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9036-9040.
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This thesis explored the electronic and structural properties of transition metal complexes
of Me8tricosane and related ligands in order to gain a better understanding of the factors
which contribute to the remarkable properties of complexes such as [Co(Me8tricosane)]2+.
Electronic

spectra

and

[Co(Me5tricosanetriimine)]3+

solid
and

state

structures

were

determined

[Co(Me5tricosanetriiminetriOH)]3+.

These

for
two

complexes were found to have very similar structures, with average Co-N bond distances
of 1.976 ± 0.016 Å and 1.976 ± 0.007 Å, respectively. An electronic spectrum was also
acquired for [Co(Me5tricosanetriOH)]3+. The observed d-d transitions at 26631 and 18957
cm-1 were much lower in energy than is typically observed for cobalt(III) hexaamines.
Theoretical investigations on [M(NH3)6]n+ (Mn = CrII, FeII, FeIII, CoIII, NiII) showed that
sensitivity to changes in the M-N bond distance varied by metal, with red shifts ranging
from 570 to 265 cm-1 per 0.01 Å elongation of the M-N bond distance.
The solid state structures of [Zn(Me8tricosane)]2+, [Cd(Me8tricosane)]2+, and
[Hg(Me8tricosane)]2+ were also determined. The latter two complexes were found to
adopt the rare trigonal prismatic geometry with a twist angle of 0°, while
[Zn(Me8tricosane)]2+ adopted a distorted octahedral geometry with a twist angle of 46.1
± 0.5°. Computational studies found that where the M-N bond distance exceeds 2.35 Å,
complexes of Me8tricosane will adopt the trigonal prismatic geometry due to the steric
requirements of the ligand. Despite the high degree of symmetry in their solid state
structures, the NMR spectra of all three complexes had a large number of resonances.
This was attributed to the presence of multiple species in solution, including one or more
iii

with asymmetric structures. The relative energies of different diastereoisomers of the
complexes were determined using DFT methods, and showed that inversion of the
stereochemistry at one or more of the nitrogen atoms was a likely cause of the complexity
of

the

NMR

spectra.

These

techniques

were

subsequently

extended

to

[Co(Me8tricosane)]2+, which was also shown to give NMR spectra that were highly
dependent on the properties of the solvent.
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1.1

Macrocycles, Macrobicycles and Their Metal
Complexes

A macrocycle is usually defined as any structure containing a cyclic backbone of at least
nine atoms.[1] Further to this, a macrocyclic ligand is defined as a macrocycle with at least
three donor atoms capable of binding to a metal ion.[1, 2] Macrocyclic ligands occur in
nature, and their metal complexes play a vital role in many essential biological
processes.[1-3] Macrocyclic ligands have also been produced successfully using synthetic
techniques, which will be discussed in more detail below. By varying the donor atoms, as
well as the size, shape and flexibility of the macrocyclic backbone, metal complexes with
a wide range of useful properties have been produced. For example, metal complexes of
macrocyclic ligands typically possess a remarkably high degree of thermodynamic and,
in some instances, kinetic stability compared to complexes of the same metal ions with
non-cyclic analogues.[2, 3] This enhanced thermodynamic stability arises from enthalpic
and entropic contributions, and is generally known as the macrocyclic effect.[2-4]
Macrocyclic ligands are typically synthesised by one of two general methods. ‘Direct’
synthesis involves preparing the free ligand in solution without using a metal ion to
1

organise smaller organic units. These synthetic pathways require strict reaction
procedures, often including the use of high dilution conditions, in order to promote
intramolecular cyclisation whilst at the same time inhibiting competing polymerisation
reactions. Under these conditions very good yields of macrocyclic products can often be
obtained. An example of this synthetic approach is the reaction of bis(2-chloroethyl)ether
and catechol under basic conditions to form dibenzo-18-crown-6 in yields of between 44
- 48% (Figure 1.1A).[5] This ligand was the first of a class of macrocyclic ligands to be
prepared known as crown ethers.[2, 5]

Figure 1.1 A) Direct synthesis of dibenzo-18-crown-6 from bis(2-chloroethyl)ether and catechol.[5]
B) Synthesis of [K(18-crown-6)]+ from triethylene glycol and triethylene glycol ditosylate using a K+
template.[6]

‘Template’ syntheses are the second general approach to preparing macrocyclic ligands,
and are procedures in which the macrocycle is assembled around a metal ion, which
serves one or more functions including acting as a molecular assembly point. In a template
synthesis procedure, coordination of organic starting materials to the metal ion organises
2

the individual components of the macrocyclic backbone in an optimal arrangement for
cyclisation to occur. An example of this method is the synthesis of the potassium complex
of 18-crown-6 from triethylene glycol and triethylene glycol ditosylate, in the presence
of potassium t-butoxide, in yields up to 90% (Figure 1.1B). In this reaction the propensity
of potassium ions to form relatively stable complexes with the two starting materials most
likely plays an important role in the overall success of the reaction.[2, 6]
A macrobicycle is a molecule which contains two macrocyclic ring systems that share a
common group of atoms. Macrobicyclic ligands are capable of encapsulating metal ions
in three dimensions, thereby forming complexes with very high kinetic and
thermodynamic stability, even in the case of normally labile metal ions. Figure 1.2 shows
some examples of macrobicyclic ligands. One of the most studied classes of
macrobicyclic ligands are the cryptands, which consist of three polyether straps joined
together at two bridgehead nitrogen atoms.[2-4, 7-9] These ligands can be synthesised from
the reaction of a diaza-crown ether with a suitable diacid chloride.[2] Complexes formed
between alkali metal or alkaline earth metal cations and the cryptands often have stability
constants which are orders of magnitude higher than those for analogous complexes
formed between the same cations and other classes of ligands, including crown ethers.[8]
Although cryptands are capable of binding strongly to alkali metal and alkaline earth
metal cations, their oxygen donor atoms are not suited to forming high-stability
complexes with transition metal ions, where nitrogen and sulfur donor atoms are usually
preferred.[1, 2, 7]

3

Figure 1.2 Structures and trivial names of some macrobicyclic ligands.[9, 10]

1.2

Metal Complexes of Sepulchrate and Sarcophagines

The development of synthetic procedures for preparing the cobalt(III) complexes of the
hexaamine

macrobicyclic

(or

“cage”)

ligands

1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]icosane)

sep

and

(sep

=

sepulchrate

=

(NO2)2-sar

((NO2)2-sar

=

dinitrosarcophagine = 1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane)* are
important milestones in macrocyclic ligand chemistry.[11, 12] [Co(sep)]3+ is synthesised by
reacting [Co(en)3]Cl3 (en = ethylenediamine) with formaldehyde and ammonia under
basic conditions (Figure 1.3). This reaction has been reported to yield [Co(sep)]3+ in
yields of 95% or greater.[13]

*

This ligand is often given the trivial name ‘diNOsar’ in literature.
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Figure 1.3 Overview of the synthetic approach for preparing [Co(sep)]3+ or [Co((NO2)2-sar)]3+ from
[Co(en)3]3+.

The efficiency of this reaction may be attributed to the use of the [Co(en)3]3+ template,
which confers a number of favourable attributes upon the reaction. These include
stabilisation of intermediate complexes containing what are normally reactive imine
functional groups, as well as promotion of intramolecular reactions by providing two
trigonal N(amine) caps where the other reactants are assembled in optimal proximity and
orientation with respect to each other.[11] [Co(sep)]3+ exhibits many properties typical of
CoIIIN(amine)6 complexes, including a yellow-orange colour and Co-N bond distances of
1.990 ± 0.006 Å.[13] In contrast, [Co(sep)]3+ exhibits atypical electrochemical properties.
For example, cyclic voltammetry experiments performed with this metal cage complex
revealed a reversible CoIII/II couple,[13] as opposed to the irreversible reduction that is
normally observed for cobalt(III) amine complexes. This was attributed to the highly
5

effective entrapment of the normally labile cobalt(II) ion within the confines of the
macrobicyclic cage ligand. This is exemplified by the observation that cobalt(II)
complexes typically exchange their ligands on a microsecond timescale, as a result of the
very labile, high spin d7 configuration of this metal ion.[14] However, [Co(sep)]2+ has been
shown to not undergo exchange reactions with free cobalt(II) ions in solution over a 24
hour period.[13, 15] Despite being trapped inside an insulating, organic ligand, the rate of
the electron self exchange reaction for [Co(sep)]3+/2+ (Equation 1.1) is greater than that
for the analogous reactions involving either [Co(en)3]3+/2+ or [Co(NH3)6]3+/2+.[13] This has
been attributed to the strain inherent in both cobalt complexes of the sep ligand, owing to
the size of its cavity and rigidity.[16] These factors result in the internal cavity of the
sepulchrate ligand forcing the Co(III)-N bonds to be slightly longer, and the Co(II)-N
bonds to be compressed, compared to those in unrestricted systems such as
[Co(NH3)6]3+/2+.[11, 17, 18] As a consequence there is a lower degree of structural
rearrangement that needs to take place prior to electron transfer in the case of the cage
complexes.
[Co(sep)]3+ + [Co*(sep)]2+ → [Co(sep)]2+ + [Co*(sep)]3+

1.1

When nitromethane is used in place of ammonia in the reaction mixture for preparing
[Co(sep)]3+, the result is that a new cobalt cage complex, [Co((NO2)2-sar)]3+, is obtained
in yields ≥ 60%.[19] [Co((NO2)2-sar)]3+ has a CoIIIN(amine)6 chromophore with Co-N
bond distances of 1.977 ± 0.023 Å,[19] which are very similar to those in [Co(sep)]3+. It is
therefore unsurprising that the electronic spectra of these two complexes are also very
similar. The spectrum of [Co((NO2)2-sar)]3+ contains absorption bands centred at 473 nm
and 343 nm, which are attributable to 1A1g → 1T1g and 1A1g → 1T2g transitions,
respectively.[19] In the spectrum of [Co(sep)]3+ these two absorption bands occur at 461
6

nm and 352 nm, respectively.[20] The NO2 groups of [Co((NO2)2-sar)]3+ can be converted
into other functional groups via standard organic chemistry procedures to produce a range
of analogues, including those with amine, hydroxyl, hydroxylamine, or chloride groups
in the apical positions (Figure 1.4).[11, 19] These alterations lead to significant changes in
the electrochemical properties of the resulting complexes. For example, the Co(III)/Co(II)
redox potential of [Co((NO2)2-sar)]3+/2+ is -0.20 V vs. SCE, whereas for the corresponding
complex containing amines instead of nitro groups, [Co((NH2)2-sar)]3+,* it is -0.54 V vs.
SCE.[21] The electronic properties of [Co((NH2)2-sar)]3+ are highly pH dependent as the
two apical amine groups can be protonated (pKa 3.2). Under acidic conditions, the
Co(III)/Co(II) redox potential of the protonated form, [Co((NH3)2-sar)]5+, is +0.18 V vs.
SCE.[21]

Figure 1.4 Synthetic pathway for preparing analogues of [Co((NO2)2-sar)]3+ by chemical modification of
the apical groups.[21, 22]

In some cases it has proven possible to carry out syntheses analogous to those described
above for preparing [Co(sep)]3+ and [Co((NO2)2-sar)]3+, but utilising [M(en)3]n+ (M = IrIII,
PtIV, or RhIII) as the template.[11] For example, reaction of [Pt(en)3]4+ with formaldehyde
and ammonia in basic solution produces [Pt(sep)]4+ in 60% yield.[23] Substituting
nitromethane in place of ammonia in the reaction mixture affords [Pt((NO2)2-sar-H)]3+

*

This ligand is often given the trivial name ‘diAMsar’ in literature.
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((NO2)2-sar-H = (NO2)2-sar, deprotonated at one of the amine groups) which converts to
[Pt((NO2)2-sar)]4+ upon treatment with concentrated HCl.[23] Reduction with SnCl2/HCl
affords

[Pt((NHOH)2-sar)]4+.[24, 25]

Electrochemical

studies

performed

using

[Pt((NHOH)2-sar)]4+ provided evidence of transient formation of a rare octahedral,
mononuclear platinum(III) complex.[23] The success of the above synthetic procedures is
attributable to the same factors that facilitate preparation of [Co(sep)]3+ and [Co((NO2)2sar)]3+ in good yields, foremost of which is the presence of a kinetically inert metal
centre.[11, 26]
Attempts at synthesising cage complexes using the tris(ethylenediamine) complexes of
other metal ions have been largely unsuccessful. For example, reaction of [Cr(en)3]3+ with
formaldehyde and ammonia in basic solution does not lead to the formation of [Cr(sep)]3+
in significant quantities. This is believed to be due to the formation of a number of
intermediates which have labile Cr-N(imine) bonds, that prevent formation of the desired
cage structure.[11] Exploration of the chemistry of other metal complexes of some of these
hexaamine cage ligands was however made possible by the development of effective
methods for removal of the cobalt ion from [Co((NH2)2-sar)]3+ or [Co(sar)]3+. These are
extremely difficult tasks, owing to the combination of kinetic and thermodynamic
stability inherent in both complexes. However, by reducing the cobalt within [Co((NH2)2sar)]3+ to its more labile 2+ oxidation state, and refluxing the resulting metal complex in
concentrated hydrobromic acid, it is possible to remove the metal ion and obtain the free
ligand as (NH3)2-sarH35+.[22] Removal of the cobalt within [Co(sar)]3+ is similarly
achieved by first reducing the cobalt to the 2+ oxidation state and mixing the complex
with NaCN at 65°C.[22] The difficulty of removing the labile cobalt(II) ion is further
evidence of the kinetic stability conferred on the metal complexes by these cage ligands,
8

owing to a combination of entropic factors, and retardation of ligand exchange reactions
with solvent and other molecules.[11-13]
Complexes of sar and (NH2)2-sar with many metal ions other than cobalt have now been
prepared and characterised, including in many instances in the solid state.[15, 18, 24, 27-33]
The coordination sphere of these complexes remains relatively constant, regardless of the
metal ion’s electron configuration or the preferred M-N bond distance. For example, a
study of the solid state structures of 18 transition metal complexes of the above cage
ligands, featuring metal ions with a range of electron configurations, found a mean
nitrogen to nitrogen distance of 2.975 ± 0.108 Å for nitrogen atoms within the same cap,
and 2.826 ± 0.089 Å for nitrogen atoms on the same strap, as well as a mean bite angle
of 82.2 ± 2.5°.[18] The only parameter which varied significantly between complexes was
the trigonal twist angle, which ranged from 17.7° for [V((NH2)2-sar)](S2O6)2 to 58.3° for
[Co((NH2OH)2-sar)]Cl5 (Figure 1.5). Changing the identity of the substituents in the
apical positions on the cage ligand had very little influence on the geometry of the metal’s
coordination sphere. Instead, the range of observed trigonal twist angles was attributed to
competition between the need to minimise strain within the cage ligand itself, and ligand
field stabilisation energy. For systems with d0, d1, high-spin d5, high-spin d6, or d10
electronic configurations it was determined that there is little difference in ligand field
stabilisation energy between the trigonal prismatic and trigonal antiprismatic (octahedral)
geometries for the metal complexes, and therefore the needs of the ligand primarily
determine the structures observed.[18]
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Figure 1.5 Observed trigonal twist angles for a range metal complexes of (NH2)2-sar, as well as selected
complexes of sep and sar as labelled.[18] Open circles indicate high-spin configurations.
Reprinted with permission. Copyright 1985 American Chemical Society.

1.2.1 Potential Applications of Hexaamine Cage Complexes
Energy Production Applications
Cobalt sarcophagine complexes have been investigated for use as electron transfer agents
in systems designed to photoreduce water for hydrogen generation. These complexes
were investigated as they have reversible redox couples, fast electron transfer rates, and
both oxidation states have a high degree of chemical stability.[34] Methylviologen (1,1′dimethyl-4,4′-bipyridinium) is a commonly used electron transfer agent for this type of
application, however competing reactions under irradiation limit the effectiveness of this
10

compound.[35] It was found that with a [Ru(2,2′-bipyridine)3]2+ sensitiser the cobalt cage
complexes [Co(sep)]3+ and [Co(Cl2-sar)]3+ have a slower relative rate of hydrogen
production compared to methylviologen. Despite this, the cobalt cage complexes have a
higher yield of hydrogen relative to the amount of charge consumed, and do not
significantly decompose, giving them a turnover rate orders of magnitude higher than that
for methylviologen.[34, 35] The lower rate of hydrogen production was attributed to
quenching of the [Ru*(2,2′-bipyridine)3]2+ excited state by energy transfer to the cage
complex. In systems where electron transfer was comparatively slow this energy transfer
process became relatively favourable, and hydrogen production was not observed.[35]
Cobalt cage complexes where the cage ligand is covalently linked to a sensitiser such as
anthracene have also been produced, and investigated for their suitability as an electron
relay in hydrogen-generating systems.[36] Whilst photoproduction of hydrogen was
observed, it was only generated in very low yields.[36]
Biological Applications
The structures of several novel cationic surfactants obtained by attaching a paraffin tail
to a cobalt(III) sarcophagine complex are shown in Figure 1.6.[37, 38] These surfactants
were notable for having highly charged headgroups and, when the paraffin tail is
sufficiently long (> C8 or equivalent), being effective at killing nematodes, cestodes and
tematodes in vitro by destabilising the exterior membranes of these parasites.[37, 38] In vivo
studies against tapeworms in rats found that these complexes were more effective than an
organic cationic surfactant (cetylpyridinium chloride). This was attributed to the organic
surfactant being absorbed by the rat, whereas the cage complexes remained in the
intestinal tract.[37]

11

3+

5+
NH2

NH

NH
NH

NH
Co
NH

NH

NH
Co

NH

NH

HN

NH
HN

O

NH2

NH

[Co((CH3,C15H31)-sar)]3+

[Co((NH2,(CH3(CH2)7)2NH(CH2)2NH2)-sar]5+

Figure 1.6 Structures of cobalt sarcophagine cage complexes shown to be effective at killing
tapeworms.[37]

Medical Applications
Sarcophagines rapidly chelate copper(II) ions in solution to form complexes that have
remarkable stability under physiological conditions. These factors make this class of
ligands potentially suitable for the delivery of

64

Cu for positron emission tomography

(PET) imaging and targeted radiotherapy applications.[39-43] Functionalised sarcophagines
such

as

SarAr

(SarAr

=

1-amino,8-(4-aminobenzylamino-3,6,10,13,16,19-

hexaazabicyclo[6.6.6]icosane)) and COSar (COSar = 5-(8-amino-3,6,10,13,16,19hexaazabicyclo[6.6.6]icosan-1-ylamino)-5-oxopentanoic acid) (Figure 1.7) have been
developed which can efficiently couple to biological molecules such as peptides and
antibodies, thereby providing a mechanism to enable targeted delivery of the
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radionuclide.[44-55] One recent study focused on targeting the gastrin-releasing peptide
receptor (GRPr), present in high density for several human tumours, by coupling COSar
to a GRPr-antagonistic peptide.[46] The resulting

64

Cu complexes were found to

selectively accumulate in the tumour and pancreas when administered to mice (Figure
1.8), with remarkably low liver and muscle uptake compared to other complexes of
64

Cu2+.[46]

Figure 1.7 Structures of the copper(II) complexes of SarAr and COSar.[40]
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Figure 1.8 Maximum intensity projections of D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 conjugated
to 64Cu radiolabelled [Cu(COSar)]2+, after injection into tumour bearing mice.[46]
Reprinted in part with permission. Copyright 2015 American Chemical Society.

1.2.2 Computational Studies on Metal Complexes of Sepulchrate and
Sarcophagines
Computational studies on transition metal complexes of sepulchrate and the sarcophagine
family of ligands have largely been performed using molecular mechanical methods,
where geometries are determined using strain minimisation algorithms.[30, 56-60] One such
study examined the relationship between the metal-nitrogen bond distance and the
preferred geometry of the resulting metal cage complex.[56] The results of this
investigation showed that complexes with M-N bonds longer than 2.06 Å had a strong
preference for a D3 symmetric conformation with a trigonal twist angle of ~30°. In
contrast, metal complexes with M-N bonds shorter than 2.06 Å typically showed much
larger twist angles close to that expected for a regular octahedral geometry (60°).[56]
More recent computational investigations have involved the use of quantum mechanical
methods, and in particular density functional theory (DFT).[61-64] While molecular
mechanics is able to predict structures with remarkable efficiency, its reliability depends
on validating the force field against experimental data, and may lose accuracy outside the
set of molecules they were calibrated for.[65] Conversely, DFT methods are capable of
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accurately describing a very wide range of systems with no experimental information. As
DFT is a quantum mechanical method it is able to directly calculate electronic energies.
This was used in one study to show that in the absence of π-donor ligands the d0 and d1
electronic configurations showed a preference for the trigonal prismatic geometry over
the much more common octahedral geometry.[62] The same study found that sarcophagine
ligands were not suitable for forcing the adoption of a trigonal prismatic geometry, as the
ligand itself is already preorganised towards the octahedral geometry.[62]

1.3

Metal Complexes of Hexaamine Cage Ligands with
Larger Internal Cavities

Despite the remarkable properties of their complexes with some metal ions, hexaamine
ligands such as sep and (NH2)2-sar feature cavities which may not be ideally suited for
the encapsulation of larger metal ions, or metal ions in less commonly encountered, lower
oxidation states. It is therefore not surprising that attempts to access hexaamine cage
ligands with larger cavities were made using the same synthetic approach that afforded
[Co(sep)]3+ and [Co((NO2)2-sar)]3+, but using either [Co(tn)3]3+ (tn = 1,3propanediamine), or [Co(stn)]3+ (stn = 5,5′,5″-ethylidynetris(4-azapentan-1-amine)), as
the template instead of [Co(en)3]3+. Unfortunately, all such attempts to produce cobalt
complexes of a macrobicyclic ligand with a slightly expanded internal cavity were
unsuccessful. This was attributed to the instability of key intermediate complexes formed
during these reactions, which result in unwanted side reactions occurring.[11, 66, 67]
1.3.1 Rhodium Complexes of Larger Cavity Cage Hexaamine Ligands
Examination of Dreiding models suggested that the use of templates containing longer
M-N bond lengths would promote reactions which lead to complexes of the desired larger
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cavity cage ligands.[67] This was shown to be a valid strategy in the case of templates
containing a RhIIIN6(amine) chromophore. Reactions of [Rh(tn)3]3+ or [Rh(stn)]3+ with
paraformaldehyde and nitromethane in acetonitrile under basic conditions yielded the
cage complexes [Rh((NO2)2-tricosane)]3+ and [Rh(Me,NO2-tricosane)]3+, respectively
(tricosane = 3,7,11,15,18,22-hexaazabicyclo[7.7.7]tricosane) (Figure 1.9).[67] These cage
ligands feature substituents at the 1- and 9- positions, and were obtained in yields of over
70%. Quantitative reduction of the nitro groups of [Rh((NO2)2-tricosane)]3+ and
[Rh(Me,NO2-tricosane)]3+ was achieved using Zn/HCl or Sn/HCl to yield [Rh((NH3)2tricosane)]5+ and [Rh(Me,NH3-tricosane)]4+, respectively.

Figure 1.9 Reaction pathways for synthesising rhodium complexes of larger cavity cage ligands from
[Rh(tn)3]3+ and [Rh(stn)]3+.[67]

The rhodium complexes of the derivatized tricosane ligands exhibited significantly longer
Rh-N bond distances than those found in smaller cage analogues, consistent with the
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notion that the ligands in Figure 1.9 feature slightly larger internal cavities. For example,
[Rh(Me,NO2-tricosane)]3+ has an average Rh-N bond distance of 2.114 ± 0.012 Å.[67] This
is longer than the average Rh-N bond distance in the smaller cage analogue [Rh(Me,NO2sar)]3+ (2.069 ± 0.013 Å),[67] which is similar to bond distances found in unstrained
RhIIIN6(amine) systems.[68] The solid state structures of [Rh(Me,NO2-tricosane)]3+ and
[Rh(Me,NO2-sar)]3+ have trigonal twist angles of 66 ± 0.7° and 52 ± 0.7°, respectively.[67]
These results are consistent with the large ligand field stabilisation energies expected for
the low spin RhIIIN6 systems in these complexes, which is the major factor in determining
the geometry of the complexes. The small deviations from the optimum 60° twist angle
observed was attributed to relatively minor energetic contributions from the ligand.[67]
The absorption spectrum of [Rh(Me,NH3-tricosane)]4+ showed bands at λmax 315 nm and
265 nm, for the 1A1g → 1T1g and 1A1g → 1T2g transitions, respectively.[67] Both are red
shifted by ~2000 cm-1 relative to the corresponding bands in the absorption spectrum of
[Rh(Me,NH3-sar)]4+, which occur at 297 nm and 251 nm.[67] The Rh(III)/Rh(II) redox
couple also differs significantly between the rhodium complexes of the larger and smaller
cavity cage ligands. For [Rh(Me,NH3-tricosane)]4+ the reduction potential is -1.74 V vs.
ferrocene/ferricenium,[67] which is a positive shift of 0.38 V compared to the same redox
couple for [Rh(Me,NH3-sar)]4+ (-2.12 V).[67] This positive shift in the redox potential
reflects increased stability of the rhodium(II) oxidation state within the larger cavity of
the Me,NH3-tricosane ligand.[67]
Although the synthesis of the above rhodium complexes constitutes an important
milestone in the history of the chemistry of large hexaamine cage ligands, it did not prove
possible to remove the metal ion to afford the free ligands themselves. This was believed
to be a consequence of the extremely inert nature of the rhodium(III) ion,[12, 67] and meant
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that there was still a need to find a more widely accessible pathway to synthesise metal
complexes of this class of ligands.
1.3.2 Cobalt Complexes of Larger Cavity Cage Hexaamine Ligands
The breakthrough in this area came about as a result of changes to both the structure of
the metal template and the condensation chemistry employed. Synthesis of the small
cavity cobalt cage complexes was accomplished by reacting ammonia or nitromethane
(or their deprotonated forms) with imines derived from condensation reactions between
[Co(en)]3+ and formaldehyde. These reactions served to effectively place two “caps” on
the initial metal template molecule. With the new strategy, a metal complex that
effectively consisted of two “caps” bound to the metal ion was used as the template
instead. This molecule was [Co(tame)2]3+ (tame = 1,1,1-tris(aminomethyl)ethane), which
could be produced in good yield by reaction of anhydrous CoCl2 with free tame in
methanol under aerobic conditions.
[Co(Me5tricosanetriimine)]3+
Reaction of [Co(tame)2]Cl3 with a mixture of paraformaldehyde and propionaldehyde in
acetonitrile under basic conditions was found to yield a complex mixture of products, one
of which was [Co(Me5tricosanetriimine)]3+ (Me5tricosanetriimine = 1,5,9,13,20pentamethyl-3,7,11,15,18,22-hexaazabicyclo[7.7.7]tricosane-3,14,18-triene)

(Figure

1.10).[66]
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Figure 1.10 Synthesis of [Co(Me5tricosanetriimine)]3+ from [Co(tame)2]3+.[66]

This complex was separated from the remaining reaction products using ion exchange
chromatographic methods, and obtained in yields of between 10 and 20%, provided the
correct reactant ratio of Co : CH2O : CH3CH2CHO = 1 : 4 : 10 was used.[66] When
different ratios were employed, [Co(Me5tricosanetriimine)]3+ was formed in lower yields
or was not present at all in the reaction mixture.[69] Figure 1.11 illustrates the proposed
mechanism for the formation of this complex. Initially, it is believed that the cobalt
template reacts with paraformaldehyde to form complexes with exo imine groups. These
subsequently undergo reaction with deprotonated propionaldehyde molecules to yield a
second intermediate, which then undergoes a ring-closing intramolecular condensation to
form an endo imine complex. Repetition of this sequence of events leads to formation of
two more endo imines, and the “straps”, connecting the initial two “caps” of the template,
are completed.
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Figure 1.11 Proposed mechanism for the synthesis of [Co(Me5tricosanetriimine)]3+ from
[Co(tame)2]3+.[66]

Column

chromatographic

separation

of

reaction

mixtures

containing

[Co(Me5tricosanetriimine)]3+ revealed the presence of at least 6-8 additional major
products, as well as a plethora of minor by-products.[69] To date very little information is
available concerning the identity of these complexes. It is probable that some of the byproducts only have one or two fully formed “straps”, or that in some instances the initial
exo imine undergoes a condensation reaction with an amine group in the second cap,
leading to a bridging methylene group, rather than reacting with propionaldehyde. It is
also possible that less symmetric isomers of the [Co(Me5tricosanetriimine)]3+ shown in
Figure 1.11 are formed, in which one imine group is present in a different cap to the other
two.
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It is perhaps not surprising therefore that [Co(Me5tricosanetriimine)]3+ is only ever
obtained in low yields, given the relatively complex sequence of reactions that must occur
in order for it to be synthesised. This is exemplified by the observation that performing
the reaction with greater amounts of paraformaldehyde than the optimum ratio also leads
to the formation of [Co(Me5tricosanetriiminetriOH)]3+ (Me5tricosanetriiminetriOH =
5,13,20-trishydroxymethyl-1,5,9,13,20-pentamethyl-3,7,11,15,18,22-hexaazabicyclo[7.7.7]-tricosane-3,14,18-triene) in significant quantities.[69] Under the basic conditions
present in the reaction mixture, the central carbon atoms in each of the three straps of
[Co(Me5tricosanetriimine)]3+ are likely to be deprotonated, resulting in a nucleophilic
carbon atom able to react with additional paraformaldehyde to give this new complex
(Figure

1.12),

which

(Me5tricosanetriOH

can
=

then

be

reduced

to

[Co(Me5tricosanetriOH)]3+

5,13,20-trishydroxymethyl-1,5,9,13,20-pentamethyl-

3,7,11,15,18,22-hexaazabicyclo-[7.7.7]-tricosane).[69]

Figure 1.12 Synthetic pathway leading to the formation of [Co(Me5tricosanetriiminetriOH)]3+ and
[Co(Me5tricosanetriOH)]3+.

Despite the presence of an additional methylene group in each of its three “straps”,
[Co(Me5tricosanetriimine)]3+ exhibits an electronic absorption spectrum typical of most
CoIIIN6 complexes, with absorption bands at λmax 468 nm and 343 nm corresponding to
the 1A1g → 1T1g and 1A1g → 1T2g transitions, respectively.[66] These bands are very close
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to those found for the small cavity cage complex [Co(sar)]3+ (λmax 472 nm and 343 nm),[19]
suggesting that although the straps in [Co(Me5tricosanetriimine)]3+ are longer, the
complex still adopts a nearly optimal chromophore geometry. In order to test this
hypothesis it would be necessary to obtain the solid state structure of
[Co(Me5tricosanetriimine)]3+ using X-ray crystallography. In addition, determining the
solid state structures of the other complexes in Figure 1.12, which have not been prepared
previously, would provide highly useful information to further develop an understanding
of the relationship between the structural properties of metal complexes of “larger” cavity
ligands, as well as their electronic spectra and electrochemical properties.
[Co(Me5tricosane)]3+
[Co(Me5tricosanetriimine)]3+ is quantitatively converted to [Co(Me5tricosane)]3+
(Me5tricosane

=

1,5,9,13,20-pentamethyl-3,7,11,15,18,22-

hexaazabicyclo[7.7.7]tricosane) (Figure 1.13) by stirring with NaBH4 in basic solution
under ambient conditions.[66]

Figure 1.13 Synthesis of [Co(Me5tricosane)]3+ from [Co(Me5tricosanetriimine)]3+.
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Unlike all of the other cobalt(III) hexaamine complexes discussed in this thesis
previously, and most others which have been reported before, [Co(Me5tricosane)]3+ does
not possess a yellow-orange colour, but instead has a distinct pink colour (Figure 1.14).

Figure 1.14 Aqueous solutions of some cobalt(III) hexaamine complexes. From left to right:
[Co(NH3)6]3+, [Co(sar)]3+, [Co(Me5tricosanetriimine)]3+, and [Co(Me5tricosane)]3+.

The reason for this is that the electronic absorption spectrum of [Co(Me5tricosane)]3+ has
absorption bands at 516 nm and 370 nm corresponding to the 1A1g → 1T1g and 1A1g →
1

T2g transitions, respectively.[66] Both absorption bands are red shifted by 1700 – 2500

cm-1 compared to the corresponding transitions in typical CoIIIN6(amine) complexes such
as [Co(NH3)6]3+, where they occur at 474 nm and 339 nm, respectively.[70] X-ray
crystallographic analysis of [Co(Me5tricosane)]3+ revealed that it has an average Co-N
bond distance of 2.022 ± 0.008 Å,[66] which is 0.057 Å longer than the Co-N bonds of
[Co(NH3)6]3+, in which the ligands do not impose any strain on the chromophore.[71] This
significant change in Co-N bond distance is probably the most direct cause of the dramatic
change in spectroscopic properties, as well as the Co(III)/Co(II) redox potential. For
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[Co(Me5tricosane)]2+/3+ a reversible redox couple was reported to occur at +0.08 V vs.
NHE.[66] This potential is 0.56 V more positive than that for [Co(Me2-sar)]3+/2+ (-0.48 V
vs. NHE),[66] and indicates there is a significant degree of stabilisation of the cobalt(II)
ion within the expanded cage relative to the Me2-sar system.[66]
As was previously found for the smaller cage analogues [Co(sar)]3+ and [Co((NH2)2sar)]3+, it is not possible to remove the cobalt ion directly from [Co(Me5tricosane)]3+.
Instead, the metal ion must first be reduced to the more labile cobalt(II) oxidation state in
order to achieve this goal.[72] This may be readily accomplished by treating aqueous
solutions of [Co(Me5tricosane)]3+ with zinc powder under nitrogen. Unlike what is found
for the smaller cage complexes, removal of cobalt(II) from [Co(Me5tricosane)]2+ proceeds
under much milder reaction conditions; it is simply necessary to add HCl to the above
reaction mixture under nitrogen, and then heat at 70°C for 30 minutes.[72] Subsequent
chromatographic work up of the reaction mixture affords the cage ligand initially in its
hexaprotonated form, Me5tricosane.6HCl,which can then be converted to its free base to
form Me5tricosane.[72] The greater ease of removal of cobalt(II) from inside Me5triocsane
is also consistent with the view that the cavity of the ligand more readily accommodates
this metal ion. In contrast, the cavities of ligands such as sar and (NH3)2-sar are smaller
than optimal, and hence much more stringent conditions are required to extrude cobalt(II)
from within the latter ligands.[22]

1.4
Owing

Complexes of other Transition Metals with
Me5tricosane
to

the

remarkable

structural,

electronic

and

redox

properties

of

[Co(Me5tricosane)]3+, there has been significant interest in investigating the properties of
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complexes of this ligand with other transition metal ions. Many such complexes can be
readily prepared by simply combining free Me5tricosane with an equimolar amount of a
simple salt of the desired transition metal in a suitable solvent. The following sections
summarise what is known about the properties of other metal complexes of this ligand.
1.4.1 [Cr(Me5tricosane)]3+
[Cr(Me5tricosane)]3+ was synthesised by reaction of [Cr(py)3]Cl3 (py = pyridine) with
free Me5tricosane in the presence of zinc dust under anaerobic conditions.[73] X-ray
crystallographic analysis of [Cr(Me5tricosane)]Cl3 showed a mean Cr-N distance of 2.109
± 0.007 Å.[74] This distance is significantly longer than those found in other CrIIIN6(amine)
complexes such as [Cr((NH2)2-sar)]3+ (2.073 ± 0.006 Å),[32] and [Cr(NH3)6]3+ (2.064 ±
0.003 Å).[75] Perhaps surprisingly, despite the differences in Cr-N bond distances, there
is relatively little difference between the electronic spectra of these complexes.
[Cr(Me5tricosane)]3+ exhibits visible absorption bands at 358 nm and 460 nm
corresponding to the 4A2g → 4T1g and 4A2g → 4T2g transitions, respectively.[76] These are
similar to the positions of the corresponding bands in the absorption spectra of
[Cr(NH3)6]3+ and [Cr(sar)]3+. For [Cr(NH3)6]3+, the 4A2g → 4T1g and 4A2g → 4T2g bands
have been reported to occur at 346 and 462 nm, respectively,[77] while for [Cr((NH2)2sar)]3+ they are at 346 and 452 nm.[78] The 4A2g → 4T1g transition for [Cr(Me5tricosane)]3+
is therefore red shifted by ~1000 cm-1 compared to the other two chromium complexes,
while the 4A2g → 4T2g transitions differ by only 100 - 200 cm-1. These results suggest
that while [Cr(Me5tricosane)]3+ features longer Cr-N bonds than the smaller cage
analogues, the degree of lengthening is not sufficient to translate to a reduction in ligand
field strength as significant as was observed for [Co(Me5tricosane)]3+. An important
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question, therefore, is whether further lengthening of the Cr-N bonds will elicit more
dramatic changes. To date this question has not been addressed in the literature.
Cyclic voltammetry experiments performed using [Cr(Me5tricosane)]3+ showed a
reversible Cr(III)/Cr(II) couple at -0.99 V vs. NHE.[76] This is 0.15 V more positive than
the [Cr(sar)]3+/2+ redox couple (-1.14 V vs. NHE),[32] indicating that the larger cavity of
Me5tricosane is able to stabilise the chromium(II) oxidation state to a slightly greater
degree than the smaller cavity cage ligand. While significant, this positive shift in redox
potential is much smaller than the difference between the cobalt(III)/(II) redox couples
for the cobalt complexes of the same ligands. This is most likely attributable to the
lengthening of the Co-N bonds upon moving from complexes such as [Co(sar)]3+ to
[Co(Me5tricosane)]3+, being almost twice as great as what is observed for the Cr-N bonds
in the corresponding chromium systems. This again highlights that much remains to be
learnt concerning the relationship between the structures of metal complexes of these
classes of ligands, and their other properties.
Investigations into the emission spectra of [Cr(Me5tricosane)]3+ revealed that its 2E
excited state exhibits a remarkably long lifetime of 235 µs in H2O at 298 K.[73] In
comparison, the 2E lifetime of [Cr(sar)]3+ is less than 10 ns,[78] while it is only 2.2 µs for
[Cr(NH3)6]3+ under the same conditions.[79] Upon cooling to 77 K, the lifetime of the 2E
state of [Cr(Me5tricosane)]3+ increased further to 440 µs.[73] This two fold change is much
smaller than that observed when a solution containing [Cr(sar)]3+ was cooled to 77 K, as
this resulted in the 2E lifetime increasing to 65 µs, which is a change of over four orders
of magnitude.[73] The lack of sensitivity of the lifetime of the

2

E state of

[Cr(Me5tricosane)]3+ to changes in temperature was attributed to conformer
interconversion being less facile than with [Cr(sar)]3+. This is because metal complexes
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of sar are capable of undergoing a change in symmetry from C3 to D3, as a result of
twisting of the ligand caps relative to each other. This process is coupled with conversion
of the straps between the ob and lel configurations (where the straps are obverse or
parallel to the C3 axis, respectively), the net result of which is to alter the microsymmetry
around the chromophore giving rise to additional accepting modes, which decreases the
2

E lifetime. While similar conformational rearrangements resulting from twisting of the

ligand caps are also possible for metal complexes of Me5tricosane, they do not occur as
readily. This is because they would require the six-membered chelate rings in the straps
to switch from the chair conformation to the less stable skew boat form, in which the strap
methyl groups are located in energetically unfavourable axial positions.[73, 78]
[Cr(Me5tricosane)]3+ has also been prepared by an alternative route using [Cr(tame)2]3+
as the starting material.[76] Reaction of [Cr(tame)2]3+ with paraformaldehyde and propanal
in a 1 : 4 : 10 ratio afforded [Cr(Me5tricosanetriimine)]3+ and, after reduction,
[Cr(Me5tricosane)]3+ in ~10% overall yield. The mechanism of formation of the initial
triimine compound is believed to involve a pathway similar to that for the corresponding
cobalt complex shown in Figure 1.11. The above reaction using [Cr(tame)2]3+ as the
starting material also produced a second complex in small quantities, tentatively assigned
as [Cr(Me5tricosanediiminediOH)]3+ (Figure 1.15). The solid state structure of this
complex is still unknown, however its electronic properties have been explored. The
Cr(III)/Cr(II) redox couple for [Cr(Me5tricosanediiminediOH)]3+ is reversible and occurs
at -1.19 V vs. NHE. This represents a negative shift of 0.05 V relative to the same redox
couple for [Cr(sar)]3+, and a negative shift of 0.20 V relative to that for
[Cr(Me5tricosane)]3+.

The

electronic

absorption

spectrum

of

the

putative

[Cr(Me5tricosanediiminediOH)]3+ shows bands at 346 nm and 444 nm, corresponding to
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the 4A2g → 4T1g and 4A2g → 4T2g transitions, respectively. These are both blue shifted by
700 - 900 cm-1 relative to the same transitions for [Cr(Me5tricosane)]3+. Both the
electrochemical and spectroscopic results are therefore consistent with the cavity within
Me5tricosanediiminediOH being slightly smaller than that for Me5tricosane.[76]

Figure 1.15 Synthesis of [Cr(Me5tricosane)]3+ and [Cr(Me5tricosanediiminediOH)]3+ from [Cr(tame)2]3+.

