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Metal Complexes for Therapeutic Applications

Johannes Karges”,
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Seth M. Cohen”

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,
California 92093, United States

Abstract

Metal complexes have been widely used for applications in the chemical and physical sciences due
to their unique electronic and stereochemical properties. For decades the use of metal complexes
for medicinal applications has been postulated and demonstrated. The distinct characteristics of
metal complexes, including their molecular geometries (that are not readily accessed by organic
molecules), as well as their ligand exchange, redox, catalytic, and photophysical reactions, give
these compounds the potential to interact and react with biomolecules in unique ways and by
distinct mechanisms of action. Herein, the potential of metal complexes to act as components
bioactive therapeutic compounds is discussed.

Keywords

Bioinorganic Chemistry; Enzyme Inhibitors; Chemical Biology; Coordination Compounds; Metals
in Medicine

Metal complexes - attractive alternatives

Modern medicinal chemistry and chemical biology are based on the identification of
compounds with well-defined biological effects. While typically the realm of organic
molecules, metal complexes can offer distinctive properties and can employ alternative
modes of action. While this might be surprising for some readers, metal ions and their
coordination complexes have been used since ancient times for medical applications.
Although mixtures of compounds have been employed for centuries, the use of the
arsenic-containing organometallic complex Arsphenamine, also referred to as Salvarsan,
or Compound 606, was the earliest example of a structurally defined metal complex to be
isolated and biologically evaluated near the beginning of the 20t century. Upon testing of
hundreds of arsenic-containing complexes, and developing a rudimentary structure-activity
relationship (see Glossary), Ehrlich and co-workers began their search for the “magic
bullet”, a compound with anti-microbial activity that did not exhibit toxicity in humans [1,
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2]. Capitalizing on these efforts, they identified the aforementioned Arsphenamine, which
was utilized as an effective treatment against syphilis until the discovery of penicillin. While
the authors isolated a single compound, the correct structure of the active compound was
not determined for nearly another century [3]. Decades later, the serendipitous discovery

of c/s-diamminodichloroplatinum(Il) (commonly referred to as cisplatin) by Rosenberg and
co-workers in the late 1960s, presented a milestone in the development of metal complexes
for medicinal applications [4, 5]. Today, the platinum-based drugs cisplatin, carboplatin, and
oxaliplatin are widely used and are mong the most prominent examples of the use of metals
in medicine. A recent study suggested that in one hospital setting, approximately 50% of
chemotherapeutic treatments involved a platinum anticancer drug [6, 7].

Since these early discoveries, various kinds of metal-containing compounds have been
investigated for their applications in therapy and diagnostics. While a number of these
compounds have proven to be effective, metal complexes are generally still, often
erroneously, associated with high toxicity and poor pharmacological properties, which
impedes their development in modern medicine. The biophysical properties and activities
of metal-containing compounds is dependent on many factors, including the choice and
oxidation state of the metal, coordination geometry, and the type of coordinated ligands.
As has been well established during the last century, elemental mercury and many of its
complexes are highly toxic and must be handled with caution. Conversely, this metal found
application in dental amalgams, as a preservative for vaccines (the organometallic compound
Thiomersal/Merthiolate), and as a topical antiseptic agent with the compound Merbromin/
Mercurochrome/Asceptichrome [8].

Interest in the application of metal complexes for diagnostic and therapeutic uses has
remained, despite these clinical reservations (and often misperceptions). To date, metal
complexes based on the elements Li, Mg, Al, K, Ca, Fe, Co, Ga, As, St, Y, Zr, Pd, Ag,

Sb, Sm, Lu, Pt, Au, Hg, Bi, and Ra have already been clinically approved in the US

and/or the EU for a wide range of medicinal uses [9, 10]. In these compounds, the metal
typically exerts a function which cannot be readily achieved by an organic molecule. In this
short review, the properties and potential advantages of metal complexes (relative to organic
molecules) for their application as therapeutic agents is discussed.

