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ABSTRACT

A series of pendant arm tris-catecholate macrocyclic
ligands were synthesized. The first, based on 1,4,7-
triaminopropyl-1,4,7-triazacyclononane, was prepared via
condensation with 2,3-dimethoxybenzoyl chloride. The
deprotection of the catechol moieties was achieved with boron
tribromide in 80% yields. The ferric complexes were
characterized by electronig¢ absorption spectroscopy.

The second series of ligands described are based on the
pendant arm macrocyclic ligand, 1,4,7-triaminoethyl-1,4,7-
triazacyclononane. New routes to the preparation of this
ligand were investigated; the best approach used chloroacetyl
- chloride as the reagent in furnctionalizing the nitrogen atoms
of the triazacyclononane ring. The ligands, 1,4,7-tris-((2,3-
dihydroxyphenethyl)aminoethyl) ~1,4,7~triazacyclononane (34)
and  1,4,7-tris-((2,3-dihydroxybenzyl)aminoethyl)-1,4,7-
triazacyclononane (36) were prepared through a series of acid
chloride condensation reactions, followed by reduction of the
amides with diborane.

The mononuclear ferric complexes of compounds 34 and 36
were prepared and characterized by uv-visible spectroscopy.
Mononuclear nickel, cobalt, and copper complexés of these
ligands were also characterized by uv-visible spectroscopy.

The binuclear complexes, Na[NiFe(34)] and Na[NiFe(36)], were
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prepared and characterized by electronic absorptién

spectroscopy.

Tris-((2,3~dihydroxybenzylamino)ethyl)amine, trig~((2,3~
dihydroxybenzoyl) aminoethyl)amine, and
tris-((2,3-dihydroxyphenethyl)aminoethyl)amine were prepared
by Schiff base¢ condensation reactions, or acid chloride
condensation of tris-(2-aminoethyl)amine and the appropriate
catecholace moiety. The ferric complexes of these ligands
were prepared and ~“aracterized by uv-visible spectroscopy.
The AL(IIT) tris-((2,3-dihydroxybenzyl)aminoethyl)amine
complex was examined by nmr spectroscopy. The Ni(II), Cu(II)
and Co(III) complexes were investigated by electronic
absorption spectroscopy.

The rates of base hydrolysis of [Co(tacn) (en)CLl]?

(tacn=1,4,7-triazacyclononare), [Co{tacn) (amp)Cl]1* (amp=2-

aminomethylpyridine), [Co(tacn) (tn)CLl]?, ufac-1f~
[Co(dien) (amp)Cl]?* (dien=1,4,7-triazaheptane), ufac-1IIL~-
[Co(dien) (amp) ]2%* and [Co(bicycloNg)Ci]?

(bicycloNs=1,5,8,12,15-pentaazabicyclo[10.5.2]nonadecane),
were measured using stopped flow techniques. The base
hydrolysis rates (k,, M*s™; [ionic strength (M)]) are 9.66
[0.1], 154 (0.1], 40.6 [0.1)}, 334 (0.1], 762 [0.1], and 3X%10°
[1.0], respectively.

The rate of [NCS"] anation of [Co(biqyleNg)(OHﬁ]B*, and
the rates of [Br'] and {NCS"] anation of [Co(tacn) (en) (OH,) 1%

were measured as a function of pH. The pK, of the coordinated
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water molecules are 3.8 ([Co(bicycloN;g)(OH,)]%) and 6.5
([Co(tacn) (en) (OH;) 1**). The anation rates increase as the pH
increases, indicating a base catalysed anation reaction
through the deprotonation of the coordinated amine. 1In the
case of the [Co(tacn) (en) (OH,) 1** complex, the rate increases
as the pH increases until the pH ~ 7, then there is no
reaction after that point, suggesting some sort of blockage at

the five-coordinate intermediate.
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CHAPTER 1

INTRODUCTION




1.1 Coordination chemistry - history and background

The mcdern study of coordinaticn compounds begins with
two men, Alfred Werner (1866-1919) and S. M. Je¢rgensen (1837~
1914)*. Although the two had completely different fundament’..
views of their observations, they served as protagonists;
ilpursuing independently extensive studies t¢ augmant their
ideas. Albeit, they were not the first chemizts to observe
these c¢oordination “complexes". As early as 1597, Libavius
noted rhe formation of a deep blue ion now known as
Cu(NH)X;%2. In 1798 Tasse.c observed the formation of an
orange compounnrd on the reaction of a cobalt salt with
ammoniéﬁ, (Co (NH,) ¢(X,) .

It was Alfred Weiner, however, who first estaplished the
structural Dbasis for coordination chemistry. His
contributions were two-fold; he first noted that the bonds to
the ligands were fixed in space and ¢culd therefore be treated
by structutal principles. ‘He also noted that there exists a

constant coordination number of six for the series of cobalt

compounds ;
conlor | | early name
CoCl,. 6NH, vellow Luteo
CoCl,.5NH, purple purpureo
CoCl,.4NH, green praseo

This led to his suggestion of an octahedral geometry (now
accepted for nearly all six coordinate complexes), and that

anions or neutral molecules occupy the coordination sites at
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the corners of the octahedron. The complexes can properly be
formulated  as [Co(NH;)¢]3*[CL,], (Co (NHy) 6 (C1) 12 {C)y ],
[CQ(Eﬂ%)4(Clz)]’[Cl]-

Following Werner's stereochemical studies were the
bonding theories. The fact that a chemical bond required a |
shared pair of electrons led to the idea that a Lewis base
(ligand) could donate its electron pair to a Lewis acid (the
metal ion). The valence bond theory of Linus Pauling?,
related tc the hybridization and'geometry of uonucomp‘;ex
ccampbunds, was the first successful application of bonding
theory to coordination compounds. Previous to Pauling'’s
valence bond theory, Bethe® and Van Vlieck® proposed the crystal
field theory (CFT), although the pioneering work of these
physicists was not utilized by chemists untﬁil some twenty
years later.

Just‘ as the CFT replaced the valence bond theory in
treating coordination compounds, the molecular orbital theory
has largely replaced CFT. It was pointed out as early as
1935° that the CFT and the valence bond theory were simplified
approaches to the molecular orbital theory of Milliken’.
Ligand field theory, the most c¢omprehensive approach Lo
coordination compounds is a combination of the ideas of Bethe
and Van Vieck and Milliken - it 1s the same as pure crystal

field theory except that covalent charscter is considered when

necessary?.




1.2 Stability of coordination compounds

The general properties of metal ions aund ligauds that
contribute to their stability are identified most clearly by
the ligand field approach.

The stability of a metal complex is generally expressed

in terms of a formation constant, §,, for the reaction;

M* 4+ ml e ML B. = [ML,"]
(M) (L]™

This is an expression of the thermodynamic stability since it
is an egnilibrium constant from which a free energy change for
the‘formation of the complex can be calculated.

A series of stepwise equilibrium c¢onstants desicribes the

formation of a complex with unidentate ligands;

M + L -— ML K, = [ML]
[M] [L]
ML + L —— M Ky = ML
(ML} (L}
ML,, + L ———* ML, K, = ML
[MLm-i] [L]

where the overall formation constant is related to the
stepwise formation constant by,
B, = KiK,....K,

In general, an increase in the basicity of a ligand or in
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the acidity of the metal jon enharces the stability of the
complexes formed.

The metal ions have been classified according to their
acceptor properties® as class (a) metals, class (b) metals or

borderline, as shown in Figure 1.1. The class (a) metals form

Class (a) D Class (b) ﬂ Border Region

: 50
0 ) <
: A ,}
:58 'é | .
2)2)8:
o H
PREREE
o E
Of 5 | 53
;o>

Cs

2 L-:«ﬂ:mw:-: casr s

Figure 1.1 Classification of metal’ ions (Lewis acids)
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the most stable complexes with ligands in the second period
(N,0) whereas class (b) acceptors form the most stable
complexes with ligands from a third period or later. It is
important to point out that the borderlina regions are not
well defined, as Cu(I) is a c¢lass (b} acceptor but Cu(II)
remains in the borderline region.

An analogous classification of ligands (donors) and
metals (acceptors) was proposed as the Pearson hard-scft-acid-
base (HSAB) model®’, where he coined the class (a) acceptors as
'hard" and the class (b) acceptors are termed "soft". As a
general rule, hard acids prefer to complex hard bases and soft

acids prefer to bind soft bases.

1.3 The chelate and macrocyclic effect
The chelate®, macrocyclic* and cryptand? effects play an
‘important role in c¢oordination chemistry in that they permit
the deéign of ligands with enhanced complex stability and
metal ion selectivity. When considering the stabilities of
complexes, it is in general the change in free energy;
AG = jRTlogﬁn
AG = AH - TAS
The thérmodynamic stabilities may arise from enthalpy effects,
entropy effects or a combination of both.
1.3.1 The chelate offect
The term ‘'"chelate effect" refers to the enhanced

stability of a complex containing chelate rings when compared
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to the stability of a system with unidentate ligands (no
chelate rings). A useful comparison is that of the Ni(II)

complexes of NH; and ethvlenediamine (en);

Ni (H,0)¢** + 6NH, g————® Ni(NH,)* + 6H,9 logP = 8.61
Ni(H;0)¢* + 3(en)g———* N'(en;)* + 6H,0 logP = 18.28

The thermodynamic cwntiibutions to the chelate effect are
given in Table 1.1, It ig shown that there is hoth a
favorable enthalpy contribution and a favorable entropic

contribution.

Table 1.1 Thermodynamic contributions to the cheiate effect.

:—- Complex AG | AH AS
B [Ni (NH;) (]2 -12.39 ~-24 ~39
[Ni(en),]% -24.16 ;28.3 »16
chelate effect? AG'=~11.77 AH"=-4 AS';Z a |
‘ i

a. The thermodynamic manifestation of the chelate effect, such
 that AG'=AG(en complex)~AG(NH; complex) .

The oxigins of the enythalpic contributionsg to the ¢helate
effect are manifested in the ligand field stabilization energy

(LFSE), although it does not account for the whoie of the
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chelate e§'r1£halpy. Perhaps this is only because 10D, does not
account fbx all of the overlap in the metal-nitrogen bonds but
only those from the t,;, and e, energy levels®.

Schwarzenbach!® considers the entropic origins of the
chelate effect to arise since once one donor atom of a
chelating ligand has been attached to a metal ion, the second
donor atom is constrained to move in a reduced volume compared
to that £or the unidentate system. The chelate effect is
largely due to an increase in translational entropy. |

A simple approach to the chelate effect, by Adamson!®, is

expressed for an n-dentate polydentate ligand as,
logK, (polydertate) = logP,(unidentate) + (n-1)log55.5
This equation leads to values of K, that are too low for
the polyamines. Hancock and Martell!® have corrected for the
"intrinsic basicity factor" (1.152 = pK,{(CH,NH,) /pK,(NH,))
leading to the equation,

logK, (polyamine) = 1.152lo0gf,(NH,) + (n-1)log55.5

which is a very good prediction of the formation constants for -

polyamine ligands as shown in Table 1.2.




Table 1.2 Calculated vs. Observed logk,

NEL (en) | Ni (dien) Ni(trien) Ni (tetren)

logK,(calc) ;7.6 11.0 14.1 17.3

logkK, (obs) 7.4 11.0 14.0 17.4

1.3.2 The macrocyclic effect

The consideration of the macrocy'fzflic effect compares the
complex stability of a metal ior'x with a macrocyclic ligand and
that of the open chain analogue. The term was first
introduced by Cabbiness and Margerun:i'’, since their results
could not be explained completely by the chelate effect.
Since there are the same number of molecules on koth sides of
the equilibrium there are no translational entropic effects.

2 typical comparison of stability constants of metal
complexes with 2,3,2-tet and cyclam is a good ;:‘epreser,».taﬁion

of the macrocyclic effect.

2,3,2-tet cyclam
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In Table 1.3 the thermodynamic contributions to the
macrocyclic effect are presented.

In general, enthalpy makes the major coritribution to the
macrocyclic effect. Important contributions to the
macrocyclic effect are listed as;

(1) preorganization of the ligand

(2) desolvation of the donor atoms in the confined space

of the macrocyclic cavity

(3) intrinsic basicity effects

(4) dipole-dipole repulsion in the cavity of the ligand

The first contribution, namelv preorganization of the
ligand as suggested by Cram'®, groups the effects of
prestraining, preorienting and multiple juxtapositional
fixedness (first suggested by Busch!®). Only in the simplest
sense does preorganization refer to the ligand being in a
suitable conformation for complexation.

The three effects, namely preorganization, sclvation and
dipole-dipole fepulsion, lead to a high energy state of the
macrocycle which is relieved on complex formation.

| The "ihtrinsic basicity effects" arise from the greater
basicity of the donor atoms along the seties, zeroth (NH,;) <
primary (RNH,) < secondary (R,NH) < tertiary (R;N). The
electron donating properties of the alkyl groups, R, lead to
a greater basicity of the donor atoms. 1In a cyclic ring, the
effect is enhanced with the ethylene bridges between the donor

atoms. If the amines are changed from primary to secondary in
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the open chain analogue there is a steric penalty incurred by
the ligand, whereas the macrocyclic structure can employ the
effect. If, however, the macrocyclic donor atoms are made
tertiary in nature, there is steric repulsion between the

bulky alkyl groups which is reflected in the lower formation

constants.

Table 1.3 Thermodynamic contributions to the macrocyclic

effect in tetra-aza macrocycles!?

Cu(II) Ni(II) 70 (I1) “
log cyclam 26.5 19.4 15.5 P
K, 2,3,2-tet 23.2 15.9 12.6
logK (mac) 3.3 3.5 2.9
AH cyclam -32.4 -24.1 ~14.8
kcal 2,3,2-tet -27.7 ~-18.6 ~11.9
mol-! AH (mac) -4.7 -5.5 -2.9
AS cyclam 13 8 21
caldeg 2,3,2-tet 13 10 18
mol-t AS (mac) 0 -2 3

In summary, it is evident that the macrocyclic effect ig

predominately enthalpic

in origin,

with entropic

effects
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contributing to a minor extent -~ sometimes making an

unfavorable contribution.

1.4 Macrocycle synthesis

A macrocyclic compound has been defined! as "a cyclic
compouad with nine or more members (including all hetero
atoms) and with three or more donor (ligating) atoms".

The first macrocyclic compound was prepared
serendipitously by Curtis!® when he attempted to recrystallize
[Ni(en),] ((ClQ,),] from acetone. The result was the formation

of a macrocyclic complex;

nk

2

Nien}g?*  +  (CHg),CO —

/ N\

(X

g

The first rational synthesis was reported by Thompson and

Busch'’, who prepared the mixed donor macrocyclic complex;

mi

- | 2 |
¢ IO 0
N N/ |
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In general, the synthetic route to preparing macrocycles

is in one of three ways:

(1) conventional organic synthesis (high dilution method)

(2) template method

(3) Richman-Atkins method

These are compared in Figure 1.2 for the synthesis of
cyclam. _

The high dilution method usually results in low yields
and is dependent not on the amount of solvent used, but on the
rate of addition of the reactants. The optimum rate is such
that a steady concentration of the reactants is established so
that the rate of introduction is the same as the rate of
reaction to result in the optimium yield of the target
molecule.

The template method (a metal ion mediated reaction)
results in higher yields, however, it is usually specific for
only one reaction. The origins of the template effect may be
either thermodynamic or kinetic. If it i1s the directive
influence of the metal ion which controls the steric course of
a sequence of stepwise reactions, then the kinetic template
effect is operative. In the thermodynamic template effect,
the metal ion perturbs an existing equilibrium in an organic
system and the macrocycle is produced!’.

The tosylate method of Richman and Atkins?* generally
results in reasonable yields for the synthesis of macrocycles.

A series of N-tosylated macrocycles has been prepared by this




(1) High dilution method=?

HN
2,32t

(2) Template synthesi521

14

.

KOH/EtOH [ ]
high dil"

Ly

cyclam
5% yield

or

)

N\ /NHQ Oj 1) Hy0
[N/N\ \ MY NaBH4

Y

(3) Richman/Atkins method22

v

/N\j

L

65% yield

1) NaH/DMF q

N N /\
+ b
[ j OTs OTs 2)H230 4

NH HN
Ts Ts

U

70% yield

Figure 1.2 Synthetic routes to the preparation of macrocycles.
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method. Problems may arise, however, in the detosylation
step, especially when the macrocycle contains mixed donor
atoms.

A fourth method of macrocyglization which deserves
mention is that of Bradshaw et al.*? The authors have
successfully prepared several poly-aza crowns and substituted

cyclams using a "crab-like" cyclization procedure®;

o[ s U
Cl N

Cl 2) BHg. THF

.
e N
A R? U R®

The starting material, A, is prepared from the reaction
of chloroacetyl chloride with the appropriate amine to form
the a-chloroamide. These are very‘reactivé and poised in the
proper position for cyclization, resembling a crab - hence the
term "crab-like". These cyclization reactions eliminate the
need for high dilution conditions and generally result in

yields of 40-60%.




1.5 Biological importance of macrccyclic compounds

Perhaps the most common biological macrocyclic compound
is the porphyrin ring of the iron containing haemoglobin.
These compounds provide the fundamental basis for O, transport
in mammalian respiratory systems and are related to the
chlorin magnesium complexes of chlorophyll and the cobalt

corrin complexes in vitamin B,,%8.

R R
R R
R R
R R
porphyrin ring chiorin

corrin
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The study of metal complexes of these compounds has

provided 1insight into the structural requirements and

mechanistic aspects of these biologically important compounds.
For instance, several synthetic porphyrins such as the picket

fence®”® and capped®® porphyrins (shown below) have been
prepared to examine both the structural aspects and to provide

information on the reversible binding to O,.

5
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These model compounds eliminate the extraneous factors in

the natural haemoglobin and allow investigation of the
important ‘f‘eatures of the molecule.

It is not surprising that nature has chosen macrocycles

~ as the basis of important biological functions. They provide

|
!
|
I
|
= |
' kinetic and thermodynamic stability, stabilize less common
| oxidation states and effectively result in greater ligand
| field strengths when compared with the open chain analogues.
‘ The stab"ilities of macrocyclic complexes have been
discussed previously (section 1.3).

It has long been recognized that macrccycles can
stabilize unusual oxidation states of metal ions. For
example, in 1967, Curtis™ discovered that Wi (II) complexes of
| cyclic tetramines were oyidized in nitric acid to give Ni(II1)

complexes. Since then, the generation of a number of
complexes exhibiting different oxidation states have been
prepared. For instance, Ni(I) and Ni(III)3?, Cu(I) and
‘ Cu(Irry*, and CO(I)“ have all been electrochemically

i’ generated. Pt(III)*® and Pd(III)?* complexes of the bis [9]~-

aneS, or [9])-aneN, have been reported.

The high fcrmation constant lowers the E; value;

E;, = EO -~ RT1nK
nF

and the increased ligand field strength raises the energy of

the electrons in the antibonding orbitals, facilitating their
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removal thus lowering the potential of higher oxidation
states. Kinetically, the metal ion is trapped in the
macrocyclic framework, so that reaction with reducing agents
(in the case of higher oxidation states) or oxidizing aygents
(in the case of lower oxidation states) is reduced, resulting
in a longer lifetime of the less common oxidation state.

The geametry of the macrocyclic complexes is also an
impertant feature relative to their iuse as models for
biological compounds. The "entatic"? state of metalloenzymes
reflects the importance of structure in their functions. The
constrictive geometry of some macrocycles enforced on the
metal ion centre contributes to the stabilization of unusual

oxidation states by lowering the necessary reorganization

energy for these changes.

1.6 Iron (IIi) sequestering agents

Iron is an essential element for virtually all living
organisms, thus it is probably considered the most important
transition metal in biological systems. Associated with a
variety of metabolic processes, its key functions involve
oxidat:ion/reduction and interactions with O,.

A fact that 1is somewhat less appreciated by the public
and scientific communities is that in excess, iron is toxic.
Acute iron overload is a major form of poisoning in children,
and chronic iron overload (hemachromatosis) is a condition*\

developed in the transfusional treatment of Cooley's anemia®®,
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The continuous buildup of iyon in the body leads to death due
to hemosiderosis.

In general there dare two ways to treat metal ion
toxicity. The first involves the administration of a similar
but less toxic metal, leading to excretion of the toxic one.
Essentially, this 1s a metal ion ekchange reaction and has not
had much clinical success. The second method is a ligand
exchange reaction where a chelating agent is administered in
vivo, which binds to the toxic metal ion and ultimately
results in its excretion. The important factors governing the
effectiveness of a chelating agent in removing the toxic metal
ions have been reviewed®*’, and will not be discussed further
here.

Although iron is a vital element to living organisms, and
despite the fact that it is one of the most abundant elemcats
on the earth, it exists solely as the Fe,0,.nH,0 insoluble salt
in our oxidizing atmosphere. The amount of soluble iron in

this polymeric species is only about 10°!'®M, making its uptake

'extremely difficulc.