1.4.2 [Pt(Me5tricosane)]4+
[Pt(Me5tricosane)]4+ was also able to be synthesised by a template approach, using
[Pt(tame)2]4+ and reaction conditions analogous to those used to produce
[Co(Me5tricosane)]3+.[80] This procedure initially afforded [Pt(Me5tricosanetriimine)]4+ in
~50% yield, which is much greater than what has been reported for the corresponding
triimine compounds containing cobalt(III) or chromium(III). Only one diastereoisomer of
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[Pt(Me5tricosanetriimine)]4+ was obtained despite the large number of chiral centres
present in the complex. This observation further reinforces the stereospecific nature of
these metal template syntheses. Care was required to avoid reducing the platinum(IV)
centre, however it was possible to reduce the triimine compound using NaBH4 to afford
the saturated cage complex [Pt(Me5tricosane)]4+ in quantitative yield.[80]
Analysis

of

both

the

solid

state

structures

and

solution

NMR

of

[Pt(Me5tricosanetriimine)]4+ and [Pt(Me5tricosane)]4+ indicated these complexes have
overall C3 symmetry.[80] It was also shown that [Pt(Me5tricosanetriimine)]4+ has an
average Pt-N bond distance of 2.061 ± 0.016 Å, with the Pt-N(amine) and Pt-N(imine)
bonds being ~0.01 Å longer and ~0.01 Å shorter, respectively, than this average distance.
Upon reduction to [Pt(Me5tricosane)]4+, the average Pt-N bond distance increased to
2.104 ± 0.034 Å.[80] This distance is comparable to that found in other platinum(IV)
complexes of cage ligands whose structures only contain six-membered chelate rings,
such as [Pt(Et2-Me6-tetracosanediimineN6)]4+ (Et2-Me6-tetracosaneN6 = 18,22-diethyl4,8,12,16,17,21-hexamethyl-2,6,10,14,19,23-hexaazatricyclo[10.4.4.44,9]tetracosa-6,14diene) (Figure 1.16), which can be prepared by reaction of [Pt(tame)2]4+ with
propionaldehyde under basic conditions.[80, 81]

Figure 1.16 Structure of [Pt(Et2-Me6-tetracosanediimineN6)]4+.
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Cyclic voltammetry experiments performed using aqueous solutions containing
[Pt(Me5tricosanetriimine)]4+ or [Pt(Me5tricosane)]4+ showed that both complexes
undergo an irreversible Pt(IV) → Pt(II) reduction, with no indication of a platinum(III)
intermediate.[80]

The

reduction

occurred

at

+0.06

V

vs.

SHE

for

[Pt(Me5tricosanetriimine)]4+, and at +0.09 V vs. SHE for [Pt(Me5tricosane)]4+, although
the latter value showed a dependence on the scan rate used.[80] These potentials were
significantly more positive than that observed for the irreversible reduction of [Pt(sep)]4+,
which occurs at -0.18 V vs. SHE.[23] The electrochemical results support the conclusion
that the larger cavity ligand Me5tricosane has a greater ability to accommodate the
platinum(II) ion in its usual square planar coordination geometry, by having the metal ion
bind to two of the three straps. However, this bonding arrangement is not stable, and
[Pt(Me5tricosane)]2+ subsequently decomposes into as yet unidentified complexes.[80]
1.4.3 [Ni(Me5tricosane)]2+
X-ray crystallographic analysis of [Ni(Me5tricosane)](ClO4)2 showed the metal cation has
an average Ni-N bond distance of 2.140 ± 0.003 Å.[82] This distance is 0.031 Å longer
than the Ni-N distance found in [Ni((NH2)2-sar)]3+ (2.109 ± 0.009 Å),[83] however it is
close to that for [Ni(NH3)6]3+ (2.135 ± 0.018 Å).[84] Such a result suggests that in this
instance the Me5tricosane ligand allows the metal ion to adopt near optimal M-N bond
distances, rather than elongating them.[82] The absorption spectrum and electrochemical
properties of [Ni(Me5tricosane)]2+ are yet to be reported. This additional characterisation
would be highly useful, as it would assist the development of a greater understanding of
the relationship between the structural and electronic properties of the metal complexes
of hexaamine cage ligands.
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1.4.4 [Cu(Me5tricosane)]2+
Encapsulation of copper(II) within Me5tricosane provided an opportunity to examine
whether the ligand framework would be sufficiently flexible to enable this metal ion to
exhibit the typical effects of Jahn-Teller distortion. Synthesis of [Cu(Me5triocsane)]2+
was readily accomplished by mixing solutions containing the free ligand and a range of
copper(II) salts. Its electronic absorption spectrum showed two weak d-d transitions at
616 nm and 1330 nm, characteristic of tetragonally distorted Cu(II) complexes.[72] The
band at 616 nm corresponds to transitions from the three lowest energy d orbitals to the
dx²-y² orbital, and is at a significantly higher energy than what is observed for smaller
copper(II) cage complexes. For example, it is blue shifted by 1000 cm-1 relative to the
same absorption band in the spectrum of [Cu((NH3)2-sar)]4+, which shows the same
electronic

transition

at

658

nm.[30]

X-ray

crystallographic

analysis

of

[Cu(Me5tricosane)]2+ surprisingly revealed a tetragonally compressed coordination
sphere, with two Cu-N bonds significantly shorter than the other four (averages of 2.082
± 0.009 Å and 2.212 ± 0.018 Å, respectively).[72] However, further analysis of the
complex in the solid state using EPR spectroscopy indicated that the CuIIN6 chromophore
was more likely tetragonally elongated, and that the solid state structure was a
manifestation

of

a

specific

type

of

disorder.[72]

The

bond distances

for

[Cu(Me5tricosane)]2+ may be compared to those obtained from the crystal structure of
[Cu((NH3)2-sar)]4+, which has a typical tetragonally elongated CuIIN6 chromophore (two
bonds of 2.275 ± 0.033 Å, four bonds of 2.114 ± 0.028 Å).[30] Owing to the significant
Jahn-Teller effects evident in both structures, it is not possible to draw a conclusion
regarding the net effect of encapsulating Cu(II) in Me5tricosane upon average Cu-N bond
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distances. These two copper complexes were found to have significantly different trigonal
twist angles, with 67° for [Cu(Me5tricosane)]2+, and 28° for [Cu((NH3)2-sar)]4+.[30, 72]
Cyclic voltammetry experiments performed using [Cu(Me5tricosane)]2+ revealed that the
Cu(II)/Cu(I) redox couple was reversible at a scan rate of 100 mVs-1, and occurred at 0.76 V vs. Ag/AgCl (Figure 1.17). At slower scan rates the redox couple was observed to
lose its reversibility, indicating that the metal complex in the lower oxidation state had
limited stability.[72] Previous electrochemical studies of [Cu(sar)]2+ and [Cu((NH2)2sar)]2+ showed only irreversible Cu(II)/Cu(I) redox couples at all scan rates.[85, 86] From
the cyclic voltammetry experiments it was possible to determine that the
[Cu(Me5tricosane)]+ ion possessed a lifetime of ~2 s, which is three orders of magnitude
longer than that for [Cu(sar)]+, which has a lifetime of ~1 ms.[85] This study therefore
provided further evidence of the ability of Me5tricosane to stabilise metal ions in lower,
less common oxidation states.[72]

Figure 1.17 Cyclic voltammogram of [Cu(Me5tricosane)]2+/+ obtained using a glassy carbon working
electrode, Ag/AgCl reference electrode, and a scan rate of 100 mVs-1.[72]
Reproduced with permission of The Royal Society of Chemistry.
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1.4.5 Complexes of Me5tricosane with Zinc, Cadmium and Mercury
X-ray crystallographic analysis of [Zn(Me5tricosane)](ClO4)2 showed the ZnIIN6
coordination sphere possessed a near octahedral geometry with a trigonal twist angle of
60.7° (Figure 1.18A). The three straps of the complex each possessed a skew-boat
conformation, and all six nitrogen centres possessed the same stereochemical
configuration (R or S), depending on whether the molecule was the Δ or Λ enantiomer,
resulting in the molecule having overall C3 symmetry.[82] In contrast, the crystal structures
of the hexafluorophosphate salts of [Cd(Me5tricosane)]2+ and [Hg(Me5tricosane)]2+
showed that the coordination geometries of both metal cations were exact trigonal prisms
(trigonal twist angle of 0°) in the solid state (Figure 1.18B and C). In addition, the straps
of these complexes were in the chair conformation as opposed to skew-boat, and the
nitrogen atoms in the two caps had opposing configurations (all R in one cap and all S in
the other = R3S3). This gave the complexes overall C3h symmetry in the solid state.[87]

A

B

C

Figure 1.18 Solid state structures of A) [Zn(Me5tricosane)](ClO4)2, B) [Cd(Me5tricosane)](PF6)2 and C)
[Hg(Me5tricosane)](PF6)2, viewed along their C3 axes. Hydrogen atoms and anions omitted for clarity.
Structures visualised from published crystallographic data using Mercury.[82, 87, 88]

The room temperature solution 13C NMR spectrum of the zinc(II) complex showed ten
resonances, consistent with the symmetry of the molecule in the solid state.[87] However,
heating the sample to 130°C resulted in the number of 13C resonances decreasing to six,
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indicating that at this temperature the molecule now had an average C3h symmetry (Figure
1.19). This change in symmetry most likely arises from relatively fast interconversion
between the two enantiomeric forms (R6 and S6) of the octahedral complex, a process
which is slow on the 75 MHz 13C NMR timescale at room temperature.

Figure 1.19 Variable temperature 13C NMR spectra of [Zn(Me5tricosane)]2+ in DMSO-d6.[87]
Reproduced with permission of The Royal Society of Chemistry.

The solution

13

C NMR spectra of both [Cd(Me5tricosane)]2+ and [Hg(Me5tricosane)]2+

only showed six resonances, consistent with those complexes retaining their trigonal
prismatic solid state geometries in solution.[87] Furthermore, no significant changes were
observed in the 13C NMR spectrum of [Hg(Me5tricosane)]2+ upon cooling from 25°C to 80°C, showing that this complex does not adopt an octahedral geometry at lower
temperatures, and that the symmetry observed in its NMR spectrum is not due to
interconversion between different conformations. It was proposed that the cadmium(II)
and mercury(II) ions naturally form M-N bonds which are too long to allow adoption of
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an octahedral geometry upon coordination by Me5tricosane, as is observed for
[Zn(Me5tricosane)]2+ and other metal complexes of this ligand.[72, 74, 82, 87, 89]
Consistent with the above hypothesis, the average Zn-N bond distance for
[Zn(Me5tricosane)]2+ was found to be 2.196 ± 0.001 Å,[82] which is close to that of
unstrained ZnIIN6(amine) systems such as [Zn(en)3]2+, which shows average Zn-N bond
distances of 2.23 ± 0.024 Å.[90, 91] In contrast, [Cd(Me5tricosane)]2+ showed an average
Cd-N bond length of 2.394 ± 0.006 Å,[87] which is similar to the unstrained distance of
2.37 ± 0.03 Å found in [Cd(NH3)6]2+,[92] and significantly longer than the M-N bond
distance in the analogous zinc complex. [Hg(Me5tricosane)]2+ also showed Hg-N bond
lengths (average 2.410 ± 0.018 Å)[87] longer than those found in analogous small cavity
cage complexes (e.g. 2.35 ± 0.03 Å for [Hg((NH3)2-sar)]4+),[18] and longer than in the
zinc(II) and cadmium(II) complexes of Me5tricosane. These results demonstrate that
Me5tricosane is capable of adopting different conformations, and altering its cavity
dimensions, to accommodate metal ions of very different sizes.[82, 87]

1.5

Synthesis and Properties of Metal Complexes of
Me8tricosane

The unusual properties exhibited by metal complexes of Me5tricosane can be attributed
to the ability of the ligand to sometimes adopt conformations which have a slightly larger
internal cavity, relative to those for other, similar hexaamine cage ligands such as sep and
(NH2)2-sar. As a consequence, in some instances encapsulation of a metal ion by
Me5tricosane results in its M-N bonds being stretched slightly beyond the bond distances
typically seen for those metal ions. The larger cavity in these systems is due partially to
the presence of the six-membered chelate rings in the straps of Me5tricosane, and also to
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the effects of the methyl substituents on the conformations these rings adopt. Upon
recognising the significance of these apparently simple changes to the structure of the
cage ligands, it was anticipated that metal complexes of the structurally similar
Me8tricosane

(Me8tricosane

=

1,5,5,9,13,13,20,20-octamethyl-3,7,11,15,18,22-

hexaazabicyclo[7.7.7]tricosane) ligand (Figure 1.20) might also possess unique
properties, and thereby shed further light on the relationship between structural and
electronic properties of metal complexes of hexaamine cage ligands.
B

A

Figure 1.20 A) Structure of Me8tricosane. B) Solid state structure of Me8tricosane. Hydrogen atoms
omitted for clarity. Structure visualised from published crystallographic data using Mercury.[86, 88]

1.5.1 [Co(Me8tricosanetriimine)]3+
Access to complexes of Me8tricosane was made possible by the discovery of a very
similar metal template synthesis procedure to that used for preparing Me5tricosane. This
involved reaction of [Co(tame)2]Cl3 with a mixture of paraformaldehyde and
isobutyraldehyde in acetonitrile under basic conditions, and yielded a complex mixture
of products, one of which was shown to be [Co(Me8tricosanetriimine)]3+
(Me8tricosanetriimine

=

1,5,5,9,13,13,20,20-octamethyl-3,7,11,15,18,22-

hexaazabicyclo[7.7.7]tricosane-3,14,18-triene) (Figure 1.21).[89] This complex is most
likely formed by a process analogous to that which affords [Co(Me5tricosanetriimine)]3+
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(Figure 1.11), but where isobutyraldehyde takes the place of propanal in the reaction
mechanism.

Figure 1.21 Synthetic pathway for preparing [Co(Me8tricosanetriimine)]3+ from [Co(tame)2]3+.

Although there is an obvious structural similarity between [Co(Me5tricosanetriimine)]3+
and [Co(Me8tricosanetriimine)]3+, there are also differences between these two
complexes that are immediately apparent. Most strikingly, [Co(Me8tricosanetriimine)]3+
possesses a pink colour (Figure 1.22), owing to 1A1g → 1T1g and 1A1g → 1T2g transitions
at λmax 518 nm and 367 nm, respectively.[89] This is in stark contrast to
[Co(Me5tricosanetriimine)]3+, which exhibits an orange-yellow colour, and shows λmax at
468 nm and 343 nm for the same electronic transitions.[66, 89] This represents a shift in the
position of both

absorption

bands

of ~2000

cm-1 to

lower

energy

for

[Co(Me8tricosanetriimine)]3+, indicating that this complex experiences a significantly
weaker ligand field, and suggesting the presence of longer Co-N bonds. Indeed, the CoN bonds within [Co(Me8tricosanetriimine)]3+ were found to have a mean distance of
2.008 ± 0.017 Å,[93] which is similar to those found in [Co(Me5tricosane)]3+. Significant
differences in the electrochemical properties of the two triimine complexes have also been
reported, with the Co(III)/Co(II) redox couple for [Co(Me8tricosanetriimine)]3+ being
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positively shifted 0.560 V relative to that for [Co(Me5tricosanetriimine)]3+.[66, 89] These
results suggest that the extra methyl groups force Me8tricosanetriimine to adopt a
conformation with a larger internal cavity. It has been proposed that the observed shift in
redox potential is due primarily to destabilisation of the cobalt(III) ion within the
expanded cavity of [Co(Me8tricosanetriimine)]3+, as opposed to stabilisation of the
cobalt(II) ion, which is the typical cause of positive shifts in Co(III)/Co(II) redox
potentials.[89]

Figure 1.22 Solutions of complexes of selected cobalt cage complexes. From left to right:
[Co(Me5tricosanetriimine)]3+, [Co(Me5tricosane)]3+, [Co(Me8tricosanetriimine)]3+ and
[Co(Me8tricosane)]2+.

1.5.2 [Co(Me8tricosane)]2+
Treatment of [Co(Me8tricosanetriimine)]3+ with NaBH4 in basic solution produces
[Co(Me8tricosane)]2+ in essentially quantitative yield.[89] Notably, this process results in
reduction of cobalt(III) to cobalt(II), as well as the imine functional groups. The product
of this reaction, [Co(Me8tricosane)]2+, is unique in that it does not undergo oxidation in
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air to the corresponding cobalt(III) complex, even after more than a year. Cyclic
voltammetry experiments revealed that [Co(Me8tricosane)]2+ undergoes oxidation to the
cobalt(III) at +0.84 V vs. NHE, and reduces back to cobalt(II) at +0.29 V vs. NHE. The
asymmetry of the voltammogram was attributed to the oxidised complex undergoing
conformational changes in solution.[89] Both potentials are significantly more positive
than the redox potential of [Co(Me5tricosane)]3+/2+ at +0.08 V vs. NHE.[66]
The electronic absorption spectrum of [Co(Me8tricosane)]2+ is consistent with a
significantly expanded CoIIN6 chromophore, relative to that present in similar complexes.
Absorption maxima have been observed at 1062 nm and 498 nm, which are assigned to
the 4T1g(F) → 4T2g and 4T1g(F) → 4T1g(P) transitions, respectively.[89] This corresponds to
a red shift of ~1000 cm-1 relative to the same transitions in the spectrum of [Co(en)3]2+
(λmax at 961 nm and 474 nm, respectively).[94]
Crystallographic analysis of [Co(Me8tricosane)](NO3)2 (Figure 1.23A) revealed the
complex contained cobalt coordinated to all six nitrogen atoms and possessed overall D3
symmetry, and the average Co-N bond distance of 2.223 ± 0.019 Å confirms that the
coordination sphere is expanded relative to other CoN6 complexes, being ~ 0.20 Å longer
than [Co(Me5tricosane)]3+.[89] All six nitrogens were found to exhibit the same
stereochemistry (either all R or all S), while each of the three straps were in the skew-boat
conformation. In contrast, the X-ray structure of the corresponding tetrachlorozincate salt,
[Co(Me8tricosane)](ZnCl4) (Figure 1.23B), showed lower (C2) symmetry owing to the
presence of a different stereoisomeric form (R2S4).[89] This was a surprising result as all
known solid state structures of metal complexes of sep and sar feature nitrogen atoms
with the same configurations (R6/S6). Similarly, all known metal complexes of
Me5tricosane possess either D3 or C3h symmetry, depending on whether the nitrogen
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atoms have the R6/S6 or R3S3 set of configurations. The observation of a unique set of
nitrogen atom configurations in an X-ray structure of a metal complex of Me8tricosane
suggests that this ligand might possess a more flexible internal cavity than Me5tricosane,
sep or sar. This property, combined with the general lability of CoII-N bonds, may enable
the configuration at one or more nitrogen atoms to change during synthesis of the metal
complex or even after it has been prepared.

A

B

Figure 1.23 Solid state structures of A) [Co(Me8tricosane)](NO3)2 and B) [Co(Me8tricosane)](ZnCl4).
Anions and hydrogen atoms omitted for clarity. Structures visualised from published crystallographic data
using Mercury.[88, 89]

Further evidence that metal complexes of Me8tricosane may exhibit a more diverse range
of chemical structures than those of other hexaamine cage ligands was provided by 1H
NMR spectroscopy. The 1H NMR spectrum of [Co(Me8tricosane)]2+ in D2O was identical
for both the nitrate and tetrachlorozincate salts.[89] Despite this, the spectrum was more
complex than expected, and was also consistent with the presence of two major species
in solution which do not interconvert on the 300 MHz 1H NMR timescale. From the
number of resonances observed it was determined that the two species in solution have
the same overall symmetry as the conformations observed in the solid state structures (D3
and C2).[86, 89] Multiple conformations were also observed in 1H NMR spectra obtained
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using solutions of the complex dissolved in DMSO-d6, methanol-d4 or ethanol-d6. In
contrast, the spectrum of the complex dissolved in CDCl3 was consistent with only one
conformation present in solution with D3 symmetry.[95] Variable temperature 1H NMR
spectra obtained using methanol-d4 showed that the spectrum remains unchanged at low
temperatures, whilst at high temperatures (55 °C) it simplified to reveal a set of major
resonances consistent with D3 or D3h symmetry, as well as a number of small, very broad
resonances attributed to other symmetric forms of the complex which are in
equilibrium.[95]
Treatment of [Co(Me8tricosane)]2+ with dilute acid was found to readily produce
Me8tricosaneH66+, which could then be converted to the free ligand Me8tricosane by
addition of base.[86] X-ray crystallographic analysis of Me8tricosane (Figure 1.20B)
showed the cage ligand adopts an asymmetric conformation in the solid state.[86] Two of
the three straps orient their nitrogen atoms in an approximate square planar configuration,
which is stabilised by intramolecular hydrogen bonding. The remaining strap is in a
different conformation with the lone pairs of its nitrogen atoms orientated towards the
outside of the cavity of the cage. 1H and 13C NMR spectra of Me8tricosane in methanold4 were found to be consistent with the ligand possessing D3h symmetry on average in
solution.[86] These results highlight the cage’s conformational flexibility, and suggest that
it may be able to readily adjust its shape to suit the coordination requirements of different
metal ions.
1.5.3 [Co(Me8tricosane)]3+
In contrast to all other cobalt(III) hexaamine complexes, [Co(Me8tricosane)]3+ could not
be obtained by allowing the corresponding cobalt(II) complex to stand in air, or by
41

treatment with simple oxidants. Synthesis of [Co(Me8tricosane)]3+ was, however,
achieved using electrochemical methods (+800 mV vs. SCE, Pt electrode).[95] In D2O it
was found to be red in colour and give 1H and 13C NMR spectra consistent with overall
D3 symmetry.[95] In the solid state, [Co(Me8tricosane)](NO3)3 was able to be isolated in
three different coloured forms that differed in the number of molecules of water also
present. Crystallising [Co(Me8tricosane)](NO3)3 from water produced an orange
pentahydrate complex, while recrystallization of the orange solid from ethanol produced
a blue tetrahydrate. Drying the orange solid in a desiccator was found to produce a purple
monohydrate complex. X-ray analysis of [Co(Me8tricosane)](NO3)3.5H2O showed the
complex has an octahedral geometry, and contains Co-N bonds with an average distance
of 1.989 ± 0.011 Å.[95] This distance is ~0.03 Å shorter than that found for the Co-N bonds
in [Co(Me5tricosane)]3+,[66] thereby accounting for the more typical orange colour of
[Co(Me8tricosane)](NO3)3.5H2O. Although the crystal structures of the other hydrates
could not be determined, the solid state electronic absorption spectrum of
[Co(Me8tricosane)](NO3)3.4H2O was consistent with the molecule having Co-N bond
lengths > 2.1 Å, which would produce the extremely weak ligand field consistent with its
blue colour.[96]
The 1H,

13

C and

59

Co magic angle spinning (MAS) solid state NMR spectra of

[Co(Me8tricosane)](NO3)3.5H2O and [Co(Me8tricosane)](NO3)3.4H2O were obtained and
found to be consistent with both metal complexes possessing overall D3 symmetry.[95]
However, in view of the dramatic difference in colour between these two complexes, it
was suggested that they must still have different geometries as a result of variations in the
configurations of nitrogen atoms. It was suggested that [Co(Me8tricosane)](NO3)3.4H2O
might have the lel3 configuration, where the middle two bonds of each of the three straps
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are aligned parallel to the molecular C3 axis.[95] This arrangement would be in contrast to
the ob3 configuration, where the same bonds are oblique relative to the C3 axis, as seen in
the solid state structure of [Co(Me8tricosane)](NO3)3.5H2O.[96] It has been suggested that
there might be only a very small energy barrier between these two conformational
isomers.[95, 96]
1.5.4 [Cu(Me8tricosane)]2+
The only other complex of Me8tricosane that has been prepared and characterised to date
is that containing copper(II), which was reported to be readily formed by mixing the free
ligand with an equimolar amount of the metal ion.[86] X-ray crystallographic analysis of
[Cu(Me8tricosane)](NO3)2 (Figure 1.24A) showed it also possessed another previously
unseen set of nitrogen atom configurations (RS5). As expected, the CuIIN6 chromophore
was tetragonally elongated, with two Cu-N bonds (2.49 ± 0.08 Å) longer than the other
four (2.09 ± 0.12 Å).[86] The shorter bonds in this complex are similar in length to the two
short bonds in [Cu(Me5tricosane)]2+, however the tetragonally elongated bonds are
significantly longer (> 0.2 Å) than any in the latter complex. The nitrate salt of
[Cu(Me8tricosane)]2+ was converted to the dithionate salt by addition of saturated
Na2S2O6 and recrystallization from dilute ammonia solution. Surprisingly, the X-ray
crystal structure of [Cu(Me8tricosane)](S2O6) (Figure 1.24B) revealed the complex to
have a five coordinate geometry, with an intramolecular hydrogen bond involving the
non-coordinating amine group, and was found to lie between the two common five
coordinate geometries, the square pyramid and trigonal bipyramid. Despite their
significantly different coordination geometries, the solid state structures of the above two
[Cu(Me8tricosane)]2+ salts were shown to effectively possess the same set of nitrogen
atom configurations. It was suggested that this reflects that the two copper geometries are
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readily interconvertible in solution, with factors such as hydrogen bonding and packing
forces determining the preferred coordination mode in the solid state.[86]

A

B

C

Figure 1.24 Solid state structures of A) [Cu(Me8tricosane)](NO3)2, B) [Cu(Me8tricosane)](S2O6) and C)
[Cu(Me8tricosaneH)](NO3)3. Anions and hydrogen atoms omitted for clarity. Structures visualised from
published crystallographic data using Mercury.[86, 88]

Although neutral aqueous solutions containing both [Cu(Me8tricosane)]2+ and [Cu(sar)]2+
are blue in colour, examination of their near-IR electronic spectra reveals some notable
differences. For example, the electronic spectrum of [Cu(sar)]2+ features a pronounced
NIR absorption centred at 1189 nm, which is characteristic of CuIIN6 complexes in a
tetragonally distorted ligand field.[30, 72] In contrast, this feature is absent from the
spectrum of [Cu(Me8tricosane)]2+, suggesting that the latter complex may not be 6coordinate in solution.[86] Comparison of the electronic spectrum of an aqueous solution
of [Cu(Me8tricosane)]2+ to that of the complex dissolved in acetonitrile revealed a shift in
the position of the visible absorption maximum from 604 nm to 641 nm. This large
difference was postulated to indicate that solvent molecules may be present in the
coordination sphere of the metal ion in one or both of those solvents, supporting the notion
that the cage complex may be five-coordinate in solution.[86]
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Lowering the pH of a solution of [Cu(Me8tricosane)]2+ to 1 by addition of nitric acid was
reported to result in a colour change from blue to purple, suggesting a possible change in
coordination mode.[86] Evaporation of the acidified solution yielded crystals of the
monoprotonated complex [Cu(Me8tricosaneH)](NO3)3. X-ray crystallographic analysis
of the crystals revealed that the complex had a five coordinate geometry, with the sixth
nitrogen being protonated (Figure 1.24C). The protonated complex was found to possess
yet another unique set of nitrogen atom configurations (R3S2). In addition, as a result of
two nitrogen atoms having undergone inversion, the coordination geometry of the
protonated complex was now close to that of a pure square pyramid. In addition, it also
showed axial elongation typical of Jahn-Teller distortion for a 5-coordinate copper(II)
complex, with one Cu-N bond (2.406 ± 0.002 Å) being much longer than the remaining
four (average 2.055 ± 0.026 Å).[86]
Cyclic voltammetry studies of neutral, aqueous solutions of [Cu(Me8tricosane)]2+ showed
a Cu(II)/Cu(I) redox couple at -0.69 V vs. Ag/AgCl, which was reversible at all scan rates
examined (Figure 1.25).[86] Unlike the voltammogram reported previously for
[Cu(Me5tricosane)]2+/+,[72] the separation between the cathodic and anodic peaks in the
cyclic voltammogram of [Cu(Me8tricosane)]2+/+ grew only slightly with increasing sweep
rates, indicating that fast heterogeneous electron transfer was taking place. The cyclic
voltammogram for [Cu(Me8tricosane)]2+/+ was also found to be highly pH dependent.
When the pH was lowered below neutral, an irreversible [Cu(Me8tricosaneH)]3+/2+
reduction was observed at -0.42 V vs. Ag/AgCl, owing to rapid dissociation of Cu+ from
the cage ligand, catalysed by the acid.[86]
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Figure 1.25 Effect of scan rate on the cyclic voltammogram of [Cu(Me8tricosane)]2+/+ dissolved in 0.1 M
NaNO3. All cyclic voltammograms were obtained using a glassy carbon working electrode, platinum
auxiliary electrode and Ag/AgCl reference electrode.[86]
Reprinted with permission. Copyright 2011 American Chemical Society.

1.6

Project Aims

The above results illustrate that the structural and electronic properties of transition metal
complexes of Me5tricosane and Me8tricosane can vary tremendously from each other, and
from that of complexes of other hexaamine cage ligands featuring “smaller” cavities.
Furthermore, the copper and cobalt complexes of Me8tricosane exhibit some remarkable
characteristics, consistent with the idea that this ligand can at least under some conditions
offer a larger cavity for encapsulation of metal ions than any of the other ligands
discussed, including Me5tricosane. This hints at the possibility of discovering further
novel chemistry when other metal complexes of Me8tricosane are prepared. For example,
complexes of Me8tricosane with chromium(III), manganese(II), nickel(II), zinc(II),
cadmium(II) and mercury(II) have not yet been reported, but can reasonably be expected
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to show unusual structures, colours, other spectroscopic properties, and redox potentials,
like their Me5tricosane analogues.
Successfully isolating and characterising the above derivatives of Me8tricosane would
provide another series of metal complexes of a “larger” cavity hexaamine cage ligand,
alongside those of Me5tricosane whose properties can be compared to that of analogous
complexes of sep, sar and (NH2)2-sar. This library of properties of metal complexes could
be further extended by completely characterising [Co(Me5tricosanetriimine)]3+,
[Co(Me5tricosanetriiminetriOH)]3+ and [Co(Me5tricosanetriOH)]3+. Having access to the
properties of all of the above complexes would provide an ideal starting point for
computational chemistry calculations designed to provide a fundamental understanding
of the relationship between the structural properties of metal complexes on one hand, and
their spectroscopic properties and redox potentials on the other. This includes delineating
the effects of variations in M-N bond length on the above properties of a wide range of
complexes of these ligands with transition metal ions.
In order to address the above overall goal, this project has a number of specific aims
which were to:
x

Synthesise

the

cobalt(III)

complexes

of

Me5tricosanetriimine,

Me5tricosanetriiminetriOH and Me5tricosanetriOH;
x

Characterise the above cobalt(III) complexes, where required, using visible
absorption spectroscopy, NMR spectroscopy, and X-ray crystallography;

x

Prepare complexes of Me8tricosane with zinc(II), cadmium(II) and mercury(II)
and characterise them by NMR spectroscopy and X-ray crystallography;
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x

Use computational methods to develop an understanding of the factors that
determine the structure of the metal complexes of Me5tricosane and Me8tricosane
in both solution and the solid state;

x

Use theoretical approaches to investigate the relationship between the structural
characteristics and electronic properties of metal hexaamine complexes; and

x

Investigate the effect of solvent on the solution NMR spectra of the cobalt(II)
complex of Me8tricosane, and use computational methods to explain the
complexity of the resulting spectra.

1.7
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2.1

Materials

Commercial analytical grade reagents and organic solvents were used for performing
synthetic procedures as received, and without further purification unless otherwise noted.
Methanol, acetonitrile, diethyl ether, NaCl, K2SO4 and concentrated HCl and H2SO4 were
all obtained from Ajax Finechem (Thermofisher). All other reagents and all deuterated
solvents were obtained from Sigma Aldrich unless otherwise noted.
RO water was used for making K2SO4 solutions for ion exchange chromatography. MilliQ water (Millipore) was used in all other cases.

2.2

Chromatography Procedures

Sigma-Aldrich analytical grade SP-Sephadex and Dowex 50WX2 (400 mesh) cation
exchange resins were used for separating and desalting complexes, respectively. Dowex
1X8 (200 mesh) was used for anion exchange chromatography. All column dimensions
are given as (diameter x length) of the resin bed in millimetres. Typical column

53

dimensions for procedures involving 1 g of metal complex(es) were 50 x 500 mm for SPSephadex columns and 30 x 90 mm for Dowex columns.
Desalting refers to the removal of salt present in a solution, such as an eluate collected
after cation exchange chromatography has been performed using a SP-Sephadex cation
exchange column to separate a mixture of cobalt complexes generated in a reaction. The
solution to be desalted was first loaded onto a Dowex 50WX2 column, and then washed
with water followed by 1 M HCl, before the desired complex was then eluted from the
column using 5 M HCl. The resulting acidic eluate was rotary evaporated to dryness using
a Büchi rotary evaporator operating at reduced pressure (30-50 mbar, diaphragm pump)
with the temperature not exceeding 50 oC. This process afforded the desired compound
free of any salt contaminant.

2.3

Physical Measurements
2.3.1 Crystal Structure Determination

Single crystal X-ray structure analyses presented in this thesis were carried out by Dr.
Anthony C. Willis at the Australian National University, using a Nonius Kappa CCD
diffractometer and Mo Kα radiation with a wavelength of 0.71073 Å, unless otherwise
specified. Data was collected using COLLECT,[1] while cell refinement and data
reduction procedures were performed using DENZO/SCALEPACK.[2] The structures
were solved using SIR92[3] and refined with CRYSTALS.[4] The resulting
crystallographic data was visualised using the program Mercury[5, 6], with graphics
rendered for publication by POV-Ray or ORTEP.[7, 8] Acquisition parameters and
refinement details for each structure are provided in the appropriate sections in later
chapters of this thesis.
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2.3.2 NMR Spectroscopy
1

H and 13C NMR spectra of cobalt(III) complexes were recorded at 20 oC using either a

Varian INOVA 500 MHz FT NMR spectrometer at the University of Wollongong. 1H,
13

C, and 15N NMR spectra of complexes of Me8tricosane were recorded at 20 oC (unless

otherwise specified) using either a Bruker AVANCE III 400MHz (cobalt(II)) or 600MHz
(zinc(II), cadmium(II) and mercury(II)) FT NMR spectrometer at the University of New
South Wales. Chemical shifts for samples prepared in D2O were measured relative to 1,4dioxane at 3.7 ppm for 1H spectra, and 67.4 ppm for 13C spectra.[9] The chemical shifts of
samples dissolved in CDCl3 were measured relative to TMS at 0 ppm for both 1H and 13C
NMR spectra.[10] For solutions of cage complexes dissolved in DMSO-d6, the chemical
shifts reported in this thesis are relative to the resonances from DMSO, which occurred
at 2.5 ppm for 1H spectra and 39.5 ppm for 13C spectra.[9] In the case of samples prepared
using a 1:3 mixture of DMSO-d6:CD3CN, the reported chemical shifts were measured
relative to resonances from acetonitrile at 1.93 ppm for 1H spectra, 1.3 ppm for 13C spectra
and 239.5 ppm for 15N spectra.[9, 11]
A variety of 2D NMR experiments were used to aid the assignment of signals in 1D 1H
NMR and
correlation

13

C NMR spectra. These included COSY (homonuclear chemical shift
spectroscopy),

HSQC

(1H-detected

heteronuclear

single-quantum

correlation), and HMBC (1H-detected heteronuclear multiple-bond correlation)
spectroscopy experiments. For the work reported in this thesis, both 1H-13C and 1H-15N
HSQC and HMBC NMR experiments were performed, and are distinguished by the use
of a prefix for the heteronucleus involved.
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2.3.3 Electronic Spectra
Electronic spectra of aqueous solutions of metal cage complexes were recorded at 25 °C
using a Varian Cary 100 UV-Vis-NIR spectrophotometer and 1cm quartz cuvettes.

2.4

Computational Techniques

Computational chemistry techniques were performed using the high performance
computing facility at the University of Wollongong. In addition, some calculations
utilised resources from the National Computational Infrastructure (NCI), which is
supported by the Australian Government. Access was provided through the University of
Wollongong partner allocation. Access for preliminary work was provided by Dr. Haibo
Yu (University of Wollongong).
All calculations utilised DFT quantum mechanical methods without any empirical data.
This enabled calculations to be performed on a greater number of chemical environments,
and for the calculation of more properties, than would have been allowed by molecular
mechanics. DFT methods were utilised as implemented in Gaussian 09 Revisions A02
and E01 and Gaussian 16 Revision A03.[12, 13] With this approach, geometry optimisation
and single point energy calculations were performed using the B3LYP[14] functional and
SDDall[15-39] basis set, unless otherwise specified. Time-dependent DFT (TDDFT)
calculations used to determine the energies of electronic transitions were performed using
the CAM-B3LYP[40] functional and cc-pVDZ[41-45] basis set.
B3LYP was chosen as the standard functional in this work due to its ubiquity in the
literature, stemming from its ability to provide results for a diversity of inorganic
chemical systems. CAM-B3LYP is an extension of B3LYP that incorporates corrections
that facilitate accurately calculating electronic transitions. In most cases the SDDall basis
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set was used, reducing the computational cost when dealing with heavy transition metal
ions; conversely cc-pVDZ was utilised to gain greater accuracy when calculating the
electronic transitions for first row transition metal ions while maintaining a moderate
computational cost.

2.5

Syntheses

This section describes the synthetic procedures used to generate intermediate products
cumulating in the Me8tricosane free ligand. The synthetic procedures for the metal
complexes examined are described in the appropriate chapters.
2.5.1 Ethylidynetris(methanamine) Trihydrochloride, tame.3HCl
Tame was obtained from Fanachem Shanghai Co. Ltd. The free tame ligand (49.53 g,
0.427 mol) was dissolved in methanol with stirring (250 mL). Addition of small volumes
of concentrated HCl immediately resulted in production of a white precipitate, which
redissolved with continued stirring. After a total of 250 mL of concentrated HCl was
added to the mixture over a 30 min period, the resulting white suspension was stirred for
an additional 15 min. The white product, which consisted of the trihydrochloride salt of
tame, was then collected on a sintered glass frit by vacuum filtration, washed with cold
methanol, and dried over vacuum for 3 h. Yield 90.98 g (95.0%).
2.5.2 [Co(tame)2]Cl3
LiOH.H2O (23.19 g, 0.553 mol) was dissolved in methanol (500 mL) with stirring, and
then tame.3HCl added (50.1 g, 0.221 mol). Stirring was maintained and the solution kept
at 40 oC, whilst air was bubbled through the solution continuously. CoCl2 (14.44 g, 0.111
mol) was separately dissolved in methanol (500 mL) and the resulting solution added
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slowly to the tame solution over a period of 1.5 hours with continued stirring, heating and
bubbling. This resulted in production of a brown suspension. The above reaction
conditions were maintained for a further 3 h, after which heating was ceased. The solution
was stirred for an additional 20 h, during which it changed to an orange-brown colour.
The reaction mixture was then cooled in ice and the crude product collected by vacuum
filtration, washed with cold methanol and diethyl ether and dried in air. The product was
subsequently purified by recrystallization as follows. The crude solid was dissolved in a
minimum volume of near-boiling water, and the desired product precipitated as bright
orange crystals by slow addition of an equal volume of concentrated HCl. The purified
product was collected by vacuum filtration, washed with cold methanol and diethyl ether
and dried in air. Yield 28.1 g (64.0%).[46]
2.5.3 [Co(Me8tricosanetriimine)]Cl3
[Co(Me8tricosanetriimine)]Cl3 was synthesised from [Co(tame)2]Cl3 following a
procedure outlined in the literature.[47] [Co(tame)2]Cl3 (10 g, 0.025 mol) and NaClO4 (47
g) were added to acetonitrile (250 ml) and stirred, producing a yellow-orange suspension.
Isobutyraldehyde (90.5 mL, 71.5 g, 0.992 mol) and paraformaldehyde (4 g, 0.133 mol)
were then added whilst stirring at room temperature was continued. After stirring for a
further 10 min, 40 mL of triethylamine was added and stirring continued for an additional
2 h. At this point the reaction was quenched by the addition of 1 M HCl (150 mL). The
resulting reaction mixture was diluted to 5 L with RO water and loaded onto a Dowex
50WX2 cation exchange column (30 x 50 mm). The reaction mixture was desalted using
~ 1 L of 1 M HCl, and the mixture of cobalt products then eluted with 5 M HCl, and the
eluate evaporated to dryness using a rotary evaporator. The resulting solid was
redissolved in water and loaded onto a SP-Sephadex cation exchange column (50 x 500
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mm). The column was eluted with 0.2 M K2SO4 resulting in the appearance of numerous
coloured bands corresponding to different cobalt complexes. The last bright pink band to
elute from the column was collected and desalted using a Dowex 50WX2 cation exchange
column as described above. Evaporation of the resulting eluate to dryness afforded
[Co(Me8tricosanetriimine)]Cl3.
2.5.4 [Co(Me8tricosane)](NO3)2
[Co(Me8tricosane)](NO3)2

was

synthesised

from

[Co(Me8tricosanetriimine)]Cl3

following a literature procedure.[47] [Co(Me8tricosanetriimine)]Cl3 (677 mg, 1.2 mmol)
was dissolved in water (20 mL) and the pH of the resulting solution adjusted to ~10 by
addition of saturated NaHCO3 solution. NaBH4 (272 mg, 7.2 mmol) was separately
dissolved in 40 mL of water previously adjusted to pH ~11 by addition of Na2CO3. The
alkaline

NaBH4

solution

was

added

over

a

period

of

5

min

to

the

[Co(Me8tricosanetriimine)]Cl3 solution, resulting in the reaction mixture quickly
changing colour initially to dark brown and then to red over a 20 min period. The reaction
mixture was then quenched by pouring into 120 mL of saturated NaHCO3 solution. The
resulting solution was diluted with water (1 L) and loaded onto a SP-Sephadex cation
exchange column (50 x 400 mm). The column was washed with 1 L water and then eluted
with 0.2 M LiNO3. One slowly moving purple band was observed, which was collected
and evaporated to near dryness to yield a pink solid which was collected on a sintered
glass frit, washed with cold water and dried in air. Yield 0.516 g (72.2 %).
2.5.5 Me8tricosane
Me8tricosane was synthesised from [Co(Me8tricosane)](NO3)2 following a literature
procedure.[48] [Co(Me8tricosane)](NO3)2 (0.405 g) was loaded onto a Dowex 50WX2
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cation exchange column (30 x 90 mm) and the column washed with 1 M HCl until
cobalt(II) ions were no longer detected in the eluate. The column was then eluted with 5
M HCl and the eluate evaporated to dryness. This afforded crude Me8tricosane.6HCl as
a white solid, which was redissolved in a small amount of water and the free Me8tricosane
ligand then precipitated by the addition of saturated NaOH solution with stirring. The
resulting white solid was filtered off, washed with cold water and dried in air. The free
Me8tricosane ligand was subsequently purified by recrystallisation from acetonitrile.
Yield 0.22 g (77.0 %).