scaffolds beyond organic molecules

Organic molecules are typically constructed from linear, planar, or tetrahedral building
blocks, primarily driven by the hybridization, valency, and geometry of carbon atoms
(Figure 1a). Metal centers offer the opportunity to utilize building blocks with increased
valency and more varied geometries (Figure 1b). For example, an octahedral metal center
with six different substituents is capable of forming 30 stereoisomers, compared to the two
possible isomers formed by chiral carbon centers [11]. It has been demonstrated that binding
selectivity towards biomolecules correlates with shape and stereochemical complexity [12]
and the simple, yet well-defined, rigid shapes that can be found in some metal complexes
may possess the complexity necessary to achieve high protein-binding specificity [13]. A
number of different metal-based enzyme inhibitors can been developed using square planar,
trigonal bipyramidal, square pyramidal, octahedral, sandwich, and half sandwich geometries
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(Figure 1b) [14, 15]. These coordination compounds can serve as useful scaffolds in the
creation of unique shapes and geometries that can selectively engage enzyme targets.

In a series of seminal studies, Meggers and coworkers demonstrated how organometallic
complexes are capable of acting as highly selective protein kinase inhibitors [16-18].
Considering the vast complexity and diversity of biomolecules, it was hypothesized that
the activity of organic molecules could be augmented by metal coordination to increase
structural diversity and hence enhance protein binding affinity and selectivity. In an

effort to show the utility of coordination compounds, several tailored octahedral metal
complexes were prepared as specific inhibitors of select protein kinases [19]. These

Ru(ll) and Ir(111) pyridocarbazole metal complexes were derived from the natural product
staurosporine, which is a relatively nonspecific protein kinase inhibitor [20, 21]. The
resulting metal complexes, termed octasporines (OS), contained an organic component
related to staurosporine that could also function as a bidentate ligand to a metal center.

The staurosporine derivatives were bound to different metal complexes, which allowed

for the introduction of new ligands and molecular geometries/shapes. These inert metal
complexes presented well-defined molecular surfaces that aided in the identification of
new interactions that could contribute to binding strength and selectivity toward kinases.
Some compounds were used as enantiomeric mixtures, while others were isolated as single
enantiomers. For example compound (A-OS1, Figure 1d), an octahedral Ru(ll) complex,
showed highly potent and selective inhibition of the a-isoform of glycogen synthase kinase
3 (GSK3a), with a half maximal inhibitory concentration (1Csg) value of 0.9 nM, compared
to staurosporine, which had an ICsg value of 50 nM [16] (it should be noted that the 1Csg
values are strongly dependent on assay conditions) [22]. Additionally, A-OS1 demonstrated
15- to >111,000-fold higher selectivity when evaluated against five other protein kinases.
Interestingly, A-OS1 also showed ~7-fold selectivity for the a-isoform over the p-isoform
of GSK3, though their catalytic domains share 98% homology [23] and the residues
responsible for binding A-OS1 are identical. The authors suggest that it could be possible
that the rigidity of the octahedral complex allows for A-OS1 to select between isoforms
due to dynamics caused by sequence identity differences in distant, nonbinding residues.
Additional selectivity was demonstrated by screening A-OS1 against a suite of 102 protein
kinases at equal or lesser concentration, of which only four showed >25% reduction in
activity (including both GSK3 isoforms). As shown in Figure 1c, A-OS1 demonstrates a
highly globular and complimentary molecular surface to the active site of the p-isoform

of glycogen synthase kinase 3 (GSK3p). A-OS1 occupies the ATP-binding site, similar

to staurosporine (Figure 1d) and other organic inhibitors [24, 25]. In addition to a range

of well-defined hydrogen bonds, hydrophobic interactions, and edge-to-face stacking, the
CO ligand of the metal complex interacts with a flexible glycine-rich loop caused by a
conformational change, which is not possible with the natural product staurosporine. This
example highlights how metal complexes with diverse geometries can occupy regions of
chemical and topological space that cannot be readily accessed by conventional organic
compounds [15, 26], and demonstrates the potential of octahedral metal complexes to act as
enzyme inhibitors with highly complementary binding surfaces.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karges et al.

