. This is not unexpected since CN- has a
g;;t'eaterthermodynamic trans-effect than OH-, 1 and there is a
direct correlation between the thermodynamic and the kinetic
trans-effects. 14

Baldwin et a13 founq that, in contrast to these observations,
:.', '-._/

kinetic traces of the'substitution of H20 in DAC/AHC by CN-
and ECO(C~)6]3- were dist.inQtly bi.-at:'even tri-phasic over
the whole pH range investigated (4.50 - 12.01 for mr, LOO -
11.98 for [Co(CN)6]3-). They developed a theory involving the
classification and description of equilibrium events into
major and minor eqUilibria. Major equilibria were defined to
involve changes in the nature of the axial ligands and their
relative orientations, Whilst minor equilibria were defined to
involve steric, hydrogen bonding and hydrophobic interactions
of the corrin and the axial ligands. DAC and AHC were
postulated to exist in solution as pH-independent mixtures of

:12 or 3 "isomers" and the rate of interconversion between these
"isomers" was seen to be small compared to the rate of
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reaction with the incoming ligand (and the rate of loss or
gain of a proton). These dli ferent "isomers" '(rlerethen the
result of different hydrogen bonds between the axial ligand(s)
and different side chains or combination of side chains. The.
slow interc'onversion of the "isomers" would be due to the slow
conformational changes of one or more of t~e side chains. The
isomers were shown to exhibit only slight'"differemces in

I) ".spectra, pK value~ and rate constants.

No other record of these "isomers" has been report-ed. In the
I)

determination of binding constants and acid dissociation
constants of DAC/AHC (chapter 3,4:) no' Lndf.cat.Lons; of isomers
were found, probably because the spectral differences between
the various isomers are expected to be very small. Baldwin,~13
observations are similar to those recorded earlier regarding
the substitution reactions of aquocobalamin (chapter 6) by
pyridine. Changing the wavelength at which the reaction wa$
followed was seen to produce different kinetic traces, with,

"those followed ,""t351 nm being monophasic, and those at 362\:~?
nm being bi.phaad.o, The ligand substitution reactions of AHC '\

\\and aquocobalamin thus may '(rlellbe more csmpli.cat.edthan
suggested in the rea.ction scheme abow i (equations 7.2.2 and
7.2.3). It is nevertheless possible to draw' conclusions from
the kinetic data conceJ::'ningthe mechanism of these reactions.

} ,

No gene-.,,;,alisokinetic relationship between the values of k4
for thee ligands studied exists, since plots of In k4 against
T-l (figure 7.3.1) do not intersect at a common point.
Although no generally accepted explanation for the origin of
iaokinetic relationships appears yet to have, been advanced
they have heen taken as indicative of the operation of a
single reaction mechanism.27 The absence of such a
relationship may thLb he fUrther indication of the complexity
of these apparently simple reactions.
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Figure 7.3.1 Plots of In k4 against T-l for the four ligands
which showed saturating behaviour in the substitution of H2.o
in ABC.

In k4

4t-------~----------~--------~

.,~-------------------------~--~.0,0033 0.0035 0.003S 0.0037

1fT X K

Table 7.3.1 gives the averaged satur,fe.Lngrate constants (25
• t"C) and activation parameters for the saturatl.ng :t'ateconstants

for the four ligands which exhibited saturating behaviour.
Considerable error is associated with the optimised values of
ksat because saturation effects ~'lereonly observed at high
ligand concentrations where measurement of the observed rate
constant r as expLa.Lned above, was very difficult. Comparisons
between the saturating rate constants of the foux ligands
certainly does not seem to conclusively point to an ID
mechanism. Comparisons between the activation parameters a;re
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more useful in this case. Real differences in activation
parameters for the four ligands are evident, which supports
the proposed II)mechanism.

Table 7.3.1 f..veragedsaturating rate constants (25"'C)and
activation parameters for the saturating rate constants for
the four ligands which exhibited saturating behaviour.

-

Ligand ksat AH'f Lls·
I -1 I kJ mol-1 I J K-l mol-Is

cyanide 6.6 X 103 30 ( 6 ) -71 (22)

Azide 1.6 X 1Oil. 25 ( 1) -82 ( 4 )

pyridine 1.0 X 104 56 (10) I\:\ 22 (34)
-~-methYlimidazole 1.7 X 104 48 (1) -0.4 (3.4)

Figure 7.3.2 below shows the existence of a linear
relationship between the activation para:meters for the
different ligands investigated. It should however be borne in
mind that a compensation effect, observed in similar kinetic
determinations of aquocobalamin27,41, is not necessarily
statistically signififJant since both quantities are derived
from ~he sa.medata set and are thus not independent.41 ,
Although there may be other interpretations possible for the
compensation effect, we believe that these parameters are a
measure of ·theextent of involvement of the incoming ligand in
the transition state of the reaction.

Tne activation parameters for an In mechanism will be
critically affected by any nucleophilic participation, however
small, of the incoming ligand in the transition state. Such
participation is expected to increase with the increasing
donor power of the incoming liga.ndwhich should manifest as a
decrease in ~ H· (as Co-L bond formation compensates for co-o
bond breaking) and a parallel decrease in ~ S· (due to loss of
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·:(·freedom of motion of the ligand). Considerable bond formation
between Land C(o thus compensates fo;r; the bond breaking
between Co and water. This compensation effect thus masks the
dependence of ksat on L27, which could be ''9ne of the reasons
for 'the appa;r;erit in'sensitivit)' of k4 to L: (table 7.3.3.).

Figure 7. J,·~2Plot of LI H'f-versus LI S~ for the substitution of
H20 in ARCby the foul:" ligand~ which eXhibited saturating
behaviour.

t:;H·'kJm(lI.'

6°~1 --~---~

50

40

so
• cY~IDE

201 _j
·90 ·60 ·70 ·60 '50 -40 ·30 ·20 -10 0 10 20 30

"S'}J K·',mol,'

Figure 7.3.2 shows that the f oux l~gands can be divided into
two groups, small anionic ligands and aroma.tics. This suggests
that the nature of the incoming ligand is Lmpoxt.ant; in
determining the magnitude of the saturating rate constant,
whi9h indicates that an In mechanism is operabl~. Independence
of the activation parameters on the nature of the incoming
ligand would be a pr.erequisite for a D .mechanism. The smaltl
anionic ligands have smaller activation _t)ararneters (i.•e. less
positive LI H* and :more negative ;::I S~) than the a.rornatics,
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indiqal::ing th&t their nucleophilic participation in the
txansition state is greater. The primary ami.nes , represfrnted
in this study by the ligand 3-,amino-l"'propanol, would-:idhen
constitute a thi.r:d group which, if the activation par'ameters
f9,r the saturating rate con~tant could b~ determined, would
presumAbly be characterised by much laI.'ger activation
parameters.

Both electronic and sterie effects coni.:ribute to the success
(If a ligand as a nuereoph.i.LeaMarques noted. that for the
ligand subs+Ltmt.Lonrl3actions of primary amines .with
aquocobs-Lami.n, a linea\]:' relationship betty'een the pKa of the
incoming ligand and the activation parameters of t~e
pH-independent second order rat'~ constant eXistedf41 Table
7.3.2 gives a comparison between .1 H""of the sat~(rating rate
constant and the pKa of tl:.,a incoming ligand. Cle~.fly no dir.ect
correlation is possible in this case, pze.sumab.LyE:l3causetwo
classes of ligands are under investigation here, wtereas

~ . #
Marquef3restricted his analysis to a single class.41 An
analogous inability to draw any conclusions regarding the
importance of the role of electronic effects in the similar
reactions with aquocoba.l.ami.n(chapter 6) 'daS noted.

! i



Page 122

Table 7.3.2 CI'"'!mparlsonbetween the acid dissociation constants
of the incomi~g li'gands I here shown aa the pKa, and the Ll:a""
for the saturating'rate constant for the sUbstitution of water
in AHC by this ligand.

.6H*
/ kJ mol-l

Ligand

azide
pyridine
N-methylimidazol.e
cyanide

4.1
5.25
7.21
9.31

25
56
48
30

The influence of Elterio etfects can be determined by comparing
the molecular azeas and volumes of the incoming ligands
(calculated in chaptier 4) with the activation paramef~rl\:;. The
results shown in r.rable 7.3.3 indicate that a fairly good
porrelation exists between molecular volume and the activation
parameters, with a large Ll H't being associated with the larger
ligands and vice vez.sa (figure 7.3.3). A similar correlation
was found in the analogous aquocobalamin reactions (;chap'ter
6) •

Table 7.3.3 Co~,parison b€ltweenthe molecular area and volume
of the incoming ligands and the AH* for the saturating rate
constant for the SUbstitution of H20 in AHCby this ligand.

Molecular AHt-

yolume / A3 / kJ mol"'l
Molecu:L~ar
areal! A2

I!igand

cyanide
azide
N-me'thylimidazole
pyridine

46.3
59.4

29.0 30
35.4 25
83.4 48
87.5 56

112.2
110.1
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E'igure.7.3.3 Plot of molecular volume versus Ll:a't for the
reactions of ARC with 'the four ligands which exhibited
saturating behaviour.
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Although steric factors appear to be of considerable
importance ( an explanation of the observed nucleophilic order
is likely to be found in a combination of sterie and
electronic faotors.

7.4 CONCLUSIONS

20 30 40
AH', kJ mOI-'

50

Problems in acquiring meaningful data at higher ligand
concentrations have made the observation of sat.uzabLon
kinetics and comparison between the saturating rate constants
of different ligands quite difficult. The manifestation of a
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compensation eftect between activation paramaters results in
an apparent only weak dependence of the saturating rate
constant on the nature of the incoming ligand, and prevents
firm conclusions on the intimate nature of the reaction
mechanism being drawn from a simple compar'Lson of rate
constants. The significant differences between ..C3,ctivation
parameters of the ,.saturating r':,.teconstants for t~e various
~~9ands does however argue strongly in favour oian ID
mechanism. Activation parameters were seen to decrease (i.e.
less positive l1 H'l'and moreP negative II S*) as the degree of
nucleophilic participation by the incoming ligands in the
transition state increased. Nucleophilicity is known to"be
dependent on both steric and electronic factors. Substitution

H ,\

of a water molequle axially bonded to the Co(III) atom of the
ABC is thus facilitated when the incoming ligand is negatively
char-qed, The amide side chains on the uppez; face of the corl:!in
ring, and the prop.i.onamideside chains on the lower face,
provide some steric hindrance to approaching ligands, and are
thus probably responsib]_e for the close relationship between
molecular volume of the incoming ligand and the activation
parameters.

Both aqu(lcobalamin (chapter 6h.and aquohydroxocobirtarnide are
thus s~en to undergo substitut~5l_llreactions via an ID
mechanism~ Reensta and Jenck~4.9 state that the addition of
ligands to octahedral metal complexes in aqueous solution
proceed predominantly through an ID mechanism, and thus the
results obtained here fulfil these expectations.

Reensta and Jencks49 i.ndicate that rather special requirements
must be met for a second-order type D reaction for cobalrunin-s
in aqueous soIut.Lon, The following reactions apply for a
purely D mechan.i.sm,
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kl
HO-CO~H20 ~=~ HO-Co + H20

,_ t:/~-1
,-"S
k2

HO-Co + L ~=~ HO-CC)-L
k-2. {)

In ord~r for the D mechanism to be favoured over the 10
mechanism the addition of H20 to the pentacoordinate
,intprmediate (k-1l must "be slow compared with the rate of
dif'fusion 9f the leaving ligand, L, away from the metal's
oufer cooz'dd.nat.Lon sphere (k-2)' However, for the reaction to
be second order, with rate-limiting addition qfthe ligand,
the addition of H20 must be fast cornparedwith addition of the

,\incoming l~gand. This mechanism will\\p.otbe common, because
water(/is not an exceptionally reactive ligand towards most

,j

metal ions.
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8 SYNT~~SIS OF MODEL CORRINOID l~CROCYCLES

In the introductio~ to this thesis (chapter 1) it was shown that
the cobalt corrinoids exhibit surprising kinetic lability
compa:red,to other Co(III) octahedral complexes. The strong
cis-labilising effect of the corrin macrocycle, a consequence of'.the delocalj.sed,1t electrons of the unaat.nnat.edconjugated corrin
ring, is expected to be largely responsible for this observed
lability~1,7l20 Quantification of this kinetic cis...effect
requires",the comparison of the rates of reaction of a number of
sterically similar ligalfds, which differ only in their degree of

('/)
-1>.!unsaturation.