2.6
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3.1

Introduction

The vast majority of cobalt(III) hexaamine complexes exhibit characteristic yelloworange colours, with early publications referring to these complexes as cobaltic luteosalts (from luteus, yellow).[1] The distinctive colour is a result of the energies of their two
characteristic d-d absorption bands falling within relatively narrow ranges. This is
illustrated by Figure 3.1, which shows the positions of the 1A1g → 1T1g and 1A1g → 1T2g
transitions for a representative selection of these complexes. For example, the above
electronic transitions for [Co(NH3)6]3+ occur at 21097 cm-1 and 29499 cm-1 (474 nm and
339 nm), respectively,[2] while for [Co((NO2)2-sar)]3+ they occur at 21142 cm-1 and 29155
cm-1 (473 nm and 343 nm).[3] Inspection of Figure 3.1 also shows that the majority of
cobalt(III) hexaamine complexes exhibit average Co-N bond distances which fall within
the relatively narrow range 1.96 to 1.98 Å.* This is most likely the primary reason for the
*

Throughout this chapter average Co-N bond distances determined by crystallographic analysis are used
as approximations for the average Co-N bond distances in solution.

64

lack of variation in spectroscopic properties, as the small range of Co-N distances would
be expected to result in similar crystal field effects for all complexes.

Figure 3.1 Effect of average CoIII-N bond distances for hexaamine complexes on the energies of the 1A1g
→ 1T1g and 1A1g → 1T2g electronic transitions.[2-6] Red points indicate complexes which are labelled.

In contrast to the majority of the complexes shown in Figure 3.1, [Co(Me5tricosane)]3+
exhibits a pink colour, owing to dramatic red shifts of 1700 – 2500 cm-1 in the positions
of the 1A1g → 1T1g and 1A1g → 1T2g absorption bands.[4] This is attributable to the
unusually long average Co-N bond distance in [Co(Me5tricosane)]3+ of 2.022 ± 0.008
Å.[4] This is, for example, ~ 0.05 Å longer than the average Co-N bond distances in
[Co(NH3)6]3+ (1.965 ± 0.001 Å) and [Co((NO2)2-sar)]3+ (1.977 ± 0.023 Å).[3, 4, 6] There
are very few other examples of cobalt(III) hexaamine complexes with average Co-N bond
distances > 2.00 Å.
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When all of the data was considered for each of the electronic transitions, correlations
between transition energy and Co-N bond distance were obtained which showed a
significant degree of linearity (R2 > 0.91). Unfortunately, very few hexaamine complexes
are available with average Co-N bond distances between ~ 1.98 and 2.01 Å. Without
spectroscopic data for complexes with bond distances in this range, it is not possible to
determine with certainty if the relationship between bond distance and electronic
transition energy can be best characterised as linear for all Co-N bond lengths, or if there
is a threshold distance within the missing region of Figure 3.1, above which there is a
sudden change in behaviour. The results presented in this chapter were therefore obtained
using two different approaches in an attempt to address this, as well as related questions.
The first approach was centred on characterising, in the solid state, complexes with
chemical structures related to [Co(Me5tricosane)]3+, and which might therefore also
exhibit atypical structural and spectroscopic data within the vacant region of Figure 3.1.
The overall synthetic strategy for preparing these complexes, starting with
[Co(Me5tricosanetriimine)]3+, is outlined in Figure 3.2.

Figure 3.2 Scheme for preparation of [Co(Me5tricosanetriOH)]3+ from [Co(Me5tricosanetriimine)]3+.

Whilst the preparation of [Co(Me5tricosanetriimine)]3+ as well as its electronic spectrum
have been reported,[4] the complex has not previously been characterised in the solid state
using X-ray crystallography. This is also true for [Co(Me5tricosanetriiminetriOH)]3+,
66

which can be prepared by taking advantage of the acidity of the methine protons on the
three central straps of [Co(Me5tricosanetriimine)]3+ in order to facilitate its reaction with
paraformaldehyde. Reduction of [Co(Me5tricosanetriiminetriOH)]3+ using NaBH4 can
then be used to afford [Co(Me5tricosanetriOH)]3+. In view of the fully saturated
chromophore associated with the latter complex, it was anticipated that it was the most
likely to show structural and spectroscopic properties similar to that of
[Co(Me5tricosane)]3+, and potentially occupying the vacant region of Figure 3.1. Neither
the solid state structure or electronic spectrum of this complex have been reported
previously.
The second approach for addressing the question of whether or not there is a linear
relationship between average Co-N bond distance and electronic transition energies
involved applying computational methods. These were first used to examine the
electronic properties of [Co(NH3)6]3+, and subsequently adapted to develop a theoretical
understanding of the effect of lengthening the Co-N bonds of this complex on the energies
of its two principal d-d absorption bands.

3.2

Experimental
3.2.1 Syntheses of Metal Complexes
[Co(Me5tricosanetriimine)]3+

[Co(Me5tricosanetriimine)]Cl3 was synthesised from [Co(tame)2]Cl3 by following the
procedure below, which has been outlined previously.[4]
[Co(tame)2]Cl3 (10 g, 0.025 mol) and NaClO4 (45 g) were added to acetonitrile (200 ml)
with stirring, producing a yellow-orange suspension. Propanal (12.5 mL, 10.1 g, 0.174
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mol) and paraformaldehyde (3 g, 0.100 mol) were then added. After stirring the mixture
at ambient temperatures for 10 min, triethylamine (15 mL) was added and stirring
maintained. The reaction mixture quickly changed to a deep green colour, but then slowly
became dark brown. The reaction was quenched after 2 h using 1 M HCl (250 mL), and
the product mixture diluted to 5 L with RO water before being loaded onto a Dowex
50WX2 cation exchange column (50 x 130 mm). The resin was washed with 1 column
length of RO water (500 mL), and then desalted using 3 column lengths of 1 M HCl,
before the reaction mixture was finally eluted with 5 M HCl. The eluate was then
evaporated to dryness using a rotary evaporator, affording a solid that was redissolved in
water and loaded onto an SP-Sephadex cation exchange column (90 x 700 mm). The
reaction mixture was eluted with 0.2 M K2SO4, resulting in more than 8 different coloured
fractions, the last of which was yellow in colour. This band was collected and then
desalted using a Dowex 50WX2 column (30 x 40 mm) as described above. Evaporation
of the resulting eluate to dryness afforded [Co(Me5tricosanetriimine)]Cl3.
[Co(Me5tricosanetriiminetriOH)]3+
[Co(Me5tricosanetriimine)]Cl3 (1.4 g, 0.0025 mol) and NaClO4 (4 g) were added to
acetonitrile (45 ml) with stirring, producing a yellow suspension. Paraformaldehyde (0.46
g, 0.015 mol) was then added. After stirring the mixture at ambient temperature for 10
min, triethylamine (2 mL) was added and stirring maintained. The reaction mixture
immediately changed to a deep green colour, but then slowly became dark brown. The
reaction was quenched after 3 h using 1 M HCl (25 mL), and the product mixture diluted
to 500 mL with RO water before being loaded onto a Dowex 50WX2 cation exchange
column (30 x 40 mm). The column was washed with 1 column length of RO water (500
mL), and then desalted using 3 column lengths of 1 M HCl, before the reaction mixture
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was finally eluted with 5 M HCl. The eluate was then evaporated to dryness using a rotary
evaporator, affording a solid that was redissolved in water and loaded onto an SPSephadex cation exchange column (90 x 700 mm). The reaction mixture was eluted with
0.2 M K2SO4, resulting in two fast moving purple bands that were discarded, and one
slow moving yellow band. This yellow band was collected and then desalted using a
Dowex 50WX2 column (30 x 40 mm) as described above. The resulting
[Co(Me5tricosanetriiminetriOH)]Cl3 was dissolved in a minimum amount of water and
5M NaNO3 was added to double the volume. On evaporation to low volume, large
colourless crystals of the complex Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O
appeared, that were suitable for X-ray analysis.
[Co(Me5tricosanetriOH)]3+
[Co(Me5tricosanetriOH)](CF3SO3)3 was provided by Enrico Bortolus, who synthesised
the complex using the following unpublished procedure.[7]
[Co(Me5tricosanetriiminetriOH)](ClO4)3 (0.818 g, 0.976 mmol) was dissolved in 300 mL
of 50 : 50 acetonitrile/water and the pH adjusted to 10 by addition of solid Na2CO3, to
which NaBH4 (0.298 g, 7.87 mmol) was added slowly. The resulting pink solution was
stirred for 7 hours and allowed to stand overnight. The solution was diluted with RO water
to a total volume of 2 L and loaded onto a SP-Sephadex cation exchange column (30 x
500 mm) and eluted with 0.2 M sodium citrate. A fast moving pink band was discarded,
whilst the larger pink fraction which followed was collected and loaded onto a Dowex
50WX2 column (30 x 40 mm), washed with 500 mL of water and 1 L of 1 M HCl and
eluted with 5 M HCl. The resulting solution was evaporated to dryness, after which the
solid [Co(Me5tricosanetriOH)]Cl3 was dissolved in a minimal amount of water and 5 M
sodium triflate was added, forming a precipitate. The precipitate was collected by
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filtration and dried under vacuum for 2 hours. It was then washed with diethyl ether, after
which it was allowed to dry in air over one week. Crystals suitable for X-ray analysis
were produced by recrystallisation from hot water.
3.2.2 Solution and Refinement of Crystal Structures
The results of crystallographic data collection and structure refinement on the complexes
[Co(Me5tricosanetriimine)](CF3SO3)3.H2O

and

Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O are summarised in Table 3.1.
Table 3.1 Crystallographic data for [Co(Me5tricosanetriimine)](CF3SO3)3.H2O and
Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O

[Co(Me5tricosanetriimine)]3+ [Co(Me5tricosanetriiminetriOH)]3+
Formula
C25H44N6CoO10F9S3
NaC25H62N13CoO31
M
914.77
1662.38
a (Å)
16.7436 (1)
17.6992 (4)
b (Å)
12.7274 (1)
10.8611 (2)
c (Å)
19.0413 (2)
38.0927 (9)
β ( o)
113.7437 (5)
97.607 (2)
V (Å3)
3714.28 (6)
7258.2 (3)
Dx (Mg m-3)
1.636
1.521
T (K)
200
150
Crystal System
Monoclinic
Monoclinic
P21/a
Cc
Space Group
μ (mm-1)
0.74
0.57
R[F2 > 2σ(F2)]
0.052
0.041
wR(F2)
0.143
0.092
Z
4
4
Number of
unique
reflections
8564
17785
[Co(Me5tricosanetriimine)](CF3SO3)3.H2O
[Co(Me5tricosanetriimine)](CF3SO3)3.H2O crystallised in the monoclinic space group
P21/a, with the [Co(C22H42N6)]3+ cation, three CF3SO3- anions and one water molecule in
the asymmetric unit. Difference electron density maps suggested that there was some
disorder in one CF3SO3- anion. Extra sites were included for F, O and C atoms in this
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anion and the relative occupancies were refined appropriately. During refinement of the
structure, H atoms attached to C atoms were included at calculated positions. Difference
electron density maps showed peaks attributable to the H atoms of the amine groups and
the water molecule. The H atoms were initially refined with soft restraints on the bond
lengths and bond angles to regularize their geometry (C-H in the range 0.93 – 0.98 Å, NH = 0.87 Å and O-H = 0.82 Å) and with Uiso(H) in the range 1.2 – 1.5 times Ueq of the
parent atom. In the final refinement the coordinates of H atoms attached to N atoms were
refined freely, but H atoms attached to C atoms were allowed to ride on the atoms to
which they were bonded.
Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O
The complex crystallised in the monoclinic space group Cc, with two [Co(C25H48N6O3)]3+
cations, one Na+ ion, seven NO3- anions and seven water molecules of crystallisation in
the asymmetric unit. There was some disorder in the packing of some of the nitrate anions
and water molecules. Some sites have partial occupancies, and the relative occupancies
were refined appropriately. Restraints were required on some bond distances, bond angles
and displacement parameters. During refinement of the structure, most of the H atoms
were located in difference electron density maps, but those bonded to C atoms were
positioned geometrically. A few H atom sites were not directly observed but were
assumed to lie along hydrogen bonding vectors. The H atoms were initially refined with
soft restraints on the bond lengths and bond angles to regularize their geometry (C-H in
the range 0.93 – 0.98 Å, N-H = 0.87 Å and O-H = 0.83 Å) and with Uiso(H) in the range
1.2 – 1.5 times Ueq of the parent atom. In the final refinement the coordinates of H atoms
were allowed to ride on the atoms to which they were bonded.
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3.2.3 NMR Spectroscopy
All NMR spectra presented in this chapter were obtained using Varian INOVA 500 MHz
FT NMR spectrometers at the University of Wollongong. All samples were prepared in
D2O and acquired at 25 °C.
3.2.4 Computational Methods
All DFT calculations reported in this chapter were performed using Gaussian 16 Revision
A03. For all calculations based on [M(NH3)6]n+, (Mn = CrIII, FeII, FeIII, CoII, CoIII, NiII)
the geometries were defined using a Z-matrix so that all M-N bond distances were the
same. All other bonds and angles were independent, whilst all other calculations defined
the starting positions of every atom in Cartesian coordinates, with no restraints.
Calculation of Geometries
[Co(NH3)6]3+ was drawn using GaussView[8] and used as an initial starting geometry
without modification of any bond distances or bond angles. This structure was optimised
using the B3LYP functional and cc-pVDZ basis set using a self-consistent reaction field
for water. The resulting optimised geometry was modified, setting the Co-N bond
distance to 1.960 Å, and an additional optimisation calculation was performed.
Subsequent geometries were generated by iteratively increasing all Co-N bond distances
equally by 0.001 Å, and optimising. This process was repeated up to a Co-N bond distance
of 2.045 Å. The range 1.960 – 2.045 Å was chosen as it encompasses all known Co-N
bond distances. This process was repeated to generate analogous structures of
[Co(NH3)6]2+ over the same range. Similarly, the process was repeated for [M(NH3)6]n+
(Mn = CrIII, FeII, FeIII, NiII) over M-N bond distance ranges relevant to those ions.

72

Calculation of Electronic Transitions
TDDFT calculations were performed to calculate the energies of electronic transitions for
[Co(NH3)6]3+ with different Co-N bond distances. These were accomplished using a selfconsistent reaction field for water. Twenty transitions were calculated for each of the
geometries of [Co(NH3)6]3+ generated above.
Calculation of Redox Potential
Multiple methods have been used in the past to calculate the redox potentials of
compounds using results generated by DFT calculations.[9-13] The method used here to
calculate values for [Co(NH3)6]3+ with different Co-N bond distances is outlined below,
and involved determining the change in Gibbs free energy for the reduction half reaction
from thermodynamic data generated by DFT calculations, and converting this free energy
to an absolute potential. Previous studies have shown this value to be proportional to
experimentally determined redox potentials.[9]
Vibrational frequency calculations using the B3LYP functional and cc-pVDZ basis set
were performed to obtain the free energies (ΔG) for each of the [Co(NH3)6]2+/3+
geometries generated above. The change in free energy for the reduction half reaction
was converted to an absolute single electrode potential (Ecalc) by:
Ecalc = (1/F)(ΔGCo(III) – ΔGCo(II)) + Ee-

3.1

where F is Faraday’s constant and Ee- is the absolute potential of a free electron at
298.15K (–0.03766 V).[9, 14] Ecalc is related to the experimentally measured redox potential
(Eexp) by:
Ecalc = α(Eexp + Eref)

3.2
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where Eref is, theoretically, the absolute potential of the reference electrode and α is 1.
Errors in the DFT calculation were expected to cause both of these values to deviate.[9]
The values of Eref and α were therefore determined by linear fit between calculated values
and known experimental results. To this end the geometries of 79 complexes were
optimised in both the low spin cobalt(III) and high spin cobalt(II) oxidation states, their
free energies calculated, and converted to a potential as described above.

3.3

Characterisation of Cobalt(III) Complexes
3.3.1 NMR Spectroscopy

Confirmation that [Co(Me5tricosanetriimine)]3+ and its derivatives shown in Figure 1.12
had been successfully prepared was provided by their 1H and 13C NMR spectra, which
were assigned with the assistance of COSY, ROESY, HMBC and HSQC experiments.
[Co(Me5tricosanetriimine)]3+
The 1H and 13C NMR spectra of [Co(Me5tricosanetriimine)]3+ are shown in Figure 3.3.
Both spectra contain only a small number of resonances, reflecting the high degree of
molecular symmetry expected for the complex. Table 3.2 compiles the assignments for
all resonances observed in these spectra. Whilst it has been reported that both the 1H and
13

C NMR spectra of [Co(Me5tricosanetriimine)]3+ have been obtained previously, no

chemical shifts or assignments were provided for the 1H spectrum. In addition, a complete
assignment of all 13C resonances was not provided.[4] For example, it was not determined
which of the two 13C resonances from cap methyl groups belonged to the cap nearest the
imine functional group. Therefore this is the first occasion that the 1H and

13

C NMR
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spectra of [Co(Me5tricosanetriimine)]3+ have been completely analysed and assigned.

Figure 3.3 NMR spectra of [Co(Me5tricosanetriimine)]Cl3 in D2O: A) 1H spectrum and B) 13C spectrum.
Table 3.2 Assignments for 1H and 13C resonances observed in NMR spectra of
[Co(Me5tricosanetriimine)]Cl3 in D2O at 25 °C. C7 is omitted intentionally for consistency with other
structures in this thesis.

C1H3
C2
C3H2
C4H
C5H
C6H3
C8H2
C9H2
C10
C11H3

δ(1H) (ppm)
1.11
3.47, 3.98
8.20
3.47
1.35
2.24
2.45, 2.74
0.99

δ(13C) (ppm)
21.09
37.83
67.83
192.10
33.28
16.31
52.77
53.36
37.83
21.41
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The 13C NMR spectrum of [Co(Me5tricosanetriimine)]3+ (Figure 3.3B) matched closely
that reported in the literature for this compound.[4] One of the distinguishing features of
the spectrum is the resonance at 192.10 ppm, attributable to the three equivalent imine
carbon atoms of the complex. Similarly, the carbon atoms of the three CH3 groups and
the three quaternary carbon atoms on the straps of the ligand result in a single resonance
each, owing to the presence of a C3 symmetry axis. In contrast, the two quaternary carbon
atoms and two methyl carbon atoms in the caps of the ligand are non-equivalent. This is
due to the absence of a horizontal mirror plane, and overall C3 symmetry for the molecule.
As a consequence, each of the latter pairs of carbon atoms gives rise to separate
resonances. The absence of a horizontal mirror plane also results in a total of three
resonances for the methylene carbon atoms in the complex.
The resonance in the 1H spectrum at 1.35 ppm was assigned to the three equivalent strap
methyl groups (C6H3) on the basis of its chemical shift and relative integration. In
addition, this peak was split into a doublet owing to coupling to the methine hydrogen
atoms (C5H). In order to facilitate assigning the remaining peaks in both the 1H and 13C
NMR spectra, the 13C-HSQC spectrum shown in Figure 3.4 was obtained. This confirmed
that the resonance at 16.31 ppm in the 13C spectrum was from the strap methyl carbon
atoms. Inspection of the 1H NMR spectrum in Figure 3.3B shows that the peak at 3.47
ppm is very broad, suggesting that it may contain more than one resonance. The

13

C-

HSQC spectrum supported this conclusion, indicating that there were overlapping 1H
NMR resonances from the CH proton (assigned C5H) and one half of a CH2 AB pattern
at this chemical shift.

76

Figure 3.4 13C-HSQC spectrum of [Co(Me5tricosanetriimine)]Cl3 in D2O.

In addition, Figure 3.4 enabled the linked pairs of 1H and 13C resonances corresponding
to the methyl groups in the two non-equivalent caps of [Co(Me5tricosanetriimine)]3+ to
be identified. It was not, however, possible at this stage to definitively assign a specific
pair of 1H and 13C resonances to the individual cap methyl groups (C1H3 and C11H3). As
an interim measure, the 13C resonance at 0.99 ppm was arbitrarily assigned to C1, while
that at 1.11 ppm was assigned to C11.
Figure 3.3A shows two doublets at 2.74 and 3.98 ppm that appeared to each be one half
of separate AB patterns. The remaining half of each AB quartet was identified using the
HSQC spectrum. It was then also possible to identify the 1H NMR resonance arising from
the third methylene group to be at 2.24 ppm. This assignment was made on the basis of
the similar phasing of this resonance to those from the other CH2 groups.
A localised region of the HMBC spectrum of [Co(Me5tricosanetriimine)]3+ is shown in
Figure 3.5. This spectrum was used to identify correlations between the 1H NMR
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resonances from the cap methyl groups, and both the quaternary carbon atoms and
methylene carbon atoms in the same caps. Figure 3.5A shows that the 1H NMR
resonances from the cap methyl groups were correlated to a single 13C resonance at 37.83
ppm, which was then assigned to the two quaternary carbon atoms, designated C2 and
C10. Inspection of the

13

C NMR spectrum shown in Figure 3.3B reveals a very broad

resonance, with low intensity, at this chemical shift. The HMBC spectrum also showed
correlations between the 1H NMR resonances of the two cap methyl groups to the CH2
groups located in the caps (designated C3H2 and C9H2). This enabled the remaining and
as yet unassigned 1H resonance at 2.24 ppm, as well as the associated 13C resonance at
52.77 ppm, to be assigned to the only remaining methylene groups in the complex, namely
C8H2.

Figure 3.5 Localised region of the 13C-HMBC spectrum of [Co(Me5tricosanetriimine)]Cl3 in D2O.
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In order to complete the assignment of resonances in both the 1H and 13C NMR spectra,
it was necessary to identify a correlation between resonances in one of the cap regions,
and those in the neighbouring region of an adjacent strap. Figure 3.6 shows a portion of
the ROESY spectrum of [Co(Me5tricosanetriimine)]3+, which displays cross peaks
involving the imine 1H resonance at 8.20 ppm, and other 1H resonances at 3.47 and 3.98
ppm. The resonance at 3.47 ppm had previously been assigned to the methine proton
C5H. In addition, the HSQC spectrum in Figure 3.4 showed that there was another 1H
resonance at this chemical shift, which together with the doublet at 3.98 ppm formed an
AB pattern arising from one of the three methylene groups in the complex. Since the
HMBC spectrum had shown that this methylene group was present in one of the caps, the
above 1H resonances were assigned to C3H2, as it is the only cap methylene group that
could reasonably be expected to communicate through space with the imine protons. This
assignment was supported by other correlations involving 1H resonances from C8H2 and
C9H2, as well as a correlation in the HMBC spectrum involving the imine carbon atom,
and the methylene protons on C3H2. Having now assigned the 1H resonances to the latter
methylene group, it was possible to confirm the initial tentative assignments of NMR
signals to proton and carbon nuclei in the two caps of the molecule, made previously.
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Figure 3.6 ROESY spectrum of [Co(Me5tricosanetriiine)]Cl3 in D2O.

[Co(Me5tricosanetriiminetriOH)]3+
Reaction of [Co(Me5tricosanetriimine)]3+ with paraformaldehyde under basic conditions
afforded [Co(Me5tricosanetriiminetriOH)]3+ which, like the starting material, was
yellow/orange

in

colour.

The

synthesis

and

characterisation

of

[Co(Me5tricosanetriiminetriOH)]3+ has not previously been reported. Its 1H and 13C NMR
spectra are shown in Figure 3.7. Both show only a small number of resonances, owing to
[Co(Me5tricosanetriiminetriOH)]3+ also exhibiting the same overall C3 symmetry as the
complex from which it was prepared. As a result, the three methyl groups on the straps
were once again equivalent to each other, and gave rise to a single resonance in both the
1

H and 13C NMR spectra. In contrast, the two cap methyl groups were non-equivalent,

resulting in separate resonances in both types of spectra. The 1H and 13C NMR resonances
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from the three equivalent imine groups were identified on the basis of their very
deshielded chemical shifts. One important difference between Figure 3.3B and Figure
3.7B was the presence of an additional 13C resonance in the latter spectrum. This extra
resonance was from the three equivalent CH2OH groups, introduced as a consequence of
the reaction between paraformaldehyde and [Co(Me5tricosanetriimine)]3+.

Figure 3.7 NMR spectra of [Co(Me5tricosanetriiminetriOH)](NO3)3 in D2O: A) 1H spectrum and B) 13C
spectrum.

Assignments for the resonances observed in both spectra were made with the assistance
of various 2D NMR techniques, and are compiled in Table 3.3. The two most shielded
resonances in both the 1H and 13C spectra were assigned to atoms in the methyl groups
located in the caps of the complex. By using the HSQC spectrum shown in Figure 3.8, it
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was possible to correlate the 1H and 13C resonances to a given cap methyl group, however
it was not possible at this stage to determine which set of resonances belonged to the cap
neighbouring the imine group, and which belonged to the other cap methyl group. The
decision to identify the 1H resonance at 0.95 ppm, and the 13C resonance at 26.33 ppm to
C1H3, was therefore an arbitrary one to facilitate making further assignments.
Table 3.3 Assignments for 1H and 13C resonances in NMR spectra of
[Co(Me5tricosanetriiminetriOH)](NO3)3 in D2O at 25 °C.

C1H3
C2
C3H2
C4H
C5
C6H3
C7H2
C8H2
C9H2
C10
C11H3

δ(1H) (ppm)
0.95
3.59, 4.00
8.23
1.32
2.63, 4.07
2.40, 2.48
2.31, 3.04
1.19

δ(13C) (ppm)
26.33
43.11
74.75
194.78
51.94
28.65
70.34
59.38
60.87
42.70
26.09

Figure 3.8 13C-HSQC spectrum of [Co(Me5tricosanetriiminetriOH)](NO3)3 in D2O.
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The 1H resonance at 1.32 ppm was definitively assigned to the three equivalent strap
methyl groups on the basis of its relative integration and chemical shift. The 13C-HSQC
spectrum then identified the corresponding

13

C resonance as that at 28.65 ppm. The

HSQC spectrum was also used to identify the 1H chemical shifts of four AB patterns from
the CH2 groups in the molecule, as well as the corresponding 13C resonances.
Further assignments of 1H and 13C NMR resonances were made using the HMBC spectra
shown in Figure 3.9. The spectrum in Figure 3.9A showed cross peaks that enabled
resonances from the quaternary carbon atoms and methylene groups in the two caps of
the complex, to be linked to specific cap methyl groups (i.e. C2 and C3H2 could be linked
to C1H3, and C10 and C9H2 to C11H3). In addition, the 1H resonance from the strap
methyl groups at 1.32 ppm showed a total of four cross peaks to

13

C resonances on

neighbouring carbon atoms, including the adjacent quaternary carbon (C5) and the imine
carbon (C4H). The two remaining cross peaks involved the methylene carbon atoms in
the strap (C8H2) and the CH2OH group (C7H2).
At this stage it was therefore known which resonances were attributable to the two
methylene groups in the caps of the molecule, although it was not known which set
belonged to which specific cap, i.e. the cap nearest the imine group or that furthest away.
In addition, it was now also known which resonances belonged to the two methylene
groups not present in caps of the complex, although once again final definitive
assignments were yet to be made. Both of these remaining questions were answered after
inspection of the region of the HMBC spectrum shown in Figure 3.9B.

83

A

B

Figure 3.9 Regions of the 13C-HMBC spectrum of [Co(Me5tricosanetriiminetriOH)](NO3)3 in D2O:
A) 1H methyl region, and B) 1H methylene region.
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The key observation was a cross peak involving the carbon resonance at 60.87 ppm,
which was now known to be due to one of the two methylene carbons in the caps,
(identified as C9) and proton resonances at 2.40 and 2.48 ppm, which were due to one of
the strap CH2 groups. As only C8H2 and C9H2 are close enough for HMBC correlations
to be observed, it was then possible to assign the 1H and 13C resonances associated with
all four methylene groups. This in turn enabled completion of all previously unassigned
NMR signals, and provided confirmation of the initial tentative assignments of C1-3 and
C9-11 presented above.
[Co(Me5tricosanetriOH)]3+
The 1H and 13C NMR spectra of a sample of [Co(Me5tricosanetriOH)]3+, synthesised by
reduction of [Co(Me5tricosanetriiminetriOH)]3+ using NaBH4,[7] are shown in Figure
1.10. The success of the reduction reaction was reflected in the absence of resonances
from the imine functional group. The

13

C NMR spectrum contained the 11 resonances

expected for [Co(Me5tricosanetriOH)]3+, with overall C3 symmetry. This included once
again a single resonance for the three strap methyl carbon atoms, and separate resonances
for the two carbon atoms in the cap methyl groups. Also present in the 13C NMR spectrum
(but not shown in Figure 3.10B) was a quartet centred at 119.6 ppm owing to the presence
of triflate ions in solution.
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Figure 3.10 NMR spectra of [Co(Me5tricosanetriOH)](CF3SO3)3 in D2O: A) 1H and B) 13C.
Table 3.4 Assignments for 1H and 13C resonances in NMR spectra of [Co(Me5tricosanetriOH)](CF3SO3)3
in D2O at 25 °C.

C1H3
C2
C3H2
C4H2
C5
C6H3
C7H2
C8H2
C9H2
C10
C11H3

δ(1H) (ppm)
0.97
2.22, 3.38
2.63, 2.78
0.90
3.80, 3.86
2.12, 2.95
2.12, 3.02
0.95

δ(13C) (ppm)
21.64
39.33
57.05
65.65
36.39
22.95
68.66
54.61
55.99
34.66
20.39

The 1H NMR resonance at 0.90 ppm was assigned to the three equivalent strap methyl
groups (C6) on the basis of its relative integration and chemical shift. The
spectrum in Figure 3.11 correlated this signal to the

13

13

C-HSQC

C resonance at 22.95 ppm. The
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remaining methyl 1H NMR resonances, corresponding to the two non-equivalent caps,
were arbitrarily designated as belonging to C1H3 (0.97 ppm) and C11H3 (0.95 ppm), as
the absence of an imine group meant there was no way to distinguish between these two
methyl groups. The HSQC spectrum was also used to identify five AB patterns in the 1H
spectrum, corresponding to the five sets of equivalent CH2 groups in the molecule. Two
of these patterns overlapped at 2.12 ppm, which explained why only nine doublets were
observed between 2 and 4 ppm in Figure 3.10A, instead of the expected ten doublets.

Figure 3.11 13C-HSQC spectrum of [Co(Me5tricosanetriOH)](CF3SO3)3 in D2O.

The HMBC spectrum in Figure 3.12A was used to correlate the 1H resonances from the
methyl groups to

13

C resonances from their neighbouring quaternary carbons. This

enabled 13C NMR resonances to be assigned to C2, C5 and C10 accordingly. A different
region of the same HMBC spectrum (Figure 3.12B) was then used to identify the cap
methylene groups, using cross peaks between the

13

C resonances from the quaternary

carbons, and the 1H resonances from the adjacent methylenes.
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A

B

Figure 3.12 Regions of the 13C-HMBC spectrum of [Co(Me5tricosanetriOH)](CF3SO3)3 in D2O: A) 1H
methyl region, and B) 13C quaternary region.

Possible assignments for the remaining CH2 resonances were made with the assistance of
the ROSEY spectrum shown in Figure 3.13. For example, cross peaks were observed
between the 1H resonance at 2.63, and that at 3.38 ppm, which had already assigned to
the methylene group C3H2. Similarly, cross peaks were also observed between 1H
resonances at 3.0 and 3.8 ppm, with the former already being assigned to the methylene
group C9H2. While these correlations clearly link methylene groups in both caps of the
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molecule to other methylene groups in the straps, it is not possible to tell in either case
whether the latter methylene group is C4H2, C7H2 or C8H2. This is because inspection of
the crystal structure of [Co(Me5tricosanetriOH)](CF3SO3)3 (Appendix 7.4.1) reveals that
the H-H distances between CH2 protons on the caps are approximately the same distance
from those in the CH2 groups in the straps (C4H2 and C8H2) as they are from those in the
hydroxylmethyl group (C7H2). This means that the ROSEY correlations were not
sufficient to arrive at a definitive assignment of all resonances for this complex.

Figure 3.13 ROESY spectrum of [Co(Me5tricosanetriOH)](CF3SO3)3 in D2O. Key crosspeaks are
highlighted in blue.
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3.3.2 X-Ray Crystallography
The

solid

state

structures

of

[Co(Me5tricosanetriiimine)](CF3SO3)3.H2O

and

Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O are reported here for the first time. In
addition, the solid state structure of [Co(Me5tricosanetriOH)](CF3SO3)3.H2O, which was
determined by Paul Bernhardt (University of Queensland) using crystals provided by
Enrico Bortolus, is presented for the first time in Appendix 7.4.1 of this thesis. The latter
structure is included in an Appendix as it provides additional data that is analysed later in
this chapter.
[Co(Me5tricosanetriimine)]3+
Figure 3.14 illustrates ORTEPs of the solid state structure of the triflate salt of
[Co(Me5tricosanetriimine)]3+, viewed both orthogonal to as well as along the molecular
pseudo C3 axis. Selected bond distances and bond angles are listed in Table 3.5, whilst a
full list of atomic coordinates are provided in Appendix 7.5.

A

B

Figure 3.14 Solid state structure of [Co(Me5tricosanetriimine)](CF3SO3)3.H2O viewed: A) orthogonal to
and B) along the molecular C3 axis. C-H hydrogen atoms, anions, and water omitted for clarity.
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Table 3.5 Selected and average bond distances and bond angles for
[Co(Me5tricosanetriimine)](CF3SO3)3.*

Bond Distances (Å)
Co-N1
Co-N1′
Co-N1″
Co-N2
Co-N2′
Co-N2″
av. (im)
av. (am)
av. (all)

1.9614(19)
1.961(2)
1.9610(19)
1.991(2)
1.991(2)
1.991(2)
1.961(2)
1.991(2)
1.976(16)

Bond Angles (°)
N1-M-N2
N1′-M-N2′
N1″-M-N2″
av.

93.27(8)
92.71(8)
93.26(8)
93.08(32)

N1-M-N2″
N1′-M-N2
N1″-M-N2′
av.

178.00(8)
177.94(8)
177.38(8)
177.77(34)

Twist Angles (°)†
N1-C10-C2-N2
N1′-C10-C2-N2′
N1″-C10-C2-N2″
av.

62.46
62.83
62.27
62.52(29)

Inspection of Figure 3.14 confirmed that the Me5tricosanetriimine ligand completely
encapsulated the cobalt(III) ion, and the resulting complex had a near octahedral
coordination sphere. The average N-Co-N bond angles of 93.08° and 177.77° were very
close to those of a perfect octahedron, as was the average trigonal twist angle of 62.52°.
The average Co-N(amine) bond distance of 1.991 ± 0.002 Å is slightly longer than that
for some smaller cage complexes. For example, the average Co-N bond distance for
[Co(NO2)2-sar]3+ = 1.977 ± 0.023 Å.[3] In contrast, the overall average Co-N bond

*

Values available from the crystallographic report are reproduced here with their standard deviations. Other
bond distances and bond angles have been calculated from crystallographic data using the program
Mercury.[15]
†
The vector C10-C2 is used as an approximation of the C3 axis for the purpose of calculating trigonal twist
angles.
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distance for [Co(Me5tricosanetriimine)]3+ is shorter than the average value for
[Co(Me5tricosane)]3+ (2.022 ± 0.008 Å).[4] This suggests that the ligand cavity of
[Co(Me5tricosanetriimine)]3+ has only been expanded slightly, relative to those in
analogous complexes of conventional cage molecules such as [Co(NO2)2-sar]3+, as a
result of the incorporation of additional methylene groups into each of the three straps of
the ligand. The most likely explanation for there only being a partial expansion of the
cavity is the presence of the three imine groups. This is supported by the observation that
the average Co-N(imine) bond distance was 1.961 ± 0.002 Å, which is 0.03 Å shorter
than the average Co-N(amine) bond distance.
[Co(Me5tricosanetriiminetriOH)]3+
The solid state structure of [Co(Me5tricosanetriiminetriOH)](NO3)3 consisted of two
[Co(Me5tricosanetriiminetriOH)]3+ cations with the same geometry, a sodium cation, and
a total of seven nitrate ions. Figure 3.15 illustrates ORTEPs of the structure for one of the
cations. Selected bond distances and bond angles for both cations are compiled in Table
3.6, whilst a full list of atomic coordinates is provided in Appendix 7.5.
A

B

Figure 3.15 Solid state structure of [Co(Me5tricosanetriiminetriOH)]3+ viewed: A) orthogonal to and B)
along the molecular C3 axis. C-H hydrogen atoms and additional ions omitted for clarity.
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Table 3.6 Selected and average bond distances and bond angles for the two
[Co(Me5tricosanetriiminetriOH)]3+ cations present in the solid state structure of
Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.*

Bond Distances (Å)
Co-N1
Co-N1′
Co-N1″
Co-N2
Co-N2′
Co-N2″
av. (im)

Cation 1

Cation 2

1.989(2)
1.981(2)
1.984(2)
1.972(2)
1.967(2)
1.971(2)
1.985(4)

1.976(2)
1.977(2)
1.984(2)
1.967(2)
1.978(2)
1.969(2)
1.979(4)
1.982(5)

av. (am)

1.970(2)

1.971(6)
1.971(4)

av. (all)

1.978(8)

1.975(6)
1.976(7)

N2H O′
N2′H O″
N2″H O
av.

1.87
1.85
1.91
1.87(3)

1.85
1.92
1.88
1.88(3)
1.88(3)

Bond Angles (°)
N1-M-N2
N1′-M-N2′
N1″-M-N2″
av.

92.89(9)
93.17(9)
93.32(9)
93.12(22)

92.90(9)
92.89(9)
93.27(9)
93.02(22)
93.07(20)

N1-M-N2′
N1′-M-N2″
N1″-M-N2
av.

178.59(10)
178.03(10)
178.62(9)
178.41(33)

178.89(10)
178.57(9)
178.64(10)
178.70(17)
178.56(28)

Twist Angles (°)†
N1-C10-C2-N2
N1′-C10-C2-N2′
N1″-C10-C2-N2″
av.

61.36
62.14
62.21
61.90(47)

61.55
61.58
61.56
61.56(2)
61.73(35)

*

Values available from the crystallographic report are reproduced here with their standard deviations. Other
measurements have been calculated from crystallographic data using the program Mercury.[15]
†
The vector C10-C2 is used as an approximation of the C3 axis for the purpose of calculating trigonal twist
angles.
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Inspection of the structures in Figure 3.15 confirmed that a hydroxymethyl group had
been incorporated onto the central carbon atom of each of the three straps of the ligand,
which still completely encapsulated the cobalt(III) ion. Comparison of the bond lengths
and bond angles for the two cations in Table 3.6 showed that they have virtually identical
geometries. Any small variation is most likely due to the difference in packing forces in
different parts of the unit cell. Comparison with the bond lengths and bond angles of
[Co(Me5tricosanetriimine)]3+ presented in Table 3.5 revealed a number of similarities
between the two complexes. For example, the N-Co-N bond angles and the trigonal twist
angles for [Co(Me5tricosanetriiminetriOH)]3+ (93.07 ± 0.20°, 178.56 ± 0.28° and 61.73 ±
0.35°) were also very close to those expected for a perfect octahedron (90°, 180° and 60°,
respectively). In contrast, there are some subtle differences between the lengths of the
two types of Co-N bonds in the two cobalt complexes. On changing from
[Co(Me5tricosanetriimine)]3+ to [Co(Me5tricosanetriiminetriOH)]3+, the average CoN(imine) bond distance increased by 0.021 Å. In contrast, the average Co-N(amine) bond
distance decreased by 0.020 Å. This resulted in the overall average Co-N bond distance
being statistically indistinguishable for both complexes, at 1.976 ± 0.016 Å for
[Co(Me5tricosanetriimine)]3+ vs. 1.976 ± 0.007 Å for [Co(Me5tricosanetriiminetriOH)]3+.
One possible explanation for the changes to the Co-N(imine) and Co-N(amine) bond
distances is that they have been caused by the three NH O hydrogen bonds involving
the

amine

protons

and

oxygen

atoms

on

adjacent

straps

in

[Co(Me5tricosanetriiminetriOH)]3+

and

[Co(Me5tricosanetriiminetriOH)]3+.
3.3.3 UV-Vis Spectrophotometry
The

electronic

absorption

spectra

of

[Co(Me5tricosanetriOH)]3+ are shown for the first time in Figure 3.16. Whilst the
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electronic spectrum of [Co(Me5tricosanetriimine)]3+ has been reported previously, it has
also been included in Figure 3.16 for comparison. The wavelengths corresponding to
maximum absorption for each of the spectral bands, and their associated extinction
coefficients, are listed in Table 3.7.

