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Abstract

Reaction of the hexadentate template [Coll(sen)]3+ ([(tris(4-amino-2-
azabutyl)amine)cobalt(IIT)]3+) with various carbon acids (diethyl malonate,
ethyl acetoacetate and ethyl cyanoacetate) and formaldehyde in aqueous
base resulted in a series of amide, amidine, saturated cage and macrocyclic
complexes. The hexadentate amide cage ligand Me,COOH-2-oxosar (1-
carboxy-8-methyl-2-0x0-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) was
removed from the Co(IIl) ion and new metal complexes and structures
were established which have varying properties.
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Amide cages were also synthesised by oxidation of the ligand in the
presence of the Co(Ill) ion using mercuric acetate. Both oxo and dioxo cages
were isolated, the metal ion was extruded and different metals were

substituted. This strategy expanded the metal amido cage chemistry
considerably.



Trigonally symmetrical triamide complexes were constructed from
tripodal ligands. The first method involved condensing ethane-1,2-
diamine directly with ethyl tricarboxylate triethylester. In the second
method 1,1,1-tris(aminomethyl)ethane was reacted with 2-bromo-2-
methylpropionyl bromide. The ligand was then converted into the
triamide triamine by a two step process. Both ligands were then complexed
to cobalt(Ill) to give new non electrolyte triamido tripodal hexadentate
complexes which unfortunately resisted attempts to encapsulate the metal.
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‘The syntheses, spectroscopic and structural properties of many of the
complexes are reported. The bound amido ions alter the redox potentials of



the systems by as much as 0.2 V relative to the saturated analogue. The
nature of the apical substituents also influences the redox couples. The
Ni(IIT) ion for example, is now readily accessible in water with both the
monoamido and diamido ligand systems and routes to Ni(IV) and Fe(IV)
complexes at least are evident.

Antiviral activity for complex ligands such as two linked nitrogen
macrocycles has been published and it prompted an examination for many
of the cage complexes. Dialkylated derivatives of the sar cages have been
simply synthesised by condensing [Co(en)3]3+ ([(tris(ethane-1,2-
diamine)cobalt(IlI)]3+) with formaldehyde and 1-butanal or 1-pentanal in
the presence of aqueous base. Reduction of the diethyl di-imine species to
[Co(Etp-sar)]3+ ([(1,8-diethyl-3,6,10,13,16,19-hexaazabicyclo-[6.6.6]icosane)-
cobalt(IIl)]3+) with NaBHy followed by resolution of this complex was
achieved. Attempts to add various carbon acids to the imine carbon were
also undertaken. The antiviral properties of the diethyl di-imine cage
complex, [Co(Ety-sar)]3+ and others were examined. [Co(Ety-sar)]3+ has been
shown to have substantial inhibitory properties towards the Hepatitis B
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CHAPTER 1.

Introduction to the Synthesis, Structure and Properties of Cage
Complexes Bearing Amide and Imine Groups.



1.1 Introduction to Functionalised Cage Chemistry.

1.1.1 Preamble

Saturated polyazapolymacrocyclic or cage complexes have occupied a
significant place in chemistry for the last two and a half decades. This
prominence has arisen as a result of their interesting properties including
fully encapsulating metal ions, possessing enhanced thermodynamic and
kinetic stability relative to their unencapsulated countefparts, displaying
relevance to biological and industrial processes. In some instances, the
syntheses of such cages can be very simply carried out using template
procedures around cobalt(IlI), and two such examples are shown in Figure
1.

N 13+

.
LU
el
CRO=CH-CR
e

Figure 1

R =

The examples shown above are unusual in that the Co(Il) forms of
the complexes have been found to be inert to hydrolysis in acidic aqueous
media. This is in contrast to [Coll(NH3)g]2*+ which loses ammonia in less
than a millisecond under the same conditions. This observation alone
shows that cage complexes are remarkably stable. In fact, rigorous
conditions are required to remove the cobalt from the ligand. Once this is



achieved, the free ligand can then be recoordinated to other transition
metals ions and the resulting complexes often show a similar stability to
that of the cobalt cage compounds. It has also been shown that the cage
ligands are versatile enough to incorporate a range of metal ions, in
different oxidation states, from Co(III) to Hg(Il), and the metals are bound to
all six nitrogen donor atoms. At this stage most of the first row, along with
some second and third row, transition metal ions have been encapsulated
by cage ligands like sar (3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) or
diamsar (1,8-diamino-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane) (Figure 1).
For such a series of metal ions to be encapsulated by a single ligand is
certainly unusual and cage ligands have provided an opportunity to study
their properties systematically under similar conditions.

More importantly, the ability to encapsulate metal ions in different
oxidation states has allowed the use of cage compounds in redox reactions.
Furthermore, incorporation of functional groups into the saturated cage
ligand extends the range of these complexes for these reactions and allows
modulation of the redox potential without altering the electron self
exchange rate significantly for a particular metal. Functional groups have
also been found to alter the spectroscopic properties of the complexes to a
degree. This also increases their practical value, including the possibility of
using some of these complexes to produce Hj from HO.

Two obvious functionalities to build into the skeleton of the cage
complexes are amide and imine groups. Ligands functionalised with these
types of moieties display some interesting characteristics. For example, the
amide is often bonded as the deprotonated anion and in this form it can be
used to stabilise metal ions in higher oxidation states.! On the other hand,
imines tend to stabilise the low oxidation state preferentially. They are also
activated towards addition of a nucleophile when bound to some metal
ions. This property may allow the stereospecific introduction of
substituents into the cage for a variety of chemical, physical and biological
applications.

Despite a large amount of research on macrocyclic amide!® and
imine®!! complexes, there has been relatively little with amide and imine
cage complexes. Therefore, one of the aims of this thesis research was to
synthesise and characterise a number of amide and imine cage complexes
as well as test the reactivity of the imine group to different carbon acids in
the context of the cage. In addition, some exploration of the properties,



both physical and biological, of the compounds derived from this research
was undertaken.

Various synthetic strategies exist for these types of complexes and
some of these will now be outlined. The most common methods available
that allow incorporation of functional groups into cage complexes include
direct template synthesis, oxidative reactions and direct non-template
organic synthesis. In most cases there is a need to demetallate the template
complex so the new metal ions can be introduced.

1.2 Synthetic Strategies.

1.2.1 Template Methods

For template reactions, the metal plays a central role in the
formation of the functionalised cage complex. It organises reactive
fragments within its coordination sphere in such a way that they are
activated for reaction with incoming substrates. The reactions are cheap,
efficient and high-yielding which makes this strategy very appealing. Two
classic examples are the synthesis of [Coll(sep)]3+ 12 and [CollI({NO2},-
sar)]3+ 13 from [Colll(en)3]3+, formaldehyde and ammonia or nitromethane
respectively in basic conditions (Figure 1). Other cage systems can be
formed by simply varying the carbon acid and template in the above
strategy. For example, by using formaldehyde, diethyl malonate and
[Colll(sen)]3+ a less symmetrical system arises (Figure 2).14 The resultant
amide cage complex possesses different properties and apical substituents to
that of [Colll({NHj}s-sar)]3+ for example and carries a dipositive charge. A
further illustration is the reaction between [Colll(sen)]3+, formaldehyde and
propanal in basic acetonitrile which also led to an unsymmetrical cage
system possessing an imine group (Figure 3). Subsequent treatment of this
complex with NaBHy then gave the fully saturated cage complex.
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1.2.2 Oxidative Type Reactions

In a few instances, cages undergo oxidation resulting in either
amidel® or imine!® groups being embodied into the caps or ethylene
fragments of the ligand. The complex may do this by an internal redox
reaction coupled with an external oxidant. For example the [Rull(sar)]2+
ion is readily oxidised to the Ru(IIl) complex, which then spontaneously
disproportionates to the [Rull(sar)]2+ and [RulV(sar-2H)]2+ ions. The latter
then undergoes a spontaneous intramolecular redox reaction to give the
[Rull(sar-2-ene)]2+ complex (Figure 4). Treatment of the [Rull(sar)]2+ ion
with two equivalents of Ag* gave the [Rull(sar-2-ene)]2+ ion in almost
quantitative yield. Further additions of Ag+ gave isomers of the diimine
and then triimine complexes, finally yielding the Ru(Il) hexaimine cage
complex (Figure 4). An essential factor in the oxidation path seems to be
donation of an electron pair at a deprotonated N centre to a d4 Ru(IV)
centre.l” This increases the bond order between Ru and N, which in turn
labilises the protons on the adjacent methylene group, triggering a
concerted two electron transfer to the Ru(IV) ion and shifting the double
bond order from Ru=N to N=C. Another important factor in the process is
the stabilisation of the coordinated imine by the d6 Ru(Il) ion via the
donation of non-bonding electrons on the dé® Ru(Il) ion to the empty n*
imine orbitals. However, such pathways are only evident where all three
metal oxidation states are accessible.

( j C/S :l-f j }mw,]u
GGG

[Rusar)]?* [Rulk(sar-H)R* [Ruw(sar-ZH)]z"

m
m;
G,

H H
[Ru(sar-2,7,9,14,16,21-hexaene)|2* [Ru(sar-2-ene)) 2*

Figure 4



A few external oxidants, such as O in the presence of a CollCl,-
charcoal mixture and Hgll(OAc);, have also been useful for the oxidation of
Co(IlI) cage complexes. Both imine and amide complexes arise from the
O2/ColCly-charcoal oxidation, with the main product being the diamido
compound (Figure 5).15 One of the most interesting results in the
Hgll(OAc)2 oxidations of Co(Ill) cage complexes is the oxidation of the
Co(lll) cage derived from the capping of [Colll(trans-1,2-
cyclohexanediamine)3]3+ ([Colll(char)]3+).17 Not only does the Hgll(OAc)»
generate the amide moieties, but it also aromatises one of the cyclohexane
rings as well (Figure 6).

NH;* NH;*

Figure 5

Hg(OAc),
HOAc

NH3* NH*

Figure 6



'1.2.3 Apical Substituents

- The incorporation of apical substituents into the cage ligand yields
further derivatisation of the amide and imine cage complexes. The main
reason for the introduction of substituents, such as CHz, COOH, NHo,
NH3*, is that they have the ability to alter the redox potentials of these
systems by at least 0.3 V for the Co(Ill) /(IT) systems. The substituents can be
built into the cage synthesis!®, as briefly shown earlier, or modified by
regular organic synthetic methods.!® Some examples will now be given to
show how it is possible to introduce and alter cage apical substituents. For
example [Colll(sar)]3+ (Figure 7)!® was synthesised from [CollI({NO3},-
sar)]3+, by reacting it with Zn/HCI, reducing the two nitro groups to
protonated amines. Treatment of the resultant [Colll({NH3*},-sar)]5+ ion
with HNOj3/Cl- converted the two amine groups into chloro substituents.
Finally, the desired [Colll(sar)]3+ ion was formed from the reaction of
[Co(Cly-sar)]3+ with Ni/Al alloy under basic conditions.

e =R

j HC
NO, NH3+
HNO,¢ cr
r%-ls*. 1 -
j‘

DR
GaR G

Figure 7



Other reactions are available to alter the apical functional groups of
the cages resulting in different cage systems. For example, changes to only
one apical group of the [Coll(Me,COOEt-2-oxosar-H)]2* ion can give rise to
a number of other compounds (Figure 8).14 Other amide cage complexes,
such as the [Com(NOz,COOEt-Z-oxosar-H)]2+ ion, allow alterations to occur
at both apical groups (Figure 9).14 Also, here and in other examples, many
different functional groups such as those shown in Figures 8 and 9 can exist
at the bridgehead of these types of molecules.20
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1.2.4 Organic Procedures

Generally, the most common method of introducing a functional
group within the actual cage skeleton itself is via template methods.
However, it should be possible to use straight organic syntheses, at least in
part of the overall cage synthesis, to incorporate functional groups within a
cage ligand. To date though there does not appear to be an Ng amide cage
complex partly prbduced in this way. Therefore, triamide tripodal ligands
formed by reacting either a triester with ethane-1,2-diamine or a triamine
with an acid chloride are interesting target molecules. Following
complexation with Co(Ill), encapsulation of the metal ion to form a
triamide cage complex by known methods is a feasible prospect.

1.2.5 Demetallation

Once a cobalt(Ill) cage complex has been formed, the free ligand can
usually be obtained via reaction with cyanide and Co(Il) ion. This method
involves refluxing the Co(Ill) complex in a basic solution of potassium
cyanide in the presence of ColICl; according to equation 1. Finally the
[Coll(CN)g]4- is oxidised to [CollI(CN)g]3- with Os. . Another method of
refluxing the Co(II) cage in concentrated HBr has also been used but the
acid-sensitive nature of the amide and imine bond off the metal precludes
this route in this study. In fact, the instability of the unbound cage imine
function prevents these types of complexes from undergoing demetallation
under most conditions. Therefore only the amide cage systems will be
demetallated in this thesis. Once the free amide ligand is obtained it
should then possible to recomplex this with a range of other transition
metal ions.

[CoMl(cage)]3+ + Coaq2* + 12CN- = [CollI(CN)6]3- + [Coll(CN)gl4- + cage (1)

The removal of the Co(IIl) ion from a cage amide ligand has not yet
been reported. Therefore there is a need to develop demetallation
procedures especially for complexes with more than one amide group. For
the Co(IlI) cages with more than one amide function, within the skeletal
structure, a modified cyanide procedure may be necessary since
[Coll(CN)g]4- may not be adequate to reduce the amide Co(III) cage.



1.3 Nomenclature

A number of macrobicyclic, maérocyclic and tripodal complexes have
been synthesised within this thesis and since JIUPAC names are clearly too
long for frequent use a practical trivial nomenclature has been adopted. A
systematic [UPAC name can be assigned for each basic unsubstituted cage
ligand, by using IUPAC replacement nomenclature for both cyclic and
acyclic compounds. The trivial nomenclature for much of this thesis is
therefore based on the assignment of the IUPAC name to the substituted
parent hydrocarbon. Substituents are ordered and numbered according to
the normal JTUPAC rules.

The basic and most common cage ligand discussed has the
3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane structure of Figure 10a; this is
given the abbreviation sar (sarcophagine). The other type of ligand dealt
with in this thesis has the 1,1,1-fris(4-amino—2—azabutyl)ethane structure of
10b, which is abbreviated to sen. In this thesis most of the cage complexes
possess substituents in the 1, 2, 7 and 8 positions. In naming metal
compounds the substituents appear as prefixes to the ligand in alphabetical
order. However, for the trivial nomenclature adopted here substituents in
the apical or 1,8 positions are named before any other ligand substituents.
Therefore for the sar ligand for example the name becomes abbreviated to
[M(A,B-sar)]** with the lower molecular weight substituent appearing in
the A position. However, if A is H then the name is [M(B-sar)]"+ since the
substituent simply replaces H in the parent hydrocarbon. If the same
substituent exists in the 1 and 8 positions then the name becomes [M({Az}2-
sar)]nt. Also, throughout this work various substituents have also been
abbreviated by using an extended trivial nomenclature. Thus, the 2-oxo-
substituted sar cage ligand of Figure 10c will be called 2-oxosar. When two
or three oxo groups are present within the sar or sen ligand skeletons the
prefix x,y-di or x,y,z-tri (eg (NH2)2-2,7-dioxosar) is used before the oxosar
parent name to denote the positions of the oxo groups within the ligand
skeleton. In addition, when the amide group is deprotonated a suffix of -H
follows the substituent's name while the number preceeding the H
indicates the number of protons lost from the complex (Figure 10d). Some
macrocyclic ligands have also been examined in this work and the
macrocyclic ligands (Figure 10e and f) are called desar and cyclam (1,4,8,11-
tetraazacyclotetradecane) respectively.

11
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The partially unsaturated sar ligand of Figure 11a is denoted as sar-2-
ene. Again with a doubly unsaturated sar cage, for instance Figures 11b, 11c
and 11d, the prefix of x,y-di is used to denote the position of the diene
functional group. In the absence of a metal ion however the di-imine
ligands of Figure 1lc and d are identical. It is only when they are
complexed to a metal eg Co(III) that the two can be distinguished.
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1.4 Physical Properties of Cage Complexes.

1.4.1 Structural Features

Although a wide variation of properties exists among cage
complexes they still display some common features and it is pertinent to
illustrate the more interesting facets. @ The complexity of the
stereochemistry is exemplified by the fully saturated hexamine cages such
as [Colll(sar)]3+. This complexity increases with skeletal substitution.
Firstly a variety of conformations are possible with these ligands. Two
features define the type of conformation that a cage complex possesses
(Figures 12a - d and 13). The first is the orientation of the C-C bond of the
ethylenediamine link, relative to the C3- or pseudo C3- axis going through
the caps and metal atom. It can either be parallel (lel) or oblique (ob) to this
axis. The second property is the twist angle of the caps which determines if
the molecule possesses C3 or D3 symmetry (Figure 13). If the molecule
contains a mixture of both lel and ob rings then the symmetry is reduced.
Therefore the six conformations that a cage can adopt are D3lel3, D3lel3’,
C3lel3, D30b3, Caleloob and Cpobslel (Figure 13).21
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(a) é ; ? (b) ; é
C-C axis pblique
to the C; axis
(c) ? ! (d) ;
C-C axis parallel
to the C; axis

N (“P "\//

Figure 12 (a) D30b3 A-[M(sar)]™+ (b) D30b3 viewed down C3 axis (c) D3lel3 A-
[M(sar)]n+ (d) D3lel; viewed down C3 axis (e) definition of twist angle ¢
(Protons omitted for clarity).
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Figure 13 Conformations of A-[M(sar)]™* reproduced from reference 11.
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Table 1: Experimental structural parameters for small cavity cages.

complex M-N,y conformation (f,y) ref
(A) (")

[Colll(PyCH,NH,Me-sar)] 1.960 D3ob3 58 19
(CF3503)3-H20
[Colll((NMe3);z-sar)](NO3)5-3H20 1.961 D3ob3 58 22
[Coll(sep)](NO3z)3 1.974 D3lels 57 23
[Co(NH0OH-sar)]Cls-4H20 1.974 D3ob3 58 21
[Co(ZnCl3-sar)]Cl-2H,0O 1.976 D3lels 55 24
[Colll(Me-arsasar)](PFe¢)3-3H20 1.979 D3ob3 57 25
rac-[Colll((NH3);-sar)]Cls-1.5H,O @) 1.98 D3lel3 54 26
A-[CoM((NH3),-sar)]Cls-5Ho0 1.98 Djlel 56 26
[Colll((NOy),-sar-H)]Cly-4H,O (i) 1.98 D30b3 57 13
[Colll(Me-phosphasar)](ZnClyg)Cl 1.99 Dj3lels 55 27
[Felll(sar)|(NO3)3 2.007 D3lels 53 28
[CrI{((NH3);-sar)](NO3)4 2.073 C3slels 49 28
[Nill((NH3)2-sar)](NO3)4-HO 2.110 D3lel3 » 47 29
[Nill(NH3);-sar)]Clg- HoO 2.111 Cylelyob 46 28
[Nil(sep)](ClO4)2 2111 Djlel3 48 30
[MnII(sar)](NO3)3-H,0 2.13 Djlel3” 28 31
[Coll(sep)]S206-H0 2.164 D3lels 42 12
[Cull((NH3),-sar)[(NO3)4-H,O 2.169 Djlels3” 30 28
[Coll((NH3)7-sar)](NO3)4-H20 2.170 D3lel3” 29 28
[Mgl((NH3)-sar)|(NO3)4-HO 2.188 D3lel3” 28 18
[ZnI((NH3)3-sar) [(NO3)4-H2O 2.190 Djlels3” 29 28
[Fell((NHz)p-sar)|(NO3)a-HyO 2202  Djlels’ 29 28
[MnIl((NH3),-sar)|(NO3)4-H,0O 2.238 Djlel3” 28 32
[AgH((NH3)2-sar) [(NO3)4-HO 2.286 Djlels3” 29 28
[CAI((NH3)z-sar)](NO3)4-H0O 2.30 Djlel3” 27 28
[Hgl((NHs3);-sar)](NO3)4-H,0 2.35 Djlels” 26 28

(i) A and B are independent cations. (ii) indicates that one of the nitrogen donor atoms is

deprotonated.

Structural information about cage complexes comes from X-ray
crystal studies of the cage compounds. This allows an analysis of the
competition between the preferred metal stereochemistry and the demands



of the ligand. It gives rise to a third cage property, the trigonal twist angle ¢
(Figure 12e) about the C3 axis. A selection of structures for a range of
different metal ions, ranging from dO - d10, appears in Table 1.21:28 The
observed complexes then fall into two groups. A plot of the twist angle ¢ as
a function of the number of d electrons for the metal ions shows this
grouping (Figure 14).28 The first group of complexes all possess twist angles
close to ~28° and display a D3lel3” conformation. The ligand structure in
these cases also resembles that of the metal-free ligand. All the complexes
of this type display weak ligand fields and the ligand itself appears to dictate
the structure of the complex. On the other hand, the second grouping lie
more towards an octahedral structure, in the order of Ni(Il) < Cr(Ill) <
Fe(IlT) < Co(III). These complexes display twist angles between 45° - 60° and
have shorter bond lengths than any in the former group. Therefore, for
these complexes, a stronger ligand field arises and stereochemical
preference of the metal dominates the overall structure. A range of
conformations including D3lels, Cslel3, D3ob3 and Czlélzob arise in these
instances. ‘ '
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Figure 14

1.4.2 Optical Activity

Since the [Co!l(en)3]3+ template is chiral (A or A) then the cage
product is also chiral and formed stereospecifically. If the template is in a
racemic form the resulting cage complexes can be resolved by various
means into their catoptric forms.12142229 Using this retention property in
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combination with X-ray crystallography, the absolute configurations of

' many of.the chiral cage complexes have been assigned.

When Co(IIl) cages are reduced to Co(II) with Zn dust at 20° C they
have been observed to retain their chirality. On reoxidation to their parent

- Co(IHl) .complex full activity is restored, provided the cage itself is not

decomposed.!* This remarkable feature has allowed the CD and ORD
spectra-of Co(II) cage complexes to be recorded, and is very unusual since
high spin Co(II) complexes normally exchange ligands on the ms—us time
scale®® and presumably racemise at a comparable rate or faster. The
inertness of [Co!ll(diazasar)]2+ was confirmed by isotopic exchange with
60C02+(5q), since no incorporation of the labelled Co(II) was observed (< 1%)
within seventeen hours at 25° C.12 Some relevant CD spectra for Co(III)
and Co(II) cage complexes exist and for the Co(Ill) complexes the CD arising
from the first d-d transition (1A1g—1T1g parentage) has its sign inverted in
comparison to that of the parent [Colll(en)3]3+ isomer of the same absolute
configuration.1222 This phenomenon is due to the A component of the

transition for the cage complex being dominant in the circular dichroism,

while the E component (of opposite sign) prevails for the [Colll(en)3]3+ jon.
1.4.3 Electron Transfer Properties

Another aspect that was surprising for the cage compounds was in
the area of electron transfer. A range of apically substituted Co(III) sar
molecules covering a wide span of redox potentials exists. Redox reactions
between partners in this series, cover approximately ten orders of
magnitude in equilibrium constant and three orders of magnitude in
reaction rate.34:35

Both the Co(III) and Co(II) oxidation states of cage complexes are
reasonably accessible, and are inert to substitution and dissociation. It is
thus possible to measure the electron self exchange rates simply and
accurately by following the rate of racemisation of an equimolar mixture of
A-[Colll(cage)]3+ and A-[Coll(cage)]?+.1? Electron transfer leads to a change
in -oxidation state for the enantiomeric configuration and thus
racemisation.

A-[Co™(cage)** + A-[Co™(cage)]* === A-[Co" (cage)"* + A-[Co™(cage)l**

The self exchange rates of the Co(I)/(IIT) cages are much higher (106 -
10° fold) than those of the monodentate [CoIII(NH3)6]3/ 2+ and bidentate
[Colll(en)3]3/2+ systems.1?223536 This unexpected result’” led to a detailed



- examination of the structures and strain in both oxidation states.38-40 The
most convincing argument is that there is a correlation between redox
potential, electron transfer rate and steric factors, and that the dominant
contribution to the rate is the inner-sphere reorganisation term for both
oxidation states.37-39

_ A study of electron transfer reactions between pairs of caged cobalt
ions; showed that their electron transfer rates conform well to the Marcus-
Hush theoretical model.3® For example, the experimentally determined
rate constant for the cross-reaction between [Colll(sar)]?2+ and
[Colll(azamesar)]3+ is 10(1) M-1s-! while the calculated rate constant using
the Marcus cross-relation is 8 - 14 M-1s-1.3¢ This agreement between theory
and experiment arises because of the spherical nature of the ions and the
weak electronic interactions between the reaction partners which is
consistent with the theoretical model.36:41

1.4.4 Charge Transfer Photochemistry

The photochemical properties of cages are completely different from
those of [CollI(NHj3)g]3+. Ultraviolet irradiation (250 nm) of the ammine
complex leads to both photoaquation and photoreduction. Owing to the
encapsulating nature of the cage ligand no net dissociation occurs in the
Co(II) state following ligand to metal charge transfer (LMCT) excitation. By
itself, [Colll(sep)]3+ is inert in the visible region but by forming ion pairs
with oxidisable anions, the complex can act as an electron transfer
photosensitiser as shown in Figure 15.

Colsep)®* + X" =< > {[Co(sep)]**, X}
{[Co(sep)I**, X7} % {Co(sep)**, X'}
{{Co(sep)]**, X} - Col(sep)** + X
X > products
Co(sep)** + A ‘ > Co(sep)®* + A~

Figure 15 [Co(sep)]3* as an electron transfer photosensitiser. X- is either
iodide, oxalate or citrate, and A is an electron acceptor.243
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the peptide ligand, a lowering of the redox potentials occurred.>* This
highlighted the fact that it was also possible to vary the redox potential in
these types of compounds.
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Figure 17

Quite a few acyclic ligands now exist as a result of the peptide
chemistry and a selection of these appear in Figure 17. Much of the early
work has revolved around Cu and Ni compounds,5>-7 but many other
transition metal complexes now exist.’85° Much of what is known about
the fundamental properties of amide groups stems from this research. For
example, the crystal structures of these types of compounds have allowed
an examination of the bonding properties between that of the metal and
the amide ligand. Also, studies for copper, at least, show that the metals
generally interact with the acyclic amide ligand in stages.* Some amide
complexes of copper®and cobalt®! undergo ligand photodecomposition by a
ligand-to-metal charge transfer mechanism. Again the acyclic amide
ligands have the ability to stabilise a variety of metals in higher oxidation
states and the Os(VI) and V(V) diamide complexes (Figure 17c and e) are
examples of this. One limitation of the acyclic systems is that in general

they are less stable than the macrocyclic amide complexes.5?



1.5.2 Macrocyclic Amide Complexes

The production of amide-bearing macrocycles occurs mainly through
direct organic synthesis, and a range of different metal complexes exist with

Cu(Il) and Ni(I) compounds being the most prominent (Figure 18).4:6364

These ligands produce metal complexes with high stability, as well as high
ligand field strengths, for metals that fit into the ligand cavity. Therefore,
they are more selective in their interactions with different metal ions than
the saturated analogues.? However, many first row transition metal
complexes exist with these types of ligands.! Also most of the ligands tend
to favour square-planar coordination induced by the planar amide groups.*
Also, metals in higher oxidation states exist with these ligands. The Fe(IV)2
and possibly Co(IV)! complexes with the ligand systems below are good
examples (Figure 18). :
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1.5.3 Applications of Amide Complexes

Amide complexes have the potential to be useful in a large number
of areas. For example, the [Rulll(bbpc)(PPh3)Cl] complex (Figure 19) acts as a
catalyst for the cyclopropanation of styrene by ethyl diazoacetate.%> The
reaction is rather stereoselective giving a trans:cis ratio of 6:1 (Figure 19).
The complex is also an efficient catalyst for the mediation of atom transfer
reactions to C=C bonds. In this case the most likely intermediate is a
Ru(IV) species stabilised by the chelating diamide ligand. The triamide
compound (A) found in Figure 20 finds use as a renal-function imaging
agent.%6 The [99mTcVO(MAG)3]- complex images only the kidney function
of patients and replaces a more harmful choice. Two other related 99mTcV
compounds show promise in the areas of liver and kidney imaging,
although they are still in the experimental stage.” Experiments show that
in mice at least, both the liver and kidneys clear the acyclic amide (B) from
the body, while only the liver becomes targeted by the cyclic tetraamide (C)
(Figure 20). The carboxyl group of the acyclic ligand B reacts with the free
amine group because of its proximity to the amine, resulting in the
formation of a fourth amide and cyclization of the ring. This
intramolecular cyclization may offer an alternative to the normal methods
used in the production of macrocyclic amide compounds.

a Ct
O, N, N o + NzCH(COzEt)
+PPh, i - PPhy
|
N / P\ =z
I /N PhaN\ I .
I
CI(L)Ru Cl(L)Ru-PPhs CI(L)Ru=CH(CO,Et)
EtO.C
=\
A Ph

K4

Ph

Figure 19
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1.6 Cage Complexes Containing Imine Functions.

