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ABSTRACT 

SYNTHETIC AND MECHANISTIC STUDIES OF PRECIOUS METAL-

MODIFIED TYROSINE KINASE INHIBITORS 

Mu Yang 

Dissertation under the direction of Ulrich Bierbach, PhD 

Professor of Chemistry 

Molecularly targeted therapies such as tyrosine kinase inhibitors (TKIs) make up 

an important class of oncology drugs. Targeting of cancer cells harboring 

oncogenic molecular targets, especially signaling kinases, with precision 

medicines, while sparing the majority of normal healthy cells, has led to promising 

new treatments for cancer patients. Simple metal complexes and metal–organic 

hybrid agents have been investigated as anti-cancer therapies but their 

applications in targeted therapies remain to be explored. The goal of the research 

described in this dissertation was to design metal-modified ErbB kinase inhibitors 

as potential targeted anticancer therapies. Combining the binding selectivity of 

kinase inhibitors with the adduct-forming properties of precious metal-based 

electrophiles (Au, Pt) in a hybrid molecule is a previously unexplored concept. To 

achieve this, thiourea-modified 3-chloro-4-fluoroanilino-quinazoline derivatives 

were first studied as epidermal growth factor receptor (EGFR) tyrosine kinase-

targeted  carrier ligands in linear gold(I) complexes. The molecules mimic the 

EGFR inhibitor gefitinib. Gold(I) complexes were generated using simple ligand-

exchange reactions, and the biological activity of the carrier ligands and 

corresponding complexes was studied in cancer cells using colorimetric cell 

viability assays. A thiourea with an extended linker was able to partially overcome 
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resistance to gefitinib in NCI-H1975 lung cancer cells expressing EGFRL858R/T790M 

double mutant. The corresponding [Au(PEt3)] complex maintains activity at low-

micromolar concentrations similar to the metal-free carrier. Both compounds inhibit 

EGFR kinase-mediated phosphorylation with submicromolar IC50 values similar to 

those observed for gefitinib (ADP-glo assay).  While the [Au(PEt3)]-modified 

inhibitor promoted adduct formation with cysteine thiol in a model peptide (ESI MS), 

the compound was too reactive for further preclinical development.  

To avoid uncontrolled ligand exchange and the resulting premature loss of 

the TKI moiety observed in the gold(I) complexes, analogous platinum(II)-

containing EGFR TKIs were designed. Pt-TKIs were synthesized from secondary 

amine-functionalized anilinoquinazoline and Pt-nitrile complexes via a Pt-mediated 

addition reaction. High-throughput screening of 145 relevant kinases of the 

“cysteinome” and Kd determinations of selected Pt-TKIs (DiscoverX, San Diego, 

CA) indicated selective and strong binding to EGFR and other ErbB kinases similar 

to gefitinib. Unfortunately, the most promising derivative containing a [PtCl(NH3)2]+ 

moiety slowly decomposed in aqueous solution. The compound undergoes an 

autochelation reaction with a half-life of 3.5 h, which outcompeted adduct formation 

with cysteine (monitored by MS and NMR spectroscopy). Another derivative 

containing a bulky, substitution-inert [PtCl(TMEDA)]+ group (TMEDA = 

tetramethylethylenediamine) reacted too slowly with cysteine thiol (half-life > 12 h, 

by MS) and was also dismissed as a potential drug candidate.   

Additional quinazoline derivatives and Pt-containing moieties were 

introduced to eliminate unwanted side reactions. By varying the donor properties 
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and sterics of the ligands around the metal and the length of the linker between 

the Pt(II) center and the quinazoline ring, a small combinatorial library of 24 Pt-

TKIs was generated either by nucleophilic amine addition to nitrile or by ligand 

exchange. Compounds were evaluated in two ErbB-positive cancer cell lines using 

high-throughput pre-screening assays. Two candidates were identified with 

enhanced biological activity compared to gefitinib. Both compounds show ErbB-

specific biological activity, but factors other than kinase binding efficiency modulate 

cellular acivity, such as insufficient accumulation of Pt-containing compounds in 