Inorganic synthetic chemists have devised various methods for
generating tetraaza macr6cycles by the fusion of four-, £ive-,
and/or six-membe..:edchelate rings. Three of the more common
ring-size pa'tterns so generated are sh'O~n in f"':":Jure8.1 below.
The 6-5-6-6 and 6-6-6-6 patterns correspond. to those of naturally
occuring macrocycles, the corrin and porphyrin rings
respectively. The large majority of saturated and unsaturated
macrocycles with these ring~size. patterns have been prepared bJ
metal template reactions in which the metal ion acts as,,,>an
organising centre around which th~ ring closure occurs.lO A
disadvantage .of this method is that the encycled met.al,ions ar~
frequently difficult to remove or cannot be removed without the
destruction of the macrocyclic ligand.IO In addition, template
cyclization~ with aliphatic diamines are dependent on the
pne sence of an activating group (COR or COOR) ,52,53 which is
undesirable in subsequent oxidative dehydrogenation reactions of
the macrocyclic complexes. 53 t 54 Whilst some nor~destructive
demetalation reactions for certain macrocycles have been
achieved55, 56, a more desirable proceC1'lreis the direct synthesis

'iof the desired macrocycle by a nonmetal ion template !\route.
';

H
";1

!I
i:
II
Ii

j!
!I
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Figure 8.1 Schematic representat,i(m\,o~" the 6-5-6-5 r 6-5-6-6 f and
6-6-6-6 ring size patterns. I'

Holm et. ale have don:~~,substantial wo:r:kinto the devejtpment of a
- ~ "

synthetic;: procedure affording 12- It macrocycles in a((\formsuch
~\hat the desired metal complexes can be prepared and i6ubjected to
oxidative dehydf\c)genation reactions affording 14-lt to 6- tt), ,

species.1Q,11 ~o such :macrocycles, shown in figure 892 b:a.low,
~jere of interest to thi.s research group. Both :macrocycles have a
[15]aneN4 ring structure, wi':h the second macrocycle (b) mimicin~

'lthe 14- rr. corrin ring nucleus, though both models are devoid of '\
~.. Iithe suppor+Lnqopyrro'l.Lne rings found in vitamin B12. -)/

Figure 8.3 below compares the UV/VISspectra of
[Co(Ph2[15]hexaenatoN4) (CN)2J and dicyanocobalamin in a common
solvent. The spectra exhibit a near band-for-band corresP9tldence,
with the three feC\,tures in the Q( - fJ 9pectral region strikingly

)

similar in band contours .and intensities, which supports the
existence of a c~romophore of the. corrinoid type in this model,

I{

\'compound.
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F{p~r_p---=-g~2 Model corrinoid macrocycles for invesigation .0£ the
co.crin cis-e£tect.

(a) Ph2 [~5]tetraenatoN.(}

~1 HN
'\

NI-I . Nd..\__} .

{b~ Ph2 [l5lhexaenatoN4
n

(")
__ 'N N

Figpre 8.3 Electronic spectra of [Co(Ph2[15]hexaenatoN4) (CN)2],
and dicyanocobalamin, in 9: 1 V'/v DMSO-H20•11

l
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'l'his chapter desc;ribes the use of HolmF S nOrlJ.-n~te,l'ion template
synthesis 10, 11 to prepare the the two model :mbcr:'bcyclesindicated
above in figure 8.2. It was intended that these modelmacrocycles
would be used in an investigation of the imp.cr.tance of the degree

\' 1- .. ('I . . ,~

of l?-unsaturation of the macxccycLe on the lability of" the
Co(III) macrocycle~'~ The rate of substitution of water in these

'I'"
Co(lIn complexes by a probe ligand would be compared with those
values already obtained for the sante reaction with AH~.~Both

, I~. ~

macrocycles have the [15] aneN4 skeleton,. typical o:t\'Che corrin
family of mo.lecules, but they differ in the degree of
unsaturatioh of the macrocycl~T and hence were assumed to be g90d
probe~ fOr a study of the cisj~fect.

'i
)')

8.1 S'YNTHESIS OF Co(III) 6i,14-dipheti:yl-l,4,8,12-tetraaza-
t;'1yclopentadeca-4,6,12,14-tetraene,
[CO(Ph2[lS)tetraenaton4)]+·lO,11

Figure 8~1.1 below indicates the route by which the synthesis
of Pn2[l5]tetraenatoN4, by HolmJ'slO,ll nonmetal ion template
syp.thesis, was achieved. This method exploits the
€!lectz-ophilic reactivity of the 1,2-dithiolium cation and
vinylogous If-amin,':)tltiones with primary amines. The rrJaction
of the 4-phenyl-I, 2-dithiolium cation \'l!th trimethylenediamine
yields the precursor bis ( p-amincthione). This compound is then
cyclized by a second equivalent of diamine, ethylenediamine
this time, giving the IS-membered macrocycle,
Ph2[15]tetraenatoN4' in low yields.
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Figure 8.1.1 Representation of the sy~thetic route by "which
Ph2 [15]tetraenatoN4("was synthesised.

,:::_./
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11

synthesis of 4-phenyl-l,2-dithicle-3-thione. (1)46
., ~\_

\\ 1';:~~_-- " __ •

Fields reported that cumenes react' with suLphuz'at atm~j~)her~c
pressure in the presence of catalytic amounts of base %;cf give
geed yields of 4-'aryl--1,2-dithi61e-3-thiones.46 The postulated
mec.haniSm"ofthis reaction involves the conversion of cUmenes
to a-mE'!thylstyrenes, which in turn react rapidly 'With sulphur
.to give di thiolethiones. The dithiolethione required here 'Was
t.hns· 'pre~a~ed dir.ectly £r?m ¢'methylstyrene .•47. Flowers of"
sul'~Th~r/i};;t/_1708 9 (0.598 mol) (BDH) dnd 0.4009 9 (1.65 mmo.L]

di-o-tolylguanidine (Aldrich) were disselved in 90 ml freshly
distilled me,sitylene and refluxed at -165"C. Of-Methylstyrene,
50,.00 ml (0.385 mol) (Aldrich) was added drepwise to the

~-;

reflu.xing solution ever 8 houz s , Hydrogen sulphide w~r-,s
'.' . . . 'J

steadily evolved during this reaction. The solution was left:
to reflux r01." a further 13 hours. The flask was plunged into

'1

an ice bath, whereupon crystals could be seen forming from the
deep red viscous, pungent mother liquor. After the mixture lv-as
kept chilled for s~veral hours, the red crystals were filtered
'off, aud'}recrystallised twice from.a solution contair,ling 60 ml
benzene / 40 ml, hexane. A 55%yield, based on sulphur,,~ of the
recrystallised product, 13.8333 9 (0.0659 mol), waS obtained.
The red crystals were characterised by N~llt(appendix 11.6),
assignments in table e~1.1Gbelow. Their.meltiiig point was
measured to be between 122-123°C, which compares well with \,t;he

\!
reported value of 122°C.46
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Table 8.1. :h-..~~~€nts for the peaks in the NMR apectirum of
4-pnenyl-l,2.-dithiole-3-thione in deuterated acetone.

_.

Chemical Shift
/ ppm

singlet

Proton
'"

Splitting

phenyl protons 1.4121 - 7.4719 two multiplets
7.5875 - ':7.6363
'.\

heterocyclic, proton 9.0056
,<.

Synthesis o.f4-phenyl-L 2-~ithioliu.m hydroqen sulphate. (II) 47

4-Phenyl-1,2-dithiplium SCi.ltscan be prepar~d by peracetic
acid oxidation of the corre:3ponding 4-phenyl-l,2-dithiole-3-
thione.47 When an Ci.cetonesolution of 4-phenyl-1,2-dithiole~3-
thione is treated with three mole equivalents of peracetic
acid, an 85 - 90% yield of the acid sulphate of the
corresponding 4-phenyl-l,2-dithiolium SCi.ltis reported to
rapidly crystallize out of solution.":The success of the
reaction depends upon the insolubility of dithiolium sulphates
in acetone, since the dithio:J..ethione.system is kno\'Vnto be
destroyed by B:;_ydrogenperoxide oxidation. Whilst th~( acid
sulphates are freely soluble in water I the perchlorate. salt is
water insoluble.

The explosive nature of peracetic acid makes its tre~sport,
and hence ready availability, difficult. Peracetic acid was
taus prepared48 in situ by mixing a vigorously stirred
solution of 5.0 mi 30% H202 (Saarchern) and 23.0 rnl acetic
anhydride (Merck) in a beaker maintained at 40clC for 4 hours.
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The solution was then stored at SoC. The cond~ntration of
pez'acert.Lc acid was not determined, but, was assumed to be about
1 mol dm-3•18

The dithiolium cation (I), 9.0178 g (0.0429 mol), was
dissolved i11200 ml freshly distilled ac~tone u::;ing gentle

ii
'warming. The solution was stirred in an ice-bath while 130 ml
of freshly prepared peracE;'tic acid was added over 15 minutes.
(In order to prevent crystallization of the starting material,
the addition of' peracetic a;(.'Jidwas begun before the solution
was thoroughly ch.illed.) The product, which is insoluble in
acetone, sepazat.ed out as ~'ine yellow crystals. The mixture
was stirre:d for a further 1,0 minutes in the ice bath, filtered
and washed with a little co~i acetone. A 50 % yield of the
hydrogen sulphate product;' 5.8884 g (0'.0213 mol), was
obtained. Addition of more p~racetic acid to the chilled
S'£1pe~natantyielded a further 2.0361 g (7.37 romol) product,
indicating that the peracetic acid prepared. was less
concentrated than that wtd,'''h;!>laspzred.i.otied.,

The 1, 2-dithi(Jlium cation maY/fa regarded as a resorlance
hybrid of two equivalent sUlphonium ions. An NMRspectrum
(appendix 11.6k~ assignments in table 8.1.2 below, of the

_./,; .. :_;,'

product has twupeaks in the ratio 2:5, which shows the
equLva.Lenoeof the two hete:to ring pzotions against the phenyl
protons. This indicatel3 that the two resonance hybrids of bhe
1,2-dithiolium cation are equivalent. The crYl3tals' melting
point/lwas .measured to be between 231-232°C, which compares
well with the literature value of between 230-232°C.

f:)



Table 8.1.2 Assignments for the peaks in the NMR spectrum of
4-phenyl-l,2-dithioliurn hYQ_rogen sulphate in D20.

phenyl protons 7.5741 - 7.7806 two mult.iplets

singletheterocyclic protons 10.5818

Chemical Shift
/ ppm

SplittingProton

7.7933 - 7.8110

(tThe pale yellow hydroge~} sulphate salt was dissolved in 100 ml
deionised water. Excess ammonium perchlorate, - 6 9 (Aldrich)
was added. A burnt. or.ange crystal, the pezchil.oxat;esalt of ·the
dithiolium product, crystallized out 'instantly in quantitative
yields.

Synthesis of N (N ' -Bis (2-thioformyl- 2-pJ...enylvinyl) trimethy'l-
enediamine. H2 [SH1?hHtnJ (III_L10

The electrophilic reactivity of tJihf~1,2-dithiolium cation is
exploited in this synthesis.10,11,47 The dithiolium
perchlorate (II), 5.4242 g (0.0195 mol), was suspended in 65
ml benzene at room temperature. Trimethylenediamine, 1.80 ml
(0.036 mol) (Aldrich), dissolved in 10 ml benzene, was added
dropwise over 20 minutes with vigorous stirring. The
suspension was warmed to 70°C. The red-orange solution was
decanted from the dark red oil residue and. allowed to cool.
Approximately 2/3 of the solvent was removed by rotary
evaporation and the flask was left overnight at SoC. The
yellow crystals which had formed/overnight were filtered off,
washed with anhydrous ether, and recrystal1ised bliee from
benzene. A 17% yield based on the dithio1imn, 0.6380 9 (1.70
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Inmdl) r was .~chieved. An NMR spactirum (appendix 11. 6) of the
product', assignments in table 8.1. 3 below I' confirmed its
identity. Mi~roal1aly$is of the product indicated = [Element,

II

Experimental)) {Theore'tical)j %C, 68.49 (68.81): %N, 7.57
(7.64); %H, 5.99 (6.0S). (?