The reactions that occur between carbonyl compounds and amines,
in the presence of metal ions, have been exploited widely in macrocyclic
chemistry. Recently the strategy has provided a fruitful route to the
production of imine cage complexes which display properties different
from those of the saturated cages. For example, the presence of an imine
moiety within the cage can alter ring conformation, spectroscopic,
electrochemical and electron transfer properties. This arises from the

contraction and distortion of the CoNg cavity as well as electronic and
conformational effects.

The [Colll(sen)]3+ ion has proved to be a useful template in the
production of these types of cages. For example, the capping reaction of
[Co(sen)]3+ with formaldehyde and 2-phenylethanal results in an imine
cage with a phenyl apical substituent (Figure 21). This type of reaction is
not just restricted to this one template, others also have been used, eg;
[Colll(tame);]3+ and [Colll(tach);]3+. This strategy is also important because
it also allows the introduction of different groups into the caps of the cage
ligand as well as different cavity sizes for the cages.

The properties of the imine function in these complexes have not
been explored except for reduction with NaBHy to give the saturated
analogues. Therefore, one of the aims of this work was to examine the
properties of a series of Co(Ill) di-imine cage complexes. A study of this
nature should generally extend knowledge of metal imine ligand
complexes.98:69 Also an interesting facet of imine cage complexes is that
they allow the prospect of further chemistry. For example, adjacent
methine or methylene carbon groups may be sufficiently acidic to facilitate
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the introduction of functional groups for a variety of chemical, physical
and biological applications. Reactions of this nature have been shown to
occur with macrocyclic imine systems.”?

(5)@( D——(/D)
NSRS

{Co(sen)l3+ CH20
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Figure 21

The production of imine cage complexes is also important for
another reason. It allows the introduction, as mentioned previously, of
specific photo sensitive functional groups in the cap of the formed cages.
Once reduced, to the saturated cage, the complexes can then be used as
combined photoactive and electron transfer agents and to target specific
areas of biology. This will be another area of exploration in this work.
Some background to previous biological uses of cage complexes follows.



1.7 Biological Applications of Cage Complexes.

Cage compounds have been known for more than twenty years and
are certainly active in a biological sense.?? They have been used to remove
toxic metals, for example Cu, from biological systems by complexation
followed by normal elimination of the stable complex.”! Because of the
stability of the metal complexes in the body they have been proposed as
carriers of isotopes of heavy metals for radionuclide therapy or NMR

imaging.20 Also, for example, the anthracene complex

[Coll(Me, AnCH,NHCH>CH>CH,NH-sar)]3+ (Figure 16) intercalates with
DNA with a binding constant of ~105.48 The subsequent irradiation of the
Co(IIT) complex with UV light resulted in the cleavage of the DNA.72

In addition, it has been reported that cage compounds with long
alkyl tails, which are consequently surface-active agents, have the power to
disrupt biological membranes in nematodes and may be useful generally as
anthelmintics.”3:74 Insertion of the surfactant into biological membranes
could also influence other biologiéal conditions. One important feature
appeared to be that the metal cage complex was extracted unchanged i.e.,
without loss of the metal ion. The cage ligands or complexes with varying
substituents have not previously been used as control agents for infections
by retroviruses, hepadnaviruses and flaviviruses but not dissimilar
bicyclam chelates”> appear to be active in this context. Therefore testing the
cage complexes against certain viral diseases seemed a relevant exploration.

1.8 Aims and Scope of this Work.

The previous brief survey highlights some areas of cage chemistry
and exposes others that require further exploration. That is, the chemistry
of amide and imine cage complexes, as well as the antiviral properties of
Co(III) cagé compounds. Therefore the work in this thesis examines these
specific areas in two parts. |

Part 1. Amide Cage Complexes

| To date, relatively little is known about the properties of amide cage
complexes. Therefore one aim was to produce a number of amide cage
complexes with different metals, by different methods, to expand this area
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of chemistry. The study involves their synthesis and structures and an
investigation of the redox and electronic properties of these types of amide
complexes, including their ability to stabilise various metals in higher
oxidation states. By combining the properties of the cage and amido ligands
some stable powerful oxidants were envisaged.

Part 2. Imine and Saturated Amine Cages and their Biological Activity

The synthesis and properties of imine cage complexes needs to be
explored systematically especially those with alkyl substituents. These two
aspects are linked synthetically since the imine syntheses readily allow
different substituents to be introduced into the apical positions and the
imines are easily reduced to the fully saturated cage complexes. Although
long chain alkyl groups have been tied to the cage to give new surface
active agents which are toxic systemically since they lyse red blood cells
easily, the biological properties of the lesser alkylated cages have not been
explored. What is significant in this context is that dicyclam a related twin
macrocyclic ligand has been shown to be active towards inhibiting the AIDS
and hepatitis B viruses’® so it seemed relevant that the properties of the
cages should be explored in this context.
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Unless otherwise specified the following general physical equipment
and procedures were used.

2.1 Starting Materials and Solvents

All chemicals (AR grade) were used as received unless otherwise
specified. General starting materials were prepared according to literature
methods and are referenced in the text. Distilled water was used for all
chromatography while both water and ethanol were used for
recrystallisations.  Solvents (AR grade) were used as received.
Evaporations were performed at reduced pressures (~20 Torr) and in a
water bath at < 50°C using a Biichi rotary evaporator.

Standard inert atmosphere techniques were used where stated in the
text using nitrogen. Where required, solvents were thoroughly purged
with inert gas immediately prior to use.

2.2 Chromatography

For chromatography SP Sephadex C-25 (Pharmacia Fine Chemicals)
and Dowex 50Wx2 (Bio-Rad, 200-400 mesh) cation exchange resins were
used for complex separations and desalting respectively. All column
dimensions are given as length by diameter in cm.

2.3 Hazards and Special Precautions

In synthetic procedures acetic acid was used to quench the
condensation reactions. However on a few occasions hydrochloric acid was
used, care was taken to avoid contact with the fumes when quenching this
reaction as carcinogenic haloethers may have formed. All quenching
reactions were perfbrmed in a well ventilated fumehood. Perchlorate salts

~ were handled carefully as they are potentially explosive.

2.4 NMR Spectroscopy

1H and 13C NMR spectra were acquired on a Varian 300 MHz
spectrometer using standard Varian software. Spectra were referenced
externally against 1,4-dioxane (3.70 ppm vs TMS for 1H NMR spectra and
67.4 ppm vs TMS for 13C NMR spectra). Chemical shifts (§) are in ppm and
are reported as positive chemical shifts downfield from the tetramethyl
silane (TMS (=0)) reference. The 500 MHz 1H NMR spectra were acquired
with a Varian 500 MHz spectrometer using standard Varian software.
These spectra  were referenced internally against



sodium(trimethylsilyl)propanesulfonate (NaTSP). The two dimensional
COSY experiments were obtained using an Inova 600 MHz NMR
spectrometer in conjunction with standard Inova software. Uncertainties
in the chemical shift are typically 0.05 ppm for 1H and 0.5 ppm of 13C. The
quaternary peak assignments were made using DEPT spectra and by analogy
with complexes containing similar chromophores.

2.5 Infra-red Spectroscopy

Infra-red spectra were recorded with either a Perkin-Elmer 683
Spectrometer as KBr disks and the 1601 cm-1 absorption of a polystyrene
film as calibration or a Perkin-Elmer 1800 Fourier-Transform Infra-red
(FTIR) Spectrometer as KBr disks or in D>0.

2.6 Electrospray Mass Spectrometry

Electrospray mass spectra (ESMS) were recorded by Dr Carl Braybrook
(ANU). ESMS of aqueous solutions were recorded using a Fisons/VG
Biotech Quatro II mass spectrometer. The solvent stream was water.

2.7 Structure Determinations

The X-ray structures throughout this thesis were determined by Dr.
A. C. Willis at the Australian National University. The equipment used
and the conditions under which the experimental data were aquired are
described in the relevant experimental sections.

2.8 Electrochemistry
(a) Electrolytes

The electrolytes used in the aqueous electrochemistry were of AR
grade and used without further purification. The electrolyte concentration
in the aqueous electrochemistry was typically 0.05 M or 0.1 M.

The concentration of the electroactive species was generally 1mM.
All samples were purged for ~15 minutes with a continuous flow of
nitrogen prior to data aquisition. Measurements were acquired under a
blanket of nitrogen at ~293(1) K unless otherwise specified.

| (b) Cyclic Voltammetry

Standard electrochemical measurements were performed on a BAS
100 Electrochemical Analyser. Using BAS File Transfer Software, the data

37



38

was transfered to a personal computer, which was then converted to
Macintosh-readable form. The CV's were displayed using a suitable
graphics programme. In all cases, a three electrode system was used with
full iR compensation. The auxiliary electrode consisted of a Pt wire and the
reference electrode was Hg/Hg>Cly/KCl (saturated) (SCE), (241 mV vs SHE).
The working electrode consisted of either an edge plane pyrolytic graphite
(EPG) carbon or mercury electrode. The mercury electrode (Metrohm 663
VA stand, interfaced with an RSC Model-411 interface unit) was generally
used as a hanging mercury drop electrode (HMDE). The EPG electrode was
polished using a suspension of BAS polishing alumina on a polishing
cloth prior to each measurement. The electrode was then rinsed
thoroughly with distilled water and carefully wiped dry with lens tissue.
For the HMDE a new mercury drop was formed prior to commencement of
each measurement. In aqueous solutions the reference electrode was
separated from the cell using a salt bridge containing an aqueous solution
of saturated KCl.

~ 2.9 Electronic Spectroscopy

Electronic absorption spectra were obtained with a Hewlett Packard
8450A UV /Visible spectrophotometer in 1 cm quartz cells. The data were
converted to Macintosh readable forms and the spectra displayed using a
suitable graphics programme. The electronic spectra of the Ni(III)
compounds were obtained by in situ oxidation of the Ni(II) species in 0.1
cm quartz cell in a Perkin-Elmer Lambda 9 UV/Visible/NIR

spectrophotometer coupled to a RSC 424 Thompson Potentiostat Monitor

Unit and a Thompson Electrochemical Ministat Potentiostat.



CHAPTER 3.

The Synthesis and Properties of Functionalised Cage and
Macrocyclic Metal Complexes.
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3.1 Introduction

Ligands possessing amide groups have been extensively investigated
in the last twenty years, as they can stabilise higher oxidation states of some
transition metal ions. These ligands take on many forms, although
macrocyclic amide complexes form the bulk of the examples. A number of
different methods and reagents exist for the preparation of the various
amide ligands. One of the most common procedures is to condense an
ester with a primary amine giving an amide linkage. The use of a template
to perform this condensation is not as prominent in the literature.

13+
H,N H3N
Hz I H2
HSNI””I | \\“\\1\1‘-_4:[\-12 OH" HBNI”"I ‘\\“\\ \
—_— CHy H,0
HNP I WnH, o HNY | ‘Nn@c_
NH, cszo
H,N H,N
Hz H2
Ho. 3Nlln,, J \\\\\\ \CHz (‘fa o 3NI/,,,. l \‘\\\\ \CHz cp
2 -
HaN / \ HN / \
NocH;
°C2H5 NH, ?
\ 12+
H3N
H,
3Nlll,,".. .““\\\\ l ‘
+ CHOOH + OH"
HN” | ‘ﬁ o
NH,
Figure 1

One of the first examples of a template reaction between an ester and
amine, leading to an amido bond, was the hydrolysis of the
[Colll(NH3)sHN2CH2COOC,H5]3+ ion in base (Figure 1).! The metal
contributes to this condensation reaction by making the condensation
intramolecular and therefore much faster and also by increasing the acidity
of NH3. When the metal ion is absent, refluxing conditions and high



dilution techniques are essential for amide bond formation and generally
the yields of these reactions are low. However, the template synthesis

strategy makes cyclic amide ligand production simpler, faster and higher
yielding.
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Another template approach that can lead to the production of a
coordinated amide involves the reaction of a coordinated primary amine
with formaldehyde and a carbon acid ester, such as diethyl malonate in the
presence of base (Figure 2).2 Other acidic ester compounds of the form X-
CH>-COOEt may be used in these types of reactions. However, not all of
these template reactions produce amide linkages. The template reaction
may produce a new six membered ring macrocycle containing pendant
groups, but no amide bond (Figure 3).> The ester condensation does not
compete effectively with the Mannich type reaction and sometimes does
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not take part in the condensation reaction. However, when three amines
are available on a trigonal face, of a template, the ester moiety can be
condensed finally to form an amide bond.?

EtOOC, COOEt EtOOC COOH

o T

N N N

H, H,
N N N,
r N/ j 2CH,0 N/ Ester N\ /
M Diethymalonate M Hydrolysis M

N i

Figure 3

This chapter describes the reaction of the [Colll(sen)]3+ ion with three
different ester compounds leading to the production of two different Co(III)
monoamido complexes, as well as a number of other Co(Ill) compounds.
One of these amide complexes has been demetallated and the free ligand
recomplexed to a range of different metal ions. The main aim of this study
was to examine the effect that amide functionalisation has upon the basic
sar cage with different metal ions.



3.2 Experimental

3.2.1 Section 1. Reaction of [Colll(sen)]3+ with ethyl cyanoacetate
and formaldehyde in aqueous base.

3.2.1.1 Syntheses

[1,1,1-Tris(4-amino-2-azabutyl)ethane)cobalt(Ill)]chloride.H,O [Colll-
(sen)]Cl3.H20 was prepared according to literature methods.4® Anal. Calc.
for C11H30NeCl3Co0.H20: C, 30.8; H, 7.5; N, 19.6; Cl, 24.8. Found C, 30.6; H,
7.7;N, 19.7; Cl, 24.9. 13C NMR (8§, D20): 20.4 (CqCHs); 40.6 (CqCH3); 434, 55.1
(NCHpy); 57.5 (NCH2Cq). IR in KBr (V-max/cm1): 3230, 3180 (NH stretch);
2970, 2960 (C-H stretch); 1630, 1610 (NH, NHj); 1460, 1410 (C-H
deformation); 1080, 1060, 1020 (CH; rock). Low resolution ESMS (80 V)
[m/z, obs (calc) (%) assignment where cage = [12C111H3014N¢2Co]3+]: 302.8
(303) (100%) [Cocage3+ - 2H*]+; 338.7 (339) (9%) [Cocage3+ - H + 35CI]+.

[(1-cyano-8-methyl-2-ox0-3,6,10,13,16,19-hexaazabicyclo[6.6.6licosanato)-
cobalt(ITD]chloride.3.5H,0, [Colll(Me,CN-2-0xosar-H)]1Cl,.3.5H;0, [(2-amino-
1-carboxy-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6}icosanato-2-ene)-
cobalt(III)Ichloride.0.5C2H50H.3.5H20, [(Colll(Me,COOH-2-aminosar-2-
ene)]Cl3,0.5C2H50H.3.5H20, [(1,3,6,10,13,-16,19-heptaaza-8-methylbicyclo-
[6.6.6]icosane)cobalt(Ill)Ichloride.3H,0, [Co-(Meazasar)]Cl3.3H20, [(4-methyl-
amino-2-azabutyl-bis-1,1-(4-amino-2-azabutyl)ethane)cobalt(III)]chloride.-
H70, [Colll(N-Me-sen)ICl3.H20 and [(2-amino-8-methyl-3,6,10,13,-16,19-
hexaazabicyclo[6.6.6]icosanato-2-ene)cobalt(IIl)]chloride.3H,0, [Colll(Me-2-
aminosar-2-ene)]Cl3.3H,0

[Colll(sen)]Cl3.H20 (10 g; 0.023 mol), formaldehyde (20 mL, 36%
solution, 0.24 mol), ethyl cyanoacetate (4 mL; 0.035 mol) and Na;CO3 (7.2 g;
0.07 mol) were stirred in water (40 mL) at 60° C for two hours. The reaction
was quenched with acetic acid, diluted to five litres and adsorbed onto
Dowex 50Wx2 cation exchange resin (25 cm x 5cm). After washing with
water and 1 M HCI elution with 3 M HCI produced two bands; the first red
band (Fraction 1) separated cleanly from an orange fraction which
represented the bulk of the material. The red band was collected and
evaporated to dryness via rotary evaporation to yield the chloride salt. This
was then redissolved in ethanol and taken back to dryness in an attempt to
remove the last traces of HCl. Fraction 1 the 13C NMR spectrum of
displayed sixteen signals consistent with the formation of a unsymmetrical
cage complex. The NMR spectra of this band were consistent with the
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species [Colll(Me,CN-2-oxosar-H)]2+. Yield = 2.7 g (23%). Anal. Calc. for
C16H30N7Cl12C00.3.5H20: C, 37.4; H, 7.3; N, 19.1; C], 13.8. Found C, 37.5; H,
7.0; N, 19.1; Cl, 13.4. 1H NMR (9, D20): 0.86 (s, 3H, CHj3 tail); 2.30 - 3.51
V(complex pattern, 21H, NCHjy); 3.82 (m, 1H, CHjy). 13C NMR (3, D20): 20.8
(CqCH3); 41.4 (C_qCH;;); 58.0 (CqC=0); 47.1, 50.5,52.1, 52.6, 52.8, 53.3, 55.0, 55.1,
55.3, 55.6, 55.7 (NCH3); 116.8 (C=N); 171.3 (C=0). IR in KBr (V-max/cm-1):
3148, 3072 (NH stretch); 2960, 2868 (C-H stretch); 2250 (C=N); 1621, 1605 (C=0
amide stretch); 1448, 1420, 1400 (C-H deformation); 1370, 1323, 1277, 1173 (C-
H twist); 1173, 1121, 1058, 1022, 916, 882, 846, 755 (C-H rock). Low resolution
ESMS (50 V) [m/z, obs (calc) (%) assignment where cage =
[12C161H3014N759C0160,]2+]: 393.8 (394) (100%) [Cocage2* - H*]*; 411.9 (412)
(35%) [Cocage2t + 35CI-]+; 429.8 (430) (20%) [Cocage?* - H + HyOJ+. A small
amount of the chloride complex (0.10 g) was converted into the perchlorate
salt by adding solid NaClO4 to an aqueous solution of the compound and
upon slow evaporation in the air crystals suitable for x-ray analysis formed.
After taking the orange fraction to dryness it was rechromatographed on
SP-Sephadex C-25 cation exchange resin. Elution with 0.2 M NaCl
produced two bands the first of which was collected, desalted on Dowex,
and dried (Fraction 2). The second fraction was desalted on Dowex,
rechromatographed on Sephadex, and elution with 0.25 M K3SO4 gave
three more bands (Fractions 3, 4 and 5). All three fractions were desalted on
Dowex, eluted with 3 M HCl, and dried. Each fraction was then redissolved
in ethanol and taken back to dryness in an attempt to remove the last traces
of HCL

Fraction 2. The 13C NMR spectrum of Fraction 2 displayed sixteen
signals consistent with an unsymmetrical cage complex. The NMR spectra
are consistent with the species [Colll(Me,COyH-2-aminosar-2-ene)]3+. Yield
=1.9 g (14%). Anal. Calc. for C16H33N7Cl3C00,.0.5CoHs0H.3.5H0: C, 33.6;
H, 6.6; N, 16.2; Cl, 17.5. Found C, 33.3; H, 6.5; N, 16.2; Cl, 17.2. 1H NMR (3,
D70): 0.86 (s, 3H, CHj tail); 2.25 - 3.42 (complex pattern, 21H, NCHpy); 3.72 (m,
1H, CHjy). 13C NMR (8, D0): 20.7 (CqCH3); 42.0 (CqCH3); 62.1 (CqCNHy);
49.2, 52.5, 53.6, 54.3, 54.7, 54.8 (double intensity), 55.0, 55.3, 55.9, 56.3, 55.7
(NCHy3); 169.4 (N=CNH)3); 173.6 (CqCOOH). IR in KBr (V-max/cm-1): 3479,
3426, 3359, 3140 (NH stretch); 3088, 3041 (OH stretch); 2962, 2863 (C-H
stretch); 2553, 2469 (OH stretch); 1723 (C=0 stretch); 1671 (C=N stretch); 1599
(NHz> in-plane bending); 1465, 1433 (C-H deformation); 1390 (C-CHgs); 1329,
1262 (C-H twist); 1250 (OH bend); 1144, 1118 (C-N-C stretch); 1068, 1055, 1020,
917, 716 (CHj rock). Low resolution ESMS (80 V) [m/z, obs (calc) (%)



assignment where cage = [12C141H3314N759C0160,]3+]: 367.8 (368) (100%)
[Cocage3+ - 2H+ - CO,]+; 411.8 (412) (20%) [Cocage3+ - 2H*]*.

Fraction 3. Yield = 0.29 g (3%). The NMR spectra are consistent with
the species [Colll(azamesar)]3+. Anal. Calc. for C14H33N7Cl13C0.3H20: C,
32.4; H,7.6; N, 18.9; Cl, 20.5. Found C, 32.2; H, 7.2; N, 19.2; Cl, 20.2. 1H NMR
(8, D20): 1.02 (s, 3H, CH3 tail); 2.31 - 3.52 (complex pattern, 18H, NCH3); 3.57,
4.42 (AB quartet, 6H, CHp). 13C NMR (8, D20): 20.3 (CqCH3); 43.2 (CqCHz);
53.4, 54.7 (NCH>); 56.2 (NCHC); 67.9 (NCH2N). IR in KBr (v-max/cm-1):
3060 (NH stretch); 2960, 2860 (C-H stretch); 1450, 1405 (C-H deformation);
1070, 1060, 1030, 1005, 990, 840, 720 (CH> rock). Low resolution ESMS (80 V)
[m/z, obs (calc) (%) assignment where cage = [12C141H3314N7°2Co]3+]: 355.8
(356) (100%) [Cocage3* - 2H*1+; 391.7 (392) (23%) [Cocage3+ - H* + 35CL-1+.

Fraction 4. Yield = 1.8 g (18%). The NMR spectra are consistent with
the species [Colll(N-Me-sen)]3+. Anal. Calc. for C12H3;N¢Cl3Co0.H20: C, 32.5;

H, 7.7; N, 18.9; Cl, 24.0. Found C, 32.8; H, 7.2; N, 18.7; Cl, 23.8. 1H NMR (3,

D70): 0.72 (s, 3H, CHs tail); 2.01 - 3.10 (complex pattern, 21H, NCH>, NCH3).
13C NMR (9, D20): 20.3 (CqCHz); 38.5 (NCH3); 43.2 (CqCH3); 42.9, 44.1, 54.6
(double intensity), 54.9 (double intensity), 56.0, 57.5, 58.0 (NCHp3). IR in KBr
(V-max/cm-1): 3260 (NH stretch); 2860 (C-H stretch); 1600 (NHjy); 1415, 1405
(C-H deformation); 1165 (N-CHj3); 1090, 1050, 1040 (CH> rock). Low
resolution ESMS (80 V) [m/z, obs (calc) (%) assignment where cage =
[12C121H3714Ng>9Co]3+]: 316.9 (317) (100%) [Cocage3+ - 2H+]*; 352.8 (353) (42%)
[Cocage3+ - H+ + 35CI]+; 302.8 (303) (37%) [Cocage3+ - H+ - CHs]*.

Fraction 5. The 13C NMR spectrum of Fraction 5 displayed fifteen
signals consistent with the formation of an unsymmetrical cage complex.
The NMR spectra are consistent with the species [Colll(Me-2-aminosar-2-
ene)]3+. Yield = 1.2 g (10%). Anal. Calc. for C15H33N7Cl3Co0.3H0: C, 33.9; H,
7.4; N, 18.5; Cl, 20.0. Found C, 33.9; H, 7.4; N, 18.4; Cl, 20.0. 1H NMR (8,
D70): 0.87 (s, 3H, CHj3 tail); 2.22 - 3.43 (complex pattern, 21H, NCH3); 3.55 (m,
1H, CHjy). 13C NMR (8, D20): 20.8 (CqCHy3); 42.5 (CqCHg3); 50.1 (CqQCNH0y);
46.9, 47.8, 48.5, 54.2, 54.7, 54.8, 55.2, 55.3, 55.6, 55.7, 56.1 (NCH>); 169.4
(N=CNH)3). IR in KBr (V-max/cm-1): 3415, 3072 (NH stretch); 2960, 2860 (C-H
stretch); 1654 (C=N stretch); 1618 (NH in-plane bending); 1445, 1404 (C-H
deformation); 1328, 1287, 1261, 1229, 1171 (C-H twist); 1073, 1050, 1034 (C-H
rock). Low resolution ESMS (80 V) [m/z, obs (calc) (%) assignment where
cage = [12C151H3314N7°9Co]3+]: 367.8 (368) (100%) [Cocage3+ - 2H*]+; 403.8
(404) (28%) [Cocage3+ - H+ + 35CI-]+; 439.8 (440) (12%) [Cocage3+ - H* + 35Cl- +
2H,0Of*.

45



46

Attempted demetallation of [(1-cyano-8-methyl-2-0x0-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]icosanato)cobalt(III)]chloride.3.5H20, [Colll(Me,CN-2-
oxo-sar-H)]Cl».3.5H50.

[Colll(Me,CN-2-oxosar-H)]Cl,.3.5H20 (28.8 g; 0.06 mol) was dissolved
in 200 mL of water and to this was added a solution of CoCl2.6H0 (14.28 g;
0.06 mol) in 100 mL of water. KCN (74.6 g; 1.15 mol) was also dissolved in
150 mL of water and both solutions were deoxygenated with N> for

- approximately one hour. After this time the KCN solution was added

dropwise over a period of ten minutes. As the cyanide was added a green
precipitate formed, however this redissolved shortly after all of the KCN
was added. The resulting mixture was heated to 40° C and stirred for one
week; over this time the solution changed from red to pale yellow.
Separation of the ligand from the cyanide consisted of precipitating out the
KCN with ethanol (2 L) filtering the solution and removing the solvent
under vacuum. The residue was then redissolved in ethanol (200 mL),
refiltered to remove more KCN and once again taken to dryess. This
procedure was repeated until no more KCN could be observed. NMR
studies confirmed that the white solid obtained was a mixture of products
none of which corresponded to the desired amide free ligand. The apical
nitrile group was noticeably absent from the 13C NMR while both the 1H
and 13C NMR indicated the solid comprised largely decomposition
products and characterisation was not pursued further.

Attempted oxidation and reduction of amidine complexes to produce a
saturated cage.

Reaction with NaNO; and HCl.

A solution of [Colll(Me-2-aminosar-2-ene)]Cl3.3H20 (3.6 g; 6.3x10-3
mol) and LiCl (8 g; 0.19 mol) in water (40 mL) was cooled in ice to below 5°
C. NaNOz; (1.74 g; 0.025 mol) was added and the mixture stirred until all
the solid had dissolved. A slight effervescence occurred and the solution
was left standing for thirty minutes. After this time conc. HCI (1.3 mL;
0.013 mol) was added and cooling was continued for a further thirty
minutes. Finally, more conc. HCl (5 mL) was added producing a
yellow/orange precipitate, and the solution was then allowed to warm to
room temperature. After diluting with water (1 L) the reaction mixture
was loaded onto a Dowex column (10 cm x 5 cm). The column was washed



with water (1 L), 1 M HCl and then eluted with 3 M HCl to produce a single
orange band. The NMR spectra of the collected band showed that the
starting material was recovered unchanged.

Reaction with concentrated HNO3

[Colll(Me-2-aminosar-2-ene)]Cl3.3H20 (1 g; 2.1x10-3 mol) was added to
conc. HNO3 (50 mL) at 100° C rapidly with stirring and the complex
dissolved immediately. The resultant solution was heated and stirred for
sixty minutes. After this period the mixture was diluted with water (1 L)
and sorbed onto Dowex 50Wx2 cation exchange resin where it was washed
with water (1 L), 1 M HCI and finally eluted with 3 M HCl to produce a
single orange band. The NMR spectra of the collected band showed that the
starting material was recovered unchanged.

Reaction with NaBHjy.

[Colll(Me-2-aminosar-2-ene)]Cl3.3H20 (1 g; 2.1x10-3 mol) was
dissolved in a carbonate buffer solution (pH 10) and to this was added
NaBHz4 (1 g; 0.03 mol). This solution was stirred for one hour. The reaction
was quenched with acetic acid, diluted to four litres with water and sorbed
onto Dowex 50Wx2 cation exchange resin. The column was washed with
water (1 L), and 0.5 M HCI (1 L), and finally eluted with 3 M HCl to yield a
single orange band. The NMR spectra of the collected band showed that the
starting material was recovered unchanged.