NCI-H1975 cells (inductively-coupled plasma mass spectrometry, ICP-MS). To 

demonstrate that Pt-TKIs induce adducts in the ATP binding site of EGFR, 

selected candidates were first reacted with the model octapeptide, QLMPFGCL, 

to screen for potential adducts. Several unique adducts were identified, such as 

S,N-chelates. The compounds were then incubated with recombinant EGFR 

kinase domain followed by proteolytic digestion. High-resolution Q-Exactive mass 

spectrometry along with tandem mass spectrometry (MS/MS) provided evidence 

that the most potent candidate was able to transfer its Pt-containing moiety to 

Cys797 of EGFR kinase after selective binding to the active site. In conclusion, the 

present study provided evidence that it is possible to direct platinum(II) compounds 

into the active site of cancer-specific signaling kinases. Introducing a metal 

electrophile into quinazoline-based inhibitors increases the chemical complexity of 

these agents, but strategies have been devised to control their reactivity. Metal-

based irreversible kinase inhibition may have applications as a new strategy for 

treating cancers resistant to clinical anticancer drugs
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The review of metalllopharmaceutical compounds in targeted cancer therapies 

was initially published in European Journal of Inorganic Chemistry in 2016. This 

study in this manuscript, including figures, schemes, and tables were drafted by 

Mu Yang and edited by Prof. Ulrich Bierbach before submission to the journal. To 

maintain consistency throughout this dissertation, some content and formatting 

has been altered to adhere to formatting guidelines.  
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1. INTRODUCTION 

1.1 Targeted Cancer Therapies 

Cancer mortality and incidence in the United States rank among the highest in the 

civilized world. Each year, more than a million new cancer cases are reported, 

nearly half of which have a poor prognosis and will eventually lead to death.1 

Chemotherapy, together with surgery and radiation therapy, is the most common 

form of cancer treatment. Although cancers localized to a few areas of the body 

can be removed by surgery and/or treated with radiation therapy, systemic 

chemotherapy is often the only treatment option for metastasized tumors. In some 

cases, chemotherapy is the only treatment needed, but typically it is used in 

combination with surgery and/or radiation therapy either to help shrink tumors prior 

to radiological and surgical procedures, or, in an adjuvant setting, to help eradicate 

residual malignant tissue.2 

Technically, targeted cancer therapies, also known as molecularly targeted 

therapies, like the use of other drugs in treatment of cancer, are often considered 

chemotherapy, also colloquially referred to as “chemo”. However, unlike standard 

chemotherapy drugs, which affect all rapidly proliferating cells (e.g., 

antimetabolites or DNA-targeted and antimitotic agents), these drugs act on 

(bio)molecular targets that are specifically related to the growth and progression 

of cancer and are directed at specific genotypic abnormalities of cancer cells that 

distinguish them from normal, healthy cells, in particular aberrant kinase signaling.2 

Imatinib (Gleevec, Figure 1.1), a BCR-Abl tyrosine kinase (the product of a fused 
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gene from breakpoint cluster region gene and Abelson gene) inhibitor, was the first 

small-molecule targeted cancer therapeutic agent to be developed and was 

approved for treatment of chronic myeloid leukemia (CML) in 2001.3 The five-year 

survival rate for patients diagnosed with CML increased dramatically from 31% in 

1993 (before imatinib's approval by the US Food and Drug Administration, FDA) 

to about 90% in 2011 for those treated with imatinib and related targeted 

therapeutic agents.4 Most of these patients had normal white blood cells and 

chromosome analysis after continuous treatment with the drug for 5 years.5 In 

comparison with standard chemotherapies, imatinib only causes relatively mild 

side effects, resulting in improved qualities of life for many patients while 

undergoing treatment. Since imatinib's success story, many targeted drugs have 

received FDA approval for cancer treatment. They belong to several different 

categories based on their distinctive mechanisms of action.6 In general, targets of 

these therapeutic agents include cell growth and proliferation signaling pathways, 

gene expression modulators, and angiogenesis signaling pathways, as well as 

antigens or other transmembrane proteins displayed on the cell surface. Several 

of the therapeutic agents have been extensively reviewed for their biological 

mechanisms, clinical uses, and health impact. Examples of targeted therapeutic 

agents currently in clinical use is shown in Table 1. 
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1.2 Metals in Cancer Therapies and Targeted Therapies 