Table 8.1. 3 Assignments for the peaks in the ~NMR.of
H2 [SHPhHtn] in deuterated acetione , The positions 4)f the
protons (a-d) in the H2[SHPhHtn] molecule are shown in a
schematic representation of the molecule below the table. The.
signal due to the amine proton is expected at a che!1\icalshift
> 10.5.10

- 2.3233

dqublet of triplets
(apparent quartet)
quintet

Proton Chemical Shift Splitting
/ ppm

phenyl protons 7.1744 - 7.2994 two rnultiplets
7.3115 - 7.3554

Ha 7.9717 - S.0539 doublet of dOUblets

10.1197 - 10.1354 doublet

3.8155
I

12.1861

- 3.8814
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Synthesis of 6, 14-Diph~_nYl""1,4,8, 12-tetraazacyclopenta-
deca-4 (6,12, 14-tetraene. P~2[15]tetraenatoN4_i IV)10

H2[SHPhHtn], 0.1410 g (0.385 romol), was dissolved f~ 10 rol
,\'rigorously stirred benzene at 45°G. Et.hyJenediamine, 26pl
(Aldrich), dissqlved in 2 ml benzene., was added drpowise over
1 houz, The solution was deoairced from the remainingi.\solid
residue and evaporated down to dryness. The yellow crystals
were recrystallised twice from a 1:1 mixture of chloro-
form/methanol.!lA 10%yield, based on H2[SHPhHtn], 0.0138g
(0.039 nunol), was achieved. An NMRspectrum of the product
(appendix 11. 6), as sig~'l.ments.Ln tabl~ a.1. 4 below f confirmed
its .identity. Holm et a),10 indic::ated that they obtained °a
mixture of pl'oducts, Pli2[15]tetraenatoN4 and Ph2[14]tetraena-
tpN4. These molecules .were separated using- ,;fractiona.l
recrystallisation from chloroform/me;thanol. In this synthesis
the quanti ties of pr-oduct, obtained precluded such an
operation.. It is thus probable that the yellow cryrJtals
obtained represent .a mixture of these two compounds.
Microanalysis of the product indi.cated : [Element, Experimen-
tal (Theoretical)] %C, 77.35 (77.06); %N, 15.51 (15.63); %H,
7.14 (7.31).
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Table 8.1.4 Assignments for the peaks in the NMRof
H2[HPhH(en)(tn) ]):in deuterated acetone. T~e positions of the //

protons .(~-d) in the Ph~[15]tetraenatoN4 n\.?:ecul,e are shown in /1
a achemabd.e r<~present.at~on of the molecule \below the table. /l

\. . J/
trhe signal due to the amine proton is expect~~d at a chemical/,f/
shift> 9.0.10 <:» 0'~'''''''''':~''~''''~'

"<~::J.

Proton Chemical Shift Splitting
I ppm

, ,.

phenyl protons 7.0580 -- 7.0885 two multiplets
I': "] .2472 - {7,./,.?:,328u ~,l""-'

7 • 7032 - 7 •.7926 doublet of doublets '

singlet
,"

3.6470 - 3.7015 multiplet

L 9573 - 1.9745 multiplet
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Inse:ction of the Coba1t'II) Metal Iori. Co(ph2[151tetraenatoN41
(J

Ph2[lS]tetraenatoN4f 0.0069g (0.019 mmol), was dissolved in 3
ml DMF. The vigopousy stirred solution was heated to 80°C
under nitrogen for 0..5 hours. CObaltous actetate, 0.0048g (41
11 raol) (Saarchem), was added to the solution. The solutipn was

v::_--;left stirring a.t80°C under nitrogen for another 0.5 hours.
Durinq this time the pale yellow solution turned red/pink. ~he
flask was stored 2n the fridge overnight during which time the
solution turned orange. Opening the flask .to the air
acoe Lezabed this colour change. It was hoped that this
repres~nted a..change in the oxidation state of the cobalt
atoms from II to III. A UV/VIS :.speotrum of the solution,
however, indicated that the primary change was a degradation
of the macrocycle. Rolm ei: aIlS. similarly reported that the :
Co(II) macrocycle was unstable in solution in air.

8.2 SYNTHESIS OF Co(III) 6,14-diphenyl-l,4,8, 12...tetraazacyclo- .
pentadeca-4" 6 , 8,10,12 I 14-hexaene, Co (Pb2 [151hexaenatoN4,) 2+ .11

Holm et al19 reported that Cu(II), Ni(II), and Co(II)
complexes of 14-, 15..., and 16-membered macrocyclic rings
undergo oxidativra dehydrogenation reactions with
2,3-dic'hlo:ro-5,6-dicyano-p-benzoquinone (DDQ) affording
complexes with increased ~unsaturation. It was intended to
use this method.to produce a more unsaturated form of (IV)
(see figure 8.2 (b)V ~ Since the synthesis, of
Co(Ph2[15]tetraena.toN4) was unsuccessful however, this
synthesis could not be attempted.

\\
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8.3 DISCUSSION

Tang and Holm11 reported their interest in producin'g.a 14-"
lS--membered tetraaza macrocyclic system similar to that

()

present in the basic ccr r.i,nunit. 'l'heywere able t.oproduce
the CUfII), Ni(II), and Co(II) complexes of the
Ph2 qs l tetraenatoN4 macrocycle, .and the Cu (it) and Ni (II)
complexes of the Ph2[15]hexaenatoN4 macrocycle. The JCo(II)
Ph2[15].tetraenatoN4 macrocycle was however reported to be
unstable in air. It was hoped that the instability referred to
was simply a change in oxidation state of the Co(I!) .to
Co(I!I). However, when this instability was similarly noted in
this work, UV/vIS analysis made it clear that the ligand
itself der;;"'''fedrapip.ly in air.

i "
Tang and ~olml1 reported that the low-spin Co{I!) complex of.,
Ph2[lS)tetraenatoN4 is readily oxidized by iodine in the
presence of pyridine to afford in good yields the
corresponding transdipyrid.i,ne Co (III) complex I isolated as an
iodide salt. Reaction of Co(Pn2[15]tetraenatoN4) with DDQ in
benzene followed by addition of aqUeous sodiuIn cyanide to an
ethanol solution of the isolated reactio;rlproduct afforded the
neutral red crystalline dicyano complex
[Co(ph2[1S]hexaenatoN4)(CN2] in moderate yields. A similar
reaction of Co(Ph2[15]pentaenatoN4} with excess DDQ in benzene
followed by treatment with PYI;idine and NaPF6 Ln ethanol
produced. the (CO(Ph2 [15]hexaenatoN4) (py)2]2+ cat.ion. 'rhe
synthesis of both [Co(Ph2[15]hexaenatoN41(CN2] and
[Co (Ph2 [15]hexaenatoN4 )(py) 2]2+ were performed under anaerobic
conditions. The quinone t.hus appears to effect both 12 tt to 14 tt

ligand oxidative dehydrogenation and Co(!l) to Co(III)
oxidation in the presence of ligands (i.e. py, CN-) capable of
stabilizing the higher metal ox~~ation state.
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These results s~gge~---j::J;.atwith suitab,le variation of the
,j

axial ligan,is and the cobalt atom's oxidation state, the
o

cobalt model complexes could still serve as useful vehicles in
1312 model systems. These observations were not ll.c>weverpursued

. ~ .
here, since the, overall aim of this sy.:ntheticwork, to produce
model macrocycles for compara1:;ivekinetic determinationsf
regulres the production of the relevant diaquo-complexes.
Comparitive stud;ie.sbetween dicyanocobinalnide and the model
ciicyano--complex could nevertheless still yield some
interesting results.

8.4 CONCLUSIONS
Whilst the synthesis of the Ph2[15]tetraenatoN4 macrocycle was
succesful, the insertion of the metal into the macrocyele wa,s
not, and hence the subsequent oxidative del:lydrogenation to
Co(Ph2[151hexaenatoN4) could not be attempted. The aim of this
sy~thet;ic work was hence riot achieved, and Holm'slO,ll model
compounds were proven unsuitable for the applications we
required. Alternative model compounds are thus required :tor
this work.

'\
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9 CONCLUSIONS

In chapter 1 the primary aims of this project were defined as,

(l) teelabora.te on the data supporting a kinetic and
therm~dY~~fnic trans-effect in the cobalt corrinoids, with
particular reference to DAC/AHC,

:-- /;
(2) to determine therelati6hship between the degree of
macrocyclic unsaturat~,on and the kinetic dis-:-effect.

V .. /~
' ..-: '

" ~.,- .~
In order to realise these primary aims a list of ::lfJbndaryaims
can be also comp.i.Led ,

(l) to synthesise DAC,
(2) to determine the thermodynamic parameters for the two
deprotonation equilibria of n~p,
(3) to determine the mechaz~:_:.i!f;by which an axial '"N"ater
molecule of DAC/AHC is substituted by an incoming ligand,
(4) to synthesise model compounds suitable for a subsequent
investigation of the macrocyclic cis-effect

Of these four secondary aims, only t.hefirst three were achieved.
The i.nstability of the synt.heai.sedmodel compounds lOt 11 in air
made them unsui.table for use in the investigation of the
macrocyclic cis-effect, and hence prevented realisation of the
second of the primary aims of.this thesis. Alternative model
macrocycles are thus required. Achievement of the first primary
goal, elaborated on below, was however successful.

DAC was successfuly synthesised from cyanocobalamin via the
intarmediate Factor B using Brown's unpublished method.29 At
best, using HPLC peak integration, a yield of.93% was recorded,
and at worst a yield of 75%. Stable yellow corrinoid production
during and after the synthesis appears to be unavoidable, though
degradation c~n be minimised by freezing DAC samples under an
inert atmosphere in containers shielded from light.3,5,29 Brown'a

)',
1/
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'('<'f
method appears to be superior to the other two 'reported methods~
Photolysis of Factor B produces DACin S5%yields,2'9 whilst
photolysis of methylcobinamide produces ~ACin only 1'0% yields. 3
Since 13AC is known to be susceptible to radiation d~g;ra49-tio~i? it
is not surprising that a synthetic method which. db~S not re~ti.tr~'
sample irradiation should be superior to techniques which do.

1!
tn-r.cell 'j,lpecb;ophotomet.;r;ic titrations of DAC at two different

il
wavelengths were used !~o determine the thermodynamic Earameters
for the two deprotonation e<1uilibria of OAe".ThermodynalRic
parameters for the first equilibrium (DACtI~ AHC+ H+),·were
calculated to be, A flO = 44 kJ mol-1 and i~ sa' = -35 J K-1 mol"'l

\,j

The value for pKal at 25°C, calculated from these thermodynamic
parameters I compares well with other published results .;:5,3 The
value of pKa2 at 25°C, calculated from the thermodynamic 0

parameters for 'the second equilibrium (AHC= PBC+ B+), does not
however compa.re\\well with other published' resul tS~}'f 3 or with
:t:esults obtained by other membez s of this research gro-qp.31 The
most likely cauae ';:tor the discrepencies in the pKa2 values is
experimental error associated with the pH measurements duri~g
these ti!trations. Thermodynamic parameters for -che second
equilibrium were then obtra Lned from Marques31 : tl HO ~ 27 kJ
mol-1 and ~ So = -109 J K~l mol-l.

Binding constants of ARC'~pH12.00) with five selected ligands:
cyanide, azide, pyridine, N-methylimidazole and
3-amino-1-propc::.aol were determined by in-cell spectrophot~metcic
titrat,i,ons at 25>.)C.Comparison of the calculated unconditional

; :.":.

binding cons carrt s ;;7ith available data on DAC,aquocobalamin and
Factor B (i.e. the trans-ligands H20, dmbzmand CN-) confirmed
the trans-effect order, H20 < dmbzm< OH- < CN-.1,14 A
combination of both steric and elect1:Qnic effects were consideredn . :;
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in an attempt to rationalise the observed order of binding
constants of the ligands te AHC : azide < pyridine <
3-amine"'1-propanol < N-mebhylimidazole < cyanide.

li con~'rov~rsy concerning the intimat~ mechanism of the
suPst&<t;p..___~ienreactions o± aquocoba.lamin has existed for some
time .•14,:zj-26 Marques et ale observed that. saturation kinetics
cou.Ld be used te distinguiSh between a,T.>and an In mechanism when
a series of ligands showing saturatifig.behaviour are compared.27
The dep~ndence of ksat and its a.ctivation parameters on 'the
nature of the incoming ligand confirmed that an In me.chanism is
in fact .operable.

The same approach was then used in an analegous study using AHC
(pH 12.00). Preliminary data on the relationship between pH and
the .observed seCon.d .order rate constants for the substitution of
H20 by HN3/N3- confimed that DHC is substitutionaly inert.3 The
equation derived to explain this relationship fitted the high pH
data well, but not the low pH data. The values .ofpKazide and
pKal were elevated substantia.ly in ord.er to achieve a good :fit of
the derivt2d equation to the data. No reason for such an elevation
ceuld be found and no precedent exists in the literature. The
lew-pH data certainly requires further investigation.

