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Abstract

Copper is one of the most prevalent biogenic metals. It can be found in
virtually all living organisms, fulfilling many roles critical for the functions of
life. Many proteins, that utilize copper cations for their function, bear clusters
of two or more metal ions. These active copper sites can be simulated and
even exploited by synthesizing their artificial analogues where the structure
of protein with coordinating amino acids is replaced with nitrogen containing
macrocycles or multipodal ligands. In presented work, two bis(macrocyclic)
ligands with two cyclam units connected by p-cresol or p-nitrophenol spacers
were synthesized. From these, mono- and dicopper(II) complexes were prepared
and studied by combination of spectral, diffraction and electrochemical methods,
revealing that the phenolate (regardless of para substituent on the aromatic ring)
coordinates central Cu' only weakly or not at all. Although all obtained crystal
structures show cyclam-Cu'' subunits in trans-II1T geometry, HPLC-MS, UV-Vis,
polarography (DCP) and cyclic voltammetry (CV) indicate presence of more
than one isomer in solutions with their relative abundances dependent on pH.
Electrochemical behaviour shows irreversible 2 electron reduction of Cu'' cations
which are decoordinated and amalgamated during reduction. During anodic
CV scan, copper is re-oxidized and re-coordinated. Rate of this coordination
is dependent on pH and can be observed during subsequent steps of CV as

I cations and complex. Different ratio of isomers of

a ratio between free Cu
complexes was also observed during subsequent cycles of CV, as they are formed
at different reaction rates, and show different thermodynamic stabilities. The
ligand containing nitro group shows 4 electron irreversible reduction that overlaps
with irreversible reduction of Cu' cations. Weak reversible oxidation-reduction
couple was revealed in free form of p-cresol variant of free ligand, that disappears
upon coordination to Cu". The ligands and complexes also slowly degrade when
incubated in aqueous solution. This degradation progresses more rapidly in heated
samples and composition of degradation products depends on the pH of the
aqueous solution. These degradations processes are complex, but mostly follow
'retro-Mannich" mechanism, where methylene bridge between phenol moiety and
cyclam breaks, resulting in either formation of aldehyde or alcohol, or release of
formaldehyde and formation of aminal from cyclam subunits.

Keywords: Macrocyclic ligands, copper(II) complexes, UV /VIS spectroscopy,

electrochemistry, stability






Abstrakt

Meéd je jednim z nejcastéji vyskytujicich se biogennich kovii. Vyskytuje se
v témér vsech zivych organismech, kde plni funkce kritické pro jejich preziti.
Mnoho proteinii obahuje méd ve formé klastri tvorenych vice ionty. Tato aktivni
mista lze simulovat, pripadé i vuyzivat, ve formé jejich syntetickych analogt, ve
kterych jsou koordiujici aminokyseliny nahrazeny dusikatymi makrocyklickymi
ligandy. V této préaci byly pripraveny ligandy obsahujici dvé cyklamové jednotky
spojené p-kresolovym nebo p-nitrofenolovym mustkem. Z téchto ligandu byly
pripraveny mono- a dimédnaté komplexy, které byly studovany pomoci spek-
troskopickych, difrakénich a elektrochemickych metod. Tyto studie ukazuji, ze
fenolét (at p-cresolovy ¢i p-nitrofenolovy) koordinuje médnaté kationty pouze
slabé nebo vubec. I kdyz vsechny ziskané krystalové struktry obsahuji cyklamové
jednotky ve formé trans-111 isomera, HPLC/MS, UV-Vis, polarografické (DCP) a
voltametrické (CV) experimenty ukazuji na pfitomnost vétstho mnozstvi izomeru
v roztoku. Relativni zastoupeni téchto izomert zavisi na pH. Elektrochemické
chovani médnatych komplexti vykazuje dvouelektronovou ireverzibilni redukci
médnatych kationtil, spojenou s jejich dekoordinaci a vytvoreni amalgamu na
pracovni elektrodé. Béhem anodického scanu je tato méd reoxidovana a opétovné
koordinovana. Rychlost této koordinace je zavisla na pH a muze byt pozorovana
jako pomér koncentraci volnych médnatych kationtti a komplexu v roztoku. Rizny
pomér izomert komplexu byl také pozorovan béhem néaslednych cykla CV, jelikoz
izomery vznikaji s riiznymi rychlostnimi konstantami a maji odlisné termodynam-
ické stability. Ligand obsahujici p-nitrofenolovy mustek vykazuje ¢tytelektronovou
ireverzibilni redukci, ktera se prekryva s redukei médnatych kationti. Slaby reverz-
ibilni oxida¢né-redukéni déj byl pozorovan u volné formy p-cresolového ligandu a
mizi s koordinaci médnatych kationt. Ligandy a komplexy pomalu degraduji,
pokud jsou ponechany ve vodnych roztocich. Tento proces se vyrazné zrychluje
zahtivanim, slozeni degradacnich produktt zavisi na pH. Degradacni procesy
predstavuji komplexni soubor, ale vétsina procesu probihd "retro-Manichovym"
mechanismem. Methylenové mustky mezi aromatickym jadrem a cyklamovou
jednotkou jsou rozlozeny za vziku allkoholu ¢i aldehydu, ale mtuze dochazet téz k
uvolnéni formaldehydu a vzniku aminal na cyklamovych jednotkach.
Klic¢ova slova: Makrocyklické ligandy, médnaté komplexy, UV /VIS spektroskopie,

elektrochemie, stabilita






1 Overview

All known living organisms utilize (and are made from) proteins. Proteins
are naturally occurring polymeric chains of amino acids. These molecules fulfil
many roles in living organisms, from structural (like collagen or keratin) to
enzymatic. Many enzymes (proteins that enable chemical reactions like catalysts)
need cofactor for their proper function. These cofactor are often metallic ions
from a group called biogenic metals. These include several s elements (Na, K, Mg,
and Ca), some first row transition metals from d group (Mn, Fe, Co, Cu, Zn) and
Mo[1]. These metals can be either coordinated by donor atoms from amino acids

or enclosed in heme-like group, like iron in haemoglobin.

1.1 Role of copper in living organisms

Copper is an essential biogenic metal for all living organisms. Naturally oc-
curring compounds contain copper mainly in its Cu'! oxidation state. This is the
most stable oxidation state of copper and it is typical representative of d” electron
configuration with its typical octahedral distortion (Jahn-Teller effect).

In proteins, copper acts mainly as redox mediator|2] because it can be easily
reduced by one electron to Cu' and back. To ensure that active copper center can
stay active regardless of its oxidation state, it is coordinated by rigid structure
created from amino acids, that can act as ligands. These amino acid are combi-
nation of histidine, cysteine, methionine and sometimes glutamate side chains.
This coordination sphere has close connection to function of the active copper site.
and it ensures that toxic Cu' ions are not released from the protein, as they could
generate harmful radicals.

Copper cations (or the active centre) contained in protein can be classified by the
coordination(fig. 1.1) of Cu': in type I, copper is coordinated strongly by two
methionine and one cysteine and more loosely by the fourth ligand in distorted
tetrahedral coordination sphere. This type has typical blue color in oxidized state
(giving name to blue copper proteins). Type II has four nitrogen or oxygen donors
in square plane around the central atom. It lacks the color of type I. Type III is
binuclear center and can be differentiated from the other two centres because it is
EPR silent. This means that single electrons from the d° electron configuration

are antiferromagnetically coupled|3].
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Figure 1.1 Three types of copper active sites in proteins. R = Met (typically), L =
N or O ligands

Sometimes type Il and type III combine into one trinuclear copper site that
is then sometimes denoted as type IV site. Copper-bearing proteins are also
classified by number of these active copper sites into single and multicopper
proteins. Monocopper proteins with type I center are represented by proteins like
azurin, rusticyanin or plastocyanin. These small single copper bearing proteins
all share the same function: single electron transfer. These proteins act as
intermediators in electron transport chains, e.g. plastocyanin transfers electrons
from cytochrome f to photosystem I during photosynthesis.