1.2.1 Metals in traditional cancer chemotherapies 

As members of the class of traditional cancer chemotherapeutic agents, platinum-

based agents, such as cisplatin, carboplatin, and oxaliplatin (Figure 1.1), are in 

clinical use for the treatment of various types of cancers. Their mechanism relies 

on targeting genomic DNA in rapidly dividing cells.7 The unparalleled success of 

platinum drugs has inspired the development of new metallodrugs as anticancer 

therapeutic agents, in particular new chemical entities that are able to overcome 

tumor resistance to existing clinical cytotoxics.8 In comparison with organic 

molecules, metal-based electrophiles show unique chemical reactivities unknown 

of their organic counterparts. 

Platinum, iridium, and ruthenium complexes form coordination bonds with 

nitrogen on adenine and guanine bases of DNA, which are considered hard 

nucleophiles.9-10 On the other hand, gold and platinum show a high affinity for soft 

donors, such as sulfur and selenium, making them excellent candidates for 

targeting cysteine and selenocysteine residues in proteins.11-12 In addition, 

transition metals also show unique structural features. Ru(II),13 Rh(III), Os(II), 

Ir(III),14 and Pt(IV)15 form octahedral complexes, whereas Pt(II) and Au(III) 

complexes are square-planar, and Au(I) forms linear or tetrahedral complex 

geometries.12 Thus, the chemical space accessible through the use of metal-based 

scaffolds is distinct from, and intrinsically more diverse than that accessible with 

organic molecules.16 Their structures allow tuning of the shape and conformational 
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flexibility of (polydentate) ligand sets, which can be used to optimize interactions 

with the substrate-binding pockets of enzyme-active sites or to create entirely new 

pharmacophore scaffolds.17-20 

 

Figure 1.1 Structures of the first FDA-approved targeted cancer drug, imatinib (Gleevec) 

and platinum drugs currently in clinical use. 

Despite cisplatin's impact as a leading oncology drug, other metallodrugs 

have not found application in routine clinical use, and clinical trials have been 

scarce due to toxicity concerns. Platinum is the only FDA-approved anticancer 

metal, and its complexes share similar mechanisms of action, which involve 

formation of cross-links in genomic DNA that lead to inhibition of DNA replication 

and transcription, and ultimately cell death.21  

Unfavorable safety profiles and drug resistance severely limit the use of 

platinum and other traditional cytotoxic chemotherapeutic agents.22-23 Several 

strategies have been devised to improve the target specificity and tolerability of 

platinum-based drugs.24-25 In several new lines of research, metal-containing 

molecularly targeted anticancer therapeutic agents are now being designed that 

no longer act as chemically promiscuous electrophiles, but target signaling 
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proteins in cell survival and proliferation pathways and angiogenesis, especially 

cancer-related kinases. Metals have also been tethered to monoclonal antibodies 

(mAbs) to function as immunotherapeutic agents.26 

 

 

Table 1.1 Common Anticancer Molecular Targets, FDA-Approved Treatments, and 

Examples of Metallodrug Mimicsa  

Cellular target Indications Targeted therapies Metal-based 
analogues 

HER2 stomach or 
gastroesophageal 
junction, breast 

Trastuzumab, pertuzumab, 
lapatinib 

Radiolabeled 
trastuzumab 

EGFR Colorectal, lung, thyroid Cetuximab, panitumumab, 
erlotinib, gefitinib, afatinib, 
osimertinib, necitumumab 

1.6, 1.7, 1.9 

VEGF Brain, cervical, kidney, 
lung, ovarian 

Bevacizumab, ziv-
aflibercept 

 

VEGFR stomach or 
gastroesophageal, 
gastrointestinal, 
colorectal, liver, lung, 
thyroid, soft tissue 
sarcoma 

Ramucirumab, regorafenib, 
sorefanib, axitinib, 
lenvatinib, sunitinib, 
pazopanib 