Figure 3.16 Electronic absorption spectra of [Co(Me5tricosanetriimine)]Cl3,
[Co(Me5tricosanetriiminetriOH)](NO3)3 and [Co(Me5tricosanetriOH)](CF3SO3)3 in water.
Table 3.7 Properties of electronic absorption bands of selected cobalt cage complexes

Transition
[Co(Me5tricosanetriimine)]Cl3
1
A1g → 1T1g
1
A1g → 1T2g
[Co(Me5tricosanetriiminetriOH)](NO3)3
1
A1g → 1T1g
1
A1g → 1T2g

λmax (nm, cm-1)

ε (L mol-1 cm-1)

468.5, 21345
341.5, 29283

78.8
101.6

472.0, 21186
Obscured by charge transfer band
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[Co(Me5tricosanetriOH)](CF3SO3)3
A1g → 1T1g
1
A1g → 1T2g

1

527.5, 18957
375.5, 26631

92.2
120.6

The positions of the absorption bands in the spectrum of [Co(Me5tricosanetriimine)]3+
match closely values reported in the literature for this complex.[4] The 1A1g → 1T2g
transition of [Co(Me5tricosanetriiminetriOH)]3+ could not be resolved due to overlap
from the charge transfer band, however the 1A1g → 1T1g transition was found to have a
very

similar

energy

to

that

of

the

corresponding

absorption

band

for

[Co(Me5tricosanetriimine)]3+. This similarity was unsurprising, given that the solid state
structures of these complexes reported earlier in this chapter were found to have virtually
identical average Co-N bond distances.
In contrast, the electronic spectrum of [Co(Me5tricosanetriOH)]3+ was red shifted relative
to the two triimine complexes above by ~2500 cm-1. This indicates that
[Co(Me5tricosanetriOH)]3+ possesses Co-N bonds significantly longer than those in
[Co(Me5tricosanetriiminetriOH)]3+. This is as expected, given the known differences in
bond distances between [Co(Me5tricosane)]3+ and [Co(Me5tricosanetriimine)]3+. The
solid state structure of [Co(Me5tricosanetriOH)]3+ (Appendix 7.4.1) possesses an average
Co-N bond distance of 2.031 ± 0.019 Å, which is 0.05 Å longer than that in
[Co(Me5tricosanetriiminetriOH)]3+. This average bond distance is not statistically
different from that of [Co(Me5tricosane)]3+ (2.022 ± 0.008 Å),[4] so it is therefore not
surprising

that

the

electronic

spectra

of

[Co(Me5tricosanetriOH)]3+

and

[Co(Me5tricosane)]3+ (19390 and 27027 cm-1) differ by less than 450 cm-1.[4]
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3.4

Theoretical Examination of [Co(NH3)6]2/3+

The above results, as well as those in previous studies, highlight that the electronic
properties of cobalt(III) hexaamine complexes are highly dependant on their coordination
environment. The Co-N bond distance is perhaps the most significant factor, however
other factors such as ligand strain may also contribute to the observed electronic
properties. As a consequence it is difficult to determine which complexes, if any, actually
exhibit unexpected properties. To explore this issue further, a theoretical study on
[Co(NH3)6]2/3+ was undertaken to investigate the changes in electronic properties caused
by increases in Co-N bond distance. It was hoped that this study would shed light on
whether or not the electronic properties of [Co(Me5tricosane)]3+ and related complexes
are truly atypical.
3.4.1 Electronic Spectra
Modern computational methods make it a relatively simple task to calculate the energies
for electronic absorption spectra, however the methods involved do in fact introduce
systematic errors. For example, the 1A1g → 1T2g and 1A1g → 1T1g transitions were
calculated at 20573 and 28941 cm-1, respectively for the optimised geometry of
[Co(NH3)6]3+. These calculated values are red shifted by ~580 cm-1 relative to the
experimentally determined values for these transitions (21097 and 29586 cm-1). However,
the computationally optimised geometry has an average Co-N bond distance of 1.998 Å,
which is 0.033 Å longer than the experimentally measured distance of 1.965 ± 0.001 Å.
Fixing the Co-N bond distance to 1.965 Å, and repeating the calculations yielded
electronic transitions at 22134 and 30500 cm-1. These values were now blue shifted by
~980 cm-1 relative to the experimentally determined values, and are the result of the DFT
method poorly approximating the covalency of the Co-N coordinate bonds. This leads to
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an over-estimation of the Co-N bond lengths, with the end result being that the
crystallographically determined structure is calculated to be higher in energy than it really
is. To bring the computationally calculated transitions into line with experimentally
determined values, the difference in energy between the calculated and experimental
values of the electronic transition energies for [Co(NH3)6]3+ molecules (using the
experimentally determined bond distance of 1.965 Å) was subtracted from the energies
of these transitions for all other computationally generated structures for this metal
complex. These differences in energy were -1037 and -914 cm-1 for the 1A1g → 1T2g and
1

A1g → 1T1g transitions, respectively. By using this approach, the calculated electronic

transition energies for [Co(NH3)6]3+ varied in a linear fashion with average Co-N bond
distance, as can be seen in Figure 3.17. Also included in the figure are a number of
experimentally determined electronic transition energies for selected cobalt(III)
hexaamine complexes, including values for [Co(Me5tricosanetriOH)]3+ determined as
part of this project.
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Figure 3.17 Computationally (black line) and experimentally determined energies (points) of the 1A1g →
1

T1g and 1A1g → 1T2g electronic transitions plotted against average CoIII-N bond distance. [2-6] Red points
correspond to labelled complexes.

The computational results in Figure 3.17 show quite clearly that the energy of both the
1

A1g → 1T1g and 1A1g → 1T2g electronic transitions decrease linearly (R2 values > 0.999*)

with increasing Co-N bond distance. Comparing the experimental values for a range of
cobalt(III) hexaamine complexes to the theoretical line gives root-mean-square deviations
of 271 and 635 cm-1 for the 1A1g → 1T1g and 1A1g → 1T2g transitions, respectively. In most
cases the experimental values for the electronic transitions are blue shifted relative to the
theoretical values. The largest deviations were 950 and 860 cm-1 for the 1A1g → 1T2g
transitions for [Co(Me5tricosane)]3+ and [Co(sep)]3+, respectively. Deviation from the

*

Close inspection revealed that the line is actually curved, however the maximum deviation from the linear
fit over this range were ~70 cm-1.
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theoretical values was expected, as the computationally generated transitions are for
[Co(NH3)6]3+, which features only monodentate ligands that can be organised into optimal
orientation for coordination to the cobalt(III) centre. In contrast, all the other experimental
data is for complexes of multidentate ligands. In these systems, overlap between orbitals
on the metal and ligand can be impacted unfavourably owing to strain inherent in the
structure of the latter, resulting in the energy of the electronic transitions increasing.
The linear relationships apparent in Figure 3.17 between theoretical electronic transition
energies and Co-N bond length, confirmed there is no ‘threshold’ value beyond which the
electronic properties rapidly change. In addition, the theoretical data provided insights
regarding the observed electronic transition energies for complexes such as [Co((NO2)2sar)]2+, which possess Co-N bonds shorter than 1.99 Å. The experimental data points for
one or both of the electronic transitions for these complexes lie above the theoretical
relationship. This suggests that the similar values for their electronic transitions are a
consequence of blue shifts that most likely are attributable to strain within the ligands.
Hexaamine Complexes of Other Metals
One of the factors that lead to the original hypothesis in this thesis – that the electronic
properties of cobalt(III) hexaamine complexes might be uniquely susceptible to changes
in Co-N bond distance – was the apparently small range of values for the electronic
transitions of similar chromium(III) complexes. For example, the 4A2g → 4T1g and 4A2g
→ 4T2g transitions for [Cr((NH2)2-sar)]3+ occur at 28940 and 22140 cm-1, respectively,[16]
while [Cr(Me5tricosane)]3+ exhibits the same absorption bands at 27933 and 21739
cm-1.[17] This represents a red shift of 1007 cm-1 for the 4A2g → 4T1g transition, and only
a 401 cm-1 red shift of the 4A2g → 4T2g transition, despite the latter complex having an
average Cr-N bond distance 0.045 Å longer than the former.[18, 19] In order to investigate
100

the apparent lack of sensitivity of the chromium complexes to changes in Cr-N bond
distance more thoroughly, the computational treatment applied to [Co(NH3)6]3+ was
repeated for [Cr(NH3)6]3+. The results of these calculations are presented in Figure 3.18A,
which also includes experimental data for selected chromium complexes. This analysis
was then also repeated using [Ni(NH3)6]2+, resulting in the data presented in Figure 3.18B.
The theoretical results in Figure 3.18A match the experimental transitions for [Cr((NH2)2sar)]3+ closely. In contrast the electronic transitions for [Cr(Me5tricosane)]3+ are
significantly blue shifted relative to the theoretical prediction. This shift indicates that the
bonding interactions between the ligand and the chromium(III) ion in the latter complex
are not optimal. This may be due to the size of the CrIIIN6 chromophore, with an average
Cr-N bond distance of 2.109 Å. As a result of this long bond distance, the ligand may be
forced to undergo significant distortion in order to form stable bonding interactions. The
influence of strain is also reflected in the geometry of the ligands. For example, the
average C-N-Cr angle in [Cr(Me5tricosane)]3+ is 117.0 ± 2.9°, whereas in [Co((NH2)2sar)]3+ the average is 112.1 ± 4.9°, which is much closer to the optimal angle of 109.5°.
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A

B

Figure 3.18 Computationally (black line) and experimentally determined energies (points) of
chromium(III) and nickel(II) hexaamine complexes: A) 4A2 → 4T1 and 4A2 → 4T2 electronic transitions
for chromium(III) complexes,[16-21] and B) 3A2g → 3T2g and 3A2g → 3T1g electronic transitions for
nickel(II) complexes. [18, 22-28] Red points correspond to labelled complexes.

Significant blue shifting, relative to theoretical results, is also observed for the
experimental results for NiIIN6 complexes in Figure 3.18B. It is worth noting that the Ni102

N bonds in [Ni(sar)]2+, [Ni(Me5tricosane)]2+ and [Ni(Me8tricosane)]2+ are longer than
those for the analogous chromium(III) complexes, which are in turn longer than those for
the corresponding cobalt(III) complexes. While the mechanism is not clear, it is evident
that for long M-N bond distances these cage ligands produce complexes with electronic
absorption bands that are higher in energy than would be expected given their M-N bond
distance.
Despite being higher in energy than the theoretically predicted values, the experimental
data in Figure 3.18B does follow the general trend of decreasing energy with increasing
Ni-N bond distance. This highlights that although the theoretical approach based on
[M(NH3)6]n+ may not be able to accurately describe the electronic spectra of individual
complexes of sarcophagines, Me5tricosane or Me8tricosane with long M-N bond
distances, it is still able to provide a satisfactory overview of the relationship between MN bond distance and electronic spectra. Table 3.8 compares the slopes of the theoretical
plots in Figure 3.17 and Figure 3.18, as well as those for analogous computational
treatments of [Fe(NH3)6]2+ and [Fe(NH3)6]3+.
Table 3.8 Sensitivity of electronic transitions of [M(NH3)6]n+ complexes to variations in M-N bond
distances.

Transition

Slope (cm-1Å-1)

Co3+
1
A1g → 1T1g
1
A1g → 1T2g

-45273
-45351

Cr3+
A2g → 4T2g
4
A2g → 4T1g

-41727
-40750

Ni2+
3
A2g → 3T2g
3
A2g → 3T1g(F)

-27717
-25252

4

Transition

Slope (cm-1Å-1)

Fe2+
1
A1g → 1T1g
1
A1g → 1T2g
5
T2 → 5E

-31505
-31326
-31900

Fe3+
2
T2 → 2T1
2
T2 → 2E
2
T2 → 2A1

-58108
-56557
-56345
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The values in Table 3.8 showed that the cobalt(III) hexaamine complexes exhibited one
of the highest degrees of sensitivity of the positions of its electronic absorption bands to
changes in M-N bond distance. For these complexes, an ~453 cm-1 red shift was observed
for each 0.01 Å increase in bond distance. Conversely the nickel(II) hexaamine
complexes were found to show much smaller red shifts of ~265 cm-1 for every 0.01 Å
increase in M-N bond distance. These results agree with the general trends observed in
the reported experimental data. The positions of the absorption maxima in the electronic
spectra of the nickel(II) complexes do not appear to vary as dramatically when the metal
ion is encapsulated by the larger cage ligands, as occurs for the corresponding cobalt(III)
complexes. Although the spectra of the chromium(III) complexes were predicted on the
basis of the theoretical results to be almost as sensitive to changes in M-N bond distances
as the cobalt(III) systems, this is not what is borne out by the experimental data. Instead,
the measured absorption spectra shows that the positions of the peaks for the chromium
complexes remain relatively constant. This suggests that the ability of the sar and
Me5tricosane ligands to effectively coordinate to the chromium(III) ion varies
significantly over the range of Cr-N bond distances present in CrIIIN6 complexes.
Nonetheless, this result indicates that if [Cr(Me8tricosane)]3+ was to be synthesised at
some point in the future, and it afforded a longer Cr-N bond distance than most of those
currently known, then it would be expected that its electronic spectrum would be
significantly red shifted, relative to that for [Cr(Me5tricosane)]2+.
Inspection of the computed data for [Fe(NH3)6]2+ in Table 3.8 reveals that variations in
M-N bond distance were expected to have a more dramatic effect on electronic spectra
than what is observed for the corresponding nickel(II) complexes. However, the effect is
not predicted to be as substantial as that for [Co(NH3)6]3+. On the other hand, the
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theoretical study predicted that [Fe(NH3)6]3+ should exhibit the greatest sensitivity of all
the complexes examined to changes in the metal ion chromophore, with at ~570 cm-1
change in position for each 0.01 Å change in Fe-N bond distance for each of its spinallowed absorption bands. This makes the iron(III) complexes of Me5tricosane and
Me8tricosane important synthetic targets, as they may be expected to have dramatically
shifted electronic spectra compared to typical iron(III) hexaamine complexes. It is of
course important to note that in the high spin state of iron(III) there are no spin-allowed
d-d electronic transitions. Consideration of the single-point energies calculated in the
process of determining the electronic transitions resulted in the prediction that the high
spin state of [Fe(NH3)6]3+ becomes energetically favourable at Fe-N bond distances over
2.078 Å. This distance is 0.071 Å longer than the average FeIII-N distance found in the
solid state structure of [Fe(sar)](NO3)3.[29] Despite this, it is probable that this calculated
distance is, like most other M-N distances determined by DFT, overestimated. With this
in mind, it is possible that [Fe(Me5tricosane)]3+ and/or [Fe(Me8tricosane)]3+ will provide
suitable environments for the observation of spin crossover behaviour.
3.4.2 Redox Potential
A series of DFT calculations were performed to calculate the Gibbs free energy for a
range of known cobalt hexaamine complexes in both the low spin 3+ and high spin 2+
oxidation states. These free energies were converted to theoretical Co(III)/Co(II) redox
potentials by using Equation 3.1, as well as the method described in Section 3.2.4. Figure
3.19 shows the resulting computationally generated absolute reduction potentials plotted
against experimentally determined redox potentials (reported vs. NHE) for the same
cobalt complexes.
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Figure 3.19 Correlation between theoretical and experimental Co(III)/Co(II) redox potentials for cobalt
hexaamine complexes.[4, 30, 31] Red points indicate compounds which are labelled.

Although Figure 3.19 suggests that there may be a correlation between the two redox
potentials, the degree of scatter of data around the linear trend line (R2 = 0.8) is
significantly greater than what was present in the literature study upon which this
approach to determining calculated redox potentials was based (R2 > 0.99). This likely
reflects the literature study featuring a much larger sample of organic molecules, whose
experimental data spanned a much larger range of redox potentials (5 V). In addition, the
statistical functions and approximations involved in the DFT method for determining the
entropy component of free energy become less reliable for larger molecules, so a degree
of the scatter can be attributed to inherent limitations of the theory. The slope of the
trendline in Figure 3.19 was 0.90 ± 0.10, which is close to the theoretical value of 1.0.
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Extrapolation of the data in Figure 3.19 enabled a value of 5.90 ± 0.72 V for the absolute
reference electrode potential to be determined from the x-intercept. This value is notably
higher than the literature value of 4.44 ± 0.22 V for the NHE.[32] Despite this, the data in
Figure 3.19 demonstrates that it is possible to convert computationally determined redox
potentials into values that can be directly compared with those arrived at through
laboratory measurements.
By using the relationship shown in Figure 3.19, Co(III)/Co(II) redox potentials (vs. NHE)
were then calculated for the [Co(NH3)6]3+/2+ couple for a range of Co-N bond distances
for both cobalt(III) and cobalt(II) complexes. Redox potentials were calculated for each
possible pair of Co(III)-N and Co(II)-N bond distances over the range 1.955 – 2.345 Å,
with 0.005 Å increments. The results of these calculations are presented in Figure 3.20.

Figure 3.20 Calculated reduction potentials for [Co(NH3)6]3+/2+ with different Co(III)-N and Co(II)-N
bond distances. A contour line has been drawn on the base showing the bond distance pairs which give a
redox potential of 0.40 V vs. NHE.*

*

Contour is interpolated from the data grid.
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Figure 3.20 shows that the reduction potential for [Co(NH3)6]3+/2+ increases when the
complexes are forced to adopt longer Co-N bonds, as expected. For example, as the
Co(II)-N bond distance is increased from 2.00 Å, the redox potential initially rises sharply
for all Co(III)-N bond distances. This may be attributed to the bond lengths for the
cobalt(II) ion initially being far removed from the computationally determined optimum
(2.245 Å). At Co(II)-N bond distances beyond 2.15 Å, the redox potential increases in a
more gradual fashion for all Co(III)-N bond distances. In contrast, increasing the Co(III)N bond distance from 2.00 Å to 2.30 Å initially results in a much more gradual increase
in Co(III)/Co(II) reduction potential, for all Co(II)-N bond distances covered in the
investigation. This is then followed, at Co(III)-N bond distances above ~ 2.10 Å, by more
rapid increases in redox potentials.
One of the most remarkable aspects of the chemistry of the [Co(Me8tricosane)]2+ complex
is that it is the only known example of a hexaamine cobalt(II) complex that is indefinitely
stable in air.[31] The data in Figure 3.20 can be used to provide insight into the bond
distances cobalt hexaamines must exhibit in order to display similar behaviour. In order
to do this, it was necessary to pick a redox potential for reduction of molecular oxygen.
The O2/H2O standard reduction potential of +0.40 V vs. NHE[33] was selected for this
investigation, as it is the lowest reduction potential for oxygen. By taking this reduction
potential as the boundary between a cobalt hexaamine complex in the 2+ oxidation state
being stable or unstable towards oxygen, the contour line shown in Figure 3.20 was
determined. Depending on which side of the contour line a [Co(NH3)6]3+/2+ redox couple
sits, it was then possible to make predictions as to whether or not the cobalt(II) member
of the redox couple will be stable towards molecular oxygen.
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Inspection of Figure 3.20 shows that cobalt(III) complexes near the computationally
optimal Co(III)-N bond distance of 2.01 Å have a sufficiently low enough Gibbs free
energy that the corresponding [Co(NH3)6]2+ ion will always be susceptible to aerial
oxidation. This result highlights that destabilisation of the cobalt(III) oxidation state, by
forcing longer than ideal Co(III)-N bonds, is a requirement for the formation of an airstable cobalt(II) complex.
Air-stable cobalt(II) hexaamine complexes become possible once the Co(III)-N bond
distance exceeds 2.05 Å, and provided the ligand is capable of accommodating the longer
ideal Co(II)-N bond distance, calculated to be 2.245 Å. The above Co(III)-N bond
distance is 0.04 Å longer than the computationally determined optimal distance. The
solid state structure of an orange form of [Co(Me8tricosane)]3+ has been determined by
X-ray crystallography, and shown to have a Co(III)-N bond distance of 1.99 ± 0.01 Å.
This value is only 0.025 Å longer than what was observed in the solid state structure of
[Co(NH3)6]3+ (1.965 ± 0.001 Å).[5, 6] It is therefore clear in the case of Me8tricosane, that
the ligand cavity for coordination to cobalt(III) is smaller than that predicted by the
computational approach to be necessary in order to obtain an air stable cobalt(II)
hexaamine complex. This suggests that the ligand must undergo significant
conformational rearrangements as the metal changes oxidation state, which are
energetically favourable enough to facilitate the radical change in behaviour exhibited by
[Co(Me8tricosane)]2+.
At longer Co(III)-N bond distances, beyond the 2.05 Å threshold distance referred to
earlier, the Co(II)-N bond distance required for an air-stable hexaamine complex to exist
becomes progressively smaller. Eventually, at Co(III)-N distances > 2.12 Å, the
cobalt(III) oxidation state is never favoured. Beyond this bond distance, reduction of
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[Co(NH3)6]3+ to [Co(NH3)6]2+ no longer requires significant rearrangement of the ligand
or elongation of the Co(II)-N bond, in order to be favourable.* This Co(III)-N bond
distance represents a 0.11 Å elongation of the computationally optimal distance.
Applying this elongation to the crystallographically determined Co(III)-N distance in
[Co(NH3)6]3+ gives a threshold distance of 2.075 Å. This is significantly longer than any
known Co(III)-N distance for a hexaamine complex, however as will be seen in the next
chapter, complexes of Me5tricosane and Me8tricosane with other metal ions do show MN bond distances considerably greater than this threshold.

3.5

Conclusions

[Co(Me5tricosanetriiminetriOH)]3+

was

successfully

synthesised

from

[Co(Me5tricosanetriimine)]3+ by reaction with paraformaldehyde and characterised in the
solid state as well as in solution. The solid state structures of these two complexes were
found to be very similar to each other, with both having an average Co-N bond distance
of 1.976 Å. Small differences in the relative lengths of the Co-N(amine) and Co-N(imine)
bond distances were detected for these two complexes, which is likely to be due in part
to the effects of hydrogen bonding of the pendant OH groups to the amines in the
trialcohol complex. Considering the similarity between their solid state structures, it was
therefore

unsurprising

that

[Co(Me5tricosanetriimine)]3+

and

[Co(Me5tricosanetriiminetriOH)]3+ were found to have very similar electronic spectra,
with a difference of less than 160 cm-1 in the energy of their 1A1g → 1T1g transitions.

*

The reduction would be theoretically unfavourable if the ligand rearranged in such a way to force a shorter
Co(II)-N bond than Co(III)-N, however such behaviour is not known to occur.
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The electronic spectrum of [Co(Me5tricosanetriOH)]3+ was also characterised for the first
time using a previously prepared sample. The electronic transitions were found to be ~410
cm-1 lower in energy than those for [Co(Me5tricosane)]3+, which are already significantly
red-shifted relative to typical cobalt(III) hexaamines. This was explained by examining
an unpublished crystal structure of [Co(Me5tricosanetriOH)]3+, (Appendix 7.4.1) which
showed that the complex has an average Co-N bond distance 0.01 Å longer than that of
[Co(Me5tricosane)]3+.
Computational studies were performed to determine the effect of varying Co-N bond
distance on the electronic absorption spectrum of [Co(NH3)6]3+. These revealed a linear
relationship exists between the energies of the principal d-d electronic transitions and CoN bond distance. Furthermore, the energies of the electronic transitions were found to
decrease at a rate of 453 cm-1 per 0.01 Å increase in Co-N bond distance. From this
theoretical prediction, it was determined that most of the complexes that were previously
thought to have unusual electronic properties were in fact exhibiting spectra that were
normal, given their atypical Co-N bond distance.
An additional set of computational studies were performed into the effects of varying CoN bond distance on the theoretical redox potential of [Co(NH3)6]3+. The results of thee
studies were then used to make predictions about the conditions required to obtain
cobalt(II) hexaamine complexes which do not undergo oxidation in air. It was found that
if a complex adopts optimal Co(III)-N bond distances, the cobalt(II) oxidation state is
always too high in energy to be adopted. Conversely, if the complex is capable of adopting
an optimal Co(II)-N bond distance, then the cobalt(II) oxidation state will be preferred if
the Co(III)-N distance is forced to be 0.04 Å longer than optimal. Considering the
structural data already available for the cobalt complexes of Me5tricosane and
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Me8tricosane, it was determined that this threshold value is a reasonable estimate.
However, the organisational needs of the ligand can also significantly influence the
reduction potential of the cobalt complex.

3.6
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4.1

Introduction

The vast majority of six-coordinate transition metal complexes adopt an octahedral
coordination geometry, owing to the combination of electronic and steric (ligand-toligand) factors favouring this over the alternative trigonal prismatic geometry.[1, 2]
However, for complexes where crystal field stabilisation effects are not important (i.e. for
complexes of d0, high-spin d5, and d10 metal ions) the steric factors which usually drive
formation of the octahedral coordination sphere can sometimes be outweighed by
inherent ligand structural requirements. Under these circumstances it is possible for
complexes with geometries equivalent to, or close to, that of a trigonal prism to be
formed.[3-9] Early examples of this include the crystalline sulfides of molybdenum(IV)
and tungsten(IV),[2] as well as some complexes of dithiolato ligands (e.g.
[Re(S2C2(C6H5)2)3]).[10] For the latter complex it was proposed that the short distances
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between donor atoms allowed for formation of partial S-S bonds, which stabilised the
trigonal prismatic structure observed.[1, 11]
Additional trigonal prismatic complexes with other types of donor atoms have since been
synthesised and characterised. Often these complexes contain rigid ligands with small
bite angles. Examples include the titanium(IV), vanadium(IV) and iron(III) complexes of
the macrobicycle BCT (BCT = bicapped(TRENCAM) = tris(N,N'-diethyl-2,3dihydroxoterephthalamide)diamine), which feature catecholate ligating groups (Figure
4.1).[4, 12] In 1989 the first example of a transition metal complex with six identical
unidentate ligands adopting a trigonal prismatic structure, [Zr(CH3)6]2-, was reported.[13]
The above examples illustrate the growth in the number of metal complexes known to
have a trigonal prismatic geometry, suggesting that this particular structure may be more
prevalent than previously thought. This is supported by the results of theoretical studies
involving DFT calculations, which showed that a trigonal prismatic geometry is
electronically preferred by d0 and d1 metal ions over an octahedral geometry, whenever
π-donor ligands are not involved.[13-15]
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B

A

Figure 4.1 Solid state structure of [Fe(BCT)]3+ viewed A) perpendicular to and B) along the molecular C3
axis. Counter ions and hydrogen atoms omitted for clarity, bridgehead atoms not shown in B to give a
clear view of the FeO6 coordination sphere. Structures visualised from published crystallographic data
using Mercury.[4, 16]

The cadmium(II) and mercury(II) complexes of the macrobicyclic ligand Me5tricosane
were the first examples of metal complexes containing only amine ligating groups shown
to adopt exact trigonal prismatic coordination geometries in the solid state (Figure
1.18).[17] Complexes of Me5tricosane had previously been observed to adopt octahedral
geometries in the solid state with a number of metal ions including zinc(II), nickel(II) and
cobalt(III).[18] Solution 1H and

13

C NMR spectra of the cadmium(II) and mercury(II)

complexes contained a smaller number of resonances than the corresponding spectra of
[Zn(Me5tricosane)]2+ and [Co(Me5triscosane)]3+.[17, 19] This was ascribed to the cadmium
and mercury complexes maintaining their solid state structures in solution.[17] These solid
state structures also revealed M-N bond distances longer than for any other known
complex of this ligand. It was therefore proposed that the trigonal prismatic geometry
becomes accessible to complexes of Me5tricosane when the ligand encapsulates metal
ions which prefer to form metal-nitrogen bond distances longer than a threshold value.[17]
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Owing to the similar structures of the Me5tricosane and Me8tricosane ligands, it was of
interest to explore whether complexes of the latter involving d10 metal ions also exhibit a
trigonal prismatic geometry in the solid state and solution. This chapter reports the results
of this investigation, as well as those derived from DFT calculations performed to shed
light on the relationship between the preferred M-N bond length of complexes of
Me5tricosane and Me8tricosane, and the resulting geometry of these expanded hexaamine
cages.

4.2

Experimental
4.2.1 Syntheses of Metal Complexes

The zinc(II), cadmium(II) and mercury(II) complexes of Me8tricosane were synthesised
as described below, by adapting published procedures used to prepare the analogous
complexes of Me5tricosane.[17, 18, 20]
[Zn(Me8tricosane)](NO3)2.H2O
Me8tricosane (149.8 mg, 0.342 mmol) and Zn(NO3)2.6H2O (110.5 mg, 0.371 mmol) were
separately dissolved in ethanol (5 mL) with stirring. To assist dissolution of the solids
both solutions were heated in a water bath (~ 40 °C) for 1 hr. The solutions were then
combined, whilst stirring and heating at ~ 40 °C continued for 1 hr. Allowing the solution
to subsequently evaporate in air produced crystals suitable for X-ray crystallographic
analysis. Yield 79.0 mg (36.8%).
[Cd(Me8tricosane)](NO3)2.2H2O
Me8tricosane (19.9 mg, 0.045 mmol) and Cd(NO3)2.4H2O (16.8 mg, 0.054 mmol) were
each dissolved in ethanol (5 mL). Both solutions were heated in a water bath (~ 40 °C)
117

for 1 hour to assist dissolution of the solids. The solutions were then combined, with
stirring and heating at ~ 40 °C continuing for 1 hr. The solution was then allowed to
evaporate in air, producing a large number of small crystals. Recrystallisation of these
from hot water produced crystals suitable for X-ray crystallographic analysis. Yield 8.1
mg (25.7%).
[Hg(Me8tricosane)](NO3)2.2H2O
Me8tricosane (49.8 mg, 0.113 mmol) was dissolved in ethanol (5 mL) with stirring, while
Hg(NO3)2.H2O (43.5 mg, 0.127 mmol) was separately dissolved in water (5 mL). Both
solutions were heated in a water bath (~ 40 °C) for 1 hr to assist dissolution of the solids.
After the solutions were combined a white suspension formed immediately. Stirring and
heating at ~ 40 °C was continued for an additional 1 hr, resulting in no further changes
being observed. Allowing the solution to evaporate in air produced crystals suitable for
X-ray crystallographic analysis. Yield 52.3 mg (60.6%).
4.2.2 Solution and Refinement of Crystal Structures
[Zn(Me8tricosane)](NO3)2.H2O
The results of crystallographic data collection and structure refinement on
[Zn(Me8tricosane)](NO3)2.H2O are summarised in Table 3.1. The complex crystallised in
the monoclinic space group C2/c, with one-half of the [Zn(C25H54N6)]2+ cation, a nitrate
ion and one-half of a water molecule in the asymmetric unit. The other half of the cation,
and the second half of the water molecule, was generated by crystallographic two-fold
rotation symmetry operations. During refinement of the structure, H atoms attached to C
atoms were included at calculated positions. Difference electron density maps showed
peaks attributable to the H atoms of the amine groups and the one unique H atom of the
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water molecule. The H atoms were initially refined with soft restraints on the bond lengths
and bond angles to regularize their geometry (C-H in the range 0.93 – 0.98 Å, N-H = 0.86
Å and O-H = 0.82 Å) and with Uiso(H) in the range 1.2 – 1.5 times Ueq of the parent atom.
In the final refinement the H atoms’ coordinates were refined without restraints or
constraints.
Table 4.1 Crystallographic data for [Zn(Me8tricosane)](NO3)2.H2O

Formula
M
a (Å)
b (Å)
c (Å)
β ( o)
V (Å3)
Dx (Mg m-3)
CCDC number

C25H56N8ZnO7
646.15
10.4071 (2)
17.2603 (4)
17.7437 (4)
105.3125 (15)
3074.15 (12)
1.396
1456584

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

200
Monoclinic
C2/c
0.85
0.032
0.081
4
3523

[Cd(Me8tricosane)](NO3)2.2H2O
Crystallographic

data

collection

and

refinement

parameters

for

[Cd(Me8tricosane)](NO3)2.2H2O are summarised in Table 4.2. The cadmium complex
crystallised in the space group Pnma, and had an asymmetric unit which consisted of onehalf of a [Cd(C25H54N6)]2+ cation, a nitrate anion and a water molecule of crystallisation.
The other half of the dication was generated by a crystallographic mirror symmetry
operation. During refinement of the structure, H atoms attached to C atoms were included
at calculated positions. Difference electron density maps obtained during refinement of
the structure showed peaks attributable to the H atoms of the amine groups and the water
molecule. The H atoms were initially refined with soft restraints on the bond lengths and
bond angles to regularize their geometry (C-H in the range 0.93 – 0.98 Å, N-H = 0.86 Å
and O-H = 0.82 Å) and with Uiso(H) in the range 1.2 – 1.5 times Ueq of the parent atom.
In the final refinement the coordinates of H atoms attached to N atoms and O atoms were
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refined (with restraints for the water molecule), but H atoms attached to C atoms were
allowed to ride on the atoms to which they were bonded. There were two overlapping
images of the nitrate anion. Two sites were used for each atom and restraints were
imposed on bonding distances, bond angles and displacement parameters. The relative
occupancies were refined appropriately. The final difference electron density map
contained a large peak (2.03 e-/Å3) at (0.571, 0.250, 0.780) which was 2.08 Å from the
cadmium ion and equates to approximately an oxygen atom with occupancy 0.12. No
chemical explanation was able to be determined for its existence.
Table 4.2 Crystallographic data for [Cd(Me8tricosane)](NO3)2.2H2O

Formula
M
a (Å)
b (Å)
c (Å)

C25H58N8CdO8
711.18
18.6325 (4)
16.3963 (3)
10.5649 (2)

V (Å3)
Dx (Mg m-3)
CCDC number

3227.62 (11)
1.463
1456585

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

200
Orthorhombic
Pnma
0.73
0.033
0.083
4
4850

[Hg(Me8tricosane)](NO3)2.2H2O
Data obtained during crystallographic data collection and refinement is presented in Table
4.3. The mercury compound crystallised in the space group Pnma, which is the same as
that for the corresponding cadmium complex. The asymmetric unit of the mercury
complex consisted of one-half of a [Hg(C25H54N6)]2+ cation, a disordered nitrate anion
and one water molecule of crystallization. The other half of the dication was generated
by a crystallographic mirror symmetry operation. During refinement of the structure, H
atoms attached to C atoms were included at calculated positions. Difference electron
density maps showed peaks attributable to the H atoms of the amine groups, while the
hydrogen atoms of the water molecule were not located and are not included in the
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structure. The H atoms were initially refined with soft restraints on the bond lengths and
bond angles to regularize their geometry (C-H in the range 0.93 – 0.98 Å, N-H = 0.87 Å)
and with Uiso(H) in the range 1.2 – 1.5 times Ueq of the parent atom. In the final refinement
H atoms attached to C atoms were allowed to ride on the atoms to which they were
bonded, while H atoms bonded to N atoms were fitted without restraints or constraints.
Two images of the disordered nitrate group were identified, and their atom sites refined
with appropriate restraints imposed on bond distances, bond angles and displacement
parameters. The relative occupancies of the two images were then refined.
Table 4.3 Crystallographic data for [Hg(Me8tricosane)](NO3)2.2H2O

Formula
M
a (Å)
b (Å)
c (Å)

C25H58N8HgO8
799.38
18.6126 (3)
16.4042 (2)
10.5731 (2)

V (Å3)
Dx (Mg m-3)
CCDC number

3228.23 (9)
1.653
1456586

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

200
Orthorhombic
Pnma
4.83
0.026
0.058
4
4853

4.2.3 NMR Spectroscopy
All NMR spectroscopic studies presented in this chapter were performed using a Bruker
Avance III 600MHz NMR spectrometer at the University of New South Wales, with the
assistance of Dr James Hook and Dr Doug Lawes. All samples were prepared in DMSOd6 or a 1:3 mixture of DMSO-d6:CD3CN, as indicated.
4.2.4 Computational Methods
All DFT calculations involving functionals without dispersion effects were performed
using Gaussian 09 with the SDDall basis set and the B3LYP density functional unless
otherwise specified. All calculations using functionals that incorporate dispersion effects
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were performed using Gaussian 16 Revision A03 with the SDDall basis set and the
B97D[21] density functional, unless otherwise specified.
For all calculations in Section 4.4 of this chapter (octahedral vs. trigonal prismatic
potential energy surfaces and the dependence of twist angle on M-N distance) the
following Z-matrix was used to define the MN6 region, with the initial positions of all
other atoms defined in Cartesian coordinates:
M
X
N
N
N
N
N
N

1
1
1
1
1
1
1

1.0
BN 2
BN 2
BN 2
BN 2
BN 2
BN 2

AA
AA
AA
AB
AB
AB

3
3
3
4
5

D1
D2
DN
DN
DN

Calculations on asymmetric complexes (Section 4.6) defined the starting positions of all
atoms in Cartesian coordinates, with no additional restraints.
Potential Energy Surfaces
The starting geometry for complexes of Me5tricosane and Me8tricosane with a S6 set of
nitrogen atom configurations was that of the crystal structure of the zinc(II) complex of
the relevant ligand. Similarly, the starting geometry for complexes of these two ligands
with a R3S3 set of nitrogen atom configurations was that of the crystal structure of the
corresponding mercury(II) complex. Partial optimisations were performed with the
trigonal twist angle (parameter DN in the z-matrix above) held constant. Once an
optimisation was completed, the final geometry obtained was then used as the initial
geometry for the next calculation, with the value of the trigonal twist angle increased or
decreased by 1° as appropriate. These calculations were performed using a self-consistent
reaction field for water as implemented in Gaussian 09 Revision A02.
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Dependence of Twist Angle on M-N Bond Distance
The starting geometries for these calculations were those for the minima observed in the
corresponding potential energy surfaces (for Me5tricosane: S6 δδ, S6 δλ, R3S3 δλ, R3S3 λλ;
for Me8tricosane: S6 δδ, S6 δλ, S6 λλ, R3S3 δλ, R3S3 δδ). In all cases the coordinates of the
initial geometry matched that of the corresponding zinc(II) complex optimised with that
geometry. The identity of the metal ion, charge and multiplicity were changed and the
geometry of the resulting theoretical complex optimised. For the resulting optimised
geometries, the M-N bond distances and trigonal twist angles corresponding to the
structure with the lowest electronic energy (E(B3LYP)) were plotted. This process was
repeated for a total of 38 metal ions with varying oxidation states, primarily from the
transition series. Where the metal ions have multiple accessible spin states, calculations
were performed on all configurations, with data for only the lowest energy spin state being
plotted. These calculations were performed using a self-consistent reaction field for water
as implemented in Gaussian 09 Revision A02.
Analysis of Asymmetric Conformations
Starting

geometries

were

generated

utilising

the

calculated

structure

of

[Hg(Me8tricosane)]2+, with an S6 set of nitrogen atom configurations and a 60° twist
angle, as a template. This initial structure was modified using GaussView 5[22] to produce
fragments by manually manipulating the structure. Manipulation of atoms produced
rough models for each cap in δ and λ configurations as well as each strap terminating in
SS, SR, RS and RR nitrogen atom configurations. These fragments were each defined in
Cartesian coordinates and combined to produce 256 starting geometries. Optimisation
calculations were then performed on all 256 starting geometries. Since the aim of these
calculations was to investigate possible structures observed during NMR spectroscopic
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studies performed in DMSO solutions, they were performed using a self-consistent
reaction field for this solvent, as implemented in Gaussian 09 Revision E01. The identity
of the metal ion was changed to give analogous starting geometries of the corresponding
zinc(II) and cadmium(II) complexes, which were then optimised using the same method.

4.3

Solid State Structures

The solid state structures of [Zn(Me8tricosane)]2+, [Cd(Me8tricosane)]2+, and
[Hg(Me8tricosane)]2+ were established by single crystal X-ray analysis of their nitrate
salts. Figure 4.2 illustrates ORTEPs of the structures viewed orthogonal to the pseudo C3
axes of the molecules, and includes the numbering schemes of the atoms. Figure 4.3
illustrates the same structures viewed along their C3 axes. Selected bond distances and
angles for each of the three structures are listed in Table 4.4, whilst atomic coordinates
are available from the Cambridge Crystallographic Data Center; references 1456584,
1456585, and 1456586.
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A

B

C

Figure 4.2 Solid state structures of the cations of: A) [Zn(Me8tricosane)](NO3)2.H2O, B)
[Cd(Me8tricosane)](NO3)2.2H2O and C) [Hg(Me8tricosane)](NO3)2.2H2O, viewed orthogonal to their C3
axes. C-H hydrogen atoms omitted for clarity.
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A

C

Figure 4.3 Solid state structures of the cations of: A) [Zn(Me8tricosane)](NO3)2.H2O, B)
[Cd(Me8tricosane)](NO3)2.2H2O and C) [Hg(Me8tricosane)](NO3)2.2H2O, viewed along their C3 axes. CH hydrogen atoms omitted for clarity.
Table 4.4 Selected and average bond distances and bond angles for [Zn(Me8tricosane)](NO3)2.H2O,
[Cd(Me8tricosane)](NO3)2.2H2O and [Hg(Me8tricosane)](NO3)2.2H2O.*

[Zn(Me8tricosane)]2+[Cd(Me8tricosane)]2+[Hg(Me8tricosane)]2+
Bond Distances (Å)
M-N1
M-N1′
M-N1″
av.