An example of a protein with one active copper site that contains two Cu'" cations
is hemocyanin, respiratory protein of molluscs and arthropods. In its deoxygenated
form, the Cu' ions are independent and coordinated in planar trigonal geometry.
Upon oxygenation, the Cu' cations are oxidized (the O, molecule is coordinated
in peroxide form) and are closer together, forming a planar shape (see fig. 1.2)
from the two Cu'! ions and the now coordinated 0% . Histidine residues move

only slightly from the original plane[4, 5, 6]. This coordination results in type III
N N /%NH HN{\
\'T P! (hll/
Cu. Cu. N Cu Cu N

Figure 1.2 Oxygenation of active center of hemocyanin

site.

As this process is favourable at pH = 7 the oxygen binds readily to the dicopper
center of hemocyanin. Oxygenated hemocyanin is then transported through the
organism. Upon arriving into oxygen-starved tissues oxygen is released in its
molecular form because of the lower pH in oxygen-starved tissues (similarly to
the function of hemoglobin, in accordance with Bohr effect[7]).

Structure of hemocyanin dicopper site is isostructural with active sites of catechol
oxidase and tyrosinase, even though they fulfil different function in living organ-

isms: instead of transport, they both facilitate oxidation of hydroxyl groups in



phenols and catechols. Catalytic activity of catechol oxidase (or its active dicopper
site) is shown in fig. 1.3. These processes are closely connected to signalling
pathways in mammals (dopamine pathway) and o-quinone synthesis. O-quinones
fulfil various roles in various organisms, from melanin synthesis in humans to its

antibacterial and antifungal activity in plants[8, 9].
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Figure 1.3 Enzymatic activity of copper center of catechol oxidase. Edited from [9],
oxidation numbers of copper cations are omitted for clarity.

Proteins that contain multiple copper active sites usually combine several
types of active copper centres in their structure. Large group of proteins called
blue copper oxidases have at least one type I centre which serves as electron
acceptor from oxidised substrate. An example of this process would be protein
laccase[10], in which single electron oxidation leads to radical crosspolymeristation
leading to lignin. Extracted electrons are then transported to the combined type 11
and type III center, in which oxygen is reduced to water. This process can be
found in many different oxidases, e. g. protein-lysine 6-oxidase, dopamine-{3-
monooxygenase, monophenol monooxygynase and peptide-a-amidating monooxy-

genase|[2].



The combination of type II and type III is not the only solution nature has found
for the oxygen reduction. Alternative pathway is found in cytochrome ¢ oxidase.
This enzyme terminates respiratory electron transport chain. The protein consists
of several subunits and contains two heme units and two copper centres (one type I
and one type III). Conversely from oxidases, the type III center acts as receiver
for electrons from cytochrome c. These electrons are then passed internally to
binuclear site formed from one heme unit and the type I copper center, where
oxygen is reduced to water. This process is also connected to the transportat
of protons across the mitochondrial membrane. Hydrogen potential across the
membrane established in this way serves as an energy source for ATP synthase,

and therefore synthesis of ATP which is the final goal of respiratory chain[11].

1.2 Complexes mimicking biological functions

Copper, and other transition metals, play various roles in chemical processes of
living organisms. One can therefore expect that compounds of similar structures
and functions were synthesized artificially, whether for the purpose of mechanistic
studies or as biologically inspired catalyst, that can be used in various industries.
There are many examples of artificial catalysts that are inspired or similar in
structure to some naturally occurring proteins and some of these will be discussed
bellow to illustrate inspiration for our work. These examples can be split along
two lines: the number of metal ions present in the complex; or the nature of the
ligands that bind this metal (or these metals). In natural conditions, many active
centres of proteins contain more then one metal ion. Similar strategies were used
in searching for their synthetic analogues. Probably because they are synthetically
more accessible many of these enzyme mimicking complexes contain open chained

ligands.

1.2.1 Open chained compounds

Mononuclear open chained transition metal complexes could fill pages upon
pages of reviews. For example many older MRI contrast agents contained complex
of GA™ with linear ligands (Magnevist®, Optimark®). However, these com-
pounds were banned in 2017 by European Medicine Agency [12] because of their
questionable stability. This will be discussed more closely below.

There are of course many other applications for open chained ligands. For example
there is an effort to simulate photosynthesis, because it is a process that, in short,

effectively fixes solar energy into chemical bonds while generating oxygen. It is
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therefore a process worth mimicking. Open chained Co™ complexes (fig. 1.4) were
studied as cocatalysts for water oxidation by light. Photosensitizing [Ru(bpy)s]**
complex was used in these experiments mimicking, in a way, natural photosystems.
The system of two complexes has shown photooxidation of water to oxygen but
closer study has revealed that the catalytic activity came from nanoparticles of
Co(OH),. The complexes acted as precatalyst and the active particles resulted
from their oxidation by sodium persulfate Na,;SOg present in the reaction as an

electron acceptor[13].

\ OH
\/NA? ? ~ é /OH2
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DY SSVAR
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Figure 1.4 Cobalt complexes investigated for their water oxidation ability

1.2.2 Dinuclear open chained compounds

As was mentioned before, many naturally occurring catalysts employ more
than one metal ion (like dicopper centre of catecholases or iron-copper centre of
cytochrome c oxidase). There is therefore large number of dinuclear complexes
that have some enzyme-like activity. What follows is a small window into large
field of study, once again aiming to inform the reader about our motivation.
Enzymes can employ metals other than copper. One open chained structure
containing two Fe''! (see fig. 1.5) was synthesized in effort to mimic activity of
catecholases[14]. Prepared dinuclear complex has indeed shown catecholase-like

activity. In its structure, it contains two Fe'l!

cations captured each by tripodal
ligand and bridged by phenolate. In the study, the complex was reduced during
catalysis and reoxidised by molecular oxygen present in the solution. This activity
is similar to some dinuclear Cu"' complexes, although the mechanism is distinct
from catechol oxidase. Instead of water, the oxygen is reduced to hydrogen

peroxide.
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Figure 1.5 Binuclear Fe' complex with catecholase-like activity. The picture is an
active intermediate proposed by the authors[14].

Apart from catecholase-like activity, this complex has also shown DNA cleav-
age[14]. Nickel complexes of similar dinuclear open chain structure have also
shown antibacterial activity[15].

Number of dicopper complexes with structure similar to that in fig. 1.5 is very
large and the research was summarized in many reviews[16, 17]. The motif of two
tripodal ligands connected by aromatic or aliphatic unit is repeated in literature
many times. Large portion of this research is concerned with study of catecholase-
like activity of these compounds. An example of two dinuclear compounds can be
seen in fig. 1.6. Both of these complexes can act as catecholase and, in presence of
H50s5 can oxidize 1,2-diphenols to catechols. There are even mononuclear copper
complexes that can catalyse these oxidations, but current understating states that
the particle active in catalysis is dimeric complex that is formed in solution from

the mononuclear species.

Figure 1.6 Dinuclear Cu'! complexes. Complex with phenolate bridge[18] is more
active in oxidation of phenols than the complex with propylene linker [16, 19]

Some researchers have described different behaviour of dinuclear complexes:
rather exotic example is CO, fixation and subsequent reduction to oxalate

(fig. 1.7)[20]. From this example (and maybe the di-iron complex in fig. 1.5)

12



we can see that the wealth of possible configurations and activities of dinuclear

complexes like those mentioned here is rather wide.
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Figure 1.7 Catalytic cycle of binuclear copper complex that can bind end electro-
chemically reduce CO2 to oxalate[20]

From the example at the beginning of the chapter and from the EMA resolution
about contrast agents for MRI one can conclude that linear ligands are not
exactly stable. Experiments done with dicopper complexes are overwhelmingly
done in nonaqueous environment. Data about formation of the complexes and
their thermodynamic and kinetic stability also aren’t available. Majority of the
complexes are not even soluble in water, therefore not exactly useful for current
direction of green chemistry. This fact also prevents study of their behaviour
in response to pH, which is important in study of natural processes. Proteins
or enzymes do not suffer from these issues and can exist in solutions with high
concentrations of competing metal cations. Their behaviour also heavily depends
on changes in pH in living organisms (see hemocyanin). The way to copper
complexes that are highly stable (thermodynamically and kinetically), soluble in
water and even resistant to transmetalation lies in macromolecular ligands and

macrocyclic effect.