1.10a-b 

PD-1/PD-L1 Bladder, kidney, lung, 
melanoma 

Atezolizumab, nivolumab, 
pembrolizumab 

 

mTOR Breast, brain, kidney, 
pancreatic 

Everolimus, temsirolimus  

CDK Breast Palbociclib 1.2a-f, 1.4a-f 

BCR-Abl Dermatofibrosarcoma 
protuberans, 
gastrointestinal, 
leukemia, systemic 
mastocytosis, 

Imatinib mesylate, 
dasatinib, nilotinib, 
bosutinib 
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myelodysplastic, 
myeloproliferative 
disorders 

PDGFR Kidney, thyroid, soft 
tissue sarcoma 

Sorafenib, sunitinib, 
pazopanib 

1.8a-b 

Src Leukemia Dasatinib, bosutinib  

Clusters of 
differentiation 

Leukemia, lymphoma, 
multiple myeloma 

Rituximab, alemtuzumab, 
ofatumumab, 
obinutuzumab, 
blinatumomab, 
brentuximab, ibritumomab 
tiuxetan, daratumumab, 
elotuzumab 

Radioimmuno-
therapies 

Raf Melanoma, thyroid Vemurafenib, dabrafenib, 
sorafenib 

 

PI3K Leukemia, lymphoma Idelalisib  

JAK Myelodysplastic, 
myeloproliferative 
disorders 

Ruxolitinib phosphate  

Hormone 
receptor 

Breast, prostate Tamoxifen, toremifene, 
fulvestrant, anastrozole, 
exemestane, letrozole, 
enzalutamide, abiraterone 
acetate 

 

MEK melanoma combimetinib  

a United States National Cancer Institute, see ref. 2.   b Discussed in this introduction.
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1.2.2. Mechanism of protein kinases and their role in cancer 

Protein kinases are among the most thoroughly studied targets for targeted cancer 

therapeutic agents, due to their close relationship with cellular molecular signaling 

pathways.27 In fact, they are the most common type of proteins encoded by 

oncogenes.28 A protein kinase is an enzyme that chemically transfers phosphate 

groups from adenosine 5´-triphosphate (ATP) to other proteins and biomolecules, 

including lipids and carbohydrates (transphosphorylation), or the kinase protein 

itself (autophosphorylation), resulting in altered enzyme activity. In this type of 

biochemical reaction, the phosphodiester bond between  and -phosphates of 

ATP is cleaved, forming adenosine 5´-diphosphate (ADP). While -phosphate gets 

transferred to a hydroxyl containing amino acid residue on the substrate protein 

(tyrosine, threonine, serine), forming a new phosphodiester bond. A kinase can 

therefore be categorized by the type of amino acid residue it phosphorylates into 

tyrosine kinase, threonine kinase, and serine kinase. Divalent cations, Mg2+ or 

Mn2+, play an important role in the catalytic activity of kinases in that they are 

generally believed to coordinate at the - and -phosphates and only occasionally 

at the -phosphate, activating the phosphate group of ATP by neutralizing the 

negative charges of phosphate oxygen, adjusting of the conformation of the 

polyphosphate chain and by withdrawing electron to create Lewis acidity, which 

facilitates the subsequent nucleophilic attack (Figure 1.2).29-30 
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Figure 1.2. (A) General scheme of kinase-catalyzed phosphate transfer from ATP to a 

substrate; (B) interactions of ATP with key residues and Mg2+ in the active site of protein 

kinase A. The dotted lines indicate close contacts of less than 2.6 Å. Drawing adapted 

from a crystal structure (Brookhaven PDB, #2CPK) and related interpretation from papers 

of Sowadski and coworkers31-32. 