2.1924(13)
2.2600(12)
2.2508(13)
2.234(37)

2.4084(18)
2.3978(17)
2.4065(18)
2.404(6)

2.439(2)
2.433(2)
2.440(2)
2.437(4)

Bond Angles (°)
N1-M-N2
N1′-M-N2′
N1″-M-N2″
av.

86.42(5)
86.42(5)
85.98(6)
86.27(25)

83.03(9)
82.96(8)
82.72(8)
82.90(16)

83.43(11)
83.21(11)
83.05(10)
83.23(19)

av.

167.65(5)
171.64(7)
167.65(5)
169.0(23)

136.34(6)
136.90(6)
134.72(6)
136.0(11)

136.50(8)
134.76(8)
137.04(8)
136.1(12)

Twist Angles (°)†
N1-C10-C2-N2
N1′-C10-C2-N2′
N1″-C10-C2-N2″
av.

46.41
46.41
45.43
46.08(57)

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

N1-M-N2″
N1′-M-N2
N1″-M-N2′

*

Values obtained from the crystallographic reports are reproduced here with their standard deviations.
Other measurements have been calculated from crystallographic data using Mercury.[16]
†
The vector C10-C2 is used as an approximation for the C3 axis for the purpose of calculating trigonal twist
angles.
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Inspection of the structures reveals that each of the metal cations were fully encapsulated
by the hexadentate cage ligand. Figure 4.2 shows that there is a high degree of similarity
between all three structures when viewed orthogonal to the molecular C3 axes, and to
those of the corresponding complexes of Me5tricosane reported previously.[17, 18] If the
molecules are instead viewed along their pseudo C3 axes (Figure 4.3), it can be seen that
there are significant differences between the structure of the [Zn(Me8tricosane)]2+ cation
on the one hand, and both [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ on the other.
The latter complexes are isostructural with each other, and exhibit exact trigonal prismatic
coordination geometries, which result in the three nitrogen atoms in the two caps of the
molecules being perfectly eclipsed with respect to each other. This geometry was also
observed

previously

for

the

cadmium(II)

and

mercury(II)

complexes

of

Me5tricosane.[17, 18]
In contrast to what was observed with the corresponding cadmium(II) and mercury(II)
complexes, the structure of [Zn(Me8tricosane)]2+ has a ZnIIN6 coordination sphere with a
distorted octahedral geometry, and with all six nitrogen atoms having the same (R or S)
stereochemical configuration (Figure 4.2A depicts the S6(Λ) enantiomer). All three
equatorial straps in [Zn(Me8tricosane)]2+ adopt a skew-boat conformation. This
combination of nitrogen atom stereochemistry and equatorial ring conformation is what
has been observed previously for all complexes of Me5tricosane exhibiting an octahedral
or distorted octahedral geometry, as well as a number of other complexes of Me8tricosane.
For [Zn(Me8tricosane)]2+, the degree of distortion from a regular octahedral geometry is
greater than what was reported for [Zn(Me5tricosane)]2+, as the trigonal twist angle (φ) of
the former complex (46.1°) is further from the theoretical value for a perfect octahedron
(60.0°) than that for the latter (60.7°).[18] The average Zn-N bond distance for
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[Zn(Me8tricosane)]2+ is 2.234 ± 0.037 Å, which is slightly longer than that for
[Zn(Me5tricosane)]2+ (2.196 ± 0.001 Å)[18],. This suggests that the Me8tricosane ligand
may naturally afford a cavity for encapsulating metal ions that is slightly larger than that
of Me5tricosane. The Zn-N bond distances in [Zn(Me8tricosane)]2+ are, however, still
generally comparable to those of other zinc(II) hexaamine complexes (Table 4.5).[23-25]
Also shown in Table 4.5 are trigonal twist angles for zinc, cadmium and mercury
complexes of a variety of octahedral amine complexes, which are included to highlight
the rarity of the trigonal prismatic structure, which has a trigonal twist angle of 0°.
Table 4.5 Metal-nitrogen bond distances and average trigonal twist angles (φ) for selected hexaamine
complexes of zinc, cadmium and mercury.

Structure

φ (°)

[Zn(en)3](S2O3)
[Zn((NH3)2-sar)](NO3)4.H2O
[Zn(Me5tricosane)](ClO4)2.0.5H2O
[Zn(Me8tricosane)](NO3)2.H2O

M-N range (Å)
2.09 – 2.29
2.181(3) – 2.215(4)
2.196(2) – 2.196(2)
2.192(1) – 2.260(1)

28.6
60.7
45.9

[17, 25]

[Cd(NH3)6]F2
[Cd(en)3](S2O3)
[Cd(NH3)2-sar)](NO3)4.H2O
[Cd(Me5tricosane)](PF6)2.3H2O
[Cd(Me8tricosane)](NO3)2.2H2O

2.336(2) – 2.406(2)
2.43(3) – 2.46(3)
2.27(1) – 2.34(1)
2.386(7) – 2.400(7)
2.398(2) – 2.408(2)

51.3

[28]

27.4
0
0

[17, 25]

[Hg(NH3)2-sar)](NO3)4.H2O
[Hg(Me5tricosane)](PF6)2.3H2O
[Hg(Me8tricosane)](NO3)2.2H2O

2.32(2) – 2.41(2)
2.39(2) – 2.43(1)
2.433(2) – 2.440(2)

25.8
0
0

[17, 25]

*

*

Ref.
[26]
[18]
[27]†

[29]
[17]
[27] †

[17]
[27] †

Inspection of Table 4.4 shows that three of the N-M-N angles in the cadmium and
mercury complexes of Me8tricosane are very different from 90° and 180°, as a
consequence of adopting the trigonal prismatic geometry. In the case of
[Cd(Me8tricosane)]2+, these angles were 136.34(6), 134.71(6) and 136.90(6)°, while for
the corresponding mercury complex the analogous angles were 136.50(8), 134.76(8) and

*
†

Trigonal twist angle not available.
This work
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137.04(8)°. The nitrogen atoms in the solid state structures of [Cd(Me8tricosane)]2+ and
[Hg(Me8tricosane)]2+ exhibited an R3S3 set of configurations, while all three equatorial
straps have flattened chair conformations. These aspects of the structures of the cadmium
and mercury complexes of Me8tricosane are points of contrast with that of the
corresponding zinc complex, but identical to what was reported previously for the
analogous complexes of Me5tricosane.[17] The average Cd-N and Hg-N bond distances in
the Me8tricosane complexes were 2.404 ± 0.006 Å and 2.434 ± 0.004 Å, respectively. As
was found with the zinc(II) complexes of Me5tricosane and Me8tricosane, these are
slightly longer than the corresponding bond distances for the Me5tricosane analogues (av.
Cd-N = 2.394 ± 0.006 Å and av. Hg-N = 2.410 ± 0.018 Å).[17] However, they remain in
the range of typical M-N bond distances for hexaamine complexes of cadmium(II) and
mercury(II) (Table 4.5).
The observation of trigonal prismatic geometries for the cadmium(II) and mercury(II)
complexes of both Me5tricosane and Me8tricosane prompted the question: What is it
about these metal ions that results in this unusual structure, which has not been observed
for any other complexes of either ligand? The most obvious difference was that the
trigonal prismatic structures have significantly longer average M-N bond distances (Table
4.6). This was highlighted by comparing the average M-N bond distances for
[Cd(Me5tricosane)]2+ and [Zn(Me8tricosane)]2+. The former complex exhibits the shortest
average M-N bond distance amongst all hexaamine trigonal prismatic complexes reported
to date (2.394 ± 0.006 Å),[17] whereas the value for [Zn(Me8tricosane)]2+ (2.234 ± 0.037
Å) is the longest amongst octahedral complexes, meaning that there is ~ 0.16 Å between
the M-N bond distances of octahedral and trigonal prismatic complexes, which is a very
large variation.
129

Table 4.6 Average M-N bond distances of complexes of Me5tricosane and Me8tricosane derived from the
results of single crystal X-ray structure analyses.

Complex
[Co(Me5tricosane)](PF6).H2O
[Cr(Me5tricosane)]Cl3
[Pt(Me5tricosane)](ZnCl4).H2O
[Ni(Me5tricosane)](ClO4)2.0.5H2O
[Cu(Me5tricosane)](ClO4)2.H2O
[Zn(Me5tricosane)](ClO4)2.0.6H2O
[Cd(Me5tricosane)](PF6)2.3H2O
[Hg(Me5tricosane)](PF6)2.2.8H2O
[Co(Me8tricosane)](NO3).5H2O
[Co(Me8tricosane)](NO3)2.H2O
[Co(Me8tricosane)](ZnCl4)
[Cu(Me8tricosane)](NO3)2.H2O
[Zn(Me8tricosane)](NO3)2.H2O
[Cd(Me8tricosane)](NO3)2.2H2O
[Hg(Me8tricosane)](NO3)2.2H2O

av. M-N Distance (Å)
2.022 ± 0.008
2.109 ± 0.007
2.104 ± 0.034
2.140 ± 0.003
2.082 ± 0.009, 2.212 ± 0.018*
2.196 ± 0.001
2.394 ± 0.006
2.410 ± 0.018
1.989 ± 0.011
2.223 ± 0.019
2.232 ± 0.112
2.09 ± 0.12, 2.49 ± 0.08†
2.234 ± 0.037
2.404 ± 0.006
2.434 ± 0.004

Ref.
[19]
[30]
[31]
[18]
[32]
[18]
[17]
[17]
[33]
[34]
[34]
[20]
[27]‡
[27]‡
[27]‡

It is also worth noting that the only complexes that have been shown to have trigonal
prismatic geometries feature d10 metal ions, which exhibit no electronic driving force
favouring adoption of the more typical octahedral geometry. These observations suggest
that the usually rare trigonal prismatic geometry may be a recurring structural motif for
these expanded hexaamine cage ligands, when the metal ion present is not expected to
produce a complex with significant crystal field stabilisation energy, and forms M-N bond
distances longer than a threshold value. The following section describes the results of
density functional theory (DFT) calculations performed to better understand the reasons
why the trigonal prismatic geometry is adopted by some metal ions with these ligands, as
well as to predict what other metal ions might also exhibit this unusual molecular shape.

*

The crystal structure for [Cu(Me5tricosane)]2+ has a tetragonally compressed coordination sphere, with two
Cu-N bonds shorter than the other four.
†
The crystal structure for [Cu(Me8tricosane)]2+ has a tetragonally elongated coordination sphere, with two
Cu-N bonds longer than the other four.
‡
This work.
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4.4

Computational Studies: Octahedral vs. Trigonal
Prismatic Geometry
4.4.1 Potential Energy Surfaces

The first set of calculations performed examined the effect of varying the trigonal twist
angle of the zinc(II), cadmium(II) and mercury(II) complexes of Me8tricosane on the total
energy of these systems. Calculations were performed for each metal complex using two
different initial ligand geometries. The first of these was that seen in the X-ray structure
of [Zn(Me8tricosane)(NO3)2.H2O, in which each nitrogen atom had an S configuration
(i.e. overall S6), and the molecule itself had D3 symmetry overall. For the second initial
ligand geometry the configurations of all nitrogen atoms in the one cap were identical,
however those in the second cap had the opposite configuration (i.e. overall R3S3). This
was the ligand geometry observed in the structure of [Hg(Me8tricosane)(NO3)2.2H2O, and
had overall C3h symmetry. Figure 4.4 illustrates the potential energy surfaces derived
from these calculations. In order to compare the data obtained, the lowest energy
calculated for each of the three metal complexes was set to 0 kJ mol-1.
A

B

Figure 4.4 Effect of trigonal twist angle on the potential energy surfaces of metal complexes of
Me8tricosane calculated using the B3LYP functional: A) complexes with an S6 set of nitrogen atom
configurations; and B) complexes with an R3S3 set of nitrogen atom configurations.
Purple = [Zn(Me8tricosane)]2+, red = [Cd(Me8tricosane)]2+ and green = [Hg(Me8tricosane)]2+.
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Based on the potential energy surfaces it was predicted that the most stable geometry for
the cadmium(II) and mercury(II) complexes of Me8tricosane would be that with an R3S3
set of nitrogen atom configurations, and a twist angle of exactly 0°. In other words, the
calculations predicted that the trigonal prismatic structure observed in the crystal
structures of these metal complexes would be the most energetically favourable.
Calculations performed on the [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ cations
with an S6 set of nitrogen atom configurations also showed energy minima at twist angles
< 5°. This once again demonstrated that the trigonal prismatic geometry is energetically
preferred over those with either an octahedral or distorted octahedral geometry for both
metal complexes.
Inspection of Figure 4.4 suggests that the most stable geometry for [Zn(Me8tricosane)]2+
would also be a trigonal prism with an R3S3 set of nitrogen atom configurations. This is
in contrast to the solid state structure of [Zn(Me8tricosane)](NO3)2.H2O, which showed a
distorted octahedral geometry and an S6 set of nitrogen atoms. It must be noted, however,
that the difference in energy between the lowest energy conformations of both geometries
was only ~8 kJ mol−1.
In each of the potential energy surfaces shown in Figure 4.4, there are one or two
discontinuities which are apparent.

These may be attributed to changes in the

conformation of the rings in one of the ligand caps. As a result of these conformational
changes, the chirality of the caps changes from λ to δ (Figure 4.5) or vice versa,[35] and
the symmetry of the overall ligand changes. For example, the potential energy surfaces
for the three metal complexes of Me8tricosane with an S6 set of nitrogen atom
configurations, exhibited δ chirality in both caps at low twist angles. When the twist angle
was increased to ~11° the conformation of the three rings in one of the caps changed,
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resulting in the chirality of that cap changing to λ, and the overall symmetry of the
molecule changing from D3 to C3. Increasing the twist angle further to ~33° resulted in
the chirality at the second cap changing owing to an identical set of conformational
changes to the rings in that cap. As a result, the overall symmetry of the molecule was
restored to D3.

Figure 4.5 Illustration of the different chirality of the caps of metal complexes of Me8tricosane.[35]

For the zinc, cadmium and mercury complexes with a R3S3 set of nitrogen atom
configurations, the potential energy surfaces only showed one discontinuity. This was
because at twist angles near 0°, the preferred ligand structure already had caps with
opposing chirality. Increasing the twist angle to ~10° elicited a change in conformation
for the rings in one of the caps, resulting in both now having δ chirality. There was no
change to the overall C3 symmetry of the molecule as a result of these changes in ring
conformations (at a twist angle of exactly 0° these complexes have overall C3h symmetry).
The effect of varying the trigonal twist angle of the zinc(II), cadmium(II) and mercury(II)
complexes of Me5tricosane on the total energy of these systems, was examined in a
second series of DFT experiments. These involved first generating potential energy
surfaces as described above for complexes of Me8tricosane, but this time using the solid
state structures of [Zn(Me5tricosane)]2+ (S6, C3)[18] and [Hg(Me5tricosane)]2+ (R3S6,
C3h)[17] as the initial geometries. The resulting potential energy surfaces for the complexes
of Me5tricosane are presented in Figure 4.6.
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A

B

Figure 4.6 Effect of trigonal twist angle on the potential energy surfaces of metal complexes of
Me5tricosane: A) complexes with an S6 set of nitrogen atom configurations; and
B) complexes with an R3S3 set of nitrogen atom configurations.
Purple = [Zn(Me8tricosane)]2+, red = [Cd(Me8tricosane)]2+ and green = [Hg(Me8tricosane)]2+.

The potential energy surfaces for the complexes of Me5tricosane and Me8tricosane with
an R3S3 set of nitrogen atom configurations (Figure 4.4B and Figure 4.6B) were very
similar, as they possessed the same overall shape, and included just a single discontinuity.
In contrast there were significant differences between the potential energy surfaces of the
metal complexes of Me5tricosane and Me8tricosane, when the complexes had an S6 set of
nitrogen atom configurations (Figure 4.4A and Figure 4.6A). The surfaces for the three
metal complexes of Me5trisosane only contained only a single discontinuity at a twist
angle of ~53°, while two discontinuities were observed in the surfaces of the
corresponding complexes of Me8tricosane. At twist angles lower than ~53°, both caps of
the zinc(II), cadmium(II) and mercury(II) complexes of Me5tricosane had the same
chirality, whereas at twist angles above this value they had opposite chirality. This
discontinuity therefore reflects the same changes in chirality of the two caps that occurred
at ~11° in the potential energy surfaces of the three metal complexes of Me8tricosane.
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4.4.2 Dependence of Twist Angle on M-N Bond Distance
The computational results presented above provide further evidence for the stability of
the trigonal prismatic complexes of both Me5tricosane and Me8tricosane with some metal
ions. However, the data presented in Figure 4.4 and Figure 4.6 does not indicate under
what circumstances trigonal prismatic complexes may be expected. It was noted earlier
that the average M-N bond distances in the cadmium and mercury complexes of both
hexaamine ligands were longer than those present in all other complexes of these ligands
that have been structurally characterised. Therefore in an effort to determine whether, as
suspected, the M-N bond distance plays an important role in determining the twist angle
and therefore the geometry of complexes of these ligands, an additional set of DFT
calculations were performed. The results of these calculations, which determined the
lowest energy structures of theoretical metal complexes of both ligands with a wide range
of metal ions (see Appendix Table 7.1), are shown in Figure 4.7. Calculations were
performed both with metal ions that would be both expected, and not expected, to form
complexes having a significant crystal field stabilisation energy (CFSE).

A

B

Figure 4.7 Effect of metal–nitrogen bond distance on trigonal twist angle of metal complexes of: A)
Me5tricosane and B) Me8tricosane.
Red = metal complexes without crystal field stabilisation energy (d0, high-spin d5, and d10); blue = metal
complexes with crystal field stabilisation energy (all other configurations).
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Figure 4.7 shows that most metal complexes expected to have a CFSE gave calculated
structures with trigonal twist angles consistent with either an octahedral or distorted
octahedral geometry. The exceptions to this trend were high spin [Rh(Me5tricosane)]3+,
[V(Me8tricosane)]3+ and [V(Me8tricosane)]4+. Each of these complexes were predicted to
have twist angles < 7°. While the observation of high spin [Rh(Me5tricosane)]3+ is
extremely unlikely,* its calculated Rh-N bond length of 2.402 Å is consistent with the
hypothesis that long M-N bonds increase the favourability of the trigonal prismatic
geometry. In addition, comparison of the results of local minima calculations performed
on high spin [Rh(Me5tricosane)]3+ showed that another high spin conformation of the
complex with a distorted trigonal prismatic geometry (twist angle = 17°) is within 1 kJ
mol-1 of the structure with an exact trigonal prismatic geometry. This conformation was
predicted to have a Rh-N distance of 2.365 Å, showing that the trigonal prismatic
geometry becomes more accessible for complexes of Me5tricosane when the M-N bond
distance exceeds ~ 2.35 Å.
It is not yet known why the vanadium(III) and vanadium(IV) complexes of Me8tricosane
gave calculated structures with twist angles close to that of a pure trigonal prism, since
their predicted M-N bond distances were not dissimilar to those of any of the other first
row transition metal complexes expected to exhibit a CFSE. It should be noted that the
CFSE for these d2 and d1 systems would not, however, be expected to be very large.
Therefore the electronic driving force in favour of an octahedral geometry may not be as
strong as for many of the other metal ions examined.

*

Geometry optimisation calculations were also performed on low spin [Rh(Me5tricosane)]3+. Although the
calculated energy of intermediate geometries for this complex indicated, as expected, that the low spin
configuration is much more energetically favourable, none of these optimisations were able to converge
and therefore are not included in Figure 4.7.
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While Figure 4.7 shows the majority of metal complexes expected to exhibit a significant
CFSE were predicted to show octahedral or distorted octahedral geometries, the same
was not true for complexes not expected to possess any CFSE. The majority of the latter
complexes, which included those containing metal ions with d0, high spin d5, and d10
configurations, were predicted to have structures with twist angles < 5°. This includes
high spin [Fe(Me8tricosane)]3+, and [Ti(Me8tricosane)]4+, both of which were predicted
to have M-N bond distances similar to those of the vanadium complexes discussed earlier
(Fe-N = 2.265 Å, and Ti-N = 2.225 Å). Very few complexes of either ligand, which lacked
CFSE, were predicted to have geometries that more closely approximated an octahedron.
Two exceptions to this trend were [Zn(Me5tricosane)]2+ and [Zn(Me8tricosane)]2+, both
of which have been characterised by single crystal X-ray analysis. Comparison of the
solid state structures of these two complexes provides further support for M-N bond
distance playing a major role in determining overall complex geometry. Of the two,
[Zn(Me5tricosane)]2+ had the shortest average Zn-N bond distance (2.196 ± 0.001 Å)[18],
and exhibited a trigonal twist angle of 62°, which is very close to that of an ideal
octahedral complex. In contrast, [Zn(Me8tricosane)]2+ showed a longer average Zn-N
bond distance (2.234 ± 0.037 Å), and a twist angle of 25°, which is closer to that of a
trigonal prism than an octahedron.
Examination of Figure 4.7A shows that all metal complexes of Me5tricosane with M-N >
2.35 Å were predicted to have essentially trigonal prismatic geometries. For complexes
of Me8tricosane, an average M-N bond distance greater than this threshold almost always
also led to geometries with trigonal twist angles very close to 0°. The lone exception to
this general trend was the complex with tin(II), where the twist angle was close to 7°, and
therefore the geometry of the complex could be best described as a slightly distorted
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trigonal prism. A point of contrast between the two plots in Figure 4.7 was that some
complexes of Me8tricosane with average M-N < 2.35 Å were also predicted to have
trigonal prismatic geometries, whereas complexes of Me5tricosane adopted the trigonal
prismatic geometry if, and only if, the average M-N distance was > 2.35 Å. The factors
that cause this difference are not yet known. One possibility is that the presence of the
additional methyl group on each of the three straps in Me8tricosane makes the octahedral
geometry energetically less favourable, unless the metal ion is one expected to produce a
significant CFSE.
A further difference between the results of the calculations performed on metal complexes
of the two types of ligands is revealed by Figure 4.8, which highlights the nitrogen atom
configurations of the most stable structures. In the case of complexes of Me5tricosane
(Figure 4.8A), all molecules predicted to have a geometry that is close to that of a perfect
octahedron were found to have an S6 set of nitrogen atom configurations. All other metal
complexes of Me5tricosane, regardless of whether they were predicted to have a heavily
distorted octahedral or trigonal prismatic geometry, were found to prefer the R3S3 set of
nitrogen atom configurations. In contrast, both types of nitrogen atom configurations
were predicted to be present in complexes of Me8tricosane with geometries close to that
of the two limiting structures, hinting at some additional inherent flexibility in complexes
of this ligand.
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A

B

Figure 4.8 Nitrogen atom configurations of energy-minimised, calculated structures of metal complexes
with different trigonal twist angles: A) Complexes of Me5tricosane and B) complexes of Me8tricosane.
Red = metal complexes with a R3S3 set of nitrogen atom configurations; Purple = metal complexes with
an S6 set of nitrogen atom configurations.

Overall, the results presented above are consistent with the hypothesis that metal
complexes of Me5tricosane and Me8tricosane with M-N distances > 2.35 Å will exhibit a
trigonal prismatic geometry. This hypothesis is consistent with the solid state structures
of

[Cd(Me5tricosane)]2+,[17]

[Hg(Me5tricosane)]2+,[17]

[Cd(Me8tricosane)]2+

and

[Hg(Me8tricosane)]2+, each of which had M-N bond distances greater than this threshold
value. Based on this hypothesis, it is predicted that metal complexes of Me5tricosane and
Me8tricosane with other metal ions expected to form long M-N bonds, such as lead(II)
and yttrium(III), will show trigonal prismatic geometries. In addition, the latter geometry
may also be the most energetically favourable for [Mn(Me8tricosane)]2+ and perhaps
[Fe(Me8tricosane)]3+, as both are expected to be high spin d5 systems, and therefore not
exhibit any effects of CFSE.

4.5

Solution Structures

The results of DFT calculations presented earlier in this chapter showed that the trigonal
prismatic geometry is the preferred structure for complexes of both Me5tricosane and
139

Me8tricosane with some d10 metal ions. In addition, a clear distinction was found between
the trigonal prismatic solid state structures of the cadmium(II) and mercury(II) complexes
of Me8tricosane on the one hand, and the distorted octahedral geometry of the
corresponding zinc(II) complex. However, inspection of Figure 4.4 showed that there is
only a small difference in energy between [Zn(Me8tricosane)]2+ molecules with
octahedral and trigonal prismatic geometries. This raises the prospect that factors such as
packing forces in the solid state, and solvation energies, might affect the geometry
observed. To investigate this further, the solution NMR spectra of all three metal
complexes of Me8tricosane were obtained in order to explore whether their solid state
geometries are retained after dissolution. Further impetus for these studies, which are
described below, was provided by a previous investigation which showed that the solution
1

H and 13C NMR spectra of [Zn(Me5tricosane)]2+ changed significantly upon increasing

the temperature. This was believed to reflect the ability of this complex to undergo
conformational changes that alter its overall symmetry.[17]
4.5.1 [Zn(Me8tricosane)]2+
In view of the high degree of symmetry observed in its solid state structure, the solution
1

H NMR spectrum of [Zn(Me8tricosane)]2+ was surprisingly complicated (Figure 4.9).

The spectrum featured a number of intense resonances with narrow linewidths, as well as
broader signals of low intensity that were just apparent above the baseline between 2 and
4 ppm. These observations suggested the presence of more than one complex in solution.
For example, in the high field region of the spectrum there was a very intense resonance
at 1.01 ppm which most likely arose from the six equivalent equatorial CH3 groups of a
highly symmetric form of [Zn(Me8tricosane)]2+ with D3 symmetry. It is also likely that
the sharp resonance at 0.57 ppm corresponds to the two equivalent cap CH3 groups of this
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symmetric zinc cage complex. This leaves at least four additional, broader resonances in
the same region of the spectrum arising from CH3 groups of one or more additional
[Zn(Me8tricosane)]2+ molecules with lower symmetry. Downfield from the CH3 region,
there were five distinct multiplets attributable to the CH2 and NH protons of the
symmetric cage complex, as well as the aforementioned broader resonances arising from
molecules with less symmetric conformations.

Figure 4.9 1H NMR spectrum of [Zn(Me8tricosane)]2+ in DMSO-d6 at 25 °C.

Further evidence for the presence of more than one form of [Zn(Me8tricosane)]2+ in
solution was provided by its room temperature 13C NMR spectrum (Figure 4.10). As was
found in the 1H spectrum, a relatively small number (six) of sharp and intense resonances
were observed along with a greater number of much weaker and broader resonances.
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These may be assigned to a symmetric and non-symmetric form of [Zn(Me8tricosane)]2+,
respectively. The presence of at least two conformations of [Zn(Me8tricosane)]2+ in
solution is in contrast to what was observed previously with [Zn(Me5tricosane)]2+.[17] For
the latter complex, the room temperature 1H and

13

C NMR spectra showed only a

relatively small number of resonances, which were consistent with the symmetric
structure observed in the solid state being retained upon dissolution. In order to determine
if the two (or more) conformations of [Zn(Me8tricosane)]2+ were independent complexes,
or existed in an equilibrium with each other, variable temperature NMR spectroscopy was
used.

Figure 4.10 13C NMR spectrum of [Zn(Me8tricosane)]2+ in DMSO-d6 at 25 °C.
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Figure 4.11 shows representative 1H NMR spectra of [Zn(Me8tricosane)]2+ between -15
°C and 130 °C. All spectra acquired at room temperature and above were obtained using
a solution of the metal complex dissolved in DMSO-d6. However, in order to obtain
spectra of the complex at lower temperatures, CD3CN had to be added to the solution. As
the temperature was increased from 25 °C to 130 °C, a number of changes to the 1H
spectrum were observed. For example, once the sample had reached 85 °C, all broad
resonances originally present in the methyl region of the spectrum had disappeared, as
had all signals from the CH2 and NH groups.* At this temperature the only clearly
discernible features of the spectrum apart from solvent peaks, were the two intense signals
at 1.035 and 0.616 ppm. These were assigned to the equatorial and cap CH3 groups of the
symmetric form (D3 overall symmetry) of the zinc complex, respectively on the basis of
their relative integration. Further increasing the temperature to 130 °C resulted in the
emergence of three resonances between 2.5 and 3.5 ppm, which may be attributed to the
CH2 and NH groups of the symmetric zinc complex. Returning the sample to 25 °C
resulted in the original spectrum being obtained again, supporting the conclusion that
there are two conformations in solution interconverting within the above temperature
range. When the temperature was decreased to -15 °C, the broad resonances observed in
the methyl region of the room temperature spectrum sharpened and in some instances
resolved into multiple peaks, consistent with the hypothesis that a zinc complex with
lower symmetry than that of the major solution component was also present.

*

These latter resonances are present in the spectrum, however they are very broad, and so are not visible
in Figure 4.11.
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Figure 4.11 1H VT NMR spectra of [Zn(Me8tricosane)]2+ in DMSO-d6 (25, 85 and 130 °C) and 1:3
DMSO-d6:CD3CN (5 and -15 °C).

Further evidence in support of this conclusion was provided by the 13C NMR spectrum
obtained at -15 °C (Figure 4.12). This spectrum showed 6 intense resonances attributable
to a predominant form of [Zn(Me8tricosane)]2+, with apparent D3 symmetry. In addition,
a total of 22 less intense resonances were present. This number is almost equal to the total
of 25 carbon atoms present in the Me8tricosane ligand. As it is likely that some additional
weak carbon resonances were obscured by overlap with those from the dominant,
symmetric form of the zinc complex, this observation provides strong support for the
conclusion that there was also a single, asymmetric form of [Zn(Me8tricosane)]2+ present
in solution.
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Figure 4.12 13C NMR spectrum of [Zn(Me8tricosane)]2+ in 1:3 DMSO-d6:CD3CN obtained at -15°C.
Enlargements are shown of the main regions for clarity of the minor resonances.

Additional evidence for the presence of two forms of [Zn(Me8tricosane)]2+ was provided
by the 15N HSQC spectrum of the solution, obtained at -20 °C (Figure 4.13). A total of
nine peaks was present in the spectrum, three of which were present at δ(15N) = 23.91
ppm. The most intense of these peaks was found at δ(1H) = 3.83 ppm, and was assigned
to the single NH resonance expected for the symmetric form of the zinc complex. The
other two peaks at G 1H = 3.52 and 3.24 ppm were attributed to HMBC artefacts
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appearing in the spectrum, as a result of magnetisation transfer across two bonds from the
CH2 protons in the straps of the cage complex, to the six equivalent nitrogen atoms.
In addition to the above signals, a total of six resonances of lower intensity are present in
Figure 4.13, which were assigned to the six non-equivalent nitrogen atoms of the less
symmetric conformation of the cage complex. Of these six signals, that at δ(1H) = 1.99
occurred at a chemical shift which was much more shielded than the other proton
resonances, whilst the correlated nitrogen resonance was located much further downfield
in the 15N spectrum.

Figure 4.13 15N-HSQC spectrum of [Zn(Me8tricosane)]2+ in 1:3 DMSO/d6:CD3CN obtained at -20°C.
Resonances marked with * are HMBC artefacts.
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The above spectra provide strong support for the hypothesis that dissolution of
[Zn(Me8tricosane)]2+ results in an equilibrium being established between a highly
symmetric and a low symmetry form of the metal complex. This result was obtained on
multiple occasions using different samples of [Zn(Me8tricosane)](NO3)2, including when
crystals used to determine the solid state structure of the metal complex were used to
prepare the solution for NMR analysis. Crystals that deposited from a deuterated
DMSO/CD3CN solution used for NMR analysis were also analysed by X–ray diffraction
methods, to determine if they corresponded to the symmetric or asymmetric form of the
complex. The results of this analysis are presented in Appendix Figure 7.5, and showed
that it was the same symmetric zinc complex which had been characterised previously in
the solid state that had crystallised. This result further reinforced the view that the
asymmetric conformation of [Zn(Me8tricosane)]2+ is formed only as a result of a dynamic
equilibrium being established in solution, when the symmetric zinc complex is dissolved.
Analysis of Figure 4.13 allowed assignment of the resonance at 3.83 ppm in the
conventional 1H NMR spectrum to the six equivalent amine protons of the symmetric
form of the zinc complex. This left a total of four other multiplets in Figure 4.9, which
were assigned to the strap and cap CH2 groups using the HMBC spectrum shown in Figure
4.14, as well as the COSY spectrum acquired at -20 °C (Appendix Figure 7.1) and an
HSQC spectrum (Appendix Figure 7.2). Assignments for all 1H,

13

C and

15

N NMR

resonances in the spectra of the D3 symmetric form of [Zn(Me8tricosane)]2+ are presented
in Table 3.2.
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Figure 4.14 13C-HMBC spectrum of [Zn(Me8tricosane)]2+ in 1:3 DMSO/d6:CD3CN obtained at 3 °C.
Table 4.7 Assignments for 1H, 13C and 15N resonances in NMR spectra of the D3 symmetric form of
[Zn(Me8tricosane)]2+ in DMSO-d6 at 25 °C. Atomic numbering taken from Figure 4.2A.

C1H3
C2
C3H2
N1H
C4H2
C5
C6H3

δ(1H) (ppm)
0.56
2.43, 3.49
3.73
2.21, 3.18
1.00

δ(13C) (ppm)
25.44
33.69
62.53

δ(15N) (ppm)

24.17
62.66
33.31
26.02

4.5.2 [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+
The solid state structures of the [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ cations
revealed that these molecules were isostructural and of high symmetry. It was therefore
surprising that their room temperature 1H NMR spectra (Figure 4.15) contained a large
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number of broad resonances, as well as sharp signals. In the case of [Cd(Me8tricosane)]2+,
at least seven resonances with relatively narrow linewidths were observed between 0.5
and 1.2 ppm, which were assigned to CH3 protons. In addition, a large number of broader
signals at lower field were present from the CH2 groups, and possibly also secondary
amine protons.

Figure 4.15 1H NMR spectra of [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ in DMSO-d6 at 25 °C.

The 1H NMR spectrum of [Hg(Me8tricosane)]2+, on the other hand, contained one very
sharp and intense resonance in the CH3 region of the spectrum, along with another broad
and intense peak, as well as several lower intensity resonances in the same region. These
observations, together with the large number of broad resonances of low intensity in the
CH2 and NH regions of the spectrum, suggests that at least two conformations of the
mercury complex were present in solution. The two sharp resonances in the methyl region
at 0.60 and 0.90 ppm may correspond to a complex with C3h symmetry. However, unlike
the 1H NMR spectrum of [Zn(Me8tricosane)]2+, it was not possible to identify the
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corresponding CH2 or NH resonances. In the case of [Cd(Me8tricosane)]2+, it was also not
immediately apparent which resonances, if any, in the CH2 and NH regions of the
spectrum correspond to a highly symmetric form of the complex.
The room temperature

13

C NMR spectrum of [Cd(Me8tricosane)]2+ in DMSO (Figure

4.16) was also far more complicated than what would be expected if the solid state
structure was retained upon dissolution. There were a large number (~12) of sharp, intense
resonances present, along with a greater number of much weaker and broader resonances.
This was particularly true of the downfield region of the spectrum, where signals arising
from the methylene carbons were expected. This observation, along with the presence of
at least ten 1H resonances in the CH3 region of the spectrum, indicates there were a
minimum of two different conformations of the metal complex in solution.

Figure 4.16 13C NMR spectra of [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ in DMSO-d6 at 17 °C.
Resonances highlighted with * may belong to a C3h symmetric form of the mercury complex.
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The room temperature

13

C spectrum of [Hg(Me8tricosane)]2+ (Figure 4.16) was also

consistent with the conclusion that there are at least two interconverting conformations
of the metal complex in solution. Several sharp and intense resonances were observed
throughout the 13C spectrum, together with a larger number of weaker resonances. As the
singlet resonances in the 13C spectrum were easier to resolve than the multiplets in the
corresponding 1H spectrum, it was possible to identify intense resonances that most likely
arise from a C3h symmetric form of the mercury complex. These include resonances at
26.6, 27.6, 33.1, 34.3 and 59.2 ppm, with the remaining CH2 resonance being either too
broad to be observed, or obscured by overlap with other signals.
In order to further explore the origins of these unexpectedly complex 1H and 13C NMR
spectra, it was decided to record them again at several different temperatures. Figure 4.17
shows representative solution 1H NMR spectra of [Cd(Me8tricosane)]2+ between -35 °C
and 130 °C. When the temperature was increased all proton resonances broadened and
coalesced resulting, at the highest temperature examined, in just six resonances being
present in the spectrum. This is consistent with a single, symmetric (C3h) form of the
complex now being present or, more likely, an average structure with C3h symmetry
resulting from rapid interconversion on the NMR time scale of two or more conformers.
The two broad multiplets at δ(1H) = 2.93 and 2.69 ppm in the spectrum obtained at 130
°C, were assigned to the CH2 groups in the caps and straps of the molecule, respectively,
on the basis of the similarity of this spectrum to that of [Zn(Me8tricosane)]2+ at high
temperature (Figure 4.11). This left the most deshielded multiplet at δ(1H) = 3.17 ppm,
which was assigned to the six equivalent NH protons. When the sample was returned to
25 °C, the original spectrum was obtained again, supporting the conclusion that multiple
conformations were present in solution which were capable of interconverting rapidly.
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Figure 4.17 1H VT NMR spectra of [Cd(Me8tricosane)]2+ in DMSO-d6 (25, 80 and 130 °C) and 1:3
DMSO-d6:CD3CN (-5 and -35 °C).

Cooling the solution of [Cd(Me8tricosane)]2+ resulted in the number of signals in the CH2
region of the 1H NMR spectrum between 2.0 and 3.5 ppm increasing. This supports the
conclusion that at least two conformations of the cadmium complex were present in
solution, although it is still not clear exactly how many resonances were present. Despite
being able to distinctly observe a number of additional resonances, it was not possible to
identify how many conformations were present at any given temperature, and what
symmetry those conformations may have.
Representative 13C NMR spectra of [Cd(Me8tricosane)]2+ obtained at 17 °C and different
higher temperatures are shown in Figure 4.18. Increasing the temperature also resulted in
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the coalescence of many of the resonances observed at the lower temperature, providing
further evidence that interconversion of multiple conformers of the complex was taking
place in solution. Furthermore, a total of six 13C resonances were observed at the highest
temperature explored, 125 °C, which supports the conclusion that [Cd(Me8tricosane)]2+
has on average C3h symmetry at these high temperatures.

Figure 4.18 13C VT NMR spectra of [Cd(Me8tricosane)]2+ in DMSO-d6.

2D NMR techniques including HSQC spectroscopy (Figure 4.19), were used to determine
the number of unique resonances present for [Cd(Me8tricosane)]2+ at -35 °C. The CH2
region of the 13C HSQC spectrum (Figure 4.19A) revealed a total of 8 relatively intense
carbon resonances. This is short of the 12 resonances required for an asymmetric
conformation, but still more than the 6 resonances which would indicate C2 symmetry.
153

Adjusting the intensity of the spectrum revealed an additional 12 resonances of moderate
intensity, which is consistent with an asymmetric conformation of the complex. Even
more resonances were visible but of low intensity. This may indicate that an additional
asymmetric conformation was present, however the resonances were of such low intensity
it is hard to discern real signals from the baseline. The CH3 region of the spectrum (Figure
4.19B) features a total of 18 resonances. This number requires there to be more than two
conformations present in solution, however it doesn’t give any further indication as to the
symmetry of these conformations.

A

B

Figure 4.19 Regions of the 13C-HSQC spectra of [Cd(Me8tricosane)]2+ in 1:3 DMSO-d6:CD3CN obtained
at -35°C: A) CH2 region, B) CH3 region.
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Representative solution 1H NMR spectra of [Hg(Me8tricosane)]2+ obtained at a variety of
low and high temperatures are shown in Figure 4.20. Changing the temperature of the
solution resulted in a similar series of changes to the appearance of the spectrum as those
observed for both the zinc and cadmium complexes. This therefore suggests that rapid
interconversion of multiple conformers of the mercury complex was taking place in
solution at the higher temperatures, yielding an average structure with C3h symmetry. The
five resonances can be similarly assigned.

Figure 4.20 1H VT NMR spectra of [Hg(Me8tricosane)]2+ in DMSO-d6 (25, 100 and 130 °C) and 1:3
DMSO-d6:CD3CN (-5 and -25 °C).

At high temperatures, the methyl region of the spectrum contained two resonances, with
that at 1.06 ppm being of greater intensity, and assigned to the six equivalent strap CH3
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groups in the C3h symmetric species. Lowering solution temperature resulted initially in
this signal becoming increasingly broad, whilst at low temperatures it split into six
separate sharp resonances. In contrast, the other methyl 1H NMR resonance present in the
high temperature spectra became sharper as the temperature was lowered to 25 °C, and
then split into two distinct resonances at even lower temperatures.
The methyl regions of the low temperature 1H NMR spectra of the cadmium and mercury
complexes are therefore similar to each other. In the case of the mercury complex, only 8
resonances were present in this region of the spectrum, which is consistent with the
presence of one asymmetric conformation that undergoes rapid interconversion as the
temperature is raised. In contrast, the same region of the spectrum of the cadmium
complex contains more signals, hinting that there might be more than one lower symmetry
conformation present along with the C3h symmetric species.
The CH3 region of the 1H NMR spectrum of the mercury complex showed a number of
well resolved signals at low temperatures. In contrast, the CH2 region remained poorly
defined at low temperature, with a very large number of overlapping resonances resulting
in a number of broad spectral features. This was also true for the low temperature 1H
NMR spectrum of the cadmium complex, and most likely reflects varying rates of
interconversion of proton environments in different parts of the cage complexes.
The results of variable temperature

13

C NMR spectral measurements on the mercury

complex (Figure 4.21) are consistent with the interpretation above, based on the variable
temperature 1H NMR spectra. At -25 °C, eight resonances were visible between 20 and
30 ppm, which were assigned to the eight methyl groups of an asymmetric conformation
of the complex. The other regions of the low temperature spectrum contain a mixture of
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sharp and broad resonances, suggesting that conformer interconversion processes were
still occurring rapidly with respect to the 1H NMR time scale for some proton
environments. For example, only three resonances were visible between 32 and 37 ppm,
which corresponds to three out of the expected five quaternary carbons. A further seven
resonances were present between 55 and 70 ppm, which are attributable to some of the
twelve methylene groups. To discount the possibility that multiple resonances were
occurring at the same chemical shift, a HSQC spectrum was acquired at -25 °C (Appendix
Figure 7.3). This spectrum showed the same number of resonances as were observed in
the 13C NMR spectra, confirming the above interpretation. The remaining resonances in
the -25 °C spectrum shown in Figure 4.21 must therefore be much broader than the others.