Attempted reduction with Pd/C.

[Colll(Me-2-aminosar-2-ene)]Cl3.3H0 (1 g; 2.1x10-3 mol) was partly
dissolved in dry methanol and to this was added 10% Pd/C (0.5 g). The
mixture was placed in a hydrogenator at 30 psi (1 week) and during this
time the vessel was evacuated and refilled with Hy five times. The
charcoal was removed by filtration and the methanol filtrate taken to
dryness under reduced pressure. The residue was dissolved in water and
placed on a SP-Sephadex C-25 cation exchange column. After washing with
water (1 L), the column was eluted with 0.05 M Nagzcitrate producing two
separate orange bands. These were collected, and then desalted on Dowex
50Wx2 cation exchange resin. NMR spectra of each band indicated that the
complexes isolated were [Co(sen)]Cl3 (0.34 g) and starting material (0.25 g).
This indicated that the process had partly destroyed the amidine cage.
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3.2.1.2  X-ray Crystallography of [Colll(Me,CN-2-0xo0sar-
H)1(C104)3/5.Cl1/2.H20

Data Collection

A small orange crystal of the Co(Ill) monoamido complex having
approximate dimensions of 0.17 x 0.09 x 0.07 mm was mounted on a quartz
fibre. All measurements were made on a Rigaku AFC6R diffractometer
with graphite monochromated Cu-Ko radiation and a 12 kW rotating
anode generator. A LN2 refrigeration fixed tube low temperature system
was used to cool the crystal to -60° C. Cell constants and an orientation
matrix for data collection were obtained from a least squares refinement
using the setting angles of 24 carefully centered reflections in the range
104.41° < 26 < 109.82° and corresponded to a C-centered monoclinic cell
with dimensions a = 26.143(1) A, b = 10.794(2) A ¢ = 17.061(2) Aand V =
4564.9(9) A3. For Z = 8 and F.W. = 580.31, the calculated density is 1.69
g/cm3. Based on the systematic absences of: hkl: h+k # 2n, hOl: 1 # 2n

- packing considerations, a statistical analysis of intensity distribution and

the successful solution and refinement of the structure, the space group
was determined to be C2/c (# 15). The data were collected at a temperature
of -60 £ 1° C using the ® - 20 scan technique to a maximum 26 value of
120.0°. Omega scans of several intense reflections, made prior to data
collection, had an average width at half height of 0.33° with a take-off angle
of 6.0°. Scans of (1.10 + 0.30 tan 8)° were made at a speed of 16.0°/min (in
omega). The weak reflections (I < 10.06(I)) were rescanned (maximum of
four scans) and the counts were accumulated to ensure good counting
statistics. Stationary background counts were recorded on each side of the
reflection. The ratio of peak counting time to background counting time
was 2:1. The diameter of the incident beam collimator was 0.5 mm, the
crystal to detector distance was 400 mm, and the detector aperture was 15.0 x
8.0 mm (horizontal x vertical).

Data Reduction

Of the 3734 reflections collected, 3598 were unique (Rint = 0.028). The
intensities of three representative reflections were measured after every 150
reflections. No decay correction was applied. The linear absorption
coefficient, u, for Cu-Ko radiation is 85.9 cm™l. An analytical absorption
correction was applied which resulted in transmission factors ranging from
0.40 to 0.58. The data were corrected for Lorentz and polarisation effects.



Structure Solution and Refinement

The structure was solved by direct methods’ and refined using
Fourier techniques.® The non-hydrogen atoms were refined
anisotropically. The hydrogen atom coordinates were refined but their
isotopic B values were fixed. The final cycle of full-matrix least-squares
refinement was based on 2284 observed reflections (I > 3.000(I)) and 404
‘ variable parameters and converge (largest parameter shift was 0.04 times its
esd) with unweighted and weighted agreement of: R = Z||Fol -
|Fcl | /Z1Fol =0.033 and Ry = ((Zo(! Fol - | Fcl)2/ZwFo02)))1/2 = 0.026. The
standard deviation of an observation of unit weight was 1.64. The
weighting scheme was based on counting statistics and included a factor (p
= 0.006) to downweight the intense reflections. Plots of Zo(|Fol - [Fcl)2
verses |Fol, reflection order in data collection, sin 8/A and various classes
of indices showed no unusual trends. The maximum and minimum
peaks on the final difference Fourier map corresponded to 0.30 and -0.32 e~
/ A3, respectively. Neutral atom scattering factors were taken from Cromer
and Waber.” Anomalous dispersion effects were included in Fcalcl0; the
values for Af and Af" were those of Creagh and McAuley.!! The values for
the mass attenuation coefficients are those of Creagh and Hubbel.12 All
calculations were performed using the texsan!3 crystallographic software
package of the Molecular Structure Corporation.

3.2.2 Section 2. Reaction of [Colll(sen)]3+ with ethyl acetoacetate
and formaldehyde in aqueous base.

3.2.2.1 Syntheses

[(1-carboxy-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosanato)cobalt-
(fII)1chloride.0.5C2H50H.H,0, [Colll(Me,COOH-sar)1Cl3.0.5C2HsOH.H, 0, [(6-
(4-amino-2-azoniabutyl)-13-ethoxycarbonyl-13-methylenehydroxy-6-
methyl-1,4,8,11-tetraazacyclotetradecane)cobalt(Ill)]chloride.0.5C,H5OH.-
2.5H,0, [CollI{CO2H,CH20H}-Me-de-sar)]Cl3.0.5C;HsOH.2.5H20 and [(6-(4-
amino-2-azoniabutyl)-13-carboxy-13-methylenehydroxy-6-methyl-1,4,8,11-
tetraazacyclotetradecane)cobalt(III)Jchloride.0.5C,HsOH.2.5H,0,
[Co'I({CO2Et,CH2OH}-Me-de-sar)]Cl3.0.5C,HsOH.2.5H,0.

[Colll(sen)]Cl3.H20 (20 g; 0.05 mol), formaldehyde (50 mL; 36%
solution; 0.6 mol), ethyl acetoacetate (10 mL; 0.08 mol) and NaCO3 (10 g;
0.1 mol) were stirred in water (200 mL) for two hours. The reaction was
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quenched with acetic acid, diluted to five litres and absorbed onto a SP-
Sephadex C-25 cation exchange column (100 cm x 10 cm). After the column
was washed with water, the complexes were eluted with 0.05 M trisodium
citrate. In this case an initial yellow band (1) was followed successively by
an orange band (2), a small dark orange band (not isolated) and three
separate orange bands (3), (4) and (5). All the collected fractions were then
desalted on Dowex 50Wx2 cation exchange columns with HCI; then
reloaded separately onto Sephadex and eluted again with 0.05 M trisodium
citrate to free each of the complexes of minor impurities. The recovery of
the isolated fractions consisted of desalting each band on Dowex/HCI and
drying; each band was then redissolved in ethanol and taken to dryness in
an attempt to remove the last traces of HCL

Fraction 1. The 13C NMR spectrum displayed eight signals indicating
that the complex possessed C3 symmetry. The NMR spectra were
consistent with the species [Colll(Me,COzH-sar)]3+ and comparison with an
authentic sample confirmed this. Yield = 4.4 g (16%). Anal. Calc. for
C16H34NgCl13C002.0.5C2H5OH.H,0: C, 37.8; H, 7.4; N, 14.7; Cl, 18.6. Found C,
37.4; H, 7.7; N, 14.6; Cl, 18.8. 1TH NMR (8§, D>0): 0.80 (s, 3H, CHj3 tail); 2.23,
2.89 (AA'BB' coupling pattern, 12H, CHj; en); 2.55, 3.11 (Distorted AB
doublet of doublets, 8H, CHj; caps). 13C NMR (3, D,0) 20.2 (CqCH3s); 42.8
(CqCH3); 55.1 (CqCOOH); 52.6, 55.3, 55.4 (double intensity) (NCHy); 174.1
(CqCOOH). IR in KBr (v-max/cm-1): 3040 (NH stretch); 2970, 2870 (C-H
stretch); 1725 (COOH stretch); 1460, 1450, 1405 (C-H deformation); 1050, 710
(CH3 rock). Low resolution ESMS (50 V) [m/z, obs (calc) (%) assignment
where cage = [12C161H3414Ng°9C0160,]3+]: 398.8 (399) (100%) [Cocage3+ -
2H*]+; 354.8 (355) (1%) [Cocage3+ - 2H+ - CO2]+; 434.8 (435) (4%) [Cocage3+ -
H+ + 35CI]+.

Fraction 2. The 13C NMR spectrum displayed sixteen signals
consistent with the formation of a unsymmetric cage complex. The NMR
spectra were consistent with the species [Colll({CO2H,CH20H}-Me-desar)]3+.
Yield = 2.0 g (7%). Anal. Calc. for C16H36NgCl13C003.0.5C2H50H.2.5H20: C,
33.7,H,72;N, 14.7; Cl, 18.6. Found C, 33.9; H, 7.8; N, 14.6; Cl, 18.6. TH NMR
(8, D20): 0.78 (s, 3H, CH3 tail); 2.11 - 3.35 (complex pattern, 22H, NCHy); 3.51
(d, 1H, CH,OH); 3.63 (d, 1H, CH,OH). 13C NMR (8, D2O): 20.2 (CqCH3); 42.9
(CqCH3); 57.7 (HOOCCqCH,0H); 39.5, 47.1, 49.5, 51.1, 53.7, 54.0, 54.2, 54 .4,
55.8, 56.1, 57.8 (NCHpy); 66.2 (CH,OH); 173.4 (HOCH,CqCOOH). IR in KBr
(V-max/cm1): 3060 (NH stretch); 2860 (C-H stretch); 1740 (COOH stretch);
1630 (NHy); 1460, 1450, 1405 (C-H deformation); 1285 (CH,OH bend); 1050



(CH20H, CHj rock). Low resolution ESMS (80 V) [m/z, obs (calc) (%)
assignment where cage = [12C161H3614Ng59C01603]3+]: 386.9 (387) (100%)
[Cocage3+ - 2H+ - CH0]+; 416.8 (417) (12%) [Cocage3+ - 2H+]+; 452.8 (453) (8%)
[Cocage3* - H* + 35CI-]+; 342.9 (343) (6%) [Cocage3+ - 2H+ - CH,0 - CO.J*.

Fraction 3. Yield = 4.1 g (13%). The 13C NMR spectrum displayed
eighteen peaks consistent with the formation of a partially-capped cage
complex of low symmetry. The NMR spectra are consistent with the
species [CollI({CO2Et,CH2OH}-Me-desar)]3+. Anal. Calc. for
C18H40NCl3C003.0.5C2H5s0H.2.5H,0: C, 37.3; H, 8.0; N, 13.0; Cl, 16.5.
Found C, 37.0; H, 7.8; N, 13.5; Cl, 16.9. 1H NMR (3, 500 MHz, D;0): 0.78 (s,
3H, CHj3 tail); 1.16 (m, 3H, OCH,CH3); 2.10 - 3.31 (complex pattern, 22H,
NCHy); 3.51 (d, 1H, CH,OH); 3.63 (d, 1H, CH,OH); 4.14 (m, 1H, OCH,CH3);
4.21 (m, 1H, OCH>CH3). 13C NMR (8, D20): 13.9 (OCH2CH3); 20.2 (CqCH3);
42.9 (CqCH3); 57.7 (CqCOOE?); 43.1, 48.2, 51.0, 51.2, 53.5, 54.1, 54.3, 54.4, 54.6,
55.8, 55.9 (NCH)y); 64.8 (OCH,CHzg); 66.4 (CqCH>0H); 178.2 (CqCOOEt). IR in
KBr (V-max/cm-1): 3050 (NH stretch); 2860 (C-H stretch); 1720 (COOEt
stretch); 1600 (NH>); 1460, 1450, 1405 (C-H deformation); 1280 (CH>OH); 1070
(CH>0H); 1050, 1035 (CH2 rock). Low resolution ESMS (80 V) [m/z, obs
(calc) (%) assignment where cage = [12C181H4914Ng59C01603]3+]: 480.8 (481)
(18%) [Cocage3+ - H* + 35CI]+; 444.9 (445) (100%) [Cocage3+ - 2H]+; 316.9 (317)
(55%) [Cocage3+ - C6H1003]+; 302.8 (303) (24%) [Cocage3+ - C7H1,03]+; 414.9
(415) (19%) [Cocage3+ - 2H+ - CH20]+; 386.8 (387) (15%) [Cocage3+ - 2H* -
CH,0 - CoHs]*; 330.8 (331) (9%) [Cocage3+ - CsHgOs]+.

Fraction 4. Yield = 3.6 g (16%). The NMR spectra were consistent
with the species [Colll(N-Me-sen)]3+.

Fraction 5. Yield = 7.2 g (36%). The NMR spectra are consistent with
the species [Colll(sen)]3+.

3.2.3 Section 3. Reaction of [Coll(sen)]3+ with Diethyl Malonate
and formaldehyde in aqueous base.

3.2.3.1 Syntheses

Preparation of FellCl,

~

FellCl, was prepared by suspending partly oxidised FellCl; in
methanol containing iron filings and a trace of HCl. The mixture was
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stirred under nitrogen until the solution became a clear pale green
whereupon the filings were then removed by filtration and the methanol

~ evaporated off under vacuum. The resultant pale green powder was then
- stored under nitrogen until required.

. | -[1-Carboxy-8-methyl-2-0x0-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosanato)-

cobalt(IIl)lchloride.0.5C,H50H.2H20, [Colll(Me,CO2H-2-0x0sar-H)]Cl>.-
0.5C2H50H.2H,0

This compound was prepared according to a literature method.?
Formaldehyde (103 mL; 36% solution; 1.23 mol), diethyl malonate (37 mL;
0.25 mol) and NaCOj3 (65.5 g; 0.62 mol) were added to a stirred solution of
[Colll(sen)]C13.H0 (50 g; 0.12 mol) in water (500 mL). The mixture was
stirred, and every four hours (on average) formaldehyde and diethyl
malonate were added (1 mL each). The solution slowly became dark red.
After four days the reaction was diluted to 5 L with water, quenched with
acid and sorbed onto SP-Sephadex C-25 cation exchange resin. Elution with
0.05 M trisodium citrate produced four separate bands comprising a major
red band followed by three separate minor orange bands. The first red band
was collected and desalted on Dowex 50Wx2 cation exchange resin, with
HC], while the other bands were not isolated. After drying the red band it

~was redissolved in a solution of ethanol (200 mL) and water (200 mL);

potassium carbonate (10 g) was added and the resultant mixture heated at
reflux for three hours to hydrolyse the ester group. The reaction mixture
was neutralised with acetic acid, diluted to three litres with water and
sorbed onto Dowex. The column was washed with water and 1 M HCl
before a single red band was eluted with 3 M HCI. This was collected, dried
and then recrystallised from ethanol. Yield = 44 g (67%). Anal. Calc. for
C16H31NgC12C003.0.5C2,HsOH.2H0: C, 37.5; H, 7.0; N, 15.4; Cl, 13.0. Found
C,37.7;H,7.4; N, 15.6; Cl, 12.9. IH NMR (8§, D;0): 0.86 (s, 3H, CHs tail); 2.33 -
3.44 (complex pattern, 21H, NCH3y); 3.83 (m, 1H, CH,NC=0). 13C NMR (3,
D,0): 21.0 (CqCH3); 41.6 (CqCH3); 63.3 (CqCC=0); 46.9, 53.2, 53.6, 54.0, 54.6,
55.1 (double intensity), 55.3, 55.5, 55.7, 57.0 (NCH>); 175.5 (CqCOOH); 178.2
(C=0). IR in KBr (V-max/cm1): 3412, 3090 (NH stretch); 2875 (C-H stretch);
1727 (C=0 stretch); 1599 (C=0 amide); 1465 (C-H deformation); 1365 (CH3
symmetrical deformation); 1272 (OH bend); 1213, 1144 (C-H twist); 1076,
1050, 915, 843, 766, 708 (CHpy rock). Low resolution ESMS (50 V) [m/z, obs
(calc) (%) assignment where cage = [12C161H3114Ng%2C01603]2+]: 412.8 (413)
(65%) [Cocage?+ - H+]*; 369.9 (370) (11%) [Cocage2+ - H - COp]*.



1-Carboxy-8-methyl-2-ox0-3,6,10,13,19-hexaazabicyclo[6.6.6]icosane.- -
0.5C>H50H.3.5H20, Me,CO2K-2-0x0sar.0.5C2H50H.3.5H,0

[Colll(Me,CO,H-2-oxosar-H)]Clp.0.5C,H50H.2H>0 (50.0 g; 0.103 mol)
was dissolved in 150 mL of HO and to this was added a solution of
ColICl,.6H20 (26.2 g; 0.11 mol) in 100 mL of HyO. A second solution of
KCN (134.2 g; 2.06 mol) in 250 mL of HpO was added dropwise, over a
period of ten minutes, after both solutions were deoxygenated with N for
approximately one hour. The resultant solution was stirred at ~20° C in the
N> atmosphere for one week and over this time the colour changed from
red to pale yellow. Separation of the ligand from the cyanide consisted of
precipitating out the KCN with ethanol (2 L), filtering the solution and
removing the solvent under vacuum. The residue was redissolved in
ethanol (200 mL), refiltered to remove more cyanide and once again taken
to dryness. This procedure was repeated until no more KCN was observed.
Both the NMR of the product and the microanalysis showed the product to
be contaminated with ethanol. Yield = 38 g. Anal. Calc. for
C16H3Ng03K.0.5C,H50H.3.5H,0: C, 42.5; H, 8.8; N, 17.5. Found C, 42.7; H,
9.3; N, 17.7. TH NMR (3, D20): 0.58 (s, 3H, CHj tail); 2.51 - 2.83 (complex
pattern, 8H, NCHy); 2.78, 3.20 (AA'BB' spin system, 12H, CHp en); 3.25 (m,
2H, NCHy). 13C NMR (8, D20) 24.1 (CqCH3); 37.3 (CqCH3); 40.2 (CqCOO");
48.1,48.2,49.8,53.7,58.1, 60.5 (NCH)>); 176.2 (CqCOO"); 178.6 (C=0). IR in KBr
(V-max/cm-1): 3417 (NH stretch); 2926, 2849 (C-H stretch); 1630 (C=0O amide
stretch); 1591 (COO-K+* antisymmetrical stretch); 1464 (C-H deformation);
1350 (COOK* symmetrical stretch); 1125 (C-N-C stretch).

[(1-Carboxy-8-methyl-2-oxo-3,6,10,13,19-hexaazabicyclo[6.6.6]icosanato)-
nickel(II)lperchlorate.H,0, [Nill(Me, CO,--2-0x0sar)|C104.H20

Me,CO2K-2-oxosar.0.5CoHsOH.3.5H>0 (5.0 g; 0.01 mol) was dissolved
in 100 mL of HyO with stirring. A second solution of NillOAc;.4H70 (2.6 g;
0.01 mol) and triethylamine (1.1 g; 0.01 mol) in 100 mL of H20O was also
prepared and both solutions were then deoxygenated, with N, for
approximately thirty minutes. The nickel(Il) solution was added dropwise
to the ligand solution with stirring. After several hours the pink solution
was diluted to 2 L with water, acidified with acetic acid and sorbed onto a
SP-Sephadex C-25 cation exchange column (30 cm x 5 cm). The column was
initially washed with water and elution with 0.25 M NaClO4 produced two
pink bands. The first fraction was collected and reduced in volume, while
the second very minor band was not recovered. The isolated band was
acidified with a few drops of acetic acid and kept at ~20° C for several days.
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The pink product that precipitated was collected, washed with ethanol and

ether and air dried. Further crops were obtained by allowing the acidified

' filtrate to continually evaporate in air. Finally, a crop of mauve crystals

suitable for x-ray analysis were obtained. Yield = 2.0 g (37%). Anal. Calc. for
C16H31N¢CINiO7.H0: C, 36.1; H, 6.3; N, 15.8; Cl, 6.7. Found C, 36.0; H, 6.8;

N, 15.5; Cl, 6.8. IR in KBr (V-max/cm-1): 3575, 3400, 3290, 3237 (NH stretch);
2933, 2880 (C-H stretch); 1709, 1691 (C=0O amide stretch); 1602 (COO-

asymmetric stretch); 1457, 1432 (C-H deformation); 1374 (CH3 symmetrical
deformation); 1354 (COO- symmetric stretch); 1277, 1218 (C-H twist); 1100
(CIO4'); 992, 912, 898, 870, 846, 799, 733 (C-H twist); 620 (ClO4"). IR of the
deuterated complex in KBr (V-max/cm-1): 2928, 2876 (C-H stretch); 2438 (ND
stretch); 1685 (C=0 amide stretch); 1604 (COO- asymmetric stretch); 1467 (C-
H deformation); 1359 (COO- symumetric stretch); 1342, 1264 (C-H twist); 1105
(ClOg); 926, 891, 854, 808, 753 (C-H twist); 624 (ClOy). IR of the deuterated
complex obtained from basic D20 in KBr (v-max/cm-1): 2958, 2925, 2873 (C-H
stretch); 2444 (ND stretch); 1577 (COO- asymmetric stretch, C=O amido
stretch); 1455 (C-H deformation); 1350 (COO- symmetric stretch); 1312, 1262,
1222, 1194 (C-H twist); 1093, 1027, 1013 (ClOy"); 978 (C-H twist); 623 (ClOy").
Low resolution ESMS (25 V) [m/z, obs (calc) (%) assignment where cage =
[12C161H3114Ng%9Ni1603] t]: 413.0 (413) (100%) [Nicage*]*; 369.0 (369) (15%)

[Nicaget - COs]*.

[(8-Methyl-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6]icosanato)copper(Il)]-
perchlorate.H,O, [Cull(Me-2-oxosar-H)1(C104)2.H,0O

Me,CO2K-2-oxosar.0.5C2HsOH.3.5H20 (5.0 g; 0.01 mol) was dissolved
in 100 mL of HpO with stirring. A second solution of CullOAcy.4H,0 (2.1 g;
0.01 mol) and triethylamine (1.1 g; 0.01 mol) in 100 mL of H,O was also
prepared and both solutions were then deoxygenated, with Np, for
approximately thirty minutes. The copper(Il) solution was added dropwise
to the ligand solution with stirring. After several hours the blue solution
was diluted to 2 L with water, acidified with acetic acid and sorbed onto a
SP-Sephadex C-25 cation exchange column (30 cm x 5 cm). The column was
washed with water. Elution with 0.25 M NaClO4 produced two blue bands.
The first fraction was collected and reduced in volume, while the second
very minor band was not recovered. The isolated band was acidified with a
few drops of acetic acid and kept at ~20° C for several days. The blue
product that precipitated during this time was collected, washed with
ethanol and ether, and air dried. Further crops were obtained by allowing
the acidified filtrate to continually evaporate in air. Finally, a crop of blue



crystals suitable for x-ray analysis were obtained. Analysis of the product
indicated that the apical carboxyl group was absent from the complex and
two perchlorate counter ions were present. Yield = 3.1 g (57%). Anal. Calc.
for C15H32NgCloCuQ9.H70: C, 30.4; H, 5.8; N, 14.2; Cl,12.0. Found C, 30.1; H,
5.9; N, 14.4; Cl, 12.1. IR in KBr (V-max/cm-1): 3417, 3288, 3248 (NH stretch);
2880 (C-H stretch); 1656 (C=0 amide stretch); 1461, 1425 (C-H deformation);
1090 (ClOy); 955, 929, 874, 791 (C-H rock); 620 (ClO47). IR of the deuterated
complex in KBr (V-max/cm-1): 2933, 2879 (C-H stretch); 2407 (ND stretch);
1649 (C=0 amide stretch); 1461 (C-H deformation); 1352 (C-H twist); 1090
(C10y¢7); 921 (C-H twist); 626 (ClO47). IR of the deuterated complex obtained
from basic D70 in KBr (V-max/cm-1): 2925 (C-H stretch); 2446 (ND stretch);
1645 (C=0 amide stretch); 1460 (C-H deformation); 1318 (C-H twist); 1144,
1111, 1090 (ClOy); 627 (ClO47). Low resolution ESMS (80 V) [m/z, obs (calc)
(%) assignment where cage = [12C151H3714Ng63Cu160]2+]: 373.8 (374) (100%)
[Cucage2* - H+]*; 473.7 (474) (31%) [Cucage?* + 35CIO4]+.

[(1-Carboxy-8-methyl-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6]icosanato)iron-
(I1I)Ichloride. HC1.0.5CH3CH,OH.2.5H50, [Felll(Me,CO,H-2-0x0sar-H)]Cl,.-
HCL0.5CH3CH,OH.2.5H,0

Freshly prepared FellCl; (0.79 g; 6.27 x 10-3 mol) was dissolved in 150
mL of H7O that had been deoxygenated with N3 for approximately half an
hour before the dissolution of the Fe(Il). A second solution containing
Me,CO3K-2-0x0sar.0.5C2H50H.3.5H20 (3.0 g; 6.27 x 103 mol) and
triethylamine (0.63 g; 6.27 x 10-3 mol) in 150 mL of HpO was also prepared
and both solutions were then deoxygenated with N for a further thirty
minutes. The iron solution was added to the ligand solution with stirring
producing a dark green mixture. After several hours the solution was
exposed to air whereupon it changed to an orange-brown colour. It was
acidified with acetic acid and loaded onto a Dowex 50Wx2 cation exchange
column and was washed with water and 1 M HCl. Elution with 3 M HCl
produced two separate bands consisting of a red-purple band (not isolated)
followed by a large orange-brown band. This was collected and dried. It was
then redissolved in ethanol and evaporated to remove the residual traces
of HCl and finally dried in a vacuum. Yield = 2.0 g (55%). Anal. Calc. for
C16H31NgCl2FeO3.HC1.0.5C2H50H.2.5H,0: C, 35.9; H, 7.0; N, 14.8; Cl, 15.6.
Found C, 35.5; H, 6.8; N, 14.7; C1, 15.9. IR in KBr (v-max/cm1): 3417, 3251,
3179 (NH stretch); 2967, 2886 (C-H stretch); 1743 (C=O stretch); 1557 (C=0O
amide stretch); 1447 (C-H deformation); 1361 (CH3 symmetric deformation);
1236 (C-H twist); 1213 (OH bend); 1093 (ClO4"); 1027, 1008, 941, 881, 756, 719
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(CH3 rock); 625 (Cl047). Low resolution ESMS (50 V) [m/z, obs (calc) (%)
assignment where cage = [12C161H3114Ng°6Fel603]2+]: 409.8 (410) (100%)
[Fecage?* - 2H+]*; 365.9 (366) (5%) [Fecage2+ - H+- CO2]*. A small amount of
the chloride complex (0.50 g) was converted into the perchlorate salt by
adding solid NaClO4 to an aqueous solution of the compound acidified
with HCIO4. Upon evaporation in the air crystals suitable for X-ray analysis
formed.

Di-[(1-carboxy-8-methyl-z-oxo-3,6,10,13,19-hexaazabicyclo[6.6.6]icbsanato)-
manganese(III)]dithionate.11H0, [MnllI(Me,COO"-2-oxosar-H)]2(S20¢).-
11H,0

MnlICl;.4H,0 (0.86 g; 4.4 x 10-3 mol) was dissolved in HyO (150 mL)
that had been deoxygenated with N3 for approximately half an hour before
the dissolution of the Mn(Il). A second solution containing Me,CO2K-2-
oxosar.0.5CoHs0OH.3.5H0 (2.1 g; 4.4 x 10-3 mol) and triethylamine (0.45 g;
4.4 x 103 mol) in 150 mL of H,O was also prepared and both solutions were
then deareated with Ny for thirty minutes. The manganese solution was
added to the ligand solution with stirring producing a clear solution. After
several hours the mixture was exposed to air whereupon it became dark
green. The solvent was removed from this solution producing a green-
brown oil. This residue was redissolved in water and an excess of
LiS206.H20 was added. The mixture was allowed to stand at four degrees
overnight. The dark green product that precipitated during this time was
collected, washed with ethanol and ether, and, air dried. Further crops
were obtained by allowing the filtrate to continually stand at four degrees.
However, the solution does eventually turn brown and decomposes to
MnO; on standing for long periods. Analyses indicated that the apical
carboxyl group remained deprotonated and that two cations shared a single
dithionate anion. Yield = 19 g (37%). Anal. Calc. for
C32HgoN12Mn2065206.11H70: C, 32.7; H, 7.0; N, 14.3; S, 5.5. Found C, 32.6;
H, 5.6; N, 13.9; S, 54. IR in KBr (v-max/cm1): 3501, 3451, 3263, 3172 (NH
stretch); 2932, 2860 (C-H stretch); 1610 (COO- asymmetric stretch); 1595 (C=O
amide); 1452, 1400 (C-H deformation); 1379 (CH3 symmetrical deformation);
1310 (COO- symmetric stretch); 1251, 1208 (C-H twist); 1105, 1084, 1069, 1055,
1024, 982, 913, 891, 860, 815, 782, 746, 725 (CH> rock). Low resolution ESMS
(50 V) [m/z, obs (calc) (%) assignment where cage =
[12C161H3014Ng°Mn1603]+]: 408.8 (409) (100%) [Mncaget]+; 364.9 (365) (7%)
[Mncaget - CO2]*.