Saturation kinetics were ohserved :ferthe substitution of wate:t
in ABC (pH 12) by four of the five selected ligands: cyanide,
azide, pyridine, and N-methylimidazole. No saturation kinetics
were .observed fer the ligand 3-amino-l-propanol over the ligand
concentration range ( up te 1.0 mol dm-3) investigated 0 Problems
in acquiring meaningful data at higher ligand concentratiens made
the .observation of saturatien kinetics and compar,ison bet.tleenthe
saturating rate censtants of different ligands quite difficult.
Furthermere, the manifestation of a compensation effect between
the activation parameters results in an apparent only wea.k
dependence Qlfksat on the nature of the incoming ligand, and
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prevents ..firm conclusions on the..J.n:~,iIila.tenature of the react.ion
- i'·· .... r

ntechi.:u:i~mbeing drawn front a. simple comparison of saturating: rate
constants. Significant differences between the activation
parameters of ksat for tns various ligands does however argue
strongly in favour of an In mecha.nisn~iActivation parameters ~rere
seen to decrease (i ,e. less positive L] H~ and more negative A 8'")
as the dgr~e of nucleophilic participation by the incoming
ligands in the transition state increased. Both electronic and
sterie factors were shown to be important in determining the
nucleophilicity of the incoming ligand.
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11 APPENDIX SUPPLEMENTARY DATA FOR MAIN TEXT

11.1 'SUPPLEMENTARY DATA FOR CHAPTER 3

Table 11.1'.1 Absorba.nce of DAC/.AHCat 344nm and 278nm at 35"'C
';.'/

as a function of pH.

pH A34.4nm A27SilIn pH A344nm A278nm~:::

4.064 0.2727 0.6990 6.759 0.2507 0.6699
4.255 0.2730 0.7013 7.046 0.2486 0.6702

:.'] 4.526 O,r2711 0.6973 7.231 0.2459 0..6709-
4.667 0.2701 0.7007 7 .359 0.2437 0.6668
4.854 0.2681 0.6973 ., ..573 0.2410 0.6717I

5 .075 0.2672 ,0.6940 1.771 0.2381 0.673:7
5.231 0.2649 0.6897 7.934 0.2364 0.68'02
5 .387 0.2632 0.68s:t 8.233 (0.1910) 0.6948
5 .603 0.2610 0.6841 8.478 0.2287 0.7162
5.857 0~2,§76 0.6770 8.664 ,0.2227 o.7449
6 .046 ,0.2555 0.6740 ,.8,.}93 0.2226 o.7752
6.222 0.2530 0.16746 8.994 0.2238 0.8042
6.376 0.2517 0.6733 9.275 0.2217 0.8703
6.638 0 .2510 0.6730 9.412 0.2216 0.9000

-:
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Table 11.1..2 Absorbance of DAC/.7;\Il(!at 344nm and 278nnt at 25°,C 'f

as a function ..of pH.

pH pH A344nm A278nm.
=

2.820
3.064
3.208
3.385
3~7,55
3.856
4.008
4.287
4.447
(4.635
4.899
5.0'!!.J'0
5.175
5.355
5.690
5.761
5.954
6.184
6.513
6.820
6.854
7.025
7.109
7.168

0.4995 0.3776
0.5027 0.3795
0.5039 0.3800
0.5038 0.3787
0.5059 0.3778
0.5053
0.5045
0,,5017
0.5002

0.3777
0.3779
0.3738
0.,3724

7.319
7.505
7.690
7.849
8.076
8.161
8.422
8.60,6
8.790
9.061
9.143
9.3n4
S~718
9.909

10.042
O~4777
0.4720

0.3406 10.208
0.3323 10.374

0.4409 0.3380
p.4395 0.3625

0.4448
(1'.4443
0.4448
0.4444
0.4404

0.3022
0.3055
0.3104
0.3167
0.3299

0,,47 ,2
0.'4179
0.4169
0.4142
0.4116
0.4097
0.4109
0.4102
0.4098

" " ..

6".,'" ~~1t:~~,9 ~l! Q()i1
-• \'_.~ ,,"', ". ;'-....!

./ '. 'i ;4.56.0L ) ',''''. '\.~'f
! ,i, r#6~:'-1-'~)096
" .,.., .,( ',C':, r_1 )7(' ..._;>,~
1].•1{326 {)';,5704I 0.4280 O~6611

1.
0*4263 0.7791
0.4225 0.8451

0.4096 1.0095~----~------~------~--~---~------~---~.--

0.5001 0.3712
0.4979 0.3670

I 0.4950 0.3653
0•.4920 >.( o.\':;v\O
0.4889 0.3567
0.4868 0.3511.

0.4663 0.3233 10.590
0.4586 0.3117 10.763
0.4509· 0.3048 11~054
0~4533 0.3052 11.240
0.4510 O.302A 11.396
0.4479 0.3025 11.589
0.4490 0.3026 11.745

0.8760
O,~9298

0.9517
0.9671
0.9892
1.0033
1.0073
1.0080
1.0102
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Table 11.1.3 Absorbance of PAC/ABCat 344nm and 278mn at 15¢C
i;\S a function of pIl.

.pH A3.44hm pH A278nm
4.008 0.5370 7...839 0.7314
4.202 0.5384 7.958 0.7349
4.317 0.5387 8.133 0.7400
4.556 0.5368 8.305 0,//473

.14.787 0.5378 8.554 0.7626
4.946 0.5366 8.788 0.7827
5.059 0.5337 9.084 0.8706
5.288 0.5289 9.287 0.9230
5.499 0.5257 9';)463 0.9859'.,: .. ':

5.664 0.5187 9.678 1.0490
5.818 0.5144 9.886 1.1216
6.059 0.5078 10.043 1.1601
6.236 0.4978 10.336 1.2123
6.418 0.4919 10.435 1.2290
6.677 0.4861 10.619 I 1.2523

.)6.823 0.4826 10.791 1.2678
7.122 0.4782- 11.013 1.2812
7.225 0.4762 11.215 1.2866
7.476 0.4741 11.376 1.2898
7.643 0.4722
7l\855 0.4705
8.006 C.4669
8.334 0.4655
8.662 0.4646
8.875 0.41;)56
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Table 11.1.4 Absorbance of DAC/AHC at 344nm and 278nm at 5"C
'_"'::'===--=c:'

as a function of pH.

pH. A344nm pH. A27Bnm
3.533 1.6490 7.424 1.0902
3.753 1.6492 7.586 1.1021
3.995 1'.6499 7.792 1.08'88
4.098 1.6484 7.992 1.0947,
4.366 1.6471 8.154 1.1029
,1:.576 1.6463 8.441 1.1096
4.772 1.6422 8.675 1.1198
4.881y 1.6396 8.885 1.1331
4.961 1.6341\\ 3.995 1.1474

I :5.254 \\ 9.249 1.20371.6230 \\
5.398 1.6185 9.500 1:2626
5.489 1.6069 9.620 1.3066
5.717 1.5791 9.812 1.386.,8"
6.104 1.5390 10.05~ 1.4840
6.368 1.5126 10.215 , 1.5674
6.549 1.4994 10.512 1.1030
6,.713 1.4849 10.672 Iii 1.7663
7.056 1.4713 10.789 1.8061
7.254 1.4674 11.062 1.8648
7.426 1.4622 11.230 1.8868
7.682 1.4609 11.396 1.9126
7.847 1.4476 11.746 1.9290
8.188 1.4480 11.884 1.9366
8.399 1.4420 12.034 1.9416
8.648 1.4465 12.167 1.9444
8.826 1.4408 12.366 1.9418

12.500 1.9395
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11.2 SUPPLEMENTARY DATA FOR CHAPTER ~

Table 11.2.1 Abso.tbance at 348 nm versus amount of cyanide
added for th~ titration of ARC (pR 12.0) with cyanide at 25"C.

A34.8
o
4.17XIO-6
8.34X10-6
1.25X10-5
1.67XIO-5
2.09X10-5
2.50}nO-5
2.92XIO-5
3.33XIO-5
3.74X10-5
4.15XIO-5
4 e57::{10-5
4.97Xl0-5
5~42XIO-5
5.81XIO-5
6.20XI0-5
6.65XIO-5
7.04X10-5
7.43X10-5
7.88Xl0-5
8.27XIO-5
1.03XIO-4
1.44XIO-4

0.•7558
0.7486
0.7404
0.7319
0.7173
0.7055
0.6925
0.6814
0.6690
0.6568
0.6454
0.6338
0.6219
0.6124
0.6008
0.5898
0.5810
0.5773
0.5770
0.5780
0.5762
0.5749
0.5724

0.7558
c

0.7490
0.7411
0.7330
0.'7187
0.7073
0.6946
0.6838
0.6717
0.6598
0.6486
0.6373
0.6256
0.6164
0.6050
0.5942
0.5856
0.5822
0.5822
0.5835
0.5820
0.5821
0.5824

I

I
I
~
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Table 11.2.2 Absorbance at 370 nm'Versus amount of a~ide added
for the titration of ABC (pH 12.0) with azide at 25°C.

A370(corrected)
o
1.22X10-3
2.43XIO-3
3.64XIO-3
4.85X'lO-3
6.06XIO-3
9.07X10-3
1.2DnO"'2

1.50XIO-2
2.10Xl0-2
3.55XIO-2
4.69XIO-2
6.89XIO-2
1.21XIO-1
2.11XIO-1
3.06XIO-l

-;

0.1662
0.1748
0.1851
0.1914
0.1982
0.2Q:11
0.2147
o, 2227
0.2287
0.2364
0.2481
0.2502
0.2536
0.2516
0.2419
0.2286

0.1662
0.1750
0.1855
0.1920
0.1990
0.2051
0.2163
0..2249
0.2316
0.2405
0.2555
0.2602
0.2688
0.2793
0.2927
0.3052
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Table 11..2.3 Absorbance at 368 nm vez-sus amount f?f pyridine
added for the titrat.ion of ABC (pH 12.0) with pyridine at
2S"C.
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Table li~:- 4 Absop'!:>ancea.t 365 nm versus amount: of
>,'" " .,=~

N-methylimidazole .added for the t:i.tration of Age (pH 12.0)
with N-me'thylimidazole at 25 <>C.

1A365(corrected)i(R~tnethylimidazoleJ 1A36.5
/ mol dm-3

o 0.5111
5000XIO-S 0.6384
1.00XI0-4 0.6773
1.50XI0-~ 0.6929
2.49XIO-4 0.7060
4.98XIO-4 . 0.7171
9. 9 (}xJ:O"" 4 0.7241
1.9BX10~3 0.7343
4.44XIO-3 0.74.50
2.61XIO-2 0.7259

0.5111
0.6387
0.6780
0.6939
0.7078"
0<7207
0.7313
0.7424
0.7551
0.7520



-,

Page 156

Table 11. 5 Absorbance at 364 ron versus amount of
3-amino-l-propanol added fOr the titration of AHC (pH 12.0.)
with 3-arnino-l-propanol at 25°C.

[3-amino-l-propanol] 1A364
/ mol dm-3..

iA364(corrected)
\\

o
2.63XIO-4
5.26X10-4
7.88X10-4
1.05X10-.3
1.31X10-3
1.57XIO~3
2.10XIO-3
2.62X10~3
3.92XIO-3

5.21Xl0-3
7.78XIO-3
1.16XIO-2
L 78XIO-'2

1.OOXlO-l

0.5867
0.6193
0.6466
0.6677
0.6946
0.7044
0.7081
0.7179
0.7270
0.7375

v

0.7464
0.7532
0.7570
0.7570
(}>,6515

0.5867
0.6196
0.6472
0.668'1
0.6960
0.7062
0.7102
0.7208
0.7306
0.7430
0.7539
0.7645
0.7740
'0.7835
0 •.8046

I
I
j

t
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11.3 SUPPLEMENTARY DATA FOR CHAPTER 5
1_'\

\ 1

Table 11.3.1 (a) Pseudo first order ra;""'econstants, k'obsd as
a fun~tion of ligand concentration and pH at 25°C,.

[N3-] I
:;..::

k'obs I s-1

mol dm-3 ["pH 11.5 pH 11.0 pH 10.5 pH 10.0 pH 9.5
0.•0010 67.(10) 83(2) 75(1) 68(1) 65(1)
0.0025 94(3) 118(2) 107 (1) 122(1) 133(1)

.e 0.0050 121(3) 132 (1) 16~(1) 232(1) 290(5)
0.010 137(2) 199(4) 3ll{3'} 507{.5) 698(12)
0.015 220.(3) 243(3) 420(6) 760(7) 925(20)
0.020 234(3) 279(3) 610(7) 821(9) {696(26)}

Table 11.3.1 (b). Pseudo first order rate constants, k' obar as
a function of ligand concen·tration and pH at 25°C.