In cancer cell signaling pathways (Figure 1.3), phosphorylation is often the 

“onswitch” that triggers a cascade of downstream reactions contributing to cancer 

cell survival and proliferation. It is common that one or several of these kinases 

are upregulated in cancer cells, which promotes rapid tumor growth.33 For example, 

when activated, ErbB family receptor tyrosine kinases can phosphorylate several 

kinases in the cell, such as RAS, PI3K, and JAK. These proteins will then relay the 

phosphorylation to other downstream kinases to form a pathway that eventually 

regulates cell survival and proliferation at the genome level (transcription).34 

Vascular endothelial growth factor (VEGF) receptor (VEGFR) is also an important 
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signaling protein, involved in cell migration and angiogenesis (the growth of new 

blood vessels from existing vasculature).35-36 Inhibition of such kinases will disrupt 

the corresponding signaling pathways with minimal side effects, because these 

kinases show low expression levels and activities in normal cells.37-38 Due to the 

critical roles kinases play in regulating cellular processes, kinases are considered 

ideal drug targets for many different diseases, especially cancer. Manning et. al. 

catalogued the protein kinase complement of the human genome, also referred to 

as the “kinome”.39 In their work, 518 protein kinase genes were identified, 244 of 

which were mapped to disease loci or cancer amplicons, making up nearly 50% of 

the kinome.39 

The function of kinases relies on ATP substrate binding and its conversion 

into ADP, so blocking the ATP binding site with a small-molecule compound has 

become the most frequently used approach in kinase inhibitor design.40-41 In 

general, these small-molecule inhibitors contain N-heterocyclic structures 

resembling adenine in ATP with additional non-polar groups to form hydrogen 

bonds with the ATP binding site and to make hydrophobic contacts with the 

extended pocket, respectively. Despite the same mechanism of action, the 

structures of the inhibitors and the resulting interaction with the catalytic cavity may 

vary. Thus, they can be classified into several types.42 Type I inhibitors bind to the 

active form of the kinase while the Asp-Phe-Gly (DFG)-containing -helix is kept 

in the active site. Examples of this include ErbB inhibitors gefitinib, afatinib, 

erlotinib, and lapatinib. Type II inhibitors, on the other hand, bind to the inactive 

form of the kinase with a conformation in which the DFG moiety is pushed out of 
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the active site, inducing an allosteric change of the active site conformation as 

observed with the BCR-Abl inhibitor imatinib, Bruton’s kinase inhibitor ibrutinib, 

and EGFR inhibitor osimertinib.42 

 

 

Figure 1.3. Commonly targeted kinases and their cellular signaling pathways. 
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1.2.3. Metal complexes as protein kinase inhibitors 

Meggers and co-workers developed a series of staurosporine derivatives 

containing octahedral Ru(II), Rh(III), Os(II), and Ir(III) metal centers, as well as 

square-planar Pt(II). The assembly of complexes through the use of a modular 

library format produces a high degree of structural complexity and ligand variability 

that would be impossible to achieve with organic pharmacophores. The authors 

delineated structure–activity relationships (SAR) demonstrating that changing the 

substitution pattern of the aromatic rings or the nature of the metal center and its 

ligands not only affects the level of kinase inhibition, but also alters the kinase 

specificity.17-18 Compound 1.1a (Figure 1.4) strongly inhibits Pim-143 and glycogen 

synthase kinase 344 and leads to p53-dependent apoptosis in melanoma cells. 

Zebra fish embryos treated with Ru-based inhibitors of glycogen synthase kinase 

(GSK) inhibitors also exhibit defective development due to the perturbation of 

GSK-mediated signaling. On the other hand, compound 1.1b (Figure 1.4) showed 

a strong binding with BRAF kinase.45 Other Ru derivatives,18 as well as Pt-,46 Ir-,47-

48 and Rh-based49 indolocarbazole complexes, showed inhibition of various 

different kinases, including S6K1, MSK-1, PI3K,50 and VEGFR. 

Figure 1.4. Staurosporine-derived Ru kinase inhibitors. 
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Similarly, β-carboline alkaloids, a class of natural or synthetic ATP-

competitive cyclin-dependent kinase (CDK) inhibitors, were introduced as ligands 

into ruthenium complexes by Mao and co-workers (Figure 1.5).19 CDKs regulate 

cell cycles in eukaryotic cells, and interfering with CDK action in cancer cells lead 

to cell cycle arrest and cancer cell death.51 Enhanced CDK/cyclin inhibition by Ru-

arene-β-carbolines, relative to the parent β-carboline ligands has been observed 

and was attributed to better complementarity between inhibitor and binding pocket 

due to the presence of the isopropyl group of the p-cymene ligand on the ruthenium 

atom. All compounds showed promising anti-proliferative activity in various cancer 

cell lines with low micromolar IC50 values. The CDK/cyclin system was validated 

as the actual target on the basis of the correlation observed between anti-

proliferative activity in cancer cells and downregulation of cellular CDK/cyclin 

expression. 