Figure 4.21 13C VT NMR spectra of [Hg(Me8tricosane)]2+ in DMSO-d6 (17 °C) and 1:3 DMSOd6:CD3CN (-5 and -25 °C).
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4.6

Computational Studies: Asymmetric Complexes

The NMR spectra of the zinc, cadmium and mercury complexes of Me8tricosane all
provided evidence that multiple conformations were interconverting in solution. For the
zinc complex, it was highly likely that one of these conformations is the symmetric form
observed in the solid state structure. However, the large number of NMR resonances
observed in the spectra of all three complexes provides evidence that in each case that
there is also at least one asymmetric complex also present. No evidence was obtained
previously from NMR spectroscopy for the existence of similar equilibria in room
temperature solutions containing the analogous Me5tricosane complexes. However, it was
reported that heating a sample of [Zn(Me5tricosane)]2+ resulted in a reduction of the
number of resonances in both its 1H and 13C NMR spectra.[17] This was attributed to rapid
interconversion between the Λ(S6) and Δ(R6) enantiomers of the zinc complex, which
resulted in a spectrum at high temperatures that reflected the presence of a structure with
average C3h symmetry (an effective R3S3 set of nitrogen atom configurations). This
process was proposed to involve R/S inversions at the nitrogen atoms, which became fast
on the 75 MHz NMR timescale at high temperatures due to lability of the Zn-N bonds.[17]
Inversion of one or more nitrogen atoms is also a possible explanation for the occurrence
of multiple conformations in solutions containing the zinc, cadmium or mercury
complexes of Me8tricosane. For example, the number of resonances in the solution NMR
spectra of [Zn(Me5tricosane)]2+ are consistent with a highly symmetric molecule, as
expected from the solid state structure of the complex, which shows it exists in Λ(S6) and
Δ(R6) forms. Changing the configuration of just one nitrogen atom would be expected to
result in the symmetry of the complex being lost, and a much greater number of NMR
resonances being observed.
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While changes in ring conformation in both the caps (λ or δ) and straps (chair or boat) of
the complexes would result in overall asymmetry, preliminary results indicated that this
was unlikely to be the origin of the asymmetric species observed in the NMR spectra. For
the caps, all computational results suggest that the three rings always have the same
chirality as each other, and interconvert simultaneously, and as such symmetry is not
broken during these processes. For the straps, the ring configuration has been found to be
highly dependent on the stereochemistry of the two nitrogen atoms, with SS and RR sets
of nitrogen configurations producing a boat configuration and opposing (SR) nitrogen
configurations producing a chair. Any other distortions that may occur would be
relatively minor and can be expected to interconvert rapidly on the NMR timescale at
room temperature.
Evidence that nitrogen inversion may be what was occurring was provided by the
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N

HSQC spectrum of [Zn(Me8tricosane)]2+, obtained at low temperature (Figure 4.13). This
spectrum contained an NH resonance at δ(1H) = 1.99 ppm, which was 1.5 ppm further
upfield from those of the other NH resonances arising from the asymmetric form of the
metal complex. One possible reason for this resonance occurring at such a unique
chemical shift is because it corresponds to a nitrogen atom with a configuration which is
inverted relative to that of the other five (i.e. the metal complex has an overall RS5 or R5S
configuration). To investigate this possibility, and to determine if nitrogen atom inversion
could also explain why multiple conformations were present in the solutions used to
obtain 1H and

13

C NMR spectra of [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ at

room temperature, a series of DFT calculations were performed.
The results of these calculations are presented in Figure 4.22. The different plots show
the relative energies of optimised structures of the three metal complexes with different
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sets of nitrogen atom configurations. For each metal complex, the calculations revealed
multiple conformations existed which differed sometimes in the chirality of the rings in
the two caps, and in some instances by other subtle variations in molecular geometry. In
the case of [Zn(Me8tricosane)]2+, the energy of all optimised structures with an R6 set of
nitrogen atom configurations was virtually identical, as was the case for structures with
either an RS5 or S6 set of nitrogen atom configurations. In contrast, when
[Zn(Me8tricosane)]2+ geometries with an R3S3 set of nitrogen atom configurations were
investigated, major subsets of optimised structures were revealed by the calculations.
Structures within each of these subsets contained nitrogen atom configurations that made
them equivalent by rotation about the C3 or C2 axes. For example, in the centre of Figure
4.22A there is a cluster of data points centred near 0 kJ mol-1. The configurations of the
nitrogen atoms in these molecules were exactly the same was what was observed in the
solid state structures of [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+. In other words,
in one cap all nitrogen atoms had an S configuration, whereas in the other they all had an
R configuration. Also located in the centre of Figure 4.22A is a cluster of data points that
corresponded to asymmetric structures in which the caps had opposing S2R and SR2
configurations (i.e. each strap contained an S and an R nitrogen). These structures were
each approximately 1 kJ mol-1 higher in energy than those referred to above. The
remaining data points in the centre of Figure 4.22A correspond to structures with even
higher energies, and correspond to structures where two straps contained nitrogen atoms
that both had either an S or R configuration. This includes two optimised geometries with
relative energies of ~ 20 kJ mol-1 that were also shown to be present for complexes with
this latter set of nitrogen atom configurations. Conformations such as these, which are
found at high relative energies throughout Figure 4.22, correspond to optimised
geometries that contain relatively high amounts of strain.
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A

B

C

Figure 4.22 Effect of changing nitrogen atom configuration on the relative energies of metal complexes
of Me8tricosane: A) [Zn(Me8tricosane)]2+, B) [Cd(Me8tricosane)]2+, and C) [Hg(Me8tricosane)]2+.
Symmetry of computed structures: ¬ C1, ³ C2, Ã C3.
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The three plots in Figure 4.22 have a number of features in common. When all the
nitrogen atoms in a given metal complex have either the R or S configuration, the
optimised geometries all have very similar energies to each other, owing to the similarity
in their structures. Changing the configuration of one nitrogen atom resulted in a greater
number of conformations becoming available in the case of the zinc, cadmium and
mercury complexes. However, the greatest range of such structures was found for
molecules with an R4S2, R3S3 or R2S4 sets of nitrogen atom configurations. For each of
these, there were typically at least two or three clusters of optimised structures, with the
energies of the individual structures within a cluster differing by at most ~ 5 kJ mol-1.
For all three metal complexes the calculations predicted that a conformation with an R3S3
set of nitrogen atom configurations, and pseudo C3 symmetry, has the lowest energy. This
result is consistent with the potential energy surfaces presented earlier for these
complexes with forced C3 symmetry (Figure 4.4). In contrast, the lower energies of the
zinc and cadmium complexes with an R6 set of nitrogen atom configurations, relative to
the same metal complexes with an overall S6 configuration, is surprising. During the
optimisation processes, the strain present in the initial geometries of the zinc and
cadmium complexes with an R6 configuration resulted in a distortion of the molecular
geometry so that it approached trigonal prismatic. As R6(Λ) and S6(Δ) are equivalent,
consequently these structures are also equivalent to those calculated in the potential
energy surfaces in Figure 4.4 for the S6 geometry near 0° (Figure 4.4A primarily depicts
the S6(Λ) enantiomer, and in this context negative twist angles indicate that the complex
has twisted to an overall Δ chirality). Conversely, molecules with an initial S6 set of
nitrogen atom configurations were found to have geometries that were relatively
unstrained. As a result, the majority of calculations using an S6 set of nitrogen
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configurations as a starting point afforded local minima with trigonal twist angles close
to the initial 60°. The resulting relatively high energies for the cadmium and mercury
complexes in these cases are again consistent with the results shown in Figure 4.4.
Looking at the results for [Zn(Me8tricosane)]2+ shown in Figure 4.22A, it can be seen that
molecules with an RS5 set of nitrogen atom configurations have very similar energies to
their S6 analogues. In view of this, as well as the two types of conformations differing
only in the configuration of one nitrogen atom, it is reasonable to propose that both could
be present at the same time in solution. In addition, the distortion in molecular geometry
caused by inversion of one nitrogen atom could account for the large increase in number
of resonances observed in the solution NMR spectra.
Some conformations of [Zn(Me8tricosane)]2+ with an R2S4 set of nitrogen atom
configurations were calculated to have a lower relative energy than those with either a S6
or RS5 set. Despite this, accessing the former structures would require two nitrogen atom
inversions to take place, and would be likely to produce a complex with overall C2
symmetry. Such molecules would not be expected to be as accessible in a kinetic sense,
and would also not be expected to show as many peaks in the NMR spectra. For similar
reasons, it is unlikely that the asymmetric conformation observed in the NMR spectra has
an R3S3 set of nitrogen atom configurations.
In the case of the results obtained for [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+
(Figure 4.22B and C), structures with either an R2S4 or R4S2 set of nitrogen atom
configurations were found to have similar energies to each other. Furthermore both sets
of structures were only ~ 10 kJ mol-1 higher in energy than those with an R3S3 set of
nitrogen atoms, and would be formed via just a single nitrogen inversion starting from
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the latter. It is important to note, however, that at trigonal twist angles near 0°, complexes
adopting R2S4 and R4S2 sets of configurations are likely to be enantiomeric. Therefore,
the availability of these two conformations with apparently different configurations,
doesn’t necessarily explain why the solution NMR spectra of the cadmium and mercury
complexes were more complicated those of the zinc complex. In the case of
[Hg(Me8tricosane)]2+, where the NMR results indicated that one asymmetric
conformation was dominant in solution, it is likely that one of these conformations was
present. For [Cd(Me8tricosane)]2+, where multiple asymmetric conformations were
observed, one possible explanation for the complexity of the NMR spectra is likely that
molecules with the R2S4 conformation were present alongside others with either an R5S or
an asymmetric R3S3 set of nitrogen atom configurations. In both of the latter cases Figure
4.22 shows that these configurations are lower in energy for [Cd(Me8tricosane)]2+ than
they are for [Hg(Me8tricosane)]2+. This may therefore explain why the spectrum of the
latter contains only one dominant conformation.

4.7

Computational Studies: Investigating the Effects of
Using Different Functionals

During the course of calculations performed to determine the effect of trigonal twist angle
on total energy, it was revealed that the most stable form of [Zn(Me8tricosane)]2+ had an
R3S3 set of nitrogen atoms and a trigonal twist angle of 0° (Figure 4.4). This was a
surprising result as the solid state structure of the zinc complex features a cation with
either an S6 or enantiomeric R6 set of nitrogen atoms. One possible explanation for this
difference was that the functional used during these initial calculations (B3LYP) was not
suitable for calculating the relative energy of these conformations. It is worth noting that
B3LYP features some empirical parameters that have been fit by its authors. Although
164

these are generally applicable they may introduce errors. Therefore additional
optimisations were performed at each local minimum in the potential energy surface for
the S6 and R3S3 conformations in Figure 4.4 but this time using PBE[36, 37] and TPSS[38] as
examples of pure (non-empirical) functionals. The results of these calculations are shown
in Figure 4.23, which also illustrates the entire potential energy surface calculated using
B3LYP in order to facilitate comparison. The results of the new calculations performed
using the PBE functional showed that the R3S3 configuration still had the lowest energy,
but was now only favoured by less than 4 kJ mol−1. In contrast, calculations using the
TPSS functional indicated that the S6 configuration had the lowest energy when the
trigonal twist angle was ~ 45°. In this case the difference in energy between this
conformation and all others was now less than 1.0 kJ mol-1.
A

B

Figure 4.23 Effect of changing the functionals used during DFT calculations to determine the position of
local minima, on the potential energy surfaces of [Zn(Me8tricosane)]2+: A) complex with an S6 set of
nitrogen atom configurations; and B) complex with an R3S3 set of nitrogen atom configurations. Closed
circles show results obtained from calculations performed with the solvent field for water; open circles
indicate calculations run without the solvent field.

A further set of calculations was performed using the PBE, TPSS and B3LYP functionals
without solvent corrections. Removing the solvent field lowered the energies of the
165

experimentally observed geometries calculated using all functionals. Under these
conditions the TPSS functional again predicted that [Zn(Me8tricosane)]2+ molecules with
an S6 set of nitrogen atom configurations, and trigonal twist angle of ~ 45°, would be the
most energetically preferred. However, it should be noted that in all cases the energy
differences between different conformations were low, and may be overcome by packing
forces in the solid state.
4.7.1 Incorporation of Dispersion Effects
A final set of calculations was undertaken to determine if incorporating dispersion effects
would change the relative energies of calculated geometries. These were performed using
the TPSS functional with the D2[21] and D3[39] versions of Grimme’s dispersion method,
as well as the APFD,[40] B97D[21] and wB97xD[41] functionals. The results of these
calculations are shown in Figure 4.24, which also illustrates the entire potential energy
surface calculated using B3LYP to facilitate comparison. In each case, when a functional
incorporating dispersion effects was used, the calculations showed that the lowest energy
structure was one with an S6 set of nitrogen atom configurations and a twist angle of ~
47°. Furthermore the energies of the structures corresponding to all other minima were
significantly higher. For example, when Grimme’s D2 dispersion was added to the TPSS
functional the calculated local minimum for structures with an R3S3 set of nitrogen atom
configure,tions and twist angle near 0˚ was now 78 kJ mol-1, which was the highest
relative energy obtained.
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A

B

Figure 4.24 Effect of changing the functionals used during DFT calculations to determine the position of
local minima, on the potential energy surfaces of [Zn(Me8tricosane)]2+: A) complex with an S6 set of
nitrogen atom configurations; and B) complex with an R3S3 set of nitrogen atom configurations.

A total of five different combinations of functionals and dispersion effects were used in
attempts to calculate the five energy minima observed in calculations starting with the S6
or R3S3 set of nitrogen atom configurations. Of these five different types of computational
experiments, only those performed using B97D converged in all five structures. When
the calculations were performed using the APFD functional, or with the TPSS functional
together with either the D2 or D3 version of Grimme’s dispersion, no convergence was
observed during attempts to optimise the geometry of the complex with an S6 set of
nitrogen atom configurations near 0° twist angle. In contrast, the wB97XD functional did
not succeed for the structure with an R3S3 set of nitrogen atom configurations near 0° twist
angle. The inability to obtain convergence suggests that for these functionals the optimal
geometry is very different to that calculated with B3LYP, which was the starting point
for all calculations.
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4.7.2 Calculations performed using B97D
The previous section showed that results obtained from calculations performed with
dispersion effects varied significantly from when the experiments were carried out
without taking hydrophobic forces into consideration. It was therefore decided to repeat
key experiments described earlier in this chapter but using B97D as the functional. Two
of these experiments centred on investigating the effect of M-N bond distance on trigonal
twist angle, and looking at how the set of nitrogen atom configurations varied amongst
energy minimised structures for specific complexes of Me8tricosane. The results of these
experiments are presented in Figure 4.25 and Figure 4.26, respectively. The general
distributions of points in these two figures were very similar to those in Figure 4.7 and
Figure 4.8. There were, however, some important differences, including that distorted
octahedral geometries with twist angles between 20 – 30° were found for complexes with
a larger range of M-N bond distances. Furthermore when the calculations were repeated
using the B97D functional, some complexes of both Me5tricosane and Me8tricosane with
M-N bond distances > 2.5 Å were found to exhibit distorted octahedral geometries. In
contrast, when the M-N bond distance was > 2.35 Å and the calculations were performed
using the B3LYP functional all complexes of both ligands were found to have geometries
very close to trigonal prismatic. A further difference was that fewer examples of
complexes of Me8tricosane with distorted octahedral geometries were found when the
calculations were performed using B97D.
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A

B

Figure 4.25 Effect of metal–nitrogen bond distance on trigonal twist angle of metal complexes of: A)
Me5tricosane and B) Me8tricosane.
Red = metal complexes without crystal field stabilisation energy (d0, high-spin d5, and d10); blue = metal
complexes with crystal field stabilisation energy (all other configurations).

A

B

Figure 4.26 Nitrogen atom configurations of energy-minimised, calculated structures of metal complexes
with different trigonal twist angles: A) Complexes of Me5tricosane and B) complexes of Me8tricosane.
Red = metal complexes with a R3S3 set of nitrogen atom configurations; Purple = metal complexes with
an S6 set of nitrogen atom configurations.

This suggests that such complexes with such geometries were much less favourable, with
only four examples apparent in Figure 4.25 and Figure 4.26. Instead complexes of
Me8tricosane adopted geometries in which the trigonal twist angle was close to that of
one of the limiting forms. This resulted, for example, in a greater number of complexes
expected to show CFSE effects exhibiting trigonal prismatic geometries. Further subtle
differences were detected after comparing the distributions of complexes with S6 and R3S3
sets of nitrogen atom configurations in Figure 4.8 and Figure 4.26. In the case of
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Me5tricosane the distribution was unchanged, with all octahedral complexes showing an
S6 set of nitrogen atom configurations, whilst both heavily distorted octahedral and
trigonal prismatic complexes instead always showing R3S3 sets of nitrogen atom
configurations. For Me8tricosane the results obtained using the B97D functional were
also very similar to those derived using B3LYP. Complexes with a geometry close to that
of a perfect octahedron were in both cases found to only have an S6 set of nitrogen atom
configurations. However, for complexes with either a distorted octahedral or trigonal
prismatic geometry, examples were found where the nitrogen atoms all had the same
configuration (i.e S6) or where they were different in the two caps of the molecule (i.e.
R3S3).
Despite these subtle differences, the results obtained using the B79D functional were still
in general agreement with those obtained using B3LYP as they also indicated that
geometries with twist angles near 0° are not favourable for complexes with M-N bond
distances > 2.35 Å.
Calculations which aimed to investigate the effect of varying the configuration of the
nitrogen atoms on the total energy of the zinc(II), cadmium(II) and mercury(II) complexes
were also repeated using the B97D functional. The results obtained from these studies are
presented in Figure 4.27. One of the most striking differences between the data presented
in Figure 4.27, and that shown in Figure 4.22 which was obtained using the B3LYP
functional, is that for the zinc(II) complexes the results generated using B97D were spread
over a much larger range of energies, while for cadmium(II) complexes occupied a much
lower range of energies. In contrast, the range of energies calculated for different
conformations of [Hg(Me8tricosane)]2+ was still approximately the same. The most
important difference between Figure 4.22A and Figure 4.27A, however, is that the results
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obtained using B97D now suggested that [Zn(Me8tricosane)]2+ should have an S6 set of
nitrogen atom configurations in its lowest energy conformation, in concordance with the
solid state structure of this compound. It is also apparent from inspection of Figure 4.27A
that the other species likely to have been observed in the solution NMR studies of this
complex is that with an RS5 set of nitrogen configurations, which is ~8 kJ mol-1 higher in
energy than the symmetric form. Comparison of the data presented in Figure 4.22B/C and
Figure 4.27B/C reveals one additional important result. For both the cadmium and
mercury complexes, the minimum energies of all other conformations were closer to that
of the lowest energy R3S3 conformation when the B97D functional was used. In the case
of [Cd(Me8tricosane)]2+, this resulted in all alternative conformations being within just
10 kJ mol-1 of the global minimum. This is consistent with the observation of multiple
forms of the complex in solution using NMR spectroscopy. For [Hg(Me8tricosane)]2+, the
structure with an R4S2 set of nitrogen atom configurations was the next lowest in energy
besides that with an R3S3 set of nitrogen atoms. Therefore the former structure, which was
only ~ 3 kJ mol-1 higher in energy than the latter, remains the most likely candidate for
the asymmetric conformation observed during the NMR investigation.
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B

C

Figure 4.27 Plots of relative energies of different conformations of metal complexes with varying sets of
nitrogen atom configurations:
A) [Zn(Me8tricosane)]2+, B) [Cd(Me8tricosane)]2+, and C) [Hg(Me8tricosane)]2+.
Symmetry of computed structures: ¬ C1, ³ C2, Ã C3.
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4.8

Conclusions

[Zn(Me8tricosane)]2+,

[Cd(Me8tricosane)]2+,

and

[Hg(Me8tricosane)]2+

were

all

successfully synthesised and characterised in the solid state and in solution. The single
crystal X-ray structures of all three complexes were found to be very similar to those of
the analogous complexes of Me5tricosane. In both cases the zinc(II) complexes adopted
a distorted octahedral geometry, while the cadmium(II) and mercury(II) complexes
adopted a trigonal prismatic geometry. The zinc(II), cadmium(II) and mercury(II)
complexes of Me8tricosane exhibited longer M-N bond distances compared to their
Me5tricosane analogues. This indicated that the Me8tricosane cage provides a cavity
which enables metal ions to form complexes with longer M-N bond distances.
Computational studies on a wide range of theoretical complexes of Me5tricosane and
Me8tricosane indicated that metal complexes with both ligands would adopt trigonal
prismatic geometries when the M-N bond distance was > 2.35 Å. All currently known
examples of trigonal prismatic complexes of Me5tricosane or Me8tricosane have M-N
bond distances which exceed this threshold value.
Room temperature 1H and

13

C NMR studies performed on all three metal complexes

resulted in spectra which were much more complicated than expected, given the D3 and
C3h symmetric structures observed in the solid state. However, in all cases the spectra
reversibly simplified when the samples were heated, indicating that the solutions
contained mixtures of different conformations that undergo rapid interconversion at
elevated temperatures. For [Zn(Me8tricosane)]2+, the solution NMR results were
consistent with a very symmetric conformation of the complex being the dominant form
present in solution at room temperature. For [Cd(Me8tricosane)]2+, it was clear based on
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the NMR evidence there were at least two conformations present in solution, with at least
one having an asymmetric structure. For [Hg(Me8tricosane)]2+, the NMR results pointed
to a single asymmetric conformation being the dominant species in solution at low
temperature, while at room temperature a second minor species was also present.
Computational studies were performed to investigate the effect of varying the
stereochemistry of the set of six nitrogen atoms in each complex on the relative energies
of [Zn(Me8tricosane)]2+, [Cd(Me8tricosane)]2+, and [Hg(Me8tricosane)]2+. This study was
undertaken to shed light on the identity of the species likely to be present in the NMR
samples at different temperatures. The results of these studies suggested that the
predominant species in solutions containing [Zn(Me8tricosane)]2+ is most likely that
containing an S6 set of nitrogen atom configurations, while the minor component detected
probably has a RS5 set. It was concluded that solutions containing [Hg(Me8tricosane)]2+
were likely to contain significant amounts of structures with both R3S3 and R4S2 sets of
nitrogen atom configurations.
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5.1

Introduction

The results presented in the previous chapter showed that the zinc(II), cadmium(II) and
mercury(II) complexes of Me8tricosane can adopt more than one conformation in
solution, including structures that are asymmetric and result in a large number of signals
in NMR spectra. These results were initially surprising, as NMR spectra of the analogous
complexes of these three metal ions with Me5tricosane provided no evidence of similar
behaviour.[1] Despite this, the results presented in Chapter 4 were not entirely unexpected,
as a variety of solid state structures have been reported previously for the cobalt(II)[2] and
copper(II)[3] complexes of Me8tricosane, in which they are present in different
diastereoisomeric forms.[2, 3] For example, the nitrate and tetrachlorozincate salts of
[Co(Me8tricosane)]2+ have been shown to have S6 and R2S4 sets of nitrogen atoms,
respectively.[2] In contrast, all previous solid state structures of metal complexes of
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sarcophagine-type ligands, or Me5tricosane, have featured enantiomeric R6/S6 sets of
nitrogen atom configurations.
The ability of [Co(Me8tricosane)]2+ to exist in more than one diastereoisomeric form in
the solid state was previously attributed to this particular hexaamine ligand being
significantly more flexible than those previously studied. This conclusion is supported by
recent studies on [Cu(Me8tricosane)]2+, which showed that it could also be isolated in
different forms in the solid state. These include a diastereoisomer featuring an RS5 set of
nitrogen atom configurations, which was observed for a structurally characterised sample
of the nitrate salt. In addition, X-ray crystallographic analysis of the corresponding
dithionate salt revealed a five coordinate structure with an RS4 set of nitrogen atom
configurations, and a non-bonded Cu-N vector which suggested that the sixth nitrogen
atom would have also initially had an S stereochemistry.[4] Crystals of a protonated form
of the copper complex, [Cu(Me8tricosaneH)](NO3)3, have also been isolated from
solutions acidified to pH 1. This complex was shown using X-ray structural methods to
be five-coordinate, with the sixth nitrogen atom being protonated. The five nitrogen atoms
coordinated to the metal ion exhibited yet another unprecedented set of nitrogen atom
configurations, namely R3S2, with the three R nitrogens all being located in the same cap
of the molecule.[4] This structure is therefore closely related to those observed in the solid
state for the cadmium(II) and mercury(II) complexes of Me5tricosane and Me8tricosane.
In each case the cadmium or mercury ion was shown to have an R3S3 set of nitrogen
atoms, with all nitrogen atoms showing the same configuration being located in the same
cap of the molecule.
There is therefore prior evidence that different diastereoisomeric forms can occur in the
solid state for metal complexes of Me8tricosane. In addition, the results of a preliminary
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investigation into the solution 1H NMR spectra of [Co(Me8tricosane)]2+ suggested these
isomers probably also exist in solution.[2] The spectra reported in this literature study
contained signals spread over a very large chemical shift range, owing to the
paramagnetic cobalt(II) centre. Despite this, it was possible to conclude, on the basis of
the 15 distinct resonances observed, that the two isomers observed in the
crystallographically characterised samples were both present in D2O solution.[2]
In a subsequent investigation described only in a PhD thesis, it was noted that the 1H
NMR spectrum of [Co(Me8tricosane)]2+ in D2O was the same regardless of whether
crystals of the nitrate or tetrachlorozincate salt were used.[5] This indicated that the two
diastereoisomeric forms observed in solid state structures were capable of interconverting
in solution. It was also reported in this earlier PhD study that the 1H NMR spectrum of
[Co(Me8tricosane)](CH3COO)2 varied markedly when dissolved in water, ethanol,
methanol, DMSO and chloroform.[5] These results suggest that the number of
diastereoisomers present in solution, and their relative amounts, might be dependent on
factors such as solvent polarity and hydrogen bonding properties.
The individual Co-N bonds in [Co(Me8tricosane)]2+ are, like those in the corresponding
zinc(II), cadmium(II) and mercury(II) complexes, expected to be labile. This is most
likely a contributing factor to the range of diastereoisomeric forms characterised in the
solid state for metal complexes of this ligand. A difference between the d10 metal
complexes of Me8tricosane on the one hand, and the cobalt(II) complex on the other, is
that the former are not expected to exhibit a preference for an octahedral geometry owing
to crystal field stabilisation effects. In contrast, the properties of [Co(Me8tricosane)]2+ are
expected to be influenced by a significant crystal field stabilisation energy for this high
spin d7 system. This might be expected to result in fewer energetically-accessible
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diastereoisomeric forms, or alternative conformational isomers for [Co(Me8tricosane)]2+,
compared to the d10 complexes discussed in the previous chapter. It was therefore of
interest to extend the computational studies performed previously on the zinc(II),
cadmium(II) and mercury(II) complexes of Me8tricosane, to the corresponding cobalt(II)
complex to test this hypothesis. This chapter reports the results of these additional
theoretical investigations, as well as those obtained from an extended investigation into
the 1H NMR spectra of [Co(Me8tricosane)]2+ in different solvents. This includes spectra
obtained of solutions prepared using solvents such as acetone and acetonitrile, which have
not been used previously to record spectra of this complex. In addition, 13C NMR spectra
of [Co(Me8tricosane)]2+ are reported here for the first time.

5.2

Experimental
5.2.1 Synthesis of [Co(Me8tricosane)](CH3COO)2.7H2O

[Co(Me8tricosane)](NO3)2 was synthesised as per the procedure described in Section
2.5.4, and converted to its acetate salt using the following procedure.[5] A column of
Dowex 1X8 (10 x 50 mm) was prepared in its acetate form. [Co(Me8tricosane)](NO3)2
was dissolved in a minimum amount of water and loaded onto the column. A single pink
band was eluted from the column using water and collected. Evaporating the solution to
low volume afforded crystals of [Co(Me8tricosane)](CH3COO)2.7H2O, which were used
in all NMR studies, and proved suitable for X-ray structural analysis.
5.2.2 NMR Spectroscopy
1

H NMR spectroscopic studies were performed using a Bruker Avance III 400 MHz

spectrometer at the University of New South Wales, with the assistance of Dr James
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Hook.

13

C NMR spectroscopic studies were performed using a Bruker Avance III 400

MHz spectrometer at the University of Wollongong. Samples for NMR studies were
prepared in a range of deuterated solvents as indicated.
5.2.3 Solution and Refinement of Crystal Structures
The results of crystallographic data collection and structure refinement on
[Co(Me8tricosane)](CH3COO)2.7H2O are summarised in Table 3.1. Data was collected
using an Oxford Diffraction SuperNova diffractometer and Cu Kα radiation with a
wavelength of 1.54184 Å. The complex crystallised in the space group Cmcm with 4
formula units per unit cell. The formula unit included 2 acetate anions and 7 water
molecules. There was considerable disorder present, resulting from both enantiomers of
the metal complex, and their associated unit cells, being present randomly throughout the
structure. The two cells were related to each other by discrete symmetry operations which
allowed deconvolution of the data. Details of the refinement process, which was
performed by Dr. Tony Willis, and Professor David Rae, of the Australian National
University, are contained in Appendix 7.3.
Table 5.1 Crystallographic data for [Co(Me8tricosane)](CH3COO)2.7H2O

Formula
M
a (Å)
b (Å)
c (Å)

C29H72N6CoO11
739.86
16.1837 (3)
18.2807 (4)
12.7836 (3)

V (Å3)
Dx (Mg m-3)

3782.02 (14)
1.299

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

150
Orthorhombic
Cmcm
4.065
0.031
0.059
4
2078
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5.2.4 Computational Methods
All DFT calculations discussed in this chapter were performed using the SDDall basis set
and the B97D density functional using a self-consistent reaction field for either water or
chloroform, as implemented in Gaussian 16 Revision A03.
Calculations were performed using the process described for the analogous complexes of
zinc(II), cadmium(II) and mercury(II) in the previous chapter (Section 4.2.4), but with
the metal ion changed to high spin cobalt(II). In short, optimisation calculations were
performed on 256 starting geometries representing all possible combinations of cap
conformations (δ and λ) and nitrogen atom configurations (R and S) for
[Co(Me8tricosane)]2+. All of the starting geometries were defined in Cartesian coordinates
without restraints.

5.3

Solution Structure of [Co(Me8tricosane)]2+
NMR studies performed using chloroform solutions

Figure 5.1 shows the 1H NMR spectrum of [Co(Me8tricosane)](CH3COO)2 dissolved in
CDCl3, recorded between -90 and +170 ppm. An earlier PhD study described the
spectrum obtained in this solvent as being much simpler than those recorded using
solutions of the complex in polar solvents.[5] In addition to intense 1H NMR resonances
from the solvent and acetate ion, Figure 5.1 shows a signal of medium intensity at 76.0
ppm, as well as three signals of medium to high intensity at -31.9, -45.7 and -49.8 ppm.
An additional broader resonance is present at -18.3 ppm, which is of comparable intensity
to the others. The chemical shifts of these five resonances were very similar to those in
the spectrum reported previously for this complex.[5] One notable difference, however,
was that the broad resonance at -18.3 ppm in Figure 5.1 was much sharper in the literature
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spectrum reported in the earlier PhD study. It is not known why this difference exists, or
why only one resonance appears to be affected. The five resonances described above are
consistent with what would be expected for a conformation of [Co(Me8tricosane)]2+ with
high symmetry.

Figure 5.1 1H NMR spectrum of [Co(Me8tricosane)](CH3COO)2 in CDCl3. Proposed assignments are
shown.

In contrast to the spectrum of [Zn(Me8tricosane)]2+ presented in the previous chapter, all
resonances in the spectrum of [Co(Me8tricosane)]2+ are singlets, due to the influence of
the paramagnetic cobalt(II) centre. While the lack of proton coupling provides the
spectrum with a very simple appearance, the absence of the additional information
typically provided by coupling constants was an impediment to arriving at definitive
assignments for the resonances. The signal at 76.0 ppm was tentatively assigned to the
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six equivalent amine protons of a symmetric form of [Co(Me8tricosane)]2+, in view of the
expected deshielding effects of the highly electronegative nitrogen atoms. The two most
shielded of the remaining four resonances were then assigned to methyl protons, leaving
the two remaining signals to be assigned to two different types of methylene groups.
These assignments were made assuming that the effect of the paramagnetic cobalt(II)
centre on all proton nuclei was approximately the same, and therefore the methyl signals
would still occur at more shielded chemical shifts than those arising from the methylene
groups.
In addition to the five prominent resonances discussed above, a number of very low
intensity signals are visible in the spectrum shown in Figure 5.1, which are spread over
an even wider range of chemical shifts. These suggest the presence of small amounts of
at least one additional conformation of [Co(Me8tricosane)]2+ with lower overall
symmetry. These resonances were not mentioned in the earlier PhD study,[5] or the short
communication that briefly commented on the 1H NMR spectrum of this complex.[2]
Figure 5.2 shows for the first time the

13

C NMR spectrum of a solution of

[Co(Me8tricosane)]2+, obtained using a sample of the acetate salt dissolved in CDCl3.
Aside from resonances from the solvent and acetate ions, a total of 15 other signals were
observed. Owing to the much wider than normal range of chemical shifts observed, it was
not possible to use 1H-decoupling whilst acquiring the

13

C NMR spectrum. As a

consequence, most of the signals show broadening owing to the presence of C-H
coupling. In a number of instances it was possible to identify the multiplicity of the
resonances observed. For example, resonances centred at 61.3, -40.0, -44.7 and -54.1 ppm
were identified as triplets, indicating that they arise from CH2 groups. In contrast, the two
comparatively narrow singlets at -73.7 and -89.4 ppm were assigned to quaternary carbon
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atoms, since they would not be expected to show any broadening from C-H coupling. The
multiplicity of the remaining broad resonances located between ± 150 ppm could not be
determined, preventing their assignment to CH2 or CH3 groups.

Figure 5.2 13C NMR spectrum of [Co(Me8tricosane)](CH3COO)2 in CDCl3.

The number of 13C resonances observed was surprising, given the relatively small number
of signals present in the 1H NMR spectrum, which indicated a single dominant
conformation was present in solution with overall D3 or C3h symmetry. Based on the 1H
NMR spectrum, it was anticipated that only six major resonances (two CH3, two CH2 and
two Cq) would be observed in the 13C spectrum. As the number of signals observed was
clearly greater than this, it appears that there may be some subtle variations in the
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chemical environments of the different types of carbon atoms, which do not result in
different chemical shifts for the protons they are attached to.
NMR studies performed using aqueous solutions
It was reported as part of a prior PhD study that the 1H NMR spectrum of a solution of
[Co(Me8tricosane)]2+ in D2O was more complex than that obtained using a chloroform
solution.[5] In order to verify this result, the spectrum of an aqueous solution of the acetate
salt of the complex was obtained, and is presented in Figure 5.3. It was immediately
apparent that the number of resonances was much greater than in the spectrum shown in
Figure 5.1, which was obtained using a chloroform solution. This result therefore
confirmed the results obtained in the earlier PhD study, in that the 1H NMR spectrum of
[Co(Me8tricosane)](CH3COO)2 is sensitive to the identity of the solvent used to dissolve
the sample. Furthermore the greater number of resonances present in Figure 5.3,
compared to Figure 5.1, suggests that processes leading to the formation and
interconversion of different diastereoisomers of [Co(Me8tricosane)]2+ are more
favourable in water than in chloroform. It had also been noted previously that the 1H
NMR spectra of solutions of [Co(Me8tricosane)]2+ in methanol and ethanol were very
similar to that of an aqueous solution, and distinct from that obtained using a chloroform
solution.[5] This may be related to the ability of water, methanol and ethanol as polar,
protic solvents, whereby they may participate in stabilising hydrogen bonding
interactions with the amine nitrogen atoms of the metal complex, including when they are
dissociated from the metal ion. These stabilising effects would not be as effective in a
non-polar solvent such as chloroform, which may account for the much simpler 1H NMR
spectrum observed in the latter solvent.
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Figure 5.3 1H NMR spectrum of [Co(Me8tricosane)](CH3COO)2 in D2O.

The 1H NMR spectrum shown in Figure 5.3 is very similar to that reported previously for
a solution of [Co(Me8tricosane)](CH3COO)2 in D2O.[5] Eight resonances with medium to
high intensity were at 37.8, 2.3, -12.1, -22.0, -24.3, -34.4, -40.7 and -45.0 ppm, along with
at least an additional 16 resonances with low intensity. The former eight resonances, along
with some of those of lower intensity, most likely correspond to an asymmetric form of
the complex that is the predominant species in solution. In addition, it is highly likely in
view of the very large number of resonances present in the spectrum, that at least one
asymmetric diastereoisomer was also present in solution. This conclusion is supported by
the much larger number of resonances with chemical shifts > 20 ppm in Figure 5.3,
compared to Figure 5.1. Another feature of the spectrum shown in Figure 5.3 is the much
higher intensity of the resonance at -22.0 ppm, compared to all others arising from the
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metal complex. Currently no explanation or assignment has been determined for this
resonance, however, it is worth noting that in the earlier PhD study a similar high intensity
peak was reported to be present at a similar chemical shift in the spectra of the metal
complex dissolved in DMSO and methanol.[5]
The

13

C NMR spectrum of a sample of [Co(Me8tricosane)]2+ dissolved in D2O was

obtained for the first time as part of the current study, and is shown in Figure 5.4. There
were a significantly greater number of resonances present in this spectrum than in the 13C
NMR spectrum of a CDCl3 solution of the metal complex, as shown in Figure 5.2. Both
the 1H and 13C spectra of [Co(Me8tricosane)](CH3COO)2 were therefore more complex
in D2O than in CDCl3. The

13

C spectrum in Figure 5.4 includes eight singlets between

201 and -85 ppm, at least some of which would be expected to arise from the quaternary
carbon atoms of the metal complex. A number of multiplets with lower intensity can also
be seen, including quartets at 3.9, 23.5, 27.7 and 31.9 ppm, that are assigned to CH3
groups. There was also a larger number of weaker, broad resonances present throughout
the spectrum. The large number of

13

C resonances lends support to the idea that the

complex is present, in significant amounts, in more than one diastereoisomeric form in
aqueous solution, in contrast to what was observed in chloroform.
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Figure 5.4 13C NMR spectrum of [Co(Me8tricosane)](CH3COO)2 in D2O at 25 °C.