1.2.3 Macrocyclic compounds

Macrocyclic compounds are defined as cyclic macromolecules. To act as ligands
they also have to contain some functional groups that can create coordination

bond. These two conditions lead to macrocyclic ligands. Their typical representa-
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tives are alkane rings from nine members up with some heteroatoms in the ring
structure, mainly (but not limited to) oxygen, nitrogen and sulphur. This trio
gives rise to crown-ethers, azamacrocycles and thia-crown ethers.

Nature of these heteroatoms in the cyclic alkane derivative has defining effect
on nature of these compounds as ligands. The heteroatoms play large role in
selectivity of these ligands towards various metals, for example: crown ethers are
essential part of organic synthesis as they can bind alkali metal ions and resulting
complexes are usually soluble in organic solvents. Similarly, thia-crown ethers
show high affinity to heavier metal ions like silver or mercury[21], with nitrogen
atom being somewhere in the middle. The affinity that these compounds show
towards different metal cations is governed by "soft" and "hard" metal-ligand the-
ory[22], which states that smaller, highly charged, therefore less polarizible (hard)
cations bond more readily with donors of similar properties (this is exemplified by
complexes of crown ethers with alkali metal ions like K) and larger, less charged
metal ions like Ag™ or Hg?" would prefer ligands with softer donating atoms or
groups, like thioethers or phosphines.

All macrocyclic ligands act as chelators. Chelators are molecules that can create
more than one coordination bond with central metal ion, usually by having more
than one donating functional group (a group with free electron pair). This multi-
denticity leads to some differences when compared to formation of complex with
monodentate ligands. This difference can be easily seen in formation of hexaamine
copper(II) cation ([Cu(NHs)g]*") and tris(ethylenediamine) copper(II) cation
([Cu(en)s]®") in fig. 1.8. Both of these compounds are formed from hexaaqua
copper(II) species found in aqueous conditions and the affinity of amine functional
group to Cu'’ should be similar to the ammonia. But there are differences between

the two complexes.

[Cu(Hy0)]*" + 6 NHz — [Cu(NHs)g)*" + 6 H,O
[Cu(H50)6]*" + 3en — [Cu(en)s]* + 6 H,O
Figure 1.8 Reaction between ammonia and Cu'' and ethylenediamine and Cu'' in

aqueous conditions. Note the change of the number of particles in both reactions: seven
to seven in the case of ammonia but four to seven in case of ethylenediamine.

When hexaaqua metal ion reacts with multidentate ligand, the molecules of
water are displaced by the donor groups of the ligand. This means that ligands
with more than one donor group release more than one molecule of water from
the starting aqua complex. This in turn leads to bigger number of particles on
the right side of equation and therefore the entropy of the system grows (more

particles means more randomness in the system).
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Another effect that comes with chelators is ring formation. Ethylenediamine forms
5-membered ring with central metal, very stable (energetically low) conformation.
Of course, these are not alkane rings and their geometry and energy of tension
is related to the geometry of the coordination bond. Macrocyclic compounds
can take advantage of both of these effects by utilizing them multiple times. In
this way, we can get from simple ethylenedamine to smallest macrocycle 1,4,7-
tiazacyclononane, usually shortened to TACN.

TACN is 9-membered ring with three nitrogen atoms that can be thought of
as three condensed ethylenedamine molecules. It was synthesized in 1978 by K.
Wieghardt et al.[23]. There are many more macrocyclic compounds with similar
structure (alkane ring with secondary amine functional groups interspersed within
the enclosed ring), mainly cyclam and cyclene, which with TACN form a trio
of probably most relevant nitrogen based macrocyclic compounds (see fig. 1.9),
although many bigger and less symmetrical compounds were studied and synthe-

sized throughout years.

)

[\ NH HN NH HN
NH HN [ ] [ j
Ch
N NH HN NH HN
__/
TACN cyclene cyclam

Figure 1.9 Trio of most studied azamacrocyclic compounds

The ring formation mentioned above plays an important role in matching of
the ligand and the complex. Rather than bite angle of bidentate ligands like
ethylenediamine, macrocyclic ligands are defined by the size of the cavity that
is enclosed by the ring. Shape of coordination bond then depends on size of the
metal and size of the cavity. Goodness of match between metal and ligand is
closely related to stability constant describing formation of the complex. We can
see these effects on the following copper complexes (compare stability constants of
similar amino complexes of Cu®*: log Kicu(en)s)2+ = 19.6, 1og Kicy(eycten)z+ = 23.29
2+ = 27.2)[24, 25].

en)g

and log K[Cu(

cyclam
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Figure 1.10 Comparison of geometry of nitrogen based copper complex cations, from
left to right [Cu(en)2]*T, [Cu(cyclen)]*, [Cu(cyclam)]**, axial ligands are omitted for
clarity

Fig. 1.10 shows geometry of copper complex cations. Bis(ethylenedamine)
complex is stabilized only by two 5-membered rings, being less stable than cy-
clen complex. The difference of stability constants between cyclen and cyclam
complexes is caused by more favourable geometry of the latter one. In cyclam,
copper cation fits inside the macrocyclic cavity, whereas in cyclen the copper
cation cannot occupy same plane as ligand nitrogen atoms. This favourable
compatibility leads not only to high thermodynamic stability (cyclen complex
is also thermodynamically stable) but cyclam complex is also highly kinetically
stable. That is important when we want to study enzymatic behaviour of any
complex, because our model compound should be resistant to any changes during
the enzymatic cycle. This ensures that the enzymatic activity comes from the
complex and not from some intermediate that exists in small amount in the
solution. Kinetic and thermodynamic stability is also important to applications of
these potential catalysts, as it should ensure longer usability. Cu'' cyclam complex
is one of the most stable complexes of copper (considering macrocyclic ligands
without pendant arms), which is the reason why are these complexes of high
interest. First row transition metal ions (at least in their more common oxidation
states) bind six donating atoms (ligands) that occupy octahedral coordination
sphere. Nitrogen atoms in azamacrocycles can be modified further by alkylation
(by means of substitution of hydrogen atoms) and these pendant arms can interact
further with central atom. Typical example of this modification would be ligand
Hsote2a, cyclam-1,8-diacetic acid.

Whether the cyclam is modified by pendant arms or not, its complexes can be
found in form of several isomers that stem from orientation of hydrogen atoms
(or pendant arms) in combination with ethylene and propylene fragments. These
five isomers are shown in fig. 1.11, for clarity hydrogen atoms or pendants arms
are shown only as bonds going either above or bellow plane formed by nitrogen
atoms. In the case of Cu", isomer trans-III is the most abundant[26] and it is
easy to see why: the nitrogen atoms on the opposite sides of Cu'' cation carry the
pendant acetates in opposite orientation, therefore they can occupy both axial

positions of the deformed octahedral (square bipyramidal) coordination sphere
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around the central atom.
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Figure 1.11 Isomerism of cyclam complexes

In the case of copper(Il) complex with Hoteta, the stability constant is not
significantly raised, most likely because of Jahn-Teller distortion and higher acid-
ity of the ligand, but the selectivity of ligand toward copper(II) cation is raised
significantly when compared with metal cations usually found in blood, like Ca?*.
Of course, pendant arms can introduce much more than just another donor atom
for the coordination bond. The options are as far and wide as are possibilities of
organic synthesis. Examples of these functionalities can range from bulky alkyl sub-
stituents that change ligand coordination properties[27], across functional groups
that allow selective adsorption of the complex in human body (from bone[28] to
cancerous growths[29]) back to the simple acetate in DOTAREM® (MRI contrast
agent with Gd**).