[(1-Carboxy-8-methyl-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6]icosanato)-
chromium(III)]tetrachlorozincate, [Crill(Me,COH-2-0xo0sar-H)]1ZnCl4

This compound has been prepared previously but is reported in
detail here.l* Dry ethanol (80 mL; 24 hr over freshly prepared 3 A sieves)
was degassed (Ar purged, using Schlenk-type apparatus) and placed in a
glove compartment under Oj-free argon. The Me,COOH-2-oxosar ligand
(045 g, 1.26 x 10-3 mol) and the chromium complexes [CrIIClzpyridine3]!®
(0.40 g; 1.01 x 10-3 mol) and [Crl(CH3CO2)2.H20]2 (0.05 g, 0.13 x 10-3 mol, 0.27
x 10-3 mol in CrI) were also introduced into the glove box (under Ar). The
ligand was first dissolved in the dry ethanol. Then the
[Cr(CH3CO2)2.H20], dimer was added, followed by the [CrIIClzpyridines]
complex and the mixture stirred under Ar at 20° C. The reaction mixture
quickly changed to a deep orange-red colour. It was removed from the
glove box after 10 hr, quickly poured into water (200 mL), and sorbed onto
Dowex 50Wx2 cation exchange resin (5 cm x 2.5 cm). The column was
washed with water, 0.5 M HCl and then eluted off with 3 M HCl. The 3 M
HCl eluent was evaporated to dryness, redissolved in water and
chromatographed on a SP-Sephadex C-25 cation exchange column (30 cm x
2.5 cm) using 0.1 M K3S0O4 as the eluent. Only one red/orange band was
collected, desalted using Dowex 50Wx2 cation exchange resin with water,
0.5 M HCl eluents, and finally eluted of with 3 M HCl. The 3 M HClI eluent
was reduced to dryness, redissolved in water, ZnlICl; solution added (pH
~3, ZnI:CrIl ~ 3:1) and the red/orange crystals were deposited by slow
addition of EtOH. The crystals were filtered off, washed with EtOH and
ether and air dried. Yield = 0.43 g (55% based on Cr). Anal. Calc. for
C16H31NgClyCrO3Zn: C, 31.3; H, 5.1; N, 16.7; Cl, 23.1. Found C, 31.2; H, 5.3;
N, 16.5; Cl, 22.8. IR in KBr (V-max/cm1): 3420, 3030 (NH stretch); 2865 (C-H
stretch); 1725 (C=O0 stretch); 1597 (C=0 amide); 1470, 1415 (C-H deformétion);
1360 (CH3 symmetrical deformation); 1250 (OH bend); 1209, 1130 (C-H twist);
1070, 1050, 910, 837, 755, 720 (CHj rock). Low resolution ESMS (80 V) [m/z,
obs (calc) (%) assignment where cage = [12C1¢1H3114N¢52Cr1603]2+]: 361.8
(362) (100%) [Crcage?* - H* - CO2Jt; 405.7 (406) (33%) [Crcage?* - H*]*.
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Attempts at Producing a Zn(IT) Monoamide Cage Complex
Reaction of Znll(ClO4); with Me,CO,K-2-oxosar.0.5Co2H50H.3.5H,0

To a solution of Me,CO2K-2-oxosar.0.5CoHsOH.3.5H,0 (1.0 g; 2.1 x 10
3 mol) in 100 mL of Hy0 was added ZnI(ClOy4)2.2H70 (0.62 g; 2.1 x 10-3 mol)
in 100 mL of HyO with stirring. After ten minutes of continuous stirring a
saturated solution of NaClO4 was added dropwise until precipitation was
initiated. The resulting mixture was placed on ice, however, the colourless
crystals subsequently collected by filtration were shown to be KClO4. The
filtrate was allowed to stand at room temperature for several days. The
white product that precipitated during this time was collected and
recrystallised from water. After several further days of standing at ~20° C a
white solid again precipitated and was collected, washed with cold ethanol
and ether, and, air dried. Investigation of the solid by 13C NMR indicated a
mixture of products were present, none of which were consistent with the
expected cage formula.

Reaction of Znl(NO3); with Me,COK-2-oxosar.0.5CoHsOH.3.5H,0

To a solution of Me,CO,K-2-oxosar.0.5CoHsOH.3.5H20 (1.0 g; 2.1 x 10~
3 mol) in 100 mL of ethanol was added Znll(NO3),.H,0 (0.44 g; 2.1 x 10-3
mol) in 100 mL of ethanol with stirring; a white precipitate formed
immediately upon the addition of the metal to the ligand solution. The
resulting mixture was then placed in an ice bath for two hours. The white
solid that formed was collected, washed with ethanol, and, ether and air
dried. Again an investigation of this solid by 13C NMR indicated a mixture
of products were present, none of which were consistent with the expected
cage formula.

3.2.3.2 X-ray Crystallography

Crystal Structure Solution and Refinement of [Nill(Me,CO»--2-
oxosar)]2(Cl104)2.3H20

A mauve coloured rhomboid crystal of the Ni(II) monoamide
complex was attached to a quartz fibre and mounted on a Rigaku AFC6S
diffractometer equipped with a graphite monochromator. Using Cu-Ka
radiation and a rotating anode generator, lattice parameters were
determined by least-squares refinement of the setting angles of 24



reflections in the range of 108.98° < 26 < 110.03°. The data were collected at
a temperature of -60(1)° C using the w-20 scan technique to a maximum
value of 120.1°. Scans of (1.50 + 0.30 tan 6)° in ® were made at a speed of
32.0°/min. The weak reflections were rescanned (maximum of four scans)
and the counts were accumulated to ensure good counting statistics.
Stationary background counts were recorded on each side of the reflection.
Three representative reflections were measured at intervals of 150
reflections. No decay correction was required. An analytical absorption
correction factor was applied which resulted in transmission factors
ranging from 0.53 to 0.75. The data set was reduced, an analytical
absorption correction applied, and, Lorentz and polarisation effects were
accounted for.

The structure was solved by direct methods152 and expanded using
Fourier techniques.l? A small degree of disorder was observed for C(20),
which was modelled by assuming two sites, of occupancies p and (p-1), for
this atom. Disorder was also observed for the O atoms of one perchlorate;
restraints were imposed upon distances and angles for the minor
orientation. In a subsequent difference map, two peaks 1.2 A apart were
observed within the lattice. They appear to be two mutually-exclusive sites
for a water molecule and have been modelled as such. Non-hydrogen
atoms attached to C atoms were included at geometrically determined
positions; they were not refined but were periodically recalculated.
Hydrogen atoms attached to the N atoms were all located in difference
eletron-density maps and allowed to refine positionally. Water hydrogen
atoms (except for O(19)/0(20)) were located in difference maps and refined
positionally, but restraints were imposed on their bond lengths and angles.

Least-squares refinement was performed using full-matrix methods
minimising the function Z&(1Fy ! - |Fc )2, where the weighting scheme was
based on counting statistics and included a factor (p = 0.020) to downweight
the intense reflections. Data reduction and refinement computations were
performed with texsan!® with the exception of the hydrogen-bonding
network which was calculated using the Platon computing programme.16
Neutral atom scattering factors were taken from Cromer and Waber.®
Anomalous dispersion effects were included in Fcalcl?; the values of Af'
and Af" were those of Creagh and McAuley.!! The values of the mass
attenuation coefficients were those of Creagh and Hubbel.12
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Crystal Structure Solution and Refinement of [Cull(Me-2-
oxosar)](C104)2.1.3H20

A dark-blue block-shaped crystal of the Cu(Il) amide complex was
attached to a quartz fibre and mounted on a Philips PW1100/20
diffractometer equipped with a graphite monochromator. Using Cu-Ka
radiation, lattice parameters were determined by least-squares refinement
of the setting angles of 25 reflections in the range of 31.30° < 26 < 35.90°.
The data were collected at a temperature of 23(1)° C using the ® scan
technique to a maximum value of 50.1°. Omega scans of several intense
reflections made prior to data collection showed that the peaks were rather
broad, warning that the data would not be of the highest quality. Scans of
(1.80 + 0.30 tan 0)° were made at a speed of 2.0°/min in ®. Stationary
background counts were recorded for ten seconds on each side of every
scan. Three representative reflections were measured after every 360
minutes to monitor decomposition and consequently a decay correction of
2% was applied. The data set was reduced, an analytical absorption
correction applied and Lorentz and polarisation effects were accounted for.

The structure was solved by heavy-atom Patterson methods® and
expanded using Fourier techniques.'” One perchlorate anion was found to
be disordered, and this has been modelled by assuming two orientations for
the oxygen atoms and refining their relative occupancies while the
isotropic displacement factors were constrained to be equal; restraints were
placed on CI-O and O...O distances to give reasonable geometries. An area
of electron density adjacent to this anion was assigned to be a water
molecule, it's occupancy being set to 0.3. Full occupancy non-hydrogen
atoms were refined with anisotropic displacement factors, while the rest
were refined isotropically. Hydrogen atoms for the cation were included at
calculated positions but not refined.

Least-squares refinement was performed using full-matrix methods
minimising the function Zo(1F, | - |Fc1)2 where the weighting scheme was
based on counting statistics. Data reduction and refinement computations
were performed with Xtal!® and texsan!® respectively. Neutral atom
scattering factors were taken from Cromer and Waber.® Anomalous
dispersion effects were included in Fcac!% the values of Af' and Af" were
those of Creagh and McAuley.ll The values of the mass attenuation
coefficients were those of Creagh and Hubbel.12



Crystal Structure Solution and Refinement of [Felll(Me,CO,;H-2-0xo0sar-
H)1(C104)2.0.5H20

A red prismatic crystal of the Fe(IlI) monoamido complex was
attached to a quartz fibre and mounted on a Rigaku AFC6S diffractometer
equipped with a graphite monochromator. Using Cu-Ko radiation and a 12
kW rotating anode generator, lattice parameters were determined by least-
squares refinement of the setting angles of 24 reflections in the range of
85.06° < 26 < 106.78°. The data were collected at a temperature of -60(1)° C
using the ®-26 scan technique to a maximum value of 120.2°. Scans of (1.31
+ 0.30 tan 0)° in ® were made at a speed of 32.0°/min. The weak reflections
were rescanned (maximum of four scans) and the counts were accumulated
to ensure good counting statistics. Stationary background counts were
recorded on each side of the reflection. Three representative reflections
were measured at intervals of 150 reflections. No decay correction was
required. A linear correction factor was applied to the data to account for
this phenomenon. The data set was reduced, an analytical absorption
correction applied, and, Lorentz and polarisation effects were accounted for.

The structure was solved by direct methods” and expanded using
Fourier techniques.!” The non-hydrogen atoms were refined with
anisotropic displacement factors. One perchlorate group was disordered,
and has been modelled by assuming that there are two orientations for the
group with one O3 face common to both. The relative occupancies of each
orientation have been refined; atoms with occupancies less than 1.0 were
assigned isotropic displacement factors. Displacement factors are large for
09, 010, and O11 as they represent unresolved multiple sites. Hydrogen
atoms attached to carbon and nitrogen atoms of the cation were included at
calculated positions. A difference map at this stage revealed a peak with
coordinates related to those of Fel by relationship (x, 1.5-y, z). This has been
assumed to be a minor twinning component which is only apparent for the
heaviest atom in the structure. For convenience the occupancy of Fel (and
the rest of the structure) was kept at 1.0, but Fe2 has been included in the
model (with coordinates constrained to-be related to those of Fel and an
isotropic displacement factor set equal to Beq of Fel) and its occupancy
refined; the final value is 0.032(3). Hydrogen atoms for the carboxylate
group and the water molecule were observed in difference maps and were
included but not refined owing to the poor parameter/reflection ratio.

Least-squares refinement was performed using full-matrix methods
minimising the function Zw(|Fo | - Fc1)2, where the weighting scheme was
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based on counting statistics and included a factor (p = 0.020) to downweight
the intense reflections. Data reduction and refinement computations were
performed with texsan!® with the exception of the hydrogen-bonding
network which was calculated using the Platon computing programme.16
Neutral atom scattering factors were taken from Cromer and Waber.’?
Anomalous dispersion effects were included in Fcalcl?; the values of Af'
and Af"' were those of Creagh and McAuley.l! The values of the mass
attenuation coefficients were those of Creagh and Hubbel.12



3.3 Results

3.3.1 Section 1. Reaction of [Colll(sen)]3+ with ethyl cyanoacetate
and formaldehyde in aqueous base.

3.3.1.1 Syntheses

The reaction of [Colll(sen)]3+ with formaldehyde and ethyl
cyanoacetate, in the presence of base, produced a variety of products that
were separated into two different fractions on Dowex 50Wx2 resin with HCl
as the eluent. The orange products were separated further on columns of
SP-Sephadex C-25 by using NaCl or KSOy4 as eluents. The first band off the
Dowex column comprised the red monoamido complex [Colll(Me,CN-2-
oxosar-H)]2+; the second orange band consisted of four components
identified as [Coll(Me,CO2H-2-aminosar-2-ene)]3+, [Colll(Meazasar)]3+,
[Col(N-Me-sen)]3+ and [Colll(Me-2-aminosar-2-ene)]3+ respectively (Figure
4). The two amidine cage complexes produced in this reaction were
previously unknown.

CN T2+

N Oov oY
(DCDCD

Jreppre e

CH,
[Co(Me,CN- 2-03(0561'-1'1)]2+ [Co(Me,COOH-2-aminosar-2-ene)]>* [Co(Meazasar)]‘%

[Co(N-Me-sen)]3+ [Co(Me-Z-ammosar-Z-ene)P“

Figure 4
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The attempt to demetallate [Colll(Me,CN-2-oxosar)]?+ with KCN to

- produce the free cage ligand was largely unsuccessful. Even though the

- reaction produced a white powder, the NMR spectra indicated the presence

of a number of products, none of which corresponded to the desired cage

~ligand. The apical nitrile group appears to be reactive under the basic

conditions employed as it is noticeably absent in the 13C NMR spectrum of

- the product.

" Attempts to produce a saturated cage species from [Colll(Me-2-
aminosar-2-ene)]3+ also proved to be unsuccessful. The use of different

" oxidants or reductants, and the alteration of the reaction conditions

produced none of the desired product. In most cases starting material was
recovered. This indicates that the coordinated amidine group is an
extremely stable moiety. However, with the use of high pressures and a
Pd/C catalyst at 30 psi, some disruption of the amidine cage occurred and
both [Colll(Me-2-aminosar-2-ene)]3+ and [Colll(sen)]3+ were present at the
completion of the reaction. Clearly, this is not a useful path to pursue
however.

3.3.1.2 NMR Spectroscopy

The 13C NMR spectra of the amido and two amidine cage complexes
(Figure 5a, b and c) highlight the general lack of symmetry within each of
the molecules; all carbon atoms are inequivalent and a separate signal
arises for each. For [Colll(Me,CN-2-oxosar-H)]2+ these signals arise from
two quaternary, an amide, a methyl, a nitrile and eleven methylene
carbons. Thus, the quaternaries, next to the methyl group and directly
connected to the amide carbon give chemical shift values of 41.4 and 58.0
ppm respectively. The remaining methylene resonances have shifts at 47.1,
50.5, 52.1, 52.6, 52.8, 53.3, 55.0, 55.1, 55.3, 55.6 and 55.7 ppm; the amide,
methyl and nitrile signals appear at 171.3, 20.8 and 116.8 ppm respectively.
The 13C NMR spectra of the two amidine cages display sixteen and fifteen
signals but these appear at slightly different chemical shift values in each
case. The signals arise from two quaternary, an amidine, a methyl and
eleven methylene carbons. For [Colll(Me,CO2H-2-aminosar-2-ene)]3+ they
appear at 42.0, 62.1, 169.4, 20.7, 49.2, 52.5, 53.6, 54.3, 54.7, 54.8 (double
intensity), 55.0, 55.3, 55.9 and 56.3 ppm. The second complex, [Co(Me-2-
aminosar-2-ene)]3+, has a similar set of signals at 42.5, 50.1, 169.4, 20.8, 46.9,
47.8, 48.5, 54.2, 54.7, 54.8, 55.2, 55.3, 55.6, 55.7 and 56.1 ppm. For
[Coll(Me,COH-2-aminosar-2-ene)]3+ an extra signal attributed to the apical
acid group occurs at 173.6 ppm. The amidine chemical shifts in each
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instance also bear a close resemblance to that found in [Colll(CO;H-2-
amino(N3S3-sar)-2-ene)]3+ (168 ppm).1°
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Figure 5. 13C NMR spectra of (a) [CoHI(Me,CN-Z-oxosar-H)]24, (b)
[Colll(Me,COsH-2-aminosar-2-ene)]3+ and (c) [Colll(Me-2-aminosar-2-
~ ene)]3* (Chloride salts in D20).
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Figure 6. 1H NMR spectra of (a) [Colll(Me,CN-2-oxosar-H)]2+, (b)
[Colll(Me,CO3H-2-aminosar-2-ene)]3+ and (c) [Colll(Me-2-aminosar-2-
ene)]3+ (Chloride salts in D70). '




The NMR data for these latter molecules and the crystallographic
evidence (ahead) obtained for [Coll(Me,CO;H-2-aminosar-2-ene)]3+, clearly
confirm the presence of an amidine function in all instances. Therefore,
along with the microanalytical, electrospray (ahead) and IR data (ahead) the
second complex isolated has been assigned as the amidine cage compound,
[Colll(Me-2-aminosar-2-ene)]3+ i.e., the first molecule has been
decarboxylated.

The IH NMR spectra (Figure 6) of all three complexes were less
informative than the 13C NMR spectra due to the overlap of the methylene
proton signals and their extensive spin-spin coupling. There is one feature
however that does assist with the product identification. The methyl group
(ca. 0.86 ppm) provides a gauge to the purity of the individual complexes.
The methylene protons appear in the general region of 2.2 - 3.5 ppm. A
noticeable feature of the amide complex, apart from the overlapping CHj
resonances, is a multiplet centred on 3.8 ppm; integration of this peak
indicates that it arises from a single proton. This trait also exists for the
[Colll(Me,CO3H-2-0xo0sar-H)]2+ ion (3.98 ppm).2 Likewise the
[Colll(Me,COsH-2-aminosar-2-ene)]3+ and [Colll(Me-2-aminosar-2-ene)]3+
complexes display the same feature centred on 3.57 ppm and 3.55 ppm
respectively. Again integration showed that the peaks arose from a single
proton in each case. In most sar cages, the axial and equatorial protons of
each CHj; group are chemically different.?? This means that a separate set of
signals arise for each of the two protons.

3.3.1.3 Infra-red Spectroscopy

Infra-red spectroscopy proved to be a useful tool in the investigation
of the functionalised cage complexes and the relevant absorption vibrations
appear in Table 1. For the [Colll(Me,CN-2-oxosar-H)]2* complex two
resolved bands appeared at 1621 cm1 and 1605 cm-1 which are attributed to
the C=0 stretching mode in a delocalised deprotonated coordinated amido
group. This value is similar to that observed for other Co(IIl) amido
complexes.? Also, the two amidine complexes displayed absorptions
attributed to C=N and C-NHj stretching vibrations at 1671 cm-1 and 1599
cm-! for [Colll(Me,CO,H-2-aminosar-2-ene)]3+ and 1654 cm-1 and 1618 cm-1
for [Colll(Me-2-aminosar-2-ene)]3+. The former compound possesses extra
absorption bands at 1723 cm-! and 1249 cm! resulting from the C=0
stretching and OH bending modes of the apical COOH group.
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Table 1. Selected functional group infra-red absorption frequencies of some
Co(III) amido and amidine cage complexes.

Complex v~, em’1 Assignment

[Coll(Me,CN-2-oxosar-H)]2+ 2250 C=N stretch
1621 C=O(amido) stretch

1605 C=0O(amido) stretch
[Coll(Me,CO,H-2-aminosar-2-ene)]3+ 3088, 3044 OH stretch
2553, 2469 OH stretch
1723 C=0O(coom) stretch
1671 C=N(amidine) stretch
1599 NH; in-plane bending
1249 OH(coon) bend
[Coll(Me-2-aminosar-2-ene)]3+ 1654  C=N(amidine) stretch
1618 NH; in-plane bending

3.3.14 Electrospray Mass Spectrometry
Background?!

Electrospray mass spectrometry (ESMS) is a low energy technique in
which the molecular or parent ion commonly occurs as the most abundant
peak within the spectrum. It is a particularly effective tool for studying the
cage complexes since it minimises cage fragmentation. A schematic
diagram?! of an electrospray mass spectrometer appears in Figure 7. A
sample solution at flow rates usually between 1 and 20 pg/min enters the
electrospray chamber through a stainless steel hypodermic needle. The
needle is kept at a few kilovolts relative to the walls of the chamber and the
surrounding cylindrical electrode that helps shape the distribution of
potential and directs the flow of the bath gas. The resulting field at the
needle tip charges the surface of the emerging liquid, dispersing it by
Coulomb forces into a fine spray of charged droplets. Driven by the electric
field, the droplets migrate toward the inlet end of the glass capillary at the
end wall of the chamber. A counter-current flow of bath gas typically at 800
torr, an initial temperature from 320 to 350 K, and a flow rate of about 100
mL/s hastens evaporation of solvent from each droplet, decreasing its
diameter as it drifts towards the end wall of the chamber. Consequently,
the charge density on its surface increases until the Coulomb repulsion
becomes the same order as the surface tension. The resulting instability,



sometimes called a “Coulomb explosion”, tears the droplet apart, producing
charged daughter droplets that also evaporate. This sequence of events
repeats itself until the radius of curvature of a daughter droplet becomes
small enough that the field due to the surface charge density is strong
enough to desorb ions from the droplet into the ambient gas. The
desorbing ions include cations, to which are attached solvent, or anions,
thus producing so-called “quasi-molecular” ions suitable for mass analysis.
Some of these ions become entrained in the flow of dry bath gas that enters
the glass capillary to emerge at the exit end as a supersonic free jet in the
first of two vacuum chambers. A core portion of this free jet passes
through a skimmer into a second vacuum chamber, delivering ions to a
quadrupolar mass spectrometer that measures the mass-to-charge ratio of
the ions.

m’jm '
il

Figure 7. Schematic diagram of the apparatus.?!

The ESM spectra of the amido and two amidine complexes in water
appear in Figures 8, 9 and 10. In the ESM spectrum of the Co(IIl) cage amide
([Colll(Me,CN-2-oxo0sar-H)]2+) the most abundant peak appears at m/z =
393.8 and is attributed to a [Cocage2+ - H+]* species. Two other peaks
occurring at m/z = 429.8 and 411.9 are assigned to [Cocage?+ + 35CI-]* and
[Cocage?+ - H* + HyOl+ species. For the Co(Ill) cage amidine complexes

([Colll(Me,COOH-2-aminosar-2-ene)]3+ and [Colll(Me-2-aminosar-2-ene)13+)

a peak corresponding to a [Cocage3+ - 2H]* species arises and for the
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[Colll(Me-2-aminosar-2-ene)]3+ ion it is the base peak of that spectrum. In
addition, for the [Colll(Me,COOH-2-aminosar-2-ene)]3+ ion, the spectrum
displays a loss of forty-four mass units from the parent ion peak that
corresponds to the loss of COy. This is consistent with the presence of the
apical carboxylic acid group in this compound. In the spectrum of the
[Coll(Me-2-aminosar-2-ene)]3+ ion, signals centred on m/z values of 404
and 440 are observed. These originate from the doubly charged species,
[Cocage3+ - H+]2+, combined with a chloride ion and a chloride ion plus two
water molecules respectively to produce a mono charged ion in each case.
It is likely that the CI- ion and water molecule are H-bonded to the cation in
the assemblies but the electrostatic forces for the cation and anion are likely
to dominate the ion-pair formation. Solvent association is less common
than ion pairing with these types of molecules. A number of other signals
occur at masses around those of the observed ions especially 35Cl-, 36Cl-, 12C
and 13C. These arise from the isotopic contributions of the various
elements present. The observed patterns fit the respective simulated
patterns of the observed ions. Lastly, the assignments support the
microanalytical data.
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Figure 8. ESM spectrum of aqueous [Colll(Me,CN-2-oxosar-H)]2+ (Cone
Voltage = 50 V).
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Figure 9. ESM spectrum of aqueous [Colll(Me,COOH-2-aminosar-2-ene)}3+ ,
(Cone Voltage = 80 V).
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Figure 10. ESM spectrum of aqueous [Colll(Me-2-aminosar-2-ene)]3+ (Cone
Voltage = 80 V).
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3.31.5 X‘;ray Crystallographic Analysis

. The structure of [Colll(Me,CN-2-oxosar-H)](ClO4)3/2Cl1 /2. H20 and
selected bond lengths and angles are shown in Figure 11, and, Tables 2 and

3 respectively. The structure shows that the ligand completely encapsulates
‘the Co(Ill) ion and is six coordinate. Five of the coordination sites come

from the secondary amines and the remaining one from the amide
nitr_ogen after loss of a proton. In addition, two of the five membered
chelate rings display a lel conformation while the remaining strap,
containing the amido group, possesses an ob conformation which gives the

- complex the overall conformation of lelp0b. This structure is similar to

that observed for [Colll(Me,CO,H-2-oxosar-H)]2+.2

N1

Figure 11. Thermal ellipsoid diagram of the [Colll(Me,CN-2-oxosar-
H)](C104)3/2Cl1 /2.H20 cation with labelling of selected atoms. Ellipsoids
show 50% probability levels, except for hydrogen atoms which are drawn as
spheres of arbitrary radius.



Table 2. Bond distances (A) for [Colll(Me,CN-2-oxosar-
H)](C104)3/2Cly /2.H20

Atom  Distance(A) Atom  Distance (A)
Co-N(22) 1.983(3) Co-N(25) 1.976(3)
Co-N(32) 1.898(3) Co-N(35) 1.971(3)

Cl(1)-0(11)  1.434(3) Cl(1)-O(11)  1.434(3)

Ci1)-0(12)  1416(3) Cl(1)-O(12)  1.416(3)

Cl(2-021) 1421(3) Cl2-0(22) 1.412(3)

Cl(2-023) 1410(3) CI(2-0(24)  1.426(4)

OB1)-C(31)  1.259(4) N(1)-C(1) 1.129(5)

N(12)-C(11)  1.495(55) N(12)-C(13)  1.482(5)

N(15)-C(14)  1.493(5) N(15)-C(16)  1.503(5)

N(22)-C(21) 1491(5) N(22)-C(23) 1.497(5)

N(25)-C(24)  1.495(5) N(25)-C(26)  1.494(5)

N(32)-C(31)  1.298(5)  N(32)-C(33)  1.467(5)

N(35)-C(34) 1.499(55) N(35)-C(36)  1.492(5)
C(1)-C(2) 1497(5)  C(2)-C(11) 1.534(5)
C(2)-C(21) 1.548(6)  C(2)-C(31) 1.548(5)
C(3)-C(4) 1.525(6)  C(3)-C(16) 1.527(6)
C(3)-C(26) 1.523(6)  C(3)-C(36) 1.527(6)

C(13)-C(14)  1.492(6) C(23)-C(24)  1.497(6)

C(33)-C(34)  1.512(6)
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The Co-N(amine) bond distances (Table 2) are comparable to those
reported for other amido sar-type Co(IIl) complexes, for example
[Colll(Me,CO,H-2-0xo0sar-H)]2+.2 However, the remaining Co-N(amido)
bond length, 1.898 A, is shorter than the other Co-N(amine) distances besides
being shorter than the Co-N(amido) distance observed for [Coll(Me,CO,H-2-
oxosar-H)]2+ (1.917(4) A).2 In addition, the Co-N(amido) bond distance
observed for [Colll(Me,CN-2-oxosar-H)]2+ is shorter than the Co-N(amido)
distance observed for the acyclié [CH3CONHCOoM(NH3)5]2+ cation (1.911(8)
A)22 but longer than that reported for the chelate
bis(glycylglycinato)cobalt(IIl) ion (1.87 A).23 Also, the N-C(amido) (1-298(5)
A) and C-O(amido) (1.259(4) A) bond distances are shorter than the expected
N-C(peptide) and C-O(peptide) bond distances of 1.30 A and 127 A
respectively.?* The other saturated C-N bonds, completing the caps, have
distances that are similar to other sar type cages.?5>2

The N-Co-N bond angles (Table 3) of [Colll(Me,CN-2-oxosar-H)]2+
deviate (~1° to 9°) slightly from the typical angles observed for octahedral
symmetry. The average twist angle between the two Nsz-planes,
perpendicular to the long axis is 50°; the two N3-planes also occur at an
angle to one another of 1.07°. The metal possesses ‘a pseudo-octahedral
character resulting from all these small displacements. Typically in most
sar cages each of the five membered chelate rings adopts a lel configuration
similar to that found for [Colll(sepulchrate)]Cl3.H20.39 However, this does
not appear to be the case upon introduction of an amide function into the
basic sar structure. Generally, the five membered chelate ring attached to
the amide moiety becomes more ob in character as observed for
[CoI(Me,CO,H-2-0xo0sar-H)]2+ 2 and [Colll(Me,CN-2-oxosar-H)]2+. In this
instance the two sectors free of the amide function, N(12)-C(13)-C(14)-N(15)

and N(22)-C(23)-C(24)-N(25), have torsion angles of 54.7(5)° and 55.8(4)° )

respectively, while the remaining five membered chelate ring, N(32)-C(33)-
C(34)-N(35), has a torsion angle of 21.8(5)°.