Other Solvents
The above spectra confirmed the results of the earlier PhD study, which had suggested
there were significant differences between the 1H NMR spectra of [Co(Me8tricosane)]2+
dissolved in CDCl3 and D2O. In the previous investigation, it was also reported that the
1

H NMR spectra of the complex dissolved in methanol and ethanol were similar to that
189

obtained using D2O solutions. One possible explanation for the differences between the
spectra obtained in CD3OD, CD3CD2OD and D2O on the one hand, and that obtained
using chloroform on the other, is that the former are polar, protic solvents. This would
facilitate nitrogen atom inversion, and therefore formation of different diastereoisomers,
owing to the ability of solvents such as water and methanol to participate in stabilising
hydrogen bonding interactions with the nitrogen atoms of dissociated Co-N bonds. In
order to explore this idea further, it was decided to examine the 1H NMR spectra of
[Co(Me8tricosane)](CH3COO)2 in several other solvents, including some not used before.
The solvents chosen for examination were (CD3)2SO, CD3OD, (CD3)2CO and CD3CN.
While 1H NMR spectra of solutions of [Co(Me8tricosane)](CH3COO)2 dissolved in the
former two solvents have been reported previously,[5] this is the first occasion that spectra
have been obtained using deuterated acetone or acetonitrile. The latter solvents were
chosen because they are polar and aprotic, in contrast to water or methanol. As a
consequence, it was expected that spectra obtained using acetone and acetonitrile
solutions might more show some differences to those obtained using D2O and CD3OD,
and might in some respects more closely resemble those obtained using CDCl3 solutions.
Figure 5.5 shows the 1H NMR spectra of [Co(Me8tricosane)](CH3COO)2 dissolved in the
above four solvents, as well as those obtained using CDCl3 and D2O. The spectra obtained
using samples prepared in CD3CN and (CD3)2CO showed a number of similarities to each
other, as well as to the spectrum of a CDCl3 solution. Both of the former spectra showed
a relatively small number of resonances of medium to high intensity, suggesting there
was a single predominant diastereoisomer present in the solutions. This conclusion was
supported by the absence of large numbers of additional resonances with low intensity,
in contrast to what was observed with spectra obtained using D2O and CD3OD solutions.
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Figure 5.5 1H NMR spectra of [Co(Me8tricosane)](CH3COO)2 in different solvents. Marked resonances
indicate: ■ solvent, □ water, and ○ acetate.
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Whilst similar, there were differences between the spectra of [Co(Me8tricosane)]2+
obtained using a CDCl3 solution on the one hand, and those obtained using (CD3)2CO and
CD3CN solutions on the other. One difference was that there were a small number of
additional signals with low intensity present at chemical shifts < 0 ppm in the spectra
obtained using the latter two solvents. This may indicate that if there was a single major
diastereoisomer present, that it had slightly lower symmetry than the species present in
CDCl3. An alternative explanation is that there were two diastereoisomers with high
symmetry present in both (CD3)2CO and CD3CN.
A further difference was that the spectrum obtained using a CDCl3 solution showed only
a single resonance with medium intensity downfield from the rest of the spectrum. This
signal was present at 76.0 ppm, and was tentatively assigned to the NH protons. In
contrast, three signals were found between 30 and 80 ppm in the spectra obtained using
(CD3)2CO and CD3CN solutions. The most intense of these was found at almost the same
chemical shift as the resonance assigned to the NH protons in the CDCl3 spectrum,
suggesting that the same diastereoisomer was the predominant species in all three
solutions. The remaining two signals in this region of the (CD3)2CO and CD3CN spectra
may have arisen from NH protons from a second, less symmetric diastereoisomer. The
most shielded of these signals was at 39.9 ppm in the spectrum obtained using CD3CN.
This signal was completely absent from the spectrum obtained using a CDCl3 solution,
and was only present at low intensity in both the (CD3)2CO and CD3CN spectra. In
contrast, this signal was the most intense of the putative NH resonances in spectra
obtained using D2O, CD3OD and (CD3)2SO solutions. This suggests that the predominant
species in the latter three solutions was different to that present in CDCl3.
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Examination of the spectrum of the (CD3)2SO solution of [Co(Me8tricosane)]2+ revealed
some aspects that were similar to that obtained using a CDCl3 solution. However, there
were also other features reminiscent of what was observed in spectra obtained using D2O
and CD3OD solutions. For example, the (CD3)2SO spectrum contained more than 5
downfield resonances that were likely to have arisen from NH groups. In this respect, the
spectrum of the (CD3)2SO solution was similar to that obtained using the polar, protic
solvents D2O and CD3OD.
A further similarity between the spectra obtained using (CD3)2SO, D2O and CD3OD
solutions was that they all contained an intense singlet at – 22.0 ppm. This reinforces the
view that the latter solutions contained a different major species to those present in the
non-polar solvents, which only showed a much weaker peak at this chemical shift or, in
the case of the CDCl3 solution, no peak at all. Whilst there were therefore a number of
similarities between the spectra of the cobalt complex obtained using (CD3)2SO, D2O and
CD3OD solutions, the spectrum obtained in (CD3)2SO did differ in one respect from the
other two. The former spectra showed a large number of weak resonances at negative
chemical shifts that were largely absent from the spectrum of the (CD3)2SO solution, as
well as those obtained using non-polar solvents. The spectrum of the (CD3)2SO solution
therefore appeared to have features of spectra obtained using both polar, protic solvents,
and less polar, aprotic solvents.
Overall, the NMR spectral results support the view that the major component present in
the CDCl3, (CD3)2CO and CD3CN solutions was different to that in D2O, CD3OD and
(CD3)2SO. In addition, the latter solutions contained a greater number of resonances. This
suggests that there were significant amounts of more than one diastereoisomer present,
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which is consistent with the earlier hypothesis that polar, protic solvents promote
diastereoisomer interconversion processes.
Extracting additional structural information from NMR spectra is typically accomplished
by using 2D correlative techniques such as COSY, NOESY, HMBC and HSQC
spectroscopy. Due to the paramagnetism of the cobalt(II) centre in [Co(Me8tricosane)]2+,
the resulting very large spectral width presented a challenge to acquiring such spectra.
For example, employing 1H decoupling over a chemical shift range ≥ 200 ppm is
impossible for conventional spectrometers, and therefore further investigations will be
required in order to obtain 2D NMR results. These will involve applying the above 2D
techniques to only small portions of the entire spectrum at any one time, with appropriate
consideration being given to the possibility of artefacts arising from spectral folding. The
issue of spectral width could also be addressed by using 1D NMR versions of the above
techniques, and targeting only those resonances deemed to be most important for making
spectral assignments.

5.4

X-Ray Crystallography

There are two published solid state structures of [Co(Me8tricosane)]2+, as its nitrate and
tetrachlorozincate salts. These two structures are notable for each containing a different
conformation of the complex. The nitrate salt afforded a solid state structure with an S6
set of nitrogen atom configurations and overall pseudo D3 symmetry. In contrast, the
cobalt complex in the tetrachlorozincate salt exhibited an R2S4 set of nitrogen atom
configurations, and lower overall symmetry (C2).[2] These results highlight the structural
flexibility that metal complexes of Me8tricosane can exhibit, and raise the prospect of
additional structures being observed in the solid state. Since the procedure used to prepare
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[Co(Me8tricosane)](CH3COO)2.7H2O afforded crystals suitable for single crystal X-ray
diffraction experiments, it was decided to perform this analysis in an attempt to obtain
yet another new diastereoisomeric structure. During refinement of the acquired data it
became apparent that the enantiomeric R6 and S6 forms of the complex were present and
packed together randomly within the unit cell. Non-standard refinement techniques were
required to deconvolute the data obtained into the individual enantiomeric cations (see
Appendix 7.3). Figure 5.6 illustrates ORTEPs of the S6 enantiomer viewed orthogonal
to, and along, the pseudo C3 axis, and includes the atomic numbering scheme. Selected
bond distances and angles are listed in Table 3.5, whilst a full list of atomic coordinates
are provided in Appendix 7.5.

A

B

Figure 5.6 Solid state structures of the S6 enantiomer of [Co(Me8tricosane)](CH3COO)2 viewed: A)
orthogonal to, and B) along the C3 axis. C-H hydrogen atoms and anions omitted for clarity.
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Table 5.2 Selected bond distances and bond angles for [Co(Me8tricosane)](CH3COO)2.*

Bond Distances (Å)
Co-N1
Co-N1′
Co-N1″
av.

2.209(2)
2.250(2)
2.198(2)
2.219(27)

Bond Angles (°)
N1-M-N2
N1′-M-N2′
N1″-M-N2″
av.

86.6(1)
85.7(1)
85.7(1)
85.96(52)

N1-M-N2″
N1′-M-N2
N1″-M-N2′
av.

170.3(1)
170.3(1)
167.4(1)
169.3(17)

Twist Angles (°)†
N1-C10-C2-N2
N1′-C10-C2-N2′
N1″-C10-C2-N2″
av.

48.13
45.81
45.81
46.6(13)

The structure in Figure 5.6 confirmed that the ligand encapsulated the cobalt(II) ion in a
near octahedral coordination sphere. The average N-Co-N angles of 85.96° and 169.3°
are consistent with the cobalt having a slightly distorted octahedral coordination
geometry. The average trigonal twist angle of 46.6° is significantly smaller than the 60°
expected for a perfect octahedron. A similar degree of distortion away from a perfect
octahedral geometry was observed in the structure of [Co(Me8tricosane)](NO3)2, which
showed a trigonal twist angle of 46.0°.[2] Furthermore both structures have similar N-CoN angles. These were 85.96 and 169.3° for the acetate salt, and 86.33 and 168.9° for the
nitrate salt. Despite this, there were some minor differences between the Co-N bonds in
the solid state structures of the nitrate and acetate salts of the cobalt complex. The longest
Co-N bond in Table 5.2 is 2.250 Å, which is 0.01 Å longer than the longest Co-N bond
*

Values available from the crystallographic report are reproduced here with their standard deviations. Other
measurements have been calculated from crystallographic data using Mercury.[6]
†
The vector C10-C2 was used as an approximation for the C3 axis for the purpose of calculating trigonal
twist angles.
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found in the structure of [Co(Me8tricosane)](NO3)2. Despite this slightly longer bond, the
other Co-N bonds in Table 3.5 are shorter by up to 0.019 Å than their counterparts in the
nitrate structure. The net result of these differences is that the average Co-N bond in the
structure of the acetate salt of the complex is statistically indistinguishable from that in
[Co(Me8tricosane)](NO3)2.[2] Variation between individual Co-N bond distances is most
likely a result of the ligand responding to differences in packing forces present in the two
types of crystal lattices.
The disorder observed in the solid state structure of [Co(Me8tricosane)](CH3COO)2.7H2O
is unique amongst reported single crystal x-ray studies of complexes of Me5tricosane and
Me8tricosane. In previous studies the crystals featured a centrosymmetric space group
where both the S6 and R6 enantiomers were present in an alternating pattern throughout
the crystal. In contrast, while [Co(Me8tricosane)](CH3COO)2.7H2O also features a
centrosymmetric space group, the S6 and R6 enantiomers are distributed randomly
throughout the crystal. This may indicate that the extremities of the Me8tricosane ligand
are sufficiently large, and ‘spherical’ in shape, to enable both enantiomers of a metal
complex to pack at any particular site within the same lattice structure. This may point to
further difficulties in solving solid state structures of metal complexes of this ligand from
X-ray diffraction data.

5.5

Computational Studies

The diversity of solid state structures previously determined for [Co(Me8tricosane)]2+, as
well as the NMR spectra presented above, provide evidence this complex is capable of
adopting, and interconverting between, multiple diastereoisomeric forms. This is a similar
situation to what was revealed previously for the zinc(II), cadmium(II) and mercury(II)
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complexes of Me8tricosane. Unlike the latter complexes, however, the cobalt(II) complex
was expected to exhibit properties which reflect the existence of crystal field stabilisation
effects. One such effect might be a reduced number of energetically favourable
diastereisomeric forms for the metal complex. To investigate this possibility, a series of
DFT calculations were performed as described in Chapter 4, to compare the relative
energies of different conformations of the cobalt complex. The calculations were
performed using reaction fields for chloroform and water, to take into account the
properties of these solvents, which were used in the NMR studies described above. The
results obtained from calculations performed using the solvent field for chloroform are
presented in Figure 5.7.

Figure 5.7 Effect of different nitrogen atom stereochemistries on the relative electronic energies of
different diastereoisomers of [Co(Me8tricosane)]2+. The data was obtained using a self-consistent reaction
field for chloroform.
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From Figure 5.7 the lowest energy conformations in chloroform were determined to be
those in which all six nitrogen atoms have the S configuration, and the metal complex has
a Λ arrangement of chelate rings around the metal ion. The next most stable
diastereoisomer was that with an RS5 set of nitrogen atom configurations. This
diastereoisomer was, like that with an S6 set of nitrogen atom configurations, found to
occur with several different cap ring conformations with almost identical electronic
energies. Most other diastereoisomers were found to exhibit several possible energies due
to the larger number of distinct conformations they can adopt. One of the least stable
diastereoisomers in chloroform was that with an R6 set of nitrogen atom configurations.
This was not unexpected, as this particular arrangement of nitrogen atoms is normally
found with the Δ enantiomer of the metal complex. If these calculations were repeated on
the Δ enantiomer, the R6 configuration would be expected to have the same energy as the
ΛS6 enantiomer in Figure 5.7.
The results presented in Figure 5.7 are consistent with the 1H NMR spectrum of a solution
of [Co(Me8tricosane)]2+ in chloroform, shown in Figure 5.1, which consists chiefly of just
five major resonances. The computational results show that a single pair of enantiomers
with an R6/S6 set of nitrogen atom configurations, and overall D3 symmetry, have the
lowest energy and would therefore be expected to be the predominant species in solution.
Figure 5.7 also shows that there is only a 5 kJ mol-1 difference in energy between the S6
diastereoisomer, and the next most stable, which is asymmetric and has an RS5 set of
nitrogen atom configurations. Formation of this alternative species would require only a
single nitrogen atom inversion. In view of this, and the very small energy difference
between the two most stable diastereoisomers, it would appear probable that the smaller
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resonances observed in the 1H NMR spectrum shown in Figure 5.1 may arise from the
RS5 diastereoisomer.
In contrast to the above situation, there appears to be some divergence between the
computational results presented in Figure 5.8, which shows the results of calculations
performed using the reaction field for water, and the 1H NMR spectrum of an aqueous
solution of [Co(Me8tricosane)]2+ shown in Figure 5.3. The spectrum of the D2O solution
showed a larger number of resonances than that obtained using a CDCl3 sample, however
the computational results concluded that the highly symmetric S6 diastereoisomer should
again be the most stable. This suggests that the computational approach may not have
taken fully into account some property or properties of the solvent that affect the ability
of different diastereoisomers to interconvert. It is worth noting, however, that the
conformations with the lowest calculated energies for all diastereoisomers, aside from
that with an S6 set of nitrogen atom configurations, were all asymmetric. Therefore the
presence of one or more of these in the D2O solution would be expected to give rise to a
1

H NMR spectrum with a large number of resonances, as was found to be the case

experimentally.
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Figure 5.8 Effect of different nitrogen atom stereochemistries on the relative electronic energies of
different diastereoisomers of [Co(Me8tricosane)]2+. The data was obtained using a self-consistent reaction
field for water.

The number of different types of structures with a given set of nitrogen atom
configurations, and their relative energies, were very similar in Figure 5.7 and Figure 5.8.
In addition, they were very similar to those obtained previously for [Zn(Me8tricosane)]2+
(Figure 4.2A). This is perhaps not surprising, as both metal ions form complexes with
Me8tricosane with M-N bond distances considerably less than the threshold value of 2.35
Å. Therefore there is not a strong driving force for either the cobalt(II) or zinc(II) complex
to change from the near octahedral geometries they exhibit in their solid state structures,
to one with either a more heavily distorted octahedral geometry, or a trigonal prismatic
geometry with an R3S3 set of nitrogen atom configurations.
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The above analysis suggests that the computational methodology used may have
accounted for some, but not all, of the factors that influence the geometry of the cobalt(II)
complex in different solvents. One possible explanation for the discrepancy between
computational and experimental results obtained for the aqueous system, involves the
intermolecular forces likely to be present. Solvent molecules, particularly in aqueous
solutions, are likely to play a significant role in determining what diastereoisomer(s) are
present in solution. However, these are not likely to have been fully accounted for
satisfactorily by using a solvent field in the computational study. In future work it would
therefore be desirable to incorporate solvent molecules and/or the acetate anion into the
DFT calculations, to enable factors such as intermolecular hydrogen bonding, and the
effects of protonation/deprotonation of nitrogen atoms, to be taken into account when
determining molecular geometries and energies. These approaches would require
significant computational resources to be made available, considering the incredibly large
number of variations in solvent/ion position relative to the metal complex that are
possible.

5.6

Conclusions

The solid state structure of [Co(Me8tricosane)](CH3COO)2 was determined by single
crystal X-ray crystallography, and the [Co(Me8tricosane)]2+ cation was found to have the
same overall symmetry and S6/R6 set of nitrogen atom configurations, as the previously
determined structure for the nitrate salt of this complex.
The high degree of symmetry observed in the solid

state structure of

[Co(Me8tricosane)](CH3COO)2 was reflected in the 1H NMR spectrum of a sample of the
complex dissolved in CDCl3. It was surprising, however, that the

13

C NMR spectrum
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contained a larger number of resonances than what was expected for a highly symmetrical
structure. The 1H and 13C NMR spectra of the complex dissolved in D2O were far more
complicated, and consistent with an asymmetric diastereoisomer being the dominant
species in solution. The 1H NMR spectrum of the complex was found to be highly solvent
dependent. NMR spectra of samples prepared using the aprotic solvents CD3CN and
(CD3)2CO were most similar to that obtained using a solution of the complex in CDCl3.
In contrast, the spectra of solutions prepared using the polar, protic solvents D2O or
CD3OD were very different. Some spectra, such as those obtained using (CD3)2SO
solutions, showed some similarities to both of the above types of spectra.
The results of computational experiments were consistent with the observed 1H NMR
spectral data in the case of calculations performed with a chloroform reaction field, but
were less successful when a water reaction field was incorporated into the methodology.
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The overarching aim of this thesis was to achieve an improved fundamental
understanding of the relationship between the structural properties of metal complexes of
hexaamine ligands on one hand, and their spectroscopic properties and redox potentials
on the other. The motivation behind this overall goal was the unique structural and
electronic properties exhibited by a range of metal complexes of the expanded hexaamine
ligands Me5tricosane and Me8tricosane. The results obtained from the computational
studies described in this thesis provide a better understanding of how a number of factors,
including metal-ligand bond length and cavity size, can influence the range of solid state
and solution structures that are adopted by metal complexes of these ligands. In addition,
the computational work presented here enables a number of predictions to be made, such
as which additional complexes of Me8tricosane are likely to exhibit the normally rare
trigonal prismatic geometry. These predictions will be tested by future synthetic
chemistry investigations discussed in more detail in the next section of this chapter.
One of the most remarkable features of [Co(Me5tricosane)]3+ is that its two principal d-d
absorption bands are significantly red-shifted relative to those of other hexaamine
cobalt(III) complexes, such as [Co((NO2)2-sar]3+ and [Co(NH3)6]3+. This inspired a DFT
204

investigation into the effects of metal-ligand bond distance on the electronic spectra of
hexaamine complexes. The results of this study showed that the red-shift in the position
of the two bands of [Co(Me5tricosane)]3+ could be explained largely by the increase in
average Co-N bond lengths it exhibits, relative to other similar complexes. This meant
that in reality there was nothing very surprising about the absorption spectrum of the
complex. What is surprising, however, is its highly atypical Co-N bond distances.
Based on the results of the DFT study, the electronic transitions for cobalt(III) hexaamine
complexes were calculated to decrease in energy at a rate of 453 cm-1 per 0.01 Å increase
in the Co-N distance. Analogous studies on hexaamine complexes of chromium(III) and
nickel(II) found that their electronic transitions decreased in energy at a rate of 412 and
264 cm-1 per 0.01 Å increase in M-N bond distance, respectively. The electronic
transitions for chromium(III) hexaamine complexes therefore have a similar degree of
susceptibility to lengthening of the M-N bond distance as their cobalt(III) analogues.
Despite this, [Cr(Me5tricosane)]3+ has an electronic absorption spectrum which is very
similar to that of [Cr(NH3)6]3+, despite the former complex having significantly longer
Cr-N bonds. Comparing the computational data to experimentally obtained results
revealed that complexes of cage ligands with expanded cavities typically show spectra
that are blue-shifted relative to the computed values. This effect becomes more
pronounced at longer M-N bond distances, and was attributed to a decreased ability of
ligands such as Me5tricosane and Me8tricosane to coordinate effectively to metal ions
when providing large cavity sizes. This effect was believed to be a consequence of strain
induced in the multidentate ligand altering the orientation of the nitrogen donor atoms
away from the metal. This explains why the experimentally observed electronic
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transitions of [Ni(Me5tricosane)]2+ are significantly blue-shifted relative to those of
[Ni(NH3)6]2+, despite a small increase in Ni-N bond distance.
One of the most remarkable properties displayed by any cobalt amine complex is
exhibited by [Co(Me8tricosane)]2+, which is the only known example of a hexaamine
complex which is stable indefinitely towards oxidation in air. The results of a DFT
investigation into the [Co(NH3)6]3/2+ redox couple provided insight into the reasons for
this extraordinary stability. It was shown that the lack of sensitivity towards aerial
oxidation stems in part from the ability of the Me8tricosane ligand to provide a cavity
suitable for forming a complex in which the Co(II)-N bonds can readily adopt their
optimum

distance.

A

further

contribution

to

the

surprising

stability

of

[Co(Me8tricosane)]2+ comes from the ligand cavity being sufficiently large to force the
higher oxidation state complex to adopt a longer than ideal Co(III)-N bond distance. The
net result is that [Co(Me8tricosane)]3+ is comparatively high in energy relative to other
similar complexes, and therefore susceptible to undergoing reduction to the
corresponding, more favoured divalent complex ion.
[Cd(Me5tricosane)]2+ and [Hg(Me5tricosane)]2+ were the first known examples of
hexaamine complexes adopting the trigonal prismatic geometry.[1] The results presented
in this thesis show that [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ can now be added
to the list of hexaamine complexes that adopt this rare geometry. In contrast,
[Zn(Me8tricosane)]2+ was found to exhibit a distorted octahedral geometry in the solid
state, with the degree of distortion greater than that shown previously to be displayed by
[Zn(Me5tricosane)]2+. These experimental observations prompted a computational
examination of the structures of theoretical complexes of Me5tricosane and Me8tricosane,
with a range of metal ions. The results of this study showed that for these ligands,
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adoption of an octahedral or trigonal prismatic geometry was largely determined by the
length of the M-N bonds that are formed. In addition, it was found that when the metal
encapsulated by these ligands formed M-N bond distances > 2.35 Å, then there was a high
probability that the geometry of the resulting complex would be trigonal prismatic. This
result therefore highlights a potentially reliable pathway for synthesising complexes with
the normally rare trigonal prismatic geometry. The results of the theoretical investigation
also indicated that adoption of a trigonal prismatic geometry can occur even when the
metal ion involved would normally have a significant crystal field stabilisation energy in
an octahedral geometry. However, the number of such metal ions that would be expected
to form M-N bonds longer than the threshold value of 2.35 Å is limited.
The

1

H and

13

C NMR spectra of solutions containing [Co(Me8tricosane)]2+,

[Zn(Me8tricosane)]2+, [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ were all consistent
with the presence of two, and possibly more, interconverting conformations at room
temperature. While the 1H NMR spectrum of [Hg(Me8tricosane)]2+ was consistent with
the presence of only one conformation at low temperature, the number of resonances
observed indicates that the conformation had an asymmetric structure. The 1H NMR
spectrum of [Co(Me8tricosane)]2+ was found to be very dependent on the identity of the
solvent used to dissolve the complex. In the case of CDCl3 solutions, the spectrum was
consistent with a single, highly symmetric complex being present. In all other solvents at
least two conformations, and possibly more, were present and responsible for spectra
containing much larger numbers of resonances.
The results of computational studies supported the conclusion that the presence of
multiple conformations of [Co(Me8tricosane)]2+, particularly in solutions prepared using
polar, protic solvents, was likely to be a result of facile inversion of the stereochemistry
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of one or more nitrogen atoms. This also provided an explanation for the diversity of solid
state structures that have been reported previously for salts of [Co(Me8tricosane)]2+, and
highlighted the possibility that even more novel structures may be found for labile metal
complexes of this ligand in future. With this in mind, an X-ray structure determination
was performed using crystals of [Co(Me8tricosane)](CH3COO)2, however the resulting
structure was found to be effectively the same as that previously obtained for
[Co(Me8tricosane)](NO3)2.
Collectively, the results obtained showed that complexes of Me5tricosane or Me8tricosane
with metal ions expected to form long M-N bond distances are likely to exhibit the unique
trigonal prismatic geometry. However, they may not necessarily show significantly
different electronic properties to those displayed by other hexaamine complexes with the
same metal ions. Conversely, metal ions that typically form relatively short M-N bond
distances can be expected to form octahedral complexes with Me5tricosane and
Me8tricosane, but are more likely to display electronic properties that are very sensitive
to average M-N bond distances.

6.1

Future Directions

This thesis reports for the first time the synthesis and characterisation of the complexes
[Co(Me5tricosanetriiminetriOH)]3+ and [Co(Me5tricosanetriOH)]3+, which were prepared
using [Co(Me5tricosanetriimine)]3+ as a starting material. These syntheses were carried
out in order to extend the number of cobalt complexes of large cavity cage ligands that
might show unusual structural and electronic properties. This proved to be correct in the
case of the fully saturated complex [Co(Me5tricosanetriOH)]3+, which exhibited a similar
pink/red colour to [Co(Me5tricosane)]3+. This observation reflects significant red shifts in
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the positions of the two principal d-d absorption bands for [Co(Me5tricosanetriOH)]3+,
relative to those for most other cobalt(III) hexaamine complexes, as a result of atypically
long Co-N bonds. Whilst the absorption spectra and solid state structures of the new
complexes have been characterised, their redox properties are still to be explored.
Investigating the electrochemical properties of [Co(Me5tricosanetriiminetriOH)]3+ and
[Co(Me5tricosanetriOH)]3+ by means of cyclic voltammetry experiments will provide
further valuable information about the effects of subtle changes in ligand environment,
on the relative stability of the cobalt ion in its two most common oxidation states.
The above synthetic work can be logically extended in future to include the synthesis of
[Co(Me5tricosanetriCOOH)]3+, by oxidation of [Co(Me5tricosanetriOH)]3+ (Figure 6.1).

Figure 6.1 Proposed synthetic pathway leading to the formation of [Co(Me5tricosanetriCOOH)]3+.

On first glance, this new complex is likely to have similar structural and electronic
properties to [Co(Me5tricosanetriOH)]3+, by virtue of the ligand having an expanded
cavity. However, the presence of the carboxylate groups, which would be expected to
participate in significant intramolecular hydrogen bonding interactions, could have
unexpected consequences for Co-N bond lengths, and therefore the electronic properties
of the complex. The complex [Co(Me5tricosanetriCOOH)]3+ could be a useful synthon
for production of other derivatised cage complexes. For example, it would be possible to
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use the pendant carboxylate groups to attach targeting peptides, which could be used to
deliver the cobalt complex to specific tissues or organs. This could pave the way for
production of diagnostic or therapeutic agents once the cobalt is replaced by suitable
radioactive metal ions. More generally, it would be possible to derivatise the carboxylic
acid groups to see if new complexes can be produced which have Co(III)-N bond
distances longer than 2.03 Å, and which might therefore be able to be reduced to provide
further examples of cobalt(II) hexaamine complexes that are stable towards aerial
oxidation.
To date, removal of the cobalt(III) ion from [Co(Me5tricosanetriOH)]3+ to afford the free
ligand Me5tricosanetriOH has not been attempted. Isolation of this free ligand will be an
important future goal, in view of the unusual properties it confers upon its cobalt(III)
complex. It is therefore expected to be likely to afford complexes with other metal ions
that exhibit unusual properties, similar to those formed between other metal ions and both
Me5tricosane and Me8tricosane. For example, it would be of interest to see if the
cadmium(II) and mercury(II) complexes of Me5tricosanetriOH also exhibit trigonal
prismatic geometries in the solid state.
There is still a large number of metal ions whose complexes with Me8tricosane are yet to
be prepared, and their properties explored. One such example is [Pb(Me8tricosane)]2+.
Computational studies performed on this complex suggested that it will have sufficiently
long Pb-N bonds to result in adoption of a trigonal prismatic geometry in the solid state.
Solution NMR studies on this complex would also be interesting in view of the results
presented in this thesis, which highlighted the tendency of other complexes of this ligand
with large d10 metal ions to form a number of different conformations in solution.
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Another complex which is of particular interest from a structural point of view is
[Mn(Me8triocsane)]2+. This complex is predicted to contain a high spin Mn(II) ion, and
therefore its structural properties are not expected to reflect crystal field effects. The
structure of the analogous complex [Mn(Me8triocsane)]2+ has been solved, and was found
to have Mn-N bond distances ranging from 2.282(4) – 2.317(4) Å, and a trigonal twist
angle of just 20.2 ± 1.2°.[2] This complex therefore has M-N bonds that are slightly less
than the threshold value of 2.35 Å predicted on the basis of computational studies to be
the crossover point between octahedral and trigonal prismatic geometries. It is therefore
not unreasonable to expect that encapsulation of high spin manganese(II) within the
slightly larger cavity of Me8tricosane will push the Mn-N bond distances even closer to
the threshold, and result in the first example of a hexaamine complex with a perfect
trigonal prismatic geometry, that does not have a metal ion with a d10 electronic
configuration.
The computational results presented in Chapter 3 suggested that iron(III) hexaamine
complexes have electronic properties which are very sensitive to changes in Fe-N bond
distance. This makes [Fe(Me5tricosane)]3+ and [Fe(Me8tricosane)]3+ important target
molecules, which may exhibit unusual spectroscopic properties and therefore colours, as
well as perhaps unprecedented redox properties. During attempts to prepare these
complexes care will need to be taken to avoid intramolecular redox reactions involving
the iron(III) centre and the ligand.
The synthesis of vanadium and chromium complexes of Me8tricosane constitute yet
another important set of synthetic targets, in order to test the hypotheses resulting from
the work presented in this thesis. In particular, computational results presented in Chapter
4 suggested that [V(Me8tricosane)]3+ and [V(Me8tricosane)]4+ may adopt the trigonal
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prismatic coordination geometry, despite having V-N bond distances < 2.35 Å. This is an
extremely important hypothesis to test, as if these complexes do not prove to have trigonal
prismatic geometries, it will indicate that further refinement of the computational
approaches is required. In addition to their potentially interesting structural properties,
the vanadium complexes of Me8tricosane are also expected to exhibit electronic spectra
and redox chemistry that is significantly affected by being placed inside the cavity of a
ligand that will force adoption of unusually long V-N bonds. The same is also true of the
chromium(III) complex of Me8tricosane, which will be expected, like its analogue
[Cr(Me5tricosane)]3+, to also exhibit interesting photophysical properties.
Increasing the number of synthesised and well-characterised metal complexes of
Me8tricosane and related ligands will allow for a more nuanced application of
computational methods in future studies. As shown in Chapter 4 of this thesis, the
functional chosen as part of a DFT calculation can have a significant influence on which
conformations of a metal cage complex are determined to have the lowest energy. Further
studies should seek to compare computationally generated structures with those
determined by X-ray crystallography, in order to determine which computational theories
provide data that aligns most closely with experimental results.
Definitive identification of most of the structures present in solutions containing
[Co(Me8tricosane)]2+, [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+ awaits further
detailed NMR investigations, including NOESY experiments. In addition, further
refinement of the computational methods used in this thesis might produce results that
are more consistent with the solution behaviour revealed by the NMR studies described
herein. For example, in the case of [Cd(Me8tricosane)]2+ and [Hg(Me8tricosane)]2+,
expanding the number of isomers examined using the computational approach to include
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protonated, deprotonated and five-coordinate geometries may give a clearer picture as to
which geometries are accessible, as well as potentially highlighting the processes
involved in the interconversion of different diastereoisomers on the NMR timescale. For
[Co(Me8tricosane)]2+ it was noted that changes in the identity of the solvent cause
significant changes to the 1H NMR spectrum, consistent with the adoption of different
conformations. This result was not reflected in the computational results presented in
Chapter 5 using a reaction field for water, indicating that the reaction fields used do not
always accurately describe the interactions between the [Co(Me8tricosane)]2+ ion and the
solvent. Calculations also including discrete solvent molecules and anions would be
expected to provide a much more accurate picture of all the interactions taking place that
may influence complex structure, although they would require a very large amount of
computational resources.
The computational results presented in this thesis, and especially those displayed in
Chapter 3, focussed on complexes of Me8tricosane with a relatively narrow set of metal
ions. The computational methods used, however, can theoretically be applied to any metal
ion. More comprehensive calculations of electronic transition energies and redox
potentials will undoubtedly be useful in determining which complexes are most likely to
exhibit atypical properties, and should therefore be the primary targets for future synthesis
and characterisation attempts. In addition, it would be of interest to apply the
computational approaches used in this thesis to the metal complexes of related series of
cage ligands featuring six thioether donor atoms.[3-5] To date no one has performed any
detailed investigations to see if varying the size of the cavity in these ligands can result
in significant changes to the properties of transition metal complexes, in the same way as
for the complexes of Me8tricosane discussed as part of this work.
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7.1

Metal Ions Used in Computational Studies

Table 7.1 List of ions used in computational studies contributing to the results presented in Chapter 4.

With CFSE
Co2+
Co3+
Cr2+
Cr3+
Cu2+
Fe2+
Ir3+
Mn3+
Ni2+
Os3+
Pt4+
Rh3+
Ru3+
V2+
V3+
V4+

Without
CFSE
Zn2+
Cd2+
Hg2+
Ag1+
Au1+
Cu1+
Fe3+
Hf2+
Lu3+
Mn2+
Sc3+
Ti4+
V5+
Y3+
Zr4+
Na1+
Mg2+
Ca2+
Sr2+
Ba2+
Pb2+
Sn2+
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7.2

Supplementary NMR
[Zn(Me8tricosane)]2+

Figure 7.1 COSY spectrum of [Zn(Me8tricosane)]2+ in 1:3 DMSO-d6:CD3CN obtained at -20 °C.

Figure 7.2 13C-HSQC spectra of [Zn(Me8tricosane)]2+ in 1:3 DMSO-d6:CD3CN obtained at 17 °C.
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[Hg(Me8tricosane)]2+

Figure 7.3 13C-HSQC spectra of [Hg(Me8tricosane)]2+ in 1:3 DMSO-d6:CD3CN obtained at -25 °C.

7.3

Solution and Refinement of the X-ray Data for
[Co(Me8tricosane)](CH3COO)2.7H2O

The following is reproduced from a draft report prepared by Professor David Rae, of the
Australian National University. Atomic numbering in this section is consistent with the
list of atomic positions later in this chapter and not the numbering convention used
throughout the body of this thesis.
The cation lay on an m2m site, which was interpreted as resulting from two-fold disorder
of a cation that possesses inherent 32 symmetry. One of the 2-fold rotation axes of the
cation was constrained to coincide with the 2-fold rotation axis ½, y, ¼ of the crystal. The
Co1 and C6 atoms lie on this axis and atoms C1, C2 and C5 lie close to the mirror plane
at x = ½, whereas atom C7 lies close to the mirror at z = ¼. Constraining these atoms to
lie exactly on mirror planes caused a mismatch of pseudo equivalent bond lengths of up
to 0.1 Å. Restraints on differences between pseudo equivalent distances (C2 - C3, C2 C8, C2 - C14), (C5 - C6, C11 - C12, C11 - C13) and (N4 - C5, N9 - C10, N15 - C16) and
between pseudo equivalent angles (C1 - C2 - C3, C1 - C2 - C8, C1 - C2 - C14), (C10 C11 - C12, C10 - C11 - C13), (C5 - C6 - C7, C5 - C6 - C7*) and (C7 - C6 - C5, C7 - C6
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- C5*) that involved atoms C1, C2, C5 or C7 allowed these atoms to move off their mirror
plane positions and give a sensible refinement. (* implies a position related by the rotation
1 - x, y, ½ - z).
Inspection of synthetic precession photographs obtained from the diffraction images
revealed somewhat diffuse spots that could be explained by proposing a locally ordered
structure in space group P..21/a with a unit cell a1 = 2 a, b1 = ½ (- a + b), c1 = c with 4
formula units and c as the monoclinic axis. A rotation about a created the twin related cell
a2 = 2 a, b2 = - ½ (a + b), c2 = - c. The corresponding reciprocal space unit cells were a1*
= ½ (a* + b*), b1* = 2 b*, c1* = c* and a2* = ½ (a* - b*), b2* = - 2 b*, c2* = - c*.
Reflections associated with both reciprocal lattices were observed. Twin related
reflections appeared to be of equal intensity. There were extra observed hkl reflections
associated with the change of cell, except when l = 0, implying the existence of the glide
plane.
The above suggested that individual layers of ordered structure existed that were
perpendicular to b* of local symmetry P..21/a relative to the axial directions of Cmcm.
This was consistent with the observation that the mirror plane perpendicular to c* of
Cmcm becomes an a-glide when the a-axis is doubled. The layer around y = ¼ of Cmcm
has local symmetry of Pmnm. Ordering the cation by doubling the a axis destroys all the
mirror operations, the n-glide and the 21 screw axis parallel to a of Pmnm leaving P..21/a
as the option with the highest symmetry. Centres of inversion and screw axes are then
separated by ½ a = ¼ a1. The anions and water molecules lie about the interfaces at y = 0
and ½ of Cmcm. This interface also contains centres of inversion and screw axes separated
by ½ a = ¼ a1. A twin related structure of P..21/a symmetry is obtained if these symmetry
operations switch positions.
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The interfaces between layers perpendicular to b are at y = 0 and ½ and have Pmcm
symmetry for the disordered Cmcm structure. The location of the acetate ion implies
neither of the mirror planes can exist if the structure is to be ordered. Water O24 occupies
the position related to the acetate ion C17, C18, O19, O20 by x, y, ½ - z the mirror
operation of Cmcm that becomes a glide plane in P..21/a. Water O24 lies on a 2 fold
rotation axis parallel to a and hydrogen bonds to O19 of separate acetate ions that are
related by this 2-fold rotation. Water O23 can not be in the same region as O24 and they
must be on opposite sides of an inversion center of Cmcm that becomes a pseudo inversion
center in P..21/a. The interfacial region contains 2 acetates and 7 water molecules per
cation and can be ordered retaining a 2-fold rotation axis parallel to a, implying a
mechanism for the observed twinning.
For our listed coordinates the inversion centres are at 0, ½, 0 and the screw axes are at ½,
½, z for an ordered structure. The stacking fault changes the interface at y = ½ to have
P2221 symmetry where the screw axes now pass through the previous locations of the
inversion centres.

7.4

Additional Crystal Structures
7.4.1 [Co(Me5tricosanetriOH)](CF3SO3)3.H2O

The

following

describes

the

X-ray

crystal

structure

of

[Co(Me5tricosanetriOH)](CF3SO3)3.H2O acquired by Prof. Paul Bernhardt (University of
Queensland) from a sample prepared by Enrico Bortolus in collaboration with Dr.
Stephen Ralph (University of Wollongong).
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Table 7.2 Crystallographic data for [Co(Me5tricosanetriOH)](CF3SO3)3.H2O

Formula
M
a (Å)
b (Å)
c (Å)
β ( o)
V (Å3)
Dx (Mg m-3)

A

C28H56N6CoO13F9S3
1010.90
20.9846 (7)
10.4385 (2)
21.0645 (7)
111.670 (4)
4288.0 (2)
1.566

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

293
Monoclinic
C2/c
0.650
0.0542
0.0846
4
3523

B

Figure 7.4 Solid state structure of [Co(Me5tricosanetriOH)](CF3SO3)3.H2O viewed: A) orthogonal to and
B) along the molecular C3 axis. C-H hydrogen atoms, anions, and water omitted for clarity.
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Table 7.3 Selected and average bond distances and bond angles for the solid state structure of
[Co(Me5tricosanetriOH)](CF3SO3)3.H2O.*

Bond Distances (Å)
Co-N1
Co-N1′
Co-N1″
Co-N2
Co-N2′
Co-N2″
av.
N2H O′
N2′H O″
N2″H O

2.028(3)
2.044(3)
2.063(3)
2.016(3)
2.016(3)
2.018(3)
2.031(19)

av.

1.828
1.845
1.900
1.857(38)

Bond Angles (°)
N1-M-N2
N1′-M-N2′
N1″-M-N2″
av.

92.74(1)
93.76(1)
93.11(1)
93.2(5)

N1-M-N2′
N1′-M-N2″
N1″-M-N2
av.

176.3(1)
177.6(1)
176.0(1)
176.6(9)

Twist Angles (°)†
N1-C10-C2-N2
N1′-C10-C2-N2′
N1″-C10-C2-N2″
av.

62.72(2)
62.46(2)
64.25(2)
63.14(96)

7.4.2 Crystals of [Zn(Me8tricosane)]2+ and [Cd(Me8tricosane)]2+ Harvested
from NMR Samples
The following details the acquisition and refinement of two structures determined by Xray analysis of crystals which precipitated during NMR investigations.

*

Measurements have been calculated from crystallographic data using the program Mercury.[1]
The vector C10-C2 is used as an approximation of the C3 axis for the purpose of calculating trigonal twist
angles.

†
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[Zn(Me8tricosane)](NO3)2 crystallised from NMR Sample
Data collection and refinement parameters for [Zn(Me8tricosane)](NO3)2.CH3CN,
crystallised from 1:3 DMSO-d6:CD3CN are summarised in Table 7.4. An ORTEP of the
structure viewed orthogonal to the pseudo C3 axis is shown in Figure 7.5. The zinc
complex crystallised in the space group P21/n, and had an asymmetric unit which
consisted of one [Zn(C25H54N6)]2+ cation, two nitrate anions and an acetonitrile molecule
of crystallisation. During refinement of the structure, H atoms attached to C atoms were
included at calculated positions. Difference electron density maps obtained during
refinement of the structure showed peaks attributable to the H atoms of the amine groups.
The H atoms were initially refined with soft restraints on the bond lengths and bond angles
to regularize their geometry (C-H in the range 0.93 – 0.98 Å, N-H = 0.87 Å) and with
Uiso(H) in the range 1.2 – 1.5 times Ueq of the parent atom. In the final refinement the
coordinates of H atoms attached to N atoms were refined freely, but H atoms attached to
C atoms were allowed to ride on the atoms to which they were bonded.
Table 7.4 Crystallographic data for [Zn(Me8tricosane)](NO3)2.CH3CN crystallised from 1:3 DMSOd6:CD3CN.

Formula
M
a (Å)
b (Å)
c (Å)
β (°)
V (Å3)
Dx (Mg m-3)

C27H57N9ZnO6
669.19
12.9342 (2)
15.2280 (2)
17.5029 (1)
103.241 (3)
3355.76 (16)
1.324

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

150
Monoclinic
P21/n
0.78
0.051
0.109
4
8720
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Figure 7.5 Solid state structure of [Zn(Me8tricosane)](NO3)2 crystallised from 1:3 DMSO-d6:CD3CN
viewed orthogonal to the C3 axis. C-H hydrogen atoms and anions omitted for clarity.