One thing that connects many use-cases of macrocyclic compounds is their ther-
modynamic stability provided by macrocyclic effect. Macrocyclic ligands have
many uses in many fields. In medicine, they can introduce toxic metal anions (like
Ga®* or Lu*") into living organisms without their pathological effects, because
the ions are safely bound in the ligand cavity. In nuclear energy, they can be used
for extraction of f-elements[30] due to easily tunable selectivity. This width of

application is the reason for research of azamacrocyclic compounds.

1.2.4 Macrocyclic compounds modelling protein active

centres

From view of coordination chemistry, copper ions are coordinated only loosely

in enzymes. The active copper centres cannot fill the deformed octahedron typical
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for Cu™ and histidine and glutamate amino acid residues can be considered too
"hard" for Cu'. Their stability is ensured by the protein that enfolds the active
centre. This can be seen in hemocyanin: when it is partly denaturated, it starts
to act like a catecholase. In its natural state, this cannot happen because the
substrate can’t fit through the channel of hemocyanin like oxygen does[31]. Other
metals, like iron, cobalt or magnesium, can be found in macrocyclic compounds
naturally like enterobactin and heme subunit[32, 33] (fig. 1.12). Both of these
macrocycles bind iron. Enterobactin is so stable that the release in bacterial
cytoplasm is facilitated by hydrolysis of amide bonds instead of decomplexation.
Heme unit is found in many proteins, in hemoglobin it acts as a carrier of oxygen.
Therefore when we are designing compounds that could act similarly to enzymes

and have their stability, it is logical to turn to macrocycles.
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Figure 1.12 From left to right: Enterobactin, protein for transporting Fe™ into

bacteria; Heme unit of human hemoglobin and its oxygenated form

Complexes with naturally occurring macrocycles like ZnPhe complex (fig. 1.13)
were studied widely. ZnPhc can be used as an anticancer medicine: Coordinated
oxygen can be exited to singlet state by IR light. Reactive oxygen species are
then able to induce cell apoptosis in irradiated tissue. This process can be used
as efficiently targeted anticancer therapy. Many other metals, including iron were
tested with this ligand with variable results[34].

Not all enzymes that require iron for their function have heme subunit. These
enzymes also usually activate oxygen, therefore are also of interest in catalysis.
Macrocyclic compounds were synthesized as way to study these non-heme enzymes
because they are usually unstable (especially their superoxo and hyperoxo forms
involved in their catalytic activity) and the only way to study their spectroscopic
and electronic properties is by synthesizing their analogues|35], like those in fig
1.13. Oxygen activation is a prominent challenge of today’s chemistry, as it could

provide a green path to many crucial chemical compounds.
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Figure 1.13 Left: ZnPhc complex; Right: [(TAML)Fe| complex that can activate
oxygen and catalyse oxidation of benzaldehydes[35]

Cobalt coordinated by azamacrocycle is also often found in literature as a
potential catalyst. Indeed, in [13] authors have described Co'! complex with cyclen
and homocyclen ([13]aneN,) that has shown lesser catalytic activity then open
chain ligands. Lesser activity was most likely caused by higher stability of macro-
cyclic complexes and therefore worse Co(OH), (actual catalyst) generation. In a
similar way, [Co(cyclam)ClO4|ClO4 complex was used to create electrode coated
with Co™ hydroxide/phosphate thin film. This electrode was then successfully
used for electrochemical water oxidation with great yield[36].

Another closely studied process that has natural inspiration is CO, fixation and
reduction. Here, cyclam and cyclam-like macrocycles with Co™ or Ni'' were
closely studied. Although mechanism remains unclear, these complexes show
strong coordination of CO,. This coordination can be followed by electroreduction
resulting in CO. Should this process be effective enough, it can lead to transfor-
mation of excess CO, to fuel, either as through Fisher-Tropsch synthesis or as a

precursor for methanol[37, 38].

1.2.5 Bis(macrocyclic) complexes

Macrocyclic ligands represent a stable site to employ metal ion in some chemical
process. One can then expect that macrocyclic ligands would be useful for binding
more than one metal ion. The stability common in macrocyclic complexes can
even ensure geometrical relations between the metal ions. This spatial relation
can be ensured by pendant arms, although bis(macrocyclic) ligands connected
by the substitution on alkane parts of the macrocycle are also known. Examples
of both variants were studied for their antiviral activity. They are bicyclam
and p-xylylene- N, N-bicyclam, sold under commercial name Plerixafor (fig. 1.14).
Both these compounds show antiviral (mainly anti-HIV) properties, as well as

cell immobilization. These effects are both connected to the bicyclam binding
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to CX(C4 site on cell surface. It is thought, that the actual active substance is
dizinc complex and these bicyclic macrocycles act only as a prodrug. Many other

bicyclics with different sizes of azamacrocycles show similar activity[39].

Figure 1.14 Left: bicyclam; Right: Plerixafor

Discovery of antiviral activity of bicyclam was more or less accidental, bicyclam
was present in some batches of cyclam as a by-product of its synthesis. There are
many more multimeric macrocycles. The desire for "more metal" per molecule
is known from MRI contrast agents, where it is desirable to bind more than one
Gd™ to one large ligand. The research in multimeric MRI is extensive and some
examples are shown in fig. 1.15. Even though these complexes do not act like
enzymes, they are good examples of possibilities that stem from close control of
their coordination chemistry. The supramolecule connected with Fe'' complex
is an example of massing gadolinium complexes, the DO3A ligands connected
through EDTA-like linker has shown interaction with Ca®' cations in human
serum. This sensibility to Ca?" ions is useful in some specialized areas, like MRI of
brain, where fluctuating levels of Ca?' are usually connected to abnormal neural
activity. Both of these ligands represent a continuation of DOTAREM®) contrast
agent widely used in MRI[40, 41].
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Figure 1.15 Left: MRI contrast agent with three Gd®> centres; Right: Dinuclear
MRI contrast agent that is activated by presence of Ca?*
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A rather large group of dinuclear macrocyclic ligands have a bridging ligand
between the metal centres. This can not only lead to enzymatic activity, but
also to some unexpected spectral properties. Luminescence of lanthanides can
be enhanced by antenna effect. This is usually realized by some aromatic moiety
bound to macrocycle that contains lanthanide. Such effect does not require
coordination of antenna to the lanthanide and was observed in dieuropium complex
of p-xylelene-N,N-bis(DO3A), see fig 1.16. In this complex, Eu*" emission is
sensitized by the aromatic linker[42]. Similar sensitisation can be achieved in
dinuclear complex where two Eu®" are coordinated by one p-nitrophenol bridge[43]
(fig. 1.16). Here, authors reported that the only luminescent species is the
one, where p-nitrophenol acts as a bridging ligand. In mononucelar species,
luminescence was not observed probably due to quenching of emissive state by

ligand to metal charge transfer (fig. 1.16).
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Figure 1.16 Luminescent dieuropium complexes, with and without bridging ligand

Coordination of both metal centres by phenolate also leads to biological activ-
ity, regardless of metal in macrocyclic cavities. Dinuclear complexes like these can
often cleave DNA. Mechanism of this cleavage is shown on typical model compound
bis(2,4-dinitrophenyl) phosphate, BDNPP in fig. 1.17. This compound is used as
a model of phosphodiester bond, similar to phosphate bond of sugar phosphate
backbone of DNA. BDNPP (and some other nitrophenolates) are used because the
resulting dinitro aromatic compounds are easily detected and quantified by UV
spectroscopy. The proposed mechanism of DNA cleavage starts with coordination
of phosphate to one of the metal centres (no difference in mechanism has been
reported between Cu, Fe and Zn), followed by nucleophylic attack of terminal
hydroxo group. p-OH group is a poorer nucleophile and stays coordinated|44].
Second method for studying DNA cleavage uses pUC19 as DNA model. pUC19 is
a small (2686 base pairs) double stranded circular DNA. It has some endonuclease
cleavage sites, and at these sites hydrolytic cleavage can occur. These cleavage
products are identified and quantified by electrophoresis. This method is also very
common, but it is not easy to compare observed rate constants from BDNPP and
pUC19 methods.
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Iron, copper and zinc complexes of the ligand have shown DNA (BDNPP) cleav-
age with similar rate constant (kg,s &~ 5 - 10°) in neutral pH. Rate constant of
cleavage of these complexes differ in their response to pH: While iron complex
has a maximum in neutral pH, both copper and zinc complexes cleave DNA more
quickly in basic conditions. This difference is most likely caused by different pK,
of coordinated water molecule. The proposed mechanism relies on hydroxide ion
coordinated to one of the metal ions[45, 46, 47].