Microorganisms respohd to this challenge with the
excretion of low molecular weight ferric ion chelating agents,
which have been termed as siderophores after the Greek term
meaning “iron carrier"!!. First discovered over forty years
ago'?, there are now over eighty siderophores isolated.
Essentially they are classic coordination compounds containing

polydentate groups. Examples of the types of chelating
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wieties are shown in Figure 1.3.

hydroxyamate thiohydrcexamic acid catectiol

hydroxypyridinone hyrdoxypyridinethione

Figure 1.3 Functional groups found in siderophores.

The most commonly encnuntered functional groups are the
hydroxamate and the catecholate, while the thiohydroxamic acid
and the hydroxypyridinones are less common.
Hvdroxypyridinethione is not found in nature, but is
considered a thio derivative of the hydroxypryidonate.

Naturally occuring siderophores include

deferriferrioxamine B, shown below;
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HoN CONH\ /CON”\

C (CHo)

(qu\)s (CHy), (CHQ)S | (CHo)o 2\5N .
Vo gl gl
-0 O ‘ 00 -0 G

and encercbactin:

OH
=
N

0
’ OH
v NH OH
! O‘ﬁ/kl
0o o] o
NH I N
0

O ' HO

H

On kdeproto‘nat:ion, the chelating groups c¢ontain hard
oxygen anions which form stable complexes with hard Lewis

acids such as Fe(III), AL(III), and Pu(IV).
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Enterobactin is the most powerful Fe(III) seyiuiestering
agent  (K~10%). The important structural features of
enterobactin are the cyclic triester backbone, the amide
linkage and the three catecholate groups. The three
catecholate moieties form five membered chelate rings with
Fe(III) resulting in a six coordinate complex. The cyclic
triester backbone is hydrolytically  unstable and this
instability is linked to the iron release mechanism. The
amide linkage is an important structural feature owing to
hydrogen bonding between the amide hydrogen and the
catecholate oxygen which contributes to the high thermodynamic
stability**.

Although enterobactin was first isolated over twenty
years ago?®, the first structural characterization of a metal
complex only appeared within the last year!®*’. The vanadium
(IV) enterobactin complex, shown in Figure 1.4%7, was found to
have approximate <€, symmetry with the geometry being
intermediate between octahedral and trigonal prismatic (twist
angle = 289). The authors indicate the importance of the
béckbone and the hydrogen bonding of the catecholamides in

enhancing the stability constant when compared to synthetic

analogues.
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, SN
. \CQ\@

Figure 1.4*7 Ortep diagram of V(IV)enterobactin as viewed down

the threefold axis.

1.7 Synthetic analogues of enterobactin

The discovery of enterobactin has prompted research in
the design of artificial sequestering agents. The potential
clinical wuses of such analogues are numerous. Fe(III)
sequestering agents can aid in the treatment of Cooley’s
anemia’® or other related iron overload diseases. If four
catecholate groups are incorporated into the ligand, it has
potential use of plutonium removal®-5! in patients with toxic
levels of plutonium from exposure to nuclear reactors. The
association of aluminum with Alzheimer’s disease reflects the
need for aluminum specific chelating agents?®. Also, with the
onset of nuclear magnetic resonance imaging, chelators for

"Ga, M1In, and *Tc are necessary to transport the
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radionucleotide to the target organ.

The enterobactin analogues and derivatives are good
candidates for these purposes since they form highly stable
complexes with the cations.

Since its discovery, a number of synthetic¢ analogues of
enterobactin have been prepared®®#:52-5%4 ~ fThese include the
podand®® type ligands and the macrobicycles® based on tren of
Raymond and coworkers, the mesitylate based macrobicycles of
Vvogtle et al.®*%?, the cyclodextrin based Fe(III) chelator of
Coleman et al.®® and the chiral derivatives of Shanzer et al®?.
A representation of these analogues is given in Figure 1.5;

Enterobactin is still the best known ferric ion chelator
(K~10%°)%%, the closest synthetic sequestering agent being
1,3,5-tris- (2, 3~-dihydroxybenzoylaminomethyl)benzene (MECAM),
with a formation constant of K~10%5%5%, Since the high
stability constant is not the only concern in the design of
therapeutic chelating agents, other analogues, such as the
TRENCAMS, are still being prepared. |

Raymond and coworkers have undertaken detailed solution®®
aﬂd structural®® analysis of enterobactin and synthetic
analogues to provide insight on the important feadatures for

iron uptake. Interestingly, they have found that the geometry
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Figure 1.5 Some examples of

enterobactin.
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for the Na,[Fe(bicappedTRENCAM)] is perfectly trigonal
prismatic, the first and only example of trigonal prismatic

geometry for Fe(III)®,

1.8 Purpose

The intended goals of this project are two-fold. The
first is to prepare enterobactin analogues with a cyclic amine
backbone coritaining pendant ¢catecholate moieties, and secondly
to use these compounds as potentially binucleating pendant arm
macrocycles where one metal ion will coordinate in an N;
environment and the other metal ion binds to the catecholate
functionalities. This thesis is concerned mainly with the
synthetic aspects of the preparation of such ligands and metal
complexes. The measurement of formation constants and other
physical data is to be considered in future studies.

Chapter two describes the experimental details used in
the synthesis. Chapter three concerns the synthesis and
characterization of taptacn»—triscatecholatey‘Systems and their
metal complexes. In chapter four, the preparation of taetacn-
triscatecholate ligands and the transition metal complexes are
described. Chapter five describes the preparation of some
tren-triscatecholates as well as their metal complexes.

Chapter six is a kinetic study on the base hydrolysis and

anation reactions of Co(III) pentammines. An introduction to

this field of study is given there.




CHAPTER 2

EXPERIMENTAL METHODS
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2.1 Synthesis of ligands, ligand precursors, anC “ransition

metal complexes
2.1.1 Synthesis of 1,4,7-triazacyclononane (tacn) (5)%

Diethylene-1,4,7-triaminetritosylate (1)

Diethylenetriamine (41.3g, 0.4 mol) and NaOH (48g, 1.2
mol) were dissolved in deionized H,0 (400 mL). This solution
was added dropwise to p-toluenesulfonyl chloride (228g, 1.2
mol) in diethyl ether (1200 mL). The reaction mixture was
stirred for 2 hours at room temperature. The product was
filtered off, washed with water then diethyl ether.
Recrystallization from methanol yielded a white solid.
1ield: 181g (80%) m.p. 157-1590C
'H nmr 90 MHz (ds-acetone): & 7.5 (4, 6H), 7.15 (4, 6H), 2.88
(s, 4H), 2.55 (s, 4H), 2.2 (s, 9H)

B¢ pmr 250 MHz (CDC1,): & 144.4, 143.9, 137.1, 135.1, 130.3,
130.1, 127.6, 127.4, 50.6, 42.8, 21.6

mass spec: Li+l, 566; M+29, 594

Ethyleneglycol ditosylate (2)

Ethylene glycol (18.6g, 0.3 mol) was dissolved in dry
CH,Cl, (1000 mL) in a three-necked 2L round bottomed flask.
This was cooled to 0eC and kept under a‘ N, atmosphere.
Triethylamine (150 mL) was added through a dropping funnel.

p~Toluenesulfonyl chloride (114g, 0.6 mol) in dry CH,Cl, (500
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mL) was added over a 45 minute period, and the reaction
mixture was stirred at 00C for 12 hours. At this time the
triethylammonium chloride was filtered off and the filtrate
was washed with HCl (2M, 750 mL). The organic layer was
washed with H,0 (3 x 250 mL) and saturated Na,CO, (1 x 250 mL).
This layer was then dried over anhydrous sodium sulphate,
filtered, and the solvent was removed on the rotovap to yield

a white crystalline solid. This was recrystallized from

methanol if necessary.

yield: 102g (92%) m.p. 120-122°C

'H nmr 90 MHz (CDCl,): & 7.7 (d, 4H), 7.2 (d, 4H), 4.15 (s,
4H), 2.4 (s, 6H)

¥C nmr 250 MHz (CDCl,): & 145.5, 132.7, 130.2, 128.1, 66.9,
21.6

mass spec: M+1l, 371; M+29, 399; M+41l, 411

1,4,7-Triazacyclononane tritosylate (3)

Compound 1 (24l1lg, 0.427 mol) was dissolved in dry DMF
(5L) to which was added NaH (20g, 0.852 mol). A solution of
2 (158g, 0.427 mol) in dry DMF (2L) was added dropwise over a
30 hour period at 700C. Once addition was complete, the
volume was reduced to ~ 1.2 L and added slowly, with stirring,
to 12 L ice and water. The product was filtered, washed with
water, 100% EtOH, and diethyl ether. The crude product was
dried in air for 2 days and then dried under vacuum. It was

used in the next step without further purification.
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yield: 235g (94%)
'H nmr 90MHz (CDCl,): & 7.75 (d, 6H), 7.35 (4, 6H), 3.41 (s,
12H), 2.41 (s, 9H)
3¢ nmr 250 MHz (CDC1,): 143.9, 134.7, 129.9, 127.5, 51.8, 21.5

mass spec: M+1l, 592

1.,4,7-Triazacyclononane.2HCl (4)

Compound 3 (50g, 85mmol) was added to concentrated H,S0,
(75 mL) at 160°C over 30 minutes. The reaction mixiure was
allowed to cool to room temperature before dropwise addition
to cold 100% EtOH (406 mL). Diethyl ether (700 mL) was also
added during the addition, and the brown precipitate was
removed by filtration. This precipitate was dissolved in H,0
and activated charcoal was added. The solution was boiled for
15-20 minutes, filtered, and the solvent removed on the
rotovap. Concentrated HCl (50 mL) was added followed by 100%
EtOH (300 mL). The crude salt was filtered and recrystallized
from a H,0/EtOH mixture.
vield: 17g (85%)
'H nmr 90 MHz (D,0): & 3.65 (s)

¥C nmr 250 MHz (D,0): & 41.8

1,4,7-Triazacyclononane (5)
Compound 4 (47g, 0.2 mol) was dissolved in deionized H,0
(L00 mL) and brought to pH ~ 13 with the addition of NaOH

pellets. This was extracted into chloroform with a continuous
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extractor for 48 hours. The layers were separated and the
organic layer was dried over anhydrous sodium sulphate, and
subsequently filtered. The solvent was removed to yield
either a pale yellow oil or colorless crystals. The product
was recrystallized from CH,Cl, if necessary.

yield: 16g (62%) |

'H nmr 90 MHz (CDCl,): & 2.75 (s, 12H), 2.02 (s, 3H)

3¢ nmr 250 MHz (CDCl,): & 47.0

mass spec: M+l, 130; M+29, 158; M+41l, 170

2.1.2 Synthesis of 1,4,7-triaminopropyl-1,4,7~-

triazacyclononane (9)°¢

1,4,7-Tricyanoethyl-1,4,7-triazacyclononane (6)

Compound 5 (5g, 38.8 mmol) was dissolved in a minimum
amount of dry CH,Cl,. Acrylonitrile (100 mL) was added and the
reaction mixture refluxed for 1 hour under N,. The solution
was stirred and gently heated overnight while maintaining an
inert atmosphere. The solvent and excess acrylonitrile were
removed under vacuum to leave a yellow oil. The crude product
was not purified further.
yield: 8.1g (74%)

'H nmr 250 MHz (CD,CN): & 3.15 (t, 6H), 3.07 (s, 12H), 2.8 (t,
6H)
BC nmr 250 MHz (CD,CN): & 120.48, 53.36, 53.11, 16.75

IR: 2240cm™ (-CN)
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mass spec: M+l, 289; M+29, 317; M+41, 329

1,4,7-Triaminopropyl-1,4,7-triazacyclononane (7)

BH,.THF (150 mL) was added to 6 (8.1g, 28 mmol) via
syringe and septum. The reaction mixture was kept under an
inert atmosphere and refluxed for 2 hours. The solution was
cooled to room temperature and stirring was continued
overnight. Excess BH, was quenched with the slow dropwise
addition of MeOH at 0ocC. The solvent was removed under
reduced pressure and the residue dissolved in HCl (4M, MeOH)
and refluxed for 1 hour. Upon cooling the solution was made
basic (pH ~ 12) by the addition of NaOH pellets and extracted
into CHCl, (8 X 100 mL).
yield: 6.0g (71%)

'H nmr 250 MHz (CD,CN): & 2.65 (s, 12H), Z.6 (t,6H), 2.45 (t,
6H), 1.45 (q, 6H), 1.32 (s, 6H)

B¢ nmr 250 MHz (CDCl,): & 55.17, 51.87, 39.16, 28.19

mass spec: M+1l, 301; M+29, 329; M+41, 341

The crude product obtained also contained some of the mono-

and di- armed derivatives.

Nickel(II) 1,4,7-triaminopropyl-1,4,7-triazacyclononane
perchlorate (8)

Compound 7 (6.0g, 20 mmol) was dissolved in 95% EtOH (500
mL) and the pH adjusted to ~ 8. This solution was heated to

reflux and a solution of Ni(OAc),.4H,0 (4.96g, 20 mmol) in
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H,O/EtOH (20/80, 200 mL) was added. The reaction mixture

turned purple almost immediately, but stirring was continued
overnight at room temperature to ensure complete complexation.
The solution was filtered and brought to dryness. The residue
was dissolved in H,0 and loaded onto a Sephadex C-25 cation
exchange column. Elution with increasing concentrations of
NaCl solution yielded five distinct bands. The first three
were found to be identical by uv-vis spectroscopy and wers
therefore combined. The combined fractions were taken to
dryness and dissolved in 100% EtOH, and filtered to remove the
NaCl. This procedure was repeated until no NaCl was left.
The product was recrystallized from an H,0/EtOH solution.

yield: 2.0g (17%)

Apay (nm) (€, Mlcm?): 340(10), 538(7.9), 815(sh, 7.7), 860(7.8)

1,4,7-Triaminopropyl-1,4,7-triazacyclononane 9

Compound 8 (5.58g, 10 mmol) was dissolved in H,C (40 mL)
and heated to reflux. NaCN (1.96g, 40 mmol) was added to tne
solution and refluxing continued for 3 hours. Additional NaCN
(1'09';20 mmol) was added and refluxing continued for 1 hoﬁr.
The solution was cooled to room temperature and following the
addition of NaOH (1.5g), the volume was reduced to a semi-
solid on the rotovap. This residue was suspended in CH,Cl, and
stirred overnight. After filtration i organic layer was
dried over anhydrous sodium sulphate. Usual workup yielded a

white hygroscopic¢ solid.
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vield: 1.7g (57%)

Y nmr 250 MHz (CD,CN): & 2.65 (s, 12H), 2.6 (t,6H), 2.45 (t,
6H), 1.45 (g, 6H), 1.32 (s, 6H)
3¢ nmr 250 MHz (CDCl,): & 55.17, 51.87, 39.16, 28.19

mass spec: M+1, 301; M+29, 329; M+41, 341
2.1.3 Synthesis of taptacn - catecholate systems

2,3-Dimethoxybenzoyl chloride (10)%

2,3-Dimethoxybenzoic acid (2.0g, 10 mmol) was dissolved
in freshly distilled SOCl, (20 mL) and stirred overnight at
room temperature (under N,). Excess thionyl chloride was

removed under vacuum, and the product was co-evaporated with

‘benzene (3 X 20 mL), to yield a white crystalline solid.

vield: quéntitative

IR: 1770 cm? (Ar-COCl)

H nmr 90 MHz (CDCl,): & 7.55 (m, 1H), 7.2 (m, 2H), 3.90 (s,
3H), 3.89 (s, 3H)

UC nmr 250 MHz (CDCl,): & 164.7, 153.4, 149.0, 128.8, 123.8,
123.6, 117.8, 61.5, 56.1

mass spec: Mxl, 201(203); M+29, 229(231); M+41, 241(243)

1,4,7-Tris-((2,3~-dimethoxybenzoyl)aminopropyl)-1,4,7-~
triazacyclononane (11)
Compound § (1.0g, 3.3 mmol) was dissolved in CH,Cl, (100

mL) and H,0 (100 mL) in a four-necked 1L round bottomed flask
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fitted with condensor, two 500 mL dropping funnels and
overhead stirrer. Simultaneous dropwise addition of NaOH
(0.5M, 200 mL) end 2,3-dimethoxybenzoyl chloride (2.0g, 0.01
mol) in dry CH2C’].‘2 (200 mL) over a 2 hour period at 500C under
an inert atmosphere resulted in the desired product. The
workup was as follows; the organic layer was separated and
washed with. HO (3 X 250 mL), followed by drying over
anhydrous MgSo,. The solvent was removed under vacuum to
yield a colorless oil.
vield: 1.7g (65%)
IR (CH,Cl, solution): 3380 cm® (N-H stretch)

2930 cm? (C-H stretch)

1640 cm? (C=0 amide)

1570 cm™? (N-H bend)

1520 cm? (C=C stretch)
'Y nmr 250 MHz (CDCl,;): & 8.02 (t, 3H), 7.56 (dd, 3H), 7.08,
6.98 (t,dd, 6H), 3.85,3.84 (s,s 18H), 3.45 (q, 6H), 2.74,2.58
(s,s 18H), 1.73 (q, 6H) |
3C nmr 250MHz (CDCl,): & 165.2, 152.5, 147.3, 127.3, 124.3,
122.6, 114.0, 61.0, 56.5, 56.0, 55.9, 38.1, 27.9

1,4,7-Tris-((2,3-dihydroxybenzoyl)aminopropyl)-1,4,7-
triazacyclononane.6HBx (12)

Compound 11 (1.5g, 1.9 mmol) was dissolved in dry CH,.CIL,
in a three-necked round bottomed flask fitted with condensor,

N, inlet and septum. The reaction mixture was kept at 00C and
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under an inert atmosphere. BBr, (1M in CH)CIl,, 50 mL) was
added slowly via syringe and septum. The mixture was allowed
to warm to‘room temperature and stirred for 24 hours. The
reaction mixture was then cooled to 0°C and MeOH (50 mL) was
added dropwise over 2 hours. The solvent was removed under
vacuum and the product was coevaporated with MeOH (15 X 50
mL), followed by precipitation from hot MeOH and diethyl
ether, leaving an off-white solid.
yield: 1.98g (94%)

'H nmr 250 MHz (d¢-dmso): & 8.86 (s, 3H), 7.30 (dd, 3H), 6.91
(dd, 3H), 6.66 (t, 3H), 3.35 (m, 18H), 1.96 (s, 6H), 1.07 (t,
6H)

Be nmr 250 MHz (d¢-dmso): & 169.9, 149.5, 146.2, 118.8, 117.9,
117.3, 115, 54, 48.7, 36.6, 23.6

1,4,7~Tris—((2,3—dimethoxybenzy1)aminopropyl)—1,4,7-
triazacyclononane (13)

Compound 9 (0.8g, 2.67 mmol) was dissolved in reagent
grade MeOH (80 mL) and this solution was saturated with N,.
A 10% HC1l (1 drop) solution in MeOH was added followed by the
dropwise addition of 2,3-dimethoxybenzaldehyde (1.33g, 8 mmol)
in MeOH (60 mL) (under N,) over 1.5 hours. Stirring was
continued for an additional 5 hours. NaBH, (3g, 81 mmol) was
added to the reaction mixture and, once dissolved, the
solution was refluxed for 1.5 hours. The reaction mixture was

cooled to room temperature and the solvent removed on the
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rotovap. The residue was dissolved in H,0 and the pH adjusted
to 10 with NaOH. This solution was extracted with CH,Cl, (6
X 100 mL), dried over anhydrous Na,SO,, filtered, and brought
to dryness to yield a colorless oil.

vield: quantitative

C nmr 250MHz (CDCl,): & 152.1, 146.8, 133.8, 123.3, 121.2,
110.9, 60.2, 56.4, 55.4, 55.2, 48.3, 47.3, 28.1

1,4,7-Tris-((2,3-dihydroxybenzyl)aminopropyl)-1,4,7-
triazacyclononane.6HBr (14)

Compound 13 (0.7g, 0.9 mmol) was dissolved in dry CH,Cl,,
bubbled with N,, and cooled to 0oC. BBr; (1M in CH,Cl,, 20 mL)
was added via syringe and septum. A white precipitate formed
almost immediately, but stirring was continued for 48 hours at
room temperature. The reaction mixture was cooled to 00C and
dropwise addition of MeOH (20 mL) quenched the excess BBr,.
The solvent was removed on the rotovap and the residue was co-
evaporated with MeOH (15 X 50 mL). The brown solid wes
dissolved in a minimum amount of MeOH and precipitation was
achieved by dropwise addition to ethyl acetate (600 mL). The
white product was filtered and dried under vacuum.
yield: quantitative
'H nmr 360 MHz (D,0): & 6.27, 6.15 (44, m; 9H), 3.57 (s, 6H),
2.47 (m, 24H), 1.42 (m, 6H) °EtOAc peaks, 3.41 (q), 1.35 (s),
0.46 (t) |

B¢ nmr 250 MHz (D,0): 144.4, 143.9, 122.9, 121, 118.4, 117.7,
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52.9, 49, 46.6, 44.1, 21.1
mass spec, positive ion FAB mNBA matrix: m/e 667 [{M+1]
Analysis; Calc. for 14.EtOAc (found); C, 38.73% (38.63%); H,
5.53% (5.58%); N, €.78% (6.93%)

3, 4-Dioxosulfonophenylacetyl chloride (15)

| 3,4-Dihydroxyphenylacetic acid (1.5g, 8.9 mmol) was
refluxed in freshly distilled SOCl, (25 mL) for 24 hours under
a N, atmosphere. Excess thionyl chloride was removed under
vacuum and the product was co-evaporated with benzene (4 X 25
mL), to leave a yellow oil.
yield: 1.8g (87%)
IR - 1790 cm™? (Ar-COCl)

mass spec: M+l, 233 (235); M+29, 261 (263); M+41, 273 (275)

1,4,7-Tris~((3,4-dihydroxyphenylacetyl)aminopropyl)-1,4,7-
triazacgyclononane (16)

Compound 9 (0.8g, 2.7 mmol) and NEt, (2.2 mL) were
dissolved in dry THF, and an inert atmosphere was maintained.
3,4~Dioxosulfonophenylacetyl chloride (1.8g, 8 mmol) in dry
THF (50 mL) was added dropwise and the reaction mixture was
stirred for 2 hours. The NEt,.HCl formed was filtered off and
the solvent from the filtrate was removed on the rotovap to
leave a yellow oil. The solfono group was displaced by
dissolving the product in deionized H,0 and adding NaHCO,, to

yield a ¢ream colored solid.
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yield: 0.78g (38.5%)

3¢ nmr 250 MHz (D,0): & 173.6, 143.9, 143.1, 125.8, 121.3,
116.4, 115.5, 52.1, 50.2, 46.6, 40.2, 30.1

.
|

2.1.4 Synthesié«- Of transition metal complexes of taptacn .

catecholate ligands.