 

Figure 1.5. Ruthenium-arene-β-carboline CDK inhibitors. 
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In addition to increasing the structural complexity of existing bioactive 

organic compounds, the coordination of a metal atom also changes the water 

solubility, electronic properties, conformation, and chemical reactivity of a ligand. 

In a study reported by Cruchter et al., Ru–azido complexes (Figure 1.6) were 

shown to undergo click reactions selectively with strained cyclooctynes but not with 

linear alkynes, even under Cu(I) catalysis conditions. The results demonstrate the 

unique potential of metal-based azides as synthons in bioorthogonal chemistry and 

combinatorial inhibitor assembly.52 An example of metal-enforced restricted 

conformational flexibility was reported by Maguel et al., who developed 

oxindolimine analogues as well as their Cu(II) and Zn(II) complexes from the 

naturally occurring CDK inhibitor indirubin (Figure 1.7).20 The authors studied 

protein binding by means of molecular dynamics simulations and tested 

compounds in vitro for their inhibitory effect on CDK1. Interestingly, the Cu(II) 

complexes were more active than the analogous Zn(II) species, and both 

derivatives showed more pronounced inhibition than the free ligand. These 

observations were attributed to the introduction of charge into the organic ligand 

and to the more rigid, pre-oriented geometry induced by coordination with the 

metal atom. 
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Figure 1.6. Cyclization of Ru–azido complexes with cyclooctynes. 

 

 

Figure 1.7. Cu– and Zn–oxindolimine complexes as CDK inhibitors. 
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Whereas inert metal centers alter the structural features of the ligands 

attached to them, reactive metal complexes change the chemical stability of 

organic drug molecules, which affects their pharmacokinetic and 

pharmacodynamic properties. Gold(I)–phosphines, as part of a structurally unique 

class of heterometallic [Ti/Au2] complexes developed by Contel et al., have also 

shown selective nanomolar inhibitory activity against AKT and MAPKAPK 

kinases.53 These compounds each contain two [AuCl(phosphine)] complexes 

bridged by a titanocene moiety (compounds 1.5a and 1.5b, Figure 1.8). Several 

derivatives were significantly more potent than cisplatin in renal cancer cell lines 

and showed low toxicity in normal human cells and were tolerated well by mice. 

 

Figure 1.8. Titanocene–gold complexes as selective AKT/MAPKAPK inhibitors. 

In an example of EGFR-targeted metal complexes, Wang and co-workers 

designed a series of Ru-functionalized small-molecule kinase inhibitors.54-58 

Starting from the 4-anilino-quinazoline structure of the clinical EGFR inhibitor 

gefitinib, the 6-position of the quinazoline was modified with a diamine group as a 

chelator for attaching Ru–arene moieties. The Ru-modified quinazolines (Figure 

1.9) show inhibitory activities against EGFR kinase and EGFR-dependent 

cytotoxicity in MCF-7 cells comparable to those of gefitinib. Interestingly, the Ru 
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complexes also inhibited cell proliferation in an EGFR-independent manner, 

indicating other possible mechanisms such as DNA targeting. It has been reported 

that Ru–arene complexes undergo aquation similarly to cisplatin: the chlor(id)o 

ligands are retained in the high-chloride extracellular environment, but are slowly 

replaced by aqua ligands in the low-chloride cytosol.59 The aquated form of 

complex 1.6 (Figure 1.9) binds to guanine bases in DNA with loss of aqua 

ligands.56 The arene ligands with extended ring systems, such as biphenyl 

moieties, were found to π-stack with DNA bases or to intercalate partially into 

adjacent DNA base pairs, as observed in calf-thymus DNA by UV/Vis spectroscopy 

and circular dichroism spectropolarimetry. Moreover, molecular docking studies 

also showed that the aquated Ru center was able to form two new hydrogen bonds 

in addition to the existing interactions between the organic 4-anilinoquinazoline 

scaffold and the protein pocket, which can be predicted to enhance ligand binding. 