02N \\ I/

NO»

Figure 1.17 Proposed mechanism of DNA cleavage by dinuclear complexes. BDNPP
serves as a model of phosphodiester bond present in DNA backbone. M = Fe, Cu, Zn

Replacing the two TACN subunits with cyclene (fig. 1.18) leads to different
mechanism of DNA cleavage. The complex cleaves DNA slower than the TACN
variant, however it is still active. This activity comes from participation of NH
groups. The phosphate bond is destabilized and the nucleophilic attack comes
from water molecule from the solution. The Cu' is only pentacoordinated in
solid phase, the situation in solution is less clear. There was an effort to pull
cyclen subunits further apart by introducing amide bond instead of methylene
bridge between aromatic centre and cyclen subunits. This leads to reintroduction
of bridging n1-OH group into the complex. However hydrolytic DNA cleavage
between amine and amide variant is virtually the same. Difference between these
complexes can be observed in presence of hydrogen peroxide. While it has no effect
on the amine variant, the amide shows oxidative DNA cleavage. Larger space
between Cu'' can accommodate (or coordinate) peroxide, which is turn activated

towards oxidative cleavage. Use of pUC19 as a DNA model is advantageous in
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this case, because the products of hydrolytic cleavage can be differentiated from
the oxidative cleavage products by electrophoresis. This activity of bis-cyclene
dicopper complex with amide bonds simulates activity of purple acid phosphatases.
These enzymes are common in many biological systems and are characterised
by their dinuclear metal centres with bridging p-OH group, but the metals are
usually Fe'™ or Mn'.[48]

alblidlielaleoliels

NH HN NH HN NH HN NH HN

Figure 1.18 Cooper complexes of phenolate ligands with cyclen subunits. Crystal
structures taken from [48]

There are as of yet no data for complexes with similar structure that would
connect two cyclam subunits. These should provide thermodynamic and kinetic
stability of Cu'' complexes. Thermodynamic stability can then be used for
synthesis of monocopper species for comparison studies. Kinetic stability should
provide easier to interpret spectroscopic data. Question remains how will be these

complexes influenced by isomerism of copper cyclam complexes (fig. 1.11).
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2 Aims of the thesis

The goal of this thesis was synthesis of novel cyclam-based ligands that were
missing from the logical progression of azamacrocycles. Dinuclear complexes of
TACN and cyclen connected with some form of phenolate bridge were synthesized
before, while cyclam was still missing. This can be surprising because cyclam
forms most stable complexes with Cu'l. The interest in copper may come from
two different areas.

First of these areas is inspired by naturally occurring enzymes. The motif of two
copper cations closely coordinated together is heavily represented in proteins that
are critical to oxidative and reductive processes (thyrosinases), termination of
electron transport chains (cytochrome ¢ oxidase) and oxygen transportation or ac-
tivation (hemocyanin, catechol oxidase). Since the mentioned enzymes coordinate
copper only with amino acids, there is an interest in simulating these centres with
synthetic analogues that could provide similar catalytic activity. Using water as
an oxygen source without the need for direct electrolysis or mild and selective
oxidation of various substrates are both of high interest in currently promoted
green chemistry and ecological and renewable industry.

Second area also finds its inspiration in natural processes: proteins known as
purple acid phosphatses. These enzymes employ Fe'™ and Mn", also usually
coordinated closely in dinucelar active centres. These complexes can catalyse a
dissociation of phosphodiesters. Some dinuclear copper complexes show similar
activity as these enzymes. Cleavage of these esters is usually connected to DNA
cleavage in various natural processes. Complexes that can induce cleavage of DNA
find their use in medicine. If targeted, they can induce apoptosis in cancerous cells.
They can also be used as a surface compound that prevents growth of bacterial
films.

Copper in cyclam complex should provide more stable complexes than those that
were previously reported. Multinuclear complexes with different metals are cur-
rently being investigated as MRI, SPECT or PET contrast agent with either added
reporting functions or as combination of diagnostic and therapeutic compounds.
Copper has isotopes that can be used in some of these methods. The phenolate
bridge is an established moitety that can introduce various functional groups that
can be used for subsequent functionalization of the complexes. The functional
group in para position from the coordinating hydroxyl group has an effect on pK,
of the phenolate. Taking control of the deprotonation of the phenolate can play
crucial role in the copper (or other metal) complex formation, their stability and

even the shape of the coordination complex.
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Although many dinuclear complexes were studied by electrochemical methods,
there is scarcely anything known about their electrochemical behaviour in aqueous
solutions. While different members of our research group have analysed coordina-
tion and electrochemical behaviour of various mononuclear Cu-cyclam, we have
aimed to study dinuclear commplexes.

By designing two dinuclear ligands with difference in pK, we have aimed to
study the coordination situation in dinuclear complex and their electrochemical

behaviour, especially subsequent reduction of two copper cations.

Y s ()
NH HN NH HN
[NH NJV@N HNj
LU
R=Me HL
R=NO, HL2

Figure 2.1 Ligand discussed in this work
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3 Results and discussion

3.1 Ligand synthesis

Synthetic route to both HL! and HL? begins with thrice protected cyclam.
Two of these molecule then react with alkylating reagent prepared from parent
p-substituted phenol. Final step is removal of the protecting Boc groups. These

steps are discussed below, beginning with synthesis of alkylating reagents.

Preparation of alkylating agents consist of hydroxomethylation of phenols
(fig. 3.1) and their subsequent chlorination. Hydroxomethylation is known from
the beginning of 20" century as the first step in synthesis of phenol-formaldehyde
resins[49]. Compound 8 was prepared according to literature[50]. Subsequent
chlorination with HCI to 2 according to [51] proceeded as expected. However
when SOCI; was used we have obtained product of cyclotrimerization 2b in high
(~70%) yield after recrystallization. Similar reaction was previously reported with
similar compounds[52, 53] but not with 2. This trimer has crystallized readily
and could be identified by X-ray diffraction(fig. 3.1).

Cl

CHs CHs CHs O ° ? a
OH
8

>~ +

(e) "
Cl
OH OH OH Cl OH ClI
2

2b

Figure 3.1 Left: synthesis of 2. a) 37% formaldehyde, aq. NaOH, b) conc. HCI,
DCM; Right: The molecular structure of compound 2b found in solid state. Hydrogen
atoms are not shown for the sake of clarity.

During cyclotrimerization, one aromatic ring is fused with two other aromatic
centres. The aromaticity of this middle aromatic ring is broken: double bond
is formed between oxygen of former hydroxy group and interestingly methylene
bridge is formed on m-carbon. Previously prepared bromide was obtained by
elimination of HBr from bromide monomer by strong base. In our case the cy-
clotrimerization happened when DCM solution was mixed with aq. K;COj.
While p-cresol can be activated towards hydroxomethylation by deprotonization
of phenol and is hydroxomethylated completely at RT, the p-nitrophenol is less

reactive and the reaction requires heating and highly acidic conditions. Even in
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these harsh conditions, we were able to observe product 10b(fig. 3.2).