'.'

[N3-] I k'obs / 5-1

mol dm-3 pH 9.0 pH 8.5 pH 8.0 pH 7.5 pH 7.0
,'!

0.0010 75 (1) 67 (1) 83(1) 116(.1) 163(1)
0.0025 181(1) 18l0(1) 215 (1) 326(3) ,,413(2)
0.0050 394(3) 492(3) 570(6) 693(7) 804(5)
0.010 769(9) 8'79(5) 1039(12) 1169(25) 1253 (15).'
0.015 1110 (17,) 1246(5) 1260(16) 1718(34) 1801 (i"i'2\

(,

0.020 i~314(24) 1473(11) 1662(43) 1692(41) 2215 (:36)
.:::

!)
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Table! ;11.3. 1 (c) Pseudo first order ra~e cons t.ant.s , k"obs« as
a fUnction of ligand concentration and pH at 2~Qe.

[N'3-] I

mol dta-3 pH "6•5

I"

k'obs I'$·ul

0.0.004
0.0010
0.OQ20
0.0040

;'J

87(1)
195(1)

378(2)
744(5)

1036(9)
1277(15)

0.0060
0.0080

pH 6.0 pEL5 •5 . pH 5. 0

77(1)
181(1)
315(3} "
.:~87(3)
719 (5)
857(8)

68n.)
1:135 (1)

20.5(1)
319(2)

{349(1)}
'I{376(2l}

[~
Table 11.3.1 (d) Pseudo first order rate constants, k'ohs, as
a funct.ion of lig~nd concentration and pH at 25°C.

:

[N3-J I k/ons
I'

f ' mol dm-3 pH 4.4 l?H 4.0
I

0.0.00.4 67(1) 66(2)
0.0.010. 120(2) 95 (3,;)

//
,'\ ;)0.20 2Q6(5) 166(2)., .
Q.o.D4D 290. (5) 223 (4)

\ I 0..0.060 {291(3)} {297(4)}
0.0080. 492(10.) {296(4)}

81(1)
206(1)
392(1)

735(4)
'991 (5)

1178(5)

pH 3.0.

---~,

pH 3.5
70.(1) ,J!§ (1)

1
1
---

10.3(2) 1117(2)
155( ~) . 152(3 ) I

{249(3)} 255(5,
{261(2)} {281(5)}
{299(3)} {274(5)}



1/ V

II

0.010 6.39 f,10

0.012 6.91 7.53 7.7 8.5 7.52 8.19
0.01.7 7.76 8.46 8.1 8.8 7.60 8.29
0.025 7.96 8.67 16 17 7.71 8.40
0.050 8.65 9.43 12 13 7.94 8.65

" 0.099 9.98 10.9 15 17 9.08 9.89
0.199 12.7 13.8 18 20 10.9 11.9

/;'

0.298 14~l' 16.0 21 23 12.0 13.1 v,

0.398 16.8 18.3 23 25 12.6 13.7
0.497 18.2 19.8 26 28 13.7 14.•9
0.597 18.6 20.2 26 29 14.8 16.1
0.696 19.0 20.7 25 27 15.7 17.1
0.795 19.3 21.0 27 30 15.6 17.0
0.895 19.6 ;) 21.2 ~7 30 15.5 16.7
0.994 19.6 21.4 ~7 29 15.1 '\\,,:16.5

jt

II

Page 159

11" 4 SUPPLEMENTARY DATA' P'OR CHAPTER).6

Table 11.4.1 The dependence oi,\ the pH-dependent and
pRo-independent observed rate constierrt s f in the main text k" cbs
and :;cobs respectively f measured at !;two different wavelengths f

fo:t the ·substitu.tion of H20 in aquocobe.Lami.nby pyridine at
35. a °C and a pH of 6.48 on the liga.nd concentration.

362.5 nm[pyridi!rle]

/ mol (i):n- 3

351 nm
fast fast slow slow

k'obs kobs k'ebs kobs k'Obs kobs
I s-1 / 5-1 I s-1 I 5-1 / s-1 I 5.-1



Table 11.4.:! The dependence of the pE:~)dependent~nd
pH-independ(,mt observed rate constants, Ln t.he main .teJ~t k' obs
and kobs re:~pectivelyl' measured at two different wavelengths,
for the sub::!'titution of H20 in aquocobalamin by,: pyridine at
25.0<!C and ,i'pH of 6.51 on the ligand doncentrat'ion.

[pyridine] 351 nm 362.5 nm

/ mol dm-3 fast. fast slow slow

k'obs kobs k'obs kobs kfobs kobs
I s-l I s-l I s-l I s ....1 I s-1 / :::-1

0.010 1.99 2.21 1.8 2.0 2.09 2.33
0.012 2.09 2.26 S.2 5.7 2.24 2.42
0.017 ,2. 10 2.27 3.9 4 .2 2.19 2.37~
0.025 2.23 2.41 2.5 2.8 2.36 2.55
0.050 2.53 2.74 6.4 7.0 2.57 2·7,9
0.099 3.05 3.30 5.1 5.6 3.04 3.30
0,,199 3,,93 4.26 12 13 3.92 4.25
0.298 4.54 4.94 13 14 4.57 4.96
0.398 5.15 5.57 13 14 5.39 5.84
0.497 5.66 6.12 14 15 5.78 6.24
0.597 5.82 6.28 13 14 5.97 6.45
0.696 6.03 6.50 14 15 6.20 6.69
0.795 6.14 6.62 13 14 6.28 6.77
0.895 6.37 6.87 13 14 6.3916

•
89

0.994 6.39 6.88 13 14 6.42 6.91
,
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Table 11.4.3 The dependence of the pH-dependent and
pH-independent observed rate constants, in the main text k'obs
and. kobs.respectively, measured at two different wavelengths.'
for the substitution of 1120in aquccoba Lamf.n by py:ridilteat .
15 oj 0<I.e and a pH of Q. 59 on the ligand c.oncentrati&ii.
::::;:::!

}

(t1yridine] 351 nm 362.5 nm
I liloldm-3 fast fast slow i slow

k'obs kobs k'obs kobs k'obs kobs
/ s-1 / 8.",·1 / s-1 / $-1 / s-1 I s-1

G.OIO 0.540 0.594 0.68 0.74 0.434 0.477
0.012 0.549 0.604 0.68 0.75 0.456 0.501
0.017 0.551 0.606 0.72 0.80 0.422 0.465
0.Q25 0.583 0.641 2.2 2.4 0.613 0.674 .
0.050 0.667 0.734 1.8 2.0 0.697 O."l6·~r
~j.099 ·0.825 0.908 1.7 1.9 0.851 0.936

",:0.199 1.09 1.20 3.3 3.7 1.25 1.31/1

0.298 1.31 1.45 3.8 4.2 1.49 1.64
0.398 1.50 1.63 4.0 4.4 1.67 1.82
0.497 1.68 1.84 4.2 4.7 1.82 1.99
0.597 1.76 1.92 3.8 4.2 1.85 .: 2.01
0.696 1.85 2.00 4.1 4.5 1.93 2.09
0.795 1.91 2.06 4.8 5.2 2.04 2.23
0.895 1.91 2.06 6.0 6.6 2.13 2.32
0.994 1.94 2.09 6.4 7.0 2.14 2.34

.,
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Table 11.4.4 The dependence of the pH....dependent and
pH-independent observed ratel::ons't.ants, in the main text k 'obs
and kobs respectively I meaauzed at..two different waveleng'ths,
for the sU.bstitution of H20 in aquocobalamin by pyridine at
5.0de and a pH of 6.68 on the:ligand concentration

i:'___'_'

'\'[pyridine] 351 nm 362.5 run~-! mol dm-3 fast fast 6: . :'w
k'obs kobs k'obs kobs k oba kO~1S

! s-l I 6.-1 / s-1 / 6-1" / s-l / .:.-1~,
\'0.010 o.117 o.129 3.7 4.1 0 .110 O.:l22

\i 0.012 0.129 0.143 0.41 0.46 D.lllS o. :L~9
0.017 o.128 0.142 0.39 0.43 1.Ll.19 O. ',l.32
0.025 0.•137 o. 152 0.21 I 0.23 0.136 o . I 1•1.5.
0.050 O. 159 O. 176 0~,'50 /0.55 0..156 0 .. 1:.13

, 4t~0.67 \; ;

0.099 0.204 0,;226 0.60 0.200 O. 'Z~1.2
o.199 0.275 0.305 1.1 1.2 0•.30S e , ~4,2
0.298 0.336 0.369 0.85 0.93 0.345 0.379
0.398 0.387 0.426 0.79 o. 87 O~377 0.415
0.497 0.435 0.474 0.93 1.0 0.423 <' O. ,467 "i

'.;

0.597 O.44:~ 0.483 2.0 2.2 00531 0.579
0.696 0.469 0.506 2 .3 2 .5 0.569 0",614
0.795 0.487 0..526 1.6 1.7 0.561 0.606
0.895 0.492 0.528 2.4 2 .6 0•.588 0'.~;635
0.994 0~496 0.536 2.6 2.8 0.<624 0.674 :..'

1\
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11.5 SUPPLEMENTARY DATA FOR CHAPTER 7

11.5.1 Cyanide

Table 11.5.1.1 pH dependent (k'obsl and pH independent
(kobs) rate consta:,\s for the sUbstitution of H20 illARC (pH
11.89) by CN- at 25C>C as a furict.Lonof ligand conQentration.

[CN-] I mol dm3 k'obs I s-l kobs I s-l

0.002 4.560 (0.025) 137
0.005 8.74·5 (0.056) 263
0.010 17.59 (0•11) 529
0.015 23.31 (.lL ,19 ) 701 '.<",

0.020 28.24 (0.2..3) . 849
O~.O40 50.86 (0.36) 1.53XI03
O.06U 64.02 (0.47) 1.93XI03
0.•080 81.52 (0.69) 2.45XI03
0.120 105.9 (1. 2) 3.18XI03
0.150 125.7 (1. a) 3.78X103
0.200 137.7 (1. 4) 4.14X103
0.299 153.1 (3•0) 4.60Xl03
0.499 170.1 (3.8) 5.12XI03
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Table 11. 5. 1.2 pH dependent (k' obs l and pH independent
(kobs> rate constants for the substitution of H20 in AHC (pH
12.04) by CN....at 18"'Cas a function of ligand concentratiol}'

,;.,

[CN-] I mol dm-3 k'obs I s-l kobs / s-1

0.002 2.711 (0.032) 88.3
0.005 5.181 (0.058.) 169 '0"

0.010 8.505 (0.018) 277
0.015 13.48 (0 e 10) 439
0.020 17.45 (0.16) 568
0.040 27.30 (0.38) 889
0.060 37.49 (0.38) 1l22XI030.080 46.01 (0.38) 1.50XI03
0.120 57 .02 (0,.85) 1.86X103
0.150 76.84 (1. 74) 2.59XI03
0.200 73.16 (0.80) 2.38XI03
0.299 117.6 (1. 9) 3.S}X103
0,499 135.3 (3.8) 4 .41XI03

1\
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Table 11.5.1.3 pH dependent (k'obs) and pH inciependent
(kobs) rate. constants :torthe substitution of H20 in AHC (pH
12,18) by CN- at 12°C as a fynction of ligand concentration.

[CN-] I mol dm"'~ k'obs / 5-1 kobs / s-1
0.002 0.4588 (0.0049) 16.3
0.005 2.434 (0.024) 86.4
0.010
0.015
0.020
0.040
0.060
o ~0,80
0.120
0.IS0
0.200
0.299
0.499

5.33S (0.041)
7.255 (0.074)
8.696 (0.106)
15.89 (0.10)
18.96 (0.22)
25.30 (0.22)
31.67 (0~88)
38.31 (0.97)
43.34 (1.33)

57.50 (1.45)

56.58 (2.73)

189
25B
309
564
673
898
J..12XI03
\\
i'.36X103
1.54X103
2.04XI03
2~01Xl03
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Table 11.5.1. 4 pH dependent (k/obs l and pH independent
(kobs) rate constants for the sUbstitution of :H20 in ABC (pH
12.33) by CN- at 5()C as a function of ligand concentration.