(Cu(13)][(C104),] (17,18)

Compound 13 (0.265g, 0.35 mmol) was dissolved in EtOH
(100%, 20 mL) and Cu(Cl0Q;),.6H,0 (0.132g, 0.35 mmol) was added
to the solution. The solution turned blue almost immediately,
with the formation of a precipitate. The reaction mixture was
refluxed for 3 hours, removed from the heat and cooled to room
temperature. The solution was loaded onto a Sephadex C-25
cation exchange column and two bands were eluted. The first,
yellow band, with 0.1 - 0.3 M NaCl, and the second, blue band,
with 0.5 - 1.0 M NaCl.

Yellow (17); A, = 465 nm, g; = 2.23, (170G) g, = 2.032
Blue (18); A, = 643 nm, g; = 2.22, (165G) g, = 2.067

[Ni(13)]1[(Cl0O,),] (19)

Compound 13 (0.21g, 0.28 mmol) was dissolved in EtOH
(100%, 30 mL) and Ni(C10,),.4H,0 (0.092g, 0.28 mmol) in an EtOH
solution (100%, 10 mL) was added. A white precipitate formed
immediately, so the reaction mixture was refluxed overnight

after additioh of a small amount of water. The solvent was
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removed on the rotovap to yield the crude brown solid
(0.296g) . This was dissolved in H,0 and loaded onto a
Sephadex C-25 cation exchange column. Four separate yellow
bands were eluted from the column with increasing NaCl

concentrations.

[(Co(13)] [ (OAc),] (20)

Compound 13 (0.4g, 0.5 mmol) was dissolved in MeOH (40
mL) and one equivalent Co(OAc),.4H,0 (0.134g, 0.5 mmol) in MeOH
(10 mL) was added. A catalytic amount of activated charcoal
was added to catalyze the oxidation of the cobalt. The
reaction mixture was bubbled with air and stirred at room
temperature overnight. The charcoal was removed by filtration
to yield a pink solution. More charcoal was added and the
reaction mixture was refluxed for 24 hours to yield an
orange/brown solution. The MeOH was removed and the residue
dissolved in H,0 and loaded onto a Sephadex C-25 cation
exchange column. Owing to the high charge of the cobalt
complex, all attempts at eluting it from the column were

unguccessful.

K,[Fe(12)] (21), K,[Fe(14)] (22), and K,[Fe(16)] (23)

All ferric ion complexes were prepared in the following
manner; the appropriate ligand.HBr salts 12, 14, or 16 (0.09
mmol) were dissolved in MeOH (200 mL) and this solution was

kept under a N; atmosphere (to prevent oxidation to the
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quinones). A solution of FeCl,.6H;0 (0,09 mmol) in MeOH (100

mL) was added dropwise to the ligand solution. The reaction
mixture turned green at first but on addition of K,CO,
(saturated solution) to pH ~ 9 the reaction mixture turned
purple and the complex precipitated out of solution. This was

filtered and dried in air. Yields were on the order of 75~

80%.

2.1.5 Ssynthesis of 1,4,7-triaminoethyl-1,4,7-triazacyclononane

Phthalimidoacetaldehyde (24)°%¢

Acetamide (300g, 5 mol) was heated slowly to 809C in a 2
L 3-necked round bottomed flask, and then heated to 1400C.
Once the acetamide was melted, potassium phthalimide (235g,
1.26 mol) was added to the reaction mixture. 1~-Bromo-2 -
dimethoxyethane (1.45 mL) was added from a dropping funnel,
the reaction mixture was cooled and diluted with water (1.5 L)
and left overnight. The brown precipitate was filtered,
discolved in CHCl, and thé acetamide was removed by
filtration. The filtrate was decolorized with activated
charcoal, filtered and the solvent removed on the rotovap.
Yield: 60g (21%). This product was dissolved in HCO,H (90%,
70 mL) and conc. HCl (10 mL) and heated until water soluble.
The mixture was diluted with water (~ 1 L), decolorized with
activated charcoal, filtered, and the solvent removed on the

rotovap. The cream colored solid was dried under vacuum.
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yield: 44g (88%, based on the dimethoxy derivative)
Y nmr 90 MHz (CDCl,): & 9.64 (s, 1H), 7.85 (m, 2H), 7.74 (m,
2H), 4.55 (s, 2H)
B0 nmr 250 MHz (CDCl;): & 193.5, 167.5, 134.3, 123.7, 123.6,
47.4

mase spec: M+l, 190; M+29, 218; M+41, 230

1,4,7-Tris- (phthalimidoacetyl)-1,4,7-triazacyclononane (25)¢

Compound S5 (4g, 31 mmol) was dissolved in freshly
distilled CH,CN (300 mL) and placed under a N, atmosphere.
Molecular sieves (44, 10g), phthalimidoacetaldehyde (24)
(23.4g, 124 mmol) and NaBH,CN (7.8g, 124 mmol) were added to
the solution, The reaction mixture was stirred at room
temperature for 8 hours, refluxed for 1 hour, and stirred at
room temperature for an additional 10 hours. The mixture was
filtered and the filtrate brought to dryness to leave a brown
0il. The o0il was dissolved in aqueous NaOH (pH ~ 12) and
extracted into CHCl1l,. The combined extracts were dried over
anhydrous Na,S0,, filtered and brought to dryness. This crude

product was used in the next step without any further

purification.

1,4,7-Triaminoethyl-1,4,7-triazacyclononane.6HBr (26!
Compound 25 was dissolved in HBr (48%, 75 mL) and glacial
acetic acid (75 mL) and refluxed for 20 hours. The volume was

reduced and the residue dissolved in a minimum amount of hot




45

HBr solution (48%) and cooled in an ice bath. Precipitation
occurred with the dropwise addition of glacial acetic acid.
The solid was filtered and dried under vacuum.

yield: 22g (crude)

The purification was best achieved by preparing the cobalt

complex and loading onto a Dowex cation exchange column.

[Co(26)] (ClO,), (27)

Compound 26 (22g, 30 mmol) was dissolved in deionized H,0
(100 mL) . The solution was made alkaline with the addition of
NaOH (6 M). A solution of Co(OAc),.4H,0 (7.47g, 30 mmol) in
deionized H,0 (120 mL) was added to the ligand solution. A
catalytic amount of activated charcoal was added and the
reaction mixture was saturated with air. Stirring was
continued overnight, after which the charcoal was removed by
filtraticn and the filtrate was loaded onto a Dowex 50 X 8
cation exchange column. Three bands were eluted from the
column. The first, pink band was eluted with 2 M HClL and was
identified as containing CoCl,.6H,0. The second, magenta band
was eluted with 4 M HCl and remains unidentified. The third,
orange/red band was eluted with 4 - 6 M HCl and contained the
desired product. The cobalt complex was recrystallized from
H,0/saturated NaClo, with the slow diffusion of isopropanocl
into the solution.
yield: 0.02g, 1.2%

BC nmr 250 MHz (D,0): 6 64.6, 63.6, 62.8, 45
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Analysis for [Co(26)](Cl0,), Calc. (found); C 23.41% (23.47%),
H 4.91% (4.74%), N 13.65% (13.39%)
More product could be isclated as the ZnCl:®>" salt prepared by
the following manner. The crude o0il was dissolved in warm HCl
(0.1 M, 50 mL) and solid ZnCl, was added along with HC1l (6 M).
Orange crystels appeared upon cooling.

yield: 4.2g, .25%

1,4,7~-triazacyclonocnane-1,4,7~triacetic acid (28)
Bromoacetic acid (6.84g, 42 mmol) and NaOH (l.68g, 42
mmol) were dissolved in deionized H,O0 (14 mL) and stirred at
room temperature. A solution of 5 (1.8g, 14 mmol) in H,0 (8
mL) was added to the reaction mixture and the temperature was
raised to 800C. Sodium hydroxide (1.68g, 42 mmol) in H,0 (14
mL) was added dropwise over a 1 hour period. The temperature
was lowered to 500C and stirring was continued for 4 hours.
The pH was adjusted to 3 with HBr solution (48%) and the
solvent removed on the rotoevaporator; The residue was
dissolved in hot EtOH (100%) and the product removed by
filtration.
vield: quantitative
'H nmr 90 MHz (D,0): 3.85 (s, 6H), 3.44 (s, 12H)
B¢ nmr 250 MHz (D,0): 173.6, 59, 51.1

1,4,7~(trioxoethylchlqro)—1,4,7~triazacyclononane (29)

Simultaneous addition of chloroacetyl chloride (7.4 mL,
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93mmol) in CH,Cl, (200 mL),under N,, and K,CO; (12.8g, 93mmol)

in H,0 (200 mL) over a 2 hour period to a vigorously stirred
sclution of 5 (2.0g, 15.5mmol) in CH,C1l,/H,0 (5/1, 300 mL),
followed by separation and usual workup of the organic layer
resulted in the product.

yield: 5.1g (92%)

TLC (silica) . Re=0.71 in 4:1CHCl./MeOH.

'H nmr 90MHz (CDC1,/CD,OD): & 3.9 (s, 6H), 3.45 (m, 12H)

BC nmr 250MHz (CDCl,/Ch."D): & 168.7, 50.5, 47.9, 40.7

mass spec (CI): M+l 360, M+29 388

IR: 1636 cm! (C=O amide)

m.p. 158-9°C

Analysis, Calc. for 29 (found): C 40.17% (40.20%), H 5.06%
(5.00%), N 11.59% (11.72%)

1,4,7-(trioxoaminoethyl)-1,4,7-triazacycloricnane (30) |
Compound 29 (1.0g, 2.R mmol) was refluxed in conc. NH,,OH

(50 mL) for 1 hour. The reaction mixture was cooled to room

temperature and taken to dryness. This was used in the next

step without further purification.

yield: quantitative

'H nmr 90MHz (D,0): & 3.98 (broad s, 6H), 3.65 (broad, 12H)

C nmr 250MHz (CD,OD): & 168.6, 49, 47.2, 40.8

mass spec (CI): M+1 301, M+29 329
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2.1.6 Synthesis of taetacn - catecholate systems

Tris-i,4,7-((2,3-dimethoxyphenylacetyl)oxoaminoethyl)-1,4,7~
triazacyclononane (31)

Compound 30 (0.9g, 3 mmol) was dissolved in CH,Cl,/H,0
(80/20, 800 mL) and to this solution was added 3 equivalents
of 2,3-dimethoxyphenylacetyl chloride (1.93g, 9 mmol) in CH,Cl,
(100 mL) and 3 equivalents of K,CO; (1.26g, 9 mmol) in H,0 (100
mL) over a period of 3 hours. Once addition was complete, the
reaction mixture was stirred for 18 hours at room temperature.
The organic layer was separated and washed with H,0 (2 x 150
mL) . The organic layer was dried over anhydrous Na,SO,,
filtered, and brought to dryness under reduced pressure to
yvield a white solid. This solid was purified by centrifugal
chromatography, then eluted with a CH,Cl,/MeOH mixture.
yield: 1.5g (60%) |
TLC silica, 4:1CHC1l,:MeOH R,=0.57
H nmr‘ 360MHz (CDCl,): & 6.97 (t, 3H), 6.82 (m, 9H), 5.27 (s,
6H), 3.91 (4, 6H), 3.82, 3.81 (s,s, 18H), 3.56 (s, 12H)

B¢ nmr 360MHz (CDCl,): & 171.51, 169.97, 152.81, 147.07,
128.89, 124.33, 122.74, 111.71, 60.66, 55.69, 51.10, 47.48,
41.75, 37.89

IR 1650cm™ C=0 amide

mass spec: positive ion FAB mNBA matrix m/e 835 [M+l]

Tris-1,4,7-((2,3~dimethoxybenzoyl)oxoaminoethyl)-1,4,7-~
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triazacyclononane (32)

Compouad 30 (0.84g, 2.8 mmol) was dissolved in CH,Cl, (500
mL) and H, 0 (50 mL) and to this solution was added 2,3~
dimethoxybenzoyl chloride (1.67g, 8.4 mmol) in CH,Cl, (100 mlL)
and K,CO, (l1.16g, 8.4 mmol) in H,0 (100 mL) over a 2 hour
period. The reaction mixture was stirred at room temperature
overnight. The organic layer was separated and washed with
H,0 (2 X 100 mL), followed by drying with anhydrous Na,SO,.
The solution was filtered and brought to dryness under reduced
pressure to yield a white solid. Purification was achieved

with centrifugal chromatography (CH,Cl,/MeOH was the preferred
eluent) .

yield: 1.5g (68%)

'H nmr 360MHz (CDCl,): & 8.82 (t, 3H), 7.58 (dd, 3H), 7.05 (m,
6H), 4.26 (4, 6H), 3.93, 3.89, 3.84 (s, m, s, 30H)

13C nmr 360 MHz (CDClﬁ: & 170.2, 165.4, 152.7, 148.1, 126.2,
124.1, 122.7, 115.6, 6l1.6, 56.1, 51.2, 47.6, 42.2

mass spec: positive ion FAB in mNBA matrix m/e 793 [M+1]

1,4,7-Tris-((2,3-dimethoxyphenethyl)aminoethyl)~1,4,7~
triazacyclononane (33)

Compound 31 (0.79g, 0.9 mmol) was dissolved in BH,.THF (1
M, 40 mL) at 0°C. The reaction mixture was maintained under
an inert atmosphere and refluxed for 5 hours. After cooling
to 0°C, excess BH, was quenched with the dropwige addition of

MeOH. The solvent was removed and the residue digsolved in
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HCl (0.8 M in MeOH, 100 mL) and refluxed for 3 hours. The

“solution was cooled to room temperature and the solvent was

removed. The white residue was dissolved in a minimum amount
of aqueous NaCH (6 M), and extracted into CHCl; (5 X 50 mL).
Ihe combined extracts were dried over anhydrous sodium
sulphate, filtered, and brought to dryness to yield a yellow
oil. All attempts at purification were unsuccessful so the
crude product was used in the next step without complete
characteriiation.

yield: 0.32g (45%)

1,4,7-Tris-((2,3-dihydroxyphenethyl)aminoethyl)-1,4,7-
triazacyclononane.6HBr (34) |

BBr, (1L M in CH,Cl,, 40 mL) was added via syringe and
septum to a degassed solution of 33 (O.32g, 0.427 mmol) in
CH,C1, 610 mL) at 0°C. The reaction mixture was kept under Ng
and allowed to warm up to room temperature. Stirring was
continued for 48 hours, at which time the solution was cooled
to 0°C and excess BBr, was quenched.witﬁ the dropwise addition
of MeOH. The solvent was removed under #racuum and the residue
was co-evaporated with MeOH (10 X 25 mL). The product was
recrystallized from hot MeOH and EtOAc, leaving an off-white
powder.
yield: 0.492g (quantitative)
H nmr 360 MHz (D,O): & 6.07 (m, 9H), 2.65, 2.56 (m, m, 18H),

2.31 (m, 18H) 'EtOAc peaks, & 3.39 (q)., 1.34 (g), 0.44 (t)
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BC nmr 360 MHz (D,0): & 144.6, 142.9, 124.4, 122.4, 121.35
115.5,’50.7, 49.8, 48.1, 43.1, 26.8 "EtOAc peaks, 174.9,
61.9, 20.8, 13.5
mass spec, positive ion FAB mNBA matrix: m/e 667 [M+l]
Analysis, Calc. for 34.EtOAc (found); C 38.73% (38.99%), H
5.53% (5.49%), N 6.78% (7.27%)

1;4,7—Tris~((2,3—dimethoxybenzyl)aminoethyl)~1,4,7—
triazacyclononane (35) |

Compound 32 (0.75g, 0.947 mmol) was dissoiVed in BH,;.THF
(1 M, 40 mL) at 0°C. The solution was refluxed for 5 hours
under an inert atmosphere. Excess BH, was quenched with the
dropwise addition of MeOH at 0°C. The solvent was removed and
the residve dissolved in HC1l (1.5 M in MeOH, 100 mLj; and the
solution refluxed for 2 hqurﬁ. After cooling to room
temperadture the solvent was removed on the rotovap and the
residue was dissolved in a minimum amount of H,0. NaOH
pellets were added until the pH reached ~ 13. This was
extracted into CHCl, (5 X 50 mL) and the combined organic
ffactions were dried over anhydrous sodium sulphate.’ The;
solution was filtered and the filtrate removed under vacuum to
vield a yellow oil.
yield: 0.28g (41.8%)

The crude product was used in the next step without

purification.




52
1,4,7~Tris-((2,3-dihydroxybenzyl)aminoethyl)-1,4,7-
triazacyclononane.6HBr (36)

Compound 35 (0.28g, 0.395 mmol) was dissolved in a
minimum amount of CH,Cl, and de-aerated by bubbling with N, for
15 minutes. The N, atmosphere was maintained and the solution
was cooled to 0°C. BBr, (1 M in CH,C1l,, 40 mL) wés added via
syringe and septum and the sclution was stirred for 48 hours
while warming to room temperature. At this time the soluticn
was cooled to 0°C and excess BBr, was destroyed with the
dropwise addition c¢£ MeOH. The crude product was co-
evaporated with MeOH (10 X 50 mL) and precipitated from hot
MeOH and EtOAc. The solid was filtered and dried under
vacuum.
yield: 0.41g (93.5%)

H nmr 360 MHz (D,0): & 6.28, 6.22, 6.15 (dd, 44, t, 9H), 3.60
(s, 6H), 2.60 (m, 12H), 2.33 (s, 12H) ’'EtOAc peaks, 3.37 (a),.
1.34 (s), 0.51 (t)

B0 nmr 360 MHz (D,0): & 244.2, 143.9, 122.9, 120.9, 117.9,
117.6, 50.7, 50.0, 46.9, 42.1 ’'EtOAc peaks, 61.7, 20.5, 13.2
(more scans would be necessary to see the C=O peak)

mass spec, positive ion FAB mNBA matrix: m/e 625 {M+1]
Analysis, Calc. for 36.EtOAc (found); C 36.45% (36.98%), H
5.27% (5.11%), N 7.09% (7.57%)

2.1.7 Synthesis of transition metal complexes of taetacn -

catecholate systems
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[Cu(33)][(Cl0O,).] (37)

Compound 33 (0.l1g, 0.14 mmol) was dissolved in MeOH (50
mL) and stirred at room temperature. To this solution was
added Cu(Cl0,),.6H,0 (0.0517g, 0.14 mmoi) in MeOH (10 mL). The
reaction mixture turned blue almost immediately but stirring
waé continued with gentle heating (40°C) for 2 hours. The
solvent was removed under vacuum and the residue dissolved in
CH,CN. The purple product was recrystallized from
CH,CN/aqueous Ba(C10,), with diffusion of diethyl ether into
the solution.

vield: 0.03g (22%)

Na[CuFe(34)] (38)

Compound 34 (0.02g, 0.017 mmol) was dissolved in degassed
MeOH (10 mL) containing 4 equivalents NaHCO, (5.7 mg, 0.068
miol) . The solution was saturated with N, continuously
throughout the synthesis. Cu(Cl0,),.6H,0 (6.3 mg, 0.017 mmol)
was added to the reaction mixture. The solﬁfion was refluxed
for 1 hour and then cnoled to room temperature. The uv-visg
spectrunlwas run before continuing to the next step to confirm
the metal ion coordination. This solution was added to
degassed MeOH (800 mL) in a three necked 2 L round bottomed
flask. An additional 4 equivalents of NaHCO; (5.7 mg, 0.068
mmol) were added. A solution of FeCl;.6H,0 (4.63 mg, 0.017
mmol) in MeOH (600 mL) was added dropwise over a period of 12

hours. Once addition was complete another 4 equivalents of
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NaHCO, (5.7 mg, 0.068 mmol) were added to the solution. The
volume was reduced to ~ 250 mL and the solution was left to
stand at room temperature, during which time a precipitate
settled out of solution. This precipitate was removed by
centrifugation and dried under vacuum.