NO, NO, NO,
b
< . +
O\/O o\/o OAc Cl OH (I
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N02
Cl OH

3b

Figure 3.2 Hydroxomethylation of p-nitrophenol and chlorination of 10.
a) (CH20),,H2S04, AcOH, 55 °C b) conc. HCI, 100 °C

Side product 10b was isolated because its chlorinated form 3b is an interesting
alkylating reagent for monomeric copper complexes with phenolate pendant arms.
However, we have discovered that submitting 10b to same conditions as 10 leads
to mixture of insoluble oligomers. 3b can be prepared according to [54] by intro-
duction of hydrogen chloride into the mixture of p-nitrophenol, paraformaldehyde

and ZnCl, in hydrochloric acid.
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Figure 3.3 Side products of hydroxomethylation of p-nitrophenol, a) conc. HCI,
100 °C b) 1, K2COsg, 0 °C ¢) TFA, DCM

Harsh conditions also lead to polymerization. In some runs of the hydrox-

omethylation reaction, dimeric compound 10c was observed(fig. 3.3). As it cannot
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be removed by recrystallization, it contaminated the alkylating reagent 3 and
ultimately lead to isolation of HyL2?c. The separation of HyL?c and HL? was
achieved by RP chromatography in the last step (after removal of Boc protecting
groups), because separation of protected ligands 6 and 6c is impossible. It is easier
to separate these compounds in the last step of synthesis during final purification
of HL2. The compound HsL2c was identified only by HPLC-MS and wasn’t
studied further.

Boc\m Boc f Boc\m Boc R Boc\m Boc NH N NH N
PR e P e Rateplelap
K) Boc Cl OH dl K) "B

OH

R=NO, 3 R=Me 5 R=Me HL'
R=NO; 6 R=NO, HL?

Figure 3.4 Syntheses of studied ligands: a) DCM, K2COs, 0 °C b) DCM, TFA, 0 °C

Tri-Boc-cyclam was prepared according to literature[55]. Alkylation with 2
yielded compound 5 (fig.3.4) in yields of over 80 %, the losses come most likely
from chromatography purification. Usually, some fractions couldn’t be used be-
cause they were contaminated by unreacted 1, which had to be used in excess to
ensure full conversion of alkylating reagents. Alkylation with 3 had worse results,
around 60 %. This was caused by worse purity of alkylating reagent, as we have
not observed side products (apart from 6¢). Worse quality of 3 when compared
to 2 is caused by solubility issues: while 2 is almost pure after evaporation and
crystallizes readily from hexane, 3 is obtained as reddish brown mud-like precipi-
tate from hydrochloric acid and the recrystallization leads to powder rather than
large, well defined crystal like in the case of 2.

Removal of Boc protecting group is facilitated by protons (in acidic conditions).
There are two variants of this deprotection as it can be done either in aqueous solu-
tion by hydrochloric acid or in non-aqueous condition, usually in dichloromethane
with catalytic amount of TFA. In both cases, carbamate is destabilized by pro-
tonation, tert-butyl cation is released and COs is eliminated from the amine.
The tert-butyl cation then goes through elimination and leaves reaction mixture
as isobutene gas. Regardless of chosen way of deprotection the amine is pro-
tonated and exists as a salt of respective acid. In case of hydrochloric acid, it
can be precipitated from the solution by addition of EtOH or acetone. Usually,
number of hydrochloride ions equates number of amines in the molecule and the
hydrochloride is reasonably well defined. Trifluoroacetates on the other hand
form brown nonstochiometric oils. These are usually soluble in dichloromethane
but we have observed that in larger runs of the deprotection L*-n CF;COOH

separates from the solution. This can seem to be less desirable result than the well
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defined hydrochloride but TFA route leads to smaller amount of decomposition of
products. This decomposition leads to free cyclam in the mixture and is discussed
bellow. Because this decomposition is unavoidable, TFA route is beneficial for
another reason: The hydrochloride cannot be purified by RP chromatography
because it elutes with dead volume. The trifluotoacetate is purified easily on RP
column and anions can be removed by ion exchange chromatography (DOWEX
1, OH  cycle). It is also possible to lyophilize fractions from chromatography
directly resulting in pure hygroscopic n-trifluoroacetates in the form of usable

powder.

Synthesis of unsymetrical bis(macrocyclic) compounds

Further, we have studied preparation of compounds that contain two dif-
ferent macrocycles connected with phenolate bridge. These unsymmetrical
bis(macrocyclic) ligands could be useful for coordination of two different transition

metals that are also present in some enzymes.

Boc A
SN HN
1 [ ] + 1 HHa
N NT
Boc” Boc
Cl OH (I
1

2
Figure 3.5 First approach toward monosubstituted phenolate bridge, stechiometrically

controlled reaction of 1 and 2 a) DCM, K2CO3, 0 °C

The first approach was reaction of 2 and 1 in 1:1 ratio (fig. 3.5). Desired
product has been observed in small amount by MS in the reaction mixture but
after evaporation, none was isolated, or indeed found. We hypothesize that heat-

ing during evaporation leads to formation of ammonium salts by further alkylation.

A NO,
Boc SN

Figure 3.6 Second approach toward monosubstituted phenolate bridge, Mitsunobu
reaction of alcohol and secondary amine a) PPhs, DIAD, DCM

The second approach was using even less active alkylating reagent. We have

turned to Mitsunobu reaction (fig. 3.6). It was reported in [56] that these condi-
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tions (triphenyl phosphine and azodicarboxylate like DIAD) can lead to alkylation
of secondary amines by alcohols. However, we have once again observed only
small ammounts of desired products and according to HPLC-MS analysis of the
reaction mixture, the alcohol has reacted with hydrazine-containg residue from
DIAD rather than with 1. Coupled with high cost of DIAD, difficult removal of
PhsP=0 from the reaction mixture and complicated separation of products this

approach was also judged infeasible.
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Figure 3.7 Successful synthetic approach toward 12, bis(macrocyclic) ligand
with asymmetrically substituted phenolate bridge a) DCM, KyCOsz, 0 °C b)
NaBH(OAc)s, NasSO4, DCM ¢) DCM, TFA, 0 °C

Because experiments with symmetrical alkylating reagents were unsuccessful,
the third approach used an unsymetrical reagent 4 (fig. 3.7). That was already
known from literature [57] for synthesis of unsymmetrical open chained dinuclear
complexes. However, to our knowledge, macrocycles do not react with aldehydes
like linear amines by formation of imminium salts. Benzaldehyde reacts with
TACN and cyclam yielding aminals rather than imminum salts. Because the
iminium salts are not formed, classical approach to reductive amination cannot
work because instead of iminium reduction to tertiary amines, aldehydes are
reduced to alcohols. In some cases, this can be solved by use of weaker reducing
agent like NaBH(OAc4)[58]. We have then successfully prepared compounds 11
and 12.

3.2 Ligand protonation constants

The acid-base properties of the ligands are crucial for the evaluation of their
coordination behaviour. Thus, the protonation constants of HL! and HL? were
determined by potentiometry. We were able to determine 6 protonation constants
from the possible 9 (two cyclam subunits and phenolate). Because potentiom-
etry carries no information about the protonation site, UV titration was used
to determine which protonation constant reflects deprotonation of the phenol.
Protonation constants are summarized in table 3.1 and compared with cyclam
and p-XBC. Cyclam has two protonation constants (11.4 and 10.28) in alkaline
pH and two are really low in the acidic region (2.1 and 1.6). p-XCB follows
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this trend in kind with two sets of four constant close to cyclam. Behaviour of
studied ligands in alkaline conditions is comparable to both cyclam and p-XBC
as we can observe four protonation constants that correspond to two protonations
on each cyclam subunit that occur in alkaline pH. While negatively charged
deprotonated phenolate increases basicity of L', this effect is compensated by
electron withdrawing effect of nitro group and L2 is comparable to p-XBC. In
case of L', protonation of phenolate occurs, as determined by UV titration at
6.85. Protonation constant of nitrophenol is (as expected) much lower: it was
found at 3.32. In both cases, the protonation of phenol is observable by great
change in absorption spectra (fig. 3.8).
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Figure 3.8 Determination of protonation constants of phenolates.
Above: deprotonation of p-cresol of L'; below: deprotonation of p-nitrophenol of L2