\\

[cJ:r] I mol dm-3

0.002
0.005
0.010
0.015
0.020

k'obs / $-1 kobs / s-l

0.8858 (0.0169) 33.3
1.800 (.0.016) 67.7
3.006 (0.03'4) 113
3.775 (0.O40) 142 ,~.-.

4.911 (0.059) 1'84
8.864 (0.086) 333
10.70 (0.09) 402
14.05 (0.10) 528
19.15 (0.32) 719
21.89 (0.41) 822
24.48 (0.80) 919
37.16 (2.03) 1.40X103
58.78 (7.09) 2. 21~n03

o,', Oq040
0.060
0.080
0.120
0.150
0.200
0.299
0.499
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11.5.2 Atide

Table 11.5 .2..1 pH dependent (k'cbs) and pH independent,
(kobs) rate constants for the substitution gf,H2o in AHC (pH

\11..64)by N3"'"at 25<>C as a function of ligand concentrati<;>n.

[N3-] I mol dm-3 k'obs I s"'l kcbs I s-1

0.010 104.7 (1. 4) 31.81XIO
0.015 132..6 (1. 3) 2.30X103
0.020 138.6 (1. 7) 2.40X103
0.025 ~43.8 (1. 8) 2.49X1.03
0.050 <,168.6 (1.9) 2~92X103
o.100 301.1 (4.4) 5u22X103
0.200 427.7 (4.9) 7-:-41XI03
0.2,99 543.9 (7.2) 9.42XI03
0.40U 649.4 {9.2} 1.13X104
0.500 673.2 ('/16.,2) 1.17XI04
0.600 690.6 (23.0) 1.:20X104

i
fp
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Table 11.5.2.2 plidependent (k'obs) and pH independent
(kobsl rate constants for the substitution of 1I20 in ABC (pH
~1.80) by N3- at 18"C as a function of lig'and concentration.

[N3-] / mol dm-3 k'obs I s-l kobs I s"'1

0.010 48.87 (0.93) 937
0.015 76.40 (1.09) 1.46Xl03
0.02'0 101.4 (1. 7) 1.94XI03
0.025 111.2 (1.6) 2.13Xl03
0.050 136.4 (1.8) 2.62X103
0.100 278.5 (4.3 ) 5.34X103
0.200 327.3 (4.7) 6.27XI03
0.299 448.0 (10.2) 8.59X103
0'.400 482.7 (10.2) 9.25XI03

\~

0.500 542.3 (j).9) 1.04X104
,"-,

Table 11.5.2.3 pH dependent (k'obs) and pH independent
(kobs) rate constants for the substitution of H20 in AHC (pH
11.84) by 1'13-.at 12°C as a function of ligand concentration.

[N3-] / mol dm-3 kfobs / s-1 kobs / 5-1
'"

0.010 28.86 (0.40) 484
0.015 42.51 (0 e .54 ) 713
0.020 62.11 (1.13) 31.04Xl0
0.025 64.79 (0.80) 1.09X103
0.050 89.52 (O.8.4) 1.50XI03
0.100 162.5 (2.0) 2.73Xl03
0.200 206.2 (2.6) 3.46XI03
0.299 254.1 (4.9) 4.26XI03

"
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T~~le 11.S.2~4 pH d9;lendent (k'obs) and pli independent
', <:

(kobs) ~.ate ,constan* siifor the sUbstitution of H20 in ABC (pH
'> v I-i

12.00) by':N3- at s""C.Jas a function of ligand concentration.

~=============r==============~====,
kobs I s-1

0.010
0.015
0.020
0.025
0.050
0.100
0.200
0.29~

"-:'-'

0.400
0.500
0.600

18.64 (0.17)
22.17 (0.30)
29.15 (0.2.0')
30.32 (0.27)
42.81 (0.S6)
82.27· (0.6~}
131.7 (1.2)
167.7 ( 1.4)

211.5 (2.6)
243.3 (2 Jl8)
288..3 (8.9)

337
401
528
549

775

1.49X103
2.38Xl03
3.04xl03
3.83Xl03
4.40XI03
S.22XI03

c»

i
\\1

J
I

I
I
I

I
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Table 11.5.3.1 pH 4ependent (k~ob3) and pH independent
(kobs) rate cons.t.arrts for the sub6tit.uti~ri of' H20 in ABC (pH

11.96) by pyridine at 25°C as aufunction. of ligand
concentration.

[pyridine]
/ mol dIn;2.3

0.010
0.012
0.016
0.025
0.050
0.100
0.200

10..300
0.400

k'obs I l:'rl kobs / s"'1

':.J ", .,

16 e .49 (O.O4~ 57,9,
I .

16.50 (0.04) 579 ';;;

22~28 (0.03) 782
32.61 (0.03) : .~ 14XI03'~ .
46.15 (0.07) 1.62XI03
98.27 (0.26) 3.45X103
152.2 (0.7) S.34Xl03
169.1 (0.8) 5.94XI03
207.5 (1. 6) 7.29X103

~i !
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Table 11. 5 •3 .2 pH dependent (k lobs) and -pH independent
(kobs) rate constants for the s'upstitution of H20 in f..HC (pH

12.0.lJij by ;Pyridine at lace as a i.Iunction of lii'gand
", ,j

concenti~a~;ion •

[pyridfi1e]
/ mol dm-3

k'obs / 9-1

0.010
0.012
o • .016
0.025
0.050
0.100
0.200
0.300
0.400

8.654 (0.007)
13.58 (0.01,)
11. 61 (0. 0i\
17.75 (0.01)
2.3.35 (0.02)
51.99 (O.OS)

... -"!

86~39 (0.14)
97.85 (0.22)

133.7 (0.5)

273
"42.9

367
561
737
1•.64XI0~..c=.="
2.73XI03
3.p9XI03
4.22XI03

I'
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Table 11.5.3 ..3 pBdependent.. (k'obs) and pH independent
(kobs) rate COllstants for the \sub~titution of H20 ih •.MlC (pH
12.•26) by pyridine at 12°C as ;;' function of ligand

II

[pyridine]
I mol drn-3

0.010 ~.646 (0.005) 197
0.012 7.323 (0.006) 311

If0.016 6.338 iO.005) 269
0.025 9.725 {[(O.OIO) 413
0.050 12.86 (0.009) 5.46
0.100 29.46 (0.03) 1.25XI03
O.~OO 48.65 (O.O~) 2.07XI03
0.300 57.31 (0.09) 2.44XI03

~_ ••_4_0_0~__ ~_7_5_._6_5__(O_•.._1_) ~3,_ ••_2_1_X_l0_3__ ~
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Table 11. 5 .3.4 pH dependent-s(k lobs) and. pH Imdependent;
(kobs) rate constants for the substitution of H20 in AHC (pH

r-:
12.34) ):)y pyridine at 5°C as a ftinctidil of ligand
concentration.

~ ;.F..==~=====r==============T=~=======9
[PY{flid.ine J
/ mot; dm" 3

"

krobs / s-1 kobs / 9-1
u

-2.317 (0.009) 86.7'

c: 3.559 (0.009) 133
3.053 (,,0.008) 114

1.]

5.195 (0.014) 194
6.570 (0.012) 246
14.77 (0.05) 553
24.09 (0.08) I', 901
27.28 (0.16) 1.02XI03
'33.30 (0.37) 1.25XI03

0.010
0.012
0.0+6
0.025
0,,050
0.100
0.200

~~-----~--.~----------~------
) !)

C
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()

. IiTable 11.5.4. 1 pH dependent (k J' obs l and pH independent
(kobs) X"r:.te oonatiarrt.s f.or the substitution of H20 in ABC (pH
12.03). by N-mE!!tllyl.imidazoleat: 25°C as a function of ligand
conce'ntration.

tN~methylimid~iole]
I mol dnt ....3

k'obs I s"l

0.010
0.013
0.017
0.025
0.050
0.100
0.200

8.378 (0.032'~ 344
12.4.0 (0.05 ) 509
27.99 (0.14.) -(1.15XI03)
2L57 (0.08) 8.86
37.96 (0.17) 1.56X103
77.97 (1. 99) 3.20X103
124 •.3 (2.2) 5.llX103

Table 11.5.4.2 PH dependent (k'obs) and pH independent
(kobs) rate constants fOl:" the sUbstitution of H20 in AHC (pH
12.18) by N-methyli.rnidazole at lSoe as a function of. ligand
condentration.

..

/r s-l s-lk'obs I kobs /

4.763 (0.053) 212
6.682 (0.035) 298
13.54 (0.06) (604)
12.59 (0.10) 561
22.14 (0.20) 987
43.06 (0.38: 1.92.:!i:103
80.07 (0.97) 3.57XI03

rN-methylimidazole]
/ mol dnl-3

0.010
Q.013
0.017
0.025
0.050
0.100
0.200
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Table 1,1.5.4.3 pH dependent (k'obs) and pH independent
(kobs) rate constants for the substitution .of H20 in ABC (pH
12.23)· by N-methylimidazole at 12"C as a function of ligand
concentration.

k'obs / 5"1[N-methylimidazoleJ
/ mol dm....3

0.010
0.013
0.017
0.025
0.050

0.100

.~

, -"'_:~;::''--- .-.F====~============~~~======~'¥'~==9F~~======9
2 •6.79 (0. 021 )

3.726 (0.027)
7.757 (0.045)
7.146 (0.0.46)
13.32 (0.12)
22.37 (0.23)

106
148

(308)
284
529
(889)

Table 11..5.4.4 pH d.ependent (k'obs) and PH independent
(kobs) rhte constants for the substitution of H20 in AHC (pH
12.45) by.N-methylimidazole at 5°C as a ~unction of ligand
conceIltra:t.\ion.

I [N-methyli1:nidazole) krobs / s-1 kobs I s-l
I mol dtn-3

- .-
0.010 1.254 (0.019) 61.7
0.013 1.~;40 (0.014) 90.5
0.017 3.'/69 (0.027) (185)
0.025 3.594 (0.031) 177
0.050 6.624 (0.065) 326
0.100 12.79 (0.09) 629
0.200 21.26 (0.21) 1.05XI03
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11. 5 !}i_~_:~~:i.no"'l-propanol

Table 11.5.5.1. pH dependent (k'obs) and pH independent
(kobsJ rate constants for the sUbstitution of H20 in ABC (pH
11.97) by ,;3-amino-l-propanol at 25°C as a func tLon of ligand

o c:oncentration.

" 0.0097 0.5126 1.8.4
0.014 0.0516 23.4
0.018 0.7067 25.4
0.071) 0.3812 31.6
0.050 1.360 48.8
0.10 2.578 92.6
0.20 4.661 167
0.30 7.745 278
0.41 8.833 317
0.51 11.85 425
0.58 14.58 523
0.70 17.52 629 l0.80 18.61 668
0.89 20.26 727
0.97 24.49 879

[3-amino"'1"'propanol] k' obs I 5-1 kobs I s-1 "
I mol dm-3
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Table 11.5.5.2 1?H dependent (k'obs) and. pH ,)ind.ependent.
rs(kobs) rate constants for the substitution of :H20in ABC (pH

12.17) by 3-amino-l-propanol at 18°C as a function of ligand
concentration.

F=~============~,~--~.~===========r=~===-~==~
[3-amino-l-pr0J;?anol] k'obs I s-1 kobs I s-1

/ mol dln-3•
0.0097 0.1742 7.5'9
0.014 0.2231 9.73
0.018 0.2488. 10.8
0.025 0.3753 16.4
0.050 0.6079 26.5
0.10 1.114 48.6
0.20 2.061 89.9
0.30 3.251 142
O~'41 4.235 185
0.51 5.490 239
0.58 6.988 305
0.70 8.233 189
0.80 9.039 c' 394
0.89 9.781 426
0.97 11.60 506



Page 178

Table 11.5.5.3 ptJ dependent (1\. 'obs) and pH ind\E([pe~ldent
(kobsJ. rate coris't arrt.s for the substitut.ion of H2° in ABC (pB

~. .

12.32) by 3"'amino-l-vropanol at 12°C as a fUJlction df ligctud
concentration.

o
[3-amil'lo-1-propanol] k'obs I s-1 ~obs I s-l

/ mol dm-3

0.0097 O. 08984 4.37
0.014 0.09631 4.68
0.018 0.1123 5.46

I

0.025 o.16~;' 7.89
0.050 0.2734 13.3
0.10 0.4926 24.0
0•.,20 0.9572 4.6..6 "

0.30 1.569 '76.3
0.41 2.080 101
0.51 3.076 150
0.58 3.52:1 172
0,.70 4.191 204
0.80 4.5,f)o 221
O~89 5.332 259 ._jC.9;] 7.000 340,

','



Ij page 179

Table 11. 5 •5 .4 pH dependent (k lobs) and pH independent
(kobs) ratf~constants for the subs't i tu+Lon of H20 in ARC (pH
12.47) by 3-amino-l-propanol at SOC as a function of ligand
concentration.