The partially solved structure of [Colll(Me,CO;H-2-aminosar-2-
ene)]3+ appears in Figure 12. Unfortunately, as a result of the disorder
present in the apical carboxylic acid pendant a completely solved structure
was not obtained. However, the ORTEP diagram of the complex does
confirm that the nitrile has undergone condensation with a deprotonated
amine to form an amidine complex with an apical carboxylic acid group.
Also, the structure shows that the cobalt(Ill) ion is fully encapsulated and
coordinated to all six nitrogens. It is estimated that the Co-N(amidine) bond
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length is close to 1.898 A which is the Co-N(amidine) bond distance reported
for A(+)546-[Co(NH,CHoCH,oNC(NH,)CHoNH»)(en)Cl]Clp.H20.31

Figure 12. Thermal ellipsoid diagram of the partially solved structure of
the [Coll(Me,CO,H-2-aminosar-2-ene)}3+.



3.3.1.6 Electrochemistry

The cyclic voltammetry (CV) in aqueous solution of the Co(III)
amido and amidine cage complexes, at a scan rate of 20 mVs-1, appears in
Figure 13 -and the electrochemical data is displayed in Table 4. Simple
observation of the CV's indicate that the Co(Ill) systems are basically
reversible. Although in all cases, a quasireversible wave occurs under the
conditions employed with ip e (scan rate)l/2 and the peak to peak
separation increasing with scan rate. For most coordination complexes,
quasireversible behaviour is related to relatively slow heterogeneous or
homogeneous electron transfer.32 Also, repeated cycling of each complex at
100 mV/s produced no change in the observed results so the systems are
chemically reversible and remain intact. '
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Figure 13. Co(III)/(II) cyclic voltammogram for (a) [Coll(Me,CN-2-oxosar-
H)]2+ recorded in 0.05 M KH3(C204)2.2H20 and (b) [Colli(Me,CO,H-2-
aminosar-2-ene)]3+ and (c) [Col(Me-2-aminosar-2-ene)]3+ recorded in 0.1 M
NaClOy at 20° C with an EPG electrode and a scan rate of 20 mV s-1.



Table 4. Electrochemical data for Co(IIl)/(II) couples of monoamide,
amidine and saturated cage complexes (vs SCE). (EPG electrode; 1 mM
solutions of complex in 0.05 M KH3(C204)2.2H20, 0.1 M NaClO4 and 0.05 M
NazPOy4 at 20° C with a scan rate of 20 mVs-1).

Complex pPH Eiz  Ep Epa ipc/ipa AEp
vs Vs Vs (mV)
SCE SCE SCE

V) (mV) (mV)

[Coll(Me,CN-2-oxosar-H)]2+ 1.682 -0.71 -771 -641 090 130
[Coll(Me,CN-2-oxosar-H)]2+ - -0.68%2 - ) ) i

[Coll(Me,CN-2-oxosar-H)]2+ 12.04¢ -0.76 -794 -726 074 68
[Col(Me,CO;H-2-aminosar- 1.682 -0.68 -727 -626 092 101

2-ene)]3+ , v
[ColI(Me,CO;H-2-aminosar- ~5b 070 -732 -665 1.01 67
2-ene)]3+
[Coll(Me,COy-2-aminosar-2- 12.04¢ -0.77 -801 -730 099 71
ene)]2*
[Colll(Me-2-aminosar-2- 1682 -0.72 -766 -674 095 92
ene)]3+
[Col(Me-2-aminosar-2-  ~5P 071 -749 -667 086 82
ene)]3+
[Colll(Me-2-aminosar-2-  12.04¢ -0.74 -772 -704 087 68
ene)]3+
[Colll(Mesar)]3+ 32 - -0.65 - - - -
[Coll(sar)]3+ ~6P 066 698 -634 085 64

a0.05 M KH3(C204)2.2H20, b 0.1 M NaClOy, € 0.05 M Na3POy.



For the [Coll(Me,CN-2-oxosar-H)]2+ ion a Co(III)/Co(II) wave occurs
at E1/2 = -0.68 V32 in near neutral conditions. This value varied with pH.
In acidic conditions, the Ej1/2 value is similar to that found in neutral
solution while in a freshly prepared basic solution, the amide displayed a
potential at E1/2 = -0.76 V. The [Colll(Me,CN-2-oxosar-H)]2+ complex
displays a negative shift in the Co(III)/Co(Il) redox potential, when
compared to [Colll(sar)]3+ for example, as does the [Colll(Me,CO,H-2-ox0sar-
H)]2+ ion. This trend is largely due to the incorporation of a deprotonated
amido nitrogen into the cage structure and the resulting charge difference
at the metal centre. Under all the pH conditions employed, higher
oxidation states of cobalt, such as Co(IV), are inaccessible in water for the
[Colll(Me,CN-2-oxosar-H)]2+ ion.

For the two amidine complexes, Co(IIT)/Co(Il) waves occur at E1/2 =
-0.70 V for [Colll(Me,CO;H-2-aminosar-2-ene)]3+ and Ej /2 = -0.71 V (vs SCE)
for [Colll(Me-2-aminosar-2-ene)]3+ in neutral conditions. Again the
potentials of these complexes varied under the pH conditions employed in
a similar manner to that observed for the [Colll(Me,CN-2-oxosar-H)]2+
complex. The redox potential for each amidine complex is also slightly
different. The potential for the [Colll(Me,CO2H-2-aminosar-2-ene)]3+
complex appears at a slightly less negative potential than that observed for
the [Colll(Me-2-aminosar-2-ene)]3+ ion. This is because the carboxyl
substituent of the [Colll(Me, CO2H-2-aminosar-2-ene)]3+ species has an
influence on the potential. When the apical carboxyl group is protonated it
is electron withdrawing which removes some charge from the metal hence
the potential moves to more positive values. If the carboxyl is
deprotonated then some extra charge is donated to the metal and the net
positive charge on the complex decreases. It becomes harder to reduce the
Co(IIT) to Co(Il), and the potential appears at therefore somewhat more
negative values. In addition, as for the [Colll(Me,CN-2-oxosar-H)]2+ ion,

under all the pH conditions employed Co(IV) species were not attainable

with either of the amidine ligand systems.

The data in general imply moderate electron transfer rates between
the Co(IlI) and Co(Il) states and inaccessible Co(IV) redox phenomena in
water. The ligand anion alters the redox potential more than the neutral
ligand and relatively stabilises the Co(IIlI) state. This effect is more
profound when the ligating atom is an anion. Peripheral charge on a
substituent is less effective. In addition, the neutral amidine moiety also
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relatively stabilises Co(III) compared to the neutral secondary amine
ligating group.

3.3.1.7 Electronic Absorption Spectroscopy

The UV/Visible spectra of the cobalt(Ill) amido and amidine
complexes appear in Figure 14 and Table 5. Each complex displays the two
expected absorption envelopes that correspond to the 1Tzg«1A14 and
IT1g¢1A1¢ (On) parent transitions for low spin Co(IIl).

(@ 12 (b)

1 1
@ o
g 0.8 E 0.8
'g <
= 0.6 'E 0.6
2 2
< 04 < 04
0.2 0.2
[} 0
1 Ll ] T 1 LM | LA T T ) T T T LAAAAMLAARRA )
300 350 400 450 500 550 600 650 700 300 350 400 450 S00 550 600 650 700
Wavelength (nm) Wavelength (nm)
(C) 1.2

1

0.8

0.6

Absorbance

0.4

0.2

[}
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 14. Electronic spectrum of (a) [Colll(Me,CN-2-oxosar-H)]2+ (b)
[Colll(Me,CO;H-2-aminosar-2-ene)]3+ and (c) [Co!!l(Me-2-aminosar-2-
ene)]3+ in water at 20° C.



Table 5. Electronic absorptibn data on some Co(III) monoamido, amidine
and saturated cage complexes (ImM solutions in water at 20° C, unless
otherwise stated).

Complex Band Origin Amax M

Transition (Emax M-1lcm1)

[Col(Me,CN-2-oxosar-H)]2+ 1Tge-1A1¢ 342 (216)
| ITjge-lAgg 492 (233)
[Coll(Me,COzH-2-aminosar-2-ene) |3+  1Tpge1A;4 343 (277)

1T1g<—1A18 488 (339)

[Coll(Me-2-aminosar-2-ene)3+  1TpgelA;y 343 (208)
ITjgelA1, 488 (228)

[Col(Mesar)]3+ 1Tyge1A1, 345 (113)
ITjgelA1,  472(135)

[Coll(sar)]3+ 33 a 1Toge1A1g 343 (108)

ITygelAg 471 (135)

a01MHCI

For the [Colll(Me, CN-2-oxosar-H)}2* complex the two d-d absorption
band maxima appear at 342 nm and 492 nm respectively. A red shift occurs
in the lower energy d-d band of the amide complex compared to the
analogous hexamine [Colll(sar)]3+; consequently the amide complex is red
whereas [Colll(sar)]3+ is yellow. A similar red shift also occurs for the
[ColI({NO3}2-sar)]3+ complex after it loses a proton from a secondary
nitrogen centre in a strong base.33 This type of shift has been observed in
other amide cage complexes. In addition, the absorptions of the amide are
more intense than those of the usual Co-Ng3+* transitions.

The UV /Visible spectra of the two amidine complexes are identical
with the two d-d transitions occurring at 343 nm and 488 nm. The
matching spectra arise because the apical groups in general have little
influence on the position of the d-d bands® and the amidine is a neutral
donor like the secondary amines. The two amidine complexes have their
d-d absorption bands slightly red shifted when compared to the parent
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hexamines [Colll(Me,COOH-sar)]3+ and [Colll(Mesar)]3+, and so have a
slightly weaker ligand field. The two amidine species are however more
intensely absorbing than the parent hexamine [Colll(Mesar)]3+.



3.3.2 Section 2. Reaction of [Colll(sen)]3+ with ethyl acetoacetate
and formaldehyde in aqueous base.

3.3.2.1 Syntheses

The initial aim of using ethyl acetoacetate as a capping reagent for
[Colll(sen)]3+ was to introduce two different functional groups, an amide
and imine, into the one cap of the Co(IIl) cage complex. In addition, it was
also envisaged that separate monoamido, monoimine and saturated cage
compounds would have arisen from this reaction. However, the
condensation of [Colll(sen)]3+ with formaldehyde and ethyl acetoacetate, in
the presence of base, produced a number of different complexes some of
which were unexpected. Separation of these compounds on SP-Sephadex -
C25 resin, using trisodium citrate as the eluent, yielded five compounds.
The first fraction was the Co(Ill) complex [Colll(Me,CO,H-sar)]3+; the
remaining four fractions contained the compounds of
[Colll({CO,H,CH20H}-Me-desar)]3+, [Coll({CO,Et,CH20H}-Me-desar)]3+
(Figure 15), [Colll(N-Me-sen)]3+ and [Colll(sen)]3+ respectively. From these
products, evidently, the ethyl acetoacetate undergoes reaction during the
condensation process.

coon 13+ o OH 13+

e
T D.,J E
e ug

[Co(Me, COOH-sar)P* [Co({CO,H,CH,OH}-Me-desar)**
([Co({CO,Et,CH,OH}-Me-desar)}**)

Figure 15
3.3.2.2 NMR Spectroscoi)y

The 13C NMR spectra of the two complexes of [Colll({CO,H,CH,OH]}-
Me-desar)]3+ and [Colll({CO2Et,CH2OH}-Me-desar)]3+ (Figure 16) from the
above series highlight the general lack of symmetry within each molecule;
all carbon atoms are inequivalent and a separate signal occurs for each.
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NMR data on the remaining three complexes already exist. For
[Coll({CO2H,CH20H}-Me-desar)]3+, the carbon signals comprise two
quaternary, one methyl, a pendent carboxylic acid, one methylene hydroxy
and eleven methylene carbon atoms. These carbons have chemical shift
values of 42.9, 57.7, 20.2, 1734, 66.2, 39.5, 47.1, 49.5, 51.1, 53.7, 54.0, 54.2, 54.4,
55.8, 56.1 and 57.8 ppm respectively. For the complex of
[Co({CO2Et,CH,0H}-Me-desar)]3+ eighteen signals arise in its 13C NMR
spectrum which can be assigned to two quaternary, one methyl, a pendant
ester, one methylene hydroxy and eleven methylene carbon atoms, which
occur at 42.9, 57.7, 20.2, 13.9, 175.0, 64.8, 66.4, 43.1, 48.2, 51.0, 51.2, 53.5, 54.1,
1 54.3,54.4, 54.6, 55.8 and 55.9 ppm respectively.
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Figure 16. 13C NMR spectra of (a) [Co({COH,CH2OH}-Me-desar) |3+ and (b)
[Coll({CO,Et,CH>0H}-Me-desar)]3+ (Chloride salts in D;0).



The IH NMR spectrum of [Coll({CO,H,CH,OH}-Me-desar)]3+ (Figure
17) was less informative than the 13C NMR spectra due to extensive
overlap of the methylene proton signals and extensive spin-spin splitting
and coupling. Assignments of the signals therefore are more difficult to
make and are not especially revealing. The methylene protons appear in
the general region of 2.1 - 3.4 ppm while the methyl group protons occur at
0.78 ppm. Also this, and the related complex [Colll({CO2Et,CH,OH}-Me-
desar)]3+, are the only complexes reported in detail as the other compounds
produced in this series have been characterised by NMR spectroscopy
elsewhere.

LI S S B N S SRt SN S R B SN B S S e R AN N B B B AL B B S NN B Mt A AL AL |
4.10 3.I5 3.'0 2.5 2.0 1.5 1.0 PPM 0.5 .

Figure 17. 1H NMR spectra of [Colll({CO,H,CH20H}-Me-desar)]3+ (Chloride

salt in D0).
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For the [Coll({CO,Et,CH20H}-Me-desar)]3+ complex the 500 MHz 1H
NMR spectrum was more informative (Figure 18). Again a single methyl
signal appears at 0.78 ppm while the methylene resonances occur between
the values of 2.1 - 3.3 ppm. Separate signals arose for the pendant ester and
methylene hydroxy groups. For the ester the protons on the CH; group are
chemically different from each other and hence two multiplets result, that
are centred on 4.14 and 4.21 ppm. Likewise, the three protons on the
methyl group are coupled to the two inequivalent methylene protons and
two doublets should arise. However, as the coupling between the
methylene and methyl group is small the two doublets appear as a triplet
centred at 1.16 ppm. Lastly, two doublets arise from the Cq-CH2OH protons
and occur at 3.51 and 3.63 ppm respectively. A hexamine cage complex
bearing the same apical pendant displays a similar chemical shift (3.67
ppm)3335 however, in this case the peak appears as a singlet. For the
[CollI({CO2Et,CH20H}-Me-desar)]3+ complex the CHy protons of the
methylene hydroxy and ester groups are inequivalent due to the presence
of the pro-chiral quaternary centre (HNCH2C(COOEt)(CH20OH)CH;NH)
within the complex.
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Figure 18. 500 MHz 1H NMR spectrum of [Colll({CO,Et,CH2OH}-Me-
desar)]3+ (Chloride salt in D20, * = NaTSP reference).

3.3.2.3 Infra-red Spectroscopy

Infra-red spectroscopy was also useful to help confirm the presence
of various functional groups within the complexes of this series and their



absorption frequencies are tabulated in Table 6. Firstly, for the
[Colll(Me,CO,H-sar)]3+ complex the presence of the COOH group gave rise
to absorptions at 1725 cm-! and 1280 cm-1. The acid group was also evident
in the [Col({CO,H,CH,0OH}-Me-desar)]3+ complex with the C=0 stretch
frequency appearing at 1740 cm! and 1250 cm'l. In addition, this complex
also displays absorptions at 1285 cm! and 1060 cm-l which have been
attributed to CH2OH bending vibrations. Similarly, the compound
[Co({CO2Et,CH,0H}-Me-desar)]3+ also has CH,OH absorptions at 1280 cm-
1 and 1070 cm'l. A C=O stretching band also appears at 1720 cm-1 which is
consistent for the ester group. :

Table 6. Selected functional group infra-red absorption frequencies of some
Co(IIT) cage and macrocyclic complexes. '

Complex v~, cm-1 Assignment

[Col(CO,H-sar)]3+ 1725 C=O(coomn) stretch
| 1280 OH(coon) bend
[Col({CO,H,CH,OH}-Me-desar) |3+ 1740 C=0(coon; stretch
| 1630 NH; bend
1285 OH(CH>0H) bend
1250  OH(coom) bend
1050 OH(CH20H) bend
[Co({COLEt,CH,OH}-Me-desar)]3+ 1720 C=0(coOEy) stretch
1600 NH; bend
1280 OH(CH20H) bend
1070 OH(CH20H) bend

3.3.2.4 Electrospray Mass Spectrometry

The ESM spectra of the Co(IlT) complexes of [Colll(Me,CO,H-sar)]3+,
[CoI({COH,CH20H}-Me-desar)]3+ and [Colll({CO,Et,CH,OH}-Me-desar)]3+
in water appear in Figures 19, 20 and 21. In all instances, the complexes
display signals corresponding to a mono charged species after loss of one or
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two hydrogens. For some of the complexes other singly charged species
arise from the combination of doubly charged species with chloride ions.
Again the charged ions observed in these cases are linked probably through
hydrogen bonding. In the spectrum of [Colll(Me,CO;H-sar)]3+ signals for
the [Cocage3* - 2H*]+, [Cocage3+ - H+ + 35Cl]+ and [Cocage3+ - 2H* - COp]*+
ions appear at m/z = 398.8, 354.8 and 434.8 respectively. For the
[Co((COoH,CH,0H)-Me-desar)]3+ complex, the two signals centred on
m/z values of 387 and 343 correspond to the sequential loss of CH20 and
CO;. For the related complex [Coll((COEt,CH20H)-Me-desar)]3+, the ESM
spectrum displays signals corresponding to the loss of the ethyl of the ester,
and CHO groups. A number of other signals indicate that this species also
loses the newly formed cap completely to leave a "sen" type Co(III)
molecule.

Again signals arose in each of the spectra resulting from the isotopic
contributions of the elements within each respective complex. The
observed patterns fit the respective simulated isotope patterns of the
observed ions in each case. Lastly, the assignments made in both cases
support the information derived from the respective microanalytical data.
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Figure 19. ESM spectrum of aqueous [Colll(Me,COH-sar)]3+ (Cone Voltage
=50 V).
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Figure 20. ESM spectrum of aqueous [Colll({CO,H,CH,0H}-Me-desar)]3+
(Cone Voltage = 80 V).

Figure 21. ESM spectrum of aqueous [Com({COzEt,CHZOH}-Me-desar)P+
(Cone Voltage = 80 V).
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3.3.2.5 Electrochemistry

The cyclic voltammetry, in aqueous solution at 20 mVs-1, of the two
Co(IlI) macrocyclic complexes in this series appear in Figure 22. The
appearance of the two CV's show that these systems are basically reversible
(quasireversible). The electrochemical data on the first three complexes in
this series appear in Table 7. Usually, a quasireversible wave occurs under
the various pH conditions employed with ip o (scan rate)!1/2, and peak to
peak separation increasing with scan rate. For most coordination
complexes, quasireversible behaviour indicates a moderate heterogeneous
or homogeneous electron transfer.32 Repeated cycling of the various
complexes, at < 100 mV/s, under all the conditions employed produced no
changes in the observed results and the complexes are clearly chemically
reversible.
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Figure 22. Co(IIT)/(II) cyclic voltammogram for (a) [Coll{({CO,H,CH,0OH}-
Me-desar)]3+ and (b) [{Coll({CO,Et,CH,OH}-Me-desar)]3+ recorded in 0.1 M
NaClOy at 20° C with an EPG electrode and a scan rate of 20 mV s-1.



Table 7. Electrochemical data for Co(IIT)/(IT) couples of some saturated cage
and macrocyclic complexes (vs SCE). (EPG electrode; 1 mM solutions of
complex in 0.05 M KH3(C204)2.2H20, 0.1 M NaClO4 and 0.05 M NazPOj4 at
20° C with a scan rate of 20 mVs1).

Complex PH Ellz Epc Epa ipc/ ip a AEP
Vs 'L A4 (mV)
SCE SCE SCE
V) (mV) (mV)
WW
[Coll(Me,COoH-sar)]3+ 1682 -0.63 -665 -604 0.99 61

[Col(Me,COH-sar)]3+32  ~6  -0.55 - - - -
[Coll(Me,COy-sar)|2+32  ~6  -0.60 - - - -
[Coll(Me,COo -sar)]2+ 12.04¢ -0.74 -779 -714 0.96 65

[ColI({COH,CH,OH}-Me-  1.68 2 - -478 - - -
de-sar)]3+
[CoI({COH,CH,OH}-Me-  ~6P  -046  -500 -417 0.84 83
de-sar)]3+
[Com({COz',CHon}-Me-de- 12.04¢ -0.59 -623  -557 1.10 66
[Coll({COLEt,CHOH}-Me- 1.68 2 - -454 - - -
de-sar)]3+
[CoI({COEt,CH0H}-Me- ~6b  -046 -489 423 0.87 66
de-sar)]3+
[Coll(Mesar)]3+ 32 ~6  -0.65 - - - -
[Col(sar)}3+ ~6b  -066 -698 -634 0.85 64

a 0,05 M KH3(C204)2.2H20, P 0.1 M NaClOg, € 0.05 M Na3POy.
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The [Coll(Me,CO2H-sar)]3+/2+ couple is virtually reversible under all
pH conditions at a 20 mVs™1 scan rate and the potentials are close to those
of [Colll(Mesar)]3+/2+ and [Colll(sar)]3+/2+. By analogy all these systems
would have similar homogeneous and heterogeneous electron transfer
rates and would be expected to be reversible at low scan rates. The
macrocyclic complexes however do display different patterns of behaviour.
In acidic media (0.05 M KH3(C204).2H20 (pH 1.68)) [Coll({CO,H,CH,OH]}-
Me-desar)]3+ and [Colll({CO2Et,CH,OH}-Me-desar)]3+ display irreversible
redox waves. It is likely that in acid one of the N atoms of the hexadentate
macrocycle peels off the Co(Il) ion and is protonated thereby leading to
irreversibility. This indicates that these molecules are not as inert as the
cages. In addition, the complex [Colll({CO2Et,CH20H}-Me-desar)]3+ is
observed to change colour from orange to red/orange in basic conditions
indicating that some change occurs to the compound under these
conditions. The subsequent NMR spectra, in basic D20, indicated that at
least three different products arose rapidly in these conditions. As a result
in basic solution, a reversible redox couple for the [Colll({CO2Et,CH,OH}-
Me-desar)]3+ complex was not obtained as it was not a single complex.
Also, the position of the redox couple of the different metal complexes
depended on the pH of the solution. For [Colll(Me,CO2H-sar)]3+ and
[Colll({CO,H,CH,0H}-Medesar)]3+ the potentials become more negative
when moving from acidic through to more basic conditions. Obviously,
the carboxylate substituent, on both complexes, is influencing the observed
redox potential in a similar manner to that outlined earlier. Lastly, the
complexes of [Coll({CO,H,CH20H}-Me-desar)]3+ and [Col({CO2Et,CH20OH}-
Me-desar)]3+ each possess Co(IlI)/(II) couples that are more negative than
that observed for the [Colll(sen)]3+ ion.

3.3.2.6 Electronic Absorption Specroscopy

The UV/Visible spectra for the cobalt(IIl) macrocyclic complexes
appear in Figure 23 while the spectral maxima for the first three complexes
in this series appear in Table 8. Each compound displayed two bands that
corresponded to the 1T1g¢1A;g and 1Tog¢~1A14 (Op) parent transitions for
low spin Co(IIl). The intensities of two of the three complexes (Table 7) in
this group are greater than the usual Co-Ng3+ d-d transitions while the
absorptions of [Colll(Me,CO2H-sar)]3+ are consistent with that of the
[Colll(sar)]3+ ion. The macrocyclic complexes display much the same
spectroscopy as Co(III) hexaamines in general and given that they are
basically saturated amine hexadentates it is not surprising. '
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Figure 23. Electronic spectrum of (a) [Coll({CO-H,CH,OH}-Me-desar)]3+ and
(b) [CoI({CO,Et,CH2OH}-Me-desar)]3+ in water at 20° C.

Table 8. Electronic absorption data on some Co(Ill) saturated cage and
macrocyclic complexes (ImM solutions in water at 20° C, unless otherwise
stated).

Complex Band Origin  Apax nm

Transition (Emax M-lcm™?)

[Colli(Me,CO,H-sar)]3+ ITge1A1g  342(134)
ITige1A1, 468 (166)

[Coll(Mesar)]3+ IToge-1A14 345 (113)
Tyl 472 (135)

[Col(sar)]3+a IToge-1A14 343 (108)

ITigelA1g  471(135)

[Col({CO,H,CH,OH}-Me-desar) 3+ 1Tpg¢-1A4, 343 (141)
1T1g(—1A1g 476 (130)

[Com({COzEt,CHZOH}-Me-desar)]3+ IToge-1A14 347 (198)
ITjgelAg 476 (185)

cis-[Collcyclam(OHjy),]3+ 36 szg(—lAlg 367 (99)
IT1ge-1A1¢ 506 (110)

a(.1 MHCl
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'3.3.3 Section 3. Reaction of [Colll(sen)]3+ with diethyl malonate

and formaldehyde in aqueous base.

. 3.3.3.1 Syntheses

‘The reactlon of [Co(sen)]3+ with formaldehyde and diethyl malonate,

in the presence of base, led to the known complex [Colll(Me,CO2Et-2-

oxosar-H)]2+.2 In the presence of KCO3, the ester group hydrolysed,

producing the final isolated product, [Colll(Me,CO2H-2-oxosar-H)]2* in

relatively high yield. Demetallation of this product was achieved by
reacting the amido complex with KCN and CoClz.6H20. Other metal
amide and amido complexes were then produced with this ligand by
complexation with Ni(II), Cu(II), Fe(III), Mn(IIl) and Cr(III) ions (Figure 24).
Attempts to produce a Zn(II) complex by mixing the ligand and an
appropriate zinc salt proved unsuccessful. Even substantial variation of
the reaction conditions produced none of the required product.

The various transition metal complexes were characterised by
microanalysis, visible spectroscopy, ESMS and to some extent by IR
spectroscopy but finally by X-ray crystallographic analysis.