[Cd(Me8tricosane)](NO3)2 crystallised from NMR Sample
Crystal data collection and refinement parameters for [Cd(Me8tricosane)](NO3)2.2H2O
crystallised from 1:3 DMSO-d6:CD3CN are summarised in Table 7.5 and an ORTEP of
the structure viewed orthogonal to the pseudo C3 axis is shown in Figure 7.6. The
cadmium complex crystallised in the space group Pnma, and had an asymmetric unit
which consisted of one-half of a [Cd(C25H54N6)]2+ cation, a nitrate anion and a water
molecule of crystallisation. The other half of the dication was generated by a
crystallographic mirror symmetry operation. During refinement of the structure, H atoms
attached to C atoms were included at calculated positions. Difference electron density
maps obtained during refinement of the structure showed peaks attributable to the H
atoms of the amine groups and the water molecule. The H atoms were initially refined
with soft restraints on the bond lengths and bond angles to regularize their geometry (CH in the range 0.93 – 0.98 Å, N-H = 0.87 Å and O-H = 0.82 Å) and with Uiso(H) in the
range 1.2 – 1.5 times Ueq of the parent atom. In the final refinement the coordinates of H
atoms attached to N atoms and O atoms were refined (with restraints for the water
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molecule), but H atoms attached to C atoms were allowed to ride on the atoms to which
they were bonded. There were two overlapping images of the nitrate anion. Two sites
were used for each atom and restraints were imposed on bonding distances, bond angles
and displacement parameters. The relative occupancies were refined appropriately.
Table 7.5 Crystallographic data for [Cd(Me8tricosane)](NO3)2.2H2O crystallised from 1:3 DMSOd6:CD3CN.

Formula
M
a (Å)
b (Å)
c (Å)

C25H58N8CdO8
711.18
18.5234 (2)
16.2825 (2)
10.5610 (1)

V (Å3)
Dx (Mg m-3)

3185.27 (6)
1.483

T (K)
Crystal System
Space Group
μ (mm-1)
R[F2 > 2σ(F2)]
wR(F2)
Z
Number of unique
reflections

150
Orthorhombic
Pnma
0.74
0.029
0.075
4
4767

Figure 7.6 Solid state structure of [Cd(Me8tricosane)](NO3)2 crystallised from 1:3 DMSO-d6:CD3CN
viewed orthogonal to the C3 axis. C-H hydrogen atoms and anions omitted for clarity.

7.5

Atomic Positions from Solid State Structures

The following list the atomic coordinates for crystals acquired in this thesis. Atomic
numbering in this section is not consistent with that in the main body of the thesis.
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Coordinates are listed as fractional values of the unit cell (a, b and c), unit cell parameters
can be found in the appropriate chapters. Coordinates for the structures of
[Zn(Me8tricosane)](NO3)2.H2O,

[Cd(Me8tricosane)](NO3)2.2H2O

and

[Hg(Me8tricosane)](NO3)2.2H2O presented in Chapter 4 are available from the
Cambridge Crystallographic Data Center; references 1456584, 1456585, and 1456586.
[Co(Me5tricosanetriimine)](CF3SO3)3.H2O
Label
Co1
C1
C2
C3
C4
C5
N6
C7
C8
C9
C10
N11
C12
C13
N14
C15
C16
C17
C18
N19
C20
C21
N22
C23
C24
C25
C26
N27
C28
H111
H191
H271

X
0.26307(2)
0.09475(18)
0.15104(16)
0.37597(16)
0.43187(19)
0.24059(16)
0.30506(13)
0.37777(16)
0.44425(16)
0.50272(19)
0.39842(17)
0.35213(14)
0.41584(16)
0.16411(17)
0.18429(13)
0.14311(16)
0.14225(17)
0.06425(19)
0.13638(16)
0.21827(13)
0.28306(16)
0.10537(15)
0.17205(13)
0.16680(17)
0.23589(18)
0.2252(2)
0.32523(17)
0.34622(14)
0.37374(17)
0.320(2)
0.204(2)
0.396(2)

Y
1.04755(2)
0.8221(2)
0.89628(19)
1.20156(19)
1.2770(2)
0.9113(2)
0.94357(15)
0.89464(19)
0.9005(2)
0.8025(2)
0.9072(2)
1.00822(17)
1.0925(2)
0.85110(19)
0.93847(15)
0.93798(19)
1.0265(2)
1.0142(2)
1.12966(19)
1.15560(16)
1.2009(2)
1.00327(19)
1.08556(15)
1.16853(19)
1.2502(2)
1.3070(2)
1.1992(2)
1.15318(16)
1.2387(2)
0.997(3)
1.208(2)
1.115(2)

Z
0.241906(17)
0.05145(15)
0.11509(13)
0.36827(14)
0.43230(16)
0.11158(13)
0.18866(11)
0.21452(14)
0.29548(15)
0.31323(18)
0.35011(14)
0.34486(12)
0.38647(15)
0.19407(14)
0.24965(11)
0.29355(14)
0.34459(14)
0.36644(16)
0.30243(14)
0.29246(12)
0.36519(14)
0.10462(13)
0.14187(11)
0.10239(14)
0.12054(15)
0.04627(16)
0.15562(14)
0.23300(12)
0.29154(14)
0.3678(19)
0.2635(18)
0.2404(18)

Symm. op.
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

225

H11
H12
H13
H41
H42
H43
H51
H52
H71
H81
H91
H92
H93
H101
H102
H121
H122
H131
H132
H151
H161
H171
H172
H173
H181
H182
H201
H202
H211
H212
H231
H241
H251
H252
H253
H261
H262
H281
H282

0.0374
0.0899
0.1194
0.4149
0.4922
0.4255
0.2363
0.2605
0.3896
0.4805
0.5467
0.5322
0.4683
0.4411
0.3547
0.4359
0.4669
0.2107
0.1128
0.1093
0.1968
0.0646
0.0123
0.0676
0.1245
0.0883
0.2663
0.2814
0.0778
0.0607
0.1149
0.2276
0.2706
0.1691
0.2304
0.3703
0.3285
0.432
0.333

0.8177
0.8474
0.7544
1.3489
1.2682
1.26
0.9638
0.8455
0.8479
0.9628
0.8058
0.7982
0.739
0.8996
0.8516
1.0795
1.0876
0.8014
0.8164
0.8791
1.0261
1.0707
1.0173
0.9485
1.1868
1.1254
1.273
1.1603
1.0188
1.0025
1.1781
1.3021
1.3573
1.3408
1.257
1.2492
1.1426
1.2595
1.2959

0.0516
0.0029
0.0591
0.419
0.4401
0.4794
0.0731
0.0995
0.1818
0.3002
0.3644
0.2788
0.3085
0.4032
0.3374
0.441
0.3738
0.2101
0.1917
0.2913
0.3904
0.3999
0.3213
0.391
0.3309
0.252
0.3689
0.4075
0.0499
0.1249
0.0568
0.1558
0.058
0.025
0.0108
0.1598
0.1228
0.2986
0.2719

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

Na[Co(Me5tricosanetriiminetriOH)]2(NO3)7.7H2O
Label

X

Y

Z

Symm. op.
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Co1
C1
C2
C3
C4
C5
N6
C7
C8
C9
C10
O11
C12
N13
C14
C15
N16
C17
C18
C19
C20
O21
C22
N23
C24
C25
N26
C27
C28
C29
C30
O31
C32
N33
C34
H11
H12
H13
H41
H42
H43
H51
H52
H71
H91

0.29723(4)
0.40872(19)
0.37133(17)
0.22208(16)
0.18631(17)
0.40900(16)
0.35328(13)
0.34155(17)
0.27595(16)
0.25168(18)
0.30138(18)
0.34147(12)
0.20664(15)
0.21386(13)
0.19888(17)
0.38174(19)
0.37936(13)
0.43589(16)
0.45599(16)
0.54431(16)
0.43014(17)
0.35361(12)
0.43125(15)
0.34857(13)
0.30875(15)
0.28557(17)
0.24554(13)
0.18731(17)
0.15052(16)
0.13001(18)
0.07419(16)
0.08194(12)
0.20741(16)
0.24420(13)
0.19559(16)
0.3889
0.4632
0.3987
0.2023
0.1304
0.2011
0.4565
0.4199
0.376
0.2105

0.89610(3)
0.6915(3)
0.7596(3)
1.0354(3)
1.1052(3)
0.7185(3)
0.7371(2)
0.6438(3)
0.6261(3)
0.4897(3)
0.6460(3)
0.75873(18)
0.7000(3)
0.8349(2)
0.9009(2)
0.8993(3)
0.9578(2)
1.0277(2)
1.0751(3)
1.0789(3)
1.2098(3)
1.22977(18)
0.9839(3)
0.9537(2)
1.0466(3)
0.7288(3)
0.83240(19)
0.8757(3)
0.9990(3)
1.0521(3)
0.9827(3)
0.90116(18)
1.0887(3)
1.0555(2)
1.0932(3)
0.7209
0.7044
0.6043
1.1901
1.1042
1.0671
0.7646
0.6321
0.5786
0.4747

0.426704(19)
0.52584(8)
0.49276(8)
0.35984(7)
0.32702(7)
0.46039(7)
0.42803(6)
0.40762(8)
0.37905(8)
0.38019(8)
0.34223(8)
0.33958(6)
0.38703(8)
0.39156(6)
0.35671(8)
0.49830(8)
0.46292(6)
0.45894(8)
0.42466(8)
0.42720(8)
0.41905(8)
0.42495(6)
0.39470(8)
0.38687(6)
0.36211(7)
0.48597(8)
0.46605(6)
0.47871(8)
0.46977(7)
0.50486(8)
0.44601(8)
0.41741(6)
0.45725(7)
0.42568(6)
0.39254(7)
0.5469
0.5286
0.5236
0.3282
0.3254
0.3062
0.4593
0.4623
0.4113
0.362

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

227

H92
H93
H101
H102
H121
H122
H141
H142
H151
H152
H171
H191
H192
H193
H201
H202
H221
H222
H241
H242
H251
H252
H271
H291
H292
H293
H301
H302
H321
H322
H341
H342
H111
H131
H211
H231
H311
H331
Co2
C41
C42
C43
C44
C45
N46

0.2347
0.2929
0.3325
0.2553
0.194
0.1649
0.1436
0.2263
0.4306
0.3409
0.4691
0.5576
0.563
0.5652
0.4629
0.4354
0.4564
0.448
0.325
0.3235
0.2651
0.2772
0.1672
0.1061
0.1764
0.0953
0.0377
0.0553
0.2482
0.1815
0.1984
0.1435
0.3844
0.174
0.3529
0.3468
0.0434
0.2829
0.40707(4)
0.28927(19)
0.32907(16)
0.48616(16)
0.52418(17)
0.29241(17)
0.35035(13)

0.4714
0.437
0.5782
0.6466
0.6679
0.6842
0.8989
0.8616
0.9162
0.932
1.0481
1.1149
1.1334
0.998
1.2613
1.2332
0.9078
1.0147
1.1288
1.032
0.7188
0.653
0.8271
1.1315
1.059
0.9973
0.9493
1.0628
1.0996
1.1671
1.1818
1.0693
0.7457
0.8543
1.2902
0.8872
0.9115
1.1056
0.35022(3)
0.1493(3)
0.2145(3)
0.4896(2)
0.5582(3)
0.1750(3)
0.1925(2)

0.4029
0.3769
0.337
0.3247
0.4095
0.3678
0.3485
0.3397
0.5124
0.5111
0.4797
0.4062
0.4465
0.4305
0.4346
0.395
0.401
0.3733
0.3697
0.3388
0.5083
0.4727
0.4952
0.4997
0.521
0.5151
0.4601
0.4377
0.4762
0.4523
0.3911
0.3941
0.3356
0.4024
0.4377
0.3741
0.4051
0.4272
0.673430(19)
0.57522(8)
0.60813(7)
0.73969(7)
0.77234(8)
0.64094(7)
0.67277(6)

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

228

C47
C48
C49
C50
O51
C52
N53
C54
C55
N56
C57
C58
C59
C60
O61
C62
N63
C64
C65
N66
C67
C68
C69
C70
O71
C72
N73
C74
H411
H412
H413
H441
H442
H443
H451
H452
H471
H491
H492
H493
H501
H502
H521
H522
H541

0.36291(17)
0.42923(16)
0.45318(19)
0.40490(18)
0.36457(12)
0.49868(16)
0.49176(13)
0.50928(17)
0.31986(18)
0.32388(13)
0.26792(16)
0.24952(16)
0.16182(17)
0.27548(18)
0.35311(12)
0.27566(16)
0.35791(13)
0.40015(16)
0.41446(16)
0.45589(13)
0.51110(16)
0.54886(16)
0.56547(18)
0.62705(16)
0.62143(12)
0.49431(16)
0.46100(13)
0.51188(16)
0.3098
0.2984
0.235
0.5057
0.5148
0.5786
0.2484
0.2781
0.3288
0.4915
0.4099
0.4717
0.4489
0.3712
0.5409
0.5107
0.5634

0.0987(3)
0.0810(2)
0.0565(3)
0.1012(3)
0.21395(19)
0.1533(3)
0.2892(2)
0.3535(2)
0.3542(3)
0.4126(2)
0.4814(3)
0.5321(3)
0.5357(3)
0.6672(3)
0.68474(19)
0.4424(3)
0.4107(2)
0.5019(3)
0.1817(3)
0.2865(2)
0.3300(3)
0.4523(3)
0.5081(3)
0.4341(3)
0.35333(18)
0.5424(2)
0.5087(2)
0.5451(2)
0.1818
0.0608
0.1644
0.6428
0.5181
0.5618
0.2237
0.0899
0.035
0.0727
0.1074
0.0736
0.1021
0.0339
0.1348
0.12
0.3471

0.69259(8)
0.72119(8)
0.72003(9)
0.75810(8)
0.76088(6)
0.71228(8)
0.70776(6)
0.74256(8)
0.60291(8)
0.63814(6)
0.64254(8)
0.67700(8)
0.67539(9)
0.68131(8)
0.67622(6)
0.70708(8)
0.71384(6)
0.73808(7)
0.61393(7)
0.63338(6)
0.61887(8)
0.62699(7)
0.59140(8)
0.64945(8)
0.67837(6)
0.64140(7)
0.67379(6)
0.70660(7)
0.5542
0.5766
0.5729
0.773
0.7938
0.772
0.6435
0.6395
0.6893
0.7391
0.7217
0.698
0.7759
0.7625
0.7306
0.6899
0.7498

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

229

H542
H551
H552
H571
H591
H592
H593
H601
H602
H621
H622
H641
H642
H651
H652
H671
H691
H692
H693
H701
H702
H721
H722
H741
H742
H511
H531
H611
H631
H711
H731
Na81
N91
O92
O93
O94
N95
O96
O97
O98
N99
O100
O101
O102
N107

0.4828
0.359
0.2703
0.2335
0.1493
0.1417
0.1411
0.2692
0.2434
0.2591
0.25
0.3861
0.3839
0.4238
0.4334
0.529
0.587
0.6009
0.5176
0.6458
0.6631
0.5211
0.4513
0.5103
0.5639
0.3216
0.532
0.3585
0.3579
0.6544
0.4242
0.59816(10)
0.4748(2)
0.5087(2)
0.4854(2)
0.4311(2)
0.7067(3)
0.7549(4)
0.7109(4)
0.6492(2)
0.6565(2)
0.68279(18)
0.58787(16)
0.69789(18)
0.55403(19)

0.3142
0.3876
0.3724
0.5018
0.5736
0.4532
0.5834
0.6938
0.7177
0.4744
0.3656
0.4872
0.5841
0.1076
0.1716
0.2826
0.5886
0.4561
0.5121
0.5136
0.3978
0.62
0.5551
0.6324
0.5209
0.2007
0.3075
0.7408
0.343
0.3692
0.5615
0.04194(14)
0.2594(3)
0.2825(3)
0.1573(3)
0.3365(3)
0.2603(5)
0.3411(6)
0.1911(5)
0.2501(4)
0.0772(3)
0.1172(3)
0.0966(3)
0.0160(3)
0.1194(3)

0.76
0.5908
0.5897
0.6225
0.6967
0.6732
0.6553
0.7052
0.6638
0.7284
0.7006
0.7612
0.7299
0.6278
0.5913
0.6012
0.5949
0.5811
0.5753
0.659
0.6346
0.6464
0.6226
0.7082
0.7046
0.7653
0.6968
0.6623
0.7263
0.6942
0.6735
0.55234(4)
0.52310(8)
0.49733(8)
0.53861(9)
0.53346(8)
0.57339(13)
0.57263(19)
0.59826(13)
0.55063(11)
0.49647(9)
0.46996(9)
0.50046(8)
0.51920(10)
0.60579(10)

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

230

O108
O109
O110
N191
O192
O193
O194
N195
O196
O197
O198
N83
O84
O85
O86
N87
O88
O89
O90
O121
N187
O188
O189
O190
O1121
H1212
H1211
N103
O104
O105
O106
O119
H1191
H1192
O120
H1201
H1202
O122
H1221
H1222
O123
H1231
H1232
O124
H1241

0.61966(17)
0.5115(2)
0.5280(2)
0.4951(8)
0.5558(8)
0.4694(11)
0.4613(12)
0.7209(5)
0.7380(9)
0.7726(6)
0.6558(5)
0.6823(2)
0.6306(2)
0.6907(2)
0.71037(17)
0.7846(3)
0.8274(2)
0.7221(6)
0.8065(3)
0.9564(3)
0.9141(5)
0.8920(7)
0.9776(6)
0.8716(5)
0.7374(18)
0.9998
0.9256
0.5198(2)
0.50986(19)
0.49503(18)
0.5721(2)
0.34106(15)
0.3693
0.2967
0.09533(19)
0.1085
0.0955
0.60226(19)
0.5912
0.6427
0.46554(15)
0.4732
0.4571
0.36783(16)
0.3394

0.1341(3)
0.0467(4)
0.1749(3)
0.2517(15)
0.2304(18)
0.3589(15)
0.167(2)
0.2362(10)
0.3410(11)
0.1595(8)
0.2021(9)
0.7016(3)
0.7866(3)
0.6652(3)
0.6658(4)
0.1984(4)
0.2860(4)
0.1833(18)
0.1284(4)
0.2790(4)
0.2529(7)
0.3215(8)
0.26444(10)
0.1666(7)
0.185(5)
0.2844
0.2902
0.7351(3)
0.7061(3)
0.6975(3)
0.8275(3)
0.4152(2)
0.3949
0.4137
0.6502(3)
0.6917
0.5771
0.9059(3)
0.8683
0.8797
0.4504(3)
0.5185
0.3939
0.8665(2)
0.8479

0.59858(9)
0.58794(12)
0.62998(11)
0.5213(3)
0.5090(3)
0.5192(4)
0.5350(3)
0.5772(2)
0.5670(2)
0.5814(2)
0.5825(2)
0.74107(12)
0.74055(10)
0.70929(10)
0.76428(11)
0.78219(11)
0.77518(10)
0.7637(4)
0.80695(13)
0.83064(11)
0.8149(2)
0.7894(2)
0.83348(10)
0.8216(2)
0.7679(11)
0.8255
0.8129
0.35875(11)
0.39000(9)
0.33476(10)
0.35935(10)
0.47018(7)
0.4881
0.4742
0.30790(8)
0.2918
0.3025
0.29352(9)
0.3112
0.2882
0.36896(8)
0.3602
0.3546
0.63025(7)
0.6126

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

231

H1242
O125
H1251
H1252

0.4119
0.73710(15)
0.7215
0.7492

0.8564
0.4201(2)
0.4832
0.3707

0.6258
0.72491(8)
0.7332
0.7405

x,y,z
x,y,z
x,y,z
x,y,z

[Zn(Me8tricosane)](NO3)2 crystallised from NMR Sample
Label
Zn1
N1
N2
N3
N4
N5
N6
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
H1
H2
H3

X
0.32009(2)
0.32904(18)
0.48461(18)
0.22082(18)
0.32412(18)
0.16836(18)
0.39486(18)
0.0395(2)
0.1295(2)
0.2218(2)
0.3942(2)
0.5141(2)
0.5528(2)
0.5706(2)
0.5422(2)
0.5450(2)
0.5135(2)
0.6064(2)
0.1569(2)
0.1537(2)
0.2127(2)
0.2287(2)
0.1454(2)
0.3227(2)
0.4160(2)
0.0865(2)
0.1936(2)
0.2350(2)
0.1461(2)
0.2842(3)
0.3188(2)
0.4985(2)
0.365(2)
0.482(2)
0.265(2)

Y
0.69488(2)
0.80163(16)
0.73896(16)
0.78353(15)
0.60804(15)
0.65228(16)
0.58552(15)
0.8776(2)
0.81680(18)
0.8308(2)
0.87549(18)
0.86059(18)
0.8694(2)
0.9294(2)
0.76775(18)
0.67042(18)
0.57464(18)
0.5165(2)
0.84622(18)
0.73155(18)
0.69852(18)
0.77281(19)
0.62691(19)
0.66373(19)
0.54601(18)
0.72293(19)
0.61603(19)
0.52206(18)
0.45587(19)
0.5020(2)
0.51075(18)
0.55688(19)
0.781(2)
0.786(2)
0.816(2)

Z
0.644689(17)
0.55878(13)
0.70493(13)
0.69791(13)
0.74904(12)
0.56347(13)
0.59688(13)
0.51210(17)
0.55438(15)
0.51404(16)
0.59825(16)
0.61334(16)
0.53700(17)
0.67182(18)
0.64486(16)
0.75819(16)
0.73584(16)
0.77836(18)
0.64054(15)
0.73978(15)
0.82076(14)
0.88097(16)
0.84721(16)
0.81813(15)
0.76529(16)
0.54519(16)
0.49114(15)
0.50063(15)
0.49911(16)
0.43040(17)
0.57756(15)
0.64812(15)
0.5245(18)
0.7378(18)
0.7327(18)

Symm. op.
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

232

H4
H5
H6
H11
H12
H13
H31
H32
H41
H42
H61
H62
H63
H71
H72
H73
H81
H82
H91
H92
H111
H112
H113
H121
H122
H131
H132
H151
H152
H153
H161
H162
H163
H171
H172
H181
H182
H191
H192
H201
H202
H221
H222
H223
H231

0.264(2)
0.138(2)
0.408(2)
0.0255
0.0592
0.0283
0.2264
0.2058
0.3753
0.3754
0.6268
0.5433
0.513
0.6463
0.5465
0.5545
0.6183
0.524
0.534
0.6205
0.5861
0.6268
0.6662
0.1969
0.0905
0.0939
0.1264
0.2703
0.1605
0.2654
0.1801
0.0766
0.1372
0.3696
0.3486
0.4377
0.3918
0.0383
0.0464
0.2463
0.1282
0.1753
0.1109
0.0943
0.3012

0.5734(19)
0.605(2)
0.602(2)
0.8645
0.9378
0.8698
0.893
0.7986
0.8841
0.9281
0.8545
0.9289
0.831
0.9259
0.9871
0.9197
0.7653
0.7264
0.6812
0.6774
0.4556
0.5323
0.5249
0.9007
0.8581
0.7672
0.6812
0.7519
0.793
0.8206
0.6073
0.6497
0.5775
0.7135
0.6288
0.5375
0.4899
0.7161
0.7151
0.6543
0.6163
0.3977
0.4682
0.459
0.4403

0.7400(17)
0.5861(18)
0.5522(18)
0.5279
0.5251
0.4561
0.5042
0.4646
0.6486
0.5667
0.5466
0.5185
0.4975
0.6773
0.6536
0.7219
0.6674
0.6014
0.8106
0.7596
0.7739
0.8331
0.7553
0.644
0.6559
0.7462
0.7071
0.9303
0.8878
0.8632
0.8992
0.848
0.8119
0.8179
0.8653
0.822
0.7408
0.5805
0.4912
0.4763
0.4496
0.506
0.541
0.4498
0.4298

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

233

H232
H233
H241
H242
H251
H252
O1
O2
O3
N7
O4
O5
O6
N8
N9
C26
C27
H271
H272
H273

0.3473
0.2333
0.2826
0.359
0.5544
0.506
0.04971(17)
0.18440(15)
0.03791(16)
0.08987(18)
0.3636(2)
0.48349(19)
0.45986(18)
0.4353(2)
0.3426(3)
0.3486(3)
0.3579(3)
0.2957
0.4197
0.3647

0.5365
0.5173
0.5057
0.4573
0.5878
0.494
0.52242(14)
0.44722(13)
0.38053(14)
0.45019(16)
0.74689(17)
0.65628(15)
0.67410(14)
0.69242(17)
0.7092(3)
0.7636(3)
0.8334(3)
0.8698
0.8683
0.8082

0.4336
0.3828
0.6204
0.5744
0.6304
0.6411
0.66339(12)
0.72607(11)
0.67234(11)
0.68696(12)
0.40024(13)
0.46228(12)
0.33692(12)
0.39927(14)
0.1117(2)
0.1566(2)
0.2142(2)
0.2019
0.2137
0.2654

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

[Cd(Me8tricosane)](NO3)2 crystallised from NMR sample
Label
Cd1
N1
N2
N3
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15

X
0.165347(8)
0.08394(8)
0.16069(8)
0.25304(8)
0.16472(14)
0.16496(10)
0.08895(10)
0.00613(9)
0.01207(12)
0.02336(14)
0.09462(14)
0.18248(12)
0.19550(10)
0.16985(13)
0.08804(14)
0.20562(16)
0.22314(10)
0.29977(10)
0.34494(13)

Y
0.25
0.34779(8)
0.34760(9)
0.34795(9)
0.55375(12)
0.45904(11)
0.43219(10)
0.32813(11)
0.25
0.25
0.25
0.43280(11)
0.32831(11)
0.25
0.25
0.25
0.43180(11)
0.32828(12)
0.25

Z
0.815857(14)
0.91070(13)
0.64547(14)
0.89020(14)
0.8175(2)
0.81634(16)
0.85713(17)
0.92378(16)
0.9971(2)
1.1283(2)
1.0145(3)
0.68018(17)
0.52242(16)
0.4564(2)
0.4381(3)
0.3246(2)
0.91056(17)
1.00003(16)
0.9891(2)

Symm. op.
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

234

C16
C17
H1
H2
H3
H11
H12
H13
H31
H32
H41
H42
H61
H62
H71
H72
H81
H82
H91
H92
H111
H112
H121
H122
H131
H132
H141
H142
H161
H162
H171
H172
N1
N2
N3
C1
C2
C3
C4
C8
C9
C13
C14
H1
H2

0.39040(15)
0.39644(15)
0.0992(12)
0.1144(13)
0.2819(13)
0.2079
0.1241
0.1615
0.0705
0.0571
0.0173
0.0135
0.0744
0.0089
0.1172
0.1088
0.1588
0.2331
0.1861
0.2467
0.0651
0.0741
0.2566
0.1912
0.2624
0.2029
0.3321
0.27
0.3592
0.42
0.3689
0.426
0.08394(8)
0.16069(8)
0.25304(8)
0.16472(14)
0.16496(10)
0.08895(10)
0.00613(9)
0.18248(12)
0.19550(10)
0.22314(10)
0.29977(10)
0.0992(12)
0.1144(13)

0.25
0.25
0.3518(14)
0.3470(14)
0.3521(15)
0.5729
0.5723
0.572
0.4684
0.4362
0.3732
0.3221
0.25
0.2976
0.25
0.2976
0.4681
0.4373
0.373
0.3246
0.25
0.2976
0.25
0.2976
0.4677
0.4352
0.3735
0.322
0.25
0.2976
0.25
0.2976
0.15221(8)
0.15240(9)
0.15205(9)
0.05375(12)
0.04096(11)
0.06781(10)
0.17187(11)
0.06720(11)
0.17169(11)
0.06820(11)
0.17172(12)
0.1482(14)
0.1530(14)

0.8672(3)
1.1037(3)
0.981(2)
0.633(2)
0.827(2)
0.779
0.7717
0.9031
0.922
0.7835
0.966
0.8406
1.1188
1.1737
0.9337
1.0601
0.6234
0.667
0.4646
0.5378
0.5186
0.3924
0.3344
0.2792
0.9053
0.9942
1.0144
1.0728
0.7959
0.8652
1.1795
1.1011
0.91070(13)
0.64547(14)
0.89020(14)
0.8175(2)
0.81634(16)
0.85713(17)
0.92378(16)
0.68018(17)
0.52242(16)
0.91056(17)
1.00003(16)
0.981(2)
0.633(2)

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z

235

H3
H11
H12
H13
H31
H32
H41
H42
H62
H72
H81
H82
H91
H92
H112
H122
H131
H132
H141
H142
H162
H172
O1
O2
O3
O4
O5
O6
N4
N5
O10
H4
H5

0.2819(13)
0.2079
0.1241
0.1615
0.0705
0.0571
0.0173
0.0135
0.0089
0.1088
0.1588
0.2331
0.1861
0.2467
0.0741
0.1912
0.2624
0.2029
0.3321
0.27
0.42
0.426
0.3609(2)
0.3971(4)
0.4020(2)
0.4564(4)
0.3879(6)
0.3653(4)
0.3876(4)
0.4026(6)
0.01482(14)
0.020(2)
0.035(2)

0.1479(15)
0.0729
0.0723
0.072
0.0316
0.0638
0.1268
0.1779
0.2024
0.2024
0.0319
0.0627
0.127
0.1754
0.2024
0.2024
0.0323
0.0648
0.1265
0.178
0.2024
0.2024
0.4451(2)
0.5691(4)
0.4993(4)
0.5528(5)
0.4502(5)
0.5641(7)
0.5036(4)
0.5220(7)
0.40791(19)
0.445(2)
0.432(2)

0.827(2)
0.779
0.7717
0.9031
0.922
0.7835
0.966
0.8406
1.1737
1.0601
0.6234
0.667
0.4646
0.5378
0.3924
0.2792
0.9053
0.9942
1.0144
1.0728
0.8652
1.1011
0.6828(4)
0.6837(6)
0.8525(3)
0.7977(6)
0.7747(14)
0.6758(10)
0.7390(7)
0.7485(12)
0.5524(3)
0.584(4)
0.482(3)

x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,1/2y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

Z
0.25
0.35315(14)
0.35647(15)
0.35514(14)
0.62002(14)
0.49997(14)

Symm. op.
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z

[Co(Me8tricosane)](CH3COO)2.7H2O
Label
Co1
N4
N9
N15
C1
C2

X
0.5
0.45395(10)
0.60563(12)
0.43293(11)
0.4952(3)
0.49595(16)

Y
0.22661(2)
0.13863(9)
0.23983(10)
0.30547(10)
0.22548(8)
0.22658(7)

236

C3
C5
C6
C7
C8
C10
C11
C12
C13
C14
C16
H41
H91
H151
H11
H12
H13
H31
H32
H51
H52
H71
H72
H73
H81
H82
H101
H102
H121
H122
H123
H131
H132
H133
H141
H142
H161
H162
N4
N9
N15
C1
C2
C3
C5

0.44197(13)
0.50975(15)
0.5
0.42303(11)
0.58668(15)
0.63624(24)
0.69202(9)
0.77952(13)
0.69861(10)
0.45855(14)
0.34218(14)
0.40162
0.64868
0.44602
0.52803
0.4401
0.51712
0.38574
0.45384
0.56516
0.49898
0.41665
0.42953
0.37547
0.60203
0.61914
0.58994
0.66674
0.81323
0.80258
0.77677
0.73327
0.64517
0.72144
0.49852
0.41119
0.33053
0.31528
0.54605(10)
0.39437(12)
0.56707(11)
0.5048(3)
0.50405(16)
0.55803(13)
0.49025(15)

0.16215(12)
0.07412(9)
0.02693(12)
0.02201(9)
0.21866(12)
0.31640(13)
0.33149(8)
0.30147(13)
0.41493(9)
0.30024(12)
0.29568(22)
0.12374
0.20882
0.35345
0.26461
0.23083
0.18031
0.17588
0.12152
0.09118
0.04424
0.05141
0.05261
0.00783
0.16889
0.2485
0.34824
0.3263
0.31126
0.32446
0.25016
0.42369
0.43432
0.43794
0.33722
0.30888
0.24478
0.31673
0.13863(9)
0.23983(10)
0.30547(10)
0.22548(8)
0.22658(7)
0.16215(12)
0.07412(9)

0.46405(16)
0.34831(13)
0.25
0.26222(20)
0.46663(18)
0.3514(3)
0.2569(3)
0.27624(15)
0.23748(23)
0.46708(16)
0.3425(3)
0.32707
0.33227
0.3319
0.64584
0.64437
0.64416
0.4725
0.50787
0.35098
0.40757
0.20147
0.32171
0.27099
0.47549
0.51149
0.34781
0.4133
0.21704
0.33615
0.28747
0.17882
0.22418
0.29751
0.47988
0.50921
0.3399
0.4013
0.14685(14)
0.14353(15)
0.14486(14)
0.12002(14)
0.00003(14)
0.03595(16)
0.15169(13)

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z

237

C7
C8
C10
C11
C12
C13
C14
C16
H41
H91
H151
H11
H12
H13
H31
H32
H51
H52
H71
H72
H73
H81
H82
H101
H102
H121
H122
H123
H131
H132
H133
H141
H142
H161
H162
N4
N9
N15
C1
C2
C3
C5
C7
C8
C10

0.57697(11)
0.41332(15)
0.36376(24)
0.30798(9)
0.22048(13)
0.30139(10)
0.54145(14)
0.65782(14)
0.59838
0.35132
0.55398
0.47197
0.5599
0.48288
0.61426
0.54616
0.43484
0.50102
0.58335
0.57047
0.62453
0.39797
0.38086
0.41006
0.33326
0.18677
0.19742
0.22323
0.26673
0.35483
0.27856
0.50148
0.58881
0.66947
0.68472
0.45395(10)
0.60563(12)
0.43293(11)
0.4952(3)
0.49595(16)
0.44197(13)
0.50975(15)
0.42303(11)
0.58668(15)
0.63624(24)

0.02201(9)
0.21866(12)
0.31640(13)
0.33149(8)
0.30147(13)
0.41493(9)
0.30024(12)
0.29568(22)
0.12374
0.20882
0.35345
0.26461
0.23083
0.18031
0.17588
0.12152
0.09118
0.04424
0.05141
0.05261
0.00783
0.16889
0.2485
0.34824
0.3263
0.31126
0.32446
0.25016
0.42369
0.43432
0.43794
0.33722
0.30888
0.24478
0.31673
0.13863(9)
0.23983(10)
0.30547(10)
0.22548(8)
0.22658(7)
0.16215(12)
0.07412(9)
0.02201(9)
0.21866(12)
0.31640(13)

0.23778(20)
0.03337(18)
0.1486(3)
0.2431(3)
0.22376(15)
0.26252(23)
0.03292(16)
0.1575(3)
0.17293
0.16773
0.1681
0.14584
0.14437
0.14416
0.0275
0.00787
0.14902
0.09243
0.29853
0.17829
0.22901
0.02451
0.01149
0.15219
0.0867
0.28296
0.16385
0.21253
0.32118
0.27582
0.20249
0.02012
0.00921
0.1601
0.0987
0.14685(14)
0.14353(15)
0.14486(14)
0.12002(14)
0.00003(14)
0.03595(16)
0.15169(13)
0.23778(20)
0.03337(18)
0.1486(3)

1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
1x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z

238

C11
C12
C13
C14
C16
H41
H91
H151
H11
H12
H13
H31
H32
H51
H71
H72
H73
H81
H82
H101
H102
H121
H122
H123
H131
H132
H133
H141
H142
H161
H162
N4
N9
N15
C1
C2
C3
C5
C7
C8
C10
C11
C12
C13
C14

0.69202(9)
0.77952(13)
0.69861(10)
0.45855(14)
0.34218(14)
0.40162
0.64868
0.44602
0.52803
0.4401
0.51712
0.38574
0.45384
0.56516
0.41665
0.42953
0.37547
0.60203
0.61914
0.58994
0.66674
0.81323
0.80258
0.77677
0.73327
0.64517
0.72144
0.49852
0.41119
0.33053
0.31528
0.54605(10)
0.39437(12)
0.56707(11)
0.5048(3)
0.50405(16)
0.55803(13)
0.49025(15)
0.57697(11)
0.41332(15)
0.36376(24)
0.30798(9)
0.22048(13)
0.30139(10)
0.54145(14)

0.33149(8)
0.30147(13)
0.41493(9)
0.30024(12)
0.29568(22)
0.12374
0.20882
0.35345
0.26461
0.23083
0.18031
0.17588
0.12152
0.09118
0.05141
0.05261
0.00783
0.16889
0.2485
0.34824
0.3263
0.31126
0.32446
0.25016
0.42369
0.43432
0.43794
0.33722
0.30888
0.24478
0.31673
0.13863(9)
0.23983(10)
0.30547(10)
0.22548(8)
0.22658(7)
0.16215(12)
0.07412(9)
0.02201(9)
0.21866(12)
0.31640(13)
0.33149(8)
0.30147(13)
0.41493(9)
0.30024(12)

0.2431(3)
0.22376(15)
0.26252(23)
0.03292(16)
0.1575(3)
0.17293
0.16773
0.1681
0.14584
0.14437
0.14416
0.0275
0.00787
0.14902
0.29853
0.17829
0.22901
0.02451
0.01149
0.15219
0.0867
0.28296
0.16385
0.21253
0.32118
0.27582
0.20249
0.02012
0.00921
0.1601
0.0987
0.35315(14)
0.35647(15)
0.35514(14)
0.62002(14)
0.49997(14)
0.46405(16)
0.34831(13)
0.26222(20)
0.46663(18)
0.3514(3)
0.2569(3)
0.27624(15)
0.23748(23)
0.46708(16)

x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
x,y,1/2z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z

239

C16
H41
H91
H151
H11
H12
H13
H31
H32
H51
H71
H72
H73
H81
H82
H101
H102
H121
H122
H123
H131
H132
H133
H141
H142
H161
H162
O21
H211
H211
O22
H221
H223
H221
H223
O23
O24
O19
O20
C17
C18
H181
H182
H183
H184

0.65782(14)
0.59838
0.35132
0.55398
0.47197
0.5599
0.48288
0.61426
0.54616
0.43484
0.58335
0.57047
0.62453
0.39797
0.38086
0.41006
0.33326
0.18677
0.19742
0.22323
0.26673
0.35483
0.27856
0.50148
0.58881
0.66947
0.68472
1
0.95207
1.04793
0.87643(8)
0.84254
0.84254
0.84254
0.84254
0.73272(16)
0.64858(17)
0.76576(10)
0.71476(8)
0.77422(6)
0.86098(9)
0.89983
0.87234
0.865
0.85828

0.29568(22)
0.12374
0.20882
0.35345
0.26461
0.23083
0.18031
0.17588
0.12152
0.09118
0.05141
0.05261
0.00783
0.16889
0.2485
0.34824
0.3263
0.31126
0.32446
0.25016
0.42369
0.43432
0.43794
0.33722
0.30888
0.24478
0.31673
0.03321(7)
0.02365
0.02365
0
0.03496
0.03999
0.03496
0.03999
0.07718(15)
0
0.09713(8)
0.12063(7)
0.10868(4)
0.10849(9)
0.09892
0.15483
0.07159
0.11798

0.3425(3)
0.32707
0.33227
0.3319
0.64584
0.64437
0.64416
0.4725
0.50787
0.35098
0.20147
0.32171
0.27099
0.47549
0.51149
0.34781
0.4133
0.21704
0.33615
0.28747
0.17882
0.22418
0.29751
0.47988
0.50921
0.3399
0.4013
0.14127(11)
0.1006
0.1006
0
0.03438
0.0203
0.03438
0.0203
0.03919(20)
0
0.09552(11)
0.2522(5)
0.19076(9)
0.23631(17)
0.18231
0.2667
0.2884
0.3093

1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
1x,y,z
x,y,z
x,y,z
2x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
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H185
H186
H231
H232
H241
O19
O20
C17
C18
H181
H182
H183
H184
H185
H186
O23
H231
H232
H241
O20
O20
C17
C17
C18
C18
H181
H181
H182
H182
H183
H183
H184
H184
H185
H185
H186
H186

0.88577
0.89312
0.78259
0.7286
0.68248
0.76576(10)
0.71476(8)
0.77422(6)
0.86098(9)
0.89983
0.87234
0.865
0.85828
0.88577
0.89312
0.73272(16)
0.78259
0.7286
0.68248
0.71476(8)
0.71476(8)
0.77422(6)
0.77422(6)
0.86098(9)
0.86098(9)
0.89983
0.89983
0.87234
0.87234
0.865
0.865
0.85828
0.85828
0.88577
0.88577
0.89312
0.89312

0.06206
0.1453
0.05084
0.09082
0.03496
0.09713(8)
0.12063(7)
0.10868(4)
0.10849(9)
0.09892
0.15483
0.07159
0.11798
0.06206
0.1453
0.07718(15)
0.05084
0.09082
0.03496
0.12063(7)
0.12063(7)
0.10868(4)
0.10868(4)
0.10849(9)
0.10849(9)
0.09892
0.09892
0.15483
0.15483
0.07159
0.07159
0.11798
0.11798
0.06206
0.06206
0.1453
0.1453

0.2249
0.20321
0.02833
0.1107
0.03438
0.09552(11)
0.2522(5)
0.19076(9)
0.23631(17)
0.18231
0.2667
0.2884
0.3093
0.2249
0.20321
0.03919(20)
0.02833
0.1107
0.03438
0.2478(5)
0.2478(5)
0.30924(9)
0.30924(9)
0.26369(17)
0.26369(17)
0.31769
0.31769
0.2333
0.2333
0.2116
0.2116
0.1907
0.1907
0.2751
0.2751
0.29679
0.29679

x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
x,y,1/2z
x,y,1/2+z
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