Page 4

Three-dimensionality

Biomolecular recognition is often driven by protein-ligand interactions. Accordingly,
biological macromolecules will bind to molecules (including their native binding partners)
with complementary three-dimensional (3D) binding surfaces [27]. Thus, many research
efforts have been devoted towards molecules with high structural and topological diversity
[27, 28]. It has been demonstrated that increasing the ‘3-dimensionality’ of molecules

can lead to an increased likelihood of clinical success [29]. For example, 3D molecules
demonstrate higher solubility due to increased solvation and diminished solid state crystal
lattice packing [30]. Additionally, crucial properties of preclinical compounds such as
absorption, distribution, metabolism, excretion, and toxicity (ADMET) have been shown

to be influenced by molecular topology [31]. Other 3D measurements, such as the

fraction of sp3 hybridized carbons have also been studied as methods of improving

drug-like properties (Box 1) [32, 33]. Current drug discovery efforts typically rely on
high-throughput screening (HTS) or fragment-based drug discovery (FBDD) to identify
bioactive compounds [34]. Despite the advantages of highly 3D molecules, modern drug
discovery relies heavily on two-dimensional (2D), and planar structures for both fragment
and lead-like molecules [30, 32, 35]. Although there have been many recent efforts to design
libraries that are composed of highly 3D molecules for drug discovery purposes [28, 33,
36-38], most drug-like molecules trend toward planarity [32].

Increasing attention has been devoted towards the application of metal complexes that can
act as 3D scaffolds for inhibitors. No longer bound by the linear, planar, or tetrahedral
geometries imposed by carbon centers, metal complexes present a wide variety of
geometries and topologies that can be easily accessed (Figure 1b). Indeed, in the case

of stable octahedral complexes, the metal can be considered as a ‘hypervalent carbon
center’, providing access to regions of chemical space not readily attainable by small organic
molecules [39]. Recent work has highlighted the ability of metal complexes to be used in
FBDD to occupy highly 3D space [36]. Figure 2a demonstrates the topological diversity of

a collection of sandwich, half sandwich, and octahedral metal complexes when compared
with all Food and Drug Administration (FDA) approved drugs (Figure 2b) on a normalized
principle moment of inertia (PM1) plot [36, 40]. This chart demonstrates the three-
dimensionality of a molecule by graphically comparing it to molecular standards that are
intrinsically one, two, and three-dimensional (octa-2,4,6-triyne, benzene, and adamantane,
respectively). For each molecule, the resistance to angular acceleration is calculated along
each primary axis (/;, /5 and /3). The ratios (/4//3and //15) are then plotted, demonstrating
a normalized representation of relative chemical space. FDA approved drugs cluster along
the linear/planar region of the chart while metal complexes reach more deeply into 3D space.
In addition to populating 3D topologies, providing a more uniform sampling of overall
chemical space, and being synthetically accessible, these metal complexes have been shown
to have some modest inhibitory activity against viral, bacterial, and cancer targets.

Ligand exchange

In contrast to the kinetically inert metal complexes described in the sections above, many
metal complexes readily undergo ligand exchange reactions that can allow for reactivity
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with biomolecular targets [41]. The most famous example of a metal complex with this
mechanism is the clinically approved anticancer drug cisplatin. Cisplatin enters the cell by
passive diffusion or through the copper membrane transporter CTR1 pathway [42]. With
respect to CTR1 transport, studies suggest that cisplatin may lose its amine ligands when
transported by the methionine rich motive in CTR1 [43]. While cisplatin stays intact in

the bloodstream due to high chloride concentrations (~100 mM), these chloride ligands
dissociate inside cells, where the chloride concentration is significantly lower (~4-12 mM)
forming the monoaqua complex [Pt(NH3),CI(H,0)]* [44]. Based on the electrophilic nature
of the monoaqua complex, this intermediate can rapidly react with nucleophiles such as the
nucleobases of DNA. The coordinated water molecule can be displaced by purine bases

in the N7 position of guanine and adenosine, generating platinum-DNA adducts (Figure
3a) [45]. In proximity to other nucleobases, the remaining chloride ligand is released, and
the metal center can bind to a second purine base, generating a cross-linked adduct. These
cross-linked purine bases significantly hamper DNA replication and transcription, causing
cell cycle arrest and ultimately triggering cell death by apoptosis [46-48].