yield: Smg (36%)

Na[NiFe(34)] (39)

Compound 34 (0.02g, 0.017 mmol) was dissolved in degassed
MeOH (10 mL) containing 4 equivalents NaHCO; (5.7 mg, 0.068
mmol) . The solution was saturated with N, continuously
throughout the synthesis. Ni(OAc),.4H,0 (4.2 wg, 0.017 mmol)
‘was added to the reaction mixture. The solution was refluxed
for 1 hour and then cooled to room temperature. The uv-vis
spectrum was run before continuing to the next step to ensure
complete metal ion coordination. This solution was added tec
degassed MeOH (800 mL) in a three necked 2 L round bottomed
flask. 'An additional 4 equivalents of NaHCO, (5.7 mg, 0.068
mnol) was added. A solution of FeCl,.6H,0 (4.63 mg, 0.017
mmol) in MeOH (600 mL) was added dropwise over a period of 12
hours. Once addition was complete another 4 equivalents of
NaHCO, (5.7 mg, 0.068 mmol) were added to the solution. The
volume was reduced to ~ 250 mL and the solution was left to
stand at room temperature, during which time a precipitate
settled out of solution. This precipitate was removed by

centrifugation and dried under vacuum.
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yvield: émg (44%)

Analysis, calc. (found) for (39).2H;0.1.5NaHCO,, C 48.65%
(48.22%), H 5.83% (5.68%), N 9.08% (8.59%)

[CoFe(34)] (40)

Compound 34 (0.02g, 0.017 mmol) was dissolved in degassed
MeOH (10 mL). containing 4 equivalents NaHCO, (5.7 mg, 0.068
mmol) . The solution was bubbled with N, continuously
throughout the synthesis. Dry CoCl, (2.2 mg, 0.017 mmol)
(dried in the oven at 110°C for 2 days) was added to the
reaction mixture. The solution was refluxed for 1 hour,
cooled to room temperature, and opened to air for 5 minutes.
The uv-vis spectrum confirmed the metal ion coordination.
This solution was added to degassed MeOH (800 mL) in a three
necked 2 L round bottomed flask. An additional 4 equivalents
of NaHCO, (5.7 mg, 0.068 mmol) was added. A solution of
FeCl,.6H,0 (4.63 mg, 0.017 mmol) in MeOH (600 mL) was added
dropwise over a period of 12 hours. Once addition was
complete another 4 equivalents of NaHCO, (5.7 mg, 0.068 mmol)
were added to the solution. The volume was reduced to ~ 250
mL and the solution was left to stand at room,temperature,k
during which time a precipitate settled out of solution. This
precipitate was removed by centrifugation and dried under
vacuum.

yield: 3mg (23%)
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Na,[Fe(34)] (41)
Compound 34 (0.02g, 0.617 mmol) was dissolved in degassed
MeOH (800 mL). Eight equivalents NaHCO, (11.4 mg, 0.136 ranol)
were added. To this solution was added dropwise FeCl,.6H,0
(4.6 mg, 0.017 mmol) in degassed MeOH (600 mL) over 12 hours.
The reaction mixture was kept under an inert atmosphere during
the addition. Once addition was complete an additional 4
equivalents NaHCO; (5.7 mg, 0.068 mmol) was added. The volume
was reduced to ~ 200 mL and a fine precipitate settled out of
solution. This was centrifuged, the solvent decanted off and
the solid dried under vacuum.

yield: 9mg (67%)

2.1.8 Synthesis of tren - catecholate systems

Trig-((2,3-dimethoxybenzylidene)aminoethyl)amine (42)
Tris-(2-aminoethyl)amine (tren) (2.0g, 13.7mmol) was
dissolved in 100% ethanol (50 mL) and added to a solution of
2,3~dimethoxybenzaldehyde (6.£g,41 mmol) in ether (50 mL).
The reaction mixture was stirred for one hour and taken to
dryness under reduced pressure to leave a yellow solid.
yvield: 7.5g (93%)
'H nmr 360MHz (CDCl,): & 8.6 (s, 1H), 7.46 (dd4, 1H), 6.9 (m,
2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.74 (t, 2H), 2.94 (t, 2H)
B¢ nmr 360MHz (CDCly): & 157.7, 152.7, 149.1, 129.8, 124.1,
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118.7, 114, 61.6, 60.4, 55.7, 55.6

mass spec: positive icn FAB mNBA matrix m/e 591 [M+1l]

Tris ((2,3-dimethoxybenzylamino)ethyl)amine (43)

Compound 42 (6.8g, 11 mmol), and Na,B,0,.10H,& (1.86g)

were dissolved in methanol (150 mL) and stirred at room
temperatura. NaBH, (0.25g) was added to the solution every 5
minutes for 1/2 hour (total, 1.5g), and stirring was continued
for 3 hours at room temperature. The solution was taken to
dryness under reduced préssure at which time NH,C1 (10g} in H,O
(100 mL) was added to the residue and extracted into CHCl; (3
X 150 mL). The combined extracts were dried over anhydrous
sodium sulphate, filtered, and taken to dryness to yield a
yellow oil.
yield: 6.5g (99%)
'H nmr 360MHz (CDCl,): & 6.94 (t, 1H), 6.85 (dd, 1H), 6.78 (dd,
1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.73 (s, 2H), 2.55 (m, 4H)
B¢ nmr 360MHz (CDCl,): & 152.47, 147.15, 133.60, 123.82,
121.53, 111.23, 60.59, 55.59, 54.26, 48.10, 46.85

mass spec: positive ion FAB mNBA matrix m/e 597 [M+1]

Tris((2,3—dihydroxybenzylamino)ethyl)amine.4HBr (44)
Compound 43 (6.5g, 11 mmol) was dissolved in dry CH,CL,

(50 mL) under a N, atmosphere and cooled to 0eC. BBr;, (1M, 70

mL) in CH,Cl, was added via syringe and septum. The reaction

mixture was stirred at room temperature for 2 days and then
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cooled to 0QocC. Excess BBr, was destroyed by the dropwise
addition of methanol. The solution was brought to dryness and
co-evaporated with methanol (10 X 100 mL). The product was
dried under vacuum overnight to yield an off-white solid.
yvield: 7.29 (79%) |
‘Y nmr 360MHEz (D,0): & 6.79 (dd, 2H) 6.68 (m, 1H), 4.04 (s,
2H), 3.15 (s, 1H), 2.95 (t, 2H), 2.69 (t, 2H)
3C nmr 360MHz (D,0): 8144.19, 143.72, 122.85, 120.84, 118.01,
117.50, 48.63, 46.67, 43.35
mass spec: positive ion FAB mNBA matrix (dissolved in MeOH
first) m/e 513 [M+l]

Analysis, Calc. for 44 (found): C 38.80% (39.00%), H 4.80%
(4.95%), N 6.70% (6.50)

Tris- ((2,3-dimethoxybenzoyl)aminoethyl)amine (45)¢®

Tren (1.75g, 0.012 mol) was dissolved in CH,C1l,/H,0 (50
mL/50 mL) in a three necked round bottomed flask, set up with
an overhead stirrer. Simultaneous dropwise addition of
aqueous NaOH (0.4 M, 100 mL) and 2,3-dimethoxybenzoyl chloride
(8.42g, 0.042 mol) in CH,Cl, (100 mL) over a 1 hour period
resulted in the formation of the desired product. The two
layers were separated and the organic layer was washed with
deionized H,O (2 X 50 mL). The organic layer was dried over
anhydrous Na,S0,, filtered and taken to dryness. The crude,
colorless oil was recrystallized from EtOAc and cyclohexarne to

leave a white solid.
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yield: 3.65g (48%)
'H nmr 360 MHz (CDC1l,): & 8.16 (t, 3H), 7.58 (d4d, 3H), 7.07 (t,
3H), 6.97 (dd, 3H), 3.83, 3.82 (s,s, 18H), 3.57 (q, 6H), 2.85
(t, 6H)
13C nmr 360 MHz (CDCl,): & 165.4, 152.4, 147.4, 126.7, 124.1,
122.5, 1i5.1, 61.2, 55.9, 53.4, 37.8
mass spec: M+1l, 639; M+29, 667; M+41l, 676
Analysis, Calc. for 45 (found): C 62.06% (62.13%), H 6.63%
(6.71%), N 8.78% (8.77%)

Tris-((2,3-dihydroxybenzoyl)aminoethyl)amine.4HBx (46)
Compound 45 (2.5g, 3.9 mmol) was dissolved in a minimum
amount of degassed, dry CH,Cl, at 0°C. BBr, (1M in CH,Cl,, 70
mL) was added via syringe and septum. This solution wag
allowed to warm to room temperature and stirring was continued
for 24 hours, while maintaining an inert atmosphere. The
solution was cooled to 0°C and excess BBr, was quenched with
the dropwise addition of MeOH. The solvent was removed on the
rotovap and the residue was co-evaporated with MeOH (15 X 50
mL) to leave an off-white solid.
yield: 3.2g (93.5%)
'H nmr 360 MHz (D,0/NaOD): & 6.31 (dd, 3H), 5.89 (dd, 3H), 5.66
(¢, 3H), 2.87 (t, 6H), 2.21 (t, 6H)
Bc nmr 360 MHz (D,O/NaoD): & 172.1, 163.1, 158.9, 118.1,
116.7, 114.6, 113.3, 52.9, 36.1

mass spec, positive ion FAB mNBA matrix: m/e 558 [M+4]
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Tris-((2,3~dimethoxyphenylacetyl)aminoethyl)amine (47)

Tren (0.5g, 3.4 mmol) was dissolved in CH,Cl, (150 mL) and
H,0 (50 mi). To this solution was added 2,3~
dimethoxyphenylacetyl chloride (2.14g, 0.01 mnl) in CH,Cl, (100
mL) and K,CO, (l.4g, 0.01 mol) in H,0 (100 mL) dropwise over a
1/2 hour period. Stirring was continued at room temperature
for 1 hour, followed by separation of the organic layer. This
was washed with H,0 (2 X 100 mL), dried over anhydrous sodium
sulphate, filtered and brought to dryness under reduced
pressure. The solid was ©purified by centrifugal
chromatography with a CH,Cl,/MeOH mixture as the eluent.
yield: 2.3g (75%)
¢ pmr 250MHz (cDCl,): & 171.15, 152.72, 146.84, 129.38,
124.28, 122.58, 111.47, 60.51, 55.57, 54.01, 38.03, 37.88

mass spec: positive ion FAB nNBA matrix, m/e 681 [M+1]

Tris-( (2,3 -dimethoxyphenethyl)aminoethyl)amine (48)

_ Compound 47 (0.75g, 1l.lmmol) was added to a LiAlH, slurry
in THF (1.25g in 75 mL) at 0°C. The reaction mixture was
héated to reflux and maintained at this condition for 24
hours. After cooling to 0°C the excess LiAlH, was destroyed
by dropwise addition of H,0. Diethyl ether (100 mL) was
added, the solution was filtered and the filtrate was brought
to dryness. The crude product was purified on a Sephadex gel
column (LH-20) eluted with a 4:3 CHCl,:MeOH solution.

Yield 0.29g (42%)
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B¥C nmr 250MHz (CDCl,;) & 152.77, 147.35, 133.89, 123.77,

122.20, 110.53, 60.62, 55.62, 54.57, 50.59, 47.60, 30.65

Tris-((2,3-dihydroxyphenethyl)aminoethyl)amine.SHBr (49)
Compound 48 (0.25g, 0.4mmol) was dissolved in dry CH,Cl,
(10 mL) and cooled to 0°C. BBr, (1M in CH,Cl,, 15 mL) was
added to the. solution via syringe and septum. The reaction
mixture was kept under an inert atmosphere and stirred at room
temperature for 2 days. The solution was cooled to 0°C and
excess BBr, was destroyed with the dropwise addition of MeOH.
After co-evaporation with MeOH (10 X S0 mL) and

recrystallization from MeOH/EtOAc, the’grey'solid was dried
under vacuum,

yield: 0.25g (78%)

BC nmr 360 MHz (D,0): & 155.52, 151.45, 127.96, 120.06,
119.63, 116.63, 55.68, 51.04, 47.99, 32.20

Analysis, Calc. for 49.EtOAc (found): C 38.98% (38.49%), H
5.29% (5.10), N 5.35% (5.80%)

i |

2.1.9 sSynthesis of transition metal complexes of tren-

catecholate systems

[Co(43)] (ClO,), (50)
Compound 43 (0.01lg, 0.017 mmol) was dissolved in MeOH (3
mL). To this solution was added Co(OAc),.4H,0 (4.2 mg, 0.017

mmol). The solution was left to sit open to air for 1 week,
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during which time a red oil formed. The o0il was
recrystallized from a solution of CH,CN, EtOH, diethyl ether,
and Ba(ClO,}, by very slow cooling to yield red crystals.
vield: 9.8mg (61%)

(Ni(47)](ClO4), (51)

Compound 43 (0.01g, 0.017 mmol) was dissolved in MeOH (10
mL). Ni(OAc),.4H,0 (4.2 mg, 0.017 mmol) was added and the
solution was heated to 50°C for 1/2 an hour, at which time a
pale violet solution resulted. This solution was reduced to
an oil on the addition of Na(Cl0,) and evaporation of solvent.

All attempts at recrystallization were unsuccessful.

[Cu(43)] (ClO,), (52)

Compound 43 (0.01g, 0.017 mmol) was dissloved in MeOH (10
mL). Cu(ClQ;),.6H,0 (6.3 mg, 0.017 mmol) was added and the
solution was warmed to 50°C for 1/2 an hour. The solution
turned blue and was left to evaporate to leave an oil.

Attempts to recrystallize were unsuccessful.

Na, (Fe(44)] (53)
Compound 44 (0.1lg, 0.12 mmol) was dissolved in MeOH (200
mL) and this solution was degassed by bubbling with N, for 20

minutes. The solution was made alkaline by the addition of
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Na,CO; (0.5 M) until a pH of ~ 9 was reached. FeCl,.6H,0 (32.7

mg, 0.12 mmol) in MeOH (200 mL) was added dropwiye over a
period of 3 hours. An inert atmosphere was maintained during
the addition. The volume was reduced on the rotoevaporator to
leave a purple solid.

vield: 38mg (46%)

Analysis, Calc. for 53 (found); C 51.36% (51.06%), H 4.79%
(5.39%), N 8.87% (8.48%)

K, [Bl(44)] (54)

Compound 44 (0.1g, 0.12 mmol) was dissolved in degassed
MeOH (500 mL). The pH was adjusted to ~ 9 with the addition
of K,CO, (0.5 M). Al1(NO,),.6H,0 (38.5 mg, 0.12 mmol) in MeOH
(200 mL) was added dropwise to the ligand solution over 3
hours. The volume was reduced to leave a light brown solid.
vield: 34mg (43%)
¢ nmr 360 MHz (d¢-dmso): 6157.3, 156.1, 113.8, 112.3, 111.8,
110.6, 52.3, 51.3, 43.8

KatF‘ems)] (55)

Compound 46 (1.0g, 1.1 mmol) was dissolved in degassed
methanol (300 mL) and the pH was adjusted to ~12 with the
addition of KOH (1 M). FeCl,.6H,0 (0.27g, 1 mmol) in &
methanol solution (100 mL) was added dropwise to the ligand
solution. The complex precipitated out of solution on

formation. The precipitate was filcered and dried in aidrx.
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yield: 0.5g {69%)

K;[A1(46)] (56)

Compound 46 ( 1.0g, 1.1 mmol) was dissclved in degassed
methanol (300 mL) and the pH was adjusted to ~12 with the
addition of KOH (1 M). A methanolic solutibn (100 mL) of
AL (NO,),.6H,0 (0.32g, 1 mmol) was added dropwise to the ligand
solution. The volume was reduced to ~150 mL and the complex
precipitated out of solution. The solid was filtered and
dried in air.

yvield: 0.45g (65%)

K,[Fe(45)1 (57)

Compound 49 (50mg, 0.05 mmol) was dissolved in methanol
(150 mL) and the pH was adjusted to ~12 with the addition of
KOH (1 M). The ligand solution was deaerated by a continuous
flow of KB through the solution. FeCl,.6H,0 (13.5mg, 0.05
mmol) in methanol (100 mL) was added dropwise to the ligand
sclution. Once addition was complete, the complex was removed
by filtration and dried in air.

yield: 1llmg (30%)
2.1.10 Synthesis of Macrobicycles

1, 4-Diaminopropyl-1,4,7-triazacyclononane (58)

This compound was isolated during the synthesis of
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compound 7. It was separated as the nickel complex on a
Sephadex C-25 cation exchange column. The nickel was removed
by boiling the complex in ECl (6 M) for 3 hours, and lvading
onto a Dowex 50 X 8 cation exchange column. The ligand was
eluted with HCl (4 M), to yield the penta-hydrochloride salt.
yield: (10%)
BC nmr 250 MHz (D,O): 6 52.7, 48.9, 48.3, 42.1, 36.7, 21.5
The solvent was removed and the residue dissolved in a
minimum amount of NaOH solution (3 M) and extracted into CHCI,
(3 X 50 mL). The combined fractions were dried over anhydrous
sodium sulphate, filtered and the filtrate taken to dryness,

to give the free ligand.

[cu(s58)] (Clo,), (39)

Compound 58 (1.17g, 4 mmol) was diSsolved in EEOH (95%,
100mL) and this solution was heated to 60°C. Cu(ClQ,),.6H,C
(1.88g, 4 mmol) was added to the ligand solution and the
reaction mixture turned blue almost immediately. The solution
was stirred overnight at room temperature to ensure‘complete
metal coordination. The solvent was removed on the rotovap
and the blue crystals were recrystallized from CH,CN/diethyl
ether.
yield: 1.6g (77%)

Analysis, Calc. for (59) (Found): C 28.49% (28.28%), H 5.77%

(5.77%), N 13.84% (13.59%)




66
[Cu(61)] (C10,), (60)%
Compound 59 (1g, 2 mmol) was dissolved in MeOH/H,0 (9/1,
1 L) in a three-necked round bottomed flask. A solution of
glyoxal (40% in H,0, 240 ML) in MeOH/H, 0 (9/1, 500 mL) was
added dropwise to the solution over a period of 12 hours at
50°C, under a N, atmosphere. After addition was complete the
cyclization was checked by removing a small amount of the
solutioh and adding HCl (50%). If the solution kept its blue
color then the reaction was continued as follows. The
reaction mixture was cooled to room temperature and NaBH,
(0.19g, 5 mmol) was added. Additional NaBH, (0.4g, 10.5 mmol)
was added and the solution refluxed for 2 hours. The solution
was cooled to room temperature and the volume reduced. A
ﬁurple solid appeared on cooling.

yield: 0.89g (81%)

1,5,8,12,15-Pentaazdbicyclo[10.5.2]}nonadecane {(61)

Compound 60 (0.5g, 0.9 mmol) was dissolved in deionized
H,O0 (50 mL). An excess of Na,S.9H,0 (3g, 12.°% mmcl) was added
and the reaction mixture was stirred with gentle heating
(50°C) for 2 hours. The solution was c¢ooled to room
temperature and the black CuS was filtered off using a fine
sintered frit. The filtrate, containing the free ligand, was
extracted with CHCl, (4 X 75 mL) and the combined fractions

were dried over anhydrous sodium sulphate. After filtration
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and reduction to dryhess the product was a colorless oil.
yield: 0.19q, 74%

C nmr 250 MHz (CDCl,): & 54.4, 53.1, 52.7, 47.3, 46.6, 45.1,
26,0

mass spec: M+l, 270; M+29, 298; M+41l, 310

(Cu(9)]1[(Clo,),] (62)

Compound 9 (1.17g, 4 mmol) was dissolved in EtOH (95%,
100mL) and this solution was heated to 60°C. Cu(Cl0,),.6H.0
(1.88g, 4 mmol) was added teo the ligand solution and the
reaction mixture turned blue almost immediately. The solution
was stirred overnight at room temperature to ensure complete
metal coordination. The solvent was removed on the rotovap
and the blue crystals were recrystallized from CH,CN/diethyl
ether.
yield: 1.4g (62.5%)

Analysis, Calc. for cCu(9)(Clo,),.HCl0, (found): C 27.16%
(27.49%); H 5.62% (5.28%); N 12.67% (12.55%)

[Cu(64)] [(C1l0,),] (63)

Compound 62 (1.4g, 2.5 mmol) was dissolved in MeOH/H,0
(9/1, 1 L) in a three-necked round bottomed flask. A solution
of glyoxal (40% in H,0, 250 ML) in MeOH/H,0 (9/1, 500 mL) was

added dropwise to the metal solution over a period of 12 hours
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at. 50°C, under a N, atmosphere. After addition was complete
the cyclization was checked by removing a small amount of the
solution and adding HC1l (50%). If the solution kept its blue
color then the reaction was continued as follows. The
reaction mixture was cocled to room temperature and NaBH,
(0.19g, 5 mmol) was added. Additional NaBH, (0.4q, 10.5 mmol)
was added and the solution refluxed for 2 hours. The solution
was cooled to room temperature and the volume reduced. A
purple solid appeared on cooling.