Difference in protonation of phenol leads to great difference in the first proto-
nation under acidic conditions: the first cyclam subunit of L' is protonated to 3+
cation at 2.38 similarly to p-XCB, L2 gains the same proton 4.92. This is most
likely caused by stabilization of the protonated macrocycle via hydrogen bond

with deprotonated nitrophenolate. At this pH p-cresol is already protonated.
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Table 3.1 Overall (log B) and stepwise (log K) protonation constants of studied and

discussed ligands (25 °C, I = 0.1 M NMe,Cl

Species Lt L2 cyclam | p-XBC

log log K log log K log K log K
HL 12.65(5) | 12.65 | 11.51(1) | 11.51 | 114 | 11.1
HoL | 23.89(4) | 11.24 | 21.83(1) | 1032 | 10.28 | 105
HoL | 34.23(5) | 10.35 |30.82(1) | 8.99 16 | 9.44
H,L 43.50(5) 9.27 37.31(2) 6.49 2.1 8.75

6.85%
HsL | 50.34(6) 42.23(2) | 4.92 - 2.45
7.00(5)"
3.32%
HeL | 52.72(6) | 238 | 45.55(2) - -
3.65(5)°

2 The constant corresponds to the phenolate protonation. ? Determined from the absorbance at

305 nm. ¢ Determined from the absorbance at 414 nm.

3.3 Preparation of copper complexes

Even though cyclam can form complexes with many transition metals, our main
interest was copper. Preparation of both dinuclear complexes [Cuy(HL)](SO,),
and [Cup(HL?)]Cly was done in similar ways: reaction of freshly prepared base
(trifluoroacetate or hydrochloride of L* passed through ion exchange resin and
concentrated in vacuo) with excess of either Cu(SOy)q or CuCly - 2 HyO. If needed
the pH of reaction was adjusted with same acid as the copper salt used or with
LiOH. Since the addition of LiOH can complicate identification of compounds in
MS, we have tried to avoid it when possible. To ensure existence of thermody-
namic products, we usually stirred the mixture overnight, but the observation
suggest that the reaction was complete after an hour at pH~5. After that the
mixture was purified on Al,O3 eluting with mixture of ethanol and water 1:1
which removes excess copper salts as they are retained on the column. The eluent
can be lyophilized affording powdered complex (the sulphate was prepared in
this way). Separation of [Cuy(HL')]Cl; on RP column is also viable if the mobile
phase contains TFA. Passing of this eluent through ion exchange resin (DOWEX
1 in OH  cycle) removes only trifluoroacetic acid while the chloride anions coelute
with the complex.

[Cuy(HL2)]Cly could not be purified on Al,O3 as the retention is stronger than
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for L' complexes, so we had to use RP column and same way of TFA removal.
Chloride anions were then removed by addition of Ag,O and X-ray diffraction
analysis (see below) confirms removal of chlorides.

Preparation of [Cu(HL')](SO,) was more complicated: we haven’t observed any
selectivity toward monocopper complex dependent on pH, temperature or stoi-
chiometry of the reaction. HPLC analysis, always showed statistical mixture of
HLY, [Cu(HLY)]*" and [Cuy(HLY)]*". We were able to separate monocopper com-
plex by FLASH chromatography on Al,O3 with mobile phase iPrOH:ammonia:H,O
7:3:3. This MF stops dicopper complex, most likely by deprotonization, while the
monocopper complex is still eluted. Free ligand elutes with dead volume of the
column and is easily separated. This eluent was concentrated in vacuo to oil and
redissolved in H,O several times to remove ammonia. All solvents were removed
by lyophilization affording powder that quickly melts. The samples were kept
in tightly closed vials under Ny atmosphere. Our efforts to prepare monocopper
complex of L2 were unsuccessful, as we haven’t found any chromatographic system
that would separate the statistical mixture.

Mononuclear complex [Cu(HL')]** gives major peak in HPLC with MS spec-
trum that corresponds to adduct with trifluoroacetate. Both [Cuy(HLY)]** and
[Cuy(L?)]*" have two coeuluting peaks with similar MS spectra. This suggests two
isomers that cannot be attained by the monocopper complex. It is also unlikely
that these two species are different TFA adducts. Although large scale separation
of these isomers is not possible, small amount of pure isomer was obtained by
collecting small fractions during FLASH chromatography (fig. 3.9, red line). The
complex was dissolved in water and HPLC-MS of the solution was measured
over time. Stacked HPLC traces show that while the second chromatogram (just
after separation) is almost pure, the mixture returns to equilibrium state after
30 minutes. Our mobile phase is quite acidic (pH = 2.5) so the isomerisation is
slow. Neutralizing of the fraction has lead to equilibrium state immediately (or
fast enough so it couldn’t be observed via HPLC).
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Figure 3.9 Chromatograms of the isomeric mixture (black) of [Cuy(HL)]** and
changes of the chromatogram of the purified isomer 5 (red), 10 (green) and 30 (blue)
min after isolation (pH = 2.5, RT)

3.4 Structure of complexes in solid state

Although the complexes evaporate into oils and have to be lyophilized in order
to obtain them in usable form, few single crystals were grown. Three different struc-
tures were obtained for [Cuy(HLY)]*": [Cuy(HLY)(SO4)(H20)5)Cly - 8 H,O (X1)
was obtained when H5SO,4 was used to neutralize alkaline solution of the complex.
Both [Cuy(HL')Cl,]Cly - 5 H,O (X2) and [Cug(HLY)Cly(H20),)[Cuy (HLY) Cly]Cly
-18 HoO (X3) were obtained from one vial when H3PO,4 was used for neutral-
ization of the same solution. The fourth structure [Cuy(HL?)(C104),] - 4.5 H,O
(X4) was obtained by removing chloride anions from the solution of complex and
using HCIO, for neutralization, pH of the solution was ~1. No crystals were
obtained from solution with higher pH. As was discussed in the first chapter,
cyclam complexes form several isomers with first-row transition metals. These
isomers (noted I-V) differ in orientation of pendant arms or hydrogen atoms on
the nitrogen atoms. Type of isomer, size of metal cation and ligand size control

whether hexa- or pentacoordinated complex is formed. In the case of hexacoor-
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dinated complexes, two aditional ligands can be bound in cis or trans geometry.
All cyclam subunits in all obtained structures attain trans-III conformation. The
Cu' ions are in the center of the plane formed by four nitrogen atoms. Bond
lengths are also consistent in all structures (deoy_x = 1.99 —2.09 A, fig. 3.2). This
coordination behaviour is not surprising, as this is the most stable conformation

and it dominates structural databases[26].

While coordination of cyclam subunits is similar in all observed crystals, we
can observe some differences is coordination of phenol. Following figures contain
representation of obtained crystals as thermal ellipsoid plot (probability 50 %)
and are shown without carbon-bound hydrogen atoms for clarity. Some molecules

of water and some chloride ions are also omitted.

Figure 3.10 Structure of X1, only the more abundant position of the disordered
sulphate anion is shown.

We can observe rather long coordination bond between Cu' and the hydroxy
group of phenol in structure X1. Bond length dcy_o = 2.70 A is longer than that
reported for dicopper complex with cyclen subunits (dey_o = 2.1 A)[48] and we
have not observed formation of n-OH bridge. This suggests that the cavity of

cyclam is not optimal for strong phenol coordination.
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Figure 3.11 Structure of X2 Chloride ion CI3 is semi-coordinated

Structure of X2 is very similar to X1. Only difference is semi-coordination of
axial chloride ion C13, but it fills one of axial positions of the Cu'' so the structures

X1 and X2 are virtually the same.