Next to the targeting of nucleic acids, metal complexes with labile ligands can also

interact with proteins. Fricker and coworkers demonstrated the ability of Au(l11), Pd(I1),
and Re(V) complexes as covalent coordination-driven inhibitors against mammalian and
parasitic cysteine proteases [49, 50]. Of particular interest, Au(l) containing compounds are
receiving increased attention as glutathione reductase and thioredoxin reductase inhibitors
for anticancer applications. Typically, these metal complexes are able to release one or more
labile ligands from the metal center and then form coordinate covalent bonds to cysteine
residues in the active site (Figure 3b) [51-53].

Beside the release of ligands to generate a biomolecule-metal adducts that exerts a cytotoxic
effect (as with cisplatin), the released ligand itself can also result in a therapeutic effect.
Carbon monoxide (CO) releasing molecules (CORMS) are an example of this strategy.
Despite its reputation as the “silent killer’ through strong binding to hemoglobin, CO is
also an endogenous small signaling molecule in the human body. Capitalizing on this
function, the triggered release of CO can be used as a therapy for a variety of conditions,
including bacterial infections, inflammatory diseases, sepsis, obesity, diabetes, and cancer
[54, 55]. Both organic and inorganic CORMs have been described, with metal carbonyl
complexes serving as an example of metal-based CORMs. Modification of the coordination
environment of the central metal ion can modulate the binding of CO to the metal center

to generate a slower or faster CO-releasing metal complex [56, 57]. Recently, Wilson and
coworkers have demonstrated the potential of persulfide bridged Ru complexes, which

are activated upon reduction of the Ru(lll) center to Ru(ll) in hypoxic cells, to release
cytoprotective hydrogen sulfide (H,S) [58]. This is an example of redox mediated (see
below) release of a bioactive ligand.

Redox activity

While electron transfer reactions of metal complexes have been used for various applications
in chemistry, these processes have also found utilization for medicinal purposes. One
example of introducing redox active groups is the replacement of phenyl substituents in
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an organic compound with a metallocene moiety. A number of examples utilizing this
strategy have been reported with compounds such as Ferrocerone, Ferrocifen, or Ferroquing,
which have been or are currently investigated for clinical development (Figure 4a) [59,

60]. Ferrocifen, which was developed by Jaouen and co-worker, is an isostere analog

of tamoxifen, a selective estrogen receptor a (ERa) modulator which is able to repress
estradiol-mediated DNA transcription inside a tumor. Ferrocifen has been investigated for
the prevention and treatment of breast cancer. Due to the high selectivity of tamoxifen,

it is only active in patients with an ERa overexpression. Surprisingly, Ferrocifen showed

an equal activity on various kinds of breast cancer including ERa negative ones, which
comprise about one third of all breast cancer patients, thereby overcoming a significant
limitation of tamoxifen. Further studies have identified that the mechanism of action is based
on the reversible redox properties of the ferrocene moiety of the Fe(I1)/Fe(l11) couple [61-
63]. It is important to note that the ruthenocene derivative, which is isostructural to ferrocene
but not redox active, was found to be active in ERa positive, but not active in ERa negative
breast cancer models, similar to tamoxifen.[64] The proposed mechanism of Ferrocifen
involves an electron transfer reaction to the metallocene moiety which is delocalized over
the whole compound, followed by proton abstraction from water or biomolecules. After the
release of two electrons and two protons, a reactive quinone methide intermediate is formed,
which acts as a Michael acceptor that can quickly react with nucleophiles like glutathione,
thioredoxin reductases or nucleobases, triggering cell death (Figure 4b) [65, 66].