yvield: 1.1g (78%)

15-Aminopropylaza-1,5,8,12-tetraazabicyclo(10.5.2]1nonadecane
(64)

Compound 63 (0.4g, 0.7 mmol) was dissolved in deionized
H,0 (50 mL). An excess of Na,S.9H,0 (3g, 12.5 mmol) was added
and the reaction mixture was stirred with gentle heating
(50°C) for 2 hours. The solution was cooled to room
temperature and the black CuS was filtered off using a fine
sintered frit. The filtrate, containing the free ligand, was
extracted with CHCl, (4 X 75 mL) and the combined fractions
were dried over anhydrous sodium sulphate. After filtration
and reduction to dryness the product was a colorless oil.
yield: 0.1dg (61%) ”

mass spec: M+l, 327
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2.1.11 Synthesis of Co''pentaammine Complexes

[CoCl(tacn) (diamine)] [ZnCl,] complexes (diamine = en (65), tn
(66), amp (67))

One mole equivalent of tacn.3HCl (0.5g in 15 mL water)
was reacted at rmom temperature with an aqueous slurry (15 mL)
of Na;Co(CO,);.3H,0 (0.76g) to give a clear red solution. One
mole equivalent of the appropriate diamine was then added
dropwise and the solution warmed to 40°C. Upon slow addition
of 3 M HCl (effervesence), a clear orange acidic solution was
obtained. Solid ZnCl, (5g) was added and heating at 80°C was
continued (1-2 hours) to give a crystalline deposit of red
[CoCl (tacn) (diamine) )} [ZnCl,]. Yields were about 50% based on
tacn.3HCl. The salts were ‘recry‘st:al’lized quantitatively from
0.1 M HC1l by the addition of 3 M HCl and solid %nCl,.
[CoCl (tacn) (en)] [2nCl,]) (65); Agu= 523nm (79.7), 362nm (77.7),
weak shoulder at 480nm
B¢ nmr (D,0): 51.59, 51.47, 51.14, 51.05, 44.52, 44.40.
[CoCl(tacn) (tn)]1([ZnCl,] (66); A= 537nm, 371lnm, moderate
St;oulder at 480nm ‘
3¢ nmr (D,0): 53.84, 53.55, 52.70, 40.69, 40.53, 40.42, 27.85.
[CoCl(tacn) (amp) ] [ZnCl,] (67); A,,= 52lnm, 36inm, weak
shoulder at 470nm
B¢ nmr (D,0): 165.19, 151.39, 140.99, 126.40, 122.86, 53.52,
53.33, 53.17, 49.99, 49.92, 49.33, 49.08.
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(CoCl (dien) (amp)] [ZnCl,) (68, 69, 70)

An aqueous mixture (50 mL) of Co(NO;),.6H,0 (3.0g), dien
(L.0 mL), and amp (1.0 mL) was oxygenated with dioxygen gas at
room temperature for 30 minutes to give a chocolate brown
solution. The solution was cooled in an ice bath to yield a
sticky brown-black solid. Further attempts to isolate the p-
peroxo intermediate were discontinued. However, upon addition
of hydrochloric acid (50 mL, 6M) and ZnCl, (5g), and heating
to 60°C until effervesence was complete, a pink coloured
solution formed. The solution was left for about two weeks at
room temperature, and the crystalline material that deposited
was removed periodically. As each crop was isclated, it was
recrystallized as the ZnCl,* salt by dissolving in warm 0.1 M
HCl and adding 3 M HCl and solid 2ZnCl,. The yield and IR
spectrum of the recrystallized material were recorded.

The first these nrops (1.19g total) had identical IR
épectra and were combined and further recrystallized. The 3C
nmr spectrum of the dien region (54.34, 53.37, 49.79. 44.36,
43.16) is consistent with unsym-fac coordination®*® (68).
Based upon IR information, crop 4 (1.04g) contained a new
isomer and the dien fragment C nmr (54.74, 54.28, 49.77,
43,07, 42.78) again indicates unsym-fac coordination!*® (69).
Likewise, crop 5 (0.21g), a third isomer, had a visible
absorption  spectrum indicating mer-dien = coordination
(70) . (A, x=360, 483, sh 525nm). This isomer was not used in the

kinetic studies.
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{CoCl (bicycloN:) ] (2nCl,] (71)

An aqueous solution of Co*(Cl0,),.6H,0 (105 mg,) in ~10 nL
was added to a refluxing solution of bicycloN; (77 mg,) in
EtOH/H,0 (80/20, 50 mL). The reaction mixture turned green
almost immediately, and the addition of a catalytic amount. of
activated charcoal yvielded a pink solution. The solution was
refluxed for 2 hours and saturated with air. After cooling to
room temperature the charcoal was removed by filtration and
one drop of HClO, (9 M) was added to the filtrate. Following
purification by Sephadex gel filtration, the [ZnCl,]?" salt was
prepared in the manner described above.

Anax=553nm(80), 377nm(106), moderate shoulder at 484nm
B3¢ nmr (D,0): 61.65, 58.95, 57.95, 52,99, 51.85, 48.04, 23.97
(Figure 6.4).

2.2 Methods and Materials

2.2.1 Instrumentation
2.2.1.1 Spectroscopy

All *H nmr spectra were recorded on either a Perkin-Elmer
R32 90 MHz or a Bruker WM250 MHz or AMX360 MHz spectrometer.
All chemical shifts are referenced to tetramethylsilane (TMS)
at 0 ppm. '*C nmr spectra were recorded on a Bruker WM250 MHz
spectrometer or a Bruker AMX360 MHz spectrometer, and again

were referenced to TMS at 0 ppm.

Infrared spectra were recorded on either a Bruker IFS25
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spectrometer or a Perkin-Elmer 1330 specirometer. Samples
were studied as KBr discs, Nujol mulls, or in CH,Cl, solution.

Electron spin resonance (esr) spectra were recorded on a
Varian E6 spectrometer. 2All spectra were referenced to the
standard diphenylpicrylhydrazyl radical (dpph). Samples were
studied either as a soluticn ét room temperature or as a
frozen solution at 77°K.

Ultraviolet - visible (uv-vis) spectra were obtained on
either a Cary S5 uv-vis-nir spectrophotometer or a Phillips
PU8870 spectrophotometer. All samples were generally studied
as solutions in 1 cm quartz cells at ambient temperature. The
anation reactions of the Co*'pentaammine complexes which were
measured at 50°C.

Samples for mass spectrometry were submitted tc the mass
spectral service at the University if Victoria. Mass spectra
were recorded as CI on a Finnegan 3300 GCMS system or as
liquid secondary ion mass spectra (LSIMS) on a Kratos Concept
double focusing magnetic instrument.

Centrifugal chromatography was performed on a Harrison
Research chromatotron, model 7924T. The plates were coated
with TLC grade silica gel (Merck) with gypsum binder and
fluorescent indicator.

Elemental analyses were performed by Canadian

Microanalytical Services, Vancouver, B.C.
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2.2.2.1 Materials

All starting materials were purchased from Aldrich
Chemicals with the exception of 2, 3-dimethoxyphenylacetic acid
which was purchased from Trans World Chemicals. These
compounds were used without further purification. Solvents
were in general reagent grade. Dichloromethane was distilled,
and acetonitrile was distilled over calcium hydride.
CAUTION! Perchlorate salts are explosive and care should

taken when these compounds are handled.

2.2.2.2 Kinetic Methods

Base hydrolysis rates were determined using an Applied
Photophysics stopped flow apparatus with the temperature
controlled to +0.1°C. One syringe was charged with a solution
of the complex (~10"* M) dissolved in aqueous NaClo, (1.0 M)
solution, while the other contained the appropriate NaOH/
NaClo, (I=1.0 M) mixture.

The rates of anation reactions were measured on a Cary 5
spectrophotometer‘with the temperature controlled to #0.1°C.
Ali reactions were carried out at 50°C with the exception of
the [SCN"] dependence on the rate of anation of the
[Co(tacn) (en) (OH,) 13* complex which was measured at 60°C. The
concentration of complex in each case was ~ 10" M and that of
the anion was 0.6 M for all pH dependence measurements. The
pH values of the solutions were measured with a Fisher

Scientific Accumet pH meter 910 and Ingold U402-M6-57 semd.-
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micro combined pH electrode. All pH values were corrected
using a 0.C1 M Borax/0.99 M NaClO0, solution. The ionic

strength was maintained at 1.0 M (NaCloO,).

The chloro complexes of the Co'’pentaammine systems were
hydrolysed with 0.0l M NaOH for approximately 20 minutes at
room temperature. The pH was adjusted with 0.1 M HClO, to ~
6 or 7, and any 2Zn(OH,) from the counter-ion was removed by
millipore filtration. At this time it was mixed with the
appropriate anion solution and the pH adjusted with éither 0.1
M HClO; or 0.1 M NaOH, in the 1 cm quartz cells. The cells
were placed in the spectrophotometer and allowed to
equilibrate to 50°C before monitoring the reaction. The
kinetic data were recorded at 300nm for [Co(tacn) (en) (OH,)]13*

and at 320nm for the (Co(bicycloNs) (OH,) 1% complex.
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3.1 ligand Synthesis

3.1.1 1,4,7-Triazacyclononane

The compound 1,4,7-triazacyclononane (5) was successfully
prepared by a slight modification of the Richman/Atkins
method’. The cyclization reaction between the tri-tosylated
diethylenetriamine and the ditosylate of ethylene glycol was
carried out on a 0.5 molar scale with impressive yields of 90%
or greater.

Detosylation of the cyclized product was carried out™ in
conc. H,80, at 160°C. The yields are improved markedly when
the reaction is carried out on a 50 g scale as opposed to a 75
g scale as suggested™, provided the initial compound is
exxtremely dry. Yields of the HCl salt were on the order of
5% or greater.

The isolation ot the free ligand, however, results in
lower yields (60-65%). The reason of course is that it is
difficult to extract all the free amine into organic solvents
ag the amines are extrémely hygroscopic and water soluble,
thus accounting for the lower vyield. The synthesis is

outlined in Scheme 3.1.
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Scheme 3.1 Synthesis of 1,4, 7~-triazacyclononane
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3.1.2 Taptacn

Literature procedures were followed for the preparaﬁion
of 1,4,7—triaminopropyl—1,4,7-triazacyclononane
(9) (taptacn) ™, and the synthesis is outlined in Sc¢heme 3.2.

The first step invclves a Michael addition of
acrylonitrile to [9]ane-N;, which is followed by the reduction
of the tri-nitrile derivative to the primary amines. Although
the use of sodium metal in toluene was reported™, the ﬁéthod_
of choice for the reduction was to use the BH,.THF complex.
Provided that the conditions for the workup remain somewhat
"mild" (i.e. reflux in 3/Y/30 HCl/H,0/MeOH for 3 hours as
opposed to 4 M HCl in MeOH for 1 hour), the yields are
acceptable (~75-80%).

In the preparation there was always ﬁhé formation of the
mono- and di-armed derivatives. The most successful"
separation of these three compounds was as the nickel (II)
complexes an a Sephadex cation exchange column, followed by
removal of the metal ion.

In the case of Ni(taptacn)?, the metal ion was removed
with sodium cyanide in almest quantitative yields, resulting

in either a white hygroscopic solid or a colorless oil.




Scheme 3.2 Synthesis of taptacn
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3.1.3 Taptacn-catecholate Syetems

The first compound prepared, 1,4,7-tris-((2,3~
dimethoxybenzoyl)aminopropyl) -1, 4,7-triazacyclononane (11)
(see Scheme 3.3), followed a procedure of Raymond et al’™. The
process involved the reaction of threz equivalents of an acyl
chloride with three primary amines under modified Schotten-
Baumen conditions. 'The overall yield was approximately 65%
for the reaction.

Owing to hydrogen bonding of the catecilol moieties with
the reactive functional group (acid chloride or aldehyde in
the preparation of compcund 13) it was necessary to protect
these groups as the methoxy derivatives.

There are several reported methods of deprotection of
these methoxy groups™ ., However, the method of choice was by
BBr; in dichloromethane solution, resulting in the HBr salt of
the ligand in quantitative yields.

The ligand appears to be quite stable to oxidation if it
is stored as the diry hexa-hydrobromide salt, but in solution
it must be kept under an inert atmosphere to prevent oxidation
of the unprotected catechols.

Attempts at reducing the protected amide were
unsuccessful in the purificatjon steps, therefore .he reduced
compound wag prepared via an acid-catalysed 8chiff base
condensation, a reaction of the primary amines with 3 mole
equivalénts of the aldehyde (see Scheme 3.4). The imine

formed was reduced in situ with the addition of sodium




81
borohydride. The compound was isolated in quantitative
vields.

Scheme 3.3 oynthesis of compound 12
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gcheme .5 Synthesis of compound 16

Ci

! 0
) o—sg/
NH, \

1) THF / EtgN
2) H,0 / NaHCOg

(16)




84
1,4,7-Tris-((3,4~dihydroxyphenylacetyl)amninopropyl) -
I,4,7-rriazacyclanonéne (16) was prepared following a
procedure of Corey et al” where he and coworkers synthesized
enterobactin.

The reaction of 3 mole equivalents of 3,4~dicxosulfono-
phenylacetyl chloride with taptacn in THF resulted in the
desired product upon removal of the sulfono groups (Scheme
3.5). The dihydroxy groups become protected during the
synthesis of the acid chlcride. Difficulty was found ifi the
removal of the NEt,.HCl from the THF solution. Although it
should theoretically precipitate out of the THF solution, the
triethylamine is extremely hygroscopic and this prevents its
removal. For this reason again the preferred method of
preparing the catechol-amine systems was by using the methoxy

protected catechol derivatives.

3.2 Metal Conplexes of Taptacn-Catecholate Systems

3.2.1 Ferric Compliexes
3.2.1.1 Synthesis

To prevent polymer formation the ferric complexes of
ligands 12, 14, and 16 were preparad under anaerobic and high
dilution conditions. The highly colored purple compouﬁés
precipitated out of a methanol solution upon the addition of
a base (K,CO,). Although FeCl,.6H,0 was used in the

preparation of thesge compounds when the project was fLirst
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vise of Fe(acac), in a metathesis reaction with the catecholate
ligands is preferred. Owing to the high insolubility of these

complexes, all attempts at crystallization were unsuccessful.

3.2.1.2 Electronic Spectra

The absorption spectra £for the ferric complexes of
compounds 12, 14, and 16 (complexes 21, 22, and 23) are shown
in Figures 3.1 and 3.2. The spectral data of these complexes
and other selected tris-catecholate ferric complexes are
tabulated in Table 3.1.

All of the complexes, except two, exhibit a broad,
intense band in the 500 nm region of the wvisible spectrum,
characteristic of Fe(IIIl)tris-ca:echolate species. Fe(eta),”
and Fe(bicappedTrencam)® display two absorption bands; one
cdenterad at around 430 nm and the other at approximately 520
nm. These transitions are assigned ag ligand-to-metal charge
transfer bands (LMCT), an assignment supported by the
associmrted high extinction coefficients. No ligand field
transitions are observed since they are weak and obscured by
the intense chatge transfer bands.

The trig-catecholate c¢omplex, Fe(cat),” represents a
simple model of enterobactin and its synthetic analogues.

Despite esr™, variable temperature magnetic susceptibility”,




Figure 3.1 Visible spectra of Fe(1l2)*"
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Table 3,1 Electronic gpectra of ferric trig-catecnolate

complexes
Complex Apax: DM (€,Micm?) . | ReE. "
Fe (entexobactin) - 495 (5600) 89
| , ,
I Fe (trencam)*" 496 (4900) 89 I
Fe (bicappedTrencam)?®: | 511 (5700) 91 ’
! 425 (7300) [
Fe (12)* 496 (5100) a “
Fe(14)¥ 481 (4700) a “
I Fe (16)3" 485 (4800) a |
Fe(cat) ;> 487 90
Fe (eta) *" 538 (4600) 90,b
437 (4800)
LSS : b A*-——____—&__-———-_".______m___l—w__)
a. this work

b. eta = 2,3 dihydroxyethylterephthalamide
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and Mossbauer® data, illustrating that Fe(cat);* has an §=%/2
ground state ‘(high spin), Gordon and Fenske® have calculatced
an S=1/2 ground state based onvFenske—Hall molecular orbital
calculations®. This has been disputed again by a detailed
analysis of ferric tris-catecholates reported by Karpishin et
alé. The latter authors}pfesent evidence (based on magnetic
circular dichroism and single c¢rystal polarised absorption
technigues) that the broad band in the absorption speqitrum is
actually composed nf two overlapping x,y transitions. These
transitions are, however, resolved in the Fe{eta),” and
Fe (bicappedTrencam)*®" spectra. The molecular orbital energy
diagram for ferric tris—catecholatés is depicted in Figure
3.3. The charge transfer transitions I and II are those

discussed (in the 500 nm region).

Op D3
Ci/—ﬂ e"
m| fv.v
10Dq |-~13000cm ! B
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i _ ATy,

R

Figure 3.3 Energy level diagram for ﬁe(IIf)tris-catecholatea
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3.2.2 Nitrogen-Coordinated Metal Complexes of Taptacn-
Me(Catecholates

Metal complexes of the nitrogen-coordinated ligand (14)
were prepared frcm the catechol protected species (23).
Unsatisfactory results in the amida reduction of compound 16,
allowed no investigation c;f the nitrogen coordinated metal
complexes of this ligand.

The reaction of one mole equivalent of Cu(ClO,).6H,0 with
compound 13 resulted in the igolation of two separate
compounds on a Sephadex cation exchange columi. The
electronic specctra are shown in Figure 3,4 and the esr are
shown in Figure 3.5.

The first compound isolated was yellow in color and had
Aax at 463 nm and a shoulder at ~ 600 nm. The =sr spectrum
'wa:s characteristic of copper (II) with gy=2.32 (A=17¢ G) and
g,=2.032. Superhyperfine coupling to the coordinatied nitrogen
atoms was either not detected or not resolved. The second,
blue compound isolated showed orly one absorption in the
visible spectrum at 64% nm. The esr, again typical of copper
(iI), had gj=2.22 (A)=165 G) and g,=2.06"7. Coupling to the
nitrogen atoms was undetected.

For comparison to the above compounds, tha simpler
Cu(taptacn)?* and Cu(bicycloN;)?* were prepared, as well as the
previously reported’™ Cu(daptacn)?* and Cu(bicycloN:)?*. The
results of the electronic gpectra are reported in Table 3.2.

The absorpt.ion data, together with micro-analyses provide
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Figur« 3.4 Vig'ble spectra of compounds 17 and 18
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Figure 3.5 Esr spectra of compounds 17 and 18
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Table 3.2 Electronic abscrption data for Cu(II) complexes

Complex

Aaaxe 0 (€, Mtcm™?) Ref.
17 465 (208)
660 (sh)
{ 18 645 (152)
Cu (daptacn)? 578 (106)
(59) 865 (39)
Cu (bicycloN,)? 276 (5700)
(60) 567 (145)
859 (42)
Cu {vaptacn)* 278 (5300)
(62) 581 (98)
867 (39)
Cu (bicycloN,)? 280 (5500)
(63) 558 (13%5)
N T— : !

this work

Ref. 72
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evidence that the Cu(taptacn)?* is only five-coordinate, and
the ability to synthesize the bicycloN, compound via template

method suggest ﬁhéqullowing structure, where the two

coordinated pendant amines are in the equatorial pceitions.

In the catecholate ligand systems the Cu (II) atom
probably exists in a similar geometry, although tle visible
spectrum suggests some distortion of the square pyramidal
structure. This is also demonstrated by esr spectroscopy
through the change in the h&perfiﬁé coupling with the copper
nucleus (Aj=170 G versus A=190 G for Cu(taptacn)?*),

The nickel or cobalt complexes of the catecholate

‘ligands, discussed further in the next section, weré‘not

isolated.

3.2.3 Attempts at preparation of Binuclear Taptacn-Catecholate

Systems
The synthesis of binuclear complexes was attempted in two
ways: |
(1) first incorporate the appropriate metal into the N,
system, followed by Goordinatioqiof the ferric ion to the

catecholate end of the ligand;

(2) coordinate ferric ion first, and then react with the
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apprapriate metal ion for incorporation into the
nitrogen donor system.

Method (1) appears to be the most promising approach for
sevéral reasons including,

(1{ the metal should more easily coordinate in the N

position since it would not be forcing its way into a

rigid cage;

(2) by coordinating the N; system the three catechols

would be maintained in a position suitable for

cuordination to ferric ion, limiting possibilities of
polymer formation, and;

(3) a '"preformed geometry" for the ferric ion would

increase its formation constant.

All attempts at binuclear coordination of these ligand
systems were unsuccessful regardless of which metal was used
in coordination to the N, moiety or which approach was taken
in their synthesis. These rééults were at first surprising.
However, examination of the c¢rystal structures of the
M(taptacn)™ complexes’™ provided an explanation.