Figure 3.12 Structure of X3, CulA is pentacoordinated

Structure of X3 consists of two complex cations [Cuy(HL')]**. Both share
plane of symmetry perpendicular to the aromatic rings and both have no bond

between Cu'l ion and the phenol. Cu'! ions in the first complex are hexacoordi-
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nated. The axial positions are filled with chloride ions. Both are rather distant,
but show only small disorder. The second complex cation contains only one axial
chloride ion. The second axial position is filled with disordered and distant water

molecule.

Figure 3.13 Structure of X4, only the more abundant position of the disordered
perchlorate anion (Cl2) is shown

Structure X4 is the only structure that was obtained for HL2. Like other
structures, the phenol is protonated and, similarly to X3 the structure has plane
of symmetry and no bond between phenol and Cu' ion. While the C10,  anions
are disordered, we can observe shorter bond lengths and closer coordination than

those for chloride axial ions. Perchlorate is coordinated similarly to sulphate in X1.

Bridging mode of phenolate that was reported in dicopper complexes with
phenolate bridge between TACN or cyclen subunits was not observed[48,; 59].
All structures also contain noncoordinated water molecules, structures X1, X2
and X3 also contain noncoordinated chloride anions. Chloride anions and water
molecules form complex net of hydrogen bonds with cyclam subunits and the

phenol.
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Table 3.2 Coordination bond lengths found in the reported Cull complexes.

Distance X1 X2 X3? X4Pb

CulA

-N1A 2.049(3) 2.051(3) 2.073(4)? 2.080(3)"

~N4A 2.000(3) 2.027(3) 2.018(4)? 2.008(3)"

~N8A 2.027(3) 2.011(3) 2.033(4) 2.021(3)"

~N11A  2.009(3) 2.027(3) 2.003(4)? 2.006(3)"

- Ax1A¢ 2.590(4) 2.691(1) 2.619(1) 2.511(4)
(H20)° (CI)e (C1)me (ClO4 )P

- Ax2A° 2.702(3) 2.760(2) 3.095(9) 2.574(3)
(Ar- OH)® (Ar- OH)* (Hy0)c (C1O, )Pe

CulB

-N1B 2.085(3) 2.053(3) 2.087(4)? - b

~-N4B 2.005(3) 2.025(3) 2.007(4)? -b

-N8B 2.031(3) 2.040(3) 2.028(4)? - b

-N11B  2.017(3) 1.991(3) 2.008(4)® - b

- Ax1B®  2.450(6) 2.682(1) 2.826(2) - b
(SO4%)° (Cl1)e (C1)»e

- Ax2B°  2.699(3) - 2.916(1) - b
(H,0)° (C1)e

& The structure contains two independent complex molecules with a plane of symmetry; CulA
corresponds to one molecule, whereas CulB to another one. P The structure contains one

independent complex molecule with a plane of symmetry. ¢ Semi-coordinated axial ligand.

3.5 Spectral characterization of Cu'! complexes

Because we have observed the phenol group only in protonated state in crystal
structures, UV-Vis spectra of isolated mono- and dicopper complexes of L! were
recorded in aqueous solution in pH range 2-12 (fig. 3.14 and 3.15). As we have
observed by HPLC it wasn’t feasible to try and analyse purified isomers, we
have worked with the mixture. Similarly to free L', UV band at 250 nm shows
significant change around pH = 6 for both mono and dicopper complexes of HL?.
This change corresponds to deprotonation of the phenol. The absorption band is
HOMO-LUMO absorption of the aromatic ring. The deprotonation reflects also
in the intensity of the band at 400 nm. This absorption band has same maximum
for both mono- and dicopper complex and most likely arises from charge transfer
(CT) between phenolate and the Cu' ion. This similarity between mono- and
dicopper complex suggests that only one bond between Cu'' and phenolate is

present in both molecules.
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Deprotonation in both complexes is shifted to lower pH in comparison with free
ligand. This is caused by coordination of copper. The difference in pK, is con-
siderable: 7.00 for free ligand, 5.9 £+ 0.2 and 5.0 £ 0.3 for mono and dicopper
complex respectively. Difference between two complexes is on the other hand less
significant and also suggests that there is no bridging in the dicopper complex.
This is also consistent with the fact that complexes that form these bridges (with
TACN an cyclen subunits) are not found in their protonated form and the phenol

is deprotonated during the complexation[47]. In the case of [Cuy(HL)]*" ¢

om-
plex, the intensity of the band centred at 400 nm is decreased at pH > 8, which
might be related to the replacement of the phenolate by hydroxide anion and/or

to changes in the coordination geometry (isomerism) upon hydroxide coordination.
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Figure 3.14 UV (top, ¢ = 0.04 mm) and Vis (bottom, ¢ = 4 mM) spectra and
intensities of absorption bands [Cu(HL)]** / [Cu(L')]" as a function of pH (25 °C,
I = 0.1M NMeyCl).

Another band is observed at 300 nm in spectra of both complexes at pH =
8. pK, associated with these processes is 9.4 £ 0.2 for monocopper complex and
9.1 £+ 0.1 for dicopper complex. We can ascribe this band to CT from coordi-

nated hydroxide molecule. Because ligand HL! cannot completely fill the metal
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coordination sphere, we can observe deprotonation of coordinated water molecules.
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Figure 3.15 UV (top, ¢ = 0.04 mM) and Vis (bottom, ¢ = 4 mMm) spectra and
intensities of absorption bands [Cuy(HLY)]** / [Cug(LY)]?* as a function of pH (25 °C,
I = 0.1m NMe,Cl).

Absorption band at 500 nm, typical for copper-cyclam complexes also reflects
deprotonation of the phenolate. In monocopper complex we can observe shift of
the d-d absorption maximum from 500 nm to 600 nm with corresponding pK,.
This change can be observed even without instrumentation as the colour of the
solution shifts from violet to blue. In dicooper complex, this change isn’t so
significant and the complex is violet in alkaline conditions. However, shape of the
d-d absorption band is noticeable: It starts narrow like in monocopper complex
but then gets wider when the phenol is deprotonated but only one of the Cu'l
changes its absorption behaviour. The noncoordinated Cu" stays unchanged and
the apparent widening of the absorption band is caused by superposition of two
different metal centres. Also the absence of clear isosbestic point in d-d transition
indicates presence of more isomeric species. We have also observed this isomerism
in synthesis of the dicopper complex. Some fractions of the eluate from Al;Os

appeared as grey and changed their color to typical violet upon standing (during
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5 to 10 minutes).

HL2? and its dicopper complex were studied in the same way. UV-Vis spectra
are simpler: because the p-nitrophenol group is much more acidic than p-cresol,
the proton in [Cuy(HL?)]*" is cleaved at very low pH and [Cuy(L3)]** is present
over the whole pH range that was studied. Because of this, spectra show little
change with pH. The absorption of deprotonated p-nitrophenolate dominates UV
area with strong absorption at 400 nm. Similarly to other complexes the second
absorption band appears in alkaline region at 350 nm. This absorption is caused
by CT between hydroxide anion and Cu''. d-d absorption in visible region does

not change over the studied pH range.
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Figure 3.16 UV-Vis spectra of [Cug(L2)]3*, left: ¢ = 0.04 mMm (UV), right: ¢ = 4 mM,
pH = 9.6 (Vis), (25 °C, I = 0.1Mm NMe4Cl). No changes in the UV spectra were observed
in the acidic region, the Vis spectra were identical along the whole studied pH range
(3-11)

We have also tested whether we can observe some preference toward mono-
copper complexes by titrating ligands HL! and HL? with solution of CuSO,.
Titration of L! was performed at pH = 4.0 and has shown steady rise of the
absorption at 500 nm with no break around 1 equivalent of added Cu' (fig. 3.17).
For L2, the titration was done at pH ~ 2 in diluted hydrochloric acid so we could
observe deprotonation of the ligand. Because the mixture is statistical, free HL?
is fully consumed (and deprotonated) only after addition of two equivalents of

Cu'l. Plotting absorption maximum at 400 nm reflects this situation.
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