\/

[3-amino-l-propanol] k lobs / ~"'_l Ikobs / s-l
/ mol dm-3

0.0097 0.06306 3.25
0.014 0.05345 2.75
0.018 0.06251 3.22
0•.025 0.08776 4.52

({ 0.050 0.1615 8.31
0.10 0.3091 15.9
0.20 0.5722 29.4
0.30 0.7731 39.8
0.41 0•.9787 50.3

\\

0.51 1.523 78.4
0.58 1.795 92.4
0.70 2.573 132
0.80 2.608 134
0.89 2.860 147
0.97 3.342 172

!,(
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Figure 11.6.1 Proton ~MR spectrum of 4-ph¢nyl-1,2-dithiole-3
-thione in deuterated acetone at 25c>tusing a 200 MHz
spectrometer.
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Figure 11.6.2 J?roton NMRspectrum of 4-phenyl-l,2-di.thiolium
perchlorate in D20 a.t 25"C \lsing a 200 MHzspectrometer.
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Figure 1L 6.3 Proton NMRspectrum of N,NI ....bis (2-thioformyl ...2
-phenylvinyl) trimethylenediamine in deuterated acetone at 25(,G

using a 200 MHzspectrometer •
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It

Figure 11.,6,4 .protcn NMRspect rum ot 6, 14-~i~lh..nYhl' 4, 8,l2-,
tetraazacyclopentadeca-4,4, 12, 14-tetraene· z.n \~euterated .

,}

acetox;e at 25°C using a 200 MHzspectrometer.
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12 Al?PEN'Dt~ ': DERIVATION'S OF EQUATIO~;~:;h~~_!)=.!~~.MAIN TEXT

12.1 CHAP7ER 3

Dari vatio'l'),of ~quations 3.3.1 and 3.3.2

Thi:: two reactions of interest are,

DAC ~ ARC + R+
ARC~ ORC+ H+

(Kal)
(Ka2)

[H+Jeq[ABC]eq [~~) eq [DBCleq
Then, Kal = "'---~'C:-~--"--- and, Ka2 ==

"

[DAC]eq [AHC]eq
"

Consid~ring onl~~ the f1.r!"t. equilibrium and using Beer" slaw,
/,

the abs?rbance;/fmeasured whei~,only DACis present, Ao' Ls
described by,

where b is the cell path length

If 100% conversion of DACt~;.ARC occurs, then the absorb~rce
at the same wave Lenqt.h , due only to the AlIC, Ai, is desCl:fibed

\l

by,

Ai = t..AlICb[AHCJo

At<"any time during the equilibrit1m titration, t.he absorbance
measuxed , A, is giVen by,

\~
A ::::~~\DACb[DACJeg+ CAHcbtARCleg
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nOWT [AHC]o = [DAC]eq + [AHCleq

Ii'

then, A == t.DACb[P1\.Cleq + £AHCb([AHC]o - UiHClegJ!I
= £AHcbtAHClo + [DACleq(CDACb ... t.AHCb)~
== Al + [DACJeq<tDAcb ~ E.A.HCb}

A ....A1
thus [DAC]eq = -----~-------

t.DACb ... t'AHCb

similarlY, A = 1\0 + [AHCJeq(tAHCb - CDACb)

thus [AHC]eq :::

f.,ARCb - eDACb

-....------.,..._._- ...

= ---.-----.------

Ao - A CDACb - CAHCb
X --------.-----

A - Al
hence, Kal =

tDACb - tAHCb

---------- .....~-.

Ao - A
= (t __ (equation 3.3.1)

Similarly, considering only the second equilibrium:; if 100%
conversion of ABC to OrIC occurs, then the absorbance at the

,)

same wavelength, due only to the DHC .l.s A2.
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Then, Ka2 = - ...--- ... X [11+leg
A -·A2

(equation 3.3.2)

Derivation of Equations 3.3.3, 3.3.4, and 3.3.5.

Let the fraction of cob.Lnami.de present as DHC be fDRC' the
fraction present as AHC he fAHC, and the fraction present as
DAC be .fDAC"

Then [cobinamide]total = [DAC]eq + [AHC]eq + [DHCleq

and

Now, reading all c6Ilcentrations as equilibrium concentrations~

[DAC]
fDAC =

[DHC] + [ARC] + [DAC]

[DAC]
= -------------~--~------------

Ka2[AHC]/[H+] + [ARC) + [DAC]

[DAC]
= --------...--------------------------------

- ~-----------------------
[ARC]

and, fARC = .,_...-----.----, ...---- ....- ...--
[DRC] + (AHC] + [PAC]
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[ARC]
= ~--------------""----"!,- ....--,{:-------....------

Ka2[AHCI/LH+l + [AHC] + pr+][AHCJ/Kal

Kal------~------------~~---
[DHC]

and,
[DHCl + [AHC] t [DAC]

[DHC]
= ------------------------------------------

KalKa2
= -----------~------------

ADAC[H+]2
t.hen Atotal = -;~------------- ...-,- .. -----

!<alKa2 + Kal[H+J + [H+)2
AAHCKal

+ -----~------------------
KalKa2/[H+] + Kal + [B+]

(equation 3.3.3)

');

+ ----------------------f-
KalKa2 + 1~al[H+] + [H+]2

Wben; a titration to determine a single deprotonation
equilibrium constant was performed, data was fitted by one of
two simplified forms of equation 3,,3.1,
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ADAC
then I Atotal = ------------ + ------------ (equation 3.3.'5)

1 + [H+]/Ka1 1 + Kal/[H+]

ADHC
then, Atotal = ------------ + ------------ (equation 3.3.6)



X'age 189

12.2 CHAPTER 4

Derivation of Equ:ltion 4.3.1

For the reaction, A.HC + L ~ HC-L

[HC-L]
tR-en, Keq =

[AHC][L]

since, [AHC]total = [AHC] + [HC-L]

[HC-L]

[L]

\i

Keq[AHC]total[L] - Ke'.j[HC-L][L]== [HC-L]

Keq[ARC]total(L]
[HC-L] = ----------------

1 + Keg[L]

r,et,the fraction of cobinamide present' as ABC be fAHC, the
fraction present as HC-L be fHC-LI and the fraction present as
L-Co-L be fL-Co-L,

[ABC]AABC [BC-L]ABC-L
= ---------- + ...----------

[AHC]total [ABCJ.total

[HC~L]AAHC [HC-L]AHC-L
= ---------------- +\--~----------

Keq(L] [AHC]total [AHC]total
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= -- ....----.~--

[AHC]total

Keq [AIle]( L]

= --------------
[AHCl + [BC-L]

KeqILJ

= ---~-----~----~----
1 + Keq[L]

Derivation of Equation 4.3.2

For the simultaneous addition model, the reaction under
consideration is,

ABC + 21•.~ L-Co-L

theny [I.-Co-L]

[AHe) [L)2

[AHC]
fAHC = ----------------

[AHC] + [L-Co-L]

= --------------------
[AHC] + Keq[AHC] [L)2

(4.3.1!)
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=..---.....-------

Lt.-CO-I.]
\\

------- ....- ....--..-

(AHC] + [L-Co-L]

= ---------~"~------....~-~~~-~-
[L-Co-L]

1
= _.....,..._...._...- ......_---

At-Co-L
thusr A = -----------+ ------------- (4.3.2)

However, the assumption that [L) - [Idtotal is no longer
necessarily valid since a high binding equilibrium donstant
means that satur.ation is reached with ''i.i"ery low .concentrations
of ligand. An ~quation was derived to describe (L] and the
solutions to this equation were then substituted into equation
4.3.~.

now, (L]total = [L] + 2[L-Co-I.)

[L] = [L]total - 2[L-Co-L]

= [L]total - 2[AFIC)totalfL-Co-L
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[L-Co-L]
= [L]total - 2[AHCltotal X --~------...------

(ARC] + [L-Co-L]

:; [Lltotal -
Keq[L]2 + 1

then, Keq[L]3 + (L] == Keq[L]2[L]total + [L)total
...2[ARC]totalKeq(L]2

Derivation of Equatioll 4.3.3

For the sequel1tial addition model, the reactions under
consideration are,

AHC.+ L ~ HC-L
HC-L + L ~ L-Co-L

then, [HC-L]

[AHC)[L]

[L-Co-L]

[HC-L][L]

This situation is analogous to the deprotonati6n of DAC, dealt
with in chapter 3 (equation 3.3.1),

11
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A=
,,~~""'~'-

----- ...--- .........,:_.;":..-......----_;:·~·''i..__''.'..r.:.!-- ....----------- ....-- ....
AnC-Lthusr,

I + KI[L) + KIK2[t)2 I + K2[L] + l/Kl[t]
AL-CO-L

\'

+ _.::._---------------..,:----- (4.3.3)

Again, the assumption that [.L] - [Lltotal is no longer
necessarily valid. An equation was deri~~cl to describe (L] t
and the, solutions to this equation were then sUbstituted into

if

equation 4.3.3.

now, [LJtotal = [L] + [HC"'L]-+ 2[L~Co-L]

\1

[L] ::: [Lltotal - [HC-L] - 2[L-Co-L]

fHC-t + 2fL-Co-L = -------------------- + ----------- .•------.--

= ~------------------~

then, - [AHC]totaIKI[L] - [AHCJtota12KlK2[L]2

[L] = [Lltotal + ---------------------------------------
1 + KlfL] + KIK2[L]2

[LltotBl + Rl[Lltotal[L]
+ [L]totalKlK21L]2
~ [AHC]tota12KlK2[L]2
- [AHC]tQtalKl[L]
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[L).3KIK2 + [LJ2(Kl - (LltotalKlK2 - (AHC]tota12~lK2)
+ If.] (1 - (L]totalKl + [AHC]totalKl) - [I,Jtotal ,~ 0

Derivation of Equation 4.3.4

At anYllpH, the eocperimental binding constant for the! reaction,
,I '

cor:!Cin + L ~ Co-I.

~(, .,,) (Co-L]
is, Kexp == 1:....-----,..- ... -- .. --,..-

[L]total[corrin]total

The reaction of interest however i"s,

ABC+ L ~ Co-L

[Co-L]
for which, K = ----- ....-- at high pB

[L) [ABC]

since, Ka2 =
rAHC]

and, [corrinhotal:: [nnc] + {ABC]

Ka2[AHC]
= --------+ [ABC]

[H+J
\L.

= (AHC](1+ Ka21 [H+])

Kexp([H+] + Ka2)
Thus, K = -"'--------------

[n+]
(4.,3.4)

, '
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12.3 CHAP~~R 5
\1

Derivation of Equation 5. Z~.1.