Cage ligands such as sarcophagine® (sar) and
sepulchrate?®® (gep) have been syrthesized by capping Co(en),*
with formaldehyde and ammonia or with formaldehyde and
nitromethane. These techniques are applicable only to those
systems where thé metal centre is substitution inert.
Co(taetacn)?® can also be encapsulated by the above

procedures®”, but attempts at capping Co(taptacn)®** and
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Ni (taptacn)? were unsuccessful’.

oy e
LG)  CO
W W

sar sep

T

The bite distances of the primary amines in Co(taptacn)?®!
(2.749 A)™ are smaller than those of the;&analogou$
Co(taetacn)® (2.769 A) indicating enclosﬁre of the metal
centre and folding in of the pendant primary amine arms. This
encapsulation imposes enough strain on the system such that
extension of the arms (with the catechols) prevents
coordination of the pendant nitrogén atomg. This is also
consistent with the inability to cap Co(pn)3* @,

This dilemma could be overcome by two different
abproaahes:

(1) choose a ligand with larger bite distances (taétacn

instead of taptacn), or{

(2) prevent encapsulation of the metal centre by

coordinatina a larger metal.

Pd (taptacn)?® was synthesized, however, capping reactions were

unsuccessful (with formaldehyde and nitromethane). For this
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reawon, the synthesis of taetacn and tastacn-catecholates was

carried out as discussed in the next chapter.
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CHAPTER 4

TAETACN-CATECHOLATE SYSTEMS
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4.1 Ligand Synthesis

4.1.1 Synthesis of Taetacn

Successful preparation of 1,4,7-triaminocethyl-1,4,7-
triazacyclononane (taetacn, 26) was achieved following the
method of Sargeson et al.’® (Scheme 4.1). The procedure
utilizes a Strecker synthesis in which three equivalents
phthalimidoacetaldehyde are reacted with [9] -aneN,. The imine
formed in the reaction was reduced in situ, with the addition
of sodium cyanoborohydride. The protecting group was cleaved
as phthalic acid with a HBr/CH,CO,H mixture.

Purification of the crude product was carried out as the
. cobalt (III) complex. The complex was prepared in aqueous
solution from Co(OAc),.4H,0 in the presence of activated
charcoal to catalyze the oxidation of Co(II) to Co(III). The
Co (taetacn)?® species wasg eluted from a Dowex cation exchange
column by use of 4-6 M HCl. Recrystallization from H,0/NacClo,
or #nCl,/HCl resulted in the pure complex either as the
[Co(taetacn)] (ClO,), complex or as the [Co(taetacn)] [ZnCl,]
complex. Unfortunately the yield was not as high as expected,
resulting in only 4.22g (26%) of the pure Co(taetacn)?* ion.
The ¥C NMR of the complex is shown in Figure 4.1.

Attampts at removing the cbbalt from the complex to
obtain the free ligand, by various methods (H,S or Zn/HCl),
were not successful and resulted either in decompbsition or

isolation of the starting material. The reaction of the




Schema 4.1 Preparation of Taetacn
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complex with 2,3-dimethoxybenzaldehyde in acetonitrile

resulted only in isolation of the starting materials.

Figure 4.1 ™C NMR of [Co(taetacn)][Cl0;]; in D;0.

. ' Wb
5 (ppm) 0 s
Other methods of preparing the free ligand, taetacn, were

sought . These 1inc¢luded the reaction of ([97-aneN; with

aziridine, tosylaziridine and bromoacetonitrile (see Scheme

4.2). The first two reactions showed significart polymer

formation. Purification on a Sephadex’cation exchange column

as the Cu®* complex ion showed mostly pclymer that could not

. be removed from the column even with 5M NaCl. The reaction

with bromoacetonitrile resulted in complete decomposition.with

the formation of black oils that conld not be characterized.
A totally different synthetic approach was required, and

therefore a new perspective of the target ligand. Figure 4.2




Scheme 4.2 Alternate methods of preparing taetacn
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Figure 4.2 Retrosynthetic analysis of target molecule
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represents a retrosynthetic analysis of the target molecule.

Route A was the initial approach taken in the synthesis.
However, problems arose in obtaining free taetacn as discussed
above. In route B, the reactive functional group (R=acyl
halide, aldehyde, etc.) is present on the pendant arms

attached to the ([9]-aneN, ring and the amine functionality

comes from the catechol moiety.

There exist numerous ways to functionalize the pendant
arm (R) in route B. These include acyl halides, esters,
tosylated alcohols and halides. Each of these techniques was
investigated (Figure 4.3).

The preparation of 1,4,7-triazacyclononane-1,4,7~
triacetic acid®® % (28) was successful fullowing the method of
Wieghardt et al®®, and formed in good yields. The problem
arvose in the next étep, the preparation of the acid chloride
from the acid. The acid did not disgsolve in organic solvents,
since it exists as a zwitterion and thus a suitable material
for reaction with thionyl chloride could not be isolated.

The reaction of [9]-aneN, with bromoethyl ester and
pﬁrification by silica gel chromatography (CH,Cl,/MeOH)
producedthecﬁmarmedspecies,(1,4-diacetyiethylester«i,4,7~
triazacyclononane), characterized by nmr spectroscopy and mass
spectrometry, as the major product. A small amount‘of the
mono-armed adduct was also formed during the reactiorn. Even
with a 10-fold excess of the bromoethyl ester the tri-armed

product was not formed during the reaction.
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Ethylene oxide is a good candidate for the synthesis of
1,4,7-tri(hydroxyethyl)-1,4,7-triazacyclononane. The
procedure has been reported earlier witii [9] -aneN,;%® and with
cyclam®’ %8, In each of these reported procedures, the
- compounds were purified as the metal complexes. All attempts
at isolation of the free ligand, 1,4,7—trihydroxyeth§l-1,4,7—
triazacycloponane, were unsuccessful.

This led the synthesis to the preparation of halide
derivatives. The reaction of chloroacetyl chloride with [9]-
aneN;, following a similar procedure to that of Bradshaw et
al.”, resulted in 92% yield of pure 1,4,7- (trioxoethylchloro) -

1,4,7-triazacyclononane (29).
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Figure 4.3 Possible methods of functionalizing [9]-aneN,

pendant arms.
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4.1.2 Syntheais;df Taetacn-Catuchoiates

The first approach taken was to react the a-chlorocamide
adduct of tacn with 2,3-dimethoxyphenethylamine. A small
amount of the target molecule was detected in the mass spec.
The wmajor product obtained was probably the result of a

¢cyclization between two a-chloroamide arms and one amine;
AOY—Q

This was determined from the amount of 2,3~
dimethoxyphenehtylamine hydrochloride salt isolated from the
reaction mixture (an excess of the amine was used to mop up
the HCI formed during the reaction).

This product may be expected based on results ‘ef Bradshaw
‘et al. 12 yhere the authors successfully cyclized several
amines with the o-chloroamide route. The a-chloroamides are
"crab-like" and are positioned with the atoms suitable for
cyclization with the appropriate amine.

yi}The reaction of the pendant a-chloroamide (29) with conc.
NH,OH reswylted in quantitative vyield of the 1,4,7-
(trioxoaminoethyl) -1, 4, 7-triazacyclononane (30). This finding

led to a reconsideration of route A of the retrosynthetic
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analysis (Figure 4.2), with the pendant arm of the macrocycle
functionalized as the amine, so reactior with the acid
chloride of the cate.:.lol moiety was appropriate. This
reaction was successful with yields on the order of 60-70%,
for both tris-1,4,7-(N-(2,3-dimethoxyphenylacetyl)-1l-oxo-2-
aminoethyl) -1,4, 7-triazacyclononane (31) and tris-1,4,7-(N-
(2,3-dimethoxybenzoyl) -1-0oxo-2-aminoethyl)-1,4,7-
triazacyclononane (32). These hexa-amid~ compounds were
reduced with BH;.THF complex and the methylated catechols were
deprotected by use of BBr, in cryel, solution.
Recrystallization from MeOH/EtOAc resulted in an off-white
powder, each compound analysing with one molecule of ethyl
acetate (also evident in the NMR spectra). Ths **C NMR spectra
for both compounds are shown in Figure 4.4. The synthetic
routes are outlined in Scheme 4.3 (compound 34) and Scheme 4.4

(compound 36) .
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Scheme 4.3 Synthetic route to compound 34.
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Scheme 4.4 Synthetic route to compound 36.
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Figure 4.4 '»C nmr spectra of compounds 34 and 36 (*=EtOAc
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4.2 Mononuclear transition metal complexes

4.2.1 Ferrio complexes of 34 and 36

The ferric complexes of the pendant tris-catecholates
were prepared under high dilution conditions with the slow
dropwise addition of Fe(acac), to a basic solution (KOH) of
the ligand in MeOH. Purification on Sephadex LH20 gel column
(MeOH as eluent) resulted in the pure complexes.

The electronic upectra for the two complex species,
Fe(34)* and Fe(36)’ are shown in Figure 4.5. These complexes
show typical spectra for ferric tris-catecholate complexes,

with a broad intense band (LMCT) centered around the 500 nm

region.

4.2.2 Nitrogen coordinated transition metal complexes of tie
taetacn-catecholates

The nickel (II) complexes of both the protected catechol
ligands and the unprotected ligands were prepared in a
methanol solution. The preparations of the Ni(34)? ion and
Ni(36)* ion were carried out in a deficiency of base (4
equivalents, NaHCO,).

The electronic spectra of the nickel complexes
synthesized are shown in Figure 4.6, and the results are
tabulated in Table 4.1 together with other selected Ni (N,)*
chromophores.

The purple compounds are consisgtent with a Ni (N,)*
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Figure 4.5 Electronic abunrption spectra of Fe(34)®" and

Fe(36)°".
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chromophore in colution. The molar absorption coefficients(e)
of the d-d transitions are slightly higher than those of other
NiN, systems. This has been attributed previously'® to a
trigonal twist (see Figure 4.7) enforced on the
triazacyclononane moieties of Co(dtne)? (dtne=1,2-bis(1,4,7-
triaza-l-cyclononyl)-ethane) and a similar force may be acting

on the Ni-taetacn catecholate systems.

Figure 4.6 Electronic absorption spectra of Ni(33)? and

Ni(34)%.

:

Absorbance

204.68 = 468.88 = 600.88 ge8.86a = 1060.00
Wavelength (nm)
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Table 4.1 Electronic spectra of NiN;* chromophores

lComplex Mex (nM) (€, MPcm?) Ref I
Ni (taptacn)®* | 340 (10), 538 (7.9), 815 (sh,7.7), 72ﬁh
860 (7.8)
Ni (tacn),** 308 (12), 505 (7), 800 (7), 870 (sh) | 103
Ni (dtne) *** 363 (16), 516 (18), 848 (31), 104
917 (31)
I'Ni(ZONJ" 340, 526, 819, 877 105
Ni(34)% 354 (86), 550 (44), 843 (35), b
959 (45)
Ni(33)% 359, 557, 851, 969 b
Ni (36)2 573 (48), 827 (sh), 929 (84) b

a. dtne = 1,2-bis-(1,4,7-triaza-1-cyclononyl)ethane

'b. this work

The cobalt complex of compound 34 was prepared in the
game manner as the nrickel complex. The amines were
deprotonated in a deficiency of base with the addition of
either NaHCO, or aqueous KOH, permitting coordination to the

Co* ion. The preparation of the complex was carried out under

~an inert atmosphere to prevent oxidation of the catechol
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moieties to the quinones.

The low energy absorption bands at 410 nm (€=20 Mcm?)
and 570 nm (e= 11 M!cm™?) suggest that the cobait ion remains
in the 2+ oxidation state. However, if the solution is left
to stand for 2-3 days the trangitions shift to higher erergies
and exhibit higher extinction coefficients, 386 nm (e=167
Mlcm?) and 470 nm (e=113 M*cm™?). This is indicative of a Co**
ion in an N; coordinating environment; as coﬁbared to other
CoN,?*/?* chromophores in Table 4.2. These transiticns, namely
Ty <=-- Ay and 'Ty; <-~- Ay, are characteristic of a low spin
Co®* ion in an octahedral environment. If the solution is left
to stand at room temperature for longer than 3-4 days, a dark
colored solution results, indicating oxidation of the
catecholate moieties, after which time no distingt d-d
transitions are identifiable. For this reason the mononuclear
transition metal complexes of these ligand systems have not
been isolated, and the binuclear complexes (Fe** or Al*) were
prepared immediately following the identification of the

mononuclear complex (uv-visible spectroscopy) .

Figure 4.7 Deéefinition of twist angle
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Table 4.2 Electronic spectra of Co and Cu taetacn-catecholates

1S WOrk.

The Cu*

prepared.

(210), 591 (150)

Complex Apax (nm) (€, ’M'lcm") Ref
Co(dtne)* 346 (230), 495 (323) 104
Co(sep) 340 (116), 472 (109) 72
i Co(taetacn)® | 347 (198), 480 (242) 87
| co(taptacn)® |3s8 (93), 497 (77) 72
Co(34)% 386 (167), 470 (113)
1 co(3ay? | 410 (20), 570 sh (11)
Co(sep) 467 (8.2), 539 (1.9), 545 (2), 552 |72
(1.8), 664 (0.8), 910 (5)
Co(taptacn)® | 482 (12.7), 541 (sh, 4.4), 985 72
(10.3) |
Co (20N,) > 485 (13.2), 538 (sh, 5.6), 980 (8.3) [72 |
Co (9N,) 462 (5.9), 545 (sh), 630 (1.4), 850 |72 ’|
(2.4) .
I cu(daptacn)?* |s78 (106), 869 (35) 72
“Cu(Jo:'mycsloms)2+ 276 (5700), 567 (145), 859 (42) 72
I cu(taptacn)® | 278 (5300), s81 (98), 867 (39) a
|l cu(bicyclong® | 280 (5500), 558 (135) a
cu(33)% 456 (208), 585 (135) a
Cu (34)% 461 a

coordination environment as the deprotected ligand (34),

exemplified by the uv-visible spectrum (Table 4.2).

4.3 Binuclear transition metal complexes

complex of compounds 33 and 34 were also
The methylated complex (ligand 33) shows a similar

as

Binuclear tris-catecholate complexes are of interest
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because of an earlier study'® where the binding of Ca?** to

ferric enterobactin was investigated. The authors report an

association constant of 4x10* M? for Ca® to the enterobactin
complex in 95% methanol. The synthetic analogue, MECAM,
showed no affinity for the Ca** ion and thus they conclude the
1ikély site of coordination in the enterobactin complex is in
the molecu.ar backbone, such that the Ca* ion is soordinated
to six oxygen atoms.

In a more recent study, Raymond et al.'® investigated the
K* ion coordination to the vanadium entercbactin complex,
K,[V(ent)] .3DMF. The authors found that one K' ion is six
coordinate (pseudo-trigonal prism) and the other is five
coordinate (square pyramidal). The most basic oxygen atoms in
the enterobactin complex are the catecholate oxygen atoms,
followed by the amide carbonyl oxygen atoms. Indeed, the K*
ions coordinate to the accessible catecholate oxygens, the
amide carbonYl oxygen, and the oxygen atoms of DMF,

Since K' is significantly larger than Ca?*, it was not
expected to show f“cavity coordination" in the enterobactin
complex. The authors examined Ca®** coordination in the
V(ent)? anion by molecular visualization software and found
that in order for the Ca? ion to be located in the cavity the
amide groups would have to rotate, causing congiderable strain
on the molecule. They suggest that coordination is more
likely to occur at the accessible catecholate oxygen atoms.

However, this does not explain the results obtained previously
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with MECAM.

4.3.1 Synthesis of binuclear transition metal complexes of
taetacn-catecholate systems

Following coordination of the appropriate metal ion into
the N, environment of the ligand systems, the binuclear
complex was. prepared by a high dilution route, with the
simultaneous dropwise addition of base (NaHCO,). The
preparation involved a metathesis reaction of Fe(acac), and
the mononuclear complex. The complexes precipitated out of
gsolution on formation and were removed by filtration. The
purple solid of the [NiFe(34)1'" complex showed satisfactory
microanalysis; calc. (found) for NaNiFe(34) .2H,0.1.5NaHCO,, C

48.65% (48.22%), H 5.83% (5.68%) and N 9.08% (8.59%).

4.3.2 Electronic absorption spectra of NiFe taetacn-
catecholates

Owing to the high intensity of the LMCT bands in the
ferric tris-catecholate complexes, any d-d transitions are
obscured. The electronic spectra of the mononuclear,
[Fe (34)]1% and [Fe(36)]%, and the binuclear [NiFe(34)]' and
[NiFe (36) ] aniong are presented in Table 4.3.

There is a significant shift of the LMCT bands in the
binuclear complexes to a lower energy, indicating that the
coordinated nickel ion does have an effect on the ferric ion

in the catecholate environment. However, there is no evidence
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»

of intervalence bandis in the spectra, aithough this could

again be due to the lower extinction coefficients assocviated

with these bands,

Table 4.3 Electronic absorption spectra of Fe(34)*, Fe(36)?,

[NiFe (34) 1! and [NiFe(36)]1?%

“ Complex; x;x (nm) (e, Micm™) ]
Fe (34)* 339 (sh), 498 (sn,oq)

Fé(36)3' 340 (sh), 499 (4200)

NiFe (34)% 415 (sh), 565 (5400)

NiFe (36)'" 555 (4600)
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CHAPTER 5

TREN-CATECHOLATE SYSTEMS
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5.1 Introduction

The coordination of tripodal ligands towards transition
metal cations have been extensively studied!®®. Tris~(2-
aminoethyl)amine (tren) exhibits remarkable complexation
properties towards transition metals'® and has led to the
development of numerous derivatives of this ligand, which

include t:he' .cryptand type ligands of Lehn and coworkers!??-11Z.

(\N

NN /\’

R ‘N\)

Utilizing these aza-based macrobicycles, Lehn has investigated
the incorporation of anions!'®® into the hexa-protonated form of
‘the ligand.

114 tren-based cryptates with furan and

More recently
pyridine linkages have been shown to complex group I cations
such as the sodium ion. In the case of the furan system the

Na* ion is five coordinate, however, it is six coordinate in
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the pyridine linked macrobicycles.

The Schiff base condensation of tren with
salicylaldehyde!’® or acetlyacetone or hydroxyacetophenone!'®
leads to tripodal ligands designed for lanthanide
complexation, where the amines may or may not be involved in
coordination to the metal ion.

The condensation of tren with suitable dicarbonyl
pyridine moieties''’ leads to the formation of macrobicyclic
ligands which complex Cu(I) or Ag(I) ions, in binuclear or
trinuclear fashions. The two Cu(I) ions coordinate in the
tren portion of the ligand, while two of the three Ag(I) ions
coordinate at the tren ends of the ligand, and the other Ag
(I) ion is six coordinate, with all nitrogen atoms of the

bipyridine functionalities coordinating the metal ion;

A pentanuclear system, a macrobicycle based on tren and
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benzene linkages, containing two Cu(I)

ions and three arene
tricarbonyl chiromium substituents has been characterized!®.
The Cu(I) ions coordinate inside the cavity to t'e nitrogen
atoms at each end of the macrobicycle, whereas the Cr atoms
are situated outside the cavity, each being complexed to one
of the arene rings and three carbonyls.

The ability of the tren based macrobicycles to form
multinuclear entities raised an interest in extending this
type of complexation to the tren based enterobactin analogues

(trencam) of Raymond and coworkers'®12°,

5.2 Ligand syntheses

The procedure of Raymond et al.'?® was successfully
carried out to synthesize Megtrencam (45) and deprotection
with BBr, in CH,Cl, solution resulted in ~ 93% trencam.4HBr.
The synthetic procedure is outlined in Scheme 5.1. The amide
was synthesized by using a modified Schotten—Bauman'approadh,
and recrystallization from a cyclohexane/EtOAc mixture

resulted in ~ 50% of the desired product.
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Scheme 5.1 Synthetic route to the preparation of trencam (46).
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The **C NMR spectra of the protected (45) and deprotected (46)

compounds are shown in Figure 5.1. The disappearance of the
-OCH, resonances at 0661.2 and 655.9 indicates that the
demethylation reaction went to completion. There are
significant shifts of the aromatic and amide carbon atoms on
deprotection. The amide carbon and the two'aromatic carbons
next to the. hydroxyl groups are shifted further downfield,
while the remaining aromatic carbons are shifted slightly
upfield. This is probably due to solvent effects since the
NMR spectrum of the unprotected ligand (46) was determined in
D,0/NaOD.

Similar results are obtained with the *H nmr, the data

are presented in Table 5.1.

Table 5.1 'H nmr data for compounds 45 and 46.

‘ Compound 45 Compound 46
He 6 (ppm) | 6 (ppm)
3 8.16 (t) -

l 4b 7.58 (dd) 6.31 (dd)

F 5 7.07 (t) 5.656 (t)
6° 6.97 (dd) 5.89 (dd) |
7¢ 3.83 (s) -
8¢ 3.82 (s) -

it 2 3.57 (q) 2.87 (t)¢

|| 1 2.85 (t) 2.21 (t)¢ “

a. See scheme 5.1 for numbering system.
b, ¢, d. H’s may be interchanged.
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Figure 5.1 *C NMR spectra of 45 and 46.
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Again, the absence of sharp singlets at §3.8&3 and 63.82
indicate complete demethylation. The amide protons and the
hydroxyl protons are not observed, since they undergo exchange
in the solvent system used (D,0/NaOD).