A different redox initiated mechanism is the reduction of the metal center to release
cytotoxic species or activate the bioactivity of the compound. This strategy is commonly
used in the design of potential anticancer agents commonly based on Pt(1V), Ru(lll),

or Co(lll) [67]. Hypoxic environments are often found around cancerous tumors, which
can facilitate reduction and prevent re-oxidation [68]. The most prominent examples of
this redox trigger are the Pt(1V) complexes ormaplatin, iproplatin, LA-12, and satraplatin,
which have entered clinical trials (Figure 4c). Generally, octahedral Pt(IV) complexes are
kinetically inert relative to Pt(Il) compounds. The reduced reactivity of Pt(I\V) compounds
can help minimize unwanted side reactions with off-target biomolecules. In the presence
of glutathione, nicotinamide adenine dinucleotide/ nicotinamide adenine dinucleotide
phosphate, ascorbate, or cysteine containing biomolecules, the Pt(IV) center can be reduced
to Pt(I1) (Figure 4d), releasing the axial ligands and triggering greater bioactivity. As
described in the previous section, the Pt(11) complex can undergo ligand exchange and
ultimately bind to DNA and trigger cell death of cancerous cells [69-72]. Prior to release,
the axial ligands can be used to fine tune the biological properties of the Pt(1V) complex,
including lipophilicity, redox stability, cellular uptake, and cancer cell targeting, or upon
release can exert a complementary cytotoxic effect. To date, due to undesired side effects
and an overall low therapeutic efficacy, no Pt(IV) complexes have yet been clinically
approved [73].

Catalytic activity

Nearly all current drugs act in a stoichiometric (or sub-stoichiometric) manner to achieve the
desired therapeutic effect. By contrast, catalytic drugs could require far less agent to elicit
a desired therapeutic effect and provides a novel, and possibly more effective, mechanism
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of action. By acting catalytically, and reducing the required dose, catalytic drugs could help
reduce side effects and off-target toxicity [74]. Recent developments in the field of catalytic
drugs have demonstrated the potential of metal complexes to act in this capacity [75]. It

is important to highlight that metal complexes have been used as catalysts for centuries,

but only recently have efforts to exploit their catalytic properties in biological systems been
described. Most efforts have focused on metal complexes based on ruthenium, iridium, or
osmium that have redox mechanism which can be activated in a biological environment
[76-78].

Sadler and coworkers demonstrated that optimizing the choice of metal ion, oxidation

state, and ligands of organometallic complexes can lead to catalytic biological activity

[76]. A Ru(ll) arene azopyridine complex was shown to be cytotoxic by disrupting cellular
redox metabolism. This was accomplished by generating reactive oxygen species, which
proved cytotoxic to cancerous human ovarian carcinoma or adenocarcinomic human alveolar
basal epithelial cells. Additionally, these “piano-stool” compounds catalyzed the oxidation
of glutathione (GSH), an important antioxidant, to glutathione disulfide (GSSH), which
further contributed to oxidative stress (Figure 5a). Another recent study by Sadler and
coworkers described the synthesis and evaluation of catalytically active metal complexes
that are capable of the enantioselective reduction of pyruvate for the selective treatment

of ovarian cancer cells [79]. In cancerous environments glycolysis is upregulated and

lactate dehydrogenase is overexpressed, which catalyzes the interconversion of pyruvate
and L-lactate [80, 81]. The authors note that the addition of a catalyst that can convert
pyruvate to lactate can inhibit the ability of cancer cells to utilize metabolites such as
NAD™*. Half-sandwich Os(I1) arene sulfonyl diamine complexes are able to perturb cancer
cell metabolism by generating lactate in high enantiomeric excess (e.e.), which depletes cells
of pyruvate. The low-spin 548 Os(I1) complex is more kinetically stable than the analogous
second row Ru(Il) complex, and shows no degradation or deactivation in cell-culture media
over 24 hours [82]. By synthesizing the R, R enantiomer of the Os(l1) catalyst, pyruvate
could be converted to p-lactate in 83% e.e. (Figure 5b). Additionally, the preparation