Thus, the aquated species may be considered the actual biologically active form 

of the drug, whereas compound 1.6 itself would act as a prodrug. 

 

 

Figure 1.9. Ru–arene-based EGFR kinase inhibitors and their aquated form. 
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The selectivity of ligand-substitution reactions means that the majority of 

metallodrugs are stable precursor molecules, or prodrugs. Cisplatin represents the 

first metallo-prodrug, its mechanism requiring activation by ligand aquation (often 

incorrectly referred to as “hydrolysis”) in the chloride concentration differential 

between serum (100 mM) and the cytosol (4 mM).60 By exploiting the differences 

in the chemical environment that exist between the drug's target site and systemic 

circulation, off-target reactions can be minimized. Kowol and co-workers designed 

cobalt-modified erlotinib derivatives as caged EGFR inhibitors by taking advantage 

of Co(III)→Co(II) reduction chemistry in the hypoxic environment observed in many 

solid tumors.61 The chemically inert octahedral Co(III) center in compound 1.7 

(Figure 1.10) is redox-stable in normoxic tissue, and its bulkiness prevents the 

inhibitor from entering the kinase's ATP-binding pocket. However, upon reduction 

in the hypoxic tumor tissue, the kinetically labile Co(II) complex undergoes rapid 

ligand substitution to release the active, metal-free form of the drug. The Co 

complexes, free ligands, and erlotinib were tested for their EGFR inhibitory effects. 

The ligands have cytotoxicities comparable with that of erlotinib in cell lines 

overexpressing EGFR, whereas the corresponding Co(III) complexes had no 

effect on the cell growth. A major activity enhancement was observed under 

hypoxic conditions. Target validation was performed by measuring the 

phosphorylation level of ERK (a signaling protein downstream of EGFR) by 

Western blot analysis. In addition, complex 1.7 is well tolerated in hypoxic mice 

xenograft models and showed tumor growth inhibition superior to that produced by 

erlotinib. 
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Figure 1.10. Co(III) prodrug undergoes reductive activation under hypoxia conditions. 

 

In an attempt to improve the safety profile of kinase inhibitors further by 

reducing off-target effects, Harmsen et al. conjugated the clinically used kinase 

inhibitor sunitinib to lysozyme through a square-planar Pt(II) complex (Figure 

1.11).62 Sunitinib is an FDA-approved drug for the treatment of renal cell carcinoma 

and targets multiple-receptor tyrosine kinases, such as PDGFR, VEGFR, and c-

KIT. Lysozyme is a low-molecular-weight protein that localizes to the proximal 

tubular cells of the kidneys. By cross-linking a pyridine-functionalized sunitinib 

derivative to lysozyme (compound 1.8a; Figure 1.11) it was possible to overcome 

rapid renal clearance of the inhibitor while targeting the kidneys without significant 

efflux of the inhibitor, which is rapid for sunitinib itself. When 1.8a enters the cell, 

its methionine–platinum bond is reversed by cellular thiols such as glutathione 

(GSH). Platinum-modified kinase inhibitor 1.8b maintains a high activity similar to 
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that of the metal-free ligand. These results show that metal-based cross-links, 

which can be reversed in a thiol-rich environment, are able to improve the 

pharmacodynamic properties of nonselective kinase inhibitors and reduce their off-

target effects. 

 

Figure 1.11. Lysozyme–kinase inhibitor complex that dissociates in the presence of thiols. 

 

In addition to unique ligand exchange and redox reactivity, some metal 

complexes show photochemical properties that can be exploited for therapeutic 

applications, also known as photodynamic therapy (PDT). In the presence of laser 

light of appropriate wavelength and molecular oxygen, these metal complexes can 
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generate reactive, cytotoxic singlet oxygen and cause cancer cell death. Xue and 

co-workers generated a molecule that combines the cell-damaging properties of a 

light-activated agent with the high selectivity of a small-molecule target-specific 

anticancer drug. The conjugate was synthesized from erlotinib and a 

photodynamic zinc(II)–phthalocyanine complex by means of azide–alkyne click 

chemistry.63-64 Complex 1.9 (Figure 1.12) showed nanomolar cytotoxicity in the 

EGFR-overexpressing cell line HepG2 upon photoexcitation at 670 nm but little to 

no activity in the dark under the same conditions. The conjugates show increased 

accumulation in HepG2 cells relative to HELF cells, which express lower levels of 

EGFR, according to differences in fluorescence intensities of the Zn 

phthalocyanine dye component in 1.9 in the two cell lines. 