Attempts at reducing the amide with LiAlH, in THF
solution resulted in extremely low yields of crude product,
that could not be purified by conventional methods, so other
methods of preparing the reduced produc¢t (compound 44) were
used. The best approach was to use a Schiff-base condensation
reaction of tris-(2-aminoethyl)amine (tren) and 2,3-
dimethoxybenzaldehyde following a procedure of Orvig et al.'®
for the preparation of tripodal pyridinones for lanthanide
complexation. The yields were on the order of 90%.
Demethylation of the protected catechols was again achieved
with BBr, in CH,Cl, solution (~ 80% yield). Scheme 5.2 shows
the procedure for the preparation of tris-(2-(2,3~

dihydroxybenzylamino)ethyl)amine (44).
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Scheme 5.2 Synthetic route to compound 44.
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The results of the *C NMR spectra are tabulated in Table

5.2 and the H NMR data are given in Table

Table 5.2 **C NMR data for compounds 42-44.

5.3,

a. See sc

42 (CDCl,) 43 (CDCl,) 44 (D,0/NaOD)

c? 5 (ppm) 6 (ppm) 5 (ppm)

4 157.7 54.3 48.6 “
gk 152.7 152.5 144.2

gb 149.1 147.2 143.7

10 129.9 133.6 118.0

5¢ S 124.1 123.8 122.9

6° 118.7 121.5 120.8

7¢ 114.0 111.2 117.5

1194 61.6 60.6 - | “
2 60.4 46.9 46.7 “
12¢ 55.7 55.6 - “
1 55.6 48.1 43,3

heme 5.2 for numbering system,

b, ¢, d. Carbons may be exchanged.
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Table 5.3 *H NMR data for compounds 42-44.
42 (CDCL,) 43 (CDCl,) 44 (D,0/NaOD) “
H* 6 (ppm) 8 (ppm) 5 (ppm) |
4 8.61 (s) 3.73 (s) 4.04 (s)
5P 7.46 (d4d) 6.84 (dd) 6.68 (m)
6 7.00 (t) 6.94 (t) 6.79 (dd)
7° 6.88 (dd) 6.76 (dd) 6.68 (m)
11° 3.81 (s) 3.79 (s) -
12°¢ 3.80 (s) 3.77 (s) -
2 3.74 (t) 2.60 (t)¢ 2.95 (t)¢
1 2.94 (t) 2.52 (t)¢ 2.69 (t)¢
3 - - 3.15 (q)

fo g}

See scheme 5.2 for numbering system
¢, d. H's are interchangeable.

The WMR data confirm the complete reduction of the imine

with NaBH,; the disappearance of N=CH resonances (*3C~§158,

H~.$68.6) and the appearance of benzylic resonances (}3C~654,
14~63.7) also confirm this process.

Complete demethylation is also verified by the absence of
-OCH, resonances (*3C~661, 56 and 'H~63.8) in the NMR spectra
of the deprotected ligand (44). |

A procedure similar to that used for the preparation of
compound 45 was used to

prepare tris-((2,3-

dimethoxyphenylacetylamino)ethyl)amine (47). The reaction of
three mole equivalents of 2,3-dimethoxyphenylacetyl chloride
with one mole equivalent of tren under Schotten-Bauman

conditiong resulted in 75% yield of the desired product (see




Scheme 5.3 Synthetic route to compound 49.
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Scheme 5.3). Reduc:ion of the amide was successful utilizing
LiAlH, in THF, after purification on a Sephadex LH20 gel
column. Deprotection of the catechol moieties with BBr,
yielded 78% of compound 49. The *C NMR data are presented in
Table 5.4.

Table 5.4 *C NMR data for compounds 47-49.

47 (cpCl,) 48 (cpCl,) 49 (D,0/NaOD)
c* d (ppm) d (ppm) 3 (ppm)
3 171.2 50.6 51.0 ]
10b 152.7 152.8 155.5
9b 146.8 147.4 151.5
l 5 129.4 133.9 127.9
s 124.3 123.8 120.0
l 8° 122.6 122.2 119.6
7¢ 111.5 110.5 116.6
114 60.5 60.6 -
124 55.6 | 55.6 -
4 54.0 54.6 55.7
2 38.0 47.6 47.9
1 37.9 30.7 32.2

a. See scheme 5.3 for numbering system.
b, ¢, d. C’s may be interchanged.

The !*C NMR data confirms the complete reduction of the
amide by the absence of the resonance at 8171 and the presence

of a -NHCH, peak at 851. Also demethylation of the catechol

moieties is verified by the absence of the -OCH; resonances at

061 and 956.
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5.3 Fe™ and Al1™ complexes of tren-catecholate ligands

The iron and aluminum complexes were prepared by the
following method. The ligand was dissolved in methanol aad
ten equivalents of base was added (aqueous XOH or NaOH). A
methanol solution of Fe(l, or Fe(acac),, or ALl(NO,), or
Al (acac), was added dropwise to the ligand solution at room
temperaturg. On formation, the complexes precipitated out of
solution. In some instances it was possible to purify the

complex on a Sephadex LH20 gel column (MeOH as eluent).

5.3.1 Electronic absorption spectra of Fe' complexes

The uv-visible spectra of the ferric complexes of ligands
44, 46, or 49 are consistent with previously prepared ferric
tris-catecholates. The complexes absorb strongly in the 500

nm region of the spectrum, which is assigned as a LMCT band.

The data are tabulated in Table 5.5.
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Table %.5 Electronic absorption data of Fe(44)3", Fe(46)3", and

Fe (49)%,
Complex | Apa (nm) (e, Mlew?) Ref. H
Fe(ent)- | 495 (5600) 1122 "
Fe(eta) - 437 (4800) 538 (4600) 123
Fe (44) 456 (4500) 521 (sh) |
e | 496 (4900) 122, a
Fe (;‘?‘trencam)
Fe(49)™ 101 (4600) 529 (sh) a “
a. This WOLK

It is interesting to note that Fe(eta)?, Fe(44)%, and
Fe(49)3 show some resolution of the LMCT band into its two

components?t,

5.3.2 A1(44)*
The 13C NMR spectra of compound 44 and its aluminum
complex are shown in Figure 5.2. The spectra reflect the

maintenance of the symmetry of the molecule on coordination to

the metal ion.




Figure 5.2 C NMR of compound 44 and Al (44)3%.
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It is likely that the molecule would maintain this symmetry in
the ferric complex as well.

The upfield shift of the aromatic carbons next to the

hydroxyl groups in the Al%* complex shows the deshielding

effect of coordination to a metal ion.

5.4 Nitrogen coordinated transition metal complexes

The nickel, copper, and cobalt compleixes of compound 43
were prepared prior to deprotection of the ligand precursor to
be sure that complexation would occur in these systems. The
complexes were synthesized in a methanol solution, however
isolation of these complexes as solids was unsuccessful.

It is evident from the uv-visible spectra (Table 5.6)
that complexation does indeed occur. It is not possible at
present to provide a definite assignment to the coordination
geometries of these metal complexes based on the electronic
absorption spectra data alone. The Ni%* ion may be in a six
coordinate environment with two solvent molecules coordinated
as well as the tren end of the ligand, or it could also be
five coordinate with only one solvent molecule. The most
likely geometry would be that of a trigonal bipyramid (tbp)
with this type of tripodal ligandus.‘

The Cu® ion is extremely flexible in its stereochemistry,
and the absorption spectra vary considerably depending on
geometry'?, fThis is mainly due to Jahn-Teller effects which

arise because of the & configuration. The uv-visible data
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are consistent those of other five-coordinate Cu** complexes

based on the tren ligand.

Table 5.6 Electronic absorption data of Ni(43)%, Cu(43)* and

Co(43)%* complexes.

Complex Ay (nm) Ref.
Ni (im), (OH,),** 353, 571, 674, 845, 1070 124
Ni (NH,) ( (NCS), 358, 571, 930 124
Ni (Me¢tren) I* 411, 724, 961, 1388. 124
Ni (43)2* 357, 556, 818 (sh), 924 a
Cu(tren) (NCS)* 340, 680, 840 124
Cu(tren)Br* 892 12-4
Cu(tren)NH,* 877 ‘ | 124
Cu(43)® 836 | a
t—Co(en)z(‘OH2)23* 344, 444, 549 124
c-Co(cyclen)Cl,* 390, 559 124
Co(43)% | 380 (sh), 532 | a
EL:__—Thls work
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The Co* ion invariably exists in a six coordinate
environment (octahedral) although a few examples of
tetrahedral and square antiprismatic are known in the solid
state!?®®, In the complex described here, the two solvent
molecules (H,0) must be in a cis cunfiguration because the
ligand does not permit the trans configuration. The spectral
data are consistent with other cis-Co''N,X, complexes®'.
In any event, the metal ions, Ni%*, Cu?*, and Co*, do
coordinate to the tren portion of the ligand, showing promise

to form binuclear complexes in the case of the unprotected

ligand.




CHAPTER 6
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BASE HYDROLYSIS AND ANATION REACTIONS OF Co(III)PENTAAMMINES
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6.1 INTRODUCTION

Inorganic reaction mechanisms are interesting to study as
they often form the basis for biological, catalytic, and
environmental processes. Ligand substitution feact;ions can be
defined as those reactions in which the inner coordination
sphere of the metal ion is changed.!?® Taube!?’ has classified
these reactions according to their lability. Those reactions
with t;, > 30sec are considered substitution inert (usually
represented by complexes with high ligand field stabilization
.energies), and those with t,,, < 30sec are termed substitution
labile (complexes with 1low 1ligand field stabilization
energies) . Conventional methods such as uv-vis and nmr
spectroscopy may be used to monitor substitution inert
complexes, while labile complexes require the use of stopped-
flow and relaxation (e.g. T-jump, P-jump) methods.

Extensive studies have been carried out on the
substitution reactions of square planar and octahedral
complexes!?®, however only those of octahedral complexes will
be discussed here. Inorganic substitution reaction mechanisms
are divided into three categories:

(1) Associative (A) - an intermediate with an increase in
coordination number can be detected;
(2) Dissociative (D) - an intermediate with a decrease in

coordination number can be detected;
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(3) Interchange (I) - if A or D are not detected. This is
further subdivided into I, if there are important entering
group effects, and I if there are none.
This classification is dependent upon the degree of bonding of
the leaving group, X", and the incoming ligand, Y"°;
(ML, X] + ¥ — ML,Y + X (L)

Figure 6.1'*° gives a pictoral view of these reaction

mechanisms.
Reaction: MLpX + Y —_— MLnY + X
Mechanism:
MLX + Y
ML, X MLpX
Y
(ML, + X + Y1¥ l l ML, Xy ¥
MLLY 4 X
D 1 I, A

Figure 6.1 Inorganic Substitution Reaction Mechanisms
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Generally, substitution reactions on octahedral Co*! (df)
complexes occur via D or I, pathways and several techniques
have been used to distinguish between the two mechanisms. The
measure of the volumes of activation (AV') from the pressure
dependence of the rate constants!®® potentially provides such
a resolution. Those reactions with a large and positive AV*
are indicat.ive of a D mechanism and those with a large and
negative AV' pertain to an A mechanism. If AV' is only
slightly negative or slightly positive an I, or I, mechanism
is assumed, respectively. Table 6.1 lists the volumes of
activation for the base hydrolysis of various Co''’pentaammine
complexes. The data support a dissociative mechanism (thus,

the existence of a five-coordinate intermediate) .

“ COMPLEX Av' (crd/mol)
cis-Co(NH,) ((CH,NH,)C1* 29.4 = 0.4

trans-Co (NH,), (CH;NH,) C1%* 28.6 + 1.3

trans-Co (NH,) , (C,HNH,) C1?* 28.3 +1.4

i8-Co (NH,) , (n-C,H,NH,) C1?* | 26.4 + 1.5 f
| trans-Co (NH,),(n-C,H,NH,) C1?* 29.9 + 1.2
|| trans-Co (NH,) , (n-CH,NH,) C1%* 28.7 4 0.7
|trans—Co(NH,)‘(i-C.H,NHZ)Clz‘ 28.5 £ 1.2

Table 6.1 Volumes of Activation for' the Base Hydrolysis of
Co'’pentaammineCl?* Complexes.

Although the proposal for the mechanism of base hydrolysis of

cobalt (III) ammine complexes was presented over fifty years

ago, 132 and the n-donor behaviour of the amido group
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responsible for its lability was recognized some twenty years
later, there is still considerable interest in such

reactions.' The mechanism first proposed by Garrick is as

follows;

[Co(NH,;)C1]? + OH" :___‘_'_"‘_’_;[:Co»(-NHQ‘NHzCl]* + H,0 (2)
[Co (NH,) NH,C1]* ——p [CO(INH3)4NH2]2‘ + Cl- (3)
[Co (NH;) (NH;]#* + H,0 — [Co(NH,) ;OH]* (4)

This internal conjugate base mechanism is most commonly
referred to as the S,1CB mechanism.'® fThe reaction occurs via
deprotonation of one of the amines in a rapid acid-base pre-
equilibrium (2). The lower charged complek ion can more
easily lose the Cl- 1ligand (3) and this is the rate
determining step. Step (4), involving the incorporation of
H,0 is relatively fast. Following work by Tobe %7, and
othersii®-142, on the ©base hydrolysis kinetics  of
[CoCl (pentaammine) ]?* complexes, it is considered that the
incorporation of a "flat" secondary nitrogen!*® (i.e., the
central atom in a group of three linked donors occupying
meridional sites in a coordinated polyamine skeleton) cis to
tl"1e coordinated chloro ligand induces a marked labilization of
the leaving group. The incorporation of pyridine directly
coordinated to the Co'! centre also causes an increase in the
rate of base hydrolysis when compared with an aliphatic
monoamine.'” The combination of both effects exhibits an
extraordinary lability, and base hy’dfolysis rate congtants of

~107 M! 51 (25°) have been recorded.! Henderson and Tobe!’®
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have listed the requirements for high lability towards base
hydrolysis;

(i) there should be a *flat®" secondary nitrogen to form the
amido group

(ii) the amido group must be cis to the leaving group

(iii) the plane of the amido group in the intermediate should
be able toilie perpendicular to the trigonal plene of the
cobalt

(iv) there should be five-membered rings on either side of
this group to hold it in position, and

(v) there should be monodentate amines or a six-membered
chelate occupying the remaining equatorial site in the
intermediate, so that there is minimal strain.

In order to provide further insight into the geometrical
influences on these effects we have measured the base
hydrolysis rate constants for a series of
[CoCl (triamine) (diamine) ]** complexes where the triamines are
tacn or dien and the diamines are en, tn, or amp. The former
triamine coordinates exclusively facially and the latter
diamine allows the incorporation of a coordinated pyridine

ligand in a diamine chelate, (Fig. 6.2).
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Figure 6.2 Base hydrolysis rate constants (M!s"!') for various

Co(III)Pentaammines
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Anation reactions are those in which a coordinated water
molecule is replaced by an anion. The usual order of
reactivity of [Co'!(pentaammine)X]™ complexes is Br~ > Cl- >
H,0 > N;” > OH'M%  and unusual results are reported herein.

In the current investigation two aspects of the
labilization of the axial 1ligand are explored, the base
hydrolysis of the [Co'’chloropentaammine]® complex ions, and
some preliminary data on the anation reactions of the
corresponding [Co''aquapentaammine]’* complex is also provided.
Although much attention has been paid to the substitution and
anation reactions of these inert metal complexes!!-147,
controversy over the mechanism, be it dissociative (D) or
interchange dissociative (I,), still remains. Elegant mixed-
anion competition studies of Jackson et al'*® on the reaction
of (NH,)CoX™ have emphasized the existence of the five-
coordinate intermediate [(NH,).Col®** in these substitution
reactions.

Owing to the stability of these complexes in both acidic
and basic media we have been able to examine the reaction of
[Co (OH,;) (bicycloNg) )3 (bicycloN; = 1,5,8,12,15-
pentaazabicyclo{10.5.2])nonadecane) with SCN- and
[Co (OH,) (tacn) (en) }** with SCN- and Br~ as a function of pH.
Thiocyanate ion was chosen because of the large change in the
.absorption spectrum in the 300nm region associated with the
formation of these complexes.

Very little information is available for even simple
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[Co'aquapentammine]?®* complexes, and most studies on anation
reactions have been made under conditions below pH~3 t¢ ensure
the aqua and r.nt the hydroxo complex is the predominant form
of the reactant. To our knowledge there are no well documented

data for the pH dependence of such anation reactions.*W
6.2 Results and Discussion

6.2.1 Electronic Absorption Spectra

Six-coordinate Co'! complexes are invariably low spin and

diamagnetic (!}3a,; ground term) with the exception of some

fluorides*.
Tog — % T Ty,
1
1T [ Azg
19 4 1 E
9

1
Aig "Ag
octahedral tetragonally distorted

Figure 6.5 Splitting of energy levels for Co™ complexes

In general, for octahedral Co'’pentaammine complexes
there exist two main ligand-field transitions, T ,<---'A;, and
Ip,g<---18;, at ca. 500nm and 350nm respectively. In some
instances the lower energy transition is split by the
tetragonal distortion of the complex'® (Figure €.5). The

electronic absorption data for various Co'pentuammine




complexes are given in Table 6.2.
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For each of the complexes listed in Table 6.2, the

shifts to higher ensrgies of the 1T1q<—-»-1A1, transition, in

gerfféral, follow the expected trend of the 'spectrochemical

series of the changing ligand. Increasing energies are in the

order Cl- < Br- < OH™ < NCS™ < OH,.

COMPLEX Py <---1A T,<---'2,, | Ref.
mer-exo (H) - . 540(61) ; 375(75) a
Co(dien) (dapo)C1?% 486 (82)
mer-exo (H) - 490(106) 350(91) a
Co (dien) (dapo) OH?**
mer—-exo (H) - 485 (254) - a
Co (dien) (dapo) NCs?**
mer-exo (H) - 473 (91) . 352(74) a

lCo(dien) (dapo) (OH,)3* ‘
r Co (tacn) (en)C1? 523(80); 362(78) b

b 480 (sh)
Co(tacn) (en) OH?* 494 (82) '362(76) b
Co (tacn) (en)Br* 510(57) 316 (sh) b
‘ 460 (sh) |
' Co(tacn) (en)NCS?** 491(119) 307 (sh) b
Co(tacn) (en)OH,* 493 (135) 354 (sh) b
Co (bicycloNs)Clz* 553(80) 377(106) b
484 (sh) L
|| co (bicyclong)on? 506(126) 342(235) | b
Co (bicycloN;)Br? 515(68) 348 (sh) b
- Co (bicycloNg)NCS* 506(214) 318(sh) b
Co (b:i.cycloNg,)OHZ3+ 813(75); 353(1¢C2) b
| 469 (sh) .

Table 6.2 Electronic absorption data for Co''’pentaammine
complexes. a=Ref.140, b=this work. All spectra were recorded
in aqueous solution (I=1.0M NaCloQ,).
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6.2.2 Stereochemical Assignments

Only one isomer 1is expected (and found) for each of
[CoCl (tacn) (diammine) }?*, diammine = er, tn, amp. Although amp
is an unsvmmetrical bidentate ligand, the symmetry of the
facially coordinated tacn requires that the end-for-end
isomers are equivalent (Figure 6.2).

This is not the case for [CoCl({(dien) (amp)]?* since there
are threée topological forms for the (dien) (bidentate)
combination sfac, ufac, and mer, and non-equivalent, end-for-
end isomers of amp in the ufac and mer situations. Within the
two mer combinations, the secondary N-H proton can be either
adjacent to, or remote from the coordinated chloro ligand
(Figure 6.3). In the present study two isomeric forms have
been isolated where the dien is in the ufac configuration, but
it was not possible to make an absolute aSSignment; Similarly
in the mer series, the isomers with the secondary N-H proton
remote from the coordinated chloro ligand are most likely, but
a more definite assignment is awaited. The mer isomer shown in
Figure 6.3 would be of considerable interest since Co'!
complexes with pyridine coordinated trans to a chloro leaving
group are rare.’

In the case of the cobalt (III)bicyclopentaammine complex,
while there is no crystallographic evidence for the structurs,
the ’)C NMR spectrum (Figure 6.4) displaying seven lines is
consistent with a single isomeric form of square pyramidal

conformation of the ligand identified. This structure has
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Figure 6.3 Possible icomers of [Co(dien) (amp)Cl]
Figu .
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Figure 6.4 'C NMR spectra of [Co(diammine) (vriammine)Cl)?*

complex ions in D,O.

Co(TACN)AMP)CI*

Co(TACN)ENCI®

ﬁ.‘L‘J |
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N |
w e o
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been observed previously for the corresponding copper(II)
complex. 1In the present instance, the conformation of the
cyclam ring is trans I (Figure 6.2). Previous studies have
shown a different geometry for the cobalt (III) complex of the
precursor ligand to the macrobicycle,!®® but in this case there
is a flexibility of the pendant arms to cooréinate such that
the chloro ligand is located trans to a tertiary amine. 1In
the fully developed macrobicycle the geometry is consistent
with the chloro ligand being adjacent to two secondary amines

and trans to the third.

