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Abstract 

Since the serendipitous discovery of Cisplatin in 1965, innumerable platinum-

based derivatives have been explored as alternative anti-cancer agents. In the 

scope of this research, [2+3]-cycloaddition reactions between diazidoplatinum(II) 

complexes and gold(I) alkynes were utilised for the synthesis of functionalised 

multi-modal platinum(II)-gold(I) complexes. The rationale of ligand design was 

based on literature reports as well as theoretical investigations of the frontier 

orbitals of potential candidates. With the aim of expanding the historic focus on 

N-donor ligands, P-donor ligands in the form of substituted phosphines were 

chosen on the platinum centre. In addition, complexes with both N- and P-

functionalities within the ligands were pursued in order to identify electronic 

trends. The readiness of the diazidoplatinum(II) complexes towards the 

cycloaddition reaction was correlated to the electronic configuration of the 

platinum centres via 195Pt NMR spectroscopy. The complexes were 

characterised via NMR, IR and UV-visible spectroscopy, along with mass 

spectrometry. Various molecular structures in the solid state were confirmed by 

means of X-ray diffractometry. Attempted development of the platinum(II) 

complexes as candidates for platinum(IV) prodrugs via oxidation were 

unsuccessful.  

Four of the synthesised complexes were investigated regarding their 

photosensitising and radiosensitising properties following the irradiation with blue 

or green light, and X-rays. In most cases, irradiation of the bimetallic complexes 

led to bond cleavage and breakdown of the compounds. Cytotoxicity studies 

were performed on three cancer cell lines with and without irradiation under X-
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rays and the results were compared to those of Cisplatin. No clear indication of 

radiosensitising properties were observed, however, cytotoxicity was enhanced 

by the combination of the two metal complexes. Further in-depth investigations 

are required in order to draw final conclusions on the reproducibility and the 

activation of the cytotoxic properties of the complexes following irradiation. 
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1. Introduction 

1.1 Platinum(II) Anti-Cancer Agents 

The medicinal properties of transition metal compounds were observed as early 

as 2500 BC.[1] The application of metallic complexes as potential anti-cancer 

agents in particular was already reported in the sixteenth century, and numerous 

gold, ruthenium as well as gallium compounds have entered clinical 

evaluations.[1–3] To date, platinum complexes are amongst the most prominent 

anti-cancer agents with 50% of chemotherapy patients being administered a 

platinum-based drug.[2] The serendipitous discovery of Cisplatin (cis-

diamminedichloridoplatinum(II)) in the 1960s revolutionised the treatment of 

cancer and significantly promoted research in the field of metal-organic 

compounds for medical applications.[4–6] The compound was first synthesised by 

M. Peyrone as early as 1844 and known as Peyrone’s salt.[7–10] Structural 

elucidation of the complex followed by A. Werner in 1893. In 1965 B. Rosenberg 

observed the cells of Escherichia coli bacteria seizing cell division and instead 

increasing 300 times in their average size when applying an electric field using 

platinum electrodes and a solution of ammonium chloride as electrolyte. Upon 

turning the field off, cell division resumed. Under the electric field, the platinum 

had reacted with the electrolyte to form Cisplatin causing cell inhibition. Four 

years later, Rosenberg demonstrated controlled cytotoxicity of the complex 

towards tumour cells in animals. In 1971 the first patients were tested with 

Cisplatin in a trial commenced by the National Cancer Institute and only seven 

years later, Cisplatin was approved by the US Food and Drug Administration 
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(FDA) for testicular and ovarian cancer.[7,8]  

The mode of action of Cisplatin is well-understood and can be divided into four 

steps: cellular uptake, activation of the compound via aquation, formation of DNA 

cross-links, and follow-up processes leading to apoptosis (Figure 1). Cellular 

uptake is obtained through a combination of passive diffusion and active 

transport by membrane proteins. Due to a substantially lower concentration of 

chloride within the cell, the chlorido ligands are substituted by water molecules, 

resulting in positively charged platinum species. The aquated Cisplatin enters the 

nucleus and binds to the negatively charged DNA. Platination of the DNA occurs 

at the nucleophilic nitrogen atoms mainly on the purine residues adenine and 

guanine. The aqua ligands are eliminated and the Cisplatin derivative forms 

cross-links in the form of 1,2-intrastrand links to predominantly adjacent DNA 

bases, which leads to a substantial distortion of the helical DNA structure. If the 

nucleotide excision repair mechanisms cannot reach the DNA lesion due to 

shielding by bound proteins, cell death is initiated. If, however, the Cisplatin is 

sequestered by sulphur-rich metallothioneins such as glutathione, the complex is 

removed from the cytoplasm before reaching the DNA.[2,11] More recently, 

Cisplatin has additionally been reported to form adducts with cellular proteins, as 

well as causing endoplasmic reticulum and mitochondrial stress as further modes 

of action.[12] 
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Figure 1: Extra- and intracellular activity of Cisplatin leading to either inactivation of the drug or 

cell death. 

 

Cisplatin does not differentiate between cancerous and healthy cells with regards 

to its cytotoxicity, leading to dire side-effects among which are neurotoxicity, 

ototoxicity and nephrotoxicity.[1,7,13,14] Resistance and acute toxicity have 

prompted the investigation into a myriad of Cisplatin derivatives and the 

development of analogous square-planar neutral cis-platinum(II) complexes with 

two (chelating) anionic leaving groups, next to two inert non-leaving group ligands 

such as amines.[2,7] Currently, two further analogous platinum-based anti-cancer 
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agents have been approved for admission in the clinic worldwide, with three more 

reaching regional approval (Scheme 1).[1,7,11] Cisplatin is particularly effective in 

the treatment of testicular cancer while Carboplatin is primarily administered for 

ovarian cancer, and Oxaliplatin finds application for colorectal and 

gastrointestinal cancers.[11,13,15] Platinum-based chemotherapeutics are used for 

treating the vast majorities of cancers, including bladder, lung, melanoma, 

lymphoma, myeloma, head and neck cancer.[11,15] 

 

 

Scheme 1: Current platinum-based chemotherapeutics and their region of approved 

admission.[1,11] 

 

While Cisplatin is considered a first generation platinum-based anti-cancer drug, 

further developments aimed at increasing the safety of the treatment and at 
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overcoming intrinsic or acquired resistance.[8] Second generation drugs display 

a variation in the leaving or the ammine groups on the platinum centre. 

Carboplatin includes the chelating 1,1-cyclobutyldicarboxylic anion in place of 

two chlorido ligands. The mechanism of action within the cell is similar to that of 

Cisplatin, however, due to the bidentate anionic ligand, ligand exchange with 

water molecules occurs at a slower rate. Toxicity leads to the formation of 

analogous DNA adducts with guanine, inhibiting the replication of the cell and 

leading to apoptosis. The slower kinetics of Carboplatin result in reduced 

neurotoxicity and ototoxicity after treatment whilst being similarly effective as 

Cisplatin, and may increase tolerance of the drug by patients rendering it more 

suitable for a more aggressive high-dose chemotherapy.[8,16–18] Nedaplatin is a 

further example of a second generation platinum-based anti-cancer drug in which 

the chlorido ligands have been replaced by a chelating glycolate ligand. The 

compound received regional approval in Japan and is used for treatment against 

ovarian and cervical cancers.[7,19] As treatment of each Cis- and Carboplatin led 

to the development of resistance, the third generation of platinum-based anti-

cancer agents was developed. Oxaliplatin includes two chelating ligands: a 

(1R,2R)-diaminocyclohexane (DACH) ligand in place of the ammine ligands with 

an oxalato ligand in place of the chlorido ligands. While the oxalato ligand 

reduces the reactivity of the complex, the more lipophilic DACH ligand increases 

passive uptake into the cells. In addition to forming DNA adducts, Oxaliplatin 

induces immunogenic cell death by causing a T-cell dependent immune 

response alongside ribosome biogenesis. This additional mode of cytotoxicity in 

comparison with Cisplatin might explain its potency in Cisplatin-resistant cell 

lines.[20] Oxaliplatin is usually administered in combination with other 
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chemotherapeutic compounds for higher efficacy of the treatment.[16–18] 

Lobaplatin and Heptaplatin are further examples of third generation platinum-

based anti-cancer agents, both of which received regional approval for the clinic: 

Lobaplatin in China, and Heptaplatin in South Korea.[7,17]  

The nature of the ligands contributes to the overall lipophilicity of the drug, which 

is critical for its distribution, cellular uptake, and metabolism. Depending on the 

method of cell penetration, i.e. passive diffusion vs active transport mechanisms, 

the modification of the lipophilicity of the complex and thus its path of interaction 

could have a significant impact on the rationale behind drug design.[21] 

The chemotherapeutic activity of metal complexes is greatly influenced by 

features such as the oxidation state of the metal centre, geometry and the type 

of ligand. An alteration of these properties can lead to a drastic change in 

potency. Trans-diamminedichloridoplatinum(II) (Transplatin) expresses a 

different kinetic profile to its cis-isomer and historically appeared to be 

significantly less cytotoxic towards cancer cells. This led to the false belief of cis-

standing ligand groups being imperative for effective platinum-based anti-cancer 

agents.[8,11,15,17,22] The geometry of trans-isomers of platinum-based anti-cancer 

agents prevents them from forming 1,2-intrastrand cross-links within the DNA 

helix, however, they do in fact form 1,3-interstrand adducts, which cannot be 

repaired by the nuclear excision repair system explaining cytotoxicity towards 

Cisplatin-resistant cells.[7,16] Since the 1990s, extensive research has been 

performed on trans-isomers of cytotoxic platinum-based anti-cancer agents 

which suggests that the historically low observed potency of the isomers is 

actually due to a higher reactivity of the complexes resulting in faster deactivation 
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of them by sulphur-containing compounds such as glutathione within the cell. 

Exchanging the ammine ligands for sterically more demanding ligands 

decreased the rate of ligand substitution of the chlorido ligands within the cell and 

with that the rate of activity of the complex. Trans-platinum(II) anti-cancer agents 

can be divided into three groups depending on the type of N-donor ligands: planar 

aromatic bases (pyridine, quinoline, thiazole, imidazole), iminoethers and 

aliphatic amines (piperidine, piperazine). These structural modifications 

improved the cytotoxicity significantly, compared to that of Transplatin, including 

towards Cisplatin-resistant cell lines.[7,16,19,23] Trans-platinum(II) complexes form 

monofunctional interstrand DNA products instead of intrastrand links, as mainly 

is the case for cis-isomers. This observation implies that pursuing anti-cancer 

agents with mechanisms distinct from those of Cisplatin are more promising. 

Further methods include targeted systems with ligands that respond to particular 

cellular targets within the cancer cell, however, poor solubility and lack of stability 

remain major obstacles in complexes reaching clinical trials.[14,19,20]  

 

1.2 Platinum(IV) Anti-Cancer Agents 

As previously discussed, all platinum-based anti-cancer agents which currently 

find application in cancer treatment are composed of square-planar cis-

platinum(II) complexes with two inert amine donors and semi-labile chlorido or 

oxygen donors. Albeit this structure-activity relationship for platinum anti-cancer 

agents was first discussed by M. J. Cleare and J. D. Hoeschele in 1973 – based 

on a distinctly limited database at the time – it appears that the conclusions drawn 

still hold more than half a century later.[24,25] The challenges of both intrinsic and 
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acquired resistance along with the severe dose-limiting side-effects of the 

chemotherapeutics demand further research into alternative approaches to 

platinum anti-cancer agents. Delivery strategies including encapsulation of the 

compounds into liposomes, micelles or nanoparticles have been explored. New 

advances comprise the synthesis of so-called prodrugs: kinetically more inert six-

coordinate octahedral platinum(IV) complexes which are reduced in vitro to yield 

the active, cytotoxic square-planar platinum(II) species (Scheme 2).[26,27] The 

application of platinum(IV) prodrugs was pioneered by J. Matthey in 1995.[24,28] 

The ligands on the prodrugs can be classified into two neutral non-leaving 

groups, two anionic leaving groups and two axial ligands. 

 

 

Scheme 2: Schematic reduction of the octahedral platinum(IV) prodrug yielding the square-planar 

platinum(II) complex with non-leaving group ligands (L) in blue, leaving group ligands (X) in green 

and axial ligands (R) in orange. 

 

The two additional axial ligands pose as molecular handles for tuning the 

prodrug’s chemical and biological properties. In addition to functional groups, the 

attachment of targeting moieties, reactive organic functionalities, or even 

nanoparticles and carrier systems, can be realised.[11,29] Axial ligands can include 

bioactive or non-bioactive functionalities, e.g. compounds such as 

phenylbutyrate or dichloroacetate, the former facilitating exposure of DNA to 
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platination, and the latter promoting conditions for cell death.[26,30] Targeting 

moieties in the axial ligands could include peptide receptors, enzyme inhibitors, 

hormones or even a molecule which blocks the nucleotide excision repair 

mechanism, hence preventing DNA repair of formed cross-links.[30]  All six 

ligands can affect the water solubility of the complex, while enhancing its 

lipophilicity can improve its cellular uptake significantly.[11,26,29,31] 

N-donors typically constitute the non-leaving group ligands and directly influence 

the properties of the platinum-DNA adduct.[11,29] The leaving group ligands modify 

the reaction and thus the aquation kinetics. A fine balance between the lability of 

these ligands, which is somewhat labile but not too susceptible to substitution 

reactions, is essential for the compound’s anti-cancer activity.[31] Recent 

investigations have revealed that the variation in kinetic inertness of platinum(IV) 

prodrugs is greater than was initially thought. The equatorial core of the 

compound greatly influences the rate of hydrolysis, which in turn impacts their 

rate of reduction. Of the three platinum(II) anti-cancer agents approved 

worldwide, the equatorial core of Carboplatin has been reported to exhibit the 

highest hydrolytic stability.[32] 

One approach to minimising acquired resistance of platinum-based anti-cancer 

agents is through combination therapy with other chemotherapeutic drugs with 

different modes of action and cellular targets, administered for synergistic attack. 

Major challenges with administrating multiple drugs include disparities in the 

pharmacokinetic properties of the compounds. Further development of 

platinum(IV) prodrugs to multi-modal dual-action prodrugs presents a platform for 

co-treatment with multiple agents, ensuring the simultaneous release through 
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reduction of the prodrug. Further anti-cancer agents can be conjugated to the 

platinum(II) chemotherapeutic drug via the axial ligands resulting in multiple anti-

proliferative agents within the cell with different targets acting synergistically 

towards cell death.[24,33] The released axial ligands demonstrate their own 

cytotoxicity unconnected to the core platinum(II) species.[26,30] The likelihood for 

a cross-resistance with the DNA-targeting platinum(II) compound is reduced if 

the chosen biologically active moiety acts independently of the DNA, exhibiting a 

contrasting mode of activity and triggering distinct cellular responses.[11,29] 

Examples of dinuclear quadruple action platinum(IV) prodrugs have proven 

substantially more cytotoxic than their single components. An increase of the 

therapeutic potential seems particularly promising when combining more than 

one clinically approved anti-cancer agent.[31]  

Scheme 3 shows a multi-modal compound with quadruple action. The dinuclear 

platinum(IV) complex contains four active entities which are linked together. 

Dichloroacetate (red) and phenylbutyrate (green) both inhibit specific cellular 

enzymes whilst pursuing different paths of action, essentially promoting 

apoptosis. Cleavage of these moieties and their links results in the release of two 

platinum(II) anti-cancer agents. The quadruple drug displayed distinctly higher 

cytotoxicity compared to its dual congener or the single platinum(II) complexes, 

indicating a substantial contribution of the attached bioactive functionalities.[26] 

Exploiting the rational design of axial ligands on platinum(IV) prodrugs bears the 

potential for development of multi-active compounds incorporating chemo-, 

immuno-, phototherapeutic and/or diagnostic properties.[33] 
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Scheme 3: Dinuclear quadruple-action platinum (IV) prodrug with entities of the multi-modal 

compound highlighted in different colours. 

 

Scheme 4 depicts a selection of platinum(IV) complexes which have entered 

clinical trials as anti-cancer prodrug candidates. Tetraplatin, Iproplatin and 

Satraplatin are among promising prodrug candidates without bioactive moieties, 

though none of them succeeded in becoming approved for admission.[7,34] 

Tetraplatin caused severe cumulative neurotoxicity, while Iproplatin did not 

display significantly higher potency compared to Cisplatin or Carboplatin. The 

most promising candidate, Satraplatin, was developed in 1992 as the first 

platinum(IV) prodrug suitable for oral administration. In comparison to Cisplatin, 

the complex includes two acetato ligands and a cyclohexyl group on the amine 

ligand which increases the overall lipophilicity of the drug. Satraplatin forms 

various DNA-adducts that are not recognised by DNA repair proteins.[35] The 

complex displays relevant levels of concentration in cell lines resistant to 

Cisplatin, however, the prodrug was observed to reduce prematurely in the 
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bloodstream, resulting in several products and in poor overall improvement of 

cytotoxicity compared to platinum(II) anti-cancer agents.[16,36] 

 

 

Scheme 4: Selection of platinum(IV) prodrug candidates that have entered clinical trials. 

 

While platinum(IV) prodrugs appear to be better tolerated by patients compared 

to direct administration of the cytotoxic compound, the drugs are typically 

discontinued for reasons such as non-conclusive increase in activity or 

unpredictable side-effects, which at present do not render these compounds 

viable.[30,33] All platinum(IV) prodrugs that have entered clinical trials in the past 

did not include bioactive moieties in the axial position and relied on delivery of 

the cytotoxic platinum(II) anti-cancer agent to the tumour cell. More recent 

investigations have focused on including axial ligands on the complexes which 

enhance mitochondrial recognition, over-expressed receptors on cancer cells, or 

inhibition of cellular processes leading to cell proliferation.[20,24] 

Platinum(IV) compounds are commonly accessed via oxidation of the 

corresponding platinum(II) complex. Typical synthetic routes include hydrogen 
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peroxide or chlorine, carboxylation of the platinum(II) species, or in rarer 

approaches ligand substitution of a platinum(IV) compound, though, as 

discussed earlier, the latter is kinetically hindered.[29] The oxidant commonly 

formerly removes two electrons from the platinum centre and occupies one axial 

position. The second anion usually is obtained either from the oxidant or the 

solvent, and takes the position of the second axial ligand. Oxidations with 

hydrogen peroxide will yield one hydroxido ligand. Depending on the solvent, the 

second ligand could vary between a second hydroxido ligand for water, to a 

methoxido ligand for methanol or an acetato ligand for acetic acid. Neat halogens 

as oxidation agents typically lead to symmetrical products with two halogenido 

ligands in the axial positions. N-chlorosuccinimide and analogues with heavier 

halogens act as electrophilic halogenation agents displaying “positive halides” 

which acquire two electrons from the platinum centre. In analogous manner to 

oxidation with peroxides, the second anion usually is provided by the solvent.[37] 

In addition to being coordinatively saturated, the low-spin 5d6-platinum(IV) 

centres are more reluctant to undergo undesired side-reactions, display lower 

interactions with plasma proteins in the blood circulation and reduce the 

likelihood for systemic toxicity.[16,20,29] Due to steric constraints in the platinum(IV) 

compounds, DNA lesions via ligand substitution appear on the scale of weeks.[11] 

For this reason, the prodrugs require reduction to their cytotoxic platinum(II) 

congener before binding to the DNA in the cell.[29] Activation can occur by means 

of a two-electron reduction forming for instance through molecules such as 

ascorbate or glutathione, which in many cases are readily expressed in tumour 
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cells.[11,30] Further reports include reduction of platinum(IV) prodrugs by cellular 

proteins such as metallothionein or serum albumin.[16,37] 

Obtaining remote spatial and temporal control of the drug concentration through 

the controlled activation at a specific time in a certain region could yield significant 

improvements in the shortcomings of anti-cancer agents. There are a number of 

exogenous and endogenous stimuli for the activation of prodrugs. Endogenous 

stimuli rely on properties connected to the pathological features of the tumour, 

including a variation in the redox properties, the pH-value, or the concentration 

of certain biomolecules, such as enzymes or hormones. Contrary to this, 

exogenous stimuli are applied from outside the physiological environment, such 

as light, temperature, magnetic fields, ultrasound or high energy radiation 

(Scheme 5).[30,38] 

 

 

Scheme 5: Schematic overview of the exo- (e.g. light, temperature, magnetic fields) and 

endogenous (e.g. pH-value, enzymes, hormones) stimuli applied for the activation of platinum(IV) 

prodrugs and their path of action. 
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When tuning drugs to become more targeted for tumour cells, applying stimuli 

that respond to the (metabolic) abnormalities of cancerous tissue can prove 

fruitful. As a result of proliferation, the extracellular pH-value of tumour cells (6.5–

6.9) tends to be slightly lower compared to that of healthy tissue (7.4). Due to the 

up-regulation, the concentration of certain enzymes like protease or glycosidase, 

or other biomolecules contributing to the redox properties, can be higher in 

cancer cells. One of the over-expressed reductants is glutathione, which can be 

found at a fourfold concentration in tumour tissue and accounts significantly for 

the highly reducing conditions. The redox potential in the cells is pivotal for the 

evaluation of the activation of redox-sensitive prodrugs.[38]  

A change in temperature as an exogenous stimulus is mainly applied to induce 

changes in drug-carrier systems, e.g. the structural transformation of a 

thermosensitive polymer resulting in the release of the anti-cancer agent.  

The application of light as a further exogenous stimulus has received a 

substantial amount of attention. This is mainly attributed to its non-invasive and 

highly spatio-temporal properties, realised through the wavelength, the intensity, 

or the time of exposure. Approaches include the photoinduced structural change 

of prodrugs, yielding bioactive compounds, or the generation of toxic reactive 

oxygen species (ROS) resulting from the irradiation of photosensitisers, and will 

be further discussed in Chapter 1.4.[38]  

In successful drug design, all the above-mentioned exogenous and endogenous 

characteristics could contribute to the selectivity of the compounds by chemical 

bonds becoming more labile for intended cleavage. The discrepancy between 

healthy and cancerous tissue typically is marginal, so that the scope for targeted 
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response is remarkably narrow. Establishing highly stimuli-selective drugs can 

lead to the differential activation of individual agents incorporated into multi-

modal drugs. Next to exo- and endo-stimuli-responsive compounds, a further 

class are dual-stimuli-responsive drugs. Multiple stimuli attuned in a synergistic 

manner could overcome challenges regarding targeted delivery and activation, 

thus improving drug efficacy whilst reducing side-effects. Common combinations 

are redox- and pH-, redox- and light-, pH- and light- or biomolecule- and light-

responsiveness. To date, no stimuli-responsive metallodrugs have been 

approved for treatment, as mechanisms relating to their absorption, distribution 

and metabolism remain to be fully understood.[38] The ideal platinum(IV) prodrug 

candidate should demonstrate no cytotoxicity, be resistant to hydrolysis or other 

ligand substitution reactions under physiological conditions, inert to being 

reduced by biological agents, with its reduction being specifically initiated with a 

controlled stimulus yielding the release of active agents with synergistic anti-

proliferative effects. However, despite the immense advances in this field, further 

research is necessary to render suitable complexes.[37] 

 

1.3 Phosphine Ligands in Anti-Cancer Agents 

Following the serendipitous discovery of Cisplatin, the main focus of metal-based 

anti-cancer agents has been on complexes with N-donor ligands and the 

variation of monodentate or bidentate amine derivatives. Platinum-phosphine 

complexes have gained substantial attention in coordination chemistry due to the 

stability of the Pt–P bond stemming from the high affinity of platinum for 



 

25 
 

1. Introduction 

phosphorus. 31P NMR spectroscopy poses a useful analytical handle and 

characterisation technique for metal-phosphine complexes. Compared to 

platinum complexes with N-donor ligands, studies screening the biological and 

pharmaceutical activity of analogous compounds incorporating their heavier 

analogues are limited.[39] However, the properties which render metal-phosphine 

complexes appealing for catalysis, further qualify them for medicinal applications, 

including anti-inflammatory, antibacterial and anti-cancer activities.[40] Auranofin 

is the first example of a metal-phosphine complex to demonstrate anti-cancer 

activity (Scheme 6). The gold(I)-phosphine prodrug was clinically approved in 

1985 for the treatment of rheumatoid arthritis. Since its initial clinical profile, it has 

been applied for the treatment of multiple other diseases including tuberculosis, 

acute respiratory syndrome in the coronavirus disease Covid-19 as well as in 

cancer therapy. In particular its interaction with the thioredoxin reductase system 

within cells has made it a viable candidate as an anti-cancer agent. The 

antioxidant enzymes are both found in the cytoplasm and mitochondria and 

regulate the levels of reactive oxygen species within the cell. The enzymes are 

commonly over-expressed in cancerous tissue, preventing anti-cancer agents 

from inducing apoptosis which is directly related to a poor prognosis for the 

patients’ survival. Auranofin acts as an inhibitor to thioredoxin reductases 

consequently leading to a cellular concentration of reactive oxygen species 

inducing cell death.[41,42] The complex has demonstrated acute potency towards 

leukaemia and ovarian malignancies. The high activity of Auranofin has led to the 

development of further gold(I) complexes with medicinal applications. Examples 

include triphenylphosphinegold(I) compounds with cytotoxic properties 

twentyfold those of Cisplatin for certain cell lines.[43] After discovering its mode of 
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action, a focus on gold(I)-phosphine complexes with an effective inhibition of 

thioredoxin reductase, particularly in mitochondria, has emerged.[44,45] 

 

 

Scheme 6: First metal-phosphine complex to demonstrate anti-cancer activity approved 

worldwide for the treatment of rheumatoid arthritis. 

 

Building on the success of Auranofin, several metal phosphine complexes have 

been investigated for cancer treatment. Since platinum phosphine compounds 

have also displayed restraining effects on thioredoxin reductase, the phosphine 

ligands themselves appear to play a critical role in the blockage of these 

antioxidant enzymes.[40] Whilst the hydrophilicity of a compound is directly related 

to its solubility in water and its ability to be administered into the blood stream, 

the lipophilicity of a compound is decisive in terms of the accumulation of anti-

cancer agents in cells. Phosphine ligands with non-polar substituents can modify 

the lipophilic character of a complex and influence its bioavailability and 

cytotoxicity. Incorporating sterically more demanding ligands of hydrophobic 

character could lead to enhanced drug uptake into the cell. The choice of tertiary 
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phosphines greatly affects the biological activity of the metal complex.[46,47] 

Investigations of the structure-activity relationship of complexes including 

diphosphine and phosphinopyridyl ligands indicated selectivity for uptake of the 

agent into cancerous vs healthy cells could be influenced by adjusting the 

lipophilic properties of the compound.[48] 

Reports of platinum(II) complexes with phosphine ligands being investigated as 

anti-cancer agents have been steadily increasing.[39,49–54] Examples include 

ligand substitution of amine ligands with triphenylphosphine on a platinum(II) 

complex leading to enhanced cytotoxicity,[47] chloridosaccharinateplatinum(II) 

complexes with diphenylbenzylphosphine ligands demonstrating extremely high 

potency surpassing that of Cisplatin attributed to the increased cellular uptake 

due to the increased lipophilicity of the complex,[46] or a dithiocarbazate 

triphenylphosphineplatinum(II) compound displaying cytotoxicity on four human 

cell lines.[55] 

 

1.4 Irradiation of Anti-Cancer Agents 

O. Raab was the first to report the cytotoxic effect of chemicals under the 

irradiation of light in 1900.[56,57] Following from this, the term “photodynamic” was 

introduced in 1907 by H. von Tappeiner, referring to photosensitisation after 

irradiating the dye eosin in cancer cells with visible light. Cell death occurred due 

to an interplay of the three main components of photodynamic therapy (PDT): a 

photosensitiser, light of a wavelength corresponding to the photosensitiser and 

molecular oxygen. Despite extensive research, it was not until 88 years later that 



 

28 
 

1. Introduction 

a hematoporphyrin derivative commercially known under the name Photofrin, 

was released for clinical application as the first FDA-approved photosensitive 

drug.[57] Absorption of light leads to a singlet excited state of the photosensitiser 

with multiple possibilities for dissipation of this energy back to the ground state 

(Figure 2). One possibility is the direct radiative decay from the S1 to the S0 state 

releasing a photon of lower energy than the incident photon as fluorescence. An 

alternative pathway is a non-radiative vibration in which the relaxation is 

mediated by the collision with further molecules generating heat. Another option 

is intersystem crossing resulting in excited triplet states T1 of the photosensitiser. 

Subsequent reactions of the triplet state with water or molecular oxygen form 

reactive oxygen species (ROS), either through the direct transfer of electrons 

(Type I PDT), or through the sensitisation of triplet oxygen to form singlet oxygen 

1O2 (Type II PDT).[57–61] The high reactivity of ROS towards the oxidation of 

biomolecules in cells such as nucleic acids, proteins or lipids illustrate the mode 

of toxicity, causing severe damage to cancer cells due to necrosis, apoptosis, 

autophagy or ferroptosis.[57,59] 

PDT is discussed as one of the most effective available cancer treatments due 

to high therapeutic efficiency and selectivity, whilst being minimally invasive and 

displaying low side-effects. However, its dependence on oxygen and light 

exhibits a severe disadvantage. Due to malignant proliferation and the rapid 

growth of tumour cells, the poor microvasculature leads to a lack of oxygen 

supply in the cancer tissue. In addition, although the effectiveness of PDT heavily 

relies on molecular oxygen levels, its toxicity destroys blood vessels resulting in 
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even lower concentrations of oxygen, creating an intrinsic limitation to the 

treatment.[56–58] 

 

 

Figure 2: Schematic representation of the mechanism of photosensitisation describing Type I and 

Type II PDT.[59,61,62] 

 

The application of light as an essential component of PDT poses a further 

constraint on the treatment. Photoresponsive anti-cancer agents are hampered 

by the limitations imposed by the radiation. Shorter wavelengths (300–500 nm) 

can penetrate skin up to 3 mm and are hindered by absorption of chromophores 

such as melanin and haemoglobin, or by scattering processes. Wavelengths 
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longer than 950 nm are strongly absorbed by water, leading to the optimal 

wavelengths for tissue penetration being 650–950 nm. While wavelengths 

shorter than 450 nm can inflict biological damage due to photolysis, wavelengths 

in the range of 650–750 nm, although energetically much weaker, can penetrate 

tissue up to 5 mm (Figure 3). The photobiological effects of wavelengths longer 

than 1000 nm have yet to be investigated more extensively.[63–65] The processes 

initiated by the radiation depend on both the energy, i.e. the wavelength, and the 

intensity of the light applied. Selective photolysis of certain compounds at the site 

of illumination can result in interference with intercellular metabolic pathways. 

Photoresponsive compounds can be prepared by modifying a biologically 

relevant functional group with a photocleavable moiety. Upon radiation, the 

dormant inactive molecule is activated through cleavage of the added moiety 

yielding full restoration of the bioactive functionality.[64] The addition of a common 

fluorophore responsive to longer wavelengths could improve the activation of 

compounds in deeper tissue.[65]  

Commonly, light sources with wavelengths of >620 nm are applied in PDT and 

green light is used for more superficial tumours.[57,58,60] The spot size of the 

radiation source influences the penetration and dispersion of the light in the 

tissue, with an increasing spot size inducing less lateral scattering and deeper 

penetration.[63] Technological advances have helped to increase the penetration 

depth of irradiation of shorter wavelengths. Lasers and optical fibres within 

transparent needles for endoscopic procedures or specific LEDs enable the 

delivery of light to deeper regions of the body through administration.[57,58,60] 
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Figure 3: Schematic visualisation of the penetration depth of light into skin according to its 

wavelength.[57,63] 

 

The compound class of porphyrins has been extensively studied as 

photosensitisers for PDT, due to their inherent properties in light absorption which 

is converted to energy and heat in cancerous tissue. The first generation of 

photosensitisers for PDT were based on hematoporphyrins, however, they were 

restricted by challenges regarding their chemical purity. Second generation 

photosensitisers aimed at overcoming these limitations by designing well-defined 

structures with high chemical purity. Benzoporphyrin derivatives and 

phthalocyanines were explored, which demonstrated poor water solubility, 

leading to difficulties in intravenous administration. Finally, the third generation 

of photosensitisers incorporated targeting and delivery moieties, such as 

antibodies, nucleic acids or vitamins, with the goal of increasing the selectivity of 

the compounds. 
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The ideal photosensitiser for PDT can be administered easily and demonstrates 

properties promoting tumour-specific accumulation, absorption at longer 

wavelengths, such as red or the near-infrared light to facilitate treatment of 

cancer in deeper tissue, with low toxicity in the dark. The solubility of hydrophobic 

compounds could be enhanced through the addition of hydrophilic substituents 

or incorporation of the drug in liposomes or nanocarriers. Despite the efforts and 

research regarding photosensitisers, only three photosensitisers have, to date, 

been approved worldwide (Scheme 7), with Photofrin remaining the dominant 

candidate for PDT albeit displaying low red-light absorption and poor cancer 

selectivity. [56,59,60,66] 

 

 

Scheme 7: Current photosensitisers that have been approved worldwide for admission. 
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Due to the ready modification of photophysical properties via ligand choice, a 

number of coordination compounds have been investigated as suitable 

photosensitisers. Phorbiplatin (Scheme 8) was the first platinum(IV) prodrug 

functionalising an electron transfer process from a reductant to the metal centre 

upon irradiation with red light. The reduction and activity of the multi-modal 

prodrug releases the chemotherapeutic Oxaliplatin as well as pyropheophorbide-

a (PPA). Phorbiplatin shows superior cellular accumulation and cytotoxicity in 

comparison to Oxaliplatin.[67] 

 

Scheme 8: Dual-action platinum (IV) prodrug Phorbiplatin with Oxaliplatin in blue, 

pyropheophorbide-a in orange and the hydroxy group in green. 

 

Irradiation with significantly shorter wavelength and higher energy, such as X-

rays in radiotherapy, allows for deeper penetration into the tissue. With 

penetration depths of >10 cm, all regions in the body can be targeted.[12,61] The 

X-rays can either cause direct lesion of the DNA or induce indirect toxicity through 

the interaction with water resulting in the generation of ROS. Materials with heavy 
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atoms, such as platinum or gold, exhibit large X-ray attenuation coefficients, 

presenting a synthetic strategy of minimising excessive radiation doses. Both 

Carboplatin and Oxaliplatin have shown activity as radiosensitisers. The 

combination of photosensitisers activated following the irradiation with X-rays 

(radiosensitisers) in X-ray photodynamic therapy (X-PDT), allows the treatment 

of deep-seated cancers with lower radiation doses compared to radiotherapy 

alone.[12] After the effects of X-rays on porphyrin were first investigated in 1955, 

X-PDT utilising porphyrin-based compounds as sensitisers commenced in 2006. 

With penetration depths of 1–40 cm, X-PDT builds on the advantage of low-

invasiveness whilst overcoming the challenge of accessing deeper tissue in 

regular PDT.[68] However, it must be noted that the X-rays will cause an adverse 

affect on healthy tissue as well. While irradiation of surrounding tissue of the 

target region should be minimised, it usually cannot be prevented 

entirely.[12,57,61,69] 

Applying metal complexes as sensitisers can improve the stability and 

photocytotoxic response, in particular following irradiation with X-rays.[60] The 

possibility of multi-functionality in metal complexes bears a lot of potential for the 

combination of moieties of different activity. Examples include 

triphenylphosphine ligands demonstrating targetability of mitochondria as an 

alternative route of toxicity. Gold(I) compounds with triphenylphosphine or 

triethylphosphine ligands have displayed high modes of cytotoxicity. Similarly, 

terpyridylplatinum(II) with a triphenylphosphine ligand has exhibited cytotoxicity 

towards Cisplatin-resistant ovarian cancer cells.[12,14]  
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The youngest prominent development in the evolution of light-responsive anti-

cancer agents responding to irradiation is the class of photoactivatable 

chemotherapy (PACT). Interaction of light with the chemotherapeutic compound 

generates short-lived excited states inducing changes in the molecular formula, 

which subsequently results in an alteration of the physical and biological activity 

of the complex. Ideally, the compound will display no biological activity in the non-

radiated form and strong biological activity upon irradiation, enabling spatial and 

temporal control of the cytotoxic activity of the chemotherapeutic agent and 

allowing targeted site-activation at the tumour to minimise side-effects.[12,62,70,71] 

Metal compounds have been explored extensively as candidates for PACT. In 

particular, heavy metals have been of interest due to their strong spin-orbit 

coupling which promotes intersystem crossing of excited states. The 

photophysical and chemical properties of noble metal photosensitisers can be 

readily modified through the ligands. More specifically, the choice of ligands can 

help navigate challenges regarding solubility, lipophilicity, absorption bands and 

targetability.[59]  

The concept was introduced in the early 1990s by H. Morrison who reported on 

a rhodium(III) compound which required UV-light for activation. In 1996, P. J. 

Bednarski demonstrated pioneering research on photoactivatable platinum(IV) 

complexes with iodido and amine ligands. The complexes exhibited 

photoreductive elimination by ligand-to-metal-charge-transfer (LMCT) upon 

irradiation around 400 nm. After undergoing structural changes, the resulting 

compound could bind to DNA in cancer cells.[70] The term “photoactivated 

chemotherapy” was proposed by P. J. Sadler in 2009.[62] 
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Typical modes of activation of complexes for PACT can be divided into three 

classes. The first group includes platinum(IV) or similar centres which are 

reduced upon irradiation within the cell to produce the corresponding cytotoxic 

platinum(II) analogues. Another class describes the activation of d6-metal 

centres. Absorption of light induces an excited metal-to-ligand-charge-transfer 

3MLCT, leading to an energetically lower triplet metal centre state displaying a 

strong dissociative character through the population of σ-antibonding orbitals 

along a metal-ligand bond. The oxidation states of neither the metal, nor the 

ligand are changed and commonly, the ligand is substituted by a solvent 

molecule. The third group of activation describes a C–C bond cleavage via 

photoabsorption by the heavy metal. While LMCT excitations account for a large 

portion of the photochemistry of platinum(IV) complexes, energetically lower d–

d-transitions are also feasible.  

A distinct difference between PDT and PACT lies in the photochemical properties 

of the photosensitisers. In PDT the photosensitiser in principle is photostable and 

energy transfer of the excited states results in generation of the active species. 

However, in PACT, the photosensitisers themselves are the photoactive 

compounds which decompose under light producing the bioactive entities. Since 

the photochemical activation of the platinum(IV) compound is irreversible, the 

photoproducts are required to display high toxicity. Either the released ligand, or 

the structurally altered metal-complex – or both – can act as the source of 

biological activation. The combination of multiple active moieties on the prodrug 

poses as a great opportunity for the development of more efficient drugs.[71,72] 

Whilst the absorption spectrum of a complex can provide valuable insight into a 

suitable excitation wavelength, there have been reports in literature illustrating 
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photoactivity of platinum(IV) complexes due to energetically low-lying LMCT 

states, although no absorption was recorded in the UV-visible spectra for the 

respective wavelengths.[62] 

Platinum(IV) and platinum(II) complexes have both been investigated for PACT. 

Platinum(IV) compounds are prodrugs and require a reduction to platinum(II) to 

yield the bioactive species. With platinum(II) complexes, photoactivation 

commonly results in the removal of a pre-blocking activity. Nitrophenyl groups 

have been reported to block the biological activity of biomolecules until exposure 

to light induces cleavage of the group in the ligand backbone, resulting in a 

cytotoxic platinum(II) species. Similarly, Carboplatin has demonstrated enhanced 

DNA interaction under irradiation, which is suspected to be a result of photolysis 

of the platinum-oxygen bond.[70] 

Azidoplatinum(IV) complexes were reported to undergo reductive elimination of 

the azido ligand following irradiation by A. Vogler in 1980. Building from this, P. 

J. Sadler performed in-depth research on the photoreduction of 

diazidoplatinum(IV) complexes yielding cytotoxic platinum(II) compounds. 