COOH 12+ coo 1+
T2+
o o o

CH 3 CH3 CH3
[Co(Me,CO,H-2-oxosar-H)]2* [Ni(Me,CO,-2-oxosar)]* [Cu(Me-2-oxosar)]?*
coon 12+ coo s coon %

D RO ko
N/ &I\'N N/ ér\’N . N/ &T\'N

CH, CH, CH;
[Fe(Me,CO,H-2-oxosar-H)]>* [Mn(Me,CO, -2-oxosar-H)J* [Cr(Me,CO,H-2-oxosar-H)]**

Figure 24



3.3.3.2 Infra-red Spectroscopy

Infra-red spectroscopy is a useful tool in the analysis of suspected
amide complexes since the carbonyl stretching vibration is rather strong
and characteristic of the bonding mode. Tabulated in Table 9 are the
absorption frequencies of the functional groups of these complexes. For the
[Felll(Me,CO,H-2-0xo0sar-H)]2*+ complex an amido C=0 stretching band
appears at 1557 cm-1 while absorption bands for the COOH group appear at
1743 cm-1 (C=0 stretch) and 1213 cm-1 (OH bend). These values match the
amido and COOH frequencies of 1599 cm-1, 1727 cm! and 1272 cm-!
observed for the [Colll(Me,CO;H-2-oxosar-H)]2+ 2 species. The
crystallographic evidence obtained on the Fe(Ill) and Co(IlI)> complexes
shows that both metals are bound to an amido nitrogen. The observed
frequencies of the amide carbonyl stretching vibration for the Fe(Ill) and
Co(IlI) amido complexes also appear at lower values compared to those of
unbound secondary amides (1680 cm-! to 1630 cm-1).37

By comparison, the copper(Il) monoamide, [Cull(Me-2-oxosar)]2+,
(Figure 25a) displays an amide carbonyl stretching frequency of 1656 cm-1
consistent with an uncoordinated amide group. The crystal structure also
shows that the copper is not bound to the amido nitrogen. Similarly, the
free amide ligand, Me,CO2K-2-oxosar, exhibits a characteristic amide
carbonyl absorption band at 1630 cm-1 which is at the limit expected for an
unbound secondary amide ligand. This compound also displays the
antisymmetrical and symmetrical stretching vibrations anticipated for a
COO- group (1610 to 1550 cm™! and 1420 to 1300 cm-1)37 at 1591 cm! and
1349 cml respectively. ' For the [Crlll(Me, CO2H-2-oxosar-H)]2+ and
[MnllI(Me,CO5™-2-oxosar-H)]*+ complexes the amido carbonyl stretching
frequencies appear at 1597 cm1 and 1595 cm-1 respectively. In addition,
carboxylate absorption frequencies for the Cr(IIl) amide complex appear at
1725 cm1 and 1250 cm! respectively. For the Mn(Ill) amide complex the
stretching vibrations at 1610 cm-1 and 1310 cm-! are consistent with that
expected for a COO- group. Finally, the Ni(Il) complex, [Nil{(Me,CO2"-2-
oxosar)}*, (Figure 26a) displays an amide carbonyl stretching vibration,
which is resolved into two bands, at 1709 cm-1 and 1691 cm-1. In addition,
the carboxylate ion stretching vibrations appear at 1602 cm™! and 1354 cm-L.
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Table 9. Selected functional group infra-red absorption vibrations of the
amide complexes and free ligand obtained in this work.

Complex v=~, cm-l Assignment
[Coli(Me,CO,H-2-oxosar-H)]2+ 1727 C=0(cooH) stretch
1599 C=O(amido) stretch
_ 1272 OH(cooHn) bend
Me,COyK-2-oxosar 1630 C=O(amide) stretch
1591 COOK+* asym stretch
1349  COOK* sym stretch
[Nill(Me,CO>--2-oxosar)]* 1709,1691 C=O(amide) stretch
' 1602 COO- asym stretch
1354 COO- sym stretch
[Cull(Me-2-0x0sar)]2+ 1656  C=O(amide(1)) Stretch
[Felll(Me,CO,H-2-oxosar-H)]2+ 1743 C=0(coon) stretch
1557 C=0O(amido) stretch
1213 OH(cooH) bend
[MnII(Me,CO5--2-oxosar-H)]+ 1610 COO- asym stretch
1595 C=O(amido) stretch
1310 COOr sym stretch
[CriI(Me,COH-2-ox0sar-H)]2+ 1725 =O(cooH) stretch
1597 C=0O(amido) stretch
1250 OH(coon) bend

A small sample of the Cu(Il) complex was then dissolved in DO and
freeze-dried. The resultant IR spectrum (Figure 25b and Table 10) revealed
that the two amide peaks were present at 1649 cm-! and 1537 cm-l. The
copper complex was then redissolved in basic DO (pD ~ 9) and again
freeze-dried. Examination of the freeze-dried complex in KBr (Figure 25c¢
and Table 10) showed that the amide absorption bands appeared at similar
values (1645 cm™! and 1562 cm1) to that of the undeuterated complex. The
Ni(II) monoamide complex was also treated exactly the same way as the
[Cull(Me-2-oxo0sar)]2+ ion above (Figures 26a, b and ¢ and Table 10).
However, for this complex the IR spectrum of the Ni(Il) system, obtained
from basic conditions (pD ~ 9) showed that the amide carbonyl stretch
moves to a lower frequency (1577 cm-1) overlapping with the carboxylate
ion stretch stretching band. '
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Figure 25. IR spectrum of [CuH(Me:'Z.-oxosar)]2+ in (a) KBr, (b) Deuterated
complex in KBr and (c) Deuterated complex, obtained from basic D70, in
KBr.
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Figure 26. IR spectrum of [Nill(Me,CO3"-2-oxosar)]* in (a) KBr, (b)
Deuterated complex in KBr and (c) Deuterated complex, obtained from basic
D0, in KBr.



Table 10. Selected functional group infra-red absorption vibrations of the
deuterated Cu(Il) and Ni(II) amide complexes obtained in this work.

Complex v~, cm-1 Assignment
[Cull(Me-2-oxosar)]2+ 1649  C=O(amide(r)) Stretch
1537  C=O(amide(in)) stretch
[Cull(Me-2-0xo0sar)]2* 1645  C=O(amide(r)) stretch
1562  C=O(amide(i)) stretch
[Nill(Me,COp--2-oxo0sar)]+ 1685 C=O(amide) stretch

1604 COO- asym stretch

: 1359 COO- sym stretch
[Nill(Me,CO7"-2-oxosar-H)]0 1577 C=O(amido) stretch
' 1350 COO- sym stretch

3.3.3.3 Electrospray Mass Spectrometry

The ESM spectra of the Co(III), Ni(Il), Cu(Il), Fe(IlI), Mn(IIl) and
Cr(III) amide complexes within this series in water appear in Figures 27 to
32. For the [Colll(Me,CO2H-2-oxosar-H)]2+, [Cull(Me-2-oxo0sar)]2+,
[Felll(Me,COyH-2-0xo0sar-H)]2+ and [CrlIl(Me,CO;H-2-0xo0sar-H)]2+
complexes all display a signal corresponding to a [Mcage2+ - H+]+ species
and for the Cu(Il) and Fe(III) complexes this is the most intense signal. For
the [Nill(Me,CO3-2-oxosar)]* and [Mnlll(Me,CO3--2-0xosar-H)]* mono
charged complexes, a base signal corresponding to a [Mcage]* species arises.
Except for the Cu(Il) complex that does not possess an apical CO; group, all
the complexes display a loss of forty-four mass units from the base signal
that corresponds to the elimination of a CO; group.

For the [CrIIl(Me, COH-2-oxosar-H)]2*+ complex the [Crcage2+ - H+ -
COz]* ion appeared as the most abundant ion within the spectrum. In
addition, for the Cu(Il) complex a series of signals at an m/z of 474 occurs
from the combination of the doubly charged ion, [Cucage?+]2+, with one
perchlorate ion. In both instances, the charged ions combine presumably by
hydrogen bonding to the cation in the ion pair. It is also of interest to note
in all the spectra shown that signals occur at masses clustered around those
of the observed ions. These signals arise from the isotopic contributions of
the elements present within each molecule. The observed ions are
consistant with the respective simulated patterns of the observed ions in
each case and support the respective microanalytical assignments.
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Figﬁre 27. ESM spectrum of aqueous [Colll(Me,CO,H-2-oxosar-H)]2+ (Cone
Voltage = 50 V).
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Figure 28. ESM spectrum of aqueous [Nill(Me,CO2--2-oxo0sar)]* (Cone
Voltage = 25 V). S
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Figure 29. ESM spectrum of aqueous [Cull(Me-2-oxosar)]2+ (Cone Voltage =
80 V).

Figure 30. ESM spectrum of aqueous [Felll(Me, CO;H-2-oxosar-H)]2+ (Cone
Voltage = 50 V).
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Figure 31. ESM spectrum of aqueous [Mnlll(Me,CO,™-2-oxosar-H)]* (Cone
Voltage = 50 V).
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Figure 32. ESM spectrum of aqueous [Crl{(Me,CO,H-2-oxosar-H)]2* (Cone
Voltage = 80 V). '



3.3.3.4 X-ray Crystallography
The Crystal Structure of [Nill(Me,COO--2-oxosar)]2(ClO4)2.3H20

An X-ray crystallographic analysis of the perchlorate salt was
obtained. The ORTEP diagrams of the two cations within the crystal are
depicted in Figure 33 and 34. The bond distances and angles for each
structure are compiled in Tables 11 and 12. Other relevant crystallographic
data appears in Appendix 3.

Figure 33. Thermal ellipsoid diagram of cation 1 of [Nill(Me,COO--2-
oxosar)]2(ClO4)2.3H20 with labelling of selected atoms. Ellipsoids show 30%
probability levels. Hydrogen atoms bonded to nitrogen atoms are drawn as
circles with small radii; all other hydrogen atoms have been omitted.
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Figure 34. Thermal ellipsoid diagram of cation 2 of [Nill(Me,COO--2-
oxosar)]2(Cl04)2.3H20 with labelling of selected atoms. Ellipsoids show 30%
probability levels. Hydrogen atoms bonded to nitrogen atoms are drawn as
circles with small radii; all other hydrogen atoms have been omitted.
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Table 11. Bond distances (A) for cation 1 and 2 of [Nill(Me,COO--2-
oxosar)]2(ClO4)2.3H20

Atom Distance (A) Atom Distance (A)
Ni(1)-N(3)  2.118(2)  Ni(1)-N(4)  2.095(3)
Ni(1)-N(5)  2.146(3)  Ni(1)-N(6)  2.101(2)
Ni2-N(7)  22773) Ni@2-N@®)  2.076(3)
Ni(2)-N(9)  2.091(3)  Ni(2)-N(10)  2.088(3)
Ni(2)-N(11)  2136(3)  Ni(2)-N(12)  2.070(3)

Cl(1)-0(7)  1.388(3)  CI(1)-O(7a)  1.43(1)*
Cl(1)-0(8)  1.447(4)  CI(1)-O(8a)  1.34(1)*
Cl(1)-0(9)  1.416(3) CI(1)-O(9a)  1.41(1)*
Cl(1)-0(10)  1.426(4) CI(1)-O(10a)  1.43(1)*
Cl(2)-0(11)  1.404(3) CI(2-0(12)  1.369(3)
Cl(2)-0(13)  1.423(4) CI(2-0(14)  1.391(4)
O(1)-C(2) 1.198(4)  O(2-C(15)  1.247(4)
O(3)-C(15)  1.250(4) O@4)-C(18)  1.218(4)
O(5)-C(31)  1.252(4) O(6)-C(31)  1.256(4)
0(19)-020)  1.241(7)
N(1)-C(2) 1.398(4) N(1)-C(3) 1.481(4)
N(2)-C(4) 1.491(4) N(2)-C(5) 1.490(4)
N(3)-C(7) 1.493(4) N(3)-C(8) 1.481(4)
N(4)-C(9) 1.480(4) N(@4)-C(10)  1.485(4)
N()-C(11)  1487(4) N(5)-C(12)  1.489(4)
N(6)-C(13)  1.473(4)  N(6)-C(14)  1.499(4)
N(7)-C(18)  1.381(4) N(7)-C(19)  1.476(4)
N(8)-C(20a)  1.58(2) N(8)-C(20)  1.485(5)
N(8)-C(21)  1.488(5) N(9)-C(23)  1.484(4)
N(@9)-C(24)  1.490(4) N(10)-C(25) 1.479(4)
N(10)-C(26)  1.487(4) N@11)-C(27)  1.486(4)
N(11)-C(28)  1.482(4) N(12)-C(29)  1.478(4)

* Restrained during refinement
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Table 11 cont. Bond distances (A) for cation 1 and 2 of [Nill(Me,COO--2-
oxosar)]2(ClO4)2.3H20

Atom Distance (A) Atom Distance (A)

ey

N(12)-C(30)  1.484(4) C()-CR) 1.526(4)
C(1)-C(7) 1534(4)  C(1)-C(11)  1.540(4)
C(1)-C(15)  1554(4)  C(3)-C(4) 1.508(5)
C(5)-C(6) 1543(4)  C(6)-C(10)  1.526(4)
C(6)-C(14)  1535(4)  C(6)-C(16)  1.533(4)
C(8)-C(9) 1.498(4)  C(12)-C(13)  1.508(4)

C(17)-C(18)  1521(4) C(17)-C(23) 1.538(4)

C17)-C(27) 15844 C(17)-C(3l)  1.561(4)

C(19-C(20a)  136(2)  C(19)-C(20)  1.477(6)

C@1)-C(22) 1497(5) C(2)-C(26)  1.527(4)

C(22)-C(30)  1553(5) C(22-C(32)  1.538(5)

C(24)-C(25) 1511(5) C(28-C(29)  1.510(5)

* Restrained during refinement
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Both cations show that the Ni(Il) is six coordinate being bound to
five secondary amines and an amide nitrogen atom. The most interesting
aspect of each structure is that while the metal is bound to the amide
nitrogen the nitrogen atom is also protonated. Basically the metal ion
bonds 7 to the amide group to give a pseudo-tetrahedral geometry about
the N atom. Both cations also possess a deprotonated carboxyl group in the
apical position giving each cation an overall charge of 1+. The main
difference between the two cations comes through the conformation of the
five membered chelate rings. For cation 1 (Figure 33) the two amide free
five membered chelate rings have adopted a lel conformation while for the
remaining amide strap, the chelate ring displays an ob conformation about
the long axis through the metal. Overall, the cation displays a lelzob
conformation which is similar to that observed for [Colll(Me,CO,H-2-
oxosar-H)](ClO4)2.0.5H0.2 The second cation (Figure 34) displays a slightly
different conformation in that all three five membered chelate rings
possess a lel configuration giving the complex a lel3 configuration. This is
similar to the conformation observed for [Nill({NH3+},-sar)]4+.38

The Ni-N(amine) distances for both cations are similar to those
observed for [Nill({NH3+},-sar)[4+ (2.097 A to 2.119 A).3® However, the Ni-
N(amide) distance normally associated with deprotonated amido cage
complexes does not arise for either cation. In fact, the Ni-N(amide) distance
for both systems is slightly longer than the Ni-N(amine) bond lengths of
each respective cation. Again this is due to each amide nitrogen atom
being protonated and bonded = to the Ni(Il) ion. The type of bonding
observed in these systems also affects the bond distances in the actual
amide group. Normally, for a deprotonated metal bound amido group the
C-N(amido) and C-O(amido) distances should be approximately 1.30 A and
1.24 A respectively.2# Also for an unbound secondary amide group the C-
N(amide) 2and C-O(amide) bond lengths are 1.325 A and 1.24 A.24 For cation 1
the C-N(amide) distance (1.398 A) is longer than both of the expected C-
N(amido/amide) distances while the C-O(amide) length (1.198 A) is shorter
than the usual C-O(amido/amide) distances. The same situation exists of
cation 2 where the C-N(amide) and C-O(amide) distances are 1.381 A and
1218 A respectively. However, the C-N(amide) distances of each cation are
still shorter than that expected for a C-N(amine) distance of 1.45 A.

The N-Ni-N bond angles of each cation show that the Ni(Il) ion
displays a distorted octahedral symmetry. However this is not unexpected
as the [Nill({NH3z+t};-sar)]4* ion possesses a similar type of distorted NiNg
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octahedral core.3® The average twist angles for cation 1 and 2 are 42° and
45° respectively. In addition, as a consequence of this distortion the two N3
planes, for each cation, are not set parallel to each other. For cation 1 the
angle between the two planes is 5.52° while for cation 2 it is 0.86°. Also, the
torsion angles of the five membered chelate rings are somewhat different
for each cation. In cation 1 the five membered chelate ring, N(1)-C(3)-C(4)-
N(2)- containing the amide nitrogen atom, possesses a torsion angle of 50°

- while the two remaining amide free chelate rings, namely N(3)-C(8)-C(9)-

N(4) and N(5)-C(12)-C(13)-N(6), display angles of -56° and -57° respectively.
For cation 2 the amide chelate ring, N(7)-C(19)-C(20)-N(8), has a torsion
angle of 41° while the two remaining chelate rings, N(9)-C(24)-C(25)-N(10)
and N(11)-C(28)-C(29)-N(12), have angles of -52° and -57° respectively.

The Crystal Structure of [Cull(Me-2-oxosar)](C104)>.1.3H,0

The structure of the complex along with the bond distances and
angles are listed in Figure 35, and Tables 13 and 14 respectively. The
structure confirms that the ligand acts as a pentadentate, and has lost the
carboxyl group from the apex. The amide nitrogen atom remains unbound
and has retained its proton. In addition the two five-membered chelate
rings adopt a lel configuration with respect to the long axis through the
complex. The remaining strand is skewed so that the plane of the amide
group is perpendicular to the axis joining the amide N and Cu atoms but
they are separated by ~3 A and are therefore not considered bonded. This is
a very similar orientation to that of the Ni complex but without the
distortion of the planar amide group.

Interestingly, the Cu(Il) amide system displays four short and one
long Cu-N(amine) distances while the remaining non-bonded amide
nitrogen atom is approximately 3 A from the Cu(Il) ion. This is in contrast
to the hexadentate [Cull({NH3*},-sar)]4+ ion which posesses two short, two
medium and two long Cu-N(amine) bond lengths.3® The Cu-N(amine)
distances are generally shorter than the average Cu-N(amine) bond lengths
observed for [Cull({NHj3*}-sar)}4+, (2.169 A),%0 with the exception of Cu-
N(2), that has a distance of 2.279(6) A. The Cu-N(amine) distances observed
for the amide complex, except for Cu-N(2), are also shorter than the Cu-
N(amine) range exhibited for a series of secondary amine Cu(Il) complexes
(2.15 A to 2.18 A)3% However, the Cu-N(amine) distances of the
pentadentate [Cull(N-Messar)(OClO3)]* and [Cull(N-Mezsar)(OClO3)]2+ ions
are comparable to those of [Cull(Me-2-oxosar)](Cl04)2.1.3H20.4! The
unbound N-C(amide) distance is shorter than the expected N-C(free peptide)
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bond length of 1.325 A, but the C-O(amide) is similar to the normal C-O(free
Pephde) value of 1.24 A.24

Figure 35. Thermal ellipsoid diagram of the [Cull(Me-2-
oxosar)}(ClO4)2.1.3H20 cation with labelling of selected atoms. Ellipsoids
show 50% probability levels, except for hydrogen atoms which are drawn as
spheres of arbitary radius.
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Table 13. Bond distances (A) for [Cull(Me-2-oxosar)](ClO4)7.1.3H,0

Atom Distance (A) Atom Distance (A)

Cu-N(1) 3.075(6)

Cu-N(2) 2.279(6) Cu-N(3) 2.040(5)

Cu-N(4) 1.995(5) Cu-N(5) 2.031(5)

Cu-N(6) 2.059(5) Cl(1)-O(2a) 1.535(8)*
Cl(1)-O(2b) 1.456(8)* Cl(1)-O(3a) 1.373(8)*
ClI(1)-O(3b) 1.152(8)* Cl(1)-O(4a) 1.428(8)*
CI(1)-O(4b) 1.414(8)*  ClI(1)-O(5a) 1.433(8)*
CI(1)-O(5b) 1.374(8)* Cl1(2)-O(6) 1.393(7)*
Cl(2)-O(7) 1.391(7) C1(2)-O(8) 1.393(7)
Cl1(2)-0(9) 1.401(7) 0O(1)-C(2) 1.236(9)
N(1)-C(2) 1.315(9) N(1)-C(3) 1.439(10)
N(2)-C(4) 1.479(9) N(2)-C(5) 1.491(8)
N(3)-C(8) 1.493(9) N(3)-C(9) 1.483(8)
N@4)-C(10)  1476(8) N(@4)-C(11)  1.467(8)
N(5)-C(12) 1.486(8) N(5)-C(13)  1.470(8)
N(6)-C(14) 1.480(8) N(6)-C(15) 1.463(8)
C(1)-C2) 1.53(1) C(1)-C(8) 1.538(10)
C(1)-C(12) 1.54(1) C(3)-C4) 1.51(1)
C(5)-C(6) 1.530(10) C(6)-C(7) 1.525(9)
C(6)-C(11) 1.541(9) C(6)-C(15) 1.536(10)
C(9)-C(10) 1.520(9) C(13)-C(14) 1.495(10)

*Restrained during refinement
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The symmetry about the Cu(Il) ion for [Cull(Me-2-
oxosar)](ClO4)2.1.3H20 can best be described as a distorted square pyramid
with the N-Cu-N angles varying considerably from ideal square pyramid
values. However, this type of distorted geometry has been observed
previously in other five-coordinate Cu(Il) amine complexes.?46 In total,
the evidence indicates the Cu complex should be viewed as a five-
coordinate distorted square pyramidal complex with the amide group not
bonded to the Cull ion.

The Crystal Structure of [Felll(Me,CO,H-2-oxosar-H)](C104)2.0.5H20

The structure of the Fe(IIl) complex appears in Figure 36, and the
bond distances and angles appear Tables 15 and 16 respectively. The
structure confirms that the ligand is hexadentate; five coordination sites
come from the secondary amines and the other from the deprotonated
amide nitrogen. For the two sectors excluding the amide group, the five
membered chelate rings adopt a lel configuration, while for the remaining
amide strap, its five membered chelate ring possesses an ob conformation
about the long axis through the metal. Therefore the cage complex displays
a lelpob conformation. In addition the structure shows that the six N
donors are at the corners of a slightly distorted octahedron. These
properties are also seen for [Colll(Me,CN-2-oxosar-H)](ClO4)3,2Cl1 /2. H20
and [ColI(Me,CO,H-2-oxosar-H)](ClO4)2.0.5H20.2

The Fe-N(amine) distances are similar to the average Fe-N(amine)
bond lengths observed for [Felll(sar)]3+, (2.007 A)Y, with the exception of
Fe-N(4) and Fe-N(6), that have distances of 1.970(9) A and 2.017(8) A
respectively. The Fe-N(amine) distances observed are similar to the average
distance reported for [Fe(tacn)2]3+ (1.998 A).4849 Like the Co(IIl) complexes
the Fe-N(amido) bond, 1.886(8) A, is shorter than the other saturated amine
distances and is also shorter than the average Fe-N(amido) distance (1.927 A)
reported for the five coordinate [FelllCl(n4-MAC)]2- tetraamido macrocyclic
complex.’® The N(1)-C(2) amide bond length (1.33(1) A) is longer than the
N-C(peptide) distance (1.30 A)%, while the remaining cap C-N bonds have
distances comparable to those observed for [Felll(sar)]3+.47 The C(2)-O(1)
bond length (1.25(1) A) is also shorter than the anticipated C‘O(peptide)
value of 1.27 A 24



Figure 36. Thermal ellipsoid diagram of the [Felll(Me,CO2H-2-oxosar-
H)](C10O4)2.0.5H70 cation with labelling of selected atoms. Ellipsoids show
50% probability levels, except for hydrogen atoms which are drawn as
spheres of arbitary radius.
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Table 15. Bond distances (A) for [Fem(Me,COZH-Z-oxosar-H)](ClO4)2.0.5HgO '

Atom Distance (A) Atom Distance (A)
Fe-N(1) 1.886(8) Fe-N(2) 2.008(9)
Fe-N(3) 2.010¢9) Fe-N(4) 1.970(9)
Fe-N(5) 2.002(9) Fe-N(6) 2.017(8)
CI(1)-0O(5) 1.41(1) Cl(1)-0(6) 1.40(1)
Cl(1)-0(7) 1.40(1) Cl(1)-O(8) 1.35(1)
C1(21)-O(9) 1.25(1)
Cl(21)-0(10)  140(2) Cl21)-0(11)  1.24(1)
Cl21)-0(121)  1.33(3) C1(22)-0(9) 1.44(2)
Cl(22)-0(10)  1.12(2)  ClI(22)-0(11)  1.38(1)
Cl(22)-0(122)  1.27(2) O(1)-C(2) 1.25(1)
0O(2)-C(15) 1.32(1) O(3)-C(15) 1.18(1)
N(1)-C(2) 1.33(1) N(1)-C(3)  1.47(2)
N(2)-C(4) 150(1)  N(2)-C(5) 1.50(1)
N(3)-C(7) 1.49(1) N(3)-C(8) 1.50(1)
N(4)-C(9) 1.49(1) N(4)-C(10)  1.48(1)
N(5)-C(11) 150(1)  N(5)-C(12) 1.46(1)
N(6)-C(13) 1.48(1) N(6)-C(14) 1.50(1)
C(1)-C(2) 1.55(1) C(1)-C(7) 1.51(1)
C(1)-C(11) 1.55(1) C(1)-C(15) 1.53(1)
C(3)-C(4) 1.50(2) C(5)-C(6) 1.53(1)
C(6)-C(10) 1.53(1) C(6)-C(14) 1.52(1)
C(6)-C(16) 1.50(1) C(8)-C(9) 1.48(2)
C(12)-C(13) 1.49(2)
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The N-Fe-N bond angles of [Felll(Me,CO;H-2-0xo0sar-
H)](C104)2.0.5H20 deviate slightly from the ideal angles expected for
octahedral symmetry of the FeNg core; the angles vary by 2° to 10° from the
ideal values. The average twist angle between the two sets of N3 planes,
perpendicular to the long axis through the metal, is 48.2°; the two N3
planes also occur at an angle to one another (1.43°) which indicates the
metal possesses a pseudo-octahedral character due to all of these small
displacements. The introduction of an amide moiety has caused some
change in the conformation of the basic cage structure. In this instance the
five membered chelate ring, N(1)-C(3)-C(4)-C(2) containing the amide
group, has a torsion angle of -25(1)° while the two remaining amide free
chelate rings, namely N(3)-C(8)-C(9)-C(4) and N(5)-C(12)-C(13)-C(6), have
torsion angles of -51(1)° and -55(1)° respectively.

Clearly, the structural data shows that the Fe(IIl) amido complex is a
low spin d5 ion with basically an octahedral configuration. It can therefore
be expected to be kinetically inert to ligand loss and possibly able to sustain
the Fe(IV) oxidation state.

3.3.3.5 Electrochemistry

The cyclic voltammograms of the Co(III), Fe(IIl), Mn(III), Cu(Il),
Ni(II), Fe(Il) and Mn(IT) amide cage complexes at 20 mVs-1 appear in Figure
37 and essentially they show that the systems display reversible behaviour.
The reduction potentials (vs SCE) for the complexes are listed in Table 17.
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Figure 37. Cyclic voltammograms for (a) [Colll(Me,CO>H-2-oxosar-H)]2+, (b)
[Felll(Me,CO,H-2-oxosar-H)]2+ and (c) [Nill(Me,CO>"-2-oxosar)]* recorded in
0.05 M KH3(C204)2.2H20 and for (d) [MnllI(Me,CO;3--2-oxosar-H)]*, (e)
[Cull(Me-2-oxosar)}2+, (f) [MnI(Me,COy-2-oxosar-H)]0 and (g) [Fell(Me,COo™-
2-oxosar-H)]0 recorded in 0.1 M NaClO4. All measurements were
performed at 20° C with an EPG electrode and a scan rate of 20 mV s'1.
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Table 17. Electrochemical data for Co(III)/(II), Fe(II)/(II), Mn(III)/(II),
Cr(III)/(II) and Cu(Il)/(I) couples of monoamide and saturated cage
complexes (vs SCE). (EPG electrode; 1 mM solutions of complex in 0.05 M
KH3(C204)2.2H70, 0.1 M NaClO4 and 0.05 M Na3zPOy4 at 20° C with a scan
rate of 20 mVs-1).

Complex pH E1/2 Epc ‘ ﬁpa ipc/ipa AEP
Vs vs vs (mV)

SCE SCE SCE

(V) (mV) (mV)
[Colll(Me,COoH-2-0x0sar-H)]2+ 1.682 -0.70 -741 -659 1.00 82
[Coll(Me,COpH-2-0xosar-H)]2+ ~6 -0.7232 - - - -
[Col(Me,COy-2-0x0sar-H)|* 12.04¢ -091 940 -872 092 68
[Colll(sar)]3+ ~6b 066 -698 -634 085 64
[Fell(Me, CO;H-2-oxosar-H)|2+ 1.682 -0.34 -365 -305 0.62 60
[Fell(Me,COoH-2-0x0sar-H)]2+ ~6b  -0.38 414 350 087 64
[Felll(Me,COy-2-0xo0sar-H)]* 12.04¢ -0.56 -593 -53¢4 0.81 59
[Felll(sar)]3+ 51 ~6 017 - - 110 60
[Mnl{(Me,CO5-2-ox0sar-H)]* ~8b -0.061 -91 -30 126 61
[Cull(Me-2-oxosar)]2+ 1.68 2 - -676 - - -
[Cull(Me-2-oxo0sar)]2+ ~6b - -886 - - -
[Cull(Me-2-oxosar)]2+ 12.04¢ - -978 - - -
[Cull(sar)]2+ 52 6 - -800 - - -
[Nill(Me,CO;H-2-0x0sar)]2+ 1682 050 471 534 102 63
[Nill(Me,COy-2-oxo0sar)]* ~6b 044 394 477 094 83
[Nill(Me,COy-2-oxosar-H)]0 12.04c 0.29 250 320 098 70
[Nill(sar)]2+ 38 -d 065 - - 1.10 61
[Fell(Me,CO,--2-oxosar-H)]0 ~8b 055 -587 -511 132 76
[Mnl{(Me,COy-2-ox0sar-H)]0-  ~8b 0062 -98 -25 117 73
[MnI(sar)]2+ 53 ~7 029 - - - -

20,05 M KH3(C204)2.2H20, P 0.1 M NaClOy, € 0.05 M NagPOy, 9 0.1 M NaCF3503/0.1 M

CF3SO3H.