of the S,Senantiomer resulted in the conversion of pyruvate to L-lactate with similar
enantioselectivity. Administration of the Os(I1) catalyst with a hydride source resulted in the
selective killing of cancerous human ovarian carcinoma cells over noncancerous fibroblasts
in low micromolar concentrations. This work demonstrates that the use of metal complexes
to catalytically modify biomolecules that interact with enzymes could be an exciting and
viable treatment method not easily achievable with organic molecules [79].

Photophysical activity

A number of metal complexes have photophysically accessible excited states that can be
used for therapeutic applications. Upon exposure to light, an electron is excited from the
ground state to a singlet state from which it can undergo an intersystem crossing process
to access a triplet state [83, 84]. This excited state can interact with biomolecules or
molecular oxygen to generate oxidative stress and therefore ultimately cellular damage.
Kodadek and coworkers have reported the dual activity of combining a peptoid enzyme
inhibitor with affinity in the micromolar range (ICgsg = 49 uM) that binds in the active site
of the vascular endothelial growth factor[85] with a Ru(ll) polypyridine complex that can
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act as a photosensitizer (Figure 6a) [84]. Upon irradiation, the Ru(Il) polypyridine complex
catalytically generates singlet oxygen, which causes oxidative damage near the protein
active site and therefore deactivates the protein (Figure 6b). Based on the dual activity of the
conjugate, the activity improves significantly, with a more than 800-fold increase in activity
(IC50 =59 nM) [86].

Concluding remarks

Over the last several decades, increasing attention has been devoted towards the application
of metal complexes for medicinal applications. Based on their unique electronic properties,
reactivity, and stereochemical features, metal-containing compounds have demonstrated

the ability to interact with biomolecules and biological systems through mechanisms

of action which often cannot be readily accessed by organic molecules. Their broad
structural diversity, three-dimensionality, ligand exchange reactions, as well as their redox,
catalytic, and photophysical activity all contribute to the attractive features available with
coordination complexes for use in medicine and biotechnology. Importantly, the ability of
metal complexes to promote novel mechanisms of action may lead to the discovery of new
treatments and therapies. These intriguing properties allow metal complexes to complement
the existing drug landscape, which is composed of mostly organic molecules. Capitalizing
on these advantages, a variety of metal containing compounds have already been clinically
approved for a wide range of therapeutic applications. Increasing efforts to not only identify
bioactive metal complexes [41], but deeply understand their mechanism of action [87-

90] will be an important next step in their advancement and greater acceptance in the
medical community (see Outstanding Questions). Further investigation into the therapeutic
applications of metal complexes will yield novel compounds with increased potency and
selectivity and may even lead to the discovery of entirely new therapeutic strategies. With
these and other advancements, the use of metal complexes for medicinal applications is
expected to expand and increase in the coming decades.
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Fragment-based drug discovery (FBDD)

A technique to discover bioactive molecules for therapeutic use. In FBDD, libraries of low
molecular weight molecules are screened against a biological target of interest. The ‘hits’
from the screen are then elaborated into lead molecules with higher affinity and specificity
for the target

Half maximal inhibitory concentration (1Csg)
A measure of the activity of a compound that corresponds to the concentration required to
inhibit 50% of a biological process in vitro

Ligand exchangereaction
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A ligand exchange reaction involves the substitution of one or more ligands in a complex ion
(coordination compound) with one or more different ligands
High-throughput screening (HTS)

A common strategy to rapidly identify bioactive molecules for pharmaceutical use.
Screening libraries of both natural and synthetic compounds are often very large, containing
up to 108 compounds
| sostere
A molecule or functional group with similar shape or electronic properties. In drug
discovery, (bio)iosteres are often used to perform similar functionality as the parent
molecule but mitigate pharmacokinetic liabilities
Photosensitizer
A molecule that generates a chemical modification in another molecule during a
photophysical process
Principle moment of inertia (PM1)
Describes the resistance to angular acceleration along the principal axes (/7, /5, and /).
Normalization allows comparison of molecules with different sizes
Structure-activity relationship
The relationship between the structure of a molecule and its ability to evoke a specific
biological response
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Box 1.
Drug-likeness in modern drug discovery.

There are many guidelines that practitioners of modern drug discovery employ to lower
drug candidate attrition. One of the most common guidelines is Lipinski’s ‘rule of five’
(Ro5) [91]. The Ro5 suggests that molecules containing more than 5 H-bond donors,

10 H-bond acceptors, a molecular weight of more than 500 Da, and a calculated Log

P (cLogP) greater than 5 will have poor oral availability. The Ro5 has often been used

as a broader proxy for drug-likeness. An analogous ‘rule of three’ (Ro3) has been
suggested for fragment-based drug discovery [92], which states that fragment molecules
should have a molecular weight of less than 300 Da, no more than 3 H-bond donors,

no more than 3 H-bond acceptors, and a cLogP of less than 3. Adherence to the Ro3
should, in principle, allow for the identification of fragment molecules that can be grown
into suitable drug-like molecules that still obey the Ro5. Readers may have noticed

that some of the metal complexes presented here as viable drug-like molecules do not
strictly adhere to the Ro5. Though most obey the criteria of H-bond donors and acceptors
and cLogP, the higher atomic weights of metal ions will sometimes result in molecular
weights of greater than 500 Da. However, it has been demonstrated that though transition
metal complexes often have much higher weights, they are not necessarily proportionally
larger, and that the molecular weight parameter of these rules can be redefined as a
molecular volume [36].
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A-O81 staurosporine

Figure 1.
Geometries of carbon and metal containing complexes. a) Linear, planar, and tetrahedral

geometry of carbon centers; b) Square planar, trigonal bipyramidal, square pyramidal,
octahedral, sandwich and half sandwich geometries of metal complexes; c) X-ray crystal
structure of A-OS1 bound to GSK3p. A-OS1 shows a highly complementary molecular
surface that is able to form a novel interaction with the glycine rich loop via an induced fit
binding mode; d) Structures of A-OS1 and staurosporine. PDB accession codes 3PUP and
1Q3D for protein-bound A-OS1 and staurosporine, respectively [19].
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Figure 2.
Representation of diverse chemical space occupied by metal complexes. a) Structures of

plotted sandwich, half sandwich, and octahedral metal complexes. b) Principle moment
of inertia plot showing FDA approved drugs (blue circles) and metal complexes (orange
diamonds) from part ‘a’ of the figure. Adapted with permission from [36].
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Figure 3.
Ligand exchange activity of metal complexes. Mechanism of action of: a) the clinically

approved anticancer drug cisplatin, and b) a coordinationally covalent bound Au(l) complex
as an enzyme inhibitor.
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Figure 4.
Redox bioactive of metal complexes. a) Chemical structures of Tamoxifen, Ferrocifen,

Ferrocerone, and Ferroquine; b) Redox activation mechanism of Ferrocifen; ¢) chemical
structures of redox active Pt(I\VV) complexes that have entered clinical trials.
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Catalytic metal complexes. a) Proposed catalytic cycle for the oxidation of GSH to GSSH;
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Os(Il) complex

1

-

b) Enantioselective conversion of pyruvate to p-lactate with the proposed transitions state of

the chiral Os(I1) complex.
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Figure®6.
Photophysical activity of metal complexes. a) Structure of a peptoid-Ru(ll) polypyridine

complex conjugate; b) Dual mechanism of action of the peptoid as an enzyme inhibitor and
a Ru(ll) polypyridine complex as a photosensitizer for light activated protein inactivation.
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