Complexes of the general formula [Pt(N1)(N2)(L1)(L2)(A1)(A2)] with N1 and N2 as 

non-leaving ligands, L1 and L2 as leaving ligands and A1 and A2 as axial ligands 

were investigated. The leaving ligand dissociates from the platinum centre 

following irradiation, yielding it a key component in PACT. A broad range of 

amines including aliphatic and aromatic groups have been explored as non-

leaving ligands. Axial modifications span targeting moieties or functionalities 

aiding delivery strategies. Applying azides as the leaving ligands appeared to be 

highly beneficial: the electronic properties of the metal complex are modified to a 
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small LMCT (N3 → Pt) transition energy, causing facile reduction following 

irradiation. Reductive elimination results in the release of toxic azidyl radicals as 

well as the platinum(II) species which continue to form DNA-cross-links. Sadler 

and co-workers inspected the structure-activity relationship of 

diazidoplatinum(IV) compounds moving from ammine ligands to N-heterocycles 

as the non-leaving group ligands. Complexes with pyridine exhibited strong 

cytotoxicity following absorption in the blue region. The results were attributed to 

LMCT and inter-ligand transitions inducing the cleavage of azidyl radicals with a 

dipyridylplatinum(II) complex binding to the DNA. Incorporating arene-derivatives 

as the non-leaving ligand promotes interaction with DNA due to π-stacking. When 

comparing the cytotoxicity of both cis- and trans-isomers of the complexes, the 

trans-isomers usually are more potent, presumably due to the formation of 

multiple DNA cross-links in the cells. It was further observed that conjugated 

ligands promote photoactivity and resulting cytotoxicity of the platinum 

complexes significantly. Overall, the investigations showed that besides 

diazidoplatinum(IV) derivatives of Cisplatin and Oxaliplatin, exploring complexes 

of a general formula trans-[Pt(N3)2(py)2(OR1)(OR2)] tend to display 

photoactivation with blue or green light and are highly cytotoxic. While a selection 

of platinum(IV) prodrugs have entered clinical trials in the past, no 

photoactivatable platinum(IV) prodrug has been suitable for clinical trials thus 

far.[73,74] 

The high stability of diazidoplatinum(IV) in the dark paired with the readiness for 

decomposition following irradiation with visible light into cytotoxic azidyl radicals 

as well as a DNA-binding species, renders this group of compounds promising 
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candidates for PACT. High versatility in ligand choice affords scope for targeting 

strategies, as well as possible modification of the absorption profile.[60] With the 

photoreduction of platinum(IV) prodrugs, spontaneous cellular reduction is 

replaced by radiation-induced reduction enabling control over the activation.[70] 

While PDT finds clinical application, thus far no PACT compounds have reached 

the clinic. Exploiting the crucial differences between PDT and PACT can help 

promote PACT as an approach to cancer therapy. As discussed previously, the 

effectiveness of PDT heavily relies on the supply of molecular oxygen in the 

tumour tissue, albeit, cancer cells often are hypoxic. As the mode of action in 

PACT does not require oxygen and is independent of redox stress within the 

cells, hypoxic tumours could be a promising target for PACT. However, as the 

lack of oxygen often is a consequence from poor tumour vasculature, efficient 

delivery of the compounds to the cancerous tissue remains a serious challenge 

and future development of complexes for PACT will have to address strategies. 

Efforts in overcoming difficulties with respect to penetration depth of light in PDT 

are applicable to PACT. A majority of explored photoactivatable platinum(IV) 

prodrugs can be activated by UV- and blue light which both display poor tissue 

penetration, creating a demand for candidates responding to longer 

wavelengths.[37,71] 

 

1.5 [2+3]-Cycloaddition Reactions of Platinum Complexes 

The concept of [2+3]-cycloaddition reactions between azides and alkynes were 

first described in the scope of 1,3-dipolar cycloaddition reactions by R. Huisgen 
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in 1963. The generalised conception included two reagents forming a cyclic 

compound under the expense of two π-bonds and the creation of two new σ-

bonds.[75,76] The products are regio-isomers of aromatic heterocycles, more 

specifically, a mixture of 1,4- and 1,5-triazoles. It was not until 2001, that K. B. 

Sharpless coined the term “Click reaction” for the description of facile 

stereospecific [2+3]-cycloaddition reactions with high yields and negligible side-

products. The key difference to Huisgen’s approach was the utilisation of in situ 

generated copper(I) salts catalysing the reaction between the azide and alkyne. 

Applying copper(I) increases the reaction rate significantly and enables the 

formation of regioselective 1,4-disubstituted 1,2,3-triazoles at mild 

temperatures.[77–81] Copper-catalysed azide-alkyne cycloadditions (CuAAC) 

revolutionised the synthetic linkage of C–C and C–N bonds whilst exhibiting 

excellent functional group tolerance, high selectivity and atom efficiency. The key 

step in the synthesis is the deprotonation of the alkyne leading to a copper(I)-

acetylido complex with additional π-complexation of another copper centre 

reducing the electron-density of the sp-hybridsised carbon atoms, and with that 

increasing its reactivity. Identifying the core step to the mechanism 

simultaneously reveals the main restriction of CuAAC: a limitation to terminal 

alkynes.[77,78] Additionally, due to the toxicity of copper(I) species, the synthetic 

systems described by Sharpless could not be applied in a biological context.[80,82] 

A more generalised approach to metal-catalysed azide-alkyne cycloaddition 

(MAAC) reactions include the addition of other metals such as silver-, iridium- or 

tin-based compounds, as well as gold nanoparticles.[77] Realising that the 

activation of the alkyne was the breakthrough in Click reactions, it was C. R. 

Bertozzi who noticed reports from G. Wittig and A. Krebs dating back as far as 
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1961 informing on compounds with ringstrain significantly promoting reactivities 

in cycloaddition reactions.[79,80,83] This observation lead to the discovery of strain-

promoted azide-alkyne cycloadditions (SPAAC) in 2004 by Bertozzi and co-

workers. Cyclooctyne and its derivatives have been thoroughly explored for 

selective Click reactions without the necessity of a catalyst, rendering them 

suitable under physiological conditions.[79,80] Further modifications of the strained 

ring such as the addition of electron-withdrawing atoms or groups, e.g. fluorides, 

can increase the C–C–C bond angle further, adding to the strain and the reactivity 

of the ring.[84] However, the versatility of the substituents to the triple bond 

appears to be somewhat restricted to synthetically accessible alterations of 

cyclooctyne.[82]  

The term “iClick” as a short-hand for inorganic Click reactions was introduced by 

A. S. Veige and co-workers in 2011 who completed the [2+3]-cycloaddition 

reaction between a diazidoplatinum(II) complex and a gold(I) alkyne leading to a 

bimetallic complex. This was the first example of two metal compounds 

undergoing a Click reaction. Compared to promoting the reactivity of the alkyne 

with help of a catalyst or ringstrain, the addition of an electron-poor metal centre 

effectively withdrawing electron-density from the C–C triple bond activates the 

alkyne. In contrast to the products of CuAAC reactions, iClick reactions result in 

the selective formation of trisubstituted 1,4,5-triazoles.[82,85] With the 

cycloaddition reaction occurring in the inner coordination sphere of the metal 

centres, the choice of additional ligands plays a substantial role in their reactivity. 

Successful cycloaddition reactions of diazidoplatinum(II) complexes have been 

demonstrated with a range of functional groups incorporating triple bonds, such 

as acetylides, isocyanides or nitriles. The main limitation to iClick reactions is the 
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requirement for disubstituted alkynes. Applying terminal alkynes can lead to 

unintended side-products such as ligand substitution of the azido ligands and 

end-on binding of the alkyne to the platinum centre. In comparison to 

diazidoplatinum(II), the more electron-deficient platinum(IV) complexes have 

displayed significantly lower reactivity towards Click reactions with electron-

deficient alkynes.[82] 

Figure 4 depicts a schematic overview of the variations of the [2+3]-cycloaddition 

reaction. 

 

 

Figure 4: Schematic overview of 1,3-dipolar cycloadditions, CuAAC, SPAAC and iClick reactions 

as variations to the [2+3]-cycloaddition reaction. 

 

Overall, the evolution of [2+3]-cycloaddition reactions since being first described 

61 years ago has enabled simple and straightforward strategies for the design of 

metal complexes which has had a crucial impact in the field of drug discovery, 
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imaging and biomedical engineering.[78,80] Click reactions facilitate the 

functionalisation of platinum-based drugs amongst which are targeting moieties, 

delivery systems or fluorescent reporters for theranostics. In addition, they can 

be exploited as a platform in the preparation of platinum(IV) prodrugs through the 

modification with secondary chemotherapeutics, yielding multi-modal drugs.[11,82] 

 

1.6 195Pt NMR Spectroscopy 

Of the 32 known isotopes of the noble transition metal platinum, merely the three 

194Pt, 195Pt and 196Pt display noteworthy natural abundances of 32.9%, 33.8% 

and 25.3%, respectively. With a nuclear spin of one half, 195Pt is the only NMR-

active isotope.[86,87] The combination of its abundance and its gyromagnetic ratio 

(5.768∙107 rad∙s−1∙T−1), results in NMR spectra of low signal-to-noise ratio and a 

receptivity of 0.0034 relative to 1H. The frequency range in which resonances 

appear for 195Pt nuclei spans an extensive width of 15 000 ppm, compared to 

300 ppm for 13C and 15 ppm for 1H (for diamagnetic compounds).[88] As the 

chemical shift of platinum nuclei is highly influenced by the nature of the ligands 

in the coordination sphere of the complex, each platinum species will provide a 

unique resonance dependent on its environment. Upon applying an external 

magnetic field, the electrons within the compound create an opposing magnetic 

field, shielding the external field. Closer nuclei are affected more strongly by the 

shielding effect.[86] The chemical shift tensor can be described as a sum of 

paramagnetic, diamagnetic and extraneous components under consideration of 

spin-orbit relativistic effects. The diamagnetic term is the most dominant 
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component and describes the local spherical electron density around the 

nucleus, which increases with heavier elements but is identical for all platinum(II) 

nuclei. In contrast, the paramagnetic contribution is a correction term and 

considers the non-spherical charge distribution around the nuclei causing 

displacement to a lower field. The extraneous component accounts for various 

anisotropic contributions such as substituents, ring currents originating from 

aromatic components or intermolecular forces like hydrogen bonding. The 

chemical shift of a nucleus is an anisotropic value which is averaged in solution 

NMR spectroscopy due to rapid motion of the compounds.[86,88] 

The frequency of the chemical shift is highly susceptible to changes in the 

oxidation state of the metal centre, ligand substitution and the geometry of the 

complex. All contributions leading to a reduction in electron density around the 

platinum nucleus, create deshielding and induce a shift of the signals to higher 

frequencies (downfield). Oxidising platinum(0) centres to platinum(II) and further 

to platinum(IV) compounds, removes electron density from the metal centre 

incurring a downfield shift. Conversely, the coordination of polar solvent 

molecules, such as water, on a platinum(II) ion can increase the electron density 

close to the 195Pt nucleus, resulting in higher shielding and an upfield shift (lower 

frequencies) of the signal. Complexes with sterically demanding ligands often 

reduce intermolecular effects such as the coordination of solvents, and lead to 

deshielding of the platinum centre. Shielding effects due to the geometry of the 

ligands are determined by the extent of the σ- and π-bonding between the donor 

atom and the metal. A strong σ-donor shifts electron density from the ligand to 

the platinum, however, in the event of π-back bonding, electron density is 
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reduced on the platinum and increased on the ligand, often under shortening of 

the platinum-ligand bond.[87,88] The resonances for platinum(II) complexes with 

triethylphosphine, tripropylphosphine and tributylphosphine ligands shift to lower 

frequencies in that order due to an increase in their strength as σ-donors.[89] In 

contrast, sterically more demanding and weaker σ-donating triphenylphosphine 

ligands display a lengthening of the platinum-phosphorus bond and deshielding 

of the platinum centre.[87,90] Chemical shifts of cis-isomers appear at lower 

frequencies than those of the corresponding trans-isomers. In addition, the 

values usually shift upfield when progressing down to heavier analogues of an 

element. Group 15 poses an exception to this observation and resonances 

appear at lower frequencies along the following series: N < Sb < As <P.  

The chemical shift recedes in the example of [PtX2L2] (X = halido ligands, 

L = ligand) as a result of the influence of the ligand geometry when X and L 

exhibit similar electron donating properties.[91] 

With a natural abundance of 32.9% and 25.3%, respectively, signals 

corresponding to NMR-silent 194Pt and 196Pt nuclei appear unchanged in NMR 

spectra. However, in 33.8% of the compounds in a sample, coupling to 195Pt 

centres will occur as Pt-satellites. If the main resonance appears as a singlet, the 

spectrum will display a singlet together with a doublet of significantly lower 

intensity. The strength of the satellites depends on the frequency of the 

spectrometer. Due to the chemical shift anisotropy, an increase of the applied 

magnetic field results in a decrease of the intensities.[88] Spin-spin coupling 

between two nuclei in a complex is composed of three main terms: the 

interactions of orbital electronic currents with nuclear magnetic moments leading 



 

46 
 

1. Introduction 

to secondary magnetic fields which influence other nuclei in the compound; 

dipole-dipole interactions describing the interaction between the magnetic 

moments of the nuclei with those of the electrons; and finally the Fermi contact 

term, which considers the magnetic moments of electrons in binding orbitals.[92] 

The latter poses the dominant contribution to the coupling. As a result of this, the 

magnitude of the coupling constant can be directly related to the level of s-

components with a finite electron probability density within the binding 

orbitals.[86,93,94] Ligands with stronger π-acceptor properties display larger 

coupling constants, compared to strong σ-donors. As an example, 1J(31P, 195Pt) 

coupling constants increase for both cis- and trans-isomers when changing from 

alkyl to phenyl substituted phosphine ligands in platinum complexes.[89]  

With 1J(1H, 195Pt) > 1000 Hz and 1J(31P, 195Pt) > 2000 Hz, spin-spin interactions 

in platinum complexes vary over several orders of magnitude depending on the 

involved nuclei.[87] Platinum complexes in the higher oxidation state +IV exhibit a 

smaller s-component along the platinum-ligand bond. The s-character of the 

involved orbitals along the bond is directly proportional to its covalency, which 

can diverge significantly by the nature of the ligand as well as the geometry of 

the complex.[93] The magnitude of 1J-coupling constants in phosphine platinum 

complexes is larger for cis-configuration of the ligands compared to the 

corresponding trans-isomers, indicating an increase of s-character along the 

metal-ligand bond in cis-isomers. It was further observed that the platinum-

phosphorus bond often is longer for cis-configuration, suggesting that an 

increase in bond energy might result from an increase in the s-component. The 

variation of selected anionic ligands with different donor and acceptor properties 

within analogous compounds leads to a change in the coupling constant in the 
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following order Cl > Br > NCS > I > CN, suggesting that the ligands display less 

overlap with the σ-orbitals of the platinum centre, effectively reducing the 

covalent character of the metal-ligand bond.[94] Thus, the magnitude of 1J-

couping provides diagnostic value for the geometry of the compounds and can 

be applied to estimate hybridisation and the nature of bonding within the platinum 

complexes.[88,92] 

With the advancement of the applicable magnetic fields for NMR spectrometers, 

the prominence of 195Pt NMR spectroscopy in pharmaceutical chemistry and 

industrial applications has grown substantially. In particular, its significance in 

determining kinetics and mechanistic details of ligand displacement in drug 

binding studies has hugely contributed to the field of unprecedented biological 

and chemical processes of platinum-based anti-cancer agents. Explorations with 

195Pt NMR spectroscopy have been applied to investigate the mechanism of 

Cisplatin and Transplatin binding to the DNA, leading to the identification of 

multiple platinum-DNA adducts. Upon displacement of the chlorido ligands and 

binding of the platinum-backbone to N7 of the purine base guanine, 

monofunctional and bifunctional platinum-DNA adducts can be determined due 

to new resonances appearing at lower frequencies from the signal corresponding 

to Cisplatin. Considering the supposed difference in cytotoxicity of cis- and trans-

isomers of platinum(II) anti-cancer agents, ligand substitution of Transplatin in 

solution has been thoroughly studied via NMR spectroscopy with a selection of 

ligands, including aqua, chlorido, nitrato, sulfato, acetato and phosphato 

ligands.[87,88,95] 
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Figure 5 provides a schematic overview of some of the influences on the 

magnitudes of the chemical shift as well as on the 1J(31P, 195Pt) coupling constant 

in phosphine platinum complexes. 

 

Figure 5: Schematic overview of the main influences on the magnitudes of the chemical shift 

δ(195Pt) and the 1J(31P, 195Pt) coupling constant in 195Pt NMR spectroscopy of phosphine platinum 

complexes. 

 

1.7 Aims and Objectives 

The rationale behind this research is the synthesis and isolation of phosphine-

based platinum(II)-gold(I) complexes with potential for applications as multi-

modal anti-cancer agents. To this end, suitable diazidodiphosphineplatinum(II) 
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complexes and gold(I) alkynes will be identified for [2+3]-cycloaddition reactions. 

Oxidation of the compounds to less reactive platinum(IV) complexes will be 

pursued in order to explore their future as anti-cancer prodrugs. 31P and 195Pt 

NMR spectroscopy will provide a strong experimental handle for monitoring the 

reactivity and properties of the respective complexes. 

After isolating successful candidates, the compounds’ properties as 

photosensitisers with visible light, as well as their responsiveness to X-rays and 

their aptitude as radiosensitisers will be probed. Cytotoxicity studies will be 

carried out in collaboration with the research group of Prof G. Higgins in the 

Department of Oncology of the University of Oxford. 

While the platinum (II) and gold (I) complexes will be notated in their sum formula 

such as cis-[Pt(N3)2(PR3)2] with R = Et, Ph or [Au(PPh3)(CC(C6H4)X] with 

X = NO2, Br, CN, the cycloaddition reaction products of the diazidoplatinum(II) 

complexes and the gold(I) alkynes will be referred to as Pt,R[2+3]Au,X with 

R = Et, Ph and X = NO2, Br, CN throughout the thesis. 
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2. Determining Synthetic Objectives via 

Density Functional Theory 

[2+3]-cycloaddition reactions of azido ligands and alkynes have proven a 

convenient path to functionalised platinum(II/IV) compounds.[96,97] As a rationale 

for planning the first syntheses, resolution-of-identity density functional theory 

(RI-DFT) calculations were performed to correlate experimentally observed 

reactivities of previously isolated and targeted compounds with theoretical 

investigations. When considering diazidoplatinum complexes and alkynes viable 

for cycloaddition reactions, the oxidation state of the platinum centre, as well as 

the electron-donating or -withdrawing nature of the ligands, can be expected to 

directly influence the energetic levels and the localisation of the respective 

molecular orbitals. Based on this, theoretical investigations of the energies and 

spatial orientation of the frontier orbitals could reveal trends in reactivities. The 

electronic influence of a variety of ligands, their configurational isomerism, and 

the addition of substituents were evaluated. The calculations comprised the 

assessment of four types of compounds for [2+3]-cycloaddition reactions: a 

range of each, alkynes, platinum(II) complexes and platinum(IV) complexes, as 

well as a comparison of cis- and trans-isomers. To ensure the calculations did 

not converge in transition states, minima on the potential energy surface were 

verified by harmonic vibrational frequency analysis. 
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2.1 Choice of Functional 

In order to determine an appropriate choice of basis set and functional for 

investigation of the respective compounds, initial calculations were performed on 

a selection of azidoplatinum complexes which have been observed to 

successfully undergo [2+3]-cycloaddition reactions. Figure 6 shows a schematic 

overview of the steps which were applied for determining an appropriate 

functional for the theoretical investigations. 

 

 

Figure 6: Schematic overview of the procedural steps for determining an appropriate functional 

for the theoretical investigations. 

 

A selection of five literature-known platinum(II/IV) complexes were chosen for 

investigation of an appropriate functional (Scheme 9). The starting coordinates 
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for the geometry optimisation of the compounds were taken from the molecular 

structures in the solid state.[98–100] RI-DFT calculations of the five complexes A-E 

were performed with Turbomole 7.3 using the basis set def2-TZVP and the 

functionals B3-LYP, BP-86, PBE and B2-PLYP (COSMO ε = ∞). 

 

 

Scheme 9: Platinum(II/IV) complexes with varying ligand systems selected for theoretical 

investigations to determine an appropriate functional. 

 

Table 1 and Table 2 display a comparison of experimentally and theoretically 

obtained selected bond lengths and angles, for exemplarily two of the five 

compounds (A and D) after the geometry optimisation. Figure 7 provides labels 

for the atoms and respective angles of the complexes. 
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Figure 7: Labelling of atoms and angles of compound A (left) and D (right) for discussion of the 

experimentally and theoretically determined bond lengths and bond angles. 

 

Table 1: Selected bond lengths and angles of compound A (Figure 7) determined experimentally 

and theoretically for varying functionals.[98] Theoretical investigations were performed with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP, B3-LYP, BP-86 or PBE 

(COSMO ε = ∞) 

 Experimental B2-PLYP B3-LYP BP-86 PBE 

Pt–N1 2.046 Å 2.062 Å 2.080 Å 2.080 Å 2.077 Å 

Pt–N2 2.046 Å 2.060 Å 2.071 Å 2.069 Å 2.058 Å 

Pt–N3 2.043 Å 2.062 Å 2.080 Å 2.080 Å 2.077 Å 

Pt–N4 2.047 Å 2.060 Å 2.071 Å 2.060 Å 2.058 Å 

Pt–O1 2.027 Å 1.997 Å 2.026 Å 2.039 Å 2.037 Å 

Pt–O2 1.990 Å 1.997 Å 2.026 Å 2.039 Å 2.037 Å 

N1–N5 1.215 Å 1.198 Å 1.206 Å 1.215 Å 1.215 Å 

N5–N6 1.140 Å 1.122 Å 1.143 Å 1.158 Å 1.158 Å 

N3–N7 1.218 Å 1.198 Å 1.206 Å 1.215 Å 1.215 Å 

N7–N8 1.146 Å 1.122 Å 1.143 Å 1.158 Å 1.158 Å 

α 175.7° 180.0° 180.0° 180.0° 180.0° 

β 177.9° 180.0° 180.0° 180.0° 180.0° 

γ 176.8° 180.0° 180.0° 179.2° 180.0° 
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Table 2: Selected bond lengths and angles of compound D (Figure 7) determined experimentally 

and theoretically for varying functionals.[96] Theoretical investigations were performed with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP, B3-LYP, BP-86 or PBE 

(COSMO ε = ∞) 

 

Comparison of the values for selected bond lengths and angles of the converged 

geometry optimisations for A and D for the five functionals with the experimental 

data show similar magnitudes with a tolerance of ± 0.05 Å. The theoretical 

investigations appear to overestimate the Pt–L (L = N, O) bond lengths, whereas 

the N–N bond lengths are underestimated. The largest deviations, of up to 

4.62%, are observed for the calculated angles in comparison to the 

experimentally found data. This is likely to be attributed predominantly to packing 

effects leading to thermodynamically favoured arrangements in the solid state, 

i.e. π-stacking, vs the isolated complex in the gas phase, as it is modelled in DFT 

 Experimental B2-PLYP B3-LYP BP-86 PBE 

Pt–N1 1.997 Å 2.022 Å 2.033 Å 2.030 Å 2.026 Å 

Pt–N2 2.032 Å 2.052 Å 2.064 Å 2.058 Å 2.055 Å 

Pt–N3 2.035 Å 2.045 Å 2.063 Å 2.064 Å 2.062 Å 

Pt–N4 2.033 Å 2.053 Å 2.064 Å 2.058 Å 2.055 Å 

Pt–O1 1.982 Å 1.984 Å 2.015 Å 2.029 Å 2.027 Å 

Pt–O2 2.017 Å 2.015 Å 2.045 Å 2.059 Å 2.058 Å 

N1–N5 1.361 Å 1.326 Å 1.343 Å 1.357 Å 1.354 Å 

N5–N6 1.314 Å 1.288 Å 1.306 Å 1.318 Å 1.316 Å 

N3–N7 1.218 Å 1.201 Å 1.209 Å 1.217 Å 1.217 Å 

N7–N8 1.142 Å 1.121 Å 1.121 Å 1.157 Å 1.157 Å 

α 125.6° 130.5° 131.4° 131.3° 131.0° 

β 173.0° 176.6° 177.2° 177.9° 176.3° 

γ 172.2° 171.2° 171.1° 171.0° 171.6° 
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calculations. Overall, the values obtained from the hybrid functional B2-PLYP 

show slightly less variance towards the experimental data. Moving forward, the 

main interest lies in calculating the energetic levels of the frontier orbitals of 

complexes. As the double hybrid functional B2-PLYP has been developed for 

more accurate calculation of in particular imaginary orbitals,[101,102] it was decided 

to apply this functional for the subsequent calculations. 

 

2.2 Theory vs Experiment 

As discussed in Chapter 2.1, geometry optimisations were performed for a range 

of platinum complexes with a variation of ligands. Correlating the resulting bond 

lengths and angles with experimental data in the solid state led to the choice of 

the functional B2-PLYP as an appropriate functional for the investigations at 

hand. The frontier orbitals of selected diazidoplatinum(II) complexes and gold(I) 

alkynes (Scheme 10) with potential for [2+3]-cycloaddition reactions were 

calculated. The distinction between cis- and trans-platinum complexes will 

influence the electronic properties of the compound: readiness to undergo 

cycloaddition reactions, solubility of the complex and reactivity towards oxidation 

and activation processes. Based on previous results, strained and electron-

deficient alkynes are more likely to yield successful cycloaddition reactions. This 

consideration has led to gold(I) alkynes incorporating electron-withdrawing 

groups as viable candidates.[82] RI-DFT calculations on prospective compounds 

were performed with Turbomole 7.3, the basis set def2-TZVP and the functional 

B2-PLYP (COSMO ε = ∞). 
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Scheme 10: Diazidoplatinum(II/IV) complexes with varying ligand systems and alkynes selected 

for theoretical investigation towards [2+3]-cycloaddition reactions. 
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By way of example, Figure 8 displays a schematic illustration of the spatial 

orientation and energetic levels of the frontier orbitals of the gold(I) alkynes U, V 

and W. The addition of electron withdrawing groups on the phenyl ring of the 

acetylido ligand causes a decrease in energy of the LUMO. In particular, an 

electron-withdrawing substituent in para-position causes a distinct reduction of 

1.315 eV (Table 3). The largest energy difference between the frontier orbitals 

was detected at 7.105 eV for complex U. In contrast to that, gold(I) complex V 

displays the energetically lowest lying LUMO with −1.362 eV and the highest 

lying HOMO with −7.562 eV, leading to the smallest energy gap between the 

frontier orbitals of 6.2 eV of the three alkynes. The spatial orientation of the 

orbitals confirms significant localisation of the HOMO along the C–C triple bond 

as well as on the aromatic ring of the acetylido ligand. 

 

 



 

58 
 

2. Determining Synthetic Objectives via Density Functional Theory 

 

Figure 8: Schematic overview of the energetic levels and spatial orientation of the LUMO, HOMO, 

HOMO−1, HOMO−2 and HOMO−3 of gold(I) alkynes U, V and W. Orbitals are depicted with a 

threshold of 0.05 e/Å3. 

 

Table 3: Calculated energies of the LUMO (ELUMO), the HOMO (EHOMO) and the energy gap 

(ΔEL−H) between these of gold(I) alkynes U, V and W. 

 

Comparison of the calculations for a selection of trans-diazidoplatinum(II) 

complexes demonstrate that ligand substitution of the pyridyl ligands to 

triphenylphosphine ligands, leads to a decrease in the energetic gap between the 

 Complex U Complex V Complex W 

ELUMO −0.047 eV −1.362 eV −0.110 eV 

EHOMO −7.152 eV −7.562 eV −7.012 eV 

ΔEL−H 7.105 eV 6.2 eV 6.902 eV 
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frontier orbitals of 0.223 eV: the energy of the LUMO is lowered, whilst the energy 

of the HOMO increases (Figure 9, Table 4). In addition, the energetic levels of 

the LUMO and HOMO between the cis- and trans-isomers of 

diazidobis(triphenylphosphine)platinum(II) suggests that the cis-configuration of 

these ligands leads to frontier orbitals of lower energy, with a decrease of energy 

of 0.136 eV for the LUMO and of 0.315 eV for the HOMO compared to the trans-

isomer. Interestingly, for trans-diazidodipyridylplatinum(II), the LUMO appears to 

be solely located on the pyridyl ligands, whereas for the cis- and trans-

diazidobis(triphenylphosphine)platinum(II) there is a significant contribution of 

the azido groups to the LUMO. This indicates that any reactions involving a 

donation of electron density to the LUMO are less likely to involve the azido 

groups for trans-diazidodipyridylplatinum(II). In contrast to this, the strong 

concentration of the spatial orientation of the HOMOs on the azido ligands of all 

three diazidoplatinum(II) compounds reveal a significant involvement of these 

atoms in reactions in which electron density is donated from the complexes. 
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Figure 9: Schematic overview of the energetic levels and spatial orientation of the LUMO, HOMO, 

HOMO−1, HOMO−2 and HOMO−3 of diazidoplatinum(II) complexes F, G and H. Orbitals are 

depicted with a threshold of 0.05 e/Å3. 

 

Table 4: Calculated energies of the LUMO (ELUMO), the HOMO (EHOMO) and the energy gap 

(ΔEL−H) of platinum(II) azido complexes F, G and H. 

 

In order to evaluate the viability of using the calculated energetic levels of the 

frontier orbitals as an indicator for successful [2+3]-cycloaddition reactions, the 

values of diazidoplatinum complex I and those of a selection of alkynes were 

 Complex F Complex G Complex H 

ELUMO −0.248 eV −0.312 eV −0.448 eV 

EHOMO −7.228 eV −7.069 eV −7.384 eV 

ΔEL−H 6.98 eV 6.757 eV 6.936 eV 
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compared with experimentally observed reactivities. During a cycloaddition 

reaction, electron density is commonly passed between two entities: the three-

atom component and the diatomic multiple bond system. Depending on the 

mechanism at hand, the initial step is the reaction between the HOMO of the 

nucleophilic end of the dipolic three-atom component, in this case the azido 

groups, and the LUMO of the electrophile, the dipolarophile, here the alkynes.[103] 

Exemplarily, the energy of the HOMO of trans,trans-diazidodipyridyl 

dihydroxidoplatinum(IV) (I) was compared to the energy of the LUMOs of alkynes 

O, P, S and T (Figure 10). 

 

 

Figure 10: Schematic overview of the energetic levels and spatial orientation of the frontier 

orbitals of diazidoplatinum(II) complex I and alkynes O, P, S and T. Orbitals are depicted with a 

threshold of 0.05 e/Å3. 
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Complex I successfully undergoes [2+3]-cycloaddition reactions with the strain-

promoted alkynes S and T, however, no reactivity towards alkynes O and P was 

reported.[97,100] The energetic gap between compound S and I was calculated to 

be 6.891 eV, with 7.56 eV between T and I, respectively. In comparison to these 

values, the LUMO-HOMO gap (ΔEL−H) between each alkynes O and P, and 

complex I in both cases exceeds 8 eV. The energetic differences of the frontier 

orbitals correlate with the experimental reactivities: Formation of a cycloaddition 

product for the compounds with a smaller LUMO-HOMO gap (compounds S and 

T with respect to I), and no successful cycloaddition reaction for larger LUMO-

HOMO gaps of >8 eV (compounds O and P with respect to I). Confirming this 

correlation on multiple examples within the scope of this work, suggests that 

theoretical investigations can be applied as a tool for indicating viable reactants 

for [2+3]-cycloaddition reactions between diazidoplatinum(II) complexes and 

activated alkynes. However, it must be considered that this approach is purely 

based on thermodynamics of isolated compounds in the gas phase with neglect 

of kinetics. 

Building on these conclusions, further platinum complexes and alkynes were 

examined theoretically. The aim was to identify trends which would help with 

optimising prospective synthetic approaches. Figure 11 displays a schematic 

overview of the energetic trends of the HOMOs of a selection of platinum(II/IV) 

complexes and of the LUMOs of a range of alkynes. The comparison indicates 

that the HOMO is energetically higher for platinum(II) vs platinum(IV) complexes, 

suggesting that platinum(II) complexes are more likely to undergo cycloaddition 

reactions under mild reactions. In an attempt to identify trends of the selected 
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compounds, no clear correlation between the energetic level of the HOMO of cis- 

vs trans-isomers of the platinum(II) complexes was identified. cis-

diazidobis(triethylphosphine)platinum(II) displays the highest HOMO with an 

energy of −6.754 eV. The energetic levels of the LUMOs of the alkynes 

demonstrate that the addition of an electron-deficient gold(I) centre lowers the 

energy of the LUMO of the alkynes by 0.167 eV. With a substantially energetically 

low-lying LUMO of −1.362 eV, alkyne V was detected to be the most promising 

gold(I) alkyne for the [2+3]-cycloaddition reactions under the investigation at 

hand. 

 

 

Figure 11: Schematic overview of the energetic trends of the frontier orbitals of a selection of 

platinum(II/IV) complexes and alkynes. 
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2.3 Target Compounds 

Based on the results from the RI-DFT calculations, a selection of target 

compounds was identified for investigation of the [2+3]-cycloaddition reaction 

between diazidoplatinum(II) complexes and gold(I) alkynes. Since the HOMOs 

of the diphosphineplatinum(II) complexes are calculated to be higher in energy 

compared to those of the dipyridylplatinum(II) complexes, synthesis and 

investigation of the diphosphineplatinum(II) congeners is targeted as the first 

objective. Following on from that, investigations will include 

diazidodipyridylplatinum(II), as well as complexes with mixed ligand systems 

incorporating one phosphine and one pyridyl ligand attached to the platinum(II) 

centre. In all cases, the aim is to examine the readiness for these compounds to 

undergo cycloaddition reactions with gold(I) alkynes under mild conditions, in 

dependence of the respective ligand system as well as their isomerism. Scheme 

11 shows an overview of the target compounds within the scope of this research. 

The selection comprises eight platinum(II) complexes and three gold(I) alkynes 

with substituted phenyl rings. Successful functionalisation of the platinum(II) 

complexes with these explicit gold(I) species via cycloaddition will lead to phenyl 

substituted triazoles. This particular structural feature allows targeting 

indoleamine 2,3-dioxygenase 1 (IDO1), a commonly overexpressed enzyme in 

tumour cells. Depending on the substitution patterns and the size of the 

substituent on the derivatives, these compounds have been reported to reduce 

the IDO1 inhibitory activity.[104] Realisation of these multi-modal platinum(II) 

complexes could yield active platinum, gold and organic entities within the 
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biological system – all of which potentially exhibit distinct cytotoxicity towards 

cancer cells. 

 

 

Scheme 11: Selection of targeted cis- and trans-diazidoplatinum(II) complexes and gold(I) 

alkynes for the synthesis of functionalised multi-modal platinum(II) compounds. 
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3. Synthesis of Platinum(II)-Gold(I) 

Complexes 

The synthesis of the diazidodiphosphineplatinum(II) complexes was adapted 

from literature. Reports on cis- and trans-[Pt(N3)2(PR3)2] (R = Et, Ph) suggest that 

accessing the complex via the tetraazidoplatinate(II),[105,106] however, due to the 

safety risks associated with azido-platinum compounds,[107,108] a path via the 

synthesis of the corresponding dichloridodiphosphineplatinum(II) complexes 

starting from potassium tetrachloridoplatinate(II) was chosen. As discussed in 

Chapter 1.6, 31P{1H} NMR spectroscopy provides an effective handle for 

differentiating between the formation of the cis- and trans-isomers. In particular 

the 1J(31P, 195Pt) coupling constant is extremely indicative of the distinction 

between isomers and is expected to be larger for cis-diphosphineplatinum(II) 

complexes compared to trans-diphosphineplatinum(II) complexes.[93,109,110] 

 

3.1 Synthesis of Dichloridodiphosphineplatinum(II) Complexes 

Various synthetic pathways involving potassium tetrachloridoplatinate(II) and the 

phosphines were explored.[105,110–112] The reaction of triphenylphosphine with the 

platinate(II) in ethanol at elevated temperatures (Scheme 12) led to a mixture of 

the cis- and trans-isomer in a ratio of 1:0.10, as determined by 31P{1H} NMR 

spectroscopy (Figure 12). Reacting the tetrachloridoplatinate with acetonitrile first 

and exchanging the acetonitrile ligands for triphenylphosphine in nitromethane 
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subsequently, leads to the selective formation of trans-[PtCl2(PPh3)2] when the 

reaction is performed at 0 °C and to a mixture of the cis- and the trans-isomer in 

a ratio of 1:0.94 for a reaction temperature of 50 °C. Interestingly, combining 

potassium tetrachloridoplatinate(II) with triphenylphosphine in acetonitrile at 

50 °C for 16 h results in the pure synthesis of cis-[PtCl2(PPh3)2]. These 

observations suggest that the cis-isomer is the thermodynamic product, whereas 

the trans-isomer appears to be the kinetic product which can be accessed 

through more controlled reaction conditions such as lower temperature. 

 

 

Scheme 12: Synthetic approaches to cis- and trans-[PtCl2(PPh3)2].[105,110–112] 

 

The resonance for cis-[PtCl2(PPh3)2] appears as a singlet at 14.3 ppm in the 

31P{1H} NMR spectrum, compared to the signal at 20.2 ppm for the corresponding 

trans-isomer (Figure 12). With 3675 Hz for cis-[PtCl2(PPh3)2] and 2633 Hz for 

trans-[PtCl2(PPh3)2], the 1J(31P, 195Pt) coupling constants enable clear distinction 
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between the isomers. The experimental data are in good agreement with the 

literature.[110,111] 

 

 

Figure 12: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixtures of the synthetic 

approaches to cis- and trans-[PtCl2(PPh3)2] as outlined in Scheme 12. K2[PtCl4] was reacted with 

triphenylphosphine in ethanol at 80 °C (a), acetonitrile at 50 °C (b) or via an acetonitrile complex 

in nitromethane at 50 °C (c) or at 0 °C (d). 

 

The balance between the synthesis of cis- and trans-[PtCl2(PEt3)2] can be 

controlled through the stoichiometry of the addition of triethylphosphine in 

tetrahydrofuran to a solution of potassium tetrachloridoplatinate(II) in water at 

23 °C (Scheme 13).[113] The addition of four equivalents of phosphine to the 

platinate leads to the formation of the cis-isomer as the thermodynamic product, 
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whilst the reaction of one equivalent of phosphine allows for kinetic control and 

results in trans-[PtCl2(PEt3)2], as determined by 31P{1H} NMR spectroscopy. The 

31P{1H} NMR spectrum displays a clear singlet at 9.1 ppm for the cis-isomer with 

a 1J(31P, 195Pt) coupling constant of 3515 Hz (Figure 13). The singlet is shifted 

slightly downfield for the trans-isomer with a distinctly smaller 1J(31P, 195Pt) 

coupling constant of 2420 Hz, which is in good agreement with the literature.[93] 

To prevent the oxidation of the phosphine, the reaction is performed under 

nitrogen. 

 

 

Scheme 13: Synthetic approaches to cis- and trans-[PtCl2(PEt3)2]. 
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Figure 13: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of compounds cis- and trans-

[Pt(Cl)2(PEt3)2]. 

 

3.2 Synthesis of cis-Diazidodiphosphineplatinum(II) Complexes 

Various routes for the reaction of the dichloridodiphosphineplatinum(II) 

complexes to the diazidodiphosphineplatinum(II) compounds were explored. 

Analogous reactions of platinum(II) complexes with N-donor ligands choose the 

reaction path with silver nitrate and sodium azide in water,[114] however, all 

reaction paths with water as the main solvent yielded unreacted starting material, 

or oxidised phosphines. The difference in solubility of the less polar platinum(II) 

complexes and the sodium azide salt posed a challenge for the reaction. Ligand 

substitution utilising the lattice energy from the formation of sodium chloride in 
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organic solvents as a driving force provided access to the cis- 

diazidodiphosphineplatinum(II) compounds. The addition of an aqueous solution 

of sodium azide to an organic solvent which is miscible with water, allows for a 

reduced reaction time from 30 hours to 4 hours. Scheme 14 shows an overview 

of the synthetic approaches to cis-[Pt(N3)2(PR3)2] (R = Et, Ph). 