In the various solutions employed most of the amide cage complexes
exhibited either a reversible or quasireversible M(II)/(II) couple with ip o
(scan rate)l/2, and peak to peak separation increasing with scan rate. For
most coordination complexes, quasireversible behaviour is related to a
moderate homogeneous or heterogeneous electron transfer.3? Repeated
cycling of the various complexes, at 100 mV/s, under all the conditions
employed produced no changes in the observed waves and the systems
were clearly at least chemically reversible. The position of the redox couple
of the different metal amide complexes depended on the pH of the
solution. In some instances the potentials become more negative when
moving from acidic to basic conditions. The position of the redox couple
depends partly on whether the apical carboxyl group is protonated or not. If
it is protonated it functions as an electron withdrawing group which
removes some charge from the metal and the potential moves to more
positive values. Under conditions where the carboxyl group is
deprotonated the overall positive charge is lowered and a more negative
potential results. The six coordinate amido complexes also display a
negative shift in their potentials compared with their hexaamine [M(sar)]x*
analogues.

From the crystallographic evidence obtained for the [Nill(Me,CO™-2-
oxosar)]* complex the amide nitrogen is both bound to the metal and
protonated. The same situation probably exists in solution especially in
acidic media because the crystallographic sample was obtained from
acidified (pH 3) aqueous solution. In more acidic conditions, the carboxylate
group would also be protonated. In basic solution though, the results
indicate that the complex has lost the proton from the amido nitrogen
atom. On moving from neutral to basic media a shift of -150 mV is
observed in the Ni(II)/(IIT) potential. As the apical carboxyl group is already
deprotonated in neutral solution the observed shift must then arise from
loss of the proton from the coordinated and protonated amide N atom.
The complex is then the same as the other deprotonated amido cage
systems where the Ni(II)/(III) potential is less positive than that of
[Nill(sar)]2+.

The redox chemistry of the pentacoordinate Cu(Il) amide is the same

as that of the six coordinate [Cull(sar)]2+ ion in that both systems are

irreversible although the reduction potential of the [Cull(Me-2-oxosar)]2+
ion is slightly more negative than that of [Cull(sar)]2+ in neutral and basic
conditions. However, some caution must be expressed here as
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comparisons between five and six coordinate complexes are tenuous at best.
The redox potential of the [Cull(sar)]2+ ion is reported in Table 16 only to
highlight the differences in the redox chemistry of the two complexes.
Also, out of this set of amido complexes the Cu(Il) monoamide is the only
system to display irreversible behaviour. It is anticipated that Cull + e~ —
Cul leads to loss of Cut from the cage rapidly as it does for [Cull(sar)]2+ and
therefore the system is irreversible. Cu* is clearly too large for these cages
and with Cut out of the cage the oxidation wave is not observed.

Despite the fact that a range of different metal monoamide
complexes exist with the Me,COOH-2-oxosar ligand Ni(Ill) was the only
higher oxidation state stabilised by this ligand. Other oxidation states such
as Co(IV), Fe(IV), Mn(IV), Cr(IV) and Cu(IIl) were not observed. One way
to possibly overcome this problem is to choose appropriate apical
substituents to aid the stabilisation process. However, it appears that more
than one amide moiety is required to effect stabilisation of these ions.
These aspects will be examined with the Co(III), Cr(IIl) and Ni(II) complexes
in the following chapter. Again peripheral charge was less effective
compared to that of an anionic binding site.

3.3.3.6 Electronic Absorption Spectroscopy

The electronic absorption spectra of the various metal amide cage
systems appear in Figure 38. In addition, the UV/visible spectral maxima
of these complexes appear in Table 18.
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Figure 38. Electronic spectra of (a) [Colll(Me,CO2H-2-oxosar-H)]2+, (b)
[Nill(Me,CO5--2-oxosar)]*, (c) [Cull(Me-2-oxosar)]2+, (d) [Felll(Me,CO,H-2-
oxosar-H)]2+, (e) [MnlII(Me,CO3--2-oxosar-H)]* and (f) [CrIIl{(Me,CO,H-2-

oxosar-H)]2* in water at 20° C.
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Table 18. Electronic absorption data on some transition metal monoamide
and saturated cage complexes (ImM solutions of complex in water at 20° C
unless otherwise stated).

Complex Band Origin Amax nm
Transition (Emax M-lem™1)
[Co(Me,CO,H-2-oxo0sar-H)]2+ ITyge-1Aqg 346 (363)
ITjgelA; 490 (314)
[Co(sar)]3+33a IToge1A1g 343 (108)
ITgelAy, 471 (135)
[Ni(Me,CO;H-2-oxo0sar)]2+a 3T1g «3A2¢ (P) 340 sh (35)
3T1g«3Azg (F) 524 (14)
| 3Toge3A2q 818 (15)
[Ni(Me,CO;-2-oxosar)]*+ 3T1g «3A25 (P) 340 sh (38)
3Tig3Azg (F) 524 (14)
3Toge3Azg 818 (14)
[Ni(Me,COz-2-oxosar-H)]0b 3T1g «3A2 (P)  330sh (21)
| Mg 3Az (F)  512(14)
3Toge-3A2q 812 (25)
[Ni(sar)]2+ 38 ¢ 3T1g «3Agg (P) 329 (9)
Tig¢3Azg (F) 506 (8)
3T2g(—3A2g 805 (15)
[Cu(Me-2-oxosar)]2+ 2 605 (150)
820 (59)
[Cu(Me-2-oxosar)]2+ 613 (182)
820 (95)
[Cu(Me-2-oxosar)]2+b 552 (111)
I 700 sh (73)
[Cu(sar)J2+ 5t 2AB2A2B1, 653 (114)
2A192B;; 1189 (48)

a0.1 M HCL, P 0.05 M Na3POy, € 0.1 M CF3SO3H



Table 18 cont. Electronic absorption data on some transition metal
monoamide and saturated cage complexes (ImM solutions of complex in
water at 20° C unless otherwise stated).

Complex Band Origin Amax Nm
Transition (Emax M-lcm1)
]
[Fe(Me,COoH-2-oxosar-H)J2+d  2A14,2T55,2T15, 430 (2705)
‘ ZEg,szgf—szg
[Fe(sar)]3+ 51 2A1g¢-2Tog 366 (924)
2Bge2Tp, 438 (333)
2T2g<—2ng 529 sh (108)
[Mn(Me,CO3--2-oxosar-H)J* SEg¢5B1g 410 sh (431)
5Bpge5B1g 562 (231)
[Mn(sar)]3+ 53 ¢ SEge-5B1g 277 (7510)
5Bzg<—sB1g 420 (1400)
[Cr(Me,COH-2-oxosar-H)]2+ 4Toge-4A2g 347 (63)
TygetAs,  470(168)
[Cr(sar)3+5¢ Tpgethng -~ 347 (91)
iTigethyy 450 (156)

20.1 M HCJ, b 0.05 M Na3POy, € 0.1 M CF3SO3H, 41 x 104 M

In all instances, the observed maxima and their intensities
correspond to those expected for the respective high or low spin metal ions.
Each six coordinate amide complex also displays a small red shift in all or

some of their d-d bands when compared to the relevant six coordinate
' [M(sar)]*+ complex. This is consistent with the trend observed for the
[Colll(Me,CN-2-0xosar-H)]2+ ion. A similar result occurs for the
[CoI({NO,}2-sar)]3+ complex after it loses a proton from a coordinated
nitrogen in basic solution.33 It appears then that a deprotonated nitrogen
within a cage complex results in a red shift in the absorption bands
regardless of the type of metal present within the cage amide complex.
There is also an increase in the molar absorption coefficients of the d-d
bands of the six coordinate amide complexes when compared to the
corresponding hexacoordinated [M(sar)]** complexes. Again, based on the
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electrochemical data, in acidic and neutral conditions the [Nill(Me,CO>--2-
oxosar)]* complex is expected to have the amide nitrogen atom protonated
and bound while in basic solution the complex becomes a
NiN5(amine)N(amido) complex.

Even at pH ~14 the electronic spectroscopy indicates the Cu(Il) amide
complex is still five coordinate. In CullNg compounds a d-d transition
appearing at approximately 1185 nm in the electronic spectrum is
indicative of hexadentate metal binding. This has certainly been observed
for the known six coordinate Cu(Il) complexes of [Cull(sar)]2+ (653 (114) and
1189 (48)) and [Cull({NH3+)z-sar)[4+ (662 (139) and 1182 (58)). Under all pH
conditions the transition at ~1185 nm is absent for the [Cull(Me-2-oxosar)]2+
ion. Therefore, in aqueous media the Cu(ll) amide remains as a
pentadentate complex independent of pH. Again direct comparison
between the five coordinate [Cull(Me-2-oxosar)]2* and six coordinate
[Cull(sar)]2+ is tenuous at best. The two complexes appear in Table 13
simply to highlight the electronic differences between five and six
coordinate Cu(Il) cage systems.

A preliminary investigation into the Ni(III) electronic spectroscopy
of [Nilll(Me,CO2H-2-oxosar-H)]2+ was undertaken. The olive green Ni(III)
complex was obtained by electrochemical oxidation of [Nill(Me,CO,--2-
oxosar)]* in acidic aqueous solution while the generation of the Ni(III)
species was monitored electronically (Appendix Figure 3.1.9). The
absorption spectrum shows that the [Nilll(Me,CO,H-2-oxosar-H)]2+ ion
possesses two d-d bands present at 631 nm and 1455 nm. Also, an ill-
defined shoulder is evident at ~400 nm and another at ~320 nm. In
addition like the situation observed for the Ni(II) species, the higher energy
maximum of [Nilll(Me,CO;H-2-oxosar-H)]2+ (631 nm) is red shifted when
compared to the corresponding transition of the [Nilll(sar)]3+ ion (570 nm).

For the Fe(IIl) amido complex, both the structural study (Felll-N ~2.0
A) and the relatively intense visible absorption spectrum are clear
indications of the low spin state. High spin ions of this type would be
expected to have bond lengths of FellllN ~2.2 A and relatively low
intensities for the d-d bands. |



3.4 Discussion
3.4.1 Syntheses
Reactions of NCCH,COOEt

A condensation reaction mechanism for the formation of the
[Coll(Me,CN-2-oxosar-H)]2+ complex is depicted in Scheme 1. The reaction
requires the initial formation of a monoimine at one of the primary
amines of [Colll(sen)]3+. The carbon base then attacks this species
producing a pendant [(ethyl cyanocarbonyl)ethyllJamine derivative. After
formation of an adjacent imine, ring closure occurs by attack by the carbon
base arm. This new species has the ester and cyano groups exo to the newly
formed six-membered ring. This process leads to two isomers depending
on the relative position of the -CN and -COOR groups Schemes 1 and 2.
For the amido cage formation the last step involves attack by the remaining
deprotonated amine on the carbonyl group of the ester, forming an amide
group and the completed macrobicyclic cage.
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Scheme 1.
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A mechanism for the production of the Co(Ill) amidine cages appears
in Scheme 2. It is envisaged that the formation of the amidine cage follows
a similar path to that of the cyano amido complex, except that, the final step
involves attack of the deprotonated amine on the adjacent nitrile group.
Once formed the amidine cage then undergoes hydrolysis at the apical ester
group and decarboxylation producing the two observed cages.
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A\

: s10%

Scheme 2. Proposed mechanism for the formation of the amidine cage
complexes from the reaction of [Colll(sen)]3+ with ethyl cyanoacetate and
formaldehyde in basic aqueous solution.



Hydrolysis of ethyl cyanoacetate to ethyl malonamate also occurs on
or off the metal during the reaction (Scheme 3). Subsequent hydrolysis of
this species to the half-ester ethyl malonate follows, releasing ammonia,
which then adventitiously reacts with [Colll(sen)]3+ and formaldehyde
forming some [Colll(Meazasar)]3+. In addition, during this reaction the
methanimine produced from the condensation of a formaldehyde with
[Co(sen)]3+ also undergoes a Cannizzaro type reaction with excess CH0
that results in the formation of [CollI(N-Me-sen)]3+ (Scheme 3).

It was also envisaged that a cage complex with both amido and
amidine functional groups situated in the one cap could form in this
reaction. Once the [(ethyl cyanocarbonyl)ethyl] derivative is formed both
the -CN and COOEt groups then have a chance to condense with
[Colll(sen)]3+ to produce such a bifunctional capped cage complex.
However, a Co(Ill) amide amidine cage was either not produced at all or
formed in such a small amount it may be part of the unidentified small
fractions. A possible explanation for this observation is deprotonation of
the second proton, from the carbon acid to form a NC-C--COOEt group,
would force the nitrile and ester groups to become planar to one another.
As a result of this planarity, it is then only possible to place one functional
group within the cage of the cage complex. Once one group condenses with
a deprotonated amine the remaining group would then be forced away
from the last available amine making it difficult for it to close off the
complex and form the bifunctional cage. Instead the remaining group
forms the apical substituent of the amido or amidine cage. Another
possible reason could be that the carbanion reacts faster with the adjacent
imine, forming the new six-membered ring, thus preventing the ester and
nitrile groups forming the bifunctional cage.

129



130

(o]
\>C—OH
CN o . HC
- OH N\
Hzci i—» \>C—NH2 e COOEt
COOEt HyC{ N‘;_l
COOEt 3
NH,
A 4
H H
H N 2
\‘ \‘ /‘N
W s,
CH;
ICo(sen)l3+ CH,0
H,0
OH
N 3+

[ <
( TJ (> D"“C/Q]
NE R e

2.5%

OH"
9
H, ’\?. Hs
XL J—-»m X j——»f
Cl'la . . . a.]s ! - CI.{s 180/0

[Co(sen)F**

Scheme 3. Proposéd mechanism for the formation of the by-products
[Col(Meazasar)]3+ and [Co(N-Me-sen)]3+ from the reaction of [Colll(sen)}3+
with ethyl cyanoacetate and formaldehyde in basic aqueous solution.



A proposed mechanism for the condensation reaction of
[Colll(sen)]3+ with ethyl acetoacetate and formaldehyde, in basic conditions,
appears in Scheme 4. Initially the reaction is similar to that observed for
[ColI(Me,CN-2-oxosar-H)]2+. After initial formation of an imine, at one of
the primary amines of [Colll(sen)]3+, the carbon base then condenses with
the imine resulting in a pendant [(ethyl acetocarbonyl)ethyl] amine species.
Following this, intramolecular ring closure occurs after the carbon base arm
attacks a newly formed imine on an adjacent primary amine. This results
in the formation of a new six-membered ring with the ester and ketone
substituents. However, unlike the ethyl cyanoacetate condensation this
reaction only appears to produce one isomer. By examination of the
products of the reaction it appears that this species has the ketone adjacent
to the remaining primary amine of [Colll(sen)]3+ as depicted in Scheme 4.
This species then appears to lose acetic acid after attack by a hydroxide ion.
This accounts for the fact that an imine cage is not a product of this
condensation reaction. After this, the newly created carbanion can then
react either with an adjacent imine or with excess CH2O. In the first
instance, [Co!ll(Me,COOEt-sar)]3+ arises which then undergoes ester
hydrolysis to produce the [Colll(Me,COOH-sar)]3+ ion. For the latter case,
the formaldehyde condenses directly with the carbanion to form a hydroxy
methyl pendant and a macrocyclic pendant complex. This latter species
undergoes ester hydrolysis to produce the [Colll({CO>H,CH,O0H}-
Medesar)]3+ species and both complexes are present at the end of the
reaction. Some [CollI(N-Me-sen)]3+ ion is also formed in this reaction by
the same type of Cannizzaro reaction as described previously.

Another possible product from this condensation reaction is the
[Colll(Me,C(=0)CH2COOEt-sar)]3+ species although the complex itself was
not identified. To form this complex, the methyl group of the ketone
would need to condense with the formaldehyde and [Co(sen)]3+ directly, in
the basic conditions, as depicted in Scheme 5. The final product would
arise from OH- hydrolysis of the C(O)CH2COOEt substituent to produce the
apical carboxylate group and acetate ion (Scheme 5). It is therefore possible
that the [Colll(Me,COOH-sar)]3+ complex is formed concurrently by two
different paths as shown in Schemes 4 and 5 but it is more likely that the
methylene group being more acidic is the effective path.
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Like the ethyl cyanoacetate condensation reaction, it was envisaged

" .that other products could arise from this particular reaction. However, the

expected bifunctional amido imine and separate amido and imine cages

~ were not found ‘although they may be part of unidentified small fractions.

- For the bifunctional complex, as outlined previously, the planarity of the

H3CC(O)-C'-COOEt group would more than likely inhibit such a species

- being formed. The absence of an amide cage may be due to the fact that
" only one isomer (Scheme 4) is apparently produced in this reaction where

the ketone group is located adjacent to the remaining template primary
amine. As a result the deprotonated amine cannot condense with the ester
group to form an amide cage. Even after loss of acetic acid the anionic site
and finally the methylene hydroxy pendant would also prevent amide
formation by not allowing the ester to approach the last deprotonated
amine. It is also thought that an imine cage is not formed in this reaction
because acetic acid is cleaved faster than the ketone group condenses to
form the imine. Clearly, the use of ethyl acetoactate as a capping reagent is
not a feasible route to the production of amide and imine cage complexes

3.4.2 Infra-red Spectroscopy

Theoretically, it should be possible to distinguish between unbound
and bound amide groups since the bond order of the amide carbonyl
linkage is reduced by coordination with the metal ion and simultaneous
displacement of a proton. Consequently, the infra-red amide carbonyl band
will shift to lower frequency. The amide cage compounds generally
displayed amide carbonyl stretching frequencies that were lower than that
of the free amide cage ligand, Me,COOK-2-oxosar (amide stretch = 1630 cm-
1). This provides some evidence that the metal is bound to the amido
nitrogen atom. Certainly, in some instances it was confirmed
crystallographically and from the charge on the cation. Conversly, non-
bonded amide groups within cage ligands, such as that displayed in the
structure of the Cu(Il) monoamide complex, possess an amide absorption
frequency about 1630 cm-l - 1660 cm'l. Certainly the amide carbonyl
absorption frequencies of the amide complexes in this chapter appear to
comply with the above theoretical ‘analysis. Further support for this
anélysis also comes about from the crystallographic evidence. It follows
that IR spectroscopy is a useful tool to help evaluate the type of bonding
displayed by these complexes.

It was also found that the IR spectroscopy may be able to distinguish
between a metal-N bound amido group or a metal-N bound protonated



amide group. For [Nill(Me,COO--2-oxosar)]* the amide carbonyl stretching
vibration occurs at 1709 cm-! and 1691 cm-! while for [Colll(Me,COOH-2-
oxosar-H)]2+ the amido carbonyl frequency appears at a value of 1599 cm-1.
Clearly, a higher carbonyl absorption frequency would be expected for the
nickel complex because in the metal-N bound protonated form the amide
can basically be seen as a coordinated distorted tetrahedral configuration
about the N atom. As a result the usual delocalisation of charge between
the anionic nitrogen and oxygen atoms is limited and the C-O(amide) group
gains more ketonic character. Therefore, the bond order of the carbonyl
linkage is increased in this instance and the IR absorption moves to a
higher frequency. The absence of the usual amido resonance was also
consistent with the crystal data obtained on the [Nill(Me,COO--2-oxosar)]+
ion where the C=O bond distances of both ions (1.20 A (Figure 33, Table 10)
and 1.22A (Figure 34, Table 10) respectively) are shorter than that expected
for an amido C=O group (1.27 A). The normal distance anticipated for a
ketone group is (1.20 A)?* and an IR stretching frequency of ~1700 cm-1 is
also expected. In addition, for the coordinated tertiary amide in,
[Colll(treneone)Cl]2+, the C-O(amide) group displays a stretching frequency
(1706 cm-1) much closer to that of a saturated ketone than that of an
unbound tertiary amide (~1650 cm-1).15 This is additional evidence of the

value of IR spectroscopy as a tool to help evaluate the type of bonding
which occurs within amide cage complexes.

Some interesting results also arose from the deuterated IR studies on
the Ni(II) and Cu(II) monoamide complexes. Firstly, the IR spectroscopy
indicated that the Ni(II) monoamide becomes a non-electrolyte when
placed in basic conditions. A freeze-dried sample of the Ni(II) complex,
obtained from basic D20, showed that the amide carbonyl stretching
-vibration moved from 1709 cm-! and 1691 cm-1 to 1577 cm1 (Figure 26a
and c) which is consistent with the loss of the proton from the amide
nitrogen atom to produce a Ni-N(amido) bond. For the Cu(Il) complex
though, the IR spectroscopy revealed that the Cu(Il) ion binds the
monoamide ligand as a pentadentate, leaving the amide nitrogen
unbound, even in basic conditions (Figure 25a, b and c). Therefore, the IR
analysis of the [Cull(Me-2-oxosar)]2* ion indicates that the Cu(Il) ion has
distinctly different binding characteristics to those of the Co(IlI) and Cr(III)
ions for the amide group at least.
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3.4.3 Electrochemistry

A number of interesting properties can be seen for the complexes
here, and it is instructive to look at some of the trends that are present. For
the Co(III)/(II) potentials of the Co(Ill) monoamido cages, a shift of
approximately -0.2 V is observed when compared to that of the saturated
parent, [Colll(Mesar)]3+. This arises from the amide anion fragment
present within the ligand structure which reduces the overall charge to 2+
thereby making the Co(Ill) ion more difficult to reduce. It is not a
surprising result since a reduction in charge of the overall complex 3+ —
2+ — 1+ should lead to stabilisation of the high oxidation state. The effect
is also significant if strong electron-withdrawing or donating groups are
attached to the periphery of the cage. In essence, there is a two fold effect,
the reduction in net charge and an increase in donation of charge from the
anionic ligand directly to the metal ion. Both effects influence the redox
potential. With each amide complex possessing these properties, the
polarographic window becomes shifted to more negative values, hence it is
easier to oxidise the metal to a higher oxidation state. However, the type of
apical substituent also modulates the potentials. For the Co(Ill) amide cages
at least, some substituents counter the stabilising effect of the amido group
for the higher oxidation state and thus there is a "trade-off” between the
two effects. For the Co(Ill) amide cages described here the substituents
possess mainly electron withdrawing properties. Therefore, the potentials
move to slightly more positive values as a result (Figure 39). The variation
also shows that it is possible to fine tune the redox properties of the
complexes with the appropriate choice of apical substituent and number of
amide groups. However, the desired Co(IV) state with these monoamido
ligand systems was unattainable in water. Simply the d6 Co(Ill) state is an
extremely stable oxidation state with these ligands.

The two amidine complexes show a shift to more negative values
when compared to that of the hexamine parents [Colll(Me,COOH-sar)]3+
and [Colll(Mesar)]3+ (Figure 39) despite the fact that the amidine group is a
neutral ligand. However, the shift here probably arises from a substituent
effect in that the amidine group -acts as a better electron-donating group
than the secondary amine. The exo-nitrogen of the amidine group may
donate charge to the metal leading to a slight stabilisation of the Co(III)
state. In addition, the amidine moiety may also reduce the cavity size of
the cage complex which would lead to a slight stabilisation of the Co(III)



state. The Co(IV) was not observed with the amidine cage systems either
and this was not surprising given its neutral character.
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In general, the substituent effects on the cage periphery are larger
than expected from more normal organic chemistry but this influence has
also been observed previously with these small cages and their redox

phenomena.34

The Ni(II), Fe(IlI), Mn(III) and Cr(III) amide complexes show a
negative shift in their reduction potentials compared to those of the
respective [M(sar)]** complexes (Table 17). In some instances, namely for
the Fe(Ill), Mn(IlI) and Cr(III) amido complexes as well as the
[Nill(Me,CO,H-2-oxosar-H)]+ ion obtained in basic solution, the shift arises
for the same reasons as those outlined for the earlier Co(IlI) compounds.
Even the copper amide complex displays a negative shift in its reduction
potential when compared to [Cu(sar)]2*. However, comparison between
five and six coordinate complexes is not really valid.

For both the amide complexes of Ni(Il) in acidic and neutral media
and Cu(Il) though the negative shift occurs as a result of some other factor.
The exact reason for this is not known but perhaps the small reduction in
the cavity size of the complex from the incorporation of the amide group
within the ligand is playing a part. It would not be the sole reason for the
observed shift though and other factors would more than likely be
involved. Nevertheless, as observed from the results the shift is great
enough for the Ni(II) complex that Ni(IIl) is now readily accessible in water
with this ligand. Also, the Ni(III) species was found to be more stable in
acidic conditions. This is because in more basic solution the complex loses
a proton from a coordinated nitrogen which leads to the eventual
breakdown of the complex via disproportionation to Ni(IV) and oxidation
of the ligand.3® Acidic conditions prevent this from occurring. Again
higher oxidation states of the other metals were not observed. Perhaps for
the same reason as described for the Co(IIl) ion earlier.

For the two species [Colll({COH,CH,0H}-Me-desar)]3+ and
[ColIl({CO2Et,CH,OH}-Me-desar)]3+ potentials are more positive than that
found for [Colll(Me-sar)]3+ (Table 7) but these systems are not really
comparable since one is a hexadentate cage and the other two pendant-
macrocyclic complexes. They are essentially reversible in neutral solution
but not so in acidic conditions and this is not sﬁrprising since the Co(II)
ions could dissociate at least part of the ligand in aqueous acid.



3.4.4 Comparison of the Electrochemical Properties of the Me,COOH-2-
oxosar Ligand with Different Metal Ions

A number of monoamide first row transition metal complexes now
exist with the Me,COOH-2-oxosar ligand where the electrochemical
potential is an important characteristic of their chemistry. The variation in
the electrochemical potential in a related series of elements reflect the
variation in ionisation potential and the chemical properties in that series.
Plotted in Figure 40 are the electrochemical potentials in water (vs SCE) for
the [M(H20)¢]**, [M(sar)]** and [M(Me,COOH-2-oxosar-H)]X* systems
compared to the ionisation potential in this transition metal series.
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Figure 40. Variation of M(III)/(II) redox potentials with 3d electron
configuration for [M(H20)g]3+/2* (O), [M(sar)]3+/2+ (X) and [M(Me,COOH-2-
oxosar-H)]2+/+ (+) in aqueous solution along with the M2+ —» M3+
ionisation potentials (Q) of these ions in the gaseous state.

Firstly, the graph shows that the third ionisation potentials of the
three systems, [M(H20)¢P**, [M(sar)]** and [M(Me,COOH-2-oxosar-H)]**, are
below that of the free ions with the exception of the [Fe(H20)¢]3+/2+
complex. Also, relative to [M(H20)g]3+/2+ the M(III) ions are significantly
stabilised by the Ng-amine ligands. Furthermore, replacement of one
amine ligand by an amido moiety results in a slightly greater stabilisation
of these ions than that observed for the Ng-amine systems. A large
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deviation at Co in the graph is also observed for the N¢ complexes. This
distortion arises because Co(III) possesses a low spin configuration and
therefore becomes significantly stabilised when complexed to the Ng
ligands. For [Co(H20)¢]3+ however, the Co(IIl) ion is very close to the spin
crossover point because of HyO being a weaker ligand than that of N and
hence the potential for this complex appears at a more positive value.
Also, low spin Ni(IIl) like that of Co(IIl) is significantly stabilised by Ng
ligands and even more so by the amido system.

3.4.5 Chemical Oxidations of the Fe(III) and Mn(III) Systems

Preliminary chemical oxidations on the Fe(III) and Mn(III)
monoamido complexes were also carried out with a number of different
oxidants. However the products from the various reactions were not
isolated as there was insufficient time available to pursue this area of
chemistry. Nevertheless, for the Fe(II) monoamido complex H;O»,
[NHy4]2[CelV(NO3)g], Clz and bromine water all resulted in a colour change
from brown/orange to pale yellow which is indicative of the formation of
an Fe(IV) compound. The oxidation of the Mn(III) monoamido complex
was less clear. Upon addition of H2O2 to an aqueous solution of the
complex the solution lost colour and became cloudy. Acidification of a
freshly prepared solution with a few drops of acetic acid resulted in the
solution becoming brown/green in colour. However, addition of HyO3 to
this solution did not produce any notable colour change. Clearly more
work is needed in the chemical oxidation of these types of complexes.