6.2.3 Buse Hydrolysis

In oracr to avoid the problems of converting pH to [OH")
in high ionic strength media!®® that are inherent in the use of
buffers or a pH-stat, the base hvdrolysis rates were measured
using stopped flow techniques in the [OH’] range of 5 -~ 250 mM
(I=1.0 M, NaClo,), [Co™1] ~0.1 mM. With the present apparatus
reactions with halflives of < 5ms may be measured easily, so
that ko, values of > 1.4 x10° M!'s"!, may be evaluated using the
most dilute OH" solution. Where possible, a range of ([OH"]
concentrations was used to check the linearity and zero
intercept of the ([OH] wvs. kg, plot, and the plot for
Co(tacn) (en) (C1)** is shown in Figure 6.6. These data are
presented in Table 6.3. Activation paraineters (Table 6.4) were
evaluated from the temperature variation of ko,,.

The base hydrolysis reaction (5) is a reaction between
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[CoC1(Ns) 1% + OH ----> [COOH(Ng)1* + C1- (5)

two ions of different charge and is thus expected to exhibit
a negative salt effect!®. Since it is frequently useful to
compare values of k, from one N; system to another!®?, it is
important to take‘ this effect into consideration. Ionic
strengths of 0.1 and 1.0 M (NaClO,) are often used and for a
number of the systems described here we have measured k, under
both conditions. The relationship of kg (I=0.1 M) ~ 2.2k,
(I=1.0 M) appears to hold quite well (Table 6.4).

Although in complex ions such as ([CoCl{tacn) (en))?* or
[CoCl(tacn) (tn)]%*, the facial geometry of the macrocycle
provides two secondary amine centres cis to the chloro group,
a feature known to promote reaction, they cannot readily
become "flat" in the trigonal plane of the intermediate. For
this reason, these species display few of the acceleratory
influences outlined in the introduction. The observed base
hydrolysis rates of less than 50 M? s! ¥ are consistent with
this consideration. The tn complex reacts about four times
faster than the en analogue, a ratio similar to that found for
other systems!*® where the replacement of a five membered ring
by a six membered unit (i.e. tn for en) induced increases of
about ten-fold in base hydrolysis rates, (Figure 6.2). The
incorporation of the pyridine ligand in the five membered

chelate ring does cause a 16~fold increase in rate relative to
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Figure 6.6 Base hydrolysis of [Co(tacn) (en)Cl]? as a function

of [OH"].
T=25.7°
2.0 : .
1.5 - -
.
§~ 1.0 + .
)
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0.1 0.2 0.3

0.0
[OH]




154

Table 6.3 Observed Rate Constants for the Base Hydrolysis of

[Co(III)chloropentaammine]® Complexes at I = 1.0 M NaClo,.

(triammine) /

(diamminej

(tacn) (en)

(tacn) (tn)

T

(°c)

39

.0

25.0

24.

11.

39.

6

0

[NaOH]

(M)

0.
J.
0.

o O o ©

o O o O

25
15
10

.05%

.15
.10

.25
.15
.10

.25
.15
.10
.05

koba

(s™)

o o o O

.93+0.3
.40+£0.07
.2410.1

Mean

.483+0.013
.874+£0.02

.497+0.012
.3614+0.013

Mean

.142+0.006
.0841+0.006
.0565+£0.003

Mean

20.5+0.5

14.74£0.8

9.
4.

70+£0.2
16+0.2

Mean

Ko

(M"1s71)

23.741.
22.6%0.
22.441.

o o & N

22.941.
.6640.26
.504£0.08
.31+0.08
.614£0.13
.47£0.1

o W W W W W

.568£0.02
0.561+0.04
0.56540.03
0.564+4£0.03

82.04£2
98.045
97.0£2
83.244
90.045




(tacn) (amp)

I-(dien) (amp)

25.0
24.7

39.0

25.0

11.2

38.6
25.0

0.05"
0.15
0.10

0.25
0.15
0.10
0.04

0.15
0.10

0.05*
0.10
0.05

0.15
0.10

0.15
0.05%
0.15
0.10

Table 6.3 (cont‘d)

2.03x0.12
2.23+0.08
1.57+0.07
Mean
0.595+0.01
0.360+£0.01
0.240+0.01
0.0970£0.005

Mean

45,5+1.0
31.4+1.0
Mean
7.69%0.26
6.33x0.31
3.54+0.07
Mean
1.85+0.09
1.21+0.04
Mean
12948
16.7+0.54
27.7+1.2
18.1+1.2

Mean

40.642.
14.8%0.
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4
5

15.7+0.7

15.2+0

2.38+0.

2.40+0
2.40+0
2.42+0

2.40£0.

30347
31410
308+5
15445
63.3%3
70.8%1
66.7+2

12.3%0.
12.10.,
12.240.

860+53
334+11
18418
181412
18343

.4

04

.07
.10
.12

01




Table 6.3 (cont’d)

11.2 0.25

0.15

0.10

II-(dien) (amp) 38.6 0.15
25.0 0.05*

0.15

11.2 0.15

0.10

bicycloNg 25.0 0.005

* I=0.1M (NaCloO,)

9.26%0.

6.09+0
4.02+0

196114
38.1+40

53.8+1.
11.4+0.
8.1840.

15.0

7

.6
.3

Mean

.75

Mean

37.043
40.6+4
40.213
39.3+1

1310493
762415
359+8
76.02
81.8+2
78.941

3000

156
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en in the ([CoCl(tacn) (diamine)]? pair, but this is not as
great as found for cis-(CoCl(en),pyl* relative to cis-
[CoCl(en),(MeNH,)]* (30-fold)!*®. However, in the ufac-
[CoCl(dien) (diamine) }1?* (en, amp) pair (Figure (.2), the
relative rate increase is again 30-fold. If folding to a five-
coordinate intermediate is important in base hydrolysis, then
tacn is less flexible than dien and consequently somewhat less
reactive. Nevertheiess, the nature of the diamine also
contributes to the distortion since the
(tacn) (diamine) : (dien) (diamine) rate ratios increase in the
order en, tn, amp (Figure 6.2).

The two ufac-[CoCl(dien) (amp)]?* isomer:s base hydrolyse
relativély rapidly, one.about twice as fast as the other
(Table 6.4) and end-for-end interchange in this system (py
trans to secondéry N-H / py trails to NH,, Figure 6.3) appears
to have little influence.

The activation parameters obtained (Table 6.4) are normal
for this type of reaction!®, with AH' in the 70-90 kJ mol™?
range and large positive entropies of activation (AS' = +50 to

+95 J K*! mol*'). This positive entropy change is in contrast

to the large negative AS' wusually observed for acid

hydrolvsis's®, and has been used as evidence to support the
concept of a hydroxide ion dependent pre-equilibrium process

in the mechanism.!®
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Table 6.4

Second Order Rate Constants for the Base Hydrolysis of some
[Co(III)chloropentaammine}? Complexes at 25.0°C.

(triamine) / N AH*c As'd Ref.
(diamine)
sfac-(dien) (en) 0.1 4.71 87.0 +72 4
ufac-(dien)'(en) 0.1 23.9 86.3 +62 4
mer-(dien) (en) 0.1 18,700 93.2 +149 4
(tacn) (en) 0.1 9.66

1.0 3.66 96.6+0.8 +90+2.4 e
(tacn) (tn) 0.1 40.6

1.0 15.8 94.4+1.2 +94+4 e

(tacn) (amp) 0.1 154

1.0 66.7 83.3+1.2 +69+4 e
ufac-I-(dien} 0.1 334

(amp) 1.0 183 79.6+1.7 66+6 e
ufac-II-(dien) 0.1 762

(amp) 1.0 359 73.341.3 +5045 e
bicycloN 1.0 3000 e
* = [NaClO,}/M P = M1t gt ¢ = kJ mol?

d J K?! mol! ¢ = present study.

1
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An interesting result is that obtained for the
macrobicyclic complex which appears to conform to almost all
the requirements for ready hydrolysis!¥’. However, despite the
presence of two secondary amines cis to the leaving chloro
ligand with the ability to become planar, the rate is only
abovt an order of magnitude greater than for the ufac-
(dien) (amp) isomers. This may be the result of failure to
achieve the optimum geometry with respect to the five
coordinate intermediate. In the most favourable circumstances,
second order rate constants ranging from 3 x 10% to 5§ x 105 M*!
s*! have been determined. The rearrangement from a square
pyramidal configuration is accompanied by some steric strain
which is exhibited in the lower rate observed in the present
study. Although it is possible to construct a model of a
trigonal bipyramidal intermediate, there is strong evidence
for hydrogen-hydrogen interactions and overall strain
especially around the Co - N amido linkage which is somewhat
shorter than other metal -nitrogen bonds.!*5/1%¢ Further examples
of such effects may be available through the use of other

mécrobicycles now being synthesised in this laboratory and

elsewhere.

6.2.4 Anation Reactions
Split cell reactions were performed in each case;
[Co(tacn) (en) (OH,) 13* + [SCN-] dr [Br~] and

[Co(bicycloN:) (OH,) 1% + [SCN'] or [Br’], at pH ~ 2 to determine
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the wavelength to monitor the reactions. In the case of the
[Co(bicycloN;) (OH,) ]** + [Br"] reaction there was no significant
change in the uv-visible spectrum at the concentrations being
used so no further experiments were carried out. The split
cell reaction of [Co(bicycloN:) (OH,)1?* + [SCN"] showed three
isosbestic points at 542, 476, and 407nm with the largest
change in the spectrum occurring at ~ 320nm. The
[Co(tacn) (en) (OH,) ]* showed one isosbestic point at 425 nm
with thiocyanate and with bromide ion there were two
isosbestic points at 557 and 370nm. The largest change in the
absorption spectrum in both instances occurred at -~ 300nm.

The rates of anation with thiocyanate ion were measured
at varying pH'’s (in the range of pH~2 - pH~10) for both
complexes studied, [Co(tacn) (en) (OH,) 13 and
[Co(bicycloN (OH,) ]3. The pH dependence on the rate of
anation with bromide ion was also measured for the
[Co(tacn) (en) (OH,) 1% complex.

At low pH (below the pK, of the coordinated water), the

anation reaction is a reaction between:
[CON; (OH,)1* + X ———# [CONX]* + H,0 ~(6)

and at higher pH (above the pK, of the coordinated water), it

ig a reaction of the hydroxo complex:

[CoNg (OH) ]?* 4 X~ ————» [CONX]? + OH" (7)
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To avoid any back reaction low Co™' concentrations (~10"* M)

and high anicn concencrations (0.6 M) were used (pseudo-first
order conditions) .

It is considered intuitive that the rate of reaction (6)

should proceed much faster than reaction (7). A kinetic-

titration plot of the type shown in Figure 6.7 ié expected,

with the typical sigmoidal curve.

obs

pH

pK, of coord. Hy,O

\

Figure 6.7. Expected shape of the kinetic-titration of the
Co™™! pentaamine complexes studied.

Surprisingly, this is not what i1s observed in either of

" the two complexes studied here as is shown in Figures 6.8 and

6.9.
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Figure 6.8 Kinetic Titration plot Co (bicycloNg) (OH,)**
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Figure 6.9 Kinetic titration of Co{tacn) (en) (OH,)* a) + NCg~

b) + Br-
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Rather, the opposite occurs in which the rate of reaction (7)
is faster than the rate of reaction (6). BAlthough the kinetic
titration plot for [Co(bicycloN:) (OH;)]1** is the reverse of
that expected, it does represent the sigmoidal shape (the
scatter at high pH is unexplainable). This is not the case
however with the [Co(tacnf(en)(OHz)]3+ complex, where the
observed reaction rate reaches a maximum (at pH=6.97 (SCN’)
and at pH=7.22 (Br)) and falls abruptly to a negligible
reaction rate at higher pH.

A recent report!¥! has shown a similar result to that of
the macrobicycie complex on the azide-anation of mer-
Co(dien) (dapo) {OH,)* where dien = N-(Z-aminoeéhyl)ethane-l,2~
diamine and dapo = 1,3-diaminopropan-2-0l. The results for
the mer-exo (H) isomer are shown graphically in Figure 6.10.
Through the azide-anation and racemization of pure mer-exo (H)
and mer-endo(H), the authors interpreted this phenomenon as an
internal conjugate base mechanism involving an amino-
hydroxo/aminato-aqua tautomerism. The reaction mechanism

given is shown in Scheme 6.2.
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Figure 6.10 Rate data for
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As shown, the reaction is a base catalysed substitution of
[Co(dien) (dapo) (OH,) 13 where deprotonation occurs
predominately at the secondary amine N-H of dien.

The [SCN*] dependence on the observed rate of reaction is
non~li‘near (linearity results when 1/k,, vs. 1/[SCN’] 1is
nlotted; see Figure 6.11) in the case of
[Co (bicycloN;) (OH,) ]*. The usual implication of this type of
result is that there is a fast pre-equilibrium before the
substitution step. Inherently, this is considered to be an
ion-pair forming equilibrium:

[CON, (OH,;) 1% + X° 7—= [CoN; (OH,)**;X"] — [CoN:X1* + H,0 (8)
and consequently, the same pre-equilibrium for the hydroxo
complex will result in the same mechanism:

[CON (OH) J2* + X~ 5—= [CON; (OH)*;X"] — [CONgX]%* + OH- (9)
This mechanism does not account for the enhanced reactivity of
the hydroxo complex however, but the internal conjugate base
mechanism is feasible.

CalbleyctoN, )0k, ) + SoH
3.5 T Y

A Y T T T

.§ 5t TeS0 C s
L 300am
10k .
0.5} e
0.0 l‘ i) 4 A i i i
00 085 10 15 20 25 30 35 40
1/[scN—)

Figure 6.11 [SCN"] Dependence on rate of the
Co (BicycloNg) (OH,)*" Anation
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As demonstrated by Comba et al.’ a similar reaction
scheme involving a deprotonated secondary N-H amine can be

drawn for the [Co(bicycloN,) (OH,)]*" anation reaction.

Co (bicycloNg) (OH2)3+

xa/ \Kiz

kg, k
3/X.3

. 2+ .
Co (bicycloNg) (OH) — Co (bicycloNg-H) (OHy)%*

@ \ x /

kl'kj;\\\ ///;j'k~2
Co (bicycloNg) 3+
Knes

Co(bicycloNg) (NCS) 24

Scheme 6.3 Reaction Mechanism for [NCS"] Anation of
Co (bicycloN;) (OH,) 3.

The site of deprotonation is the main issue in Schemes
6.2 and 6.3. The two possible sites of deprotonation are at
the coordinated H,0 (pK,=3.8 for [Co(bicycloN;) (OH;)]* based on
spectrophotometric titration and kinetic titration plot;
pK,=5.5 for ([Co(dien) (dapo) (OH,)1**) or at the coordinated
secordary amine (pK,~15)1". The equilibrium, K,, is estimated

for [Co(bicycloNy) (OH,) 1% as
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Ky = Kap/Ky ~ 10712
The rate law for the hydroxo complex is in the form
Kops = K1 + K;K; where k, is the slow substitution of the hydroxo
complex (A) (~10"°s"') and k,K; represents reaction from the
tautomer (B). Although (B) is in extremely low concentration
(K~10%?) it must be sufficiently reactive to overcome the k;
term. This is demonstrated in the fact that the observed rate
of anation is ~5 X 10”s“; Thus, the internal conjugate base
mechanism is a viable reaction pathway.
Again, as is shown in Figure 6.12 the inverse plot of kg,
vs. [SCN™] is linear for the reaction with

[Co(tacn) (en) (OH,) 1%*.

co(tacﬂ)(on)(oﬂz) + SCN™ f=1.0MNaCIO,

7 i 1) ¥ 1 L] 1 » ¥

~1y x107°

I/Kobs (s

-1 to A o 1 A ' i
00 05 10 15 20 25 3.0 35 40

1/[SCN ]

Figqure 6.12 [SCN'] Dependance o¢n Rate of Anation of
Co (tacn) (en) (OH,)3*

The kinetic titration results show an initial increase of the

rate of anation with increasing pH, however above a certain




{

tacn) (en)Co-0-Co(tacn) (en)4+)
H
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hydroxide ion concentration the reaction is no longer
observed.

This can be argued in terms of an internal conjugate base
mechanism, reflecting the initial increase in the observed
rate. There must also be an alternate path for the reaction
intermediate so that the site of‘anation is blocked. of
course one can only speculate as to the origin of this
pathway, however one possibility is the formation of a
hydroxo-bridged dimer. A possible reaction pathway is given

in Scheme 6.4.

Co(tacn) (en) (OHy) 3+

% i// \xiz

k3'k_3
Co(tacn) (en) (oH)2* ——*  Co(tacn-H) (en) (OH,)?*

e
K3
) / ®)
kl,kjitttn ¥§§>ij:k~z
/ Co(tacn) (en)3+

ky

Co(tacn) (en) (¥)2*
Y=NCS~ or Br~

Scheme 6.4 Possible reaction mechanism for the anation of
[Co(tacn) (en) (OH,) 1** complex.
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The fact that there is no substantial increase in the
rate of base hydrolysis of this complex leads one to the
conclusion that there is little stabilization of the five-
coordinate intermediate, [Co(tacn) (en)]®*. Once past the pK,
of the coordinated water, the complex essentially exists as
the hydroxo complex, and any of the five-coordinate
intermediate either reacts in the back reaction to form the
hydroxo complex or combines with a molecule of the hydroxo
complex to form the dimer.

This mechanism is speculative and is by no means to be
taken as the only possibility. However, it just represents a
possible pathway indicating a "blockage" of the site of
anation by formation of a dimer. It does, also, leave the
door open for further interesting investigations to be

undertaken.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES
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The series of taptacn-catecholate ligands were
successfully synthesized and serve as models for the naturally
occurring enterobactin. The use of these compounds as
binucleating ligands appears to be unsuccessful. This led to
the preparation of the taetacn-catecholate ligands where there
is one less methylene in the pendant arm of the tacn ring.
The synthetic route used to obtain these ligands opens
the door for the preparation of a multitude of pendant arm
aza-macrocycles with an ethylene bridge between the donor
atoms. The synthesis is simple and the products are easily
purified by conventional methods. At the time this work was
near completion, an article appeared on the mono-
functionalization of 1,5,9~triazacyclododecane'®. The authors

report the synthesis of L1 by the following reaction;

CN
m Na,S,0c/HCOHNaCN m

o / 0

ate
C

(L1)

BHg. THF
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It would be worthwhile to try and use this same procedure to

prepare taetacn (L2),

/N Na,S,05/HCOH/NaCN A~

{N} » NC < k CN
o

BHg. THF

HZN\/\C[;—AS\/NHZ

O e

NH,,

which should again be an improvement on the Strecker synthesis
used by Sargeson.

The taetacn-catecholate ligands also serve as models for
enterobactin. Future studies should include the measurement
of formation constants via spectrophotometric and
potentiometric methods. These compounds do form binuclear
complexes with first xow transition metal ions. Owing to the
low solubility of these compounds they are extremely difficult
to characterize. Perhaps future work should lead to the

preparation of similar compounds, where instead of using tris-
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catechol moieties to coordinate the second transition metal,
groups suril as bipyridine or hydroxypyridinone should be
incorporated into these systems. This would eliminate the
need for deprotection of the methylated catechols (using
BBr,), consequently permitting complex formation without the
presence of a base.

The ligands described in this work contain 10-12 donor
atoms with a highly negative charge (6-). Their use as
lanthanide complexing agents should be investigated, since the
lanthanides are known to have high coordination numbers. The
search for these types of reagents has increased because of
their use as MRI (magnetic resonance imaging) agents and their
use as lanthanide shift reagents.

The tren-based catecholate ligands show promise for
binucleating ability. Future studies should include the
isolation of these binuclear complexes, although limitations
will be encountered due to solubility problems. The presence
of only four amines as opposed to sgix, as in the previous
systems, may make it easier to develop a method of isolating
these compounds. Again, extrapolating these systems with
hydroxypyridinones instead of catecholate moieties would be
fruitful.

Thé obvious place to proceed with these ligands would be
to "cap" the other end of the catechol moieties, or in

general, prepare ligands L3, L4, and L5 shown below;
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| AN
| o
_ OH N G
.« : o \
OH | XN Z o
—Z
(L3) (L4) (L5)

These cage ligands would have the potential of forming
trinuclear transition metal complexes.

The base hydrolysis and anation reactions of
[Co*™ (pentammine) (X) I™ complexes proceeded as expectad. The
data provide evidence supporting the formation of a five-
coordinate intermediate in the reaction mechanism (thus, «
dissociative pathway) .

The base hydrolysis of [Co™ (bicycloN;) (CL)1* was ticy .
fast as expected, due to strain imparted on the ligand iu !he
formation of the five-coordinate intermediate. Fubture studiv

should include the preparation of a similar macrobicyelic 125)
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iigand (L6), where the strain on formation of the tbp

intermediate would be minimized;
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