The reaction aoheme below indicates all the possible forward
reactions that can contribute to the value of k'obsf and hence
krrobs• Reverse r~actions have been ignored for simplicity. "
Both nAG and AHCreact with azide, though in the case of DAC,a
second sUbstitut.ien reaction is possible. However, since the
first substitution reaction J,s rate· determining, a second
/"','(.1 " . . " ,

g'ilbstitution will not contribute to :the magnitude of kfebs,
and hence this possibility i$ ignored in the reaction scheme.
Both N3- and HN3 can coordi.nate to DAC/AHC.•11

-HO-Co-N3-

Kal
DAC ~=~

t
k4 I N37

I
AHC

Ka:2
--!:.,"'_.- DHC

I
k1 I HN3

{-

,
k3 I HlilJ

J"
,~
';;;HO-Co-N3H

Now, d[Co-Ll

:: k'obs[Co)total[L]total
dt

and, d[Co-I.]

dt
= klLDACJ[HN31 + k2[DAC][N3-] + k3(AHCl[HN3J

+ k4 [AHC][N3-]
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Considering first the cobin..amides,and reading all
concentrations as equilibrium c()ncentrations,

[AHC][H+]

[DAC]

[DHC][H+]
and Ka2 = ---------

{AHC]
Kal = _ .....__ ..._"';;..--

since, (.Co}total= {DAC] + [AHC] +l(DHC]
((

thus, [H+]2(Co]total
I'[DAC] ::';...----....------------------
Ka1Ka2 + Kal[H+r + [H+]2

similarly,
[AHC] =

and, KalKa2[Co]total
[DHC] = ----- ...-,,-.--------------..,-

KalKa2 + Kal[H+J + [H+]2

Considering the ligand now,

since, [Lltotal = (N3-] '+ [1!N31
)!
1/
\\= [N3-][rr+] 1KL + [N3-]

./



Page 197

[Lltotal

similarly, [L]total
[HN31 =

kl[H+]2(COltotal Lltotal
k' obs [COltotal (J~Itotal = ---------- ...---..i.----- ...---x-----------

KalKa2 + Kal[H+] + [H+l2 1 + KL/[H+]

k3Kal [H+] [Co J r.otal [L]total
+ ------------~-------- ...--X----------"

k2[H+]2[CoJtotal [L)total
+ -----~~-----------------X------~---

KalKa2 + Kal[H+] + [H+]2 1 + [H+J/KL

k4Ka 1(H+] [Co Jtot.al [r~ J total
+ ------------------------x-----------

KalKa2 + Kal[H+] + [}1+]2 1 + ~H+]/KL

thUS)1

le' obs = ---------------------------------~-----
(Ka1Ka2 + Kal[H+] + [H+]2) (1 + KL/[H+U

k2[R+]2
+ ----- ...-------...;;_- .....---------.- ........----- ....---- n

(Ka1Ka2 + Kal[H+] + [H.+]2) (1 + [H+]/KL) /1
;/

k3Kal [H+] ,;;/{

+ ----------~-----...------'.;;;,.---------------
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k4Kal[H+]
+ -------------~-------------------------YKalKa2 + KalfH+] + [H+]2)(1 + CH+]!Kt)

kl[H+J3 + k2fH+]2KL + k3Kal[a+]2 + k4Ka1[H+]KL
k t obs = --- ....------ ...----------------------- ...---- ......---,--

(l<alKa2+ Kal[H+] + [H+]2) (KL + [H+l)
(5.3.1)
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12.4 CHAPTERS 6 AND 7

Derivation of ~quation 6.3

\'lfor a Dr mechanism, equations 6.1 and 6.2 apply. If k-2 is
significant, then the obset;ved rate conetiant., kobsf is :celated
to the microscopic rate constants by equation 6.3.

k1
M-H2o ~==M + H20

k-l
(6.1)

k2
M + L ~=~ M-L

k-2
(6.2)

(,

then, d[M-I,]

------ = k2[Ml[L] - k-2 [M-L]
dt

Applying the steady state appz-oxi.rnat.Lon with respibct to [1-1],

then, d[M)
= 0

dt

then, , kl[M-H20} + k-2[M-L]
[M] = --------------------

k-1 + k2[L]

andt d[M-It]

------ = -------------------------~ •.--- - k-2[M-L)
dt
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= -- ......-~,'~----- ....--- .......-----""'--- ..- ...--

---------~~---------------~--

= ----------------------------

\.Since there is no spectroscopic··evidence) fer the ex,tstence of
free metal ions,
then, [M1T .... [M-H20) + [M-L]

and, [M-L] = [M-H20]0 - [M-H20]
where (M-H20]0 is the total corrinoid cOIloentration before

addition of any ligand,

------ = -----------------------------------------------

Under pseudo first order condi·tions it folH)ws that [t.]T-
[Llo
where the sUbscripts have the sarnemeaning as above.

------ = ---------------------------~-~~---~~----~----~~
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= ~---------------------------~-----------

since, [M] - 0
then, d[M"'L]

---~-~ = ~-~------
dt dt

dt
= ---- ..-·-·---·--·-·---·--·----·----;'---·-·---- ....··--..'\f-, ....

k-1 + k2.i ),)
)l

if

,/
11
:/

and,

now, dx
...----- = a-1ln(ax + b) +
ax + b

t k-l + k2'
t = ... ------------~- X

o k2'kl + k-lk;i~

[

k2/kl + k-lk-2
In. ---~--.--------[M~H201

k-l + k2'
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,At equil:tbriurn, k2kl (M-H20]e[L] == k-lk_2 [M:"'LJe
so, k2'kl[M-H203,e = k-lk-2[M-H20)Q - k-lk_2[M""H201e

k-lk_2 [M~H20Jo= k2 'kI[M-H20] e + k-lk-2 [M-H2.0Ie
= (k2'kl + k"'lk-2) [M-H201e

, [M-H20]

In [~~:~~:":-~~:=:~~~=~~=~~:-~::~~=~~~:~=~~:~=~~~:~l'
[M-H20]

(k2'kl + k-lk_2) t

= - ----------------X t
(k-l + k2 f) 0

thus'fk2/kl + k~lk-2) 1
In --~---··--------I[M-H20] - [M-H20] e),

(k-l + k2')
,

(k2'kl + k-lk-2) t

- - ----------------X t
(k-l + k2') 0

andr (k2'kl + k-lk-2)
--------------~-([M~H20] - [M-H20]e)

(k-l + 1<2')
in --------...-----...----------------....------

(k2'kl + k-lk-2)
----------------( [M-H20]o - [M-H2,oJe)

(k-l + k2')
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= - -- ........--' .....-.:;:.....-,---- .....- X ··'t.

thus,

.t:
(k-l + k2')

inl;~:;;~~:==~;~=~;:;:I~- ----~------~----
since A EM-H20]

[M-H20]e

[M~'H20]0

(A - At)

In -----...--- =
(Ao _. AI) (k"'l+ k2')

or,

- ---~-~---~----~-X t

= ex.p

which is the equation for a first order

IIso, klk21 + k-lk-2
kobs = --------------

k-l + k2(

klk2[L] + k-lk-2
kobs = --------------~-

k-l + k2[L]
(6.3)

X t
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Dert'Vation of Equation 6.4

For a D meC:£hanism,equations 6.1 and 6.2 apply_ if k-2 is not
significant, then bhe ohsezvad rate constant, Kobst is related
to the lni,croscopicrate constants by .equation 6.4.

kl
M-H20 ~=~ M + H20

k-l
(6.1)

k2ii
M ± L ~=~ M-L

k-2
(6.2)

itIi
il

now, \\d(M-LJ
,I

------ = k2[MI[L)
dt

Applying the steady state approximation with respect to [Mlf
then d[M]

= 0
dt

then,
[M] =

------ = --------------

Under pseudo first order conditions,
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d[M-L]

dt

th~s, k.1k2[L]

kobs = -----------
k~JJ!+ k2 [L]

\~\.

(6.4 )

Derivation !.i:lf Equation 6.7

In;~the case of .an I D mechanism (eqmo:).l.OA1S6.5 - 6.6), the
observed rate constant is given by e~:uation 6.7 if k-4 is
significant.

K

k4
{ H2o•••M •••L } ~=~ M-L + H20

k'""4

(6.5)M-H20 + L

(6.6)

now, [M-H20,L]
K ~" ----------

[M-Ii20] [L]

Let [M-H20]T = [M-H20] + (M-H20,L]
(M-H20,L]

= --------- + [M-H20,L]
[I,lIC

1 + K[L]

K[LJ

thus, K[L] [M-H20]T
[M-H20,L] = -------.--~,--

1 + K[:L]
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now, d [l.hL ]

------ = k4(M-H20,L] - k_4[M-lal·
dt

Kk4[M-B20JT(L]
= ---- ....--.,,- ...----- - k-4 [M-I.]

1. + KtL]

Si:Qce t~,ere is no spectrosQopic evidence for the existence of
free me~al ions,
then, [MIT - ,'{M-E20] + [M-L]"
and, [M-L];;: [M-B20]0 - [f,1-IT20lT

)1 '\where [M-H20]0 is the total corrinoid coiAcentration·before
add i,tion of any ligand,

1:

so, d[M-L]
---,--- = -------------- - k4 [M-H2010 + k-4 [1-1-H20]T

dt 1 + K[L]

(Kk4[L] + k-4 +k-4 [L]K) [M....E20]T

::: ------------------------- ..------; - k-4 [M-H20]o
1 + K[L]

but, d[M-L] d[M-H201T

------ = ... --------
dt dt

---------------------------------------------=

i(Kk4fLJ + k-4 + k-4ELJKl
-----------~----------- [M-H201T - k...4[M-H20]o

(l + K[L])
[M-H20]o
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now, dx
----- ... = a~11n(ax + b) + C
ax + b

t (1 +,K[L])
so, t = ~ -----------~------------ X

o (Kk4[L] + k-4 + k-4[L]K)

\\ [M-H;20]T

In[~~~~~~~-~-'~=~-~-~=~~~:~~:~=~~~~:- k4[M~H201oj.
, (1 + K[L] l .)

[M-H201o

(1 + K[L])

;1

At equilibrium
\\= k-4 [M-L)n

1 + K[L]

1 + K[:4.]



\)

then, (k4 + k"'4 )K[LJ + k-4
- ------------------~- X t

(1 + K[L])

s Lnce A 0(, [M-H20]

Ai 0( (M-?20] e
Ao ex (IvI-:H20]0

In ------- = - --------------------X t
(1 + K(t.])

Since the reaction ·is under pSeudo first order conditions, it
appears to be a simple exponential process which is the
equat.Lon for a first order process.

so,

thus,
kobs =

(1 + K[LJ)

k4K[L]

or, kobs - -------- + k-4
1 + K[L]

(6.7)
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Derivation of Equation 6.8 if
-C~~~~

,:In theucase of an In mechanism (equations 6.5 - 6.61', the
observed rat~ constant is give.n by equatiqn 6. S if k-4 is
insignificant.

K

M-H20 + L ~~~ { H20 .•.M...L } (6.5)

k4
{ H2o •••M •••L } ~=~ M-L + H20

k-4
(6.6)

now, [M~H20,L]
K = ----------

[M-H20) [L]
't .: _~

j)
and, [M-1l20}T= [M-H20] + (M-H20,L]

= [M-H20) + K[M-B20)[L]
= [M-H201(1 + K(L])

(I

[M-H20]T

1 + K[L]

and, d[M-L]

dt
= Kk4[M-H20,L][L]

Kk4 [M-H20]T[L]
= ...._---- ......_-- ..._._--

1;+ K(L]

Under pseudo f irs" ~brder conditions,
\ .. oro' ~
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d[M-L]
---~.-- = kobs[H-H20]T
dt

k4K[L]
kobs =: -----""--

1 + K[L]
'(6.S)

'-'Derivation of Equations 6.2.2

Rearranging .,,,andinv'erting equation 6. 7 give~,

1 1 KIL]
--~---_---= '--_-_-+ ------
kobs _ k-4 k4K[L] k4K[L]

1 1 1

kobs - k-4
== ------ + (6.2.2)

k4K[1s] k4

\i Derivation of Equations 6.2.3

Similarly, inverting equitcioIl6.8 gives,

1 1
;::: _ .._.---- + -.-----

kobs k4K[L] k4K[L]

1 1 1

== ---_._,- + -i

kobs k4K[L] k4
(6.2.3)'

Derivation of Equations 6.2.4

Multiplying out equation 6.7 gives,
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kobS - k-4
----------= -kobsK + (k4 + k-4)K

[L]

(6.2.4)

Derivation of Equations 6.2.5

Multiply~pg out equation 6.8 gives,

kobs
(6.2.5)

[1]



: ... - Y·,13 Al-'PENUIX DETAILS ON EXPERI;r.fENTAL MEASUREMENTS

13.1 pH DETERMINATION

The pH of solutions was measured \l1itha Metroh:m 605 ion/pH
meter and.a Metrohm 6.0210.100 micro corobin«tion glass
electrode with NaCl internal solution (to prevent
precipitation of KCI04 in the porous junction) calibrated
against standard buffers, all maintained at the appropriate
temperature with a circulating water bath.

13.2 UV/VIS SPECTROPHOTOMETER

A Cary 2300 or a Cary 219 spectrophotometer with a
thermostatted cell holder (± O.l°C) was used for
spectrophotometric work.

13.3 HIGH PERFORMANCE/LIQUID CHROMATOGRAPHY

High performance liquid chromatography was performed ..on a
SpectraPhysics SP8800 ternary gradient system coupled to a
Linear 2000 variable wavelength spectrophotometric detector
and a Varian 4290 integrator. Analytical work was performed
using a Brownlee La.boratories 5 p.n. CIS 10 cm X 4.6 romcolumn.
Semi-preparative work was performed using a BrownlE!e
Laboratories 20 ~ CIS Aquapore 25 cm X 10 romcolumn.

13.!4 STOPPED FLOW SPECTROPHOTOMETRY

Stopped flow spectrophotometry was carried out llsing a Hi-Tech
Scientifi.c SF-51 stopped flow spectrometer (cell pathlength
1.00 cm) interfaced through a DAS-50 AID board.with an
IBM-type PC ~ 'rhe temperature of the system was maintaine (:~
O.lCC) with a circulating water bath.
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