3.4.6 Electronic Spectroscopy

All the complexes display maxima that are either similar to, or, red
shifted with respect to the parent [M(X,Y-sar)[*+ (X,Y = H, H; H, Me; Me,
COOH) species. A red shift corresponds to a weaker ligand field for that
particular compound compared to the parent hexamine complex. The shift
is greatest for the amido complexes and is similar to that found for the
[ColI({NOg3},-sar)]3+ complex after loss of a proton from a coordinated
nitrogen in strongly basic solution.3® This red shift in the ligand field for
the octahedral amide complexes results from the deprotonated amido
nitrogen possessing a lone pair of electrons which undergo a © interaction
with the occupied metal based tag electrons.>> Consequently, the tog orbitals
rise in energy and move closer to the eg* set the net result is a decrease in
the ligand field strength of each amide as observed spectroscopically. At the
same time the deprotonated ligand can be expected to be a better ligating



centre in a ¢ sense but this is not detected in the A value which is the
difference between eg* and tpg energy levels. The ¢ and © effects in these
systems are too complicated to unravel in this study and a precise
understanding would require single crystal studies on uniaxial crystals in
order to evaluate the splittings in the lower symmetry. Such an analysis
may be relevant in these and similar cases because intuitively it would be
expected that the amido ion is a better ligand than NH3 for example. To
ascertain if this were true would require some knowledge of the eg and eg*
energy separations as well as the tag, eg* energy separations and the
splittings of the states involved.

For the [Nill{COOQO--2-oxosar)]* ion, in both acidic and neutral media,
the above explanation does not apply. The reason being the amide
nitrogen is not deprotonated so the anionic influence is absent in this
instance. However, a red shift is still observed in its ‘electronic spectrum.
_ This presumably results from the coordination properties of the protonated
amide group which could be expected to be a rather weak donor. The
crystal structures obtained on the two [Nill(COO--2-oxosar)]* ions
confirmed this by displaying Ni-N(amide) distances that were marginally
longer than the remaining Ni-N(amine) bond lengths within each complex.

The visible absorption spectrum of [Nilll(Me,CO2H-2-oxosar-H)]2+
(Appendix Figure 3.1.9) is indicative of that expected for a Ni(IIl) cage ion
and is similar to the spectrum observed for [Nilll(sar)]3+ (~400 nm, 570 nm
and 1734 nm). However, the Ni(Ill) monoamide complex (~320 nm, ~400
nm, 631 nm and 1455 nm) displays a weaker ligand field in the higher
energy band to that of the [Nilll(sar)]3+ ion and this probably results from
the possible presence of a bound deprotonated amido group within the
complex. It is expected, on going from Ni(II) to Ni(III), that the monoamide
complex will have the amide nitrogen atom deprotonated since the higher
oxidation state should have a lower pK, for the amide proton. Therefore, a
red shift in the electronic spectroscopy would be expected on going from
[Nilll(sar)]3+ to [Nilll(Me,CO,H-2-oxosar-H)]2+. This has been observed for
the band present as 631 nm of the [Nilll(Me,CO,H-2-oxosar-H)]2+ ion.

For low spin Ni(IIT)-Ng systems a number of characteristic bands are
expected however it is rare to see some of these in the spectrum. Firstly the
[Nilll(Me,CO,H-2-oxosar-H)]2* ion displays a near-infra-red peak at 1455
nm which has been assigned to a ZB1g«2A1g transition. This band, until
now, has never been seen spectroscopically for a nickel complex in the

‘unusual oxidation state of +III. The near-infra-red peak arises as a result of
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strong Jahn-Teller splitting of the 2Eg ground state. Furthermore, the bands
at 631 nm, ~400 nm and ~320 nm have been assigned to 2T1g(a)<—2A1g,
2Tpg¢—2A1g and 2T1g(b)<—2A1g transitions respectively.

[Since this thesis was examined the X-ray crystallographic analysis of
[Nilll(Me,CO2H-2-oxosar-H)](ClO4)2.H20 has established the Ni(III)
oxidation state and detailed structure. This is now given in an additional
Appendix to the thesis].

The spectra of the amidine complexes are somewhat surprising. The
ligand is neutral and partly delocalised. If anything it might have been
expected to provide a somewhat greater ligand field. The only obvious
possibility is that the amidine has some charge transfer character which
influences the spectroscopy at the ligand field (LF) level. This would also
be consistent with the higher intensities of the spectral bands compared
with those of [Coll(sar)]3+.

Most of the complexes here also display intensities greater than that
of their respective parent hexamines. This could be due to the presence of
ligating functional groups that affect the metal by distorting its
environment, making it less octahedral in character. These distortions
assist the transitions to become more allowed because the symmetry
diminishes and the selection rules become less rigid. In addition, the
delocalised nature of the amide and amidine groups may introduce some
charge transfer character in the LF bands as described above and both
mechanisms would contribute to the LF band intensities.

3.4.7 Properties of the Amido/Amide Group within a Cage Ligand

The comparison between the monoamido and saturated amine cage
complexes allows a direct evaluation of the stabilising effect and some
properties exerted by the deprotonated amido group compared to that of the
amino group. Clearly, the addition of just one amido group immediately
affects both the electrochemical and electronic properties of the sar cage.
Generally, the redox results showed that the M(III)/(II) couples were more
negative for the amido complexes than for the equivalent sar cages
indicating that the amido group is more effective at stabilising the M(III)
state. This is not a surprising result since stabilisation of the trivalent
M(III) state results from the quenching of the tripositive charge of the metal
due to the complexation of the negatively charged ligand. In addition, the
electronic spectra of the six coordinate amido cages are red shifted due to



the presence of the deprotonated nitrogen atom compared to that of the
saturated six coordinate parents. For amido cage systems it appears that a
red shift generally occurs regardless of the type of metal atom within the
complex.

These are not the only two unique properties that the amide cage
systems display which are different to those observed for the saturated
analogues. For instance, the crystallographic data, on the six coordinate
amido cage systems, show that the trigonal C-N- distances (approximately
1.30 A) are shorter than the tetrahedral C-N bond lengths (1.45 A). The
reason is that the amide group is delocalised over the carbon, nitrogen and
oxygen atoms and as a result so is the charge of the anionic amido nitrogen
atom. Therefore, the cavity size of the amide cage is expected to be
somewhat smaller than that for the saturated parent. The amide cage
crystal structures also revealed that when compared to a free peptide ligand,
complexation of the amide nitrogen shortens the amide C-N (from ~1.325
A to ~1.30 A) and lengthens the C-O bond (from ~1.24 A to ~1.27 A)20
resulting in more double-bond character in the C-N bond and less double-
bond character in the C=O bond. In addition, the crystallography revealed
that the planarity of the amide group, within the cage ligand, is generally
maintained when the deprotonated trigonal amide nitrogen is coordinated
to a metal ion. Therefore, it is assumed that the same applies to all amide
cage systems which display coordination to the amido nitrogen atom.

It is also possible within the amide cage ligand systems, as outlined
earlier, for the metal not to bind the amide nitrogen and produce
pentadentate species. This is different to the binding properties of amine
cage systems where the metal is always bound to the six nitrogens. It was
hoped that by combining the well known encapsulating properties of the
cage ligand and amide moieties that six coordinate amide species would
arise with all first row transition metal ions. Nevertheless, the crystal
structure of the [Cu(Me-2-oxosar)]?* ion shows that the metal is five
coordinate with the amide unbound and protonated. This may indicate
that the Cu(Il) ion possesses different binding characteristics to that of the
Co(III) ion, for instance, with the amide cage ligand. . In the protonated
form (-CONH-) the amide group is a poor ligand®® because it does not have
an orbital readily available for metal binding. To produce a M-N(amido)
bond the metal must displace the hydrogen from the amide nitrogen atom.
However, amide groups generally possess high pK, values (> 15) and so act
as very weak acids for proton loss from the trigonal nitrogen to give a
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negatively charged species.?? In essence, log K of the metal for binding
needs to be greater than the pK, of the amide nitrogen atom. Therefore, it
may be more difficult for some transition metal ions, in the cage amide
systems, to substitute for the nitrogen bound amide hydrogen. For this
reason the Cu(Il) ion may not possess a sufficiently high enough log K to
bind the amide nitrogen atom, within the cage, and hence remains
unbound resulﬁng in the observed pentadentate Cu(Il) complex.

The monoamide ligand, Me,CO>-K+-2-oxosar, was also observed to
have little interaction with Zn2+ and to date a zinc complex with this
ligand has not been characterised. This is contrary to the binding properties
observed in the crystal structure for the [Zn(sar)]?* ion. The lability of the
zinc ion may be one of the factors in the failure of the monoamide ligand
to produce a complex. However, another reason may be that a ZnOH-
species, once complexed to the ligand, may act as a nucleophile for the
hydrolysis of the amide unit. A similar reaction has been proposed to occur
in macrocyclic amides when the ligand is complexed to Zn2+.57 This could
result in the decomposition of the amide ligand and explain why less than
sixteen signals were observed in the 13C NMR of the product at the
completion of the reaction. Despite the failure to produce a zinc
monoamide complex, it does show that the amide cage ligands may display
some selectivity towards certain transition metal ions. This then raises the
possibility of potentially using the properties of the amide cage to
preferentially remove certain metal ions from the body for example.



3.5 Conclusions and Future Directions

In this chapter a number of Co(Ill) monoamide cage complexes have
been produced from the capping reaction of [Colll(sen)]3+ with
formaldehyde and an appropriate bifunctional methylene compound.
However, it was also shown that amide complexes were not the only
products formed from the various reactions. This led to the discovery that
the carbon acid can and does undergo reaction itself during the
condensation reaction. Consequently, amidine and saturated cages and
macrocyclic Co(IlI) complexes also arose from the various reactions
undertaken. It was also shown that it is possible to demetallate certain
Co(IIT) amide cage complexes and then complex the free ligand to different
metal ions to give a range of different metal amide cage complexes.

Most of the complexes produced in this work were found to be
extraordinarily stable with respect to ligand stability and dissociation, which
is a function of the encapsulation. In fact, the new complexes both amides
and amidines provide stable new cages and ligands for manipulating the
transition metal ion chemistry. This stability was highlighted by the
amidine cage systems which proved to be essentially unreactive in the
presence of acid, base, HNO3 and NO+ when bound to the Co(IIl) ion. All
attempts to cleave the amidine or oxidise or reduce it have failed dismally.
This contrasts remarkably with the ease of decomposition of such
functional groups in regular organic chemistry. Removing the ligand from
the metal ion therefore is not likely to produce a stable free cage and so this
process was not attempted for the amidines.

The amide complexes also display a red shift in their electronic and a
negative shift in their redox properties when compared to that of the
saturated cage parents. The strong electron donating and withdrawing
groups clearly also have an influence on the redox potentials along with
that of the ligand itself. For all the metal ions involved, Cr(III), Mn(III),
Fe(IlI), Co(III), Ni(III), it was found that the amido ligand [M(Me,COOH-2-
oxosar-H)J2+ stabilises the high oxidation state by about 0.2 V relative to the
equivalent [M(sar)]3+/2+ ions. However, in the cyclic- voltammetry the
Cr(IV), Mn(IV), Fe(IV), Co(IV) and Ni(IV) states were not observed in
aqueous media. Nor was Cr(Il) or Cu(I) observed. The former is too
negative a potential and the latter irreversible because Cu* comes out of the
cage rapidly. So while the amido ligand served a good purpose in
stabilising the higher oxidation state, it was not sufficient to readily access
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all the M(IV) states. Nevertheless, the monoamide cages themselves as
well as the other complexes in this chapter display interesting properties
that warrant further investigation. For example, it would be of interest to
tie other organic fragments to the COOH, COOR and CN substituents so
that these cage and partial cage complexes can act as building blocks for
larger macromolecular assemblies. It would be expected that the new
substituents would alter the properties, such as the redox potentials, of the
complexes further.
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Oxidation of Co(III) Encapsulated Ligands with Mercuric Acetate.
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4.1 Introduction

The most general way to introduce an amide moiety into the cage

- skeleton is via template condensation with formaldehyde and an

appropriate carbon acid such as malonic acid diester. However, oxidation
of the saturated cage is also an obvious route to such derivatives.

. Generally, oxidation of coordinated amine ligands can be achieved

‘with or without involvement of the metal, with the most common result

being the formation of an imine bond within the ligand.! However, other
unsaturated groups can and do arise depending on the particular oxidative
method employed. One such method of oxidising the ligand involves
dehydrogenation triggered by a high oxidation state of the metal. An
illustration of this path is intramolecular redox reaction of the
[OsIV(en)z(en-2H)]2+ ion (Figure 1).2 Under Np, the Os(IV)
ethylenediamine complex was observed to undergo spontaneous oxidative
dehydrogenation of the ligand to form an Os(Il) imine species. In the
presence of more Oy, the [Osll(en);(im)]2*+ complex was oxidised further to
[Osll(en)2(diim)]2+ and finally to [Osl(en)(diim);]Cl,.HCl.H20. Such
chemistry is not uncommon for Fe and Ru amines where the MIV state is
accessible and a reasonable oxidant.

-

[OsV(en-H),enP* + H*  ——w  [0sV(en-H)(en),>*
4. z B T dt 2
~d%pink green
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02 HZN 2 le”
NH2 d6
[Os(en) 3]2*
O,
NH, I B NH, L
\Hlellu, ok ‘\\\\‘N 0, HzN”In. oL “\\\\Nj'
HzN/ I \N I-IN/ | \N
k/NHz 4t k/NH
observed in NMR

Figure 1



The above strategy should be less effective for the inert Co(IIl) cage
systems where the higher oxidation states of cobalt are not readily
accessible. The Co(III) ion is not a good oxidant bound to amine groups and
would also protect the ligand from oxidative dehydrogenation so an
external oxidant must be used to effect oxidation of the ligand. While the
metal ion can protect the coordinated amine from attack at one pair of
electrons, it can also activate the loss of a proton at the amine site so
oxidation is not precluded but is restricted by these facets. For this
particular oxidative method, which will be the focus of the work in this
chapter, only the ligand appears to be oxidised. This type of ligand
oxidation reaction, via an external oxidant, is not so prevalent in the
literature; however, some examples follow to illustrate the potential
pathways for an intermolecular oxidant.

Protection of the amine in oxidising circumstances is displayed by
coordinated amino alcohols, [Colll(NH3)sNH2CH,CH(OH)CH3]3+ and
[ColI(NH3)sNH,CH2CH(OH)CgHs]3+, which can be easily oxidised with
acid-dichromate solutions to the amino ketone with little or no oxidation
of the amine centre (Figures 2 and 3).> Treatment of these ketone
complexes with base then allows the formation of imines. For example,
the amino ketone complexes undergo an intramolecular capture of the
carbonyl group by a deprotonated cis ammine centre to give the bidentate
aminocarbinol chelate. A subsequent base-catalysed reaction produces the
imine complexes quantitatively. | '

3+ ‘ S
HyN H HzN o
| RN, | SRR
HaNI” lllu- C .““\\\N —c= ? B CI-I3 CI'2072- Hlel""' .. .-“\\\\ 3

HaN/ lo\NH3 o HSN/ CIO\NH3
NH3

NH,
OH"
pH5.25
. | : gz H,
HaNl’lllh,. C ..‘\\\\\\ OH H3N I[l,".. C “‘\\\\\
0 - ,Co;,
- / \ — pH95 / \ OH
N H CH3 HN H CH,3
NH, NH,

Figure 2
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ﬁ
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Figure 3

It is also possible to produce amide groups directly from these types
of oxidative reactions as well. The carbinolamine complex, (RRR,SSS)-t-
[Colll(treneol)C1](Br)(ClOy), can be oxidised with the Cr072" ion leading to
the formation of a tertiary amide while the Cl- ion remains coordinated
(Figure 4).3 In this example, the coordinated tertiary amide N atom clearly
restricts the delocalisation of charge over the amido moiety since it is not
possible to lose a proton from the amide N atom. This is reflected in the
amide C=0 IR stretching frequency (1706 cm-1) which is closer to that of
saturated ketones (~1700 cm1) than that of tertiary amides (~1650 cm-1) and
therefore more ketonic in character.

E}?o’ln, Co o SO E N, \“‘
d
e N o |\
R 4 ™/ c—c
N:HZ ﬁz NI'I

Figure 4

Some preliminary work on the oxidation of cage ligands using an
external oxidant has been undertaken. This work has revealed that not
only are imine groups obtained but amide moieties are produced as well, at
least with some oxidants. For example, [ColI({NO},-sar)]3+ was oxidised by



MnO42- or OH-/Br3 to give a range of products although a monoimine cage
complex was isolated as a major species.* Similarly, [Colll(sep)]3+ reacts
with Hgll(OAc); to yield a range of different products containing amide
and/or imine moieties.> The major product from this reaction has been
identified by X-ray crystallography (Figure 5a) although complete
characterisation of the other minor products obtained has yet to be carried
out. Further, oxidations with Hgll(OAc)> were performed on
[ColI({NH3+}2-sar)]5+ and after 25 hrs reaction the major product was
[Colll({NHj3+}2-2-oxosar-H)]4+ (Figure 5b).6 Moreover, it has been shown
that [Colll({NH3+}2-sar)]5+ can be oxidised with a ColICls-charcoal mixture
and Oz under basic conditions.® From this reaction a diamido cage complex
arose. where the two amido moieties are located in the one
ethylenediamine ring (Figure 5c). To date however, the extent of long term
oxidation of [Colll({NHj3t},-sar)]5+ with Hgll(OAc)2 to produce polyamide
species has not been investigated. Also the role of the Co(IIl) ion in these
processes needs to be evaluated.

m” o N
SN CYD CRY

& L@ ae

Figure 5

Therefore, the work in this chapter covers a number of areas. Firstly,
the Co(III) amido cage complex (Figure 5b) has been demetallated to obtain
the free ligand, (NH2)-2-oxosar, which was then recomplexed to other
metal ions. Furthermore, [Colll({NH3+}2-sar)]5+ has been oxidised with
Hgll(OAc),, over a much longer time to explore the product evolution.
The synthesis of this series of compounds is important for several reasons.
It now allows comparison between three types of cage compounds, the
hexamine, monoamido and polyamido metal cage complexes. This
perrhits the progressive effects that the amide moiety has upon the
properties of the (NHj)-sar ligand to be assessed.
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4.2 Experimental

4.2.1 Syntheses

All chemicals (AR grade) were used as received unless otherwise
specified. [Colll({NHj3+};-sar)]Cls.H20 was prepared from a published
method.”

[1,8-diammonio-2-0x0-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosanato]-
cobalt(IIl)]chloride.5H,0, [Colll({NH;3*},-2-0xosar-H)]Cls.5H,O

This compound has been prepared previously but is reported in
detail here.? [Colll({NHj3t},-sar)]Cls.H20 (200 g; 0.350 mol) was dissolved in
dilute acetic acid (5% v/v; 2L) in a large robust flask (10 L). Hgll(OAc); (1020
g, 3.201 mol) was then added and the solution (pH ~2) stirred until most of
the solid had dissolved. The solution was then refluxed (oil bath at ca. 120°
C) and stirred for 48 hr. Over several hours the initially orange solution
changed to a reddish colour while foaming vigorously, and a white
precipitate of (Hg2Clz) (containing some Hg metal) was formed. After 48 hr
the mixture was cooled to 20° C, the solid (Hg2Cly), Hg residues (ca. 350 g
recovered) filtered off, washed thoroughly with water and air dried. The
filtrate was sorbed onto Dowex 50Wx2 resin (60 cm x 6.5 cm) and washed
copiously with water and then with 1 M NaNO3/0.1 M HNO3 solution to
remove Co(Il) and remaining Hg(II) ions. The nitrate eluate was
concentrated, cooled (< 10° C) and much of the Hg(II) recovered as HgCl, by
addition of 6 M HCI (ca. 400 g dried HgCl, recovered). The column was
then washed with water and 1 M HCI to remove NOj3-, Na* ions, and the
complex reaction products were eluted with 3.5 M HCl. The 3.5 M HCI
eluate was evaporated to dryness, redissolved in water and sorbed onto two
columns of SP-Sephadex C-25 cation exchange resin (100 cm x 10 cm). The
columns were washed with water and 0.1 M HCI to remove some minor
low charged species. Chromatography of the main complexes was then
commenced using 0.5 M HCl to yield four main band groups Bl - B4, with
some intermediate material between B2 (red) and B3 (red/orange) and B3
containing the main reddish/_orange' reaction product [Colll({NHj3+*},-2-
oxosar-H)J4+. |

Subsequent chromatography of Bl (very intense red/orange) and B2
(red) indicated that Bl contained four main trioxosar (triamide)
derivatives. Bl and B2 totalled less than 10% of the reaction yield with B2
containing the bulk of this (7 - 8%). After desalting the orange B4 band



effluent by using Dowex 50Wx2 resin with water, 1 M HCI washing and
eiuting with 3 M HC], the orange product was crystallised from 6 M HCI
using ethanol (ca. 20 mL). It was shown to contain mainly [Colll({NH3z*},-
sar)]5+ starting material (ca. 10% as the chloride salt) by 13C NMR
_spectroscopy. '

The main band B3 (red/orange) was rechromatographed on SP-
Sephadex C-25 cation exchange resin using 0.05 M K2SO4 (pH 3, H2SO4)
eluent, but was found to contain mainly one product B3/1 (red/orange).
This band was collected and desalted using Dowex 50Wx2 resin with water,
1 M HCI washing and then eluted with 3 M HCl. The eluate was
evaporated to dryness and crystallised from 8 M HC] by the careful addition
of MeOH to the turbidity point, standing and then slow addition of EtOH
until crystallisation was completed. The reddish product was filtered off,
washed with ethanol and diethyl ether and air dried. Yield = 80 g (39%).
pKa's (I = 0.1 M): pKa; (NHj3) 3.38; pKaz (NH3) 5.15.8 Anal. Calc. for
C14H33NgCl3CoO.5H0: C, 27.1; H, 7.0; N, 18.1; Cl, 22.9. Found C, 27.3; H, 7.3;
N, 18.5; Cl, 23.1. 1H NMR (3, D20): 2.16 - 2.68 (complex pattern, 10H, NCHy);
2.80 - 3.06 (complex pattern, 8H, NCH>); 3.18 (m, 2H, CH3); 3.36 (m, 1H,
CHy); 3.46 (m, 1H, CHy). 13C NMR (3, D;0): 56.6 (CqNH3+); 60.7 (CqC=0);
47.1,54.5,54.7, 54.9, 55.3, 55.4, 55.5, 55.8, 55.9, 56.3, 56.9 (NCHy>); 178.1 (C=0).
IR in KBr (V-max/cm-1): 3408, 3061 (NH stretch); 2868 (C-H stretch); 2569,
2000 (NHsz* overtone band); 1627 (C=0 amide stretch); 1520 (NHj3+
symmetric bending); 1465, 1440 (C-H deformation); 1360, 1329, 1273, 1209,
1166 (C-H twisting); 1089 (C-N-C); 1050, 951, 923, 882, 845, 760 (CHj rock). IR
in D20 (V-max/cm1): 3465, 3426 (NH stretch); 2960 (C-H stretch); 1625 (C=0O
amide stretch); 1474 (C-H deformation). IR of the deuterated complex in
KBr (V-max/cm-1): 3391 (NH stretch); 2923 (C-H stretch); 2537 (ND stretch);
2252 (ND3* asym and sym stretch); 1621 (C=0O amide stretch); 1459 (C-H
deformation); 1260, 1216 (C-H twisting); 1137 (C-N-C); 1064, 1034, 955, 901,
835, 756 (CH2 rock). Low resolution ESMS (50 V) [m/z, obs (calc) (%)
assignment where cage = [12C141H3314Ng59C0160]4+]: 384.9 (385) (100%)
[Cocage#+ - 3H*]+; 420.8 (421) (10%) [Cocaget+ - 2H* + 35CI]+.

1,8-diamino-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6licosane, (NH3)>-2-oxosar -

[Colll({NH3+}»-2-oxo0sar-H)]Clg.5H20 (17.3 g; 0.03 mol) was dissolved
in 150 mL of H7O and to this was added a solution of CoCl.6H20 (7.1 g; 0.03
mol) in 100 mL of H2O. A second solution of KCN (38.8 g; 0.60 mol) in 150
mL of HoO was added dropwise, over a period of ten minutes, after both
solutions had been deaerated with N> for approximately one hour. The
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resultant solution was stirred at ~20° C for a period of one week and over
this time the colour changed from red to pale yellow. Separation of the
ligand from the cyanide consisted of precipitating out the KCN with
ethanol (2 L), filtering the solution and removing the solvent under
vacuum. The residue was then redissolved in ethanol (200 mL), refiltered
to remove more KCN and once again the ethanol was removed under
vacuum to yield a thick yellow oil. This procedure was repeated until no
more KCN could be observed. Yield = 7.43 g (78%). 1H NMR (3, D20): 2.65 -

3.25 (complex pattern, 22H, NCHy). 13C NMR (8, D,0) 40.3 (CYNH,); 58.6

(CqC=0); 48.8, 49.3, 50.1,50.4, 53.4, 57.7, 58.3 (NCHy); 177.7 (C=0).

[(1-ammonio-8-amino-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6]icosanato)-
nickel(II)]perchlorate.4.5H>0, [Nill({NH;3*},-2-oxosar-H)](Cl104)3.4.5H20

To a solution of NillCl;.6H20 (7.4 g; 0.03 mol) and triethylamine (2.3
g; 0.02 mol) in 100 mL of HyO was added (NHp)-2-oxosar (7.43 g; 0.02 mol) in
100 mL of HyO with stirring after both solutions had been deaerated, with
Ny, for approximately one hour. The resultant solution was initially light
blue in colour and a precipitate was formed. However over time the
solution changed from blue to pink indicating that complex formation had
occurred and the precipitate was eventually taken back up into solution.
After several days the pink solution was diluted to two litres and sorbed
onto a SP-Sephadex C-25 column (40 cm x 5 cm). Elution with 0.25 M
NaClO4 produced a single pink band which was collected and reduced in
volume. This was acidified with a few drops of concentrated perchloric acid
and after standing a few days in the air a pink solid crystallised. This was
collected by filtration, washed with ethanol and ether and air dried.
Further crops were obtained by allowing the filtrate to continually
evaporate in air. Yield = 7.0 g (53%). Anal. Calc. for
C14H33NgCI3NiO13.4.5H20: C, 25.2; H, 6.2; N, 16.8; Cl, 10.6. Found C, 25.0; H,
5.7; N, 16.6; Cl, 11.0. IR in KBr (V-max/cm1): 3300, 3200 (NH stretch); 2925,
2878 (C-H stretch); 1589 (C=0 amide stretch); 1453, 1420 (C-H deformation);
1330, 1315 (C-H twisting); 1092 (ClOy"), 1030, 965, 941, 928, 834, 759 (CH;
rock); 625 (ClOg"). IR in D20 (V-max/cm-1): 3418 (NH stretch); 2942 (C-H
stretch); 2444 (ND stretch); 2024 (ND3+ asym and sym stretch); 1597 (C=O
amide stretch); 1454 (C-H deformation). IR of the deuterated complex in
KBr (V-max/cm-1): 3298 (NH stretch); 2927 (C-H stretch); 1596 (C=O amide
stretch); 1467 (C-H deformation); 1323 (C-H twisting); 1089 (ClOy"); 929. 870,
744 (CH; rock); 625 (ClOy4). Low resolution ESMS (25 V) [m/z, obs (calc) (%)



assignment where cage = [12C141H314Ng59Nil60]2+]: 384.8 (385) (100%)
[Nicage3+ - 2H*]+; 484.9 (485) (11%) [Nicage3+ - H* + 35C1O047]*.

[(1,8-diammonio-2-0x0-3,6,10,13,19-hexaazabicyclo[6.6.6]licosanato)nickel-
(ID]chloride.hydrochloride.5H,0, [Nill({NH;3+}»-2-0x0sar-H)]Cl3.HCL.5H,0

[NiI({NHj},-2-oxosar-H)](ClO4)2.5H,0 (1 g; 1.5 x 10-3 mol) was sorbed
onto a Dowex 50Wx2 column (10 cm x 2 cm). This was then washed with
water and 1 M HCI to remove perchlorate ions and elution with 3 M HCl
produced a single pink band which was collected and reduced to a very
small volume. The chloride complex was then precipitated by adding
ethanol and ether to the aqueous solution; the light pink solid was
collected by filtration, washed with ether and air dried. Yield = 0.67 g (71%).
Anal. Calc. for C34H33NgCI3NiO.HCL.5H70: C, 27.8; H, 7.3; N, 18.5; Cl, 23 4.
Found C, 28.4; H, 7<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>