 

 

Figure 1.12. Photodynamic zinc(II)–phthalocyanine complexes as EGFR kinase inhibitors. 

 

Metals as components in targeted therapeutic agents can also be used for 

diagnostic purposes. Li et al. reported a 64Cu-DOTA-modified form of the VEGFR 
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inhibitor vandetanib as a target-specific PET imaging radiopharmaceutical.65 

Small-molecule imaging probes are more suitable for positron emission 

tomography (PET) imaging than radiolabeled VEGF and other large biomolecules 

because of their rapid and specific target binding, high clearance rates, and relative 

ease of preparation and purification. The authors demonstrated that tethering of 

the radioactive moiety to the inhibitor in 1.10a and the extended dimeric design of 

compound 1.10b (Figure 1.13) did not affect the high potency of vandetanib. On 

the contrary, the bifunctional compound 1.10b (Figure 1.13) showed enhanced 

accumulation in tumor tissue in vivo. Compound 1.10b can be considered the 

paradigm of a promising theranostic agent: its design allows effective treatment of 

patients while enabling oncologists to make decisions on personalized regimens 

based on biomarker expression levels. 
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Figure 1.13. 64Cu-DOTA-vandetanib as a VEGFR-targeted PET imaging agent. 

 

1.2.3. Metal containing agents in other targeted cancer therapies 

EGFR, Her2, VEGFR, FGFR and PDGFR are receptor tyrosine kinases (RTKs) 

whose extracellular domains can be targeted with monoclonal antibodies (mAbs) 
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to prevent activation of the intracellular domain.66 In addition, a number of other 

cell surface cluster of differentiation (CD) antigens can also be targeted by mAbs 

to cause certain immunological responses. Metal-modified mAbs have been used 

as both radio-therapeutic treatment26, 67-71 and radioactive tracker for PET imaging 

of tumors for diagnostic purposes.72-73  

Hormone therapeutic agents are another type of targeted therapeutic 

agents. Tamoxifen slows or stop the growth of hormone-dependent cancer cells 

by blocking hormone receptors.74 Ferrocene modified tamoxifen analogs as well 

as Ru and Os derivatives have shown improved binding to estrogen receptor.75-76  

 

1.3. EGFR Structure and Function 

The EGFR family of receptor tyrosine kinases comprises four members: ErbB1 

(EGFR), ErbB2 (Her2), ErbB3, and ErbB4. The family of four tyrosine kinases 

share high homology in the extracellular domain and the kinase domain.77 As a 

receptor tyrosine kinase, epidermal growth factor receptor (EGFR) is associated 

with the cell membrane and is composed of an extracellular ligand-binding domain, 

a trans-membrane region, and an intracellular tyrosine kinase (TK) domain. Upon 

activation by binding to its specific ligands, such as epidermal growth factor and 

transforming growth factor α, EGFR dimerizes or forms “heterodimers” with 

another member of the ErbB family.78-80 Dimerization brings the two receptors into 

close proximity to stimulate the kinase activity of EGFR in a trans-

autophosphorylation manner where one monomer uses an ATP to phosphorylate 
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the other monomer within the dimer.81 Multiple tyrosine residues in C-terminal end 

of the kinase (Y845, Y992, Y1045, Y1068, Y1148, Y1173) can be 

autophosphorylated.82 Each phosphorylated tyrosine residue can then serve as a 

docking site for a downstream signaling proteins. This triggers downstream events 

by initiating several signal transduction cascades, including the PI3K/Akt/mTOR 

pathway,83 the Raf-MEK-ERK pathway,84 the MAKP/JNK pathway85 and the 

JAK/STAT pathway86, which suppress apoptosis (promote cell survival), increase 

the expression