 

 

Scheme 14: Synthetic approaches to cis-[Pt(N3)2(PR3)2] (R = Et, Ph). 

 

Figure 14 shows the 31P{1H} NMR spectra of the reactions of cis-[PtCl2(PR3)2] 

(R = Et, Ph) and sodium azide in organic solvents. The 31P{1H} NMR spectrum 

displays a singlet at 12.0 ppm with platinum satellites and a 1J(31P, 195Pt) coupling 

constant of 3507 Hz for cis-[Pt(N3)2(PPh3)2] compared to a resonance at 7.3 ppm 

and platinum satellites with a 1J(31P, 195Pt) coupling constant of 3338 Hz for cis-

[Pt(N3)2(PEt3)2]. The 195Pt NMR spectra show corresponding triplets with 

matching coupling constants at −4261 ppm for compound cis-[Pt(N3)2(PPh3)2] 
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and at −4335 ppm for the triethylphosphine analogue, respectively. The detection 

of triplets in the 195Pt NMR spectra confirms the formation of symmetrical 

complexes including two phosphine ligands. 

 

 

Figure 14: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of compounds cis-[Pt(N3)2(PR3)2] 

(R = Et, Ph). 
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Figure 15: 195Pt NMR spectra (86 MHz, CDCl3, 25 °C) of compounds cis-[Pt(N3)2(PR3)2] (R = Et, 

Ph). 

 

Infrared (IR) spectra of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) display a strong band at 

2060 cm−1, corresponding to the asymmetric stretching vibration of the azido 

ligands which is in good agreement with the literature (Figure 16).[105] Neither the 

symmetric stretching frequency nor the deformation frequency of the azido group 

could be assigned unambiguously. 
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Figure 16: IR spectra (23 °C) of compounds cis-[Pt(N3)2(PPh3)2] (a) and cis-[Pt(N3)2(PEt3)2] (b). 
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The UV-visible spectra of diazidodiphosphineplatinum(II) complexes cis-

[Pt(N3)2(PR3)2] (R = Et, Ph) were recorded at room temperature in the range of 

200-800 nm in solutions in tetrahydrofuran with a concentration of 23.4 μM. 

Compounds cis-[Pt(N3)2(PR3)2] (R = Et, Ph) exhibit absorbances in the UV-region 

and the beginning of the visible light spectrum (Figure 17), which is in line with 

them both being isolated as pale yellow solids. The UV-visible spectrum for 

complex cis-[Pt(N3)2(PPh3)2] displays a strong absorbance at 233 nm due to the 

phenyl groups on the phosphine ligands. The ligand-to-metal charge transfer 

bands (N3 → Pt) for the transition metal complexes appear at 269 nm for 

compound cis-[Pt(N3)2(PPh3)2] and 248 nm for cis-[Pt(N3)2(PEt3)2], respectively. 

With molar extinction coefficients of 24311 L·mol−1·cm−1 for cis-[Pt(N3)2(PPh3)2] 

and 21834 L·mol−1·cm−1 for cis-[Pt(N3)2(PEt3)2] (Table 5), the triphenylphosphine 

analogue is a stronger absorber than the triethylphosphine congener. 
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Figure 17: UV-visible spectra (THF, 23 °C) of compounds cis-[Pt(N3)2(PR3)2] (R = Et, Ph). 

 

Table 5: Wavelength of local maximal absorbance λ and molar extinction coefficient ε of UV-

visible spectra (THF, 23 °C) of compounds cis-[Pt(N3)2(PR3)2] (R = Et, Ph). 

 

Crystals of compounds cis-[Pt(N3)2(PR3)2] (R = Et, Ph) suitable for X-ray 

diffraction analysis were grown from concentrated solutions in chloroform. The 

diazidoplatinum(II) complex cis-[Pt(N3)2(PPh3)2] crystallises with one molecule of 

chloroform as yellow blocks in the orthorhombic space group Pbca with eight 

 λ Molar Extinction Coefficient ε 

cis-[Pt(N3)2(PPh3)2] 233 nm 44486 L·mol−1·cm−1 

cis-[Pt(N3)2(PPh3)2] 269 nm 24311 L·mol−1·cm−1 

cis-[Pt(N3)2(PEt3)2] 248 nm 21834 L·mol−1·cm−1 
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formula units in the unit cell (R1 = 1.98%, wR2 = 4.65%, Rint = 4.12%, 

GooF = 1.087, emin/max = −0.74/0.68 Å−3). The molecular structure in the solid 

state of cis-[Pt(N3)2(PPh3)2] is displayed in Figure 18. Two of the chlorine atoms 

in the solvent molecule are disordered by 31%. The anisotropic displacement 

parameters of the nitrogen atoms indicate a further disorder for the azido ligands. 

However, with a heavy element such as platinum in close proximity to these, it 

was not possible to fully resolve this disorder in the model. 

 

 

Figure 18: Molecular structure of cis-[Pt(N3)2(PPh3)2] ∙ CHCl3 in the solid state. Hydrogen atoms 

are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

 

The triethylphosphine analogue cis-[Pt(N3)2(PEt3)2] crystallises as yellow blocks 

in the monoclinic space group P21/c with four formula units in the unit cell (Figure 

19) (R1 = 2.59%, wR2 = 6.87%, Rint = 3.79%, GooF = 1.240, 
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emin/max = −1.95/2.41 Å−3). Whilst the majority of the quality factors of the structure 

solution and refinement support a model which is in good agreement with the 

experimental data (Table A2), residual electron density of 2.36 e∙Å−3 is detected 

in between the ethyl groups of the triethylphosphine ligands. The location of the 

electron density is too close to be attributed to a solvent molecule and could not 

be resolved via the refinement of disordered ethyl groups. These observations 

might be due to a more significant error with the structure solution. The dataset 

was investigated for various Bravais lattices and space groups, twinning, a 

superstructure and whole-molecule disorder. It was not possible to resolve the 

residual electron density, suggesting that it might be an artefact and will likely 

require a measurement of a new crystal. 

 

 

Figure 19: Molecular structure of cis-[Pt(N3)2(PEt3)2] in the solid state. Hydrogen atoms are 

omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 
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Comparison of selected bond lengths and angles of compounds cis-

[Pt(N3)2(PR3)2] (R = Et, Ph) confirms the structural similarity of the two complexes 

(Table 6). 

 

Table 6: Selected bond lengths and angles of the molecular structures of complexes cis-

[Pt(N3)2(PPh3)2]∙CHCl3 and cis-[Pt(N3)2(PEt3)2] in the solid state 

 

In both cases, the Pt–N bonds are distinctly shorter than the Pt–P bonds. The 

difference between the Pt–P and the Pt–N bond lengths of 0.1273–0.1845 Å 

could be a result of the stronger trans-influence displayed by the azido groups. 

With the azido as well as the phosphine ligands displaying strong properties as 

 cis-[Pt(N3)2(PPh3)2]∙CHCl3 cis-[Pt(N3)2(PEt3)2] 

Pt1–N1 2.091(2) Å 2.092(4) Å 

Pt1–N4 2.098(2) Å 2.121(4) Å 

Pt1–P1 2.2755(7) Å 2.2483(11) Å 

Pt1–P2 2.2593(7) Å 2.2561(10) Å 

N1–N2 1.180(4) Å 1.183(6) Å 

N2–N3 1.169(4) Å 1.161(6) Å 

N4–N5 1.192(4) Å 1.147(6) Å 

N5–N6 1.164(4) Å 1.165(7) Å 

N1–Pt1–N4 84.66(9)° 87.93(16)° 

N1–Pt1–P1 84.43(7)° 87.35(12)° 

P1–Pt1–P2 97.92(3)° 96.19(4)° 

P2–Pt1–N4 93.04(6)° 88.79(11)° 

N1–Pt1–P2 174.03(7)° 175.02(14)° 

P1–Pt1–N4 169.04(6)° 173.66(12)° 
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σ-donors and π-acceptors, the bond lengths suggest that the azido ligands are 

in fact stronger π-acceptor ligands and experiencing π-back bonding from the 

platinum(II) centre, which is strengthening the Pt–N bond.[115] This is supported 

by the lengthened N1–N2 and N4–N5 bond lengths in cis-[Pt(N3)2(PPh3)2]: the 

electron density from the metal is donated via π-back bonding into the π*-

antibonding molecular orbitals of the azido ligand.[116]  

 

3.3 Synthesis of trans-Diazidodiphosphineplatinum(II) 

Complexes 

For the synthesis of the analogous trans-isomers of the 

diazidodiphosphineplatinum(II) complexes, trans-[PtCl2(PR3)2] (R = Et, Ph) was 

reacted with sodium azide both in aqueous solution or as a solid in organic 

solvents such as tetrahydrofuran, acetonitrile and chloroform, at temperatures 

varying from 23–65 °C (Scheme 15). In all cases, the reaction led to unreacted 

starting material, decomposition products or a mixture of various new products 

as determined by 31P{1H} NMR spectroscopy. Heating the reaction mixture at 

elevated temperatures resulted in a mixture of both the cis- and the trans-isomer 

of the starting material, supporting the previous observation that cis-[PtCl2(PR3)2] 

(R = Et, Ph) is the thermodynamically more stable isomer. 

 



 

81 
 

3. Synthesis of Platinum(II)-Gold(I) Complexes 

 

Scheme 15: Synthetic approaches to trans-[Pt(N3)2(PR3)2] (R = Et, Ph). 

 

Heating the reaction of trans-[PtCl2(PPh3)2] with sodium azide in chloroform 

under reflux for 16 hours resulted in the formation of two new resonances with 

195Pt-satellites in the 31P{1H} NMR spectrum in a ratio of 1.00:0.87 (Figure 20). 

The singlet at 12.0 ppm with a 1J(31P, 195Pt) coupling constant of 3507 Hz was 

demonstrated to correspond to cis-[Pt(N3)2(PPh3)2], however, the second singlet 

at 17.1 ppm exhibits a smaller 1J(31P, 195Pt) coupling constant of 2851 Hz, 

indicating the formation of a trans-isomer. The corresponding triplet in the 195Pt 

NMR spectrum was recorded at −3706 ppm and confirms a symmetrical complex 

with two phosphine groups. 
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Figure 20: 31P{1H} NMR spectrum (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of trans-[PtCl2(PPh3)2] with sodium azide in chloroform under reflux for 16 hours. 
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Figure 21: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of trans-[PtCl2(PPh3)2] with sodium azide in chloroform under reflux for 16 hours. 

 

As it was not possible to remove all cis-[Pt(N3)2(PPh3)2] from the reaction mixture, 

recording an IR spectrum would not be indicative in determining the formation of 

trans-[Pt(N3)2(PPh3)2] unambigously. However, considering in particular the 

1J(31P, 195Pt) coupling constant of 2633 Hz for trans-[PtCl2(PPh3)2] as discussed 

in Chapter 3.1, the experimental data at hand suggests that the resonance at 

17.1 ppm indeed orginates from trans-[Pt(N3)2(PPh3)2], though no definite 

assignment is possible without isolation of the pure complex. 
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Most synthetic efforts in affording trans-[Pt(N3)2(PEt3)2] resulted in the oxidation 

of the triethylphosphine ligands or the formation of the cis-isomer. The most 

promising synthetic route was the reaction of trans-[PtCl2(PEt3)2] with sodium 

azide in chloroform under reflux for 72 hours. The 31P{1H} NMR spectrum 

confirms the formation of cis-[Pt(N3)2(PEt3)2] alongside another species in a ratio 

of 0.43:1.00 (Figure 22). The singlet at 18.4 ppm displays clear 195Pt-satellites 

with a 1J(31P, 195Pt) coupling constant of 2580 Hz. As no isolation of this complex 

was successful, it was not possible to assign the structure conclusively. 

 

 

Figure 22: 31P{1H} NMR spectrum (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of trans-[PtCl2(PEt3)2] with sodium azide in chloroform under reflux for 72 hours. 

 



 

85 
 

3. Synthesis of Platinum(II)-Gold(I) Complexes 

3.4 Synthesis of cis-Diazidodipyridylplatinum(II) Complexes 

Since previous work has focused on [2+3]-cycloaddition reactions of 

diazidodipyridylplatinum(II) complexes with strain-promoted or electron-deficient 

organic alkynes,[96,100] the platinum(II) complex cis-[Pt(N3)2(py)2] was chosen as 

a benchmark compound for cycloaddition reactions with activated alkynes under 

mild conditions. Changing from a N-donor to a P-donor ligand will have an effect 

on the electron density on the platinum centre as well as the energetic levels of 

the frontier orbitals (see Chapter 2.1).  

The selective synthesis of cis-diazidoplatinum(II) complexes has been 

established previously and is realised via the iodido complex rather than the 

chlorido complex due to the similarity in trans-effect between pyridyl and chlorido 

ligands (Scheme 16).[114]  

 

 

Scheme 16: Synthetic approach to cis-[Pt(N3)2(py)2]. 

 

Starting with potassium tetrachloridoplatinate(II) the chlorido ligands are 

exchanged to iodido ligands through the addition of potassium iodide in water. 

The subsequent addition of pyridine leads to the isolation of cis-[PtI2(py)2]. The 

chemical shift of the proton in ortho-position on the pyridyl ligand as well as its 
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3J(195Pt, 1H) coupling constant of 42 Hz is indicative for the formation of the cis-

isomer.[117] The reaction of the diiodidoplatinum(II) complex with silver nitrate and 

sodium azide in water proceeds in analogous manner to its established trans-

isomer and results in the formation of cis-[Pt(N3)2(py)2], selectively. The complex 

was characterised via 1H NMR and IR spectroscopy and the data is in 

accordance with that of diazidodipyridylplatinum(II) in literature.[98] 

 

3.5 Synthesis of cis-Diiodidopyridylphosphineplatinum(II) 

Complexes 

In order to determine a trend between the reactivity of the diazidoplatinum(II) 

complexes towards gold(I) alkynes in dependence of the N/P-donor ligand, next 

to the dipyridyl and the diphosphine compounds, synthesis of the complexes with 

a mixed ligand system comprising one pyridyl and one phosphine ligand was 

attempted.  

When targeting mixed ligand systems, both the kinetic trans-effect as well as the 

thermodynamically more stable isomer can be utilised in the synthetic approach. 

Dihalidoplatinum(II) compounds act as the starting point for further substitution 

of the ligands. Whilst the synthesis for trans-[PtCl2(L)(L’)] with L, L’ = amine can 

be achieved through the addition of the second amine ligand to cis-[PtCl2L2] 

under elevated temperatures, cis-[PtCl2(L)(L’)] is accessed via an iodido-bridged 

dimer formed from cis-[PtI2L2] (Scheme 17). Due to the stronger trans-effect of 

the iodido compared to the amine ligands, the Pt–I bonds in trans-position to the 



 

87 
 

3. Synthesis of Platinum(II)-Gold(I) Complexes 

terminal iodido ligand are cleaved, hence resulting in formation of the cis-

isomers.[107,118,119] 

 

 

Scheme 17: Synthetic approach to cis-[PtI2(L)(L’)] with mixed amine ligands.[118,119] 

 

Analogous compounds with mixed ligand systems incorporating one N- and one 

P-donor have as of yet not been established. The procedure was adapted from 

the route to mixed amine-ligand systems (Scheme 18). 

 

 

Scheme 18: Synthetic approaches to cis-[PtI2(py)(PR3)] (R = Et, Ph). 

 

The reaction of two equivalents of cis-[PtI2(py)2] with perchloric acid results in the 

protonation of pyridine. The equilibrium shifts to an iodido-bridged dimer with the 

precipitation of the red-brown solid being the driving force to the reaction. As the 
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platinum-iodide stretching frequency is observed at wavenumbers below 

200 cm−1,[118] it was not possible to determine this experimentally with the 

available equipment. 1H NMR spectroscopy was performed on the dimer for 

characterisation which displayed signals in the aromatic region corresponding to 

the pyridyl ligands. However, due to poor solubility and resulting insufficient 

resolution of the spectrum, assigning the resonances unambiguously was not 

feasible. Since the literature procedures suggest quantitative formation of the 

dimer and continuing without further purification, in a next step the respective 

phosphine was dissolved in ethanol and added to a suspension of the dimer in 

water at room temperature. Solvent choice was based on facilitating the solubility 

of the phosphine in a form which is miscible with water. 

The solid which was isolated from the reaction mixture of reacting trans-[PtI2(py)]2 

with triphenylphosphine displays one clear resonance at 12.4 ppm in the 31P{1H} 

NMR spectrum (Figure 23). The resonance confirms coupling of the phosphorus 

nuclei to a platinum centre with a 1J(31P, 195Pt) coupling constant of 2512 Hz. The 

magnitude of this coupling constant suggests the formation of a trans-isomer 

rather than the target compound cis-[PtI2(py)(PPh3)]. The 1H NMR spectrum 

reveals several resonances within the aromatic region (Figure 24). The signal at 

8.9 ppm corresponds to the protons in ortho-position to the nitrogen atom in the 

pyridyl ligand. The coupling constant of 42 Hz confirms a 3J(1H, 195Pt) coupling of 

the protons to the platinum centre, suggesting the formation of a complex 

including both the triphenylphosphine and pyridyl ligand. 
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Figure 23: 31P{1H} NMR spectrum (162 MHz, C4D8O, 25 °C) of the reaction mixture following the 

reaction of cis-[PtI2(py)]2 and triphenylphosphine. 
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Figure 24: 1H NMR spectrum (400 MHz, C4D8O, 25 °C) of the reaction mixture following the 

reaction of cis-[PtI2(py)]2 and triphenylphosphine. 

 

The 31P{1H} and 1H NMR spectra for the reaction product isolated from the 

reaction of cis-[PtI2(py)]2 with triethylphosphine show similar results. One clear 

singlet with coupling to a platinum centre is recorded in the 31P{1H} spectrum at 

0.6 ppm (Figure 25). The 1J(31P, 195Pt) coupling constant of 2263 Hz indicates 

the formation of a trans-isomer, analogously to the reaction with 

triphenylphosphine. The 1H NMR spectrum displays three groups of resonances 

corresponding to the protons on the pyridyl ligand in the aromatic region (Figure 

26). The signal at 9.0 ppm displays the coupling of the protons in ortho-position 

on the pyridyl ligand to the platinum centre. At 2.3 ppm a multiplet is observed, 

which can be assigned to an overlapping triplet and quartet from the aliphatic 
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protons of the triethylphosphine ligands. Comparison of the integrals of these 

resonances in the 1H NMR spectrum suggest the formation of one complex with 

both a pyridyl and a triethylphosphine ligand. 

 

 

Figure 25: 31P{1H} NMR spectrum (162 MHz, (CD3)2CO, 25 °C) of the reaction mixture following 

the reaction of cis-[PtI2(py)]2 and triethylphosphine. 
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Figure 26: 1H NMR spectrum (400 MHz, (CD3)2CO, 25 °C) of the reaction mixture following the 

reaction of cis-[PtI2(py)]2 and triethylphosphine. 

 

Crystals of the platinum dimer suitable for X-ray diffraction analysis were isolated 

as red blocks for both of the respective phosphine ligands from concentrated 

solutions in acetone. Due to literature-known cell parameters and unambiguous 

refinement of the structural motif of cis-[PtI2(PPh3)]2, no full measurement of this 

structure was performed. The cell parameters of the unit cells determined after 

the fast scan with 180 frames are in good agreement with those in literature for 

cis-[PtI2(PPh3)]2 (Table 7). The slightly decreased lattice parameters are due to 

a change in lattice vibrations as the experimental data was collected at a lower 

temperature compared to the data in literature. 
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Table 7: Comparison of experimentally determined cell parameters (Exp.) for cis-[PtI2(PPh3)]2 

collected at −173.15 °C compared to values in literature (Lit.) collected at 19.85 °C[120] 

 

Complex trans-[PtI2(PEt3)]2 crystallises with two formula units in the monoclinic 

space group P21/n (Figure 27) (R1 = 2.61%, wR2 = 5.89%, Rint = 4.64%, 

GooF = 1.201, emin/max = −1.58/1.43 Å−3). Comparison of selected bond lengths 

and angles for both of the complexes trans-[PtI2(PR3)]2 (R = Et, Ph) reveals no 

significant difference with regards to the structure of the Pt–I–Pt bridging unit 

(Table 8). 

 

 

Figure 27: Molecular structure of trans-[PtI2(PEt3)]2 in the solid state. Hydrogen atoms are omitted 

for clarity. Displacement ellipsoids are shown at the 50% probability level. 

 

 a b c α, γ β 

Exp. 15.9539(14) Å 15.7565(9) Å 16.6969(15) Å 90° 118.507(3)° 

Lit. 16.036(4) Å 15.874(4) Å 16.882(4) Å 90° 117.980(4)° 
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Table 8: Selected bond lengths and angles of the molecular structures of complexes trans-

[PtI2(PR3)]2 (R = Et, Ph) in the solid state. For R = Ph, data were previously reported,[120] whereas 

for R = Et, the values were obtained experimentally 

 

Isolation of compounds trans-[PtI2(PR3)]2 (R = Et, Ph) is unexpected considering 

the reaction mechanism proposed in Scheme 18. These observations suggest a 

higher lability of the pyridyl ligands in the chosen experimental conditions in 

comparison to the phosphine ligands, resulting in exchange of both of the N-

donor with the added P-donor ligands. However, in addition to identifying the 

dimers, crystals suitable for X-ray diffraction analysis of the mixed ligand 

complexes trans-[PtI2(py)(PR3)] (R = Et, Ph) were further isolated. Crystals of 

concentrated reaction mixtures of the compounds in chloroform confirmed the 

successful formation of trans-[PtI2(py)(PPh3)] (R1 = 1.42%, wR2 = 3.17%, 

Rint = 5.10%, GooF = 1.034, emin/max = −0.67/0.53 Å−3) and trans-[PtI2(py)(PEt3)] 

(R1 = 1.43%, wR2 = 3.43%, Rint = 3.49%, GooF = 1.223, 

emin/max = −0.73/0.85 Å−3), respectively. The complexes crystallise as yellow 

blocks in the monoclinic space group P21/n with four formula units in the unit cell 

(Figure 28, Figure 29). Comparison of selected bond lengths and angles confirm 

the analogous structure motifs of the square-planar platinum(II) complexes, with 

only minor differences which mostly lie within the scope of the error (Table 9). 

 trans-[PtI2(PPh3)]2 trans-[PtI2(PEt3)]2 

Pt1–Pt1 3.9198(8) Å 3.9172(4) Å 

I1–I1 3.4970(9) Å 3.5403(5) Å 

I1–Pt1–I1 83.455(15)° 84.211(13)° 

I1–Pt1–I2 172.337(4)° 172.866(15)° 

I1–Pt1–P1 176.76(4)° 174.67(4)° 
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With an average Pt–I bond length of 2.60 Å this is significantly larger compared 

to the Pt–N bond length of 2.0969(19)–2.100(2) Å or the Pt–P bond length of 

2.444(6)–2.2484(6) Å. This observation is in agreement with the phosphine and 

pyridyl ligands receiving π-backbonding from the metal centre which strengthens 

the bond, whereas the iodido ligands solely act as σ- and π-donors.[121–124] 

 

 

Figure 28: Molecular structure of trans-[PtI2(py)(PPh3)] in the solid state. Calculated hydrogen 

atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 
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Figure 29: Molecular structure of trans-[PtI2(py)(PEt3)] in the solid state. Calculated hydrogen 

atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

 

Table 9: Selected bond lengths and angles of the molecular structures of complexes trans-

[PtI2(py)(PR3)] (R = Et, Ph) in the solid state[120] 

 

According to the reaction mechanism in Scheme 17, targeting compounds with a 

mixed ligand system via the iodido-bridged dimer provides access to the cis-

isomers. However, with the examples at hand, in both cases, the trans-isomers 

of [PtI2(py)(PR3)] (R = Et, Ph) were isolated. Due to the exchange of the pyridyl 

 trans-[PtI2(py)(PPh3)] trans-[PtI2(py)(PEt3)] 

Pt1–I1 2.5922(2) Å 2.5960(3) Å 

Pt1–I2 2.6131(2) Å 2.6055(3) Å 

Pt1–N1 2.100(2) Å 2.0969(19) Å 

Pt1–P1 2.2444(6) Å 2.2484(6) Å 

I1–Pt1–I2 172.606(14)° 171.738(11)° 

N1–Pt1–P1 178.765(62)° 178.497(55)° 

I1–Pt1–P1 94.277(21)° 96.114(17)° 

N1–Pt1–I2 87.204(61)° 86.899(50)° 
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to the phosphine ligands on the dimeric complex, the forces of the competitive 

trans-effect of the ligands involved have been revoked. Following the trend of the 

trans-effect of ligands PR3 > I− > py,[125] the iodido ligands dominate which bonds 

are cleaved in the dimer trans-[PtI2(py)]2, yielding the cis-isomers of [PtI2(py)(L)]. 

Contrary to this, phosphine groups exhibit a stronger trans-effect than iodido 

ligands. Reacting a second ligand with trans-[PtI2(PR3)]2 as the dimer thus results 

in cleavage along the bonds in trans-position to the phosphine groups, leading to 

the formation of trans-[PtI2(PR3)(L)] (Scheme 19). It should further be noted, that 

previous reports in literature have informed on the isolation of trans-[PtI2(L)(py)] 

for syntheses in which pyridine was added as the second ligand to dimers with 

iodido and tetramethylene sulphoxide ligands.[126] 

 

 

Scheme 19: Synthetic approaches to cis- and trans-[PtI2(py)(PR3)] (R = Et, Ph). 
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3.6 Synthesis of trans-Diazidopyridylphosphineplatinum(II) 

Complexes 

After synthesising the mixed diiodidopyridylphosphine platinum(II) complexes 

trans-[PtI2(py)(PR3)] (R = Et, Ph), the next step was exchanging the iodido 

ligands for azido ligands. The direct addition of sodium azide to a solution of the 

complexes was attempted with various solvent systems (Scheme 20). In order to 

have both components in solution to promote reactivity, sodium azide was added 

in an aqueous solution to solvents miscible with water, such as tetrahydrofuran, 

acetonitrile or chloroform, and stirred at room temperature for 4 hours. An 

alternative approach was an adaptation from the literature for the reaction of 

dihalidoplatinum(II) complexes with sodium azide after the addition of silver 

nitrate.[114] 

 

 

Scheme 20: Synthetic approaches to trans-[Pt(N3)2(py)(PR3)] (R = Et, Ph). 

 

The attempted metathesis reaction of the iodido ligands on trans-[PtI2(py)(PPh3)] 

with sodium azide in tetrahydrofuran resulted in the decomposition of the 

complex under the formation of triphenylphosphine oxide as the main reaction 
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product. Interestingly, the reaction with sodium azide in chloroform as well as the 

synthetic approach via silver nitrate in dimethylformamide resulted in the 

cleavage and oxidation of the triphenylphosphine groups (singlet at 29.5 ppm), 

as well as the isolation of cis-[Pt(N3)2(PPh3)2] (singlet at 12.0 ppm), as 

determined by 31P{1H} NMR spectroscopy (Figure 30). Although the resonance 

for the triphenylphosphine ligand in cis-[Pt(N3)2(PPh3)2] is very close to the 

corresponding signal in trans-[PtI2(py)(PPh3)], the structure can be assigned 

unambiguously due to the change in the 1J(31P, 195Pt) coupling constant of 

3507 Hz vs 2512 Hz. This observation suggests the platinum-pyridyl bond to be 

more labile under the chosen experimental conditions compared to the platinum-

phosphine bond, which then in turn leads to the formation of the cis-diazido 

platinum complex as the thermodynamically more favoured isomer, as previously 

demonstrated. Pursuing the metathesis reaction in acetonitrile resulted in 

multiple new resonances in the 31P{1H} NMR spectrum displaying phosphorus-

platinum coupling. The most prominent signals are a singlet at 17.1 ppm with a 

1J(31P, 195Pt) coupling constant of 2853 Hz and a singlet at −2.3 ppm with a 

1J(31P, 195Pt) coupling constant of 3370 Hz. Figure 31 depicts exemplary IR 

spectra of two of the reaction mixtures from the reaction of compound trans-

[PtI2(py)(PPh3)] with sodium azide displaying the asymmetric stretching 

frequency for azido ligands at 2050 cm−1 and 2054 cm−1, respectively. No 

isolation of a single species in the syntheses aiming at trans-[Pt(N3)2(py)(PPh3)] 

enabling unambiguous assignment was successful. 
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Figure 30: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixtures of the synthetic 

approaches to trans-[Pt(N3)2(py)(PPh3)] outlined in Scheme 20. trans-[PtI2(py)(PPh3)] was 

reacted with sodium azide in tetrahydrofuran (a), acetonitrile (b), chloroform (c) or the reaction 

via silver nitrate (d). 
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Figure 31: Selected IR spectra (23 °C) of the reaction mixtures of the synthetic approaches to 

trans-[Pt(N3)2(py)(PPh3)] outlined in Scheme 20. trans-[PtI2(py)(PPh3)] was reacted with sodium 

azide in acetonitrile (b) or via a reaction with silver nitrate (d). 
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The analogous metathesis reactions of trans-[PtI2(py)(PEt3)] with sodium azide 

resulted in unreacted starting material in most of the approaches, as determined 

by the singlet at 0.3 ppm in the 31P{1H} NMR spectrum (Figure 32). For the 

reaction in acetonitrile, a second clear singlet begins to appear at 12.7 ppm with 

a 1J(31P, 195Pt) coupling constant of 2417 Hz. In comparison to this, the synthetic 

path via silver nitrate resulted in a new resonance at 18.4 ppm with a 1J(31P, 195Pt) 

coupling constant of 2580 Hz. 

 

 

Figure 32: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixtures of the synthetic 

approaches to trans-[Pt(N3)2(py)(PEt3)] outlined in Scheme 20. trans-[PtI2(py)(PEt3)] was reacted 

with sodium azide in tetrahydrofuran (a), acetonitrile (b), chloroform (c) or the reaction via silver 

nitrate (d). 
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The corresponding 1H NMR spectrum of the reaction via silver nitrate confirms 

the presence of pyridyl ligands, however, the resonance at 8.6 ppm likely 

corresponding to the protons in ortho-position on the pyridyl ligand does not 

display a clear coupling to the platinum centre (Figure 33). The signals in the 

aromatic region suggest the formation of multiple species. 

 

 

Figure 33: 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of trans-[PtI2(py)(PEt3)] and sodium azide via a reaction with silver nitrate (Scheme 20). 

Inset displays resonances in the aromatic region. 

 

Figure 34 depicts the 195Pt NMR spectrum of the reaction mixture via silver nitrate 

which was recorded between −3200 ppm and −4000 ppm. One clear triplet was 
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recorded at −3675 ppm with a coupling constant of 2580 Hz, in accordance with 

the 1J(31P, 195Pt) coupling constant detected for the new singlet at 18.4 ppm in 

the 31P{1H} NMR spectrum. The splitting of the resonance for the platinum nuclei 

into a triplet, rather than a doublet, reveals that the signal does in fact correspond 

to a symmetrical complex with two phosphine ligands rather than one phosphine 

and one pyridyl ligand. 

 

 

Figure 34: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of trans-[PtI2(py)(PEt3)] and sodium azide via a reaction with silver nitrate (Scheme 20). 

 

The IR spectrum confirms the presence of azido ligands with a strong band for 

the asymmetric stretching frequency at 2053 cm−1 (Figure 35). Compiling all of 
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these observations together, and considering the magnitude of the 1J(31P, 195Pt) 

coupling constant of 2580 Hz, the data suggest that the resonance at 18.4 ppm 

in the 31P{1H} NMR spectrum corresponds to a symmetrical trans-isomer of a 

diphosphineplatinum(II) complex with an azido ligand, most likely trans-

[Pt(N3)2(PEt3)2]. This conclusion is in line with the experimental data of pursuing 

the synthesis of trans-diazidobis(triethylphosphine)platinum(II) directly (Chapter 

3.3). 

 

Figure 35: IR spectrum (23 °C) of the reaction mixture following the reaction of trans-

[PtI2(py)(PEt3)] and sodium azide via a reaction with silver nitrate (Scheme 20). 
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To conclude, various attempts of exchanging the iodido ligands for azido ligands 

on trans-[PtI2(py)(PR3)] (R = Et, Ph) were pursued. Both of the complexes 

showed varied results, ranging from the decomposition of the compounds to the 

formation of the cis-diazidodiphosphine complexes. Synthetic approaches 

eliminating the iodido ligands as silver iodide in a first step yielded a clear novel 

product, as determined via 31P{1H} spectroscopy. Crystallisation attempts were 

unsuccessful, requiring further investigations in order to conclude the structures 

unambiguously. 

 

3.7 Synthesis of Gold(I) Alkynes 

Synthesis of the gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)] (Scheme 11, page 60) 

has previously been reported and was prepared by modification of literature 

procedures.[127] Alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) were 

synthesised analogously according to the synthetic pathway in Scheme 21. The 

formation of a potassium methanolate leads to the deprotonation of the terminal 

alkyne, which subsequently undergoes ligand exchange with the chlorido ligand 

on the gold(I) complex [Au(PPh3)Cl] when stirred in methanol at 23 °C for 

16 hours. [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) were characterised by NMR, 

IR and UV-visible spectroscopy, as well as mass spectrometry. For all gold(I) 

alkynes, the 31P{1H} NMR spectra show a clear shift from the singlet at 33 ppm 

for [Au(PPh3)Cl] to a new resonance at 42 ppm, which is largely insensitive to 

substitution on the phenyl group (Figure 36). The product was checked for 
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residual terminal alkyne via thin layer chromatography and 1H NMR 

spectroscopy. 

 

 

Scheme 21: Synthetic approach to gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN).[127] 

 

 

Figure 36: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of [Au(PPh3)Cl] and gold(I) alkynes 

[Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN). 
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The IR spectra of the solids of the gold(I) alkynes depict the characteristic 

stretching vibration for the C–C triple bond at 2117 cm−1 

([Au(PPh3)(CC(C6H4)NO2)]), 2120 cm−1 ([Au(PPh3)(CC(C6H4)Br)]) and 

2115 cm−1 ([Au(PPh3)(CC(C6H4)CN)]), respectively. Complex 

[Au(PPh3)(CC(C6H4)CN)] confirms the nitrile substituted phenyl group with a 

stretching vibration for the nitrile group at 2231 cm−1 (Figure 37).[128] 

 

 

Figure 37: IR spectrum (23 °C) of gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]. 

 

Mass spectra of the compounds were recorded following electron spray 

ionisation (ESI) of a chloroform solution. Gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] 
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(X = NO2, Br, CN) display analogous fragmentation patterns with the main 

positive fragments being [M + Au(PPh3)]+ (98-100% relative intensity) at 

1099 Da, [Au(PPh3)2]+ (98-100% relative intensity) at 721 Da and 

[2M + Au(PPh3)]+ (38–93% relative intensity) at 1737 Da for 

[Au(PPh3)(CC(C6H4)Br)]. Fragmentation occurs by loss of the acetylido ligand or 

triphenylphosphine groups, resulting in positively charged triphenylphosphine 

gold(I) fragments, which can pair up with the neutral complex. 

 

 

Figure 38: Mass spectrum (CHCl3, 23 °C) of gold(I) alkyne [Au(PPh3)(CC(C6H4)Br)]. 

 

The UV-visible spectra of complexes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) 

were recorded in the range of 200–800 nm in solutions in tetrahydrofuran at a 

concentration of 23.4 μM. The wavelength of maximal absorption λmax stems from 

metal-to-ligand charge transfer bands with molar extinction coefficients ranging 

from 37714 L·mol−1·cm−1 for compound [Au(PPh3)(CC(C6H4)CN)], to 

30875 L·mol−1·cm−1 for compound [Au(PPh3)(CC(C6H4)NO2)] for absorbance 

above 250 nm ( 
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Table 10). Changing the substitution pattern on the phenylacetylido ligand from 

a nitro group in para-position to a nitrile group or bromine in meta-position causes 

a hypsochromic shift of 53 nm for the charge transfer bands of the acetylido 

ligand. Transitions from σ(Au←P) → π*(PPh3) are observed for all three 

compounds at lower wavelengths, such as 232 nm and 236 nm. 

The experimental data are in good agreement with the characterisation for 

compound [Au(PPh3)(CC(C6H4)NO2)] in the literature.[127] 

 

 

Figure 39: UV-visible spectra (THF, 23 °C) of gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, 

Br, CN). 
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Table 10: Wavelength λ of local absorbance maxima and molar extinction coefficient ε of UV-

visible spectra (THF, 23 °C) of gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) 

 

Single crystals suitable for X-ray diffraction analysis were grown from vapour 

diffusion of n-pentane into a concentrated solution of each of the gold(I) alkynes 

[Au(PPh3)(CC(C6H4)Br)] and [Au(PPh3)(CC(C6H4)CN)] in dichloromethane. 

Figure 40 displays the molecular structure of [Au(PPh3)(CC(C6H4)Br)] in the solid 

state. The alkyne crystallises in the orthorhombic space group Pbca with eight 

formula units in the unit cell (R1 = 2.09%, wR2 = 5.29%, Rint = 4.75%, 

GooF = 1.054, emin/max = −1.15/0.86 Å−3). In contrast, the gold(I) alkyne 

[Au(PPh3)(CC(C6H4)CN)] crystallises with one molecule of dichloromethane with 

eight formula units in the unit cell in the monoclinic space group C2/c 

(R1 = 5.97%, wR2 = 17.73%, Rint = 5.97%, GooF = 1.134, 

emin/max = −2.50/2.80 Å−3). The molecular structure of [Au(PPh3)(CC(C6H4)CN)] in 

the solid state is depicted in Figure 41. The solvent molecule is disordered over 

six positions and has been refined applying a solvent mask modelling 32 

electrons in an area of 88 Å3. In addition, one of the phenyl groups of the 

 λ Molar Extinction Coefficient ε 

[Au(PPh3)(CC(C6H4)NO2)] 338 nm 30875 L·mol−1·cm−1 

[Au(PPh3)(CC(C6H4)NO2)] 236 nm 54259 L·mol−1·cm−1 

[Au(PPh3)(CC(C6H4)Br)] 286 nm 32612 L·mol−1·cm−1 

[Au(PPh3)(CC(C6H4)Br)] 273 nm 32294 L·mol−1·cm−1 

[Au(PPh3)(CC(C6H4)Br)] 232 nm 45043 L·mol−1·cm−1 

[Au(PPh3)(CC(C6H4)CN)] 285 nm 37714 L·mo l−1·cm−1 

[Au(PPh3)(CC(C6H4)CN)] 272 nm 30464 L·mo l−1·cm−1 

[Au(PPh3)(CC(C6H4)CN)] 263 nm 54259 L·mo l−1·cm−1 
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triphenylphosphine ligand appears to be disordered, however, it was not possible 

to fully resolve the disorder in the model. 

 

 

Figure 40: Molecular structure of gold(I) alkyne [Au(PPh3)(CC(C6H4)Br)] in the solid state. 

Calculated hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% 

probability level. 
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Figure 41: Molecular structure of gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]∙CH2Cl2 in the solid 

state. Calculated hydrogen atoms and solvent molecules are omitted for clarity. Displacement 

ellipsoids are shown at the 50% probability level. 

 

The linearly coordinated gold(I) complexes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, 

CN) display similar values for the Au1–P1 and the Au1–C1 bond lengths (Table 

11). In comparison, with a Au1–C1 bond length of 1.1759(41) Å in 

[Au(PPh3)(CC(C6H4)Br)] and 1.1816(162) Å for the respective bond in 

[Au(PPh3)(CC(C6H4)CN)], the C–C triple bond is slightly shorter than in 

[Au(PPh3)(CC(C6H4)NO2)] (1.206(6) Å).[127] Interestingly, RI-DFT calculations of 

the complexes in the gas phase predict the C–C triple bond to be 1.20960 Å 

([Au(PPh3)(CC(C6H4)NO2)]), 1.20945 Å ([Au(PPh3)(CC(C6H4)Br)]) and 

1.20917 Å ([Au(PPh3)(CC(C6H4)CN)]), which is in good agreement for complex 

[Au(PPh3)(CC(C6H4)NO2)], and slightly overestimated for compounds 
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[Au(PPh3)(CC(C6H4)Br)] and [Au(PPh3)(CC(C6H4)CN)]. These deviations can 

likely be attributed to packing effects in the solid state leading to a difference in 

electron density along the triple bond, however, no immediate interactions could 

be identified when modelling the packing of the molecules in the solid state. 

 

Table 11: Selected bond lengths and angles of [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) 

(Scheme 21). Data for [Au(PPh3)(CC(C6H4)NO2)] (Au:NO2) was previously reported,[127] whereas 

the values for [Au(PPh3)(CC(C6H4)Br)] (Au:Br) and [Au(PPh3)(CC(C6H4)CN)] (Au:CN) were 

obtained experimentally 

 

 

3.8 [2+3]-Cycloaddition Reaction of Diazidoplatinum(II) 

Complexes and Gold(I) Alkynes 

After pursuing the synthesis of cis- and trans-diazidoplatinum(II) complexes 

containing phosphine or pyridyl ligands, as well as a mixture of both, the following 

platinum(II) complexes were chosen for examination of the [2+3]-cycloaddition 

under mild conditions with gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, 

CN) (Scheme 22). 

 Au:NO2 Au:Br Au:CN 

Au1–P1 2.277(1) Å 2.2738(9) Å 2.2700(26) Å 

Au1–C1 1.973(5) Å 2.0175(29) Å 2.0204(114) Å 

C1–C2 1.206(6) Å 1.1759(41) Å 1.1816(162) Å 

P1–Au1–C1 178.1(2)° 176.056(85) 178.066(363)° 

Au1–C1–C2 175.1(5)° 176.212(262)° 173.20(113)° 



 

115 
 

3. Synthesis of Platinum(II)-Gold(I) Complexes 

 

Scheme 22: Overview of the six compounds which were chosen for investigating [2+3]-

cycloaddition reactions under mild conditions. Structural differences are highlighted in red. 

 

Following on from well-established procedures using copper(I) salts to activate 

alkynes enabling [2+3]-cycloaddition reactions,[77,78] the gold(I) centre in 

complexes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) withdraws electron density 

from the C–C triple bond of the end-on coordinated acetylido ligand yielding a 

similarly activated alkyne and facilitating the attack of the azido ligand. 

The successful [2+3]-cycloaddition reaction between compounds 

[Au(PPh3)(CC(C6H4)NO2)] and cis-[Pt(N3)2(PPh3)] was previously reported by A. 

S. Veige and co-workers.[85] Building on this, the analogous synthesis with 

complex cis-[Pt(N3)2(PEt3)] was performed (Scheme 23). Varying reaction 

conditions were explored as alternatives to the literature procedure in 

benzene,[85] including toluene, or dried and degassed tetrahydrofuran under 

nitrogen. 
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Scheme 23: Synthetic approach to the [2+3]-cycloaddition reaction mixture between platinum(II) 

complex cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

The cycloaddition product was fully characterised with the means of NMR and IR 

spectroscopy, mass spectrometry, as well as single crystal X-ray diffraction 

analysis. The 31P{1H} NMR spectrum displays a clear shift of the resonances from 

the starting materials (Figure 42). The singlet corresponding to the 

triphenylphosphine group on the gold(I) alkyne is slightly shifted downfield to 

higher energies. In comparison, the resonance stemming from the 

triethylphosphine ligands attached to the platinum centre experiences an upfield 

shift to 0.4 ppm. The 1J(31P, 195Pt) coupling constant has decreased by 404 Hz 

upon cycloaddition, indicating a substantial change in the electron density in 

proximity to the platinum centre. The corresponding triplet in the 195Pt NMR 

spectrum was detected at −4235 ppm and confirms a symmetrical complex 

including two phosphine groups (Figure 43). 
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Figure 42: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 
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Figure 43: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

Comparison of the IR spectra of the platinum(II) complex before and after the 

reaction with the gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)], shows a clear change 

in transmittance and confirms the loss of the azido ligand on the platinum 

complex (Figure 44). 
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Figure 44: IR spectra (23 °C) of cis-[Pt(N3)2(PEt3)2] and of the [2+3]-cycloaddition reaction mixture 

following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

The compound crystallises in the space group I2/a next to three molecules of 

chloroform in the asymmetric unit (Figure 45) (R1 = 5.95%, wR2 = 16.13%, 

Rint = 6.24%, GooF = 1.070, emin/max = −4.43/4.24 Å−3). One of the solvent 

molecules is heavily disordered and was modelled applying a solvent mask (62 

electrons in an area of 137 Å3). In addition, one of the phenyl groups of the 

triphenylphosphine ligand on the gold(I) centre is disordered. After applying a 

numerical absorption correction to the experimental data, a residual electron 

density of 4.2 e∙Å−3 is found close to the platinum atom in the crystallographic 

model. A comparison of selected bond lengths and angles of the cycloaddition 
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products of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) with the nitro substituted gold(I) 

alkyne [Au(PPh3)(CC(C6H4)NO2)], reveals no large deviation between the two 

analogous complexes (Table 12). 

 

 

Figure 45: Molecular structure of the [2+3]-cycloaddition product Pt,Et[2+3]Au,NO2 of the 

reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)] in the solid state. 

Calculated hydrogen atoms and solvent molecules are omitted for clarity. Displacement ellipsoids 

are shown at 50% probability level.  
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Table 12: Selected bond lengths and angles of the molecular structures of Pt,Ph[2+3]Au,NO2 

and Pt,Et[2+3]Au,NO2 in the solid state. Data for Pt,Ph[2+3]Au,NO2 was previously reported,[85] 

whereas the values for Pt,Et[2+3]Au,NO2 were obtained experimentally 

 

The analogous reactions of the diazidodiphosphineplatinum(II) complexes cis-

[Pt(N3)2(PR3)] (R = Et, Ph) with alkynes [Au(PPh3)(CC(C6H4)Br)] and 

[Au(PPh3)(CC(C6H4)CN)] in toluene each yielded the respective cycloaddition 

product successfully (Scheme 24). 

 

 

 Pt,Ph[2+3]Au,NO2 Pt,Et[2+3]Au,NO2 

Pt–N (2.040–2.073)(7) Å 2.0522(62) Å 

Pt–P (2.278–2.286)(3) Å 2.2668(21) Å 

P–Pt–N 175.3(2)° 173.774(177)° 

P–Pt–N 89.3(2)° 89.261(175)° 
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Scheme 24: Synthetic approach to the [2+3]-cycloaddition reaction between platinum(II) 

complexes cis-[Pt(N3)2(PR3)2] (R = Et, Ph) and gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = Br, 

CN). 

 

Based on the reported NMR data for the reaction of cis-[Pt(N3)2(PPh3)] with 

[Au(PPh3)(CC(C6H4)NO2)], an upfield shift of the resonance in the 31P{1H} NMR 

spectrum for the triphenylphosphine ligands is expected upon a successful 

cycloaddition reaction. While the 31P{1H} NMR spectrum of the reaction mixture 

of cis-[Pt(N3)2(PPh3)] and [Au(PPh3)(CC(C6H4)Br)] shows the formation of small 

quantities of triphenylphosphine oxide as well as another phosphine platinum 

complex with a resonance at 18.0 ppm, the spectrum further indicates the 

formation of a cycloaddition product (Figure 46). The 1J(31P, 195Pt) coupling 
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constant has changed from 3507 Hz for the diazidodiphosphineplatinum(II) 

complex cis-[Pt(N3)2(PPh3)] to 3098 Hz for the cycloaddition product. 

 

Figure 46: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PPh3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)Br)]. 

 

The reaction of diazidobis(triethylphosphine)platinum(II) with gold(I) alkyne 

[Au(PPh3)(CC(C6H4)Br)] yields similar results. The 31P{1H} NMR spectrum 

confirms a successful cycloaddition reaction with the characteristic downfield shift 

for the singlet corresponding to the triphenylphosphine ligand on the gold(I) 

centre and an upfield shift for the resonance corresponding to the 

triethylphosphine ligands coordinated to the platinum(II) centre (Figure 47). The 

cycloaddition product displays a 1J(31P, 195Pt) coupling constant of 2945 HZ, 
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which is reduced by 393 Hz compared to the unreacted diazidoplatinum(II) 

complex. The successful reactions were further supported by absence of the 

asymmetric stretching frequency in the IR spectra. 

 

Figure 47: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)Br)]. 

 

Both reactions of the diazidodiphosphineplatinum complexes cis-[Pt(N3)2(PR3)] 

(R = Et, Ph) with the bromine substituted gold(I) alkyne [Au(PPh3)(CC(C6H4)Br)] 

display side products in the reaction mixture. Unfortunately, crystallisation 

attempts were not successful and it was not possible to fully isolate or synthesise 

the cycloaddition products in a clean manner thus far. 
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The formation of the [2+3]-cycloaddition product for the reaction of 

diazidobis(triphenylphoshine)platinum(II) and the nitrile substituted gold(I) alkyne 

[Au(PPh3)(CC(C6H4)CN)] was confirmed via NMR and IR spectroscopy, mass 

spectrometry as well as X-ray diffractometry. The 31P{1H} NMR spectrum exhibits 

the characteristic shift of the resonances corresponding to the phosphine ligands 

to higher and lower energies, respectively, supported by the decrease in the 

1J(31P, 195Pt) coupling constant (Figure 48). The 195Pt NMR spectrum exhibits a 

triplet at −4077 ppm with a matching 1J(31P, 195Pt) coupling constant of 3093 HZ, 

confirming a symmetrical complex including two phosphine ligands in cis-position 

to each other (Figure 49). 

 

Figure 48: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PPh3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]. 
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Figure 49: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PPh3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]. 

 

Comparison of the IR spectra of both of the starting materials and the isolated 

product confirm the absence of the intense band for the asymmetric stretching 

frequency of the azido ligand at 2060 cm−1 as well as the vibration attributed to 

the C–C triple bond at 2115 cm−1 (Figure 50). However, the IR spectrum of the 

product confirms a nitrile group in the structure with a band for the stretching 

frequency being recorded at 2226 cm−1. 
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Figure 50: IR spectra (23 °C) of cis-[Pt(N3)2(PPh3)2], gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)] and 

of their [2+3]-cycloaddition reaction mixture. 

 

Single crystals suitable for X-ray diffraction analysis were isolated as yellow 

blocks after cooling a concentrated reaction mixture at 8 °C overnight. The 

cycloaddition product crystallises together with two molecules of toluene in the 

monoclinic space group P21/n with four formula units in the unit cell (R1 = 9.97%, 

wR2 = 35.92%, Rint = 11.55%, GooF = 1.238, emin/max = −4.50/8.40 Å−3). Figure 

51 displays the molecular structure of the platinum(II) complex in the solid state. 

Despite exhibiting a promising diffraction pattern after careful crystal selection, 

the structure solution and refinement of the model did not yield satisfying results. 

The residual factors Rint, R1 and wR2 help to determine the quality of correlation 
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between the experimental data and the crystallographic model. While the 

measurement confirms the structural motif unambiguously, with an Rint of 

11.55 %, there is a clear divergence between the data and model, further 

supported by unassigned residual electron density of 8.4 e∙Å−3 close to one of 

the phenyl groups. As one of the toluene molecules is heavily disordered, a 

solvent mask was applied. The solvent mask detected 26 electrons within a 

volume of 298 Å3, suggesting a toluene molecule with an average occupancy of 

0.5. Next to examining the data for twinning and disorder, a numerical absorption 

correction was applied, however, the refinement factors indicate poor crystal 

quality and suggest that the measurement will need to be repeated with a 

different crystal. As the current discrepancy between model and data yields 

uncertainty with regards to bond lengths and angles, these will not be discussed 

at this point. 
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Figure 51: Molecular structure of the [2+3]-cycloaddition product Pt,Ph[2+3]Au,CN of cis-

[Pt(N3)2(PPh3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)] in the solid state. Calculated 

hydrogen atoms and solvent molecules are omitted for clarity. Displacement ellipsoids are shown 

at 50% probability level.  

 

In similar manner to the triphenylphosphine analogue, 

diazidobis(triethylphosphine)platinum(II) undergoes successful [2+3]-

cycloaddition with the nitrile substituted gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)] 

as determined via NMR spectroscopy. The 195Pt NMR spectrum displays the 

expected resonances for the respective phosphine groups, with the 

triethylphosphine ligands coordinated to the platinum(II) centre exhibiting a 

1J(31P, 195Pt) coupling constant of 2942 HZ, which is in line with the observed 

values for the previously discussed cycloaddition products (Figure 52). The 
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corresponding 195Pt NMR spectrum shows a clear triplet at −4231 ppm with a 

matching 1J(31P, 195Pt) coupling constant (Figure 53). 

 

 

Figure 52: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]. 
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Figure 53: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(PEt3)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)CN)]. 

 

As a contrast to diazidoplatinum(II) complexes with P-donors, the cycloaddition 

reactions of cis-[Pt(N3)2(py)2] towards the selected gold(I) alkynes was pursued. 

Under the chosen experimental conditions, the reactions yielded unreacted 

starting material in all cases, with prolonged heating times leading to 

decomposition of the compounds. The experimental results will be discussed for 

the reaction of cis-[Pt(N3)2(py)2] and the nitro substituted gold(I) alkyne 

[Au(PPh3)(CC(C6H4)NO2)], as an example, however, the observations and 

conclusions can be extended to the reactions with all three alkynes. 
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The diazidodipyridylplatinum(II) complex cis-[Pt(N3)2(py)2] was reacted with the 

gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)] in dried and degassed tetrahydrofuran 

(Scheme 25). 

 

 

Scheme 25: Synthetic approach to the [2+3]-cycloaddition reaction mixture between platinum(II) 

complex cis-[Pt(N3)2(py)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

Comparison of the NMR spectra of the starting materials and the reaction product 

suggest no cycloaddition reaction has occurred. The 195Pt NMR spectrum 

displays a broad singlet characteristic for the diazidodipyridyl complex at 

−2076 ppm, which is in agreement with the unreacted starting material (Figure 

54). The successful cycloaddition reactions with cis-[Pt(N3)2(PR3)2] (R = Et, Ph) 

showed a slight downfield shift of the resonance for the triphenylphosphine ligand 

attached to the gold(I) centre upon cycloaddition. However, when comparing the 
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31P{1H} spectra before and after the cycloaddition reaction of the 

diazidodipyridylplatinum(II) complex with the gold(I) alkyne, the signal appears at 

41.9 ppm in both cases (Figure 55). 

 

 

Figure 54: 195Pt NMR spectrum (86 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(py)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 
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Figure 55: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction 

mixture following the reaction of cis-[Pt(N3)2(py)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

The most indicative change in the 1H NMR spectrum is expected to occur for the 

protons in the ortho-position on the pyridyl ligand. Comparison of the chemical 

shifts of the protons on the N-donor ligand show a negligible shift of 0.02 ppm 

(Figure 56) for the doublet of doublets of the corresponding resonance. Due to 

strong signals stemming from the aromatic protons from the phenyl groups on 

the gold(I) alkyne, the resonances for the protons on the pyridyl ligands are 

comparatively weak and do not display any clear coupling to the platinum centre. 
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Figure 56: 1H NMR spectra (400 MHz, CDCl3, 25 °C) of the [2+3]-cycloaddition reaction mixture 

following the reaction of cis-[Pt(N3)2(py)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

Considering the collective NMR data, all observations suggest that the 

diazidodipyridylplatinum(II) complex has not undergone a successful 

cycloaddition reaction with the nitro substituted gold(I) alkyne. This is further 

supported by the IR spectrum of the reaction product. The spectrum shows a 

band at 2048 cm−1, corresponding to the asymmetric stretching frequency of the 

azido ligand on the platinum(II) complex, as well as a band at 2118 cm−1, which 

can be assigned to the stretching frequency of the C–C triple bond. This data 

confirms irrevocably that no cycloaddition between the azido ligands and the 

alkyne has occurred. 
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Figure 57: IR spectrum (23 °C) of cis-[Pt(N3)2(py)2] and of the [2+3]-cycloaddition reaction mixture 

following the reaction of cis-[Pt(N3)2(py)2] and gold(I) alkyne [Au(PPh3)(CC(C6H4)NO2)]. 

 

UV-visible spectroscopy was performed for the cleanly isolated cycloaddition 

products of the [2+3]-cycloaddition reaction between cis-[Pt(N3)2(PR3)2] (R = Et, 

Ph) and gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, CN), respectively. The 

spectra were recorded in the range of 200–800 nm in solutions in tetrahydrofuran 

at a concentration of 23.4 μM. 
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Figure 58: UV-visible spectra (THF, 23 °C) of cycloaddition products Pt,Ph[2+3]Au,NO2, 

Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN. 

 

With a change in electron density around the metal centres due to the 

cycloaddition reaction, the absorbance band stemming from the metal-to-ligand-

charge-transfer within the nitro substituted gold(I) alkyne 

[Au(PPh3)(CC(C6H4)NO2)] has shifted from 338 nm to a lower energy of 395 nm 

for the cycloaddition product with cis-[Pt(N3)2(PPh3)2] and to 410 nm for the 

reaction product with cis-[Pt(N3)2(PEt3)2] (Table 13). The cycloaddition product of 

the nitrile substituted alkyne [Au(PPh3)(CC(C6H4)CN)] and cis-[Pt(N3)2(PPh3)2] 

exhibits multiple peaks in the UV-visible spectra in close proximity to each other. 

In analogous manner, the absorbance bands have shifted to slightly higher 
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wavelengths compared to the isolated gold(I) alkyne: 285 nm vs 296 nm and 

272 nm vs 289 nm. The absorbance bands in the UV-region are largely attributed 

to the aromatic groups in the phenyl groups, and appear to be less affected by 

the cycloaddition reaction. With molar extinction coefficients of 77921–

84507 L·mol−1·cm−1, the absorbance in the UV-region is distinctly stronger 

compared to the metal-to-ligand-charge-transfer bands (molar extinction 

coefficients of 25154–34588 L·mol−1·cm−1). The cycloaddition product of cis-

[Pt(N3)2(PEt3)2] with the nitrile substituted gold(I) alkyne exhibits a distinctly 

weaker absorbance compared to the other three cycloaddition products, with a 

low molar extinction coefficient of 22831 L·mol−1·cm−1 for the absorption in the 

UV-region. 

 

Table 13: Wavelength λ of local absorbance maxima and molar extinction coefficient ε of UV-

visible spectra (THF, 23 °C) of cycloaddition products Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, 

Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN. 

 

 λ Molar Extinction Coefficient ε 

Pt,Ph[2+3]Au,NO2 395 nm 27226 L·mol−1·cm−1 

Pt,Ph[2+3]Au,NO2 240 nm 79666 L·mol−1·cm−1 

Pt,Et[2+3]Au,NO2 410 nm 32527 L·mol−1·cm−1 

Pt,Et[2+3]Au,NO2 

Br 

240 nm 77921 L·mol−1·cm−1 

Pt,Ph[2+3]Au,CN 296 nm 25154 L·mol−1·cm−1 

Pt,Ph[2+3]Au,CN 289 nm 30939 L·mol−1·cm−1 

Pt,Ph[2+3]Au,CN 276 nm 34588 L·mol−1·cm−1 

Pt,Ph[2+3]Au,CN 240 nm 84507 L·mol−1·cm−1 

Pt,Et[2+3]Au,CN 229 nm 22831 L·mol−1·cm−1 
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The bimetallic complexes from the [2+3]-cycloaddition products of cis-

[Pt(N3)2(PR3)2] (R = Et, Ph) and [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) bear 

the potential to act as multi-modal anti-cancer agents with distinct and synergistic 

modes of toxicity. Further steps will include oxidising these compounds to 

platinum(IV) prodrugs with the goal of spatial and temporal control over their 

cytotoxic action. Irradiation with both visible light and X-rays will provide insight 

into activation of the compounds via this non-invasive exogenously applied 

stimulus. 

 

3.9 Correlating 195Pt NMR Data 

As discussed in Chapter 1.6, there are multiple contributions to the scalar 

coupling constant in NMR experiments, however, for heavy nuclei such as 

platinum, the Fermi contact term appears to be the most dominant.[93,94] This 

allows for the derivation that the magnitude as well as variations of the coupling 

constant directly relate to the electronic configuration around the nuclei. Table 14 

provides an overview of the chemical shifts in the 195Pt NMR spectra and the 

1J(31P, 195Pt) coupling constants of the three diazidoplatinum(II) complexes which 

were investigated for [2+3]-cycloaddition reaction with the chosen gold(I) alkynes 

cis-[Pt(N3)2R3] (R = py, PPh3, PEt3). It further includes the values and differences 

of the resonances in the 195Pt NMR spectra as well as the respective 1J(31P, 195Pt) 

coupling constants of the cycloaddition products compared to the unreacted 

diazidoplatinum(II) complexes. 



 

140 
 

3. Synthesis of Platinum(II)-Gold(I) Complexes 

Table 14: 195Pt chemical shifts and 1J(31P, 195Pt) coupling constants observed for a selection of 

compounds (86 MHz, CDCl3, 25 °C). Differences are calculated in reference to cis-[Pt(N3)2(PR3)] 

(R = Et, Ph) 

 

The resonance for cis-[Pt(N3)2(PPh3)2] is shifted downfield by 74 ppm compared 

to the triethylphosphine analogue. In addition, the 1J(31P, 195Pt) coupling constant 

in cis-diazidobis(triphenylphosphine)platinum(II) is 169 Hz larger than the 

corresponding coupling constant in cis-[Pt(N3)2(PEt3)2]. Interestingly, this trend is 

further observed for the respective cycloaddition products when comparing the 

analogous complexes with the differently substituted phosphines. Comparison of 

the data for the cycloaddition reactions reveals no large influence of a change in 

substitution of the acetylido ligand in the gold(I) alkyne on the chemical shifts in 

the 195Pt NMR spectra or the 1J(31P, 195Pt) coupling constants, rendering the 

influence of the phosphine ligands bound to the platinum(II) centre the decisive 

factor. Upon successful cycloaddition, in all cases the resonance for the platinum 

nuclei experiences a shift to higher frequencies compared to the unreacted 

diazido complexes. The change in coupling constants lies in the same range 

 δ(195Pt) Δ(δ) 1JP,Pt Δ1J 

cis-[Pt(N3)2(py)2] −2076 ppm - - - 

cis-[Pt(N3)2(PPh3)2] −4261 ppm - 3507 Hz - 

cis-[Pt(N3)2(PEt3)2] −4335 ppm - 3338 Hz - 

Pt,Ph[2+3]Au,NO2 −4079 ppm 180 ppm 3110 Hz 397 Hz 

Pt,Ph[2+3]Au,CN −4077 ppm 184 ppm 3092 Hz 415 Hz 

Pt,Ph[2+3]Au,Br - - 3098 Hz 409 Hz 

Pt,Et[2+3]Au,NO2 −4235 ppm 100 ppm 2934 Hz 404 Hz 

Pt,Et[2+3]Au,CN −4231 ppm 104 ppm 2942 Hz 396 Hz 

Pt,Et[2+3]Au,Br - - 2945 Hz 393 Hz 
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independent of the phosphine ligands and is observed to be 393–409 Hz.  

Figure 59 depicts a schematic overview of the chemical shifts in the 195Pt NMR 

spectra and the 1J(31P, 195Pt) coupling constants observed for cis-[Pt(N3)2R3] 

(R = py, PPh3, PEt3) as well as the cycloaddition products from the reactions with 

the three gold(I) alkynes [Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN). 

 

 

Figure 59: Schematic overview of the 195Pt chemical shifts and 1J(31P, 195Pt) coupling constants 

observed for a selection of compounds (86 MHz, CDCl3, 25 °C). 

 

The magnitude of the chemical shift provides insight into electron density close 

to the nuclei in question. Due to an opposing magnetic field created by the 

electrons, nuclei exhibiting higher electron density are subject to stronger 

shielding from the externally applied magnetic field in a NMR experiment. 

Resonances of nuclei experiencing a higher amount of shielding appear at lower 

frequencies, upfield, compared to less shielded nuclei which signals are detected 
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at higher frequencies, downfield.[86,89] Evaluating the observed data for the 

chemical shifts of the platinum(II) compounds in this context, suggests that with 

an upfield shift of 2185 ppm, the platinum centre in the diazidodiphosphine 

complexes are significantly more electron-rich compared to the pyridyl analogue. 

The readiness for the platinum(II) complexes to undergo [2+3]-cycloaddition 

reactions with the gold(I) alkynes under the chosen experimental conditions is 

directly related to the electron density within the complex. The experimental 

observations propose that the cycloaddition reaction is more likely to proceed 

with a more electron-rich platinum(II) centre than is the case for cis-[Pt(N3)2(py)2]. 

The difference in the inductive effect of the substituted phosphine ligands 

explains the divergence in chemical shift for the parent compounds: whereas the 

negative inductive effect of the phenyl group renders the phosphine ligand a 

weaker σ-donor, the positive inductive effect of the ethyl groups increases the σ-

donor properties of the phosphine ligand and with that in turn the electron density 

surrounding the platinum(II) centre, resulting in an upfield shift of the resonance. 

Upon cycloaddition, electron density has been shifted away from the platinum 

ion, leading to a downfield shift of all of the cycloaddition products. 

In addition to the chemical shift, coupling constants are highly sensitive to the 

electronic surroundings of the respective nuclei.[93] The magnitude of the 1J(31P, 

195Pt) coupling constant reflects on the s-character and covalency of the 

platinum-phosphorus bond, with larger coupling constants indicating a higher s-

character.[92–94] cis-[Pt(N3)2(PPh3)2] displays the largest coupling constant which 

suggests a mildly stronger s-character and covalency of the metal-phosphorus 

bond compared to the triethylphosphine analogue. Whilst the s-character of the 
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platinum-phosphorus bond appears to be reduced after successful cycloaddition, 

the trend between the nature of the phosphine substituents remains the same. 

Correlating the chemical shift of the resonances in the 195Pt NMR spectra as well 

as the 1J(31P, 195Pt) coupling constants to the electron density on the platinum 

centre in conjunction with the ligands, could help determine viable 

diazidoplatinum complexes that undergo cycloaddition reaction under mild 

conditions. Ligands contributing to an electron-rich platinum centre appear to be 

more promising compared to complexes including electron-withdrawing ligands. 

Including further complexes in this correlation could help specify a narrow range 

of frequencies in the 195Pt NMR spectrum indicating complexes with platinum 

centres of suitable electronic configuration, which could be used as a practical 

handle for synthesis rationale of [2+3]-cycloaddition reactions. 
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In order to explore the platinum(II)-gold(I) conjugates as potential candidates for 

prodrugs, next steps included the investigation towards the oxidation of the metal 

centre to platinum(IV), either prior to or post cycloaddition reaction. Oxidation 

attempts post [2+3]-cycloaddition reaction are more likely to result in a variation 

of side products. For this reason, efforts were focused on oxidising the 

platinum(II) complexes prior to formation of the triazole. 

Hydrogen peroxide is a well-established oxidation agent with a wide application 

in the oxidation of platinum(II) centres.[29,98,108,114] Oxidation with hydrogen 

peroxide results in axial hydroxido ligands which have proven to increase the 

solubility of platinum(IV) complexes in protic and polar solvents.[98] 

Diazidodiphosphineplatinum(II) complexes were either directly added to 30% 

hydrogen peroxide or dissolved in tetrahydrofuran prior to adding the reagent 

(Scheme 26). In both cases the reaction mixtures were stirred for multiple hours 

at 45 °C and monitored via 31P{1H} spectroscopy. All reactions either led to the 

oxidation of the phosphine ligands or resulted in unreacted starting material. In 

an attempt to reduce the ratio of water in the reaction mixture, dibenzoyl peroxide 

was chosen as an alternative peroxide, which yielded unreacted starting material. 
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Scheme 26: Synthetic approaches to cis,cis,trans-[Pt(N3)2(PR3)2(OH)2] (R = Et, Ph). 

 

An alternative less polar peroxide for oxidation of platinum(II) complexes is tert-

butyl hydrogen peroxide.[129,130] The peroxide was reacted with 

diazidodiphosphineplatinum(II) with variation of the experimental conditions 

(Scheme 27). Unreacted starting material was recovered from the reaction of cis-

[Pt(N3)2(PPh3)2] with tert-butyl hydrogen peroxide (70%) with water as solvent. 

Heating the reaction mixture in tetrahydrofuran to 45–90 °C for 48 hours whilst 

monitoring with NMR spectroscopy, initiated cleavage and oxidation of the 

phosphine ligands. Reacting the diazidobis(triphenylphosphine)platinum(II) 

complex with tert-butyl hydrogen peroxide (70%) in acetic acid (98%) or in a 

solvent system including equal equivalents of acetic acid (98%), dichloromethane 
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and dimethylformamide, resulted in a clear change in the 31P{1H} NMR spectra 

(Figure 60). This particular solvent system has shown promising results for the 

oxidation of Oxaliplatin with tert-butyl hydrogen peroxide.[130] 

 

 

Scheme 27: Synthetic approaches to cis,cis,trans,trans-[Pt(N3)2(PPh3)2(OH)(OR)] (R = H, Ac). 
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Figure 60: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of cis-[Pt(N3)2(PPh3)2] and tert-butyl hydrogen peroxide in acetic acid. 

 

The 31P{1H} NMR spectra show that all of the starting material has reacted. A 

new singlet is recorded at 4.9 ppm with a 1J(31P, 195Pt) coupling constant of 

3838 Hz. The upfield shift of the resonance in comparison to the platinum(II) 

parent compound indicates a more electron-rich platinum centre, which does not 

support the formation of a platinum(IV) centre. The new signal could intimate an 

exchange of one of the phosphine or azido ligands for either a hydroxido or 

acetato ligand. Two sets of doublets appear at 15.0 ppm and 4.0 ppm which may 

occur due to intermediates in the substitution reaction yielding an unsymmetric 

phosphine-platinum complex. The IR spectra of the mixtures of the reactions 

including acetic acid (Scheme 27) display a clear change in vibrations, however, 



 

148 
 

4. Oxidation of Platinum(II) Complexes 

a prominent band at 2052 cm−1 which can be attributed to the asymmetric 

stretching frequency of an azide group confirms at least one azido ligand in the 

complex (Figure 61). 

 

 

Figure 61: IR spectra (23 °C) of cis-[Pt(N3)2(PPh3)2] and of the reaction mixtures of the synthetic 

approaches to cis,cis,trans-[Pt(N3)2(PPh3)(OAc)(OH)] outlined in Scheme 27. cis-[Pt(N3)2(PPh3)2] 

was reacted with aqueous tert-butyl hydrogen peroxide in acetic acid (98%) (d) or in equal 

equivalents of acetic acid (98%), dichloromethane and dimethylformamide (e). 

 

Crystals suitable for X-ray diffraction analysis were isolated from a concentrated 

reaction mixture in chloroform. The experimental data confirms the exchange of 

one of the azido ligands for an acetato ligand, yielding the formation of cis-
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[Pt(N3)(OAc)(PPh3)2]. Figure 62 depicts the molecular structure of the complex in 

the solid state (R1 = 1.96%, wR2 = 4.59%, Rint = 3.54%, GooF = 1.107, 

emin/max = −1.64/1.18 Å−3). The platinum(II) compound crystallises in the 

orthorhombic spacegroup P212121 with four formula units in the unit cell. 

Comparison of selected bond lengths and angles of cis-[Pt(N3)(OAc)(PPh3)2] and 

the unreacted parent compound cis-[Pt(N3)2(PPh3)2] show no major deviations 

upon ligand exchange (Table 15). 

 

 

Figure 62: Molecular structure of cis-[Pt(N3)(OAc)(PPh3)2] in the solid state. Calculated hydrogen 

atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 
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Table 15: Selected bond lengths and angles of the molecular structures of complexes cis-

[Pt(N3)2(PPh3)2]∙CHCl3 and cis-[Pt(N3)(OAc)(PPh3)2] in the solid state 

 

Building on N-chlorosuccinimide (NCS) previously been shown to act as an 

effective oxidative chlorination agent for platinum(II) complexes,[131–133] the imide 

was employed in effort to oxidise the diazidodiphosphine platinum(II) complexes. 

The oxidation agent was added in combination with various solvents including 

acetic acid (50–98%), dimethylformamide, dimethyl sulfoxide and acetonitrile 

(Scheme 28). 

 

 

 cis-[Pt(N3)2(PPh3)2]∙CHCl3 cis-[Pt(N3)(OAc)(PPh3)2] 

Pt1–N1 2.091(2) Å 2.0813(34) Å 

Pt1–P1 2.2755(7) Å 2.2477(9) Å 

Pt1–P2 2.2593(7) Å 2.2466(10) Å 

N1–N2 1.180(4) Å 1.1750(51) Å 

N2–N3 1.169(4) Å 1.1709(64) Å 

N1–Pt1–P1 84.43(7)° 84.139(106)° 

P1–Pt1–P2 97.92(3)° 99.347(35)° 

N1–Pt1–P2 174.03(7)° 176.100(96)° 
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Scheme 28: Synthetic approaches to cis,cis,trans,trans-[Pt(N3)2(PR3)2(Cl)(R’)] (R = Et, Ph; 

R’ = Cl, OH, OAc). 

 

Reaction progression was monitored by means of 31P{1H} NMR spectroscopy. 

The reactions in dimethylformamide, dimethyl sulfoxide and acetic acid (50–70%) 

resulted in an exchange of the azido for chlorido ligands and the formation of 

dichloridodiphosphineplatinum(II) and/or oxidation of the phosphine ligands. The 

reaction of cis-[Pt(N3)2(PPh3)2] with NCS in acetic acid of concentrations ≥80% 

resulted in a clear new singlet in the 31P{1H} NMR spectra at 4.9 ppm with a 

1J(31P, 195Pt) coupling constant of 3838 Hz, next to some doublets of minor 

intensity (Figure 63). From the attempted oxidation reactions with tert-butyl 

hydrogen peroxide in acetic acid, it was previously shown that the resonance at 

4.9 ppm can be assigned to cis-[Pt(N3)(OAc)(PPh3)2]. 
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Figure 63: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of cis-[Pt(N3)2(PPh3)2] and N-chlorosuccinimide in acetic acid (98%). 

 

Single crystals suitable for X-ray diffraction analysis were isolated from a 

concentrated reaction mixture in an NMR sample in deuterated chloroform. 

Structure solution and refinement confirm the formation of a 

chloridosuccinimidatoplatinum(II) compound in which both of the azido ligands 

have been substituted. Figure 64 depicts the molecular structure of the complex 

cis-[Pt(Cl)(N(CO2)2(CH2)2)(PPh3)2] in the solid state (R1 = 3.54%, wR2 = 7.68%, 

Rint = 5.61%, GooF = 1.127, emin/max = −0.83/1.17 Å−3). The compound 

crystallises as yellow blocks in the monoclinic space group P21/n with four 

formula units in the unit cell. 
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Figure 64: Molecular structure of cis-[Pt(Cl)(N(CO)2(CH2)2)(PPh3)2] in the solid state. Calculated 

hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability 

level. 

 

Considering the oxidation state of the platinum centre as well as 

diazidobis(triphenylphosphine)platinum(II) as the starting material reacting with 

NCS, the reaction mechanism leading to the formation of the observed product 

does not appear as straightforward. The analogous bromido complex has 

previously been reported via an oxidative addition reaction of N-

bromosuccinimide and tetrakis(triphenylphosphine)platinum(0).[134] This account 

suggests the in situ reduction of the diazidoplatinum(II) parent compound to 

[Pt(PPh3)4] which then subsequently undergoes oxidative addition with NCS 
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whilst displacing two triphenylphosphine ligands in the process. With the 

recorded experimental data, it is not possible to determine the reducing agent or 

the exact reaction mechanism without further investigations. The two halido 

analogues crystallise in the same crystal system and space group with similar 

lattice parameters, rendering them isotypic.[134] A comparison of selected bond 

lengths and angles of both complexes shows slightly shorter values for the Pt–N 

and Pt–X (X = Br, Cl) bond length in the chlorido analogue (Table 16). 

 

Table 16: Selected bond lengths and angles of the molecular structures of complexes cis-

[Pt(X)(N(CO)2(CH2)2)(PPh3)2] (X = Br, Cl) in the solid state. For X = Br, data was previously 

reported,[134] whereas for X = Cl, the values were obtained experimentally 

 

Repeating the synthesis yielded an improved ratio of the two products in the 

31P{1H} NMR spectrum, however, no selective synthesis of cis-

[Pt(Cl)(N(CO2)2(CH2)2)(PPh3)2] was achieved. Due to the lack of symmetry in the 

 cis-[Pt(Br)(N(CO2)2(CH2)2)(PPh3)2] cis-[Pt(Cl)(N(CO2)2(CH2)2)(PPh3)2] 

Pt–N 2.125(6) Å 2.0559(39) Å 

Pt–X 2.4785(7) Å 2.3533(13) Å 

Pt–P 2.2601(16) Å 2.2483(13) Å 

Pt–P 2.2764(18) Å 2.2731(13) Å 

N–Pt–P 90.03(14)° 90.317(116)° 

N–Pt–X 86.57(13)° 86.797(115)° 

P–Pt–P 97.74(6)° 97.665(47)° 

P–Pt–X 85.86(5)° 85.156(46)° 

N–Pt–P 170.45(14)° 169.967(114)° 

P–Pt–X 176.47(4)° 177.076(46)° 



 

155 
 

4. Oxidation of Platinum(II) Complexes 

complex resulting in two non-chemically equivalent phosphorus atoms, the 

resonances in the 31P{1H} NMR spectrum appear as AX-type doublets at 

15.0 ppm and at 3.84 ppm, with 2J(31P, 31P) coupling constants of 23.8 HZ and 

23.7 Hz, respectively (Figure 65). 

 

 

Figure 65: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of cis-[Pt(Cl)(N(CO)2(CH2)2)(PPh3)2] in 

the reaction mixture following the reaction of cis-[Pt(N3)2(PPh3)2] and N-chlorosuccinimide in 

acetic acid (98%). 

 

When applying acetonitrile as the main solvent, NCS was dissolved in a small 

volume of water to promote reactivity of both compounds in solution. The 31P{1H} 

NMR spectrum of the reaction of diazidobis(triphenylphosphine)platinum(II) and 
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NCS in acetonitrile reveals the formation of a novel phosphine platinum complex 

with a singlet at 0.4 ppm next to the formation of multiple minor species (Figure 

66). The change in the magnitude of the 1J(31P, 195Pt) coupling constant of 

3507 Hz for the parent compound to 1584 Hz for the reaction product suggests 

a significant change in the electron density around the platinum centre. However, 

the upfield shift of the resonance indicates at the formation of a more electron-

rich platinum ion. No isolation of the complex with the resonance at 0.4 ppm to 

enable further characterisation was possible. 

 

 

Figure 66: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of cis-[Pt(N3)2(PPh3)2] and N-chlorosuccinimide in acetonitrile. 
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The analogous reaction with diazidobis(triethylphosphine)platinum(II) results in 

one clear resonance at 5.7 ppm in the 31P{1H} NMR spectrum which is shifted 

slightly upfield compared to the starting material (Figure 67). The 1J(31P, 195Pt) 

coupling constant was determined to be 1461 Hz which is 1877 Hz smaller than 

for the diazidoplatinum(II) complex. 

 

 

Figure 67: 31P{1H} NMR spectra (162 MHz, CDCl3, 25 °C) of the reaction mixture following the 

reaction of cis-[Pt(N3)2(PEt3)2] and N-chlorosuccinimide in acetonitrile. 

 

One single crystal suitable for X-ray diffractometry was isolated from a 

concentrated solution in chloroform. The complex was determined as trans-

[PtCl4(PEt3)2], confirming the oxidation of the platinum(II) to a platinum(IV) centre, 
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however, under displacement of the azido ligands in exchange for chlorido 

ligands. The platinum(IV) complex crystallises in the monoclinic space group 

P21/n with two formula units in the unit cell (R1 = 2.05%, wR2 = 5.24%, 

Rint = 4.20%, GooF = 1.100, emin/max = −1.62/2.13 Å−3). Figure 68 depicts the 

molecular structure in the solid state confirming the trans-configuration of the 

phosphine groups. 

 

 

Figure 68: Molecular structure of trans-[PtCl4(PEt3)2] in the solid state. Calculated hydrogen 

atoms are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

 

Table 17 lists the values of selected bond lengths and angles of the molecular 

structure of the tetrachloridodiphosphineplatinum(IV) complex. The bond angles 

of the six ligands around the platinum centre confirm a near-to octahedral 

coordination of the metal centre. Whilst the mean bond lengths for the Pt–P and 

Pt–Cl bonds in trans-[PtCl4(PEt3)2] have been reported previously, no extensive 

information and no crystallographic dataset is available for an in-depth 
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comparison.[135] The determined bond lengths are in good agreement with the 

literature. Comparing the Pt–L (L = P, Cl) bond length of the 

tetrachloridoplatinum(IV) complex to its dichloridoplatinum(II) analogue 

(2.314(5) Å for Pt–P, 2.301(4) Å for Pt–Cl) demonstrates that the electronic 

configuration of the metal ion has a greater influence on the metal-phosphine 

bond compared to the metal-halide bond.[136] A reduction in electron density 

around the platinum centre leads to a weaker Pt–P bond with less covalent s-

character. This change manifests itself in the elongation of the Pt–P bond as well 

as the decrease in the 1J(31P, 195Pt) coupling constant. 

 

Table 17: Selected bond lengths and angles of the molecular structure in the solid state of trans-

[PtCl4(PEt3)2] 

 

 

 

 

 

 

To conclude the oxidation attempts of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) with well-

established oxidation agents for the oxidation of platinum(II) complexes, it 

became obvious that in all examined cases the Pt–N bond appears to be more 

labile under the chosen experimental conditions compared to the Pt–P bond. Due 

 trans-[PtCl4(PEt3)2] 

Pt1–P1 2.3961(6) Å 

Pt1–Cl1 2.3286(6) Å 

Pt1–Cl2 2.3309(7) Å 

P1–Pt–Cl1 88.224(21)° 

P1–Pt–Cl2 88.646(22)° 

Cl1–Pt-Cl2 89.109(22)° 

P1–Pt–P1’ 179.984(21)° 

Cl2–Pt–Cl2’ 179.988(22)° 
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to the electronic configuration of an azide, an azido ligand is likely to display a 

similar trans-effect to a halide, in which case the trans-effect of substituted 

phosphine ligands will outweigh this force, facilitating ligand substitution 

reactions of the azido ligands above the oxidation of the platinum(II) centre. 

An alternative approach to isolating the corresponding 

diazidodiphosphineplatinum(IV) compounds is starting with a platinum(IV) 

complex, such as potassium hexachloridoplatinate(IV), followed by ligand 

substitution (Scheme 29). 

 

 

Scheme 29: Synthetic approaches to cis-[PtCl4(PEt3)2]. 

 

Thorough investigations aiming at exchanging the chlorido ligands for 

triphenylphosphine ligands were performed both at room temperature and 

elevated temperatures under the exclusion of air and with dry solvents. Reaction 

progress was monitored by means of 31P{1H} NMR spectroscopy. In all cases the 

syntheses yielded dichloridobis(triphenylphosphine)platinum(II) alongside 

triphenylphosphine oxide. These observations indicate residual oxygen within the 
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reaction mixtures as well as the reduction of the platinum species, however, 

without further investigation it is unclear as to what species is acting as the 

reducing agent. 

Since oxidation of the complexes cis-[Pt(N3)2(PR3)2] (R = Et, Ph) in a controlled 

manner with the goal of next reacting them with the gold(I) alkynes 

[Au(PPh3)(CC(C6H4)X)] (X = NO2, Br, CN) was not successful within the scope 

of this work, a selection of the platinum(II) complexes was chosen for the 

subsequent cytotoxicity and irradiation studies. Comparing the behaviour of the 

platinum(II) with the platinum(II)-gold(I) complexes will reveal whether a 

combination of the two metallic compounds enhances their cytotoxicity and helps 

reduce cell numbers at a lower drug concentration. Examining the complexes’ 

response to irradiation with visible light and X-rays will provide insight into 

potential structural changes following absorption processes which could promote 

the breakdown of the compounds into their toxic entities. 
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In order to explore the viability of the novel platinum(II)-gold(I) complexes as anti-

cancer agents, both the diazidodiphosphineplatinum(II) complexes cis-

[Pt(N3)2(PR3)] (R = Et, Ph) as well as the products of the [2+3]-cycloaddition 

reactions with the gold(I) alkynes [Au(PPh3)(CC(C6H4)NO2)] and 

[Au(PPh3)(CC(C6H4)CN)] were examined in different cancer cell lines. 

Platinum(II)-gold(I) complexes Pt,Ph[2+3]Au,Br and Pt,Et[2+3]Au,Br were not 

included in the cell studies as it was not possible to isolate these in the necessary 

purity. 

Cell testing was carried out in collaboration with the research group of Prof G. 

Higgins in the Department of Oncology at the University of Oxford. 

Activity of the complexes as potential radiosensitisers was pursued through 

irradiation with X-rays. The objective of these investigations was the effect of 

irradiation of the compounds on their respective anti-cancer activity. Considering 

the structural features of the complexes at hand, the generation of reactive azidyl 

radicals as well as cleavage between the active platinum(II) and gold(I)-

containing fragments were feasible. Upon breakdown of the compounds in this 

manner, each of the entities would be likely to exhibit their own specific anti-

cancer activity, targeting the tumour cells with multiple modes of action, yielding 

multi-modal anti-cancer agents which are activated selectively upon irradiation. 

The absence of cytotoxicity in the dark combined with anti-cancer activity after 

irradiation with X-rays, would pose a starting point for radiosensitive 
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diphosphineplatinum(II) prodrugs compared to the conventional approach of 

platinum-based prodrugs in the higher oxidation state +IV. 

Scheme 30 shows an overview of the six compounds that were chosen for cell 

testing, highlighting their structural differences. 

Cell viability assays were performed with the human colorectal carcinoma cell 

line HCT116 with 500 cells per well and six technical replicates per condition. 

The compounds were investigated towards their radiosensitivity using X-rays of 

4 Gy generated by a caesium-source with a photon energy of 662 keV and a 

dose rate of 1.2 Gy∙min−1. The compounds were dissolved in 12 mM solutions in 

dimethyl sulfoxide and added to the cells in varying concentration (0–15 μM) 

2 hours prior to irradiation. The stability of the compounds in dimethyl sulfoxide 

was confirmed prior to commencing the cell studies. The cell-medium was 

changed 18 hours after irradiation and the resazurin-based dye Alamar Blue was 

added on day eight. Metabolism of the dye by viable cells reduces the resazurin 

to resorufin, yielding a fluorescent response which is detected by a fluorescence 

intensity microplate reader. The detected fluorescence is directly proportional to 

the number of living cells, which in turn is used to infer the cytotoxicity. All cell 

counts were normed to the first point on the scale at which the concentration of 

the added compound was 0 μM, effectively considering any toxic effect the 

solvent alone displays. Cell testing was performed in triplicate. 
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Scheme 30: Overview of the six compounds which were chosen for cell studies. Structural 

differences are highlighted in red. 
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Figure 69 depicts the graphical output of the cell viability assays for compound 

cis-[Pt(N3)2(PPh3)] for no irradiation and with a radiation dose of 4 Gy. Since the 

data vary somewhat significantly for some of the complexes, the graphs of all 

three sets are displayed. One of the representations allows for straightforward 

comparison of cell viability at explicit concentrations, while the other enables an 

easy conclusion of a trend.  

In all three cases the results indicate clear radiosensitisation at concentrations of 

around 7.5 μM. Addition of the compound alone without radiation does not 

appear to be toxic until concentrations above 10 μM are reached. The average 

IC50-value of compound cis-[Pt(N3)2(PPh3)] after radiation of 4 Gy was calculated 

to be 5.39 μM. In comparison to these observations, the results from the cell 

viability studies of the analogous triethylphosphineplatinum(II) complex cis-

[Pt(N3)2(PEt3)] does not display a clear trend (Figure 70). While the compound 

seems to exhibit little or no cytotoxicity in the dark below concentrations of 10 μM, 

the cell count after the radiation dose of 4 Gy is significantly reduced from 

concentrations as low as 1.25 μM onwards, though it displays a minor reduction 

in cell numbers with concentrations >10 μM relative to the unirradiated sample. 

This variation leads to the calculated IC50-value to scale from 0.0003 μM and 

25.2 μM, clearly indicating the necessity for further investigation. 
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Figure 69: Graphical representation of the cell counts of the cell viability assays of compound cis-

[Pt(N3)2(PPh3)] (HCT116, 500 cells for 0/4 Gy). 
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Figure 70: Graphical representation of the cell counts of the cell viability assays of compound cis-

[Pt(N3)2(PEt3)] (HCT116, 500 cells for 0/4 Gy). 

 

Evaluating the cytotoxic behaviour of cycloaddition products Pt,Ph[2+3]Au,CN, 

Pt,Et[2+3]Au,CN and Pt,Ph[2+3]Au,NO2 resulted in inconsistent observations 

which suggested more cell-testing was required. Whilst cell viability assays on 

compound Pt,Et[2+3]Au,CN indicate that the platinum-gold conjugate exhibits 

enhanced toxicity upon radiation, the complex alone already appears to display 

strong cytotoxicity at concentrations >5 μM. However, the variation between the 
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replicates is significant, resulting in IC50-values spanning from 0.128–3.12 μM, 

rendering these results unreliable. The triphenylphosphine analogue 

Pt,Ph[2+3]Au,CN reveals a clear window for activation via X-rays at 

concentrations as low as 2.5 μM (Figure 71). The compound alone seems to be 

non-toxic in the dark until concentrations of 7.5–10 μM. 

 

 

Figure 71: Graphical representation of the cell counts of the cell viability assays of compound 

Pt,Ph[2+3]Au,CN (HCT116, 500 cells for 0/4 Gy). 
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The significantly enhanced cytotoxicity of the platinum-gold compound at lower 

concentrations is a promising result towards the prospect of administering lower 

doses to patients without the loss of the therapeutic effect on the cancer cells. 

Taking the variation of the replicates into consideration, the average IC50-value 

of Pt,Ph[2+3]Au,CN with a radiation dose of 4 Gy was determined to be 3.80 μM 

compared to a value of 9.40 μM with no radiation. 

The triphenylphosphineplatinum(II)-gold(I) conjugate Pt,Ph[2+3]Au,NO2, which 

includes a nitro group instead of a nitrile group, exhibits low cytotoxicity without 

radiation (Figure 72). After radiation the same drug concentration leads to 

approximately half of the cell numbers, resulting in an average IC50-value of 

4.39 μM.  

Due to technical difficulties no cell studies were performed on compound 

Pt,Et[2+3]Au,NO2 in this round of testing. 

Table 18 includes the IC50-values of this initial cell testing of compounds cis-

[Pt(N3)2(PPh3)], cis-[Pt(N3)2(PEt3)], Pt,Ph[2+3]Au,CN, Pt,Et[2+3]Au,CN and 

Pt,Ph[2+3]Au,NO2 on the cancer cell line HCT116 for no radiation and a 

treatment of the cells with 4 Gy of X-rays. All five compounds display enhanced 

cytotoxicity upon radiation albeit the level of radiosensitisation appears to vary in 

between the complexes. Compound Pt,Et[2+3]Au,CN exhibits the highest level 

of toxicity of the complex alone in the absence of irradiation. Both the 

diazidodiphosphineplatinum(II) complexes as well as the [2+3]-cycloaddition 

products demonstrate activation via X-rays, however, the platinum-gold-

conjugates indicate a slightly increased response to radiosensitisation. The 

congeners with the triethylphosphine groups exhibit mildly improved activation 
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via X-rays compared to the compounds with triphenylphosphine groups. In order 

to evaluate the observations in the context of established anti-cancer agents, 

Cisplatin was dissolved in water and tested alongside the novel compounds. With 

a radiation dose of 4 Gy, the drug exhibits a cytotoxic effect from concentrations 

of 2.5–5 μM and above, leading to a calculated IC50-value of 2.73 μM, with the 

cell counts remaining unchanged until concentrations of 7.5 μM in the dark 

(Figure 73). 

 

Figure 72: Graphical representation of the cell counts of the cell viability assays of compound 

Pt,Ph[2+3]Au,NO2 (HCT116, 500 cells for 0/4 Gy). 
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Table 18: Average IC50-value of initial cell studies of compounds cis-[Pt(N3)2(PPh3)], cis-

[Pt(N3)2(PEt3)], Pt,Ph[2+3]Au,CN, Pt,Et[2+3]Au, CN, Pt,Ph[2+3]Au,NO2 and Cisplatin 

(HCT116, 500 wells for 0/4 Gy) 

 

In conclusion, while preliminary cell testing on the human colon cancer cell line 

HCT116 reveals cytotoxicity for the selected compounds, further studies are 

necessary in order to improve reproducibility and to draw any consistent trends. 

In particular for Cisplatin no radiosensitivity would be expected, suggesting that 

a methodical error might be contributing to the obtained results. 

 

 

 Avg. IC50-value (0 Gy) Avg. IC50-value (4 Gy) 

cis-[Pt(N3)2(PPh3)] 13.9 μM 5.39 μM 

cis-[Pt(N3)2(PEt3)] 19.9 μM 12.3 μM 

Pt,Ph[2+3]Au,CN 9.40 μM 3.80 μM 

Pt,Et[2+3]Au,CN 5.15 μM 1.62 μM 

Pt,Ph[2+3]Au,NO2 13.5 μM 4.39 μM 

Cisplatin 5.74 μM 2.74 μM 
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Figure 73: Graphical representation of the cell counts of the cell viability assays of Cisplatin 

(HCT116, 500 cells for 0/4 Gy). 

 

The second stage of cell testing was extended to three cell lines: the two human 

cell lung carcinoma cell lines H1299 and A549, next to the human colorectal cell 

line HCT116 again. A substantial difference between this second stage was the 

approach to mitigate the toxic effect the irradiation in itself might be causing on 

the cell count. To this end, the number of tested cells was modified depending 

on whether they were being irradiated or not. Per well, 400 cells of each cancer 
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cell line were treated with the compounds and received a dose of 4 Gy, compared 

to the reduced number of 175 cells per well for cell testing of the compound alone 

without radiation. With this alteration, the dose of potential anti-cancer agent on 

the cells without radiation effectively is ~2.3 times as high as that on the cells 

receiving irradiation. This factor was determined from previous research within 

the workgroup of Prof Higgins. All testing proceeded in triplicate with six technical 

replicates per condition. Complexes cis-[Pt(N3)2(PPh3)], cis-[Pt(N3)2(PEt3)], 

Pt,Ph[2+3]Au,NO2 and Pt,Ph[2+3]Au,CN were dissolved in dimethyl sulfoxide 

to form 12 mM stock solutions, whereas due to solubility issues, complexes 

Pt,Et[2+3]Au,NO2 and Pt,Et[2+3]Au,CN were dissolved in dimethylformamide 

to form 12 mM solutions. Analogously to the first round of cell studies, the 

compounds were added 2 hours prior to and the medium was changed after 

18 hours post radiation. The cell cultures were stained with the Alamar Blue dye 

when displaying 75–80% confluency, which was after seven days for the cell lines 

H1299 and A549 and after eight days for the cell line HCT116. 

Figure 74 depicts a representative overview of the cell viability assays selected 

from the replicates for the diazidodiphosphine platinum(II) complex cis-

[Pt(N3)2(PPh3)]. The graphs display the cell counts for the three different cell lines 

with and without irradiation. Contrary to the initial cell studies, cell numbers follow 

the same trend independent of irradiation for all three cell lines. In all cases the 

cell count is reduced significantly when the compound is added in concentrations 

of 5 μM and above. 
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Figure 74: Graphical representation of representative cell counts of the cell viability assays of 

compound cis-[Pt(N3)2(PPh3)] for cell lines A549 (a), H1299 (b) and HCT116 (c) (175 cells for 

0 Gy, 400 cells for 4 Gy). 

 

Cell viability studies for the analogous triethylphosphine compound cis-

[Pt(N3)2(PEt3)] display a similar lack of radiosensitisation in the lung cancer cell 

lines A549 and H1299. The compound demonstrates little to no toxicity, 

particularly at concentrations below 10 μM (Figure 75). When added to cells from 

the colon cancer cell line HCT116, two out of the three replicates suggest a 

window for activation via X-rays. However, even with concentrations as high as 
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10 μM the cell count is only reduced to 50% (Figure 76).  

While both of the diazidodiphosphineplatinum(II) complexes appear to be 

somewhat toxic, based on the second stage of extensive cell studies, there is no 

strong indication for successful application as radiosensitisers. 

 

 

Figure 75: Graphical representation of representative cell counts of the cell viability assays of 

compound cis-[Pt(N3)2(PEt3)] for cell lines A549 (a), H1299 (b) (175 cells for 0 Gy, 400 cells for 

4 Gy). 
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Figure 76: Graphical representation of representative cell counts of the cell viability assays of 

compound cis-[Pt(N3)2(PEt3)] for cell line HCT116 (175 cells for 0 Gy, 400 cells for 4 Gy). 

 

Both platinum(II)-gold(I) cycloaddition products Pt,Ph[2+3]Au,CN and 

Pt,Et[2+3]Au,CN with nitrile substituted phenyl rings exhibit no enhanced 

cytotoxicity upon radiation with 4 Gy for the cell lines A549 and H1299 (Figure 

77). The strongest cytotoxic effect is observed in the cancer cell line H1299 with 

substantially reduced cell numbers with drug concentrations as low as 0.625 μM 

and near to no viability at concentrations of 2.5 μM. For the cell line A549, the 
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decrease of living cells is more gradual, resulting in approximately 25% cell 

viability with concentrations above 10 μM. Addition of the drug to the colon cancer 

cell line HCT116 suggests a small window of activation via X-rays for both 

compounds Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN. Whilst without irradiation 

the cell viability was detected at ~80%, after a radiation dose of 4 Gy, the cell 

count drops to <60% at drug concentrations as low as 0.625 μM. However, at 

higher concentrations, cell-viability is identical independent of radiation. 

The cell viability for the three different cancer cell lines behave rather similarly for 

the other two platinum(II)-gold(I) congeners Pt,Ph[2+3]Au,NO2 and 

Pt,Et[2+3]Au,NO2 (Figure 78). Cell counts are independent of irradiation for the 

lung cancer cell lines A549 and H1299, with both drugs demonstrating the 

highest toxicity towards H1299 cells (~10% cell viability at a drug concentration 

of 5 μM). For the colorectal cancer cell line HCT116, a narrow window of 

radiosensitivity is displayed for both compounds for concentrations of 0.625–

10 μM. Within this range, cell death is increased by approximately 30%. 

As a point of reference, analogous cell studies were performed on Cisplatin. Cell 

death appears to progress near to identically in all three cell lines, with slightly 

enhanced cytotoxicity within the colon cancer cell line HCT116 (Figure 79). 
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Figure 77: Graphical representation of representative cell counts of the cell viability assays of 

compounds Pt,Ph[2+3]Au,CN (a) and Pt,Et[2+3]Au,CN (b) for cell lines A549, H1299 and 

HCT116 (175 cells for 0 Gy, 400 cells for 4 Gy). 
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Figure 78: Graphical representation of representative cell counts of the cell viability assays of 

compounds Pt,Ph[2+3]Au,NO2 (a) and Pt,Et[2+3]Au,NO2 (b) for cell lines A549, H1299 and 

HCT116 (175 cells for 0 Gy, 400 cells for 4 Gy). 
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Figure 79: Graphical representation of representative cell counts of the cell viability assays of 

Cisplatin for cell lines A549 (a), H1299 (b) and HCT116 (c) (175 cells for 0 Gy, 400 cells for 4 Gy). 

 

Comparison of the behaviour of the six platinum-based compounds which were 

examined during the scope of the second stage of cell testing suggests that 

combining both the platinum(II) and the gold(I) complexes does indeed yield 

compounds with enhanced cytotoxicity. The cycloaddition products with nitrile 

substituted phenyl groups Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN display the 

highest cytotoxicity in general, in particular towards the lung cancer cell line 
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H1299. cis-[Pt(N3)2(PEt3)] as well as the four platinum-gold complexes 

Pt,Ph[2+3]Au,CN, Pt,Et[2+3]Au,CN, Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 

indicate radiosensitising properties when administered to the cell line HCT116 

with a radiation dose of 4 G. However, at this point it is not possible to conclude 

whether this might be due to inherent properties of the cell line and its interactions 

with the radiation itself, or because the compounds at hand might exhibit higher 

toxicity specifically towards colorectal cancer cells. Alongside the results with 

HCR116 cells being the most promising thus far, no activation via X-rays was 

observed for the lung cancer cell lines A549 and H1299. Larger scale screening 

on alternative colon cancer cell lines will provide more insight into and help 

determine the scope of this observation. 

When comparing the cell viability data from all compounds in the dark from both 

rounds of cell testing, the change in cell numbers and with that the effective dose 

of the drugs on the cells needs to be taken into consideration. Within the first 

stage of cell studies, the compounds overwhelmingly displayed no cytotoxicity in 

the absence of radiation which suggested low to nil toxicity of the compounds 

alone towards the cancer cells. This observation might, however, be within the 

realm of technical error, as reducing the cell numbers per well from 500 to 175 

led to a reduction of cell viability, even without radiation. More extensive testing 

is necessary to be able to determine exactly which is the dominating factor for 

these distinct results. 

Overall the cytotoxicity studies of the six chosen platinum(II) complexes with or 

without irradiation with X-rays demonstrate small effects on cell numbers with no 

overwhelming trend. System-to-system variability appears to be significant which 
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questions reproducibility of the observed results at this stage of testing and 

demands further studies in order to draw conclusive tendencies in the structure-

activity relationship of the platinum(II)-gold(I) complexes with respect to their 

properties as (radiosensitising) anti-cancer agents. 

Probing the behaviour of the complexes under the irradiation with X-rays with a 

focus on potential structural changes might reveal some of the processes causing 

a change in cytotoxicity upon irradiation. In addition, the response of the selected 

compounds to less-invasive blue and green light will be investigated, as these 

light sources have previously shown potential in the activation of anti-cancer 

agents (Chapter 1.4). 
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Complexes 

After investigating the compounds’ cytotoxic properties in the presence and 

absence of X-rays, the behaviour of compounds cis-[Pt(N3)2(PR3)] (R = Et, Ph), 

Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

as potential photosensitisers following irradiation with visible light was examined. 

To this end, the six compounds were irradiated with blue (430–480 nm) and 

green (480–560 nm) light emitting diodes.[137] Potential structural changes of the 

complexes were examined via UV-visible spectroscopy and mass spectrometry. 

The samples were each analysed after 10 minutes, 30 minutes, 60 minutes, 

120 minutes and 300 minutes irradiation, respectively. All UV-visible spectra 

were recorded in triplicate at room temperature in 23.4 μM solutions in dimethyl 

sulfoxide. Considering a possible influence of the solvent on the compounds, 

dimethyl sulfoxide was chosen due to its application for the majority of the cell 

studies. The UV-visible spectra of compounds cis-[Pt(N3)2(PR3)] (R = Et, Ph), 

Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

recorded in tetrahydrofuran in Chapter 3, revealed strong absorbances in the UV-

region around 200–250 nm. As dimethyl sulfoxide itself starts absorbing light at 

wavelengths below 268 nm, irradiation studies were limited to blue and green 

light emitting diodes and no UV-light.[138] It is important to note that from the six 

compounds that were examined, merely compounds Pt,Ph[2+3]Au,NO2 and 

Pt,Et[2+3]Au,NO2 display absorbance in regions which suggest they might 

respond to blue or green light. However, as photoactivation has been reported in 
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absence of clear absorbance in UV-visible spectra due to energetically low-lying 

LMCT states,[62] measurements on all six complexes were performed. 

A change in the absorbance properties or path of fragmentation could indicate a 

breakdown of the complexes upon irradiation. The splitting of multi-modal 

compounds into more active moieties after irradiation would be the first step 

towards selectively activating the toxic complexes. 

Figure 80 depicts the UV-visible spectra of compounds cis-[Pt(N3)2(PR3)] (R = Et, 

Ph), Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and 

Pt,Et[2+3]Au,CN after irradiation with blue light for varying amounts of time. For 

the diazidodiphosphineplatinum(II) complexes cis-[Pt(N3)2(PR3)] (R = Et, Ph), the 

absorbance decreases continuously with increasing irradiation time, this effect 

being more significant for cis-[Pt(N3)2(PEt3)]. Comparing the UV-visible spectra 

of the cycloaddition products Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, 

Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN, compounds Pt,Ph[2+3]Au,CN and 

Pt,Et[2+3]Au,CN display no clear change of absorbance in dependence of the 

irradiation time. The spectra of compounds Pt,Ph[2+3]Au,NO2 and 

Pt,Et[2+3]Au,NO2 display absorbance within the region of 362–413 nm. The 

respective absorbance maxima shift to lower absorbances as well as to shorter 

wavelengths, intimating a possible structural change to these complexes (Table 

19). In particular for Pt,Ph[2+3]Au,NO2, the difference of irradiating the 

compound for 300 minutes compared to 120 minutes displays no further loss of 

absorbance, however, it causes a shift of the maximum by 51 nm to shorter 

wavelengths. For both Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 the 

hypsochromic shift of the absorbance maxima does not appear until irradiation 
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times of >120 minutes with no indication of the simultaneous formation of a new 

species with absorbance at lower wavelengths for shorter irradiation times. This 

might be due to two subsequent processes occurring within the metal complexes 

resulting in a change of the structural features demonstrating absorbance. 

 

Table 19: Difference in absorbance and wavelength of the absorbance maxima within 362–

413 nm for 23.4 μM solutions of compounds Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 under 

irradiation with blue light 

 

 

 

 

 

 

 

 

 

 

 

 

 Δ Absorbance Δ Wavelength 

Pt,Ph[2+3]Au,NO2 0.29 51 nm 

Pt,Et[2+3]Au,NO2 0.43 41 nm 
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Figure 80: UV-visible spectra (DMSO, 23 °C) of compounds cis-[Pt(N3)2(PPh3)], cis-

[Pt(N3)2(PEt3)], Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

after irradiation with blue light for varying amounts of time. 
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Tracking the mass spectra of the complexes after each irradiation step and 

comparing the detected masses, could provide insight into potential structural 

changes following irradiation which are leading to the change in the UV-visible 

spectra. 

Both diazidodiphosphine platinum(II) complexes cis-[Pt(N3)2(PR3)] (R = Et, Ph) 

display fragments containing platinum in the mass spectra after irradiation with 

blue light for 300 minutes. The main fragment for cis-[Pt(N3)2(PPh3)] is found at 

761 Da, which corresponds to [M − N3]+ (Figure 81, top). This fragment is 

consistently high throughout all of the spectra independent of the time points. 

Further, it was detected in the mass spectrum of the parent compounds, albeit in 

lower concentrations. Fragment [M − N3]+ as the main platinum-congener after 

irradiation could indicate an enhanced cleavage of the azido ligand induced by 

the blue light, leading to a decrease in absorbance in the UV-visible spectra. 

Compound cis-[Pt(N3)2(PEt3)] behaves similarly to its triphenylphosphine 

analogue. The two main fragments containing platinum after irradiating the 

complex with blue light for 300 minutes were detected at 473 Da and 931 Da. 

The mass at 473 Da corresponds to [M − N3]+, which was observed as well for 

the parent compound in the absence of irradiation. The fragment at 931 Da did 

not appear until irradiation times of 300 minutes, which suggests it could be a 

result of interactions with the light, however, it was not possible to assign the 

mass unambiguously. 
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Figure 81: Mass spectra (DMSO, 23 °C) of cis-[Pt(N3)2(PPh3)] (top) and cis-[Pt(N3)2(PEt3)] 

(bottom) after irradiation with blue light for 300 minutes. 

 

The mass spectra of Pt,Ph[2+3]Au,NO2 confirm the breakdown of the parent 

compound. After 10 minutes irradiation, the main peak is found at 1007 Da which 

corresponds to fragment [M + 2H]2+ (Figure 82). With increasing irradiation times, 

a new peak appears at 1409 Da. The isotypic pattern suggests this fragment 

does not contain platinum, however, with a mass this large, and based on the 

peak patterns identified in the characterisation of the neat compounds, it is likely 

that the mass at 1409 Da includes gold. Without further investigations, it is not 

feasible to assign this fragment unambiguously. The mass spectra confirm that 

irradiating Pt,Ph[2+3]Au,NO2 with blue light breaks down the bi-metallic complex 

with the largest structural change occurring between irradiation times of 
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120 minutes and 300 minutes. Cleavage of the gold-containing fragments from 

the platinum(II) centre will cause a significant change in the distribution of 

electron density, which in turn results in a shift of the absorbance observed in the 

UV-visible spectra. 

 

 

Figure 82: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,NO2 after irradiation with blue light for 

varying amounts of time. Inset displays the peak pattern of the fragment at 1409 Da. 

 

Compound Pt,Et[2+3]Au,NO2 demonstrates a similar behaviour to 

Pt,Ph[2+3]Au,NO2. The two main fragments that appear at 864 Da ([M + 2H]2+) 

and 1726 Da ([M + H]+) respectively, both correspond to the parent compound 

prior to cleavage of any moieties (Figure 83). With prolonged irradiation times, 
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these fragments disappear while various fragments at lower masses and without 

platinum appear. The fragment at 656 Da matches a cleaved gold moiety on 

which the nitro group has been reduced to an amine group together with a 

potassium cation. This mass is the only indication in both of the cycloaddition 

products containing nitro groups, which suggests a reduction of these has 

occurred. 

 

 

Figure 83: Mass spectra (DMSO, 23 °C) of Pt,Et[2+3]Au,NO2 after irradiation with blue light for 

varying amounts of time. 

 

Figure 84 depicts the mass spectra which were recorded for Pt,Ph[2+3]Au,CN 

without irradiation and after irradiating the sample with blue light. Despite the UV-
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visible spectra suggesting little to no strong interactions between the compound 

and the light source, a comparison of the masses in the spectra indicate structural 

change. The two main fragments of the parent compound in the mass spectrum 

of neat Pt,Ph[2+3]Au,CN appear at 988 Da and 1975 Da, and can be assigned 

to [M + 2H]2+ and [M + H]+, respectively. Both of these fragments are detected 

significantly less until complete disappearance upon irradiation of the compound. 

In contrast, the fragment indicating the cleavage of gold-containing fragments of 

Pt,Ph[2+3]Au,CN at 721 Da ([Au(PPh3)2]+) increase under irradiation of the 

complex and suggest that breakdown of the compound is promoted through the 

interaction with blue light. 
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Figure 84: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,CN after irradiation with blue light for 

varying amounts of time. 

 

In analogous manner to Pt,Ph[2+3]Au,CN, the cycloaddition product 

Pt,Et[2+3]Au,CN demonstrates fewer fragments corresponding to the parent 

compound as a consequence of irradiation (Figure 85). Counts for the fragments 

at 844 Da ([M + 2H]2+) and at 1686 Da ([M + H]+) both reduce with longer 

irradiation times, however the structural changes appear to be more gradual 

compared to the triphenylphosphine analogue. With longer exposure times to the 

blue light source, the mass spectra become increasingly complex, indicating the 

breakdown of the complex and consequently the detection of new fragments. No 

significant fragments displaying the typical isotopic peak pattern for platinum 
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were identified and the assignment of the fragments was not possible without 

further investigation. 

 

 

Figure 85: Mass spectra (DMSO, 23 °C) of Pt,Et[2+3]Au,CN after irradiation with blue light for 

varying amounts of time. 

 

The absorbance behaviour of compounds cis-[Pt(N3)2(PR3)] (R = Et, Ph), 

Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

appears to be similar under irradiation with green light (Figure 86). Whilst the 

diazido complexes as well as the nitrile substituted platinum(II)-gold(I) products 

display a minor reduction in the absorbance maxima around 268–305 nm, 

compounds Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 exhibit more prominent 
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changes in their absorbance. With increased exposure to the green light, the 

absorbance maxima decrease as well as being shifted to lower wavelengths, 

albeit the effect appears to be less strong compared to irradiation with blue light 

(Table 19 and Table 20). For Pt,Ph[2+3]Au,NO2, the largest difference is 

recorded after an irradiation time of 30 minutes. In contrast, moving from an 

irradiation time of 120 minutes to 300 minutes leads to the most significant shift 

both in absorbance and wavelength for Pt,Et[2+3]Au,NO2. This suggests that a 

structural change from triphosphine to triethyl groups bound to the platinum(II) 

centre, modifies the compound’s response under green light, effectively requiring 

larger dosages. 

 

Table 20: Difference in absorbance and wavelength of the absorbance maxima within 396–

413 nm for 23.4 μM solutions of compounds Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 under 

irradiation with green light 

 

 

 

 

 

 

 

 Δ Absorbance Δ Wavelength 

Pt,Ph[2+3]Au,NO2 0.33 16 nm 

Pt,Et[2+3]Au,NO2 0.25 13 nm 
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Figure 86: UV-visible spectra (DMSO, 23 °C) of compounds cis-[Pt(N3)2(PPh3)], cis-

[Pt(N3)2(PEt3)], Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

after irradiation with green light for varying amounts of time. 
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The mass spectra recorded for cis-[Pt(N3)2(PPh3)] after irradiation with green light 

yield inconclusive results. The spectra after 30 minutes and 300 minutes do not 

display any platinum compounds, suggesting the breakdown of cis-

[Pt(N3)2(PPh3)] (Figure 87). However, the spectra after 60 minutes and 

120 minutes include the platinum fragment at 761 Da corresponding to [M −N3]+, 

which is in line with the absorbance observed in the UV-visible spectra, which 

suggested no major structural differences to cis-[Pt(N3)2(PPh3)] over the course 

of time. Considering the inconsistencies, no final conclusions on structural 

changes of the complex can be drawn from these measurements. 

 

 

Figure 87: Mass spectra (DMSO, 23 °C) of cis-[Pt(N3)2(PPh3)] after irradiation with green light for 

varying amounts of time. 
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Comparison of the mass spectra of cis-[Pt(N3)2(PEt3)] with and without irradiation 

with a green light source, show a clear change in the fragments upon irradiation. 

The two main fragments relating to the neat parent compound appear at 473 Da 

([M −N3]+) and 988 Da ([2M −N3]+) (Figure 88). Both of these are reduced 

significantly in counts after only 10 minutes of irradiation, with various new 

fragments without platinum appearing at lower masses. These recordings 

indicate that the irradiation leads to the fragmentation of cis-[Pt(N3)2(PEt3)], 

however, this contradicts the observations in the UV-visible spectra, which did 

not suggest any major structural changes. 

 

 

Figure 88: Mass spectra (DMSO, 23 °C) of cis-[Pt(N3)2(PEt3)] after irradiation with green light for 

varying amounts of time. 
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Compared to the gradual changes of Pt,Ph[2+3]Au,NO2 incurred by blue light, 

the mass spectra after irradiation with green light reveals the rapid breakdown of 

the bimetallic complex. Fragment [M + 2H]2+ (1007 Da) is observed significantly 

less upon irradiation of 10 minutes (Figure 89). Concurrent with this, the counts 

for the gold moiety [Au(PPh3)2]+ (721 Da) increase with exposure of the complex 

to the green light. An increase of fragments at lower masses with no traces of 

platinum, support the breakdown of the compound which is in agreement with the 

change of absorbance and wavelength reported from the UV-visible spectra. 

 

 

Figure 89: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,NO2 after irradiation with green light 

for varying amounts of time. 
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The behaviour of Pt,Et[2+3]Au,NO2 under green light appears to be somewhat 

similar to that under blue light. The structural changes resulting in the breakdown 

of the parent compound and the disappearance of the fragments at 864 Da 

([M + 2H]2+) and 1726 Da ([M + H]+) are gradual, and do not occur until a 

prolonged irradiation time of 300 minutes, albeit the counts for these fragments 

appear to fluctuate in the spectra at earlier time points. A substantial structural 

change occurring in the last irradiation step confirms the observations within the 

UV-visible spectra for Pt,Et[2+3]Au,NO2 under green light. 

 

 

Figure 90: Mass spectra (DMSO, 23 °C) of Pt,Et[2+3]Au,NO2 after irradiation with green light for 

varying amounts of time. 
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For both nitrile substituted cycloaddition products Pt,Ph[2+3]Au,CN and 

Pt,Et[2+3]Au,CN, the UV-visible spectra indicated little to no structural changes 

incurred by irradiating the compounds with green light. For Pt,Et[2+3]Au,CN the 

mass spectra after 10 minutes and after 300 minutes, respectively, display high 

counts of the fragments at 844 Da ([M + 2H]2+) and 1686 Da ([M + H]+), both 

corresponding to adducts of the net compound with protons (Figure 91). After 

300 minutes, many more fragments were detected, however, none of which 

suggest directed breakdown of the complex. 

 

 

Figure 91: Mass spectra (DMSO, 23 °C) of Pt,Et[2+3]Au,CN after irradiation with green light for 

varying amounts of time. 

 



 

201 
 

6. Irradiation of Platinum(II)-Gold(I) Complexes 

Contrary to this and similar to the behaviour of Pt,Et[2+3]Au,CN under the 

irradiation of blue light, the mass spectra of the triphenylphosphine analogue 

display a high count of the fragment [Au(PPh3)2]+ upon irradiation with green light 

(Figure 92). This dominance of this fragment in the spectra together with the loss 

of fragments relating to the parent compound such as [M + 2H]2+ at 988 Da and 

[M + H]+ at 1976 Da, support the cleavage of the gold moiety of the cycloaddition 

product as a result of irradiation with green light, explaining the change in 

absorbance behaviour observed in the UV-visible spectra. 

 

 

Figure 92: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,CN after irradiation with green light for 

varying amounts of time. 
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Following on from exploring the behaviour of the six metal complexes under the 

irradiation of blue and green light, further investigations were carried out aimed 

at elucidating structural changes stemming from X-rays. As a first approach, the 

complexes were each exposed to a radiation dose of 40 Gy in 12 mM solutions. 

In order to emulate the conditions chosen for the cell studies, in addition, 

solutions of a drug concentration of 23.4 μM were subjected to 4 Gy. Taking the 

different magnitudes of the irradiation dosages and compound concentrations 

into consideration, it is worth noting, that whilst 40 Gy is a very high dosage, the 

ratio between the energy and the molecular complexes is more concentrated for 

the samples which received a dose of 4 Gy. Solvents were identical to the 

respective solvents during the cytotoxicity studies: Solutions of cis-[Pt(N3)2(PR3)] 

(R = Et, Ph), Pt,Ph[2+3]Au,NO2 and Pt,Ph[2+3]Au,CN were prepared in 

dimethyl sulfoxide, whereas Pt,Et[2+3]Au,NO2 and Pt,Et[2+3]Au,CN were 

dissolved in dimethyl formamide. The compounds were monitored via UV-visible 

spectroscopy and mass spectrometry.  

Figure 93 displays the UV-visible spectra of the six compounds after irradiation 

with varying dosages of X-rays. Comparison of the two diazidoplatinum(II) 

complexes reveals a significant loss of absorbance for cis-[Pt(N3)2(PPh3)] with 

merely a minor reduction of absorbance for cis-[Pt(N3)2(PEt3)] after being 

subjected to the X-rays. The responses to the irradiation for the platinum-gold 

congeners are similar to each other, with no clear trend between the platinum 

centres substituted with triphenylphosphine or triethylphosphine ligands. All four 

cycloaddition products demonstrate less absorbance upon irradiation, albeit the 

effect is significantly stronger when Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

receive dosages of 40 Gy. 
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Figure 93: UV-visible spectra (DMSO, 23 °C) of compounds cis-[Pt(N3)2(PPh3)], cis-

[Pt(N3)2(PEt3)], Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 

after irradiation with varying dosages of X-rays. 
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Performing mass spectrometry of the respective compounds after the irradiation 

helped to identify any structural changes contributing to the differences in the 

absorbance behaviour. The mass spectra for cis-[Pt(N3)2(PPh3)] display the loss 

of two of the main fragments: [M + K]+ at 842 Da and [2M – N3]+ at 1564 Da 

(Figure 94). However, substantial concentrations of the fragment [M – N3]+ with 

a mass of 761 Da were detected even after irradiation. This observation appears 

to be independent of the radiation dosage. The differences in the spectra suggest 

an interaction between the compounds and the X-rays resulting in promoted 

cleavage of the azido ligand from the parent compound. In comparison, counts 

for the analogous fragments in cis-[Pt(N3)2(PEt3)] such as [M – N3]+ at 473 Da 

and [2M – N3]+ at 988 Da reduce significantly for both 4 Gy and 40 Gy at the 

respective concentrations (Figure 95). 

 

Figure 94: Mass spectra (DMSO, 23 °C) of cis-[Pt(N3)2(PPh3)] after irradiation with varying 

dosages of X-rays. 
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Figure 95: Mass spectra (DMSO, 23 °C) of cis-[Pt(N3)2(PEt3)] after irradiation with varying 

dosages of X-rays. 

 

Considering the minor change in absorbance behaviour observed in the UV-

visible spectra for cis-[Pt(N3)2(PEt3)] after exposure to X-rays, the fragmentation 

pattern would be expected to be similar for all three mass spectra, independent 

of the radiation dose. After irradiation, the spectra include various fragments 

including some peak patterns confirming platinum moieties, however, without 

further investigations it was not possible to identify these unambiguously. 

Both of the nitro substituted cycloaddition products Pt,Ph[2+3]Au,NO2 and 

Pt,Et[2+3]Au,NO2 exhibit structural changes within their mass spectra recorded 

after irradiation with X-rays. Whilst the sample of Pt,Ph[2+3]Au,NO2 which was 

subjected to 4 Gy irradiation continues to reveal considerable amounts of the 
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fragment [M + 2H]2+ at 1007 Da corresponding to the parent compound, 

significant concentrations of the fragment [Au(PPh3)2]+ were detected alongside 

it (Figure 96). This effect is further visible for the sample which received an X-ray 

dosage of 4 Gy, however, it appears to be less prominent. An enhanced 

formation of [Au(PPh3)2]+ suggests promoted cleavage of the gold-moiety, which 

could lead to subsequent follow-up reactions and multi-modal activity within the 

cells. 

 

 

Figure 96: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,NO2 after irradiation with varying 

dosages of X-rays. 
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Pt,Et[2+3]Au,NO2 responds slightly differently than its triphenylphosphine 

analogue. After irradiation with 4 Gy, the fragment [M + 2H]2+ at 864 Da remains 

unchanged, while the concentration of the fragment corresponding to [M + H]+ at 

1726 Da is strongly reduced (Figure 97). Both of these fragments disappear 

entirely with radiation doses of 40 Gy. Whilst new fragments are detected, 

[Au(PPh3)2]+ (721 Da) is not recorded amongst these. The mass spectra confirm 

the breakdown of the platinum(II) complex in line with the results from the UV-

visible spectra, but do not provide insight to the mechanism without further 

investigations. 

 

 

Figure 97: Mass spectra (DMF, 23 °C) of Pt,Et[2+3]Au,NO2 after irradiation with varying dosages 

of X-rays. 
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Irradiation of the nitrile substituted platinum(II)-gold(I) complexes with X-rays 

yielded results in agreement with the observations after irradiation with blue and 

green light. The gold moiety in Pt,Ph[2+3]Au,CN is cleaved readily, which can 

be determined by the two fragments [M + 2H]2+ (988 Da) and [M + H]+ (1975 Da) 

corresponding to the parent compound fully disappearing, with the fragment 

[Au(PPh3)2]+ at 721 Da appearing in high counts (Figure 98). The behaviour of 

Pt,Ph[2+3]Au,CN is independent of the radiation dose and supports the loss of 

absorbance in the UV-visible spectra. 

 

 

Figure 98: Mass spectra (DMSO, 23 °C) of Pt,Ph[2+3]Au,CN after irradiation with varying 

dosages of X-rays. 
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In comparison, Pt,Et[2+3]Au,CN does not display the mass for the fragment 

[Au(PPh3)2]+. To the contrary, the fragment [M + 2H]2+ at 844 Da remains the 

most prominent mass, whilst the counts for the fragment for [M + H]+ at 1686 Da 

are reduced slightly (Figure 99). Although the UV-visible spectra suggested a 

structural change, in particular for the sample subjected to X-rays of 40 Gy, there 

is no clear indication of this breakdown from the mass spectra. 

 

 

Figure 99: Mass spectra (DMF, 23 °C) of Pt,Et[2+3]Au,CN after irradiation with varying dosages 

of X-rays. 

 

To conclude this chapter, the six compounds cis-[Pt(N3)2(PR3)] (R = Et, Ph), 

Pt,Ph[2+3]Au,NO2, Pt,Et[2+3]Au,NO2, Pt,Ph[2+3]Au,CN and Pt,Et[2+3]Au,CN 
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were investigated with regards to their photosensitising properties under the 

irradiation with blue and green light as well as X-rays. Exposure was varied (10–

30 minutes) and the complexes were monitored via UV-visible spectroscopy and 

mass spectrometry. The aim was to explore whether changes in the absorbance 

behaviour of the compounds were supported with a change in fragments 

detected in the mass spectra to confirm the breakdown of the complexes. For 

irradiation under blue and green light, the general trend derives a stronger 

photosensitisation response from the cycloaddition products compared to the 

diazidoplatinum(II) complexes. According to the UV-visible spectra, the nitro 

substituted platinum(II)-gold(I) complexes display a significantly greater change 

in absorbance. However, when taking the mass spectra into consideration, the 

fragments for Pt,Ph[2+3]Au,CN confirm the unambiguous breakdown of the 

complex for all three irradiation sources. Compared to that Pt,Et[2+3]Au,CN 

does not decompose as readily, suggesting that for these analogous compounds, 

changing from the triphenylphosphine to the triethylphosphine ligands has a 

critical influence on its stability and properties as a photosensitiser.  

Table 21 shows a condensed overview of the observations noted for the six 

compounds each under the irradiation of blue and green light, as well as X-rays 

and their respective responses detected via UV-visible spectroscopy and mass 

spectrometry. To enable a simplified comparison, the respective observations 

were rated using the following terms: negligible, minor, medium, strong, 

significant or inconclusive along with a colour code. It should be noted, that in 

multiple cases the results are contradictory, which might be due to different 

analytical methods highlighting diverse aspects. These results provide 
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indications towards the interactions between the compounds and light sources; 

however, further investigations at scale will be necessary in order to yield more 

conclusive results and facilitate concrete identifications of the complexes formed 

following irradiation. 

 

Table 21: Detected differences in behaviour in the UV-visible spectra (UV) and mass spectra 

(MS) for compounds cis-[Pt(N3)2(PPh3)] (A), cis-[Pt(N3)2(PEt3)] (B), Pt,Ph[2+3]Au,NO2 (C), 

Pt,Et[2+3]Au,NO2 (D), Pt,Ph[2+3]Au,CN (E) and Pt,Et[2+3]Au,CN (F) after irradiation with blue 

light (B), green light (G) or X-rays (X). Colour-coding was used to highlight the responses 

 

Direct comparison of the complexes confirms an overall stronger response of the 

[2+3]-cycloaddition products with the nitro substituted gold(I) alkyne 

Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 for all light sources. In particular, 

activation with blue light appears to be a promising approach for further 

investigations. The bimetallic complex Pt,Et[2+3]Au,CN demonstrates the 

weakest structural changes upon irradiation with blue or green light. All six 

complexes appear to respond to the irradiation with X-rays. The results for cis-

[Pt(N3)2(PR3)2] (R = Et, Ph) include inconclusive data which requires further 

studies in order to draw conclusive trends. 

 A B C D E F 

Δ UV – B minor medium significant strong negligible negligible 

Δ MS – B inconclusive inconclusive significant medium significant minor 

Δ UV – G negligible negligible medium medium negligible negligible 

Δ MS – G inconclusive significant significant medium significant negligible 

Δ UV – X significant minor medium medium significant significant 

Δ MS – X significant significant medium medium significant medium 
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The objective of this research was the synthesis and evaluation of multi-modal 

platinum-gold complexes as respective anti-cancer agents and their properties 

as photosensitisers or radiosensitisers. 

In order to focus on a selection of diazidoplatinum(II) complexes and gold(I) 

alkynes suitable for [2+3]-cycloaddition reactions under mild experimental 

conditions, RI-DFT calculations were employed with the goal of determining 

trends in reactivities based on the oxidation state of the platinum centre as well 

as ligand design.  

Diazidodiphosphineplatinum(II) complexes comprising triethylphosphine or 

triphenylphosphine ligands, as well as diazidodipyridylplatinum(II) for 

comparison, were targeted. In addition, cis-isomers with one N- and one P-donor 

ligand were pursued in order to identify ligand-dependent electronic trends in 

reactivities towards the [2+3]-cycloaddition reaction. 

The synthesis of cis- and trans-[Pt(N3)2(PR3)2] (R = Et, Ph) was pursued via the 

corresponding dichlorido complexes and adapted from literature. Whilst selective 

synthesis of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) was achieved, it was not possible to 

isolate the corresponding trans-isomers of the diazidoplatinum(II) complexes. 

Both cis-[Pt(N3)2(PR3)2] (R = Et, Ph) were fully characterised including 

determination of their molecular structures in the solid state by means of X-ray 

diffractometry. trans-[PtI2(py)(PR3)2] (R = Et, Ph) were isolated in the pursuit of 

platinum(II) congeners with mixed ligand systems, and characterised via X-ray 

diffraction analysis alongside reaction intermediates. However, further reactions 



 

213 
 

7. Conclusion and Future work 

with the goal of yielding the diazidopyridylphosphineplatinum(II) complexes were 

inconclusive. 

The gold(I) alkynes [Au(PPh3)(CC(C6H4)X] (X = NO2, Br, CN) were accessed 

according to reported procedures for X = NO2. Following optimisation of the 

[2+3]-cycloaddition reaction of cis-[Pt(N3)2(PPh3)2] and [Au(PPh3)(CC(C6H4)NO2] 

from reports in literature, the corresponding reactions of cis-[Pt(N3)2(PR3)2] 

(R = Et, Ph) with [Au(PPh3)(CC(C6H4)X] (X = NO2, Br, CN) were completed 

successfully. The novel gold(I) alkynes for X = Br, CN as well as two of the novel 

bimetallic platinum-gold complexes were fully characterised in the solid state. cis-

[Pt(N3)2(py)2] did not exhibit any reactivity towards a cycloaddition reaction with 

any of the employed gold(I) alkynes.  

Correlation of the demonstrated reactivities of the diazidoplatinum(II) complexes 

with the chemical shift in the 195Pt NMR spectra revealed that more electron-rich 

platinum centres display higher reactivity towards the cycloaddition reaction with 

the selected gold(I) alkynes. This observation will be helpful in determining viable 

diazidoplatinum complexes reactive towards analogous cycloaddition reactions 

in the future. 

Oxidation of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) prior to the cycloaddition reaction 

was aimed towards the synthesis of platinum(II)-gold(I) prodrugs. All attempts 

with well-established oxidising agents indicate the lability of the Pt–N bond 

resulting in ligand substitution reactions rather than the oxidation of the platinum 

centre. Synthetic explorations yielded the novel complexes cis-

[Pt(N3)(OAc)(PPh3)2], cis-[Pt(Cl)(N(CO2)2(CH2)2)(PPh3)2] and trans-[PtCl4(PEt3)2] 

which were characterised via X-ray diffractometry. 
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To evaluate the platinum(II)-gold(I) complexes as potential anti-cancer agents 

activated by X-rays, cytotoxicity studies of a selection of cycloaddition products 

were performed. Tests were executed on three cancer cell lines and radiation of 

the compounds with doses of 4 Gy. Whilst combining the platinum(II) and gold(I) 

complexes to yield multi-modal drugs appears to enhance cytotoxicity, little 

evidence was observed to support radiosensitivity of the compounds. 

Discrepancies between different stages of cell testing as well as the chosen cell 

lines suggest that more extensive studies are required in order to draw conclusive 

trends with respect to the cytotoxicity and the radiosensitivity of the complexes. 

The photosensitising properties of the selected six platinum(II) complexes were 

examined following irradiation with blue and green light, as well as X-rays. 

Structural changes in the compounds were monitored by means of UV-visible 

spectroscopy as well as mass spectrometry. The cycloaddition products of cis-

[Pt(N3)2(PR3)2] (R = Et, Ph) and [Au(PPh3)(CC(C6H4)NO2] yielded the most 

consistent responses across the three light sources indicating structural change 

and the breakdown of the bimetallic complexes. 

Figure 100 provides a schematic overview of the results obtained within the 

scope of this research. 
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Figure 100: Schematic overview of the results observed within this research. 

 

The findings confirm a reliable synthetic pathway to the synthesis of 

diphosphineplatinum(II)-gold(I) complexes with potential as multi-modal anti-

cancer agents. Since the application of established procedures was not 

successful in oxidising the platinum(II) centres, investigating the redox-potential 

of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) via cyclic voltammetry could provide useful 

insight into viable oxidation agents for these complexes. These observations 

could offer a path to further exploring these compounds as candidates for 

platinum(IV) prodrugs. 

Additional complexes with permutations of N- and P-donor ligands are required 

in order to specify the trend between the electronic configuration on the platinum 



 

216 
 

7. Conclusion and Future work 

centre and the reactivity towards [2+3]-cycloaddition reactions. More data could 

help determine a narrow range of frequencies in the 195Pt NMR spectrum as a 

practical handle indicating facile cycloaddition of platinum(II) complexes. 

Focusing on the synthesis of compounds with mixed ligand systems of N- and P-

donors could present valuable information with respect to the electronic trends. 

In particular, comparing the observations of the cis-complexes with their 

corresponding trans-isomers would contribute to determining correlations and 

assist in identifying a chemical shift range in the 195Pt NMR of reactive 

compounds. 

In order to draw more conclusive results pertaining the photo- and radiosensitivity 

of the respective platinum(II)-gold(I) cycloaddition products, in-depth studies at 

scale reducing system-to-system variability with focus on human colorectal 

carcinoma cell lines are necessary. Building on the observations of the irradiation 

studies, the cytotoxic behaviour of Pt,Ph[2+3]Au,NO2 and Pt,Et[2+3]Au,NO2 

under the irradiation of blue light could lead to activation of the complexes 

resulting in potential enhancement of their toxicity. Examining the gold(I) alkynes 

[Au(PPh3)(CC(C6H4)X] (X = NO2, Br, CN) prior to the [2+3]-cycloaddition reaction 

will aid in verifying the observed increase in cytotoxicity for the bimetallic-

complexes. Subject to successful synthesis of the corresponding trans-isomers 

of the platinum(II) as well as the platinum(II)-gold(I) complexes, exploring their 

cytotoxic behaviour would be of significant interest in light of the historic 

development and focus on complexes with trans-configuration as anti-cancer 

agents. 
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8. Experimental Section 

8.1 General Procedures 

All reactions, unless stated otherwise, were performed under air and with wet 

solvents. Reactions performed under inert conditions were carried out under 

nitrogen applying standard Schlenk-techniques with a vacuum of up to 

10−3 mbar. Dry solvents were dispatched from a solvent drying system 

(MBRAUN, MB SPS-800), degassed prior to use and stored over molecular 

sieves (3-4 Å). Chemicals were used as purchased without further purification. 

Analytical thin layer chromatography (TLC) was carried out using silica gel 60 

F254 from Merck and visualised by UV absorption (λ = 254 nm) with a 6 W UVP 

UVGL-55 handheld UV lamp. Irradiation experiments were performed in a dark 

set-up with a 4 W GU10 LTSMD4 SMD LED (blue) or a 7 W GU10 high power 

LED (green) at a distance of 10 cm. 

 

8.2 Analytical Techniques 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 

III HD nanobay equipped with a 9.4 T magnet 400 MHz spectrometer. 

Tetramethylsilane was used as a reference standard for the chemical shifts of 1H 

and 13C nuclei, 31P nuclei are referenced to 85% phosphoric acid, and potassium 

hexachloridoplatinate(IV) in deuterium oxide was used as a reference for 195Pt 

nuclei. The resonances in the 1H and 13C NMR spectra are referenced internally 

to the deuterated solvent and set to the following values: CD2Cl2: 5.320 ppm (1H), 
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54.000 ppm (13C), CDCl3: 7.260 ppm (1H), 77.160 ppm (13C), CD3CN: 1.940 ppm 

(1H) 118.260 ppm (13C); C6D6: 7.160 ppm (1H), 128.060 ppm (13C); THF-d8: 

3.580 ppm (1H), 67.570 ppm (13C); toluene-d8: 7.090 ppm (1H), 137.860 ppm 

(13C). Resonances are reported as s (singlet), d (doublet), t (triplet), q (quartet), 

m (multiplet) and b (broad). 

Infrared (IR) spectra were recorded on a Bruker Tensor 27 Fourier-transform 

infrared spectrometer with a diamond attenuated total reflection unit. Solids were 

dissolved in appropriate solvents and measured as thin films after placing a drop 

on the diamond and evaporation of the solvent. 

UV-visible spectra were recorded on a Jasco V-770 double-beam UV-visible/NIR 

spectrophotometer with a single monochromator and photomultiplier tube 

detector for the UV to visible region and a Peltier-cooled PbS detector for the NIR 

region. 

Mass spectra were recorded on a Waters LCT Premier XE bench-top orthogonal 

acceleration time-of-flight liquid chromatography mass spectrometry (LC-MS) 

system with electronspray ionisation. The system is connected to a Waters 1525u 

Binary HPLC Pump and a Waters/CTC Analytics 2777C Sample Manager. 

All crystallographic data besides from compound Pt,Et[2+3]Au,NO2 was 

obtained during research visits to the Freie Universität Berlin.  

X-ray diffraction (XRD) data were collected on a Bruker D8 Venture CMOS area 

detector (Photon 100) diffractometer with Mo-Kα radiation (λ = 0.71073 Å) at 

temperatures ≤ –141.15 °C under nitrogen flow. Data were processed using the 

APEX5 software suite and equivalent reflections were merged. 
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Data for Pt,Et[2+3]Au,NO2 were recorded on an Oxford Diffraction / Agilent 

Technologies dual source SuperNova with a CCD detector (ATLAS) with Cu-Kα 

radiation (λ = 1.54184 Å) at –123.15 °C under nitrogen flow. Collected data were 

processed using the CrysAlisPro package including merging equivalent 

reflections. 

Single crystals were selected under crystallographic oil and mounted on a 0.1-

0.2 mmm micromount. The structures were solved with the ShelXT structure 

solution program using intrinsic phasing and refined with the ShelXL refinement 

package using least square refinement on weighted F2 values for all reflections 

using OLEX2.[139–141] 

 

8.3 Cell Studies 

Cell testing was carried out in collaboration with the research group of Prof G. 

Higgins in the Department of Oncology at the University of Oxford.  

Unless stated otherwise, all chemicals were purchased from Sigma Aldrich and 

used without further purification. Cell lines HCT116, H1299 and A549 were 

purchased from ATCC, and are authenticated by short tandem repeat profiling 

before usage.  

Cell lines HCT116 and A549 were grown in a mixture of Dulbecco’s Modified 

Eagles Medium, cell line H1299 was grown in Roswell Park Memorial Institute 

medium, respectively, with 10% fetal bovine serum and 1% phosphate-buffered 

saline solution. They were seeded in 96-well plates and left to attach for 4-

5 hours. Compounds were stored as solids in the dark and dissolved in 12 mM 
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solutions prior to addition to the cells. The compounds were prepared in diluted 

solutions of the following concentrations: 0.625 μM, 1.25 μM, 2.50 μM, 5.00 μM, 

7.50 μM, 10.0 μM, 12.5 μM and 15.0 μM. Irradiation dosages on the cells of 4 Gy 

were delivered 2 hours after addition of the compounds by a Gamma Service 

GSR D1 caesium-137 irradiator with a dose rate of 1.2 Gy∙min−1. The compounds 

were removed from the cells by changing the cell media 18 hours after irradiation. 

The resazurin-based dye (R7017) was added on day seven for cell lines H1299 

and A549, and after day eight for cell lines HCT116, with a final concentration 

0.1 mg∙mL−1 in the medium. Fluorescence was measured after 3 hours of 

incubation at 37 °C using a BMG Labtech PolarStar Omega plate reader. IC50-

values were determined by non-linear curve fitting after normalising readings 

relative to the vehicle control. 

 

8.4 Density Functional Theory Calculations 

Computing time was made available by the North-German Supercomputing 

Alliance (HLRN) in providing High-Performance Computing (HPC) at the Freie 

Universität Berlin. Density Functional Theory (DFT) calculations within the scope 

of this work were performed with Turbomole 7.3[142] using resolution of identity 

(RI) methods,[143] the def2-TZVP basis set,[144] the BP-86 functional,[145,146] the 

PBE functional,[147] the B2-PLYP functional,[102,148] or the B3-LYP 

functional.[146,149] Solvent simulation was applied according to the conductor like 

screening model (COSMO, ε = ∞)[150] level of theory. Minima on the potential 

energy surface were verified by harmonic vibrational frequency analysis. 



 

221 
 

8. Experimental Section 

8.5 Syntheses 

8.5.1 Synthesis of cis-Dichloridobis(triphenylphosphine)-

platinum(II)[111] 

 

K2[PtCl4] (500 mg, 1.20 mmol, 1.0 eq) was suspended in acetonitrile (70 mL). 

PPh3 (629.5 mg, 2.41 mmol, 2.0 eq) was added and the reaction mixture was 

heated to 50 °C for 16 hours yielding a colourless suspension. The reaction 

mixture was filtered and the solid was washed with cold acetonitrile. The product 

was isolated as a colourless solid. 

cis-[PtCl2(PPh3)2] (873 mg, 1.10 mmol, 92%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 14.3 (s, 1J(31P, 195Pt) = 3675 Hz) 

ppm. 

The NMR signals agree with those in literature.[110] 

 

 

 

K2[PtCl4] (100 mg, 0.24 mmol, 1.0 eq) was dissolved in water (3 mL). A solution 

of PPh3 (126.4 mg, 0.48 mmol, 2.0 eq) in ethanol (3 mL) was added dropwise 
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and the reaction mixture was heated to 80 °C for 1 hour. After removing all 

solvent under vacuum, the solid was washed with water and diethylether, and 

dried under vacuum.  

The product was identified as a mixture of cis- and trans-[PtCl2(PPh3)2] in a ratio 

of 1:0.10 as determined by 31P{1H} NMR spectroscopy. 

 

8.5.2 Synthesis of trans-Dichloridobis(triphenylphosphine)-

platinum(II)[110,112] 

 

K2[PtCl4] (500 mg, 1.20 mmol, 1.0 eq) was dissolved in water (10 mL). 

Acetonitrile (0.94 mL, 18.1 mmol, 15.6 eq) was added and the reaction mixture 

was heated to 75 °C for 3 hours. The suspension was filtered and the solid was 

washed in water and acetonitrile, dried under vacuum and used in the next step 

without further purification.  

trans-[PtCl2(CH3CN)2] (300 mg, 0.84 mmol, 1.0 eq) was suspended in 

nitromethane (5 mL) at 0 °C. PPh3 (336 mg, 1.32 mmol, 1.5 eq) was dissolved in 

nitromethane (5 mL), added dropwise and the reaction mixture was stirred at 0 °C 

for 60 minutes. After filtering the suspension over celite, the solid was redissolved 

and washed off the celite with chloroform. The solvent was removed under 

vacuum yielding the product as a colourless solid. 
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trans-[PtCl2(PPh3)2] (806 mg, 1.02 mmol, 85%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 20.2 (s, 1J(31P, 195Pt) = 2633 Hz) 

ppm. 

The NMR signals agree with those in literature.[110] 

 

When the reaction mixture was stirred at 50 °C for 30 minutes, the product was 

identified as a mixture of cis- and trans-[PtCl2(PPh3)2] in a ratio of 1:0.94 as 

determined by 31P{1H} NMR spectroscopy. 

 

8.5.3 Synthesis of cis-Dichloridobis(triethylphosphine)platinum(II) 

 

The reaction was performed under a nitrogen atmosphere, the work-up was 

performed under air. PEt3 in tetrahydrofuran (1 M) (3.84 mL, 3.84 mmol, 4.0 eq) 

was added to a solution of K2[PtCl4] (300 mg, 0.72 mmol, 1.0 eq) in water (6 mL). 

The reaction mixture was stirred at 23 °C for 16 hours yielding a colourless 

suspension. After removing the solvents under vacuum, the solid was extracted 

three times with toluene (5 mL). The organic phases were filtered over celite and 
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combined. The solvent was removed under vacuum yielding the product as a 

colourless solid. 

cis-[PtCl2(PEt3)2] (336 mg, 0.67 mmol, 93%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 9.1 (s, 1J(31P, 195Pt) = 3515 Hz) ppm. 

The NMR signals agree with those in literature.[93] 

 

8.5.4 Synthesis of trans-Dichloridobis(triethylphosphine)platinum(II) 

 

The reaction was performed under a nitrogen atmosphere, the work-up was 

performed under air. PEt3 in tetrahydrofuran (1 M) (0.24 mL, 0.24 mmol, 1.0 eq) 

was added to a solution of K2[PtCl4] (100 mg, 0.24 mmol, 1.0 eq) in water (2 mL). 

The reaction mixture was stirred at 23 °C for 16 hours yielding a colourless 

suspension. After removing the solvents under vacuum, the solid was extracted 

three times with toluene (3 mL). The organic phases were filtered over celite and 

combined. The solvent was removed under vacuum yielding the product as a 

colourless solid. 

trans-[PtCl2(PPh3)2] (98.9 mg, 0.20 mmol, 82%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.2 (s, 1J(31P, 195Pt) = 2399 Hz) 

ppm. 
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The NMR signals agree with those in literature.[93] 

 

8.5.5 Synthesis of cis-Diazidodiphosphineplatinum(II) 

 

cis-[PtCl2(PR3)2] (R = Et, Ph) (1.0 eq) was suspended in either acetonitrile or 

tetrahydrofuran (20 mL). A solution of NaN3 (109 mg, 1.67 mmol, 6.0 eq) in water 

(<2 mL) was added and the reaction mixture was stirred at 23 °C for 4 hours. 

After removing the solvents under vacuum, the solid was extracted three times 

with chloroform (5 mL). The organic phases were filtered over celite and 

combined. The solvent was removed under vacuum yielding the product as a 

pale yellow solid. 

Crystals of cis-[Pt(N3)2(PR3)2] (R = Et, Ph) suitable for X-ray diffraction analysis 

were grown from concentrated solutions in chloroform. 

cis-[Pt(N3)2(PEt3)2] (766 mg, 1.49 mmol, 89%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 1.08 (qt, 3J(1H, 1H) = 7.6 Hz, Et) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 7.3 (s, 1J(31P, 195Pt) = 3338 Hz) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 15.5 (d, 6C, 1J(31P, 13C) = 38 Hz 

CH2), 8.0 (s, 6C, CH3) ppm. 
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195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4335 (t, 1J(31P, 195Pt) = 3340 Hz) ppm. 

IR (23 °C): ṽas(N3) = 2060 cm−1. 

UV-Vis (THF, 23 °C): λ = 248 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 988 ([2M −N3)]+, 99), 913 

([2M − PEt3 + H]+, 34), 473 ([M −N3)]+, 88) Da. 

 

cis-[Pt(N3)2(PPh3)2] (1262 mg, 1.57 mmol, 94%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.48–7.18 (m, Ph) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.0 (s, 1J(31P, 195Pt) = 3507 Hz) 

ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 134.5 (t, 6C, J = 6 Hz, ipso-C), 

131.1,128.9, 128.4 (t, 6C, J = 6 Hz, ipso-C) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4261 (t, 1J(31P, 195Pt) = 3506 Hz) ppm. 

IR (23 °C): ṽas(N3) = 2060 cm−1. 

UV-Vis (THF, 23 °C): λ = 269, 233 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1564 ([2M − N3)]+, 100), 840 

([M + K]+, 62), 761 ([M −N3)]+, 81) Da. 
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NaN3 (80.0 mg, 1.23 mmol, 100 eq) was added to a solution of cis-[PtCl2(PR3)2] 

(R = Et, Ph) (1.0 eq) in chloroform (5 mL) and the reaction mixture was stirred at 

23 °C for 30 hours, yielding a colourless suspension. The reaction mixture was 

filtered and the solid was extracted with chloroform. The filtrate was reduced 

under vacuum yielding the product as a pale yellow solid. 

cis-[Pt(N3)2(PEt3)2] (5.20 mg, 0.01 mmol, 82%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 7.3 (s, 1J(31P, 195Pt) = 3338 Hz) ppm. 

 

cis-[Pt(N3)2(PPh3)2] (8.60 mg, 0.10 mmol, 87%): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.0 (s, 1J(31P, 195Pt) = 3507 Hz) 

ppm. 
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AgNO3 (21.5 mg, 0.13 mmol, 2.0 eq) was added to a suspension of cis-

[PtCl2(PPh3)2] (50 mg, 0.06 mmol, 1.0 eq) in water (8 mL) and the reaction 

mixture was stirred at 60 °C for 16 hours. The suspension was filtered over celite 

and an ionic membrane. NaN3 (20.6 mg, 0.32 mmol, 5.0 eq) was added to the 

solution and the mixture was stirred at room temperature. After 4 hours, a second 

batch of NaN3 (20.6 mg, 0.32 mmol, 5.0 eq) was added to the solution and the 

mixture was stirred at room temperature for another 4 hours. After cooling the 

reaction mixture in the fridge and/or on ice, the suspension was filtered and the 

solid was washed with cold water, diethylether and acetone. 

The 31P{1H} NMR spectra showed the formation of triphenylphosphine oxide and 

unreacted starting material. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.5 (s), 14.3 (s 

1J(31P, 195Pt) = 3675 Hz) ppm. 
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NaN3 (24.7 mg, 0.38 mmol, 6.0 eq) was added to a suspension of cis-

[PtCl2(PPh3)2] (50 mg, 0.06 mmol, 1.0 eq) in water (5 mL) and the mixture was 

stirred at 80 °C for 5 hours. The solvent was removed under vacuum and the 

solid was extracted three times with chloroform (3 mL). The organic phases were 

combined and the solvent was removed under vacuum yielding a colourless 

solid. 

The 31P{1H} NMR spectra showed the formation of triphenylphosphine oxide and 

unreacted starting material. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.5 (s), 14.3 (s, 

1J(31P, 195Pt) = 3675 Hz) ppm. 

 

8.5.6 Attempted Synthesis of trans-Diazidodiphosphineplatinum(II) 

 

trans-[PtCl2(PR3)2] (R = Et, Ph) (1.0 eq) was suspended in either acetonitrile, 

tetrahydrofuran or chloroform (20 mL). A solution of NaN3 (24.7 mg, 0.38 mmol, 

6.0 eq) in water (<2 mL) was added and the reaction mixture was stirred at 23–
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65 °C for 4–72 hours and monitored via 31P{1H} NMR spectroscopy. After 

removing the solvents under vacuum, the solid was extracted three times with 

chloroform (5 mL). The organic phases were filtered over celite and combined. 

The solvent was removed under vacuum yielding the product as a pale yellow 

solid. 

The 31P{1H} NMR spectra showed multiple resonances, which could not all be 

assigned unambiguously. 

Starting from trans-[PtCl2(PEt3)2]: 

The 31P{1H} NMR spectra showed the formation of triethylphosphine oxide. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 53.4 (s) ppm. 

 

Starting from trans-[PtCl2(PPh3)2]: 

The 31P{1H} NMR spectra showed the formation of triphenylphosphine oxide and 

the cis- and trans-isomers of unreacted starting material. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s), 14.3 (s, 

1J(31P, 195Pt) = 3675 Hz), 20.2 (s, 1J(31P, 195Pt) = 2633 Hz) ppm. 
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NaN3 (80.0 mg, 1.23 mmol, 100 eq) was added to a solution of trans-

[PtCl2(PR3)2] (R = Et, Ph) (1.0 eq) in chloroform (5 mL) and the reaction mixture 

was stirred at 23–65 °C for 30–72 hours, yielding a colourless suspension. The 

reaction mixture was filtered and the solid was washed with chloroform. The 

solvent of the filtrate was reduced under vacuum yielding the product as a pale 

yellow solid. 

The 31P{1H} NMR spectra showed multiple resonances, which could not all be 

assigned unambiguously. 

Starting from trans-[PtCl2(PEt3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 18.4 (s, 1J(31P, 195Pt) = 2580 Hz), 7.3 

(s, 1J(31P, 195Pt) = 3338 Hz) ppm. 

 

Starting from trans-[PtCl2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 17.1 (s, 1J(31P, 195Pt) = 2851 Hz), 

12.0 (s, 1J(31P, 195Pt) = 3507 Hz) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4261 (t, 1J(31P, 195Pt) = 3506 Hz), 

−3706 (t, 1J(31P, 195Pt) = 2858 Hz) ppm. 
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8.5.7 Synthesis of cis-Diiodidodipyridylplatinum(II)[151] 

 

K2[PtCl4] (500 mg, 1.20 mmol, 1.0 eq) was dissolved in water (30 mL). A solution 

of KI (1600 mg, 9.64 mmol, 8.0 eq) in water (1.2 mL) was added and the reaction 

mixture was stirred at 23 °C for 30 minutes yielding a brown solution. Pyridine 

(243.6 μL, 3.01 mmol, 2.5 eq) was dissolved in water (6 mL) and added 

dropwise. The reaction mixture was stirred at room temperature until it had fully 

reacted to a yellow suspension. The reaction mixture was filtered and the solid 

was washed with cold water and ethanol. The product was isolated as a yellow 

solid. 

cis-[PtI2(py)2] (692 mg, 1.41 mmol, 95%): 

1H NMR (400 MHz, (CD3)2CO, 25 °C): δ = 8.98 (dd, 4H, 3J(1H, 195Pt) = 42 Hz, 

3J(1H, 1H) = 5.1 Hz, 4J(1H, 1H) = 1.5 Hz, ortho-CH), 7.98 (tt, 2H, 

3J(1H, 1H) = 7.7 Hz, 4J(1H, 1H) = 1.5 Hz, para-CH), 7.51 (dd, 4H, 3J(1H, 1H) = 7.7, 

5.0 Hz, meta-CH) ppm. 

The data is in good agreement with that reported in literature.[117] 
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8.5.8 Synthesis of cis-Diazidodipyridylplatinum(II) 

 

cis-[PtI2(py)2] (150 mg, 0.25 mmol, 1.0 eq) was suspended in water (18 mL). 

AgNO3 (83.9 mg, 0.49 mmol, 2.0 eq) was added and the reaction mixture was 

stirred at 23 °C for 16 hours. The colourless suspension was filtered over celite 

and an ionic membrane. NaN3 (80.3 mg, 1.24 mmol, 5.0 eq) was added to the 

solution and the mixture was left to stir at 23 °C. After 4 hours, a second batch of 

NaN3 (80.3 mg, 1.24 mmol, 5.0 eq) was added to the solution and the mixture 

was stirred at 23 °C for another 4 hours. After cooling the reaction mixture in the 

fridge and/or on ice, the suspension was filtered and the solid was washed with 

cold water and ethanol. The product was isolated as a yellow solid. 

cis-[Pt(N3)2(py)2] (75.4 mg, 0.17 mmol, 69%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.65 (dd, 4H, 3J(1H, 195Pt) = 34 Hz, 

3J(1H, 1H) = 5.3 Hz, 4J(1H, 1H) = 1.5 Hz, ortho-CH), 7.86 (tt, 2H, 

3J(1H, 1H) = 7.7 Hz, 4J(1H, 1H) = 1.5 Hz, para-CH), 7.39 (dd, 4H, 3J(1H, 1H) = 7.7, 

5.2 Hz, meta-CH) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −2076 (b) ppm. 

IR (23 °C): ṽas(N3) = 2042 cm−1. 
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8.5.9 Synthesis of trans-Diiodidopyridylphosphineplatinum(II) 

 

cis-[PtI2(py)2] (285 mg, 0.47 mmol, 1.0 eq) was suspended in water (7.5 mL). 

HClO4 (60% in water) (153 μL, 1.41 mmol, 3.0 eq) was added and the reaction 

mixture was stirred at 50 °C for 16 hours or until all of the yellow solid has turned 

into a reddish brown solid. The suspension was filtered and the solid was washed 

with cold water and ethanol. The product was isolated as a brown solid and used 

in the next step without further purification (407 mg, 0.39 mmol, 82%). 

trans-[PtI2(py)]2 (50 mg, 0.05 mmol, 1.0 eq) was suspended in water (1.5 mL). 

PPh3 or PEt3 in tetrahydrofuran (1 M) (2.0 eq) was dissolved in ethanol (0.5 mL), 

added dropwise and the reaction mixture was stirred at 23 °C for 16 hours. The 

suspension was filtered and the solid was washed with cold water and ethanol. 

Crystals of the dimers trans-[PtI2(PR3)]2 (R = Et, Ph) suitable for X-ray diffraction 

analysis were isolated from concentrated solutions in acetone. 

Crystals of trans-[PtI2(py)(PR3)] (R = Et, Ph) suitable for X-ray diffraction analysis 

were isolated from concentrated solutions in chloroform. 

trans-[PtI2(py)(PEt3)] (30.4 mg, 0.05 mmol, 94%): 

31P{1H} NMR (162 MHz, (CD3)2CO, 25 °C): δ = 0.6 (s, 1J(31P, 195Pt) = 2263 Hz) 

ppm. 
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1H NMR (400 MHz, (CD3)2CO, 25 °C): δ = 8.98 (dd, 2H, 3J(1H, 195Pt) = 42 Hz, 

3J(1H, 1H) = 5.1 Hz, 4J(1H, 1H) = 1.5 Hz, Py: ortho-CH), 7.98 (tt, 1H, 

3J(1H, 1H) = 7.7 Hz, 4J(1H, 1H) = 1.6 Hz, Py: para-CH), 7.51 (dd, 2H, 

3J(1H, 1H) = 7.7, 5.1 Hz, Py: meta-CH), 2.32 (m, 15H, Et) ppm. 

 

trans-[PtI2(py)(PPh3)] (34.4 mg, 0.04 mmol, 87%): 

31P{1H} NMR (162 MHz, C4D8O, 25 °C): δ = 12.4 (s, 1J(31P, 195Pt) = 2512 Hz) 

ppm. 

1H NMR (400 MHz, C4D8O, 25 °C): δ = 8.94 (dd, 2H, 3J(1H, 195Pt) = 42 Hz, 

3J(1H, 1H) = 6.4 Hz, 4J(1H, 1H) = 1.5 Hz, Py: ortho-CH), 7.86–7.70 (m, Ar), 7.43–

7.34 (m, Ar) ppm. 

 

8.5.10 Attempted Synthesis of trans-Diazidopyridylphosphine-

platinum(II) 

 

trans-[PtI2(py)(PR3)2] (R = Et, Ph) (1.0 eq) was suspended in either acetonitrile, 

tetrahydrofuran or chloroform (20 mL). A solution of NaN3 (6.0 eq) in water 
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(<2 mL) was added and the reaction mixture was stirred at 23 °C for 4 hours. 

After removing the solvents under vacuum, the solid was extracted three times 

with chloroform (5 mL). The organic phases were filtered over celite and 

combined. The solvent was removed under vacuum yielding a solid. 

The 1H and 31P{1H} NMR spectra showed multiple resonances, which could not 

all be assigned unambiguously. 

Reaction in tetrahydrofuran: 

Starting from trans-[PtI2(py)(PEt3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 0.3 (s, 1J(31P, 195Pt) = 2263 Hz) ppm. 

 

Starting from trans-[PtI2(py)(PPh3)]: 

The 31P{1H} NMR spectra showed the formation of triphenylphosphine oxide. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.5 (s) ppm. 

 

Reaction in acetonitrile: 

Starting from trans-[PtI2(py)(PEt3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.7 (s, 1J(31P, 195Pt) = 2417 Hz), 0.3 

(s, 1J(31P, 195Pt) = 2263 Hz) ppm. 
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Starting from trans-[PtI2(py)(PPh3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 17.1 (s, 1J(31P, 195Pt) = 2853 Hz), 

−2.3 (s, 1J(31P, 195Pt) = 3370 Hz) ppm. 

IR (23 °C): ṽas(N3) = 2050 cm−1. 

 

Reaction in chloroform: 

Starting from trans-[PtI2(py)(PEt3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 0.3 (s, 1J(31P, 195Pt) = 2263 Hz) ppm. 

 

Starting from trans-[PtI2(py)(PEt3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.5 (s), 12.0 (s, 

1J(31P, 195Pt) = 3507 Hz), −2.3 (s, 1J(31P, 195Pt) = 3370 Hz) ppm. 
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trans-[PtI2(py)(PR3)] (R = Et, Ph) (1.0 eq) was suspended in dimethylformamide 

(18 mL). AgNO3 (21.5 mg, 0.13 mmol, 2.0 eq) was added and the reaction 

mixture was stirred at 60 °C for 16 hours until a colourless solution is formed. The 

suspension was filtered over celite and an ionic membrane. NaN3 (20.6 mg, 

0.32 mmol, 5.0 eq) was added to the solution and the mixture was left to stir at 

23 °C. After 4 hours, a second batch of NaN3 (20.6 mg, 0.32 mmol, 5.0 eq) was 

added to the solution and the mixture was stirred at 23 °C for another 4 hours. 

After cooling the reaction mixture in the fridge and/or on ice, the suspension was 

filtered and the solid was washed with cold water and ethanol. 

Starting from trans-[PtI2(py)(PEt3)]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 18.4 (s, 1J(31P, 195Pt) = 2580 Hz) 

ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −3675 (t, 1J(31P, 195Pt) = 2580 Hz) ppm. 

IR (23 °C): ṽas(N3) = 2053 cm−1. 

 

Starting from trans-[PtI2(py)(PPh3)]: 

The 31P{1H} NMR spectra showed the formation of cis-[Pt(N3)2(PPh3)2]. 
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31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.0 (s, 1J(31P, 195Pt) = 3507 Hz) 

ppm. 

IR (23 °C): ṽas(N3) = 2054 cm−1. 

 

8.5.11 Synthesis of Acetylidotriphenylphosphinegold(I)[127] 

 

The reaction was performed under a nitrogen atmosphere, the work-up was 

performed under air. Terminal alkyne (2.0 eq) and [Au(PPh3)Cl] (500 mg, 

1.01 mmol, 1.0 eq) were added to a mixture of KOH (113.4 mg, 2.02 mmol, 

2.0 eq) in methanol (25 mL). After the reaction mixture was stirred at 23 °C for 

16 hours, the suspension was filtered and the product isolated as a colourless 

solid. 

The product was checked for residual starting materials with thin layer 

chromatography in ethyl acetate and diethylether in a ratio of 4:1 as the eluent. 

Single crystals of [Au(PPh3)CC(C6H4)Br] and [Au(PPh3)CC(C6H4)CN] suitable for 

X-ray diffraction analysis were grown from vapour diffusion of n-pentane into a 

concentrated solution in dichloromethane. 
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[Au(PPh3)CC(C6H4)NO2] (428 mg, 0.71 mmol, 70%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.11 (d, 2H, 3J(1H, 1H) = 9.0 Hz, CH-C-

NO2), 7.60–7.43 (m, 17 H, Ph) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 42.7 (s) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 146.1 (s, 1C, C-C-NO2), 134.4 (d, 

6C, 3J(31P, 13C) = 14 Hz, Ph: ortho-CH), 132.9 (s, 2C, CH-CH-C-C-NO2), 132.4 

(s, 1C, C-C-NO2), 131.9 (s, 3C, Ph: para-CH), 129.4 (d, 6C, 4J(31P, 13C) = 11 Hz, 

Ph: meta-CH), 129.5 (d, 3C, 2J(31P, 13C) = 56 Hz, Ph: ipso-C), 123.6 (s, 2C, CH-

C-C-NO2) ppm. 

IR (23 °C): ṽC≡C = 2117 cm−1. 

UV-Vis (THF, 23 °C): λ = 338, 236 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1669 ([2M + Au(PPh3)]+, 68), 1064 

([M + Au(PPh3)]+, 100), 721 ([Au(PPh3)2]+, 98) Da. 

The data is in good agreement with that reported in literature.[127] 

 

[Au(PPh3)CC(C6H4)Br] (479 mg, 0.75 mmol, 74%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.65 (dd, 1H, para-CH-C-Br), 7.58–7.31 

(m, 17 H, Ph), 7.10 (t, 1H, 1J(1H, 1H) = 7.9 Hz, CH-CH-C-Br) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 42.0 (s) ppm. 
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13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 135.2 (s, 1C, para-CH-C-Br), 134.5 

(d, 6C, 3J(31P, 13C) = 13.5 Hz, Ph: ortho-CH), 131.8 (s), 131.7 (s), 130.3 (d, 3C, 

2J(31P, 13C) = 51 Hz, Ph: ipso-C), 130.1 (s), 129.5 (s), 129.3 (d, 6C, 

4J(31P, 13C) = 11 Hz, Ph: meta-CH), 127.1 (s), 121.9 (s) ppm. 

IR (23 °C): ṽC≡C = 2120 cm−1. 

UV-Vis (THF, 23 °C): λ = 286, 273, 232 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1737 ([2M + Au(PPh3)]+, 93), 1099 

([M + Au(PPh3)]+, 100), 721 ([Au(PPh3)2]+, 99) Da. 

 

[Au(PPh3)CC(C6H4)CN] (467 mg, 0.80 mmol, 79%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.74 (dd, 1H, para-CH-C-CN), 7.69–7.44 

(m, 17 H, Ph), 7.34 (t, 1H, 1J(1H, 1H) = 7.9 Hz, CH-CH-C-CN) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 42.0 (s) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 136.5 (s), 135.7 (s), 134.4 (d, 6C, 

3J(31P, 13C) = 14 Hz, Ph: ortho-CH), 131.8 (s), 131.8 (s), 129.9 (s), 129.7 (d, 3C, 

2J(31P, 13C) = 71 Hz, Ph: ipso-C), 129.4 (d, 6C, 4J(31P, 13C) = 12 Hz, Ph: meta-

CH), 129.0 (s) ppm.  

IR (23 °C): ṽC≡N = 2231 cm−1, ṽC≡C = 2115 cm−1. 

UV-Vis (THF, 23 °C): λ = 285, 272, 263 nm. 
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ESI-MS [m/z (fragment, relative intensity)]: 1629 ([2M + Au(PPh3)]+, 38), 1044 

([M + Au(PPh3)]+, 98), 721 ([Au(PPh3)2]+, 100) Da. 

 

8.5.12 Reaction of cis-Diazidoplatinum(II) with gold(I) alkynes 

 

cis-[Pt(N3)2R2] (R = PEt3, PPh3, py) (1.0 eq) was dissolved in toluene (5 mL). 

[Au(PPh3)(CC(C6H4)NO2)], [Au(PPh3)(CC(C6H4)Br)] or [Au(PPh3)(CC(C6H4)CN)] 

(2.0 eq) was dissolved in toluene (5 mL), added dropwise and the mixture was 

stirred at 50 °C for 3.5 hours yielding a suspension. The reaction mixture was 

filtered and the product was isolated as a colourless solid. 

The reaction proceeded analogously in dried and degassed tetrahydrofuran 

under a nitrogen atmosphere. 
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Single crystals of Pt,Et[2+3]Au,NO2 suitable for X-ray diffraction analysis were 

grown from vapour diffusion of n-pentane into a concentrated solution in 

dichloromethane. 

Single crystals of Pt,Ph[2+3]Au,CN suitable for X-ray diffraction analysis were 

isolated as yellow blocks after cooling a concentrated reaction mixture at 8 °C 

overnight. 

 

Pt,Ph[2+3]Au,NO2 (80%): 

1H NMR (400 MHz, (CD3)2SO, 25 °C): δ = 8.15–7.59 (m, Ph), 7.46–7.04 (m, Ph), 

6.79-6.63 (m, Ph) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.5 (s, 2P, Au-PPh3), 7.8 (s, 2P, 

1J(31P, 195Pt) = 3110 Hz, Pt-PPh3) ppm. 

13C{1H} NMR (101 MHz, (CD3)2SO, 25 °C): δ = 143.8, 134.5 (d, 3C, J = 14 Hz, 

ipso-C), 134.0, 131.8, 130.8, 130.3, 130.2, 129.6 (d, 3C, J = 11 Hz, ipso-C), 

128.9, 128.2, 127.5, 124.6, 123.2 (Ph) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4079 (t, 1J(31P, 195Pt) = 3110 Hz) ppm. 

UV-Vis (THF, 23 °C): λ = 395, 240 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 2015 ([M + H]+, 94), 1007 ([M + 2H]2+, 

100) Da. 

The data is in good agreement with that reported in literature.[85] 
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Pt,Et[2+3]Au,NO2 (83%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.52 (d, 4H, 3J(1H, 1H) = 9.0 Hz, Ph-NO2), 

8.00 (d, 4H, 3J(1H, 1H) = 9.0 Hz, Ph-NO2), 7.83–7.77 (m, 10H, Ph), 7.54–7.52 (m, 

20H, Ph), 0.97 (qt, 15H, 3J(1H, 1H) = 7.4 Hz, Et) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.6 (s, 2P, Au-PPh3), 0.4 (s, 2P, 

1J(31P, 195Pt) = 2934 Hz, Pt-PEt3) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 135.0, 134.8, 131.2, 129.2, 129.1, 

125.7, 123.6 (Ph), 14.3 (CH2), 8.5 (CH3) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4235 (t, 1J(31P, 195Pt) = 2934 Hz) ppm. 

UV-Vis (THF, 23 °C): λ = 410, 240 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1726 ([M + H]+, 100), 864 ([M + 2H]2+, 

98), 721 ([Au(PPh3)2]+, 64) Da. 

 

Pt,Et[2+3]Au,Br (77% (NMR yield)): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.7 (s, 2P, Au-PPh3), 0.4 (s, 2P, 

1J(31P, 195Pt) = 2945 Hz, Pt-PEt3) ppm. 
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Pt,Ph[2+3]Au,Br (42% (NMR yield)): 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.4 (s, 2P, Au-PPh3), 7.6 (s, 2P, 

1J(31P, 195Pt) = 3098 Hz, Pt-PPh3) ppm. 

 

Pt,Et[2+3]Au,CN (88%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.63 (dt, 2H, 3J(1H, 1H) = 8.0 Hz, 

4J(1H, 1H) = 1.5 Hz, para-CH-CCN), 8.58 (t, 2H 4J(1H, 1H) = 1.7 Hz, ortho-CH-

CCN), 7.91–7.65 (m, Ph), 7.59–7.36 (m, Ph), 7.15 (t, 2H, 3J(1H, 1H) = 7.7 Hz, 

meta-CH-CCN), 1.01–0.81 (m, 15H, Et) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.7 (s, 2P, Au-PPh3), 0.2 (s, 2P, 

1J(31P, 195Pt) = 2942 Hz, Pt-PEt3) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 138.6, 134.8, 134.6, 131.4, 131.0, 

130.9, 130.2, 129.2, 129.1, 129.0, 128.1, 127.9, 120.0, 111.3 (Ph), 14.3 (d, 3C, 

1J(31P, 13C) = 36 Hz CH2), 8.3 (s, 3C, CH3)  ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4231 (t, 1J(31P, 195Pt) = 2943 Hz) ppm. 

UV-Vis (THF, 23 °C): λ = 229 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1686 ([M + H]+, 93), 1081 ([M –

[2+3] + Na]2+, 48), 844 ([M + 2H]2+, 100), 721 ([Au(PPh3)2]+, 93) Da. 
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Pt,Ph[2+3]Au,CN (83%): 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.22–6.71 (m, Ph) ppm. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 43.5 (s, 2P, Au-PPh3), 7.6 (s, 2P, 

1J(31P, 195Pt) = 3092 Hz, Pt-PPh3) ppm. 

13C{1H} NMR (101 MHz, CDCl3, 25 °C): δ = 139.0, 135.0 (d, 3C, J = 14 Hz, ipso-

C), 131.9, 131.4, 131.2, 130.5, 129.9, 129.4 (d, 3C, J = 11 Hz, ipso-C), 129.2, 

128.4, 127.9, 127.6, 125.4, 120.2, 111.0 ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −4077 (t, 1J(31P, 195Pt) = 3093 Hz) ppm. 

IR (23 °C): ṽC≡N = 2226 cm−1 

UV-Vis (THF, 23 °C): λ = 296, 289, 276, 240 nm. 

ESI-MS [m/z (fragment, relative intensity)]: 1976 ([M + H]+, 100), 988 ([M + 2H]2+, 

81), 721 ([Au(PPh3)2]+, 64) Da. 

 

Starting from cis-[Pt(N3)2(py)2]: 

The 31P{1H} NMR spectra showed unreacted starting material. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 41.9 (s) ppm. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.86 (dd, 4H, 3J(1H, 1H) = 5.1 Hz, 

4J(1H, 1H) = 1.5 Hz, Py: ortho-CH), 8.21–8.02 (m, Ph), 7.86 (tt, 2H, 
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3J(1H, 1H) = 7.7 Hz, 4J(1H, 1H) = 1.6 Hz, Py: para-CH), 7.68–7.40 (m, Ph), 7.39 

(dd, 4H, 3J(1H, 1H) = 7.7, 5.1 Hz, Py: meta-CH) ppm. 

195Pt NMR (86 MHz, CDCl3, 25 °C): δ = −2076 (b) ppm. 

IR (23 °C): ṽC≡C = 2117 cm−1, ṽas(N3) = 2048 cm−1. 

 

8.5.13 Reaction of cis-Diazidodiphosphineplatinum(II) with Hydrogen 

Peroxide 

 

cis-[Pt(N3)2(PR3)2] (R = Et, Ph) (3.0 eq) was suspended in hydrogen peroxide 

(30% in water) (2.0 mL, 0.02 mmol, 1.0 eq) and the reaction mixture was stirred 

at 45 °C for 3 hours yielding a clear solution. The solvent was removed under 

vacuum and the solid was extracted three times with chloroform (1 mL). The 

organic phases were combined and the solvent was removed under vacuum. 

The 31P{1H} NMR spectra showed the formation of the phosphine oxides and 

unreacted starting material. 

Starting from cis-[Pt(N3)2(PEt3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 53.9 (s), 7.3 (s, 

1J(31P, 195Pt) = 3338 Hz) ppm. 
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Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s), 12.0 (s, 

1J(31P, 195Pt) = 3507 Hz) ppm. 

 

 

 

cis-[Pt(N3)2(PPh3)2] (50 mg, 0.06 mmol, 1.0 eq) was dissolved in tetrahydrofuran 

(0.5 mL). Hydrogen peroxide (30%, 0.1 mL, 0.98 mmol, 16.0 eq) was added and 

the reaction mixture was stirred at 45 °C for 3 hours yielding a clear solution. The 

solvent was removed under vacuum and the solid was extracted three times with 

chloroform (1 mL). The organic phases were combined and the solvent was 

removed under vacuum. 

The 31P{1H} NMR spectra showed the formation of the phosphine oxides and 

unreacted starting material. 

Starting from cis-[Pt(N3)2(PEt3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 53.9 (s), 7.3 (s, 

1J(31P, 195Pt) = 3338 Hz) ppm. 
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Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s), 12.0 (s, 

1J(31P, 195Pt) = 3507 Hz) ppm. 

 

8.5.14 Reaction of cis-Diazidodiphosphineplatinum(II) with Dibenzoyl 

Peroxide 

 

The reaction was performed under a nitrogen atmosphere and with dry and 

degassed tetrahydrofuran. cis-[Pt(N3)2(PR3)2] (R = Et, Ph) (1.0 eq) was dissolved 

in tetrahydrofuran (0.5 mL). Dibenzoyl peroxide (48.2 mg, 0.20 mmol, 16.0 eq) 

was added and the reaction mixture was stirred at 45 °C for 3 hours yielding a 

clear solution. The solvent was removed under vacuum and the solid was 

extracted three times with chloroform (1 mL). The organic phases were combined 

and the solvent was removed under vacuum. 

The 31P{1H} NMR spectra showed unreacted starting material. 

Starting from cis-[Pt(N3)2(PEt3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 7.3 (s, 1J(31P, 195Pt) = 3338 Hz) ppm. 
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Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.0 (s, 1J(31P, 195Pt) = 3507 Hz) 

ppm. 

 

8.5.15 Reaction of cis-Diazidodiphosphineplatinum(II) with tert-Butyl 

Hydrogen Peroxide 

 

cis-[Pt(N3)2(PPh3)2] (10 mg, 0.01 mmol, 1.0 eq) was dissolved in tetrahydrofuran 

(0.5 mL). tert-Butyl hydrogen peroxide (70% in water) (28.0 μL, 0.20 mmol, 

16.0 eq) was added and the reaction mixture was stirred at 45–90 °C for 3–

48 hours yielding a clear solution. The solvent was removed under vacuum and 

the solid was extracted three times with chloroform (1 mL). The organic phases 

were combined and the solvent was removed under vacuum. 

The 31P{1H} NMR spectra showed the formation of triphenylphosphine oxide. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s) ppm. 
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cis-[Pt(N3)2(PPh3)2] (10 mg, 0.012 mmol, 1.0 eq) was suspended in water 

(0.6 mL), acetic acid (98%) (0.6 mL), or in a mixture of N,N-dimethylformamide 

(0.2 mL), dichloromethane (0.2 mL) and acetic acid (98%) (0.2 mL). tert-Butyl 

hydrogen peroxide (70% in water) (14.0 μL, 0.10 mmol, 8.0 eq) was added and 

the reaction mixture was stirred at 23 °C for 16 hours yielding a clear solution. 

The solvent was removed under vacuum and the solid was extracted three times 

with chloroform (1 mL). The organic phases were combined and the solvent was 

removed under vacuum. 

Reaction in water: 

The 31P{1H} NMR spectra showed unreacted starting material. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 12.0 (s, 1P, 1J(31P, 195Pt) = 3507 Hz) 

ppm. 

 

Reaction in acetic acid (98%) or in equal quantities of acetic acid (98%), 

dichloromethane and dimethylformamide: 

Crystals suitable for X-ray diffraction analysis were isolated from a concentrated 

reaction mixture in chloroform. 
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cis-[Pt(N3)(OAc)(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 4.9 (s, 1J(31P, 195Pt) = 3838 Hz) ppm. 

IR (23 °C): ṽas(N3) = 2052 cm−1. 

ESI-MS [m/z (relative intensity)]: 1554 (21), 1033 (90), 764 (97), 754 (100) Da. 

Further resonances were observed at 15.0 ppm (d, 2J(31P, 31P) = 23.8 Hz) and at 

4.0 ppm (d, 2J(31P, 31P) = 23.7 Hz) in the 31P{1H} NMR spectrum. 

 

8.5.16 Reaction of cis-Diazidodiphosphineplatinum(II) with N-

Chlorosuccinimide 

 

cis-[Pt(N3)2(PR3)2] (R = Et, Ph) (1.0 eq) and N-chlorosuccinimide (1.70 mg, 

0.01 mmol, 1.0 eq) were added to acetic acid (50-98%), dimethylformamide, 

dimethyl sulfoxide, or acetonitrile (0.8 mL). When using acetonitrile as a solvent, 

N-chlorosuccinimide was dissolved in water (<0.5 mL). The reaction mixture was 

stirred in the dark at 23 °C for 3 hours yielding a clear solution. The solvent was 

removed under vacuum and the solid was extracted three times with chloroform 
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(1 mL). The organic phases were combined and the solvent was removed under 

vacuum. 

The 31P{1H} NMR spectra showed the formation of the phosphine oxides and cis-

[PtCl2(PR3)2] (R = Et, Ph). 

Reaction in dimethylformamide, dimethyl sulfoxide or acetic acid (50-70%): 

Starting from cis-[Pt(N3)2(PEt3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 53.9 (s), 9.1 (s, 

1J(31P, 195Pt) = 3515 Hz) ppm. 

 

Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s), 14.3 (s 

1J(31P, 195Pt) = 3675 Hz) ppm. 

 

Reaction in acetic acid (≥80%): 

The 31P{1H} NMR spectra showed multiple resonances, which could not all be 

assigned unambiguously. 

Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 4.9 (s, 1J(31P, 195Pt) = 3838 Hz) ppm. 
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cis-[Pt(Cl)(N(CO2)2(CH2)2)(PPh3)2]: 

Single crystals suitable for X-ray diffraction analysis were isolated from a 

concentrated reaction mixture in an NMR sample in deuterated chloroform. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 15.0 ppm (d, 1P, 

2J(31P, 31P) = 23.8 Hz), 3.84 ppm (d, 1P, 2J(31P, 31P) = 23.7 Hz) ppm. 

 

Reaction in acetonitrile: 

The 31P{1H} NMR spectra showed multiple resonances, which could not all be 

assigned unambiguously. 

Starting from cis-[Pt(N3)2(PPh3)2]: 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 0.4 (s, 1J(31P, 195Pt) = 1584 Hz) ppm. 

 

Starting from cis-[Pt(N3)2(PEt3)2]: 

trans-[PtCl4(PEt3)2]: 

One single crystal suitable for X-ray diffractometry was isolated from a 

concentrated solution in chloroform. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 5.7 (s, 1J(31P, 195Pt) = 1461 Hz) ppm. 

ESI-MS [m/z (relative intensity)]: 817 (76), 764 (100), 754 (63) Da. 
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8.5.17 Reaction of Potassium Hexachloridoplatinum(IV) and 

Triphenylphosphine 

 

The reaction was performed under a nitrogen atmosphere and with dried and 

degassed solvents. K2[PtCl6] (24.3 mg, 0.05 mmol, 1.0 eq) was suspended in 

either acetonitrile, tetrahydrofuran, dimethylformamide or dimethyl sulfoxide 

(4 mL). PPh3 (26.2 mg, 0.10 mmol, 2.0 eq) was added and the reaction mixture 

was stirred at temperatures ranging from 23–85 °C for 2–48 hours and monitored 

via NMR spectroscopy. 

For all solvents the 31P{1H} NMR spectra showed the formation of the 

triphenylphosphine oxide and cis-[PtCl2(PPh3)2]. 

31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.2 (s), 14.3 (s, 

1J(31P, 195Pt) = 3675 Hz) ppm. 
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10. Appendix 

10.1 Crystallographic Data 

Table A1: Crystal data and structure refinement for cis-[Pt(N3)2(PPh3)2]∙CHCl3 

Compound cis-[Pt(N3)2(PPh3)2] ∙ CHCl3 

Empirical formula C37H31Cl3N6P2Pt 

Colour yellow 

Shape block 

Crystal system orthorhombic 

Space group Pbca 

a/Å 19.0696(5) 

b/Å 16.7523(5) 

c/Å 22.2617(6) 

α/° 90 

β/° 90 

γ/° 90 

V/Å3 7111.7(3) 

Z 8 

ρcalc g/cm3 1.724 

μ/mm-1 4.299 

F(000) 3632.0 

Crystal size/mm3 0.45 × 0.237 × 0.128 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.238 to 51.432 

Index ranges −23 ≤ h ≤ 22, −20 ≤ k ≤ 20, −27 ≤ l ≤ 26 

Reflections collected 109820 

Independent reflections 6757 [Rint = 0.0412, Rsigma = 0.0153] 

Data/restraints/parameters 6757/0/462 

Goodness-of-fit on F2 1.087 

Final R indexes [I>=2σ (I)] R1 = 0.0198, wR2 = 0.0407 

Final R indexes [all data] R1 = 0.0284, wR2 = 0.0465 

emin/max/Å-3 0.68/−0.74 
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Table A2: Crystal data and structure refinement for cis-[Pt(N3)2(PEt3)2] 

Compound cis-[Pt(N3)2(PEt3)2] 

Empirical formula C12H30N6P2Pt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/c 

a/Å 10.1765(6) 

b/Å 9.1137(5) 

c/Å 20.3389(13) 

α/° 90 

β/° 96.768(2) 

γ/° 90 

V/Å3 1873.20(19) 

Z 4 

ρcalc g/cm3 1.828 

μ/mm-1 7.665 

F(000) 1008.0 

Crystal size/mm3 0.314 × 0.214 × 0.172 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.034 to 53.498 

Index ranges −12 ≤ h ≤ 12, −11 ≤ k ≤ 11, −25 ≤ l ≤ 25 

Reflections collected 35569 

Independent reflections 3978 [Rint = 0.0379, Rsigma = 0.0186] 

Data/restraints/parameters 3978/0/196 

Goodness-of-fit on F2 1.240 

Final R indexes [I>=2σ (I)] R1 = 0.0259, wR2 = 0.0617 

Final R indexes [all data] R1 = 0.0345, wR2 = 0.0687 

emin/max/Å-3 2.41/−1.95 
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Table A3: Crystal data and structure refinement for trans-[PtI2(PEt3)]2 

Compound trans-[PtI2(PEt3)]2 

Empirical formula C12H30I4P2Pt2 

Colour red 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.0252(4) 

b/Å 13.9568(5) 

c/Å 9.5741(3) 

α/° 90 

β/° 92.2370(10) 

γ/° 90 

V/Å3 1205.06(8) 

Z 2 

ρcalc g/cm3 3.125 

μ/mm-1 16.845 

F(000) 1000.0 

Crystal size/mm3 0.326 × 0.212 × 0.203 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.162 to 58.276 

Index ranges −12 ≤ h ≤ 12, −19 ≤ k ≤ 19, −12 ≤ l ≤ 13 

Reflections collected 32842 

Independent reflections 3253 [Rint = 0.0464, Rsigma = 0.0229] 

Data/restraints/parameters 3253/0/94 

Goodness-of-fit on F2 1.201 

Final R indexes [I>=2σ (I)] R1 = 0.0261, wR2 = 0.0539 

Final R indexes [all data] R1 = 0.0334, wR2 = 0.0589 

emin/max/Å-3 1.43/−1.58 
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Table A4: Crystal data and structure refinement for trans-[PtI2(py)(PPh3)] 

Compound trans-[PtI2(py)(PPh3)] 

Empirical formula C23H20I2NPPt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 12.7312(6) 

b/Å 11.1208(4) 

c/Å 16.3912(8) 

α/° 90 

β/° 101.029(2) 

γ/° 90 

V/Å3 2277.82(18) 

Z 4 

ρcalc g/cm3 2.304 

μ/mm-1 8.950 

F(000) 1456.0 

Crystal size/mm3 0.233 × 0.187 × 0.178 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.452 to 51.376 

Index ranges −15 ≤ h ≤ 15, −13 ≤ k ≤ 13, −19 ≤ l ≤ 19 

Reflections collected 88045 

Independent reflections 4337 [Rint = 0.0510, Rsigma = 0.0162] 

Data/restraints/parameters 4337/0/254 

Goodness-of-fit on F2 1.034 

Final R indexes [I>=2σ (I)] R1 = 0.0142, wR2 = 0.0303 

Final R indexes [all data] R1 = 0.0180, wR2 = 0.0317 

emin/max/Å-3 0.53/−0.67 
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Table A5: Crystal data and structure refinement for trans-[PtI2(py)(PEt3)] 

Compound trans-[PtI2(py)(PEt3)] 

Empirical formula C11H20I2NPPt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 10.4873(4) 

b/Å 14.4459(5) 

c/Å 11.0973(3) 

α/° 90 

β/° 91.1870(10) 

γ/° 90 

V/Å3 1680.86(10) 

Z 4 

ρcalc g/cm3 2.553 

μ/mm-1 12.096 

F(000) 1168.0 

Crystal size/mm3 0.761 × 0.148 × 0.137 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.63 to 58.324 

Index ranges −14 ≤ h ≤ 14, −19 ≤ k ≤ 19, −15 ≤ l ≤ 15 

Reflections collected 60588 

Independent reflections 4519 [Rint = 0.0349, Rsigma = 0.0163] 

Data/restraints/parameters 4519/0/149 

Goodness-of-fit on F2 1.223 

Final R indexes [I>=2σ (I)] R1 = 0.0143, wR2 = 0.0331 

Final R indexes [all data] R1 = 0.0158, wR2 = 0.0343 

emin/max/Å-3 0.85/−0.73 
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Table A6: Crystal data and structure refinement for [Au(PPh3)(CC(C6H4)Br)] 

Compound [Au(PPh3)(CC(C6H4)Br)] 

Empirical formula C26H19AuBrP 

Colour yellow 

Shape block 

Crystal system orthorhombic 

Space group Pbca 

a/Å 13.4726(4) 

b/Å 16.3717(5) 

c/Å 20.0796(6) 

α/° 90 

β/° 90 

γ/° 90 

V/Å3 4428.9(2) 

Z 8 

ρcalc g/cm3 1.917 

μ/mm-1 8.530 

F(000) 2432.0 

Crystal size/mm3 0.777 × 0.199 × 0.191 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.056 to 51.402 

Index ranges −16 ≤ h ≤ 16, −19 ≤ k ≤ 19, −24 ≤ l ≤ 24 

Reflections collected 36034 

Independent reflections 4218 [Rint = 0.0475, Rsigma = 0.0256] 

Data/restraints/parameters 4218/0/263 

Goodness-of-fit on F2 1.054 

Final R indexes [I>=2σ (I)] R1 = 0.0209, wR2 = 0.0516 

Final R indexes [all data] R1 = 0.0237, wR2 = 0.0529 

emin/max/Å-3 0.86/−1.15 
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Table A7: Crystal data and structure refinement for [Au(PPh3)(CC(C6H4)CN)]∙CH2Cl2 

Compound [Au(PPh3)(CC(C6H4)CN)] 

Empirical formula C28H19AuNP∙CH2Cl2 

Colour colourless 

Shape block 

Crystal system monoclinic 

Space group C2/c 

a/Å 32.627(2) 

b/Å 8.6259(5) 

c/Å 18.2352(12) 

α/° 90 

β/° 107.635(2) 

γ/° 90 

V/Å3 4890.9(5) 

Z 8 

ρcalc g/cm3 1.614 

μ/mm-1 6.095 

F(000) 2280.0 

Crystal size/mm3 0.242 × 0.195 × 0.062 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.626 to 51.426 

Index ranges −39 ≤ h ≤ 39, −10 ≤ k ≤ 10, −22 ≤ l ≤ 22 

Reflections collected 54426 

Independent reflections 4675 [Rint = 0.0597, Rsigma = 0.0275] 

Data/restraints/parameters 4675/0/246 

Goodness-of-fit on F2 1.134 

Final R indexes [I>=2σ (I)] R1 = 0.0597, wR2 = 0.1386 

Final R indexes [all data] R1 = 0.0906, wR2 = 0.1773 

emin/max/Å-3 2.80/−2.50 

 

 

 



 

274 
 

10. Appendix 

 

Table A8: Crystal data and structure refinement for Pt,Et[2+3]Au,NO2∙2 CHCl3 

Compound Pt,Et[2+3]Au,NO2 ∙ 2 CHCl3 

Empirical formula C68H73Au2Cl12N8O4P4Pt 

Colour yellow 

Shape needle 

Crystal system monoclinic 

Space group I2/a 

a/Å 26.4475(7) 

b/Å 11.3589(5) 

c/Å 29.3985(10) 

α/° 90 

β/° 94.870(3) 

γ/° 90 

V/Å3 8799.9(5) 

Z 4 

ρcalc g/cm3 1.664 

μ/mm-1 13.471 

F(000) 4276.0 

Crystal size/mm3 0.51 × 0.135 × 0.109 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 8.348 to 156.12 

Index ranges −30 ≤ h ≤ 33, −14 ≤ k ≤ 13, −36 ≤ l ≤ 36 

Reflections collected 45738 

Independent reflections 9159 [Rint = 0.0624, Rsigma = 0.0359] 

Data/restraints/parameters 9159/0/481 

Goodness-of-fit on F2 1.070 

Final R indexes [I>=2σ (I)] R1 = 0.0595, wR2 = 0.1547 

Final R indexes [all data] R1 = 0.0663, wR2 = 0.1613 

emin/max/Å-3 4.24/−4.43 
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Table A9: Crystal data and structure refinement for Pt,Ph[2+3]Au,CN∙n C6H5CH3 

Compound Pt,Ph[2+3]Au,CN ∙ n C6H5CH3 

Empirical formula C97H76Au2N8P4Pt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 21.0307(16) 

b/Å 19.2985(13) 

c/Å 23.5600(16) 

α/° 90 

β/° 113.843(2) 

γ/° 90 

V/Å3 8746.0(11) 

Z 4 

ρcalc g/cm3 1.569 

μ/mm-1 5.066 

F(000) 4040.0 

Crystal size/mm3 0.234 × 0.123 × 0.053 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.78 to 50.73 

Index ranges −25 ≤ h ≤ 25, −23 ≤ k ≤ 23, −28 ≤ l ≤ 28 

Reflections collected 277574 

Independent reflections 16027 [Rint = 0.1155, Rsigma = 0.0440] 

Data/restraints/parameters 16027/0/1010 

Goodness-of-fit on F2 1.238 

Final R indexes [I>=2σ (I)] R1 = 0.0997, wR2 = 0.2537 

Final R indexes [all data] R1 = 0.1700, wR2 = 0.3592 

emin/max/Å-3 8.40/−4.50 
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Table A10: Crystal data and structure refinement for cis-[Pt(N3)(OAc)(PPh3)2] 

Compound cis-[Pt(N3)(OAc)(PPh3)2] 

Empirical formula C38H33N3O2P2Pt 

Colour yellow 

Shape block 

Crystal system orthorhombic 

Space group P212121 

a/Å 10.4269(3) 

b/Å 17.2351(4) 

c/Å 18.4440(6) 

α/° 90 

β/° 90 

γ/° 90 

V/Å3 3314.55(16) 

Z 4 

ρcalc g/cm3 1.645 

μ/mm-1 4.369 

F(000) 1624.0 

Crystal size/mm3 0.488 × 0.234 × 0.167 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.416 to 58.282 

Index ranges −14 ≤ h ≤ 14, −23 ≤ k ≤ 23, −25 ≤ l ≤ 24 

Reflections collected 71846 

Independent reflections 8852 [Rint = 0.0354, Rsigma = 0.0269] 

Data/restraints/parameters 8852/0/417 

Goodness-of-fit on F2 1.107 

Final R indexes [I>=2σ (I)] R1 = 0.0196, wR2 = 0.0443 

Final R indexes [all data] R1 = 0.0214, wR2 = 0.0459 

emin/max/Å-3 1.18/−1.64 
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Table A11: Crystal data and structure refinement for cis-[Pt(Cl)(N(CO)2(CH2)2)(PPh3)2] 

Compound cis-[Pt(Cl)(N(CO)2(CH2)2)(PPh3)2] 

Empirical formula C40H34ClNO2P2Pt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 12.2283(4) 

b/Å 19.8908(7) 

c/Å 13.6429(4) 

α/° 90 

β/° 90.351(3) 

γ/° 90 

V/Å3 3318.31(19) 

Z 4 

ρcalc g/cm3 1.708 

μ/mm-1 4.444 

F(000) 1688.0 

Crystal size/mm3 0.239 × 0.181 × 0.133 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.62 to 52.79 

Index ranges −13 ≤ h ≤ 15, −24 ≤ k ≤ 23, −17 ≤ l ≤ 17 

Reflections collected 34701 

Independent reflections 6721 [Rint = 0.0561, Rsigma = 0.0459] 

Data/restraints/parameters 6721/0/424 

Goodness-of-fit on F2 1.127 

Final R indexes [I>=2σ (I)] R1 = 0.0354, wR2 = 0.0719 

Final R indexes [all data] R1 = 0.0470, wR2 = 0.0768 

emin/max/Å-3 1.17/−0.83 
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Table A12: Crystal data and structure refinement for trans-[PtCl4(PEt3)2] 

Compound trans-[PtCl4(PPh3)2] 

Empirical formula C12H30Cl4P2Pt 

Colour yellow 

Shape block 

Crystal system monoclinic 

Space group P21/n 

a/Å 8.0495(7) 

b/Å 12.3209(9) 

c/Å 10.0187(8) 

α/° 90 

β/° 99.892(3) 

γ/° 90 

V/Å3 978.85(14) 

Z 2 

ρcalc g/cm3 1.945 

μ/mm-1 7.864 

F(000) 556.0 

Crystal size/mm3 0.549 × 0.357 × 0.236 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.288 to 51.42 

Index ranges −9 ≤ h ≤ 9, −15 ≤ k ≤ 15, −12 ≤ l ≤ 12 

Reflections collected 15356 

Independent reflections 1853 [Rint = 0.0420, Rsigma = 0.0237] 

Data/restraints/parameters 1853/0/91 

Goodness-of-fit on F2 1.100 

Final R indexes [I>=2σ (I)] R1 = 0.0205, wR2 = 0.0514 

Final R indexes [all data] R1 = 0.0214, wR2 = 0.0524 

emin/max/Å-3 2.13/−1.62 
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10.2 Cartesian Coordinates from DFT Calculations 

Table A13: Cartesian coordinates of converged structure of A after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0.955542 -0.64851 -2.68797 

N 0 0 -2.0183 

C -0.95554 0.648509 -2.68797 

C -0.98516 0.669216 -4.06434 

C 0 0 -4.7674 

C 0.985164 -0.66922 -4.06434 

Pt 0 0 0.039251 

N -0.03142 -2.0612 0.05614 

N -1.05603 -2.58926 -0.27437 

N -1.98381 -3.14455 -0.57304 

N 0 0 2.09377 

C -0.96489 -0.63374 2.762406 

C -0.99445 -0.65537 4.138779 

C 0 0 4.841711 

C 0.994452 0.655371 4.138779 

C 0.964893 0.633739 2.762406 

O 1.995525 -0.04934 0.032062 

O -1.99553 0.04934 0.032062 

N 0.031425 2.061202 0.05614 

N 1.05603 2.589257 -0.27437 

N 1.983808 3.14455 -0.57304 

H 1.723545 1.111248 2.174033 

H 1.787929 1.178896 4.640478 

H 0 0 5.91798 

H -1.78793 -1.1789 4.640478 

H -1.72354 -1.11125 2.174033 

H -2.26833 0.917127 0.320583 

H 2.26833 -0.91713 0.320583 

H -1.70276 1.141536 -2.09901 

H -1.7717 1.20292 -4.56611 

H 0 0 -5.84367 
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H 1.771704 -1.20292 -4.56611 

H 1.702764 -1.14154 -2.09901 

 

Table A14: Cartesian coordinates of converged structure of A after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B3-LYP (COSMO ε = ∞) 

Atom x y z 

C 0.992595 -0.60713 -2.7041 

N 0 0 -2.03149 

C -0.99259 0.607129 -2.7041 

C -1.01994 0.624098 -4.08728 

C 0 0 -4.79394 

C 1.019943 -0.6241 -4.08728 

Pt 0 0 0.038137 

N -0.03945 -2.07996 0.054503 

N -1.07479 -2.61221 -0.26549 

N -2.01694 -3.18837 -0.55592 

N 0 0 2.102699 

C -0.99528 -0.60238 2.774023 

C -1.0223 -0.62052 4.157214 

C 0 0 4.863539 

C 1.022304 0.620524 4.157214 

C 0.995278 0.60238 2.774023 

O 2.023787 -0.06002 0.03089 

O -2.02379 0.060023 0.03089 

N 0.039453 2.079955 0.054503 

N 1.074785 2.612209 -0.26549 

N 2.016939 3.188371 -0.55592 

H 1.775324 1.049215 2.177651 

H 1.839057 1.116747 4.662454 

H 0 0 5.945648 

H -1.83906 -1.11675 4.662454 

H -1.77532 -1.04922 2.177651 

H -2.27376 0.94373 0.330809 

H 2.27376 -0.94373 0.330809 

H -1.76772 1.059318 -2.1065 

H -1.83547 1.122229 -4.59253 
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H 0 0 -5.87606 

H 1.835473 -1.12223 -4.59253 

H 1.767718 -1.05932 -2.1065 

 

Table A15: Cartesian coordinates of converged structure of A after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional BP-86 (COSMO ε = ∞) 

Atom x y z 

C 0.987188 -0.63048 -2.69757 

N 0 0 -2.02297 

C -0.98719 0.630479 -2.69757 

C -1.01282 0.646335 -4.08757 

C 0 0 -4.79758 

C 1.01282 -0.64633 -4.08757 

Pt 0 0 0.037019 

N -0.01797 -2.08027 0.056595 

N -1.0526 -2.63058 -0.26969 

N -1.99142 -3.23987 -0.56533 

N 0 0 2.093892 

C -1.00774 -0.59694 2.767139 

C -1.03356 -0.61292 4.157233 

C 0 0 4.866913 

C 1.03356 0.612922 4.157233 

C 1.007738 0.59694 2.767139 

O 2.036165 -0.048 0.026324 

O -2.03616 0.047999 0.026324 

N 0.017967 2.080273 0.056595 

N 1.0526 2.630585 -0.26969 

N 1.991419 3.239871 -0.56533 

H 1.796278 1.03408 2.158388 

H 1.861614 1.104195 4.666247 

H 0 0 5.956958 

H -1.86161 -1.10419 4.666247 

H -1.79628 -1.03408 2.158388 

H -2.27452 0.940226 0.342134 

H 2.274515 -0.94023 0.342134 

H -1.75801 1.096284 -2.08866 
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H -1.82481 1.163657 -4.59654 

H 0 0 -5.88766 

H 1.82481 -1.16366 -4.59654 

H 1.758006 -1.09628 -2.08866 

 

Table A16: Cartesian coordinates of converged structure of A after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional PBE (COSMO ε = ∞) 

Atom x y z 

C 0.970464 -0.6548 -2.69344 

N 0 0 -2.01964 

C -0.97046 0.654802 -2.69344 

C -0.99593 0.671375 -4.08306 

C 0 0 -4.79279 

C 0.995932 -0.67138 -4.08306 

Pt 0 0 0.036394 

N -0.00954 -2.07737 0.053769 

N -1.04581 -2.62569 -0.26735 

N -1.98842 -3.23025 -0.55926 

N 0 0 2.089845 

C -0.99565 -0.61554 2.762421 

C -1.02142 -0.63207 4.152114 

C 0 0 4.861635 

C 1.021421 0.632066 4.152114 

C 0.995654 0.615536 2.762421 

O 2.035052 -0.04157 0.025007 

O -2.03505 0.041574 0.025007 

N 0.009538 2.077371 0.053769 

N 1.045814 2.625686 -0.26735 

N 1.988416 3.230248 -0.55926 

H 1.776497 1.068187 2.153992 

H 1.840426 1.139296 4.661134 

H 0 0 5.952161 

H -1.84043 -1.1393 4.661134 

H -1.7765 -1.06819 2.153992 

H -2.27387 0.931921 0.34486 

H 2.27387 -0.93192 0.34486 
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H -1.72912 1.141874 -2.08501 

H -1.79498 1.209332 -4.59213 

H 0 0 -5.88339 

H 1.794985 -1.20933 -4.59213 

H 1.729122 -1.14187 -2.08501 

 

Table A17: Cartesian coordinates of converged structure of D after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0.978154 -1.30004 -2.94956 

N -0.08649 -0.67916 -2.43899 

C -1.19122 -0.53369 -3.1737 

C -1.26531 -1.01515 -4.46111 

C -0.17197 -1.67203 -4.99608 

C 0.967382 -1.81517 -4.22537 

Pt -0.05314 0.009946 -0.50517 

N 0.332245 -1.89231 0.156167 

N 1.477652 -2.23649 0.263439 

N 2.521206 -2.62633 0.3875 

N -0.04576 0.675347 1.441045 

C 1.050087 0.542682 2.192992 

C 1.079334 0.961032 3.503157 

C -0.0559 1.534194 4.049231 

C -1.18373 1.667719 3.261303 

C -1.14619 1.224337 1.957703 

N -0.31294 1.90135 -1.14523 

O 1.860729 0.581827 -0.71487 

O -1.97029 -0.46478 -0.32392 

H 1.848821 -1.36272 -2.32572 

H 1.842168 -2.31411 -4.60024 

H -0.20616 -2.06342 -5.998 

H -2.17044 -0.87668 -5.02379 

H -2.01886 -0.03765 -2.70538 

H -2.01303 -1.37113 -0.02603 

H -1.99901 1.290665 1.310758 

H -2.08776 2.107489 3.641267 
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H -0.05977 1.871073 5.071282 

H 1.979895 0.83635 4.076202 

H 1.912376 0.109286 1.723115 

N -1.3857 2.663853 -1.26426 

N -0.99773 3.854307 -1.56868 

C 0.352767 3.877257 -1.65099 

C 0.79812 2.593485 -1.38213 

C 2.118569 1.85846 -1.22189 

C 2.921106 1.722513 -2.5135 

C 4.244151 1.303671 -2.42564 

C 4.993572 1.094118 -3.56914 

C 4.429122 1.296289 -4.82062 

C 3.11223 1.708381 -4.91388 

C 2.364031 1.920926 -3.76509 

H 4.685821 1.140529 -1.45853 

H 6.01836 0.771716 -3.48491 

H 5.012138 1.133297 -5.71183 

H 2.662335 1.869214 -5.8795 

H 1.343651 2.248931 -3.86136 

O 2.934817 2.561687 -0.3155 

H 2.521995 2.539309 0.545919 

C 1.122543 5.079468 -2.00657 

C 0.493863 6.429431 -1.89695 

C 0.906674 7.414041 -2.79138 

C 0.396706 8.695783 -2.70612 

C -0.51338 9.013637 -1.70825 

C -0.91607 8.043941 -0.80448 

C -0.42456 6.752899 -0.90372 

H 1.622419 7.165467 -3.55555 

H 0.710211 9.446721 -3.41154 

H -0.90508 10.01445 -1.63498 

H -1.61445 8.290715 -0.02275 

H -0.74465 6.007983 -0.1991 

O 2.263226 4.971842 -2.39479 
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Table A18: Cartesian coordinates of converged structure of D after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B3-LYP (COSMO ε = ∞) 

Atom x y z 

C 0.866506 -1.29174 -3.01828 

N -0.19456 -0.69271 -2.4539 

C -1.33786 -0.54886 -3.14463 

C -1.45204 -1.01144 -4.44325 

C -0.36652 -1.64388 -5.03572 

C 0.808947 -1.78441 -4.3092 

Pt -0.0936 -0.03195 -0.49949 

N 0.260438 -1.9718 0.125166 

N 1.40341 -2.3578 0.193687 

N 2.450335 -2.80232 0.287058 

N -0.02212 0.600758 1.467951 

C 1.091301 0.417233 2.198982 

C 1.155587 0.813782 3.522016 

C 0.045347 1.414405 4.103152 

C -1.09781 1.597754 3.33673 

C -1.10307 1.177427 2.018225 

N -0.3271 1.88521 -1.1076 

O 1.852393 0.506304 -0.77629 

O -2.04357 -0.48094 -0.26704 

H 1.765412 -1.34903 -2.42364 

H 1.679857 -2.2667 -4.72982 

H -0.43452 -2.01935 -6.04823 

H -2.38549 -0.87605 -4.97114 

H -2.15705 -0.07496 -2.62657 

H -2.07192 -1.39824 0.037538 

H -1.97002 1.277844 1.383934 

H -1.98473 2.060701 3.745741 

H 0.071718 1.734055 5.136478 

H 2.067514 0.649782 4.078451 

H 1.933681 -0.03744 1.700041 

N -1.40993 2.659518 -1.24181 

N -1.00211 3.859696 -1.55651 

C 0.359723 3.87058 -1.62635 

C 0.798072 2.575617 -1.34426 
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C 2.115844 1.838996 -1.16825 

C 2.986518 1.791048 -2.42415 

C 4.359384 1.575516 -2.30048 

C 5.157493 1.439878 -3.43174 

C 4.593205 1.514839 -4.70242 

C 3.224239 1.72532 -4.83091 

C 2.428189 1.861891 -3.69803 

H 4.80601 1.516823 -1.31735 

H 6.222679 1.27581 -3.31969 

H 5.214814 1.410765 -5.5834 

H 2.773224 1.788029 -5.81388 

H 1.366083 2.034376 -3.81878 

O 2.883595 2.493981 -0.16142 

H 2.365714 2.508499 0.654372 

C 1.147568 5.063084 -1.97944 

C 0.514404 6.417908 -1.95985 

C 0.993829 7.373785 -2.864 

C 0.483056 8.664104 -2.86254 

C -0.49638 9.023984 -1.93852 

C -0.96601 8.085685 -1.02424 

C -0.47345 6.785076 -1.04005 

H 1.763725 7.091747 -3.57044 

H 0.849268 9.390861 -3.57703 

H -0.88975 10.03314 -1.93055 

H -1.71864 8.365296 -0.29752 

H -0.84544 6.063994 -0.32724 

O 2.323487 4.94127 -2.29959 

 

Table A19: Cartesian coordinates of converged structure of D after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional BP-86 (COSMO ε = ∞) 

Atom x y z 

C 0.881009 -1.25802 -3.03164 

N -0.20593 -0.70053 -2.45595 

C -1.37164 -0.61369 -3.13311 

C -1.48042 -1.09284 -4.43355 

C -0.3692 -1.67965 -5.04064 
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C 0.826264 -1.76303 -4.32553 

Pt -0.10619 -0.03163 -0.50905 

N 0.224541 -1.97906 0.109064 

N 1.369373 -2.3554 0.277918 

N 2.417249 -2.8089 0.465662 

N -0.03207 0.605969 1.450423 

C 1.097653 0.44677 2.176091 

C 1.163844 0.8585 3.501924 

C 0.04276 1.447257 4.089633 

C -1.116 1.602135 3.328184 

C -1.12652 1.169443 2.006633 

N -0.33335 1.882179 -1.1203 

O 1.855786 0.494295 -0.78776 

O -2.07186 -0.47925 -0.27245 

H 1.791732 -1.26613 -2.43633 

H 1.718556 -2.21316 -4.75759 

H -0.43282 -2.06426 -6.05853 

H -2.43401 -1.00563 -4.95216 

H -2.2079 -0.17526 -2.59269 

H -2.0796 -1.40051 0.05307 

H -2.00504 1.240013 1.368934 

H -2.01511 2.054069 3.744264 

H 0.072947 1.781583 5.12655 

H 2.089909 0.714029 4.056133 

H 1.947995 0.000991 1.663602 

N -1.42693 2.663571 -1.25454 

N -1.00983 3.872282 -1.57539 

C 0.361596 3.877567 -1.64829 

C 0.800631 2.574278 -1.36362 

C 2.117552 1.838864 -1.18059 

C 2.994351 1.783959 -2.43323 

C 4.371578 1.557016 -2.30299 

C 5.175265 1.413549 -3.43743 

C 4.611945 1.491058 -4.71569 

C 3.238044 1.712605 -4.84979 

C 2.436043 1.857873 -3.7146 

H 4.815466 1.495896 -1.30943 
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H 6.246979 1.241212 -3.32151 

H 5.239874 1.380693 -5.60134 

H 2.787559 1.777699 -5.84171 

H 1.367214 2.042719 -3.83514 

O 2.889266 2.500621 -0.16751 

H 2.341523 2.53783 0.639532 

C 1.152901 5.068079 -2.00776 

C 0.524791 6.426904 -1.96322 

C 1.019404 7.404956 -2.84639 

C 0.511986 8.70286 -2.82142 

C -0.47915 9.04897 -1.89399 

C -0.96241 8.08943 -0.99861 

C -0.47371 6.781169 -1.0383 

H 1.80092 7.128905 -3.55549 

H 0.889951 9.448838 -3.52216 

H -0.87224 10.06662 -1.86894 

H -1.72368 8.360015 -0.26539 

H -0.85405 6.039534 -0.33813 

O 2.334063 4.940875 -2.35345 

 

Table A20: Cartesian coordinates of converged structure of D after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional PBE (COSMO ε = ∞) 

Atom x y z 

C 0.779487 -1.24535 -3.0516 

N -0.27277 -0.66452 -2.43846 

C -1.44151 -0.49935 -3.09354 

C -1.5898 -0.9225 -4.4089 

C -0.51523 -1.53488 -5.05432 

C 0.684913 -1.69746 -4.36214 

Pt -0.11411 -0.0461 -0.48206 

N 0.22194 -1.99887 0.106566 

N 1.363534 -2.41745 0.095792 

N 2.412668 -2.90434 0.119557 

N 0.020601 0.551657 1.482173 

C 1.155494 0.331965 2.181774 

C 1.262847 0.713383 3.513489 
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C 0.177767 1.333866 4.134104 

C -0.98656 1.552612 3.398176 

C -1.03855 1.147821 2.069276 

N -0.33804 1.876114 -1.05687 

O 1.842523 0.4608 -0.81109 

O -2.07555 -0.48007 -0.20034 

H 1.701027 -1.3137 -2.47577 

H 1.55161 -2.16774 -4.8251 

H -0.61107 -1.87935 -6.08455 

H -2.54519 -0.77064 -4.91002 

H -2.25017 -0.0428 -2.52577 

H -2.08203 -1.4104 0.096956 

H -1.92517 1.27097 1.450105 

H -1.85841 2.033977 3.839706 

H 0.239793 1.642967 5.177962 

H 2.193119 0.521232 4.0468 

H 1.978598 -0.13606 1.644223 

N -1.42768 2.65939 -1.18698 

N -1.01005 3.86296 -1.51977 

C 0.359886 3.863243 -1.6041 

C 0.796287 2.560586 -1.31477 

C 2.108651 1.817561 -1.14005 

C 2.999263 1.802446 -2.38284 

C 4.383873 1.64085 -2.24734 

C 5.196462 1.527097 -3.37867 

C 4.634639 1.570971 -4.65827 

C 3.252432 1.728234 -4.79745 

C 2.441918 1.841844 -3.666 

H 4.827721 1.607271 -1.25192 

H 6.274955 1.404134 -3.25853 

H 5.269868 1.483845 -5.54182 

H 2.802387 1.767613 -5.7915 

H 1.364844 1.973242 -3.79024 

O 2.863378 2.445666 -0.09433 

H 2.291176 2.489132 0.694589 

C 1.159116 5.044149 -1.97373 

C 0.529932 6.402385 -1.99513 
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C 1.048353 7.345399 -2.90129 

C 0.542896 8.643136 -2.93939 

C -0.47043 9.025083 -2.05195 

C -0.97829 8.100767 -1.13438 

C -0.49134 6.791991 -1.11134 

H 1.847989 7.041335 -3.57896 

H 0.940123 9.36151 -3.65883 

H -0.86134 10.04413 -2.07461 

H -1.75874 8.399494 -0.43215 

H -0.89187 6.077163 -0.39402 

O 2.350708 4.908346 -2.27609 

 

Table A21: Cartesian coordinates of converged structure of F after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

Pt 1.015569 4.457886 3.863916 

N 3.066412 4.240615 3.903162 

N -1.03526 4.675401 3.825652 

N 1.008325 4.043552 1.851638 

N 1.022953 4.872077 5.876123 

N 3.801327 5.15415 3.711051 

N -1.77029 3.76108 4.013467 

C 0.374955 2.966175 1.384251 

C 1.634993 4.848916 0.991965 

C 0.402481 4.062708 6.736493 

C 1.650571 5.953134 6.342719 

N 4.556069 5.977412 3.5376 

N -2.52517 2.937092 4.182866 

H -0.11553 2.339228 2.105797 

C 0.347325 2.655679 0.042293 

C 1.648092 4.606944 -0.36425 

H 2.131588 5.707908 1.404014 

H -0.08954 3.200893 6.324817 

C 0.390288 4.304112 8.092823 

C 1.678353 6.263497 7.684711 

H 2.136063 6.583115 5.62042 
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H -0.17408 1.774745 -0.28571 

C 0.993818 3.490123 -0.85109 

H 2.16399 5.287096 -1.01747 

H -0.12031 3.620608 8.746716 

C 1.038523 5.424784 8.578905 

H 2.194819 7.147551 8.01214 

H 0.987814 3.274494 -1.90552 

H 1.045053 5.640145 9.633392 

 

Table A22: Cartesian coordinates of converged structure of G after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

P 0.733111 3.961367 1.486123 

Pt 0.909145 4.570827 3.784811 

N -0.95529 5.46611 3.815019 

N -1.96222 4.947173 3.464934 

N -2.96102 4.516352 3.155507 

N 2.750641 3.660727 3.843746 

N 3.756792 4.280616 3.71584 

N 4.751351 4.801419 3.603128 

C 0.064323 2.280965 1.265219 

C 0.214547 1.585097 0.066673 

C -0.32539 0.320997 -0.08285 

C -1.01954 -0.26758 0.963439 

C -1.169 0.411194 2.16024 

C -0.62768 1.677397 2.309495 

H 0.757464 2.02261 -0.75312 

H -0.20185 -0.20508 -1.01427 

H -1.43641 -1.25373 0.846513 

H -1.70002 -0.0436 2.97914 

H -0.73647 2.190158 3.249051 

C -0.34074 5.093324 0.539649 

C -1.20557 4.651492 -0.45574 

C -1.97244 5.555898 -1.17161 

C -1.88165 6.911197 -0.90376 

C -1.02591 7.361154 0.089015 
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C -0.26709 6.457617 0.810638 

H -1.29584 3.604026 -0.67855 

H -2.6405 5.19814 -1.93685 

H -2.4783 7.613464 -1.46147 

H -0.95417 8.413322 0.306928 

H 0.378303 6.818855 1.592187 

C 2.32303 3.947267 0.585083 

C 3.208454 2.887431 0.774563 

C 4.434641 2.874725 0.137127 

C 4.798684 3.922195 -0.6957 

C 3.92825 4.980021 -0.88734 

C 2.696709 4.993463 -0.25071 

H 2.94363 2.06761 1.418085 

H 5.105634 2.046344 0.290091 

H 5.754261 3.910531 -1.19264 

H 4.200136 5.796512 -1.53487 

H 2.033475 5.821944 -0.42115 

P 1.070376 5.254906 6.063413 

C 0.608416 7.011618 6.215506 

C -0.21351 7.49133 7.22755 

C -0.5258 8.840292 7.296996 

C -0.01626 9.722221 6.359932 

C 0.802846 9.251501 5.344872 

C 1.105843 7.904746 5.269446 

H -0.62245 6.82338 7.964048 

H -1.16768 9.197495 8.08455 

H -0.25898 10.77011 6.41566 

H 1.19865 9.930478 4.60865 

H 1.73037 7.550746 4.466297 

C 2.724621 5.110233 6.820597 

C 3.261889 3.836312 7.001215 

C 4.512583 3.676137 7.564502 

C 5.248943 4.786789 7.952264 

C 4.72529 6.053962 7.775032 

C 3.468219 6.216404 7.211451 

H 2.703829 2.965441 6.703386 

H 4.91394 2.686073 7.700995 
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H 6.224551 4.660967 8.391159 

H 5.288393 6.921083 8.076608 

H 3.076355 7.209856 7.089188 

C -0.00589 4.317927 7.200939 

C 0.226537 4.331529 8.575128 

C -0.59933 3.630245 9.434949 

C -1.66601 2.900223 8.93406 

C -1.90286 2.874881 7.570468 

C -1.07704 3.579372 6.710009 

H 1.054951 4.885277 8.9816 

H -0.40751 3.651863 10.49434 

H -2.30583 2.350696 9.60382 

H -2.72605 2.304787 7.174347 

H -1.26852 3.549826 5.653682 

 

Table A23: Cartesian coordinates of converged structure of H after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C -0.86732 5.812763 7.468594 

C 0.152391 4.913339 7.16851 

C 0.177957 3.689127 7.831323 

C -0.79078 3.372061 8.767655 

C -1.7966 4.276248 9.06118 

C -1.83099 5.497736 8.409402 

P 1.434109 5.335663 5.930044 

C 2.857346 4.300507 6.440124 

C 3.020451 3.040342 5.87239 

C 4.047722 2.207976 6.279637 

C 4.935982 2.629516 7.255538 

C 4.78929 3.885525 7.819229 

C 3.755113 4.71504 7.41695 

Pt 1.093676 5.006134 3.636264 

N 1.167108 4.55531 1.598544 

N 1.499749 5.368681 0.803764 

N 1.809359 6.097706 -0.00381 

P -1.22697 4.884067 3.523687 



 

294 
 

10. Appendix 

C -1.85411 4.946747 1.801828 

C -1.79415 3.797402 1.015745 

C -2.24878 3.812315 -0.2883 

C -2.76481 4.979498 -0.83333 

C -2.82186 6.126871 -0.06445 

C -2.36914 6.111188 1.247002 

C -1.96163 3.340308 4.152268 

C -3.30738 3.044092 3.929674 

C -3.84737 1.853977 4.376552 

C -3.04855 0.931823 5.037612 

C -1.70933 1.205179 5.244638 

C -1.17101 2.403302 4.803211 

C -2.03909 6.306224 4.328264 

C -3.25721 6.218531 4.992286 

C -3.84479 7.350153 5.531674 

C -3.22573 8.583131 5.412609 

C -2.01086 8.681431 4.75411 

C -1.42126 7.549863 4.219381 

N 3.170868 5.321441 3.510657 

N 3.8644 4.542425 2.945961 

N 4.575329 3.837214 2.422785 

C 1.879489 7.065231 6.310832 

C 1.859485 7.545086 7.619714 

C 2.227015 8.849061 7.897863 

C 2.616394 9.695595 6.872141 

C 2.637799 9.230815 5.568612 

C 2.272428 7.924619 5.289177 

H -3.93651 3.731422 3.391595 

H -4.88818 1.641367 4.20056 

H -3.46935 0.001107 5.379187 

H -1.08005 0.488206 5.743787 

H -0.12552 2.597734 4.953773 

H -3.75141 5.272904 5.112713 

H -4.78497 7.264472 6.049607 

H -3.68464 9.461604 5.834007 

H -1.52043 9.635166 4.658819 

H -0.47461 7.641015 3.715106 
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H -1.39366 2.884007 1.41918 

H -2.19979 2.913872 -0.88025 

H -3.12085 4.990083 -1.84987 

H -3.22287 7.037648 -0.4763 

H -2.43405 7.013868 1.82644 

H 1.552619 6.908852 8.430542 

H 2.206086 9.20242 8.914832 

H 2.898178 10.71236 7.088791 

H 2.936058 9.882915 4.765218 

H 2.302403 7.578014 4.273295 

H 2.351764 2.702295 5.099146 

H 4.156395 1.235828 5.829488 

H 5.740005 1.985575 7.569983 

H 5.479028 4.224773 8.573631 

H 3.66603 5.686009 7.868704 

H 0.957231 2.976204 7.63379 

H -0.75198 2.420685 9.270564 

H -2.54634 4.033511 9.795354 

H -2.60704 6.209236 8.634266 

H -0.90814 6.770825 6.983422 

 

Table A24: Cartesian coordinates of converged structure of I after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

Pt 0 0 0 

O -0.23052 -1.98377 0 

O 0.230517 1.983767 0 

N 2.040478 -0.29797 0 

N -2.04048 0.297966 0 

N 0 0 -2.06036 

N 0 0 2.060356 

H 0.640213 -2.37454 0 

H -0.64021 2.374541 0 

N 2.752226 0.665879 0 

N -2.75223 -0.66588 0 

C -0.61598 -0.97604 -2.72972 
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C 0.615976 0.976045 -2.72972 

C -0.61598 -0.97604 2.729724 

C 0.615976 0.976045 2.729724 

N 3.475641 1.524084 0 

N -3.47564 -1.52408 0 

H -1.07366 -1.74511 -2.13899 

C -0.63997 -1.00392 -4.10627 

C 0.63997 1.003924 -4.10627 

H 1.073656 1.745105 -2.13899 

H -1.07366 -1.74511 2.138986 

C -0.63997 -1.00392 4.106271 

C 0.63997 1.003924 4.106271 

H 1.073656 1.745105 2.138986 

H -1.15076 -1.80569 -4.60776 

C 0 0 -4.80959 

H 1.150764 1.805687 -4.60776 

H -1.15076 -1.80569 4.607764 

C 0 0 4.809586 

H 1.150764 1.805687 4.607764 

H 0 0 -5.88592 

H 0 0 5.885919 

 

Table A25: Cartesian coordinates of converged structure of K after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

O -0.66063 -2.1897 0.028184 

Pt -0.29008 -0.21506 -0.03003 

P -0.34464 -0.19815 2.427439 

O 0.074655 1.763849 -0.08944 

N 1.741158 -0.58714 0.116604 

N 2.507549 0.321832 -0.01896 

N 3.292255 1.116513 -0.13353 

N -2.3232 0.135502 -0.19799 

N -3.08432 -0.75063 0.05416 

N -3.86626 -1.52895 0.267702 

P -0.22584 -0.18305 -2.48663 
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H -0.71243 -2.53586 -0.85649 

H 0.261185 2.087849 0.785651 

C 0.513125 -1.5707 3.259294 

C 0.754983 -1.47042 4.630547 

C 1.397484 -2.49112 5.303232 

C 1.811697 -3.62213 4.614079 

C 1.577739 -3.72549 3.254897 

C 0.930319 -2.70443 2.574415 

H 0.446442 -0.59648 5.178556 

H 1.577276 -2.40309 6.361239 

H 2.316074 -4.41673 5.138091 

H 1.899695 -4.60095 2.716382 

H 0.740887 -2.78828 1.521332 

C -2.04066 -0.16553 3.083425 

C -2.90463 0.871551 2.729333 

C -4.19545 0.906622 3.21982 

C -4.65006 -0.10032 4.057722 

C -3.80898 -1.14463 4.396668 

C -2.51197 -1.18002 3.91124 

H -2.58298 1.644096 2.054845 

H -4.84806 1.716874 2.942312 

H -5.65772 -0.07241 4.437002 

H -4.1566 -1.93591 5.038898 

H -1.87682 -2.00175 4.185622 

C 0.520418 1.281521 3.069076 

C -0.13639 2.399905 3.573334 

C 0.584777 3.490349 4.033746 

C 1.967385 3.478801 3.997037 

C 2.631769 2.368349 3.499833 

C 1.915759 1.280316 3.039866 

H -1.20713 2.432546 3.632703 

H 0.059111 4.344235 4.425994 

H 2.52558 4.326421 4.357156 

H 3.707741 2.346684 3.473184 

H 2.448679 0.42181 2.672272 

C -1.28928 1.07463 -3.26223 

C -1.69964 0.893555 -4.58246 
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C -2.46604 1.855477 -5.21415 

C -2.83137 3.007232 -4.53443 

C -2.42554 3.192544 -3.22405 

C -1.65727 2.231825 -2.58553 

H -1.42601 0.005488 -5.1249 

H -2.77762 1.704033 -6.23373 

H -3.43077 3.755336 -5.02578 

H -2.70839 4.085558 -2.69236 

H -1.34214 2.376058 -1.5692 

C 1.446697 0.092909 -3.14102 

C 2.458276 -0.83828 -2.9046 

C 3.731402 -0.62901 -3.3977 

C 4.018716 0.519061 -4.12017 

C 3.026847 1.456399 -4.34552 

C 1.746695 1.245945 -3.85973 

H 2.260943 -1.72403 -2.32826 

H 4.500178 -1.36008 -3.21335 

H 5.012821 0.681595 -4.50143 

H 3.242863 2.352977 -4.90133 

H 0.989222 1.984177 -4.04926 

C -0.83448 -1.75923 -3.18318 

C -2.17067 -2.09364 -2.9548 

C -2.70346 -3.26089 -3.46668 

C -1.91084 -4.11603 -4.21695 

C -0.58813 -3.79081 -4.45678 

C -0.05145 -2.61923 -3.946 

H -2.80529 -1.43411 -2.39155 

H -3.73706 -3.49984 -3.28335 

H -2.32537 -5.02632 -4.61591 

H 0.032455 -4.4428 -5.04759 

H 0.972387 -2.38463 -4.16516 
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Table A26: Cartesian coordinates of converged structure of O after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0 0 -0.71704 

C -1.20369 0 -0.01328 

C -1.20057 0 1.369769 

C 0 0 2.063738 

C 1.200572 0 1.369769 

C 1.203686 0 -0.01328 

H -2.13551 0 -0.55259 

H -2.13484 0 1.905337 

H 0 0 3.140824 

H 2.134838 0 1.905337 

H 2.135512 0 -0.55259 

C 0 0 -2.14973 

C 0 0 -3.34382 

H 0 0 -4.4043 

 

Table A27: Cartesian coordinates of converged structure of P after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0.558686 1.052686 0 

C -0.65175 0.360198 0 

C -0.64797 -1.03252 0 

C 0.545475 -1.7312 0 

C 1.731276 -1.03479 0 

C 1.734647 0.345599 0 

C -1.88758 1.082651 0 

C -2.91855 1.683652 0 

H -1.57887 -1.5707 0 

H 0.563563 -2.807 0 

F 2.894907 -1.68277 0 

F 2.902438 0.988747 0 

H 0.588702 2.127865 0 

H -3.83497 2.21759 0 
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Table A28: Cartesian coordinates of converged structure of S after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C -1.91008 0.713512 0 

C -3.11206 1.392687 0 

C -4.3127 0.689933 0 

C -4.3127 -0.68993 0 

C -3.11206 -1.39269 0 

C -1.91008 -0.71351 0 

H -3.11889 2.468448 0 

H -5.24345 1.23095 0 

H -5.24345 -1.23095 0 

H -3.11889 -2.46845 0 

C -0.5994 -1.30798 0 

C -0.5994 1.307977 0 

C 0.599399 1.307977 0 

C 0.599399 -1.30798 0 

C 1.910084 0.713512 0 

C 3.112064 1.392687 0 

C 4.312701 0.689933 0 

C 4.312701 -0.68993 0 

C 3.112064 -1.39269 0 

C 1.910084 -0.71351 0 

H 3.118891 2.468448 0 

H 5.243446 1.23095 0 

H 5.243446 -1.23095 0 

H 3.118891 -2.46845 0 

 

Table A29: Cartesian coordinates of converged structure of T after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0.289944 -1.77871 -3.51909 

C -0.72913 -0.80549 -3.53496 

C -1.67498 -0.86885 -4.54346 

C -1.61733 -1.85478 -5.51757 
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C -0.60808 -2.8038 -5.49285 

C 0.345478 -2.76895 -4.49165 

C -0.74657 0.342115 -2.53717 

N -0.84907 -0.0141 -1.10331 

C 0.196479 0.351148 -0.20082 

C -0.00925 1.316615 0.767646 

C 1.00049 1.642351 1.660657 

C 2.234317 1.018557 1.579035 

C 2.469063 0.075304 0.594586 

C 1.46246 -0.26194 -0.30046 

C 1.584781 -1.14836 -1.40577 

C 1.186169 -1.642 -2.42164 

H -0.96231 1.813256 0.827716 

H 0.821124 2.389464 2.414809 

H 3.017244 1.275424 2.27189 

H 3.432045 -0.39773 0.509517 

H -2.468 -0.14014 -4.56953 

H -2.36307 -1.88181 -6.29423 

H -0.56548 -3.56999 -6.24827 

H 1.131717 -3.50362 -4.45871 

C -2.01865 -0.56942 -0.68651 

C -2.13172 -1.0402 0.74844 

O -2.94482 -0.70322 -1.46435 

C -3.18244 -2.12759 0.915734 

N -3.26399 -2.52391 2.319219 

H 0.165649 0.916451 -2.64358 

H -1.57543 0.995031 -2.78248 

H -1.16841 -1.39516 1.101835 

H -2.3968 -0.18923 1.371908 

H -2.94556 -2.96308 0.254863 

H -4.15118 -1.74714 0.612056 

H -3.99613 -3.20444 2.439235 

H -2.41045 -2.97849 2.602399 
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Table A30: Cartesian coordinates of converged structure of U after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C 0.796502 0.217366 -0.71768 

C 0.30976 0.084797 0.584689 

C 1.223242 -0.06178 1.630949 

C 2.583432 -0.07548 1.379045 

C 3.056226 0.056514 0.082286 

C 2.157742 0.20281 -0.96361 

C -1.09992 0.097885 0.842537 

C -2.29032 0.101964 1.058801 

H 0.860673 -0.16458 2.639526 

H 3.275138 -0.1893 2.196986 

H 4.115647 0.045449 -0.11155 

H 2.517308 0.305782 -1.9738 

H 0.102487 0.331051 -1.53297 

Au -4.28162 0.102675 1.418696 

P -6.58937 0.109734 1.835413 

C -7.34647 1.747297 1.583322 

C -8.35176 2.238235 2.408727 

C -8.91139 3.482187 2.164992 

C -8.47501 4.243519 1.094123 

C -7.4719 3.761784 0.267003 

C -6.90694 2.52371 0.513457 

H -8.70283 1.659789 3.245067 

H -9.68765 3.853054 2.812746 

H -8.91069 5.210406 0.906217 

H -7.1247 4.351787 -0.56424 

H -6.12076 2.164672 -0.13002 

C -7.50139 -1.03828 0.754017 

C -8.74528 -0.72776 0.216419 

C -9.40663 -1.64072 -0.58956 

C -8.8338 -2.87145 -0.86138 

C -7.59339 -3.18896 -0.32913 

C -6.92847 -2.27573 0.468733 

H -9.20486 0.223902 0.417511 

H   - 10.36816 -1.38741 -1.003 
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H -9.34834 -3.57947 -1.48901 

H -7.14065 -4.14271 -0.54117 

H -5.96033 -2.52997 0.867527 

C -6.99718 -0.37539 3.543148 

C -6.18011 0.081315 4.575032 

C -6.46469 -0.24084 5.889622 

C -7.56317 -1.03288 6.18746 

C -8.3756 -1.49788 5.167266 

C -8.09607 -1.1698 3.85023 

H -5.31799 0.68906 4.35525 

H -5.82627 0.119305 6.67845 

H -7.7813 -1.28953 7.210452 

H -9.22809 -2.11598 5.392671 

H -8.73761 -1.53942 3.069871 

 

Table A31: Cartesian coordinates of converged structure of V after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

C -0.088 -0.34044 -0.29517 

C -0.04596 -0.14778 1.080913 

C 1.168487 0.169009 1.685851 

C 2.320888 0.278199 0.929178 

C 2.270732 0.083991 -0.44299 

C 1.066313 -0.22258 -1.05307 

P -1.52232 -0.30913 2.135315 

C -2.95629 -0.23022 1.015353 

C -3.56199 -1.3708 0.500228 

C -4.6401 -1.26051 -0.36324 

C -5.11878 -0.01188 -0.72225 

C -4.52063 1.130465 -0.21257 

C -3.44949 1.022041 0.655694 

Au -1.60398 1.312661 3.828543 

C -1.66999 2.704533 5.297255 

C -1.70701 3.535233 6.175687 

C -1.74855 4.515175 7.213278 

C -2.78575 5.451451 7.264652 
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C -2.82959 6.398501 8.264269 

C -1.82757 6.408487 9.218966 

C -0.78705 5.496101 9.19651 

C -0.75195 4.552606 8.193369 

C -1.48804 -2.00657 2.79455 

C -0.71367 -3.01086 2.224764 

C -0.733 -4.29241 2.75166 

C -1.5273 -4.58187 3.848133 

C -2.30227 -3.58571 4.422411 

C -2.27862 -2.3044 3.902269 

H 0.050594 3.837282 8.164018 

H -0.02142 5.523696 9.948424 

H -3.62653 7.116696 8.302384 

H -3.5579 5.432549 6.516271 

H -0.09034 -2.80337 1.372928 

H -0.12683 -5.06143 2.303601 

H -1.53988 -5.57797 4.257547 

H -2.91797 -3.8036 5.278528 

H -2.87748 -1.53655 4.36342 

H -3.20277 -2.34868 0.768671 

H -5.10328 -2.1509 -0.75348 

H -5.95735 0.072113 -1.39282 

H -4.89187 2.104031 -0.48433 

H -2.99977 1.91662 1.05362 

H 1.218221 0.332427 2.749631 

H 3.253884 0.521893 1.408395 

H 3.166647 0.176218 -1.03356 

H 1.021185 -0.3709 -2.11867 

H -1.0153 -0.57945 -0.78518 

N -1.86928 7.406148 10.27615 

O -0.98473 7.40828 11.09737 

O -2.78603 8.190472 10.28891 
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Table A32: Cartesian coordinates of converged structure of W after geometry optimisation with 

Turbomole 7.3, the basis set def2-TZVP and the functional B2-PLYP (COSMO ε = ∞) 

Atom x y z 

Au -4.60588 0.063195 3.113438 

C -2.66994 0.039032 3.70175 

C -1.51488 0.032907 4.059708 

C -0.14572 0.027272 4.469255 

C 0.872775 -0.13929 3.530544 

C 2.192445 -0.14218 3.926344 

C 2.538129 0.018892 5.254557 

C 1.538327 0.184295 6.19434 

C 0.205239 0.189659 5.81513 

P -6.84942 0.099734 2.431782 

C -8.00142 -0.36261 3.764631 

C -7.72595 0.068311 5.060317 

C -8.5877 -0.2362 6.098596 

C -9.72935 -0.9843 5.855519 

C -10.0065 -1.42348 4.571827 

C -9.14789 -1.11343 3.529551 

C -7.37889 1.744445 1.854663 

C -8.63796 2.263194 2.134648 

C -9.00043 3.513765 1.66009 

C -8.11109 4.254056 0.899892 

C -6.85303 3.744213 0.616912 

C -6.48701 2.499562 1.096156 

C -7.18402 -1.04909 1.058006 

C -8.01647 -0.71925 -0.00532 

C -8.25039 -1.63397 -1.02007 

C -7.65931 -2.88517 -0.97866 

C -6.82728 -3.22185 0.07852 

C -6.58603 -2.3073 1.087408 

O -0.7892 0.348959 6.712286 

H 1.795311 0.310635 7.233364 

H 3.569978 0.01628 5.55773 

H 0.616159 -0.26519 2.494078 

H -9.34108 1.701787 2.724101 

H -9.97748 3.906163 1.885919 
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H -8.39402 5.226247 0.532803 

H -6.15508 4.317536 0.030636 

H -5.50298 2.118812 0.878287 

H -8.48391 0.248368 -0.05301 

H -8.89445 -1.36589 -1.84038 

H -7.84146 -3.59449 -1.76834 

H -6.36088 -4.1918 0.113626 

H -5.92922 -2.57664 1.897897 

H -6.83655 0.641398 5.263253 

H -8.36418 0.103378 7.095713 

H -10.3971 -1.22739 6.664835 

H -10.8901 -2.00762 4.378075 

H -9.37791 -1.46292 2.538486 

Cl 3.445999 -0.35248 2.728331 

H -0.43381 0.451174 7.594031 
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Good luck with this place, 

- I’m out of here! 

R. S., Part II Student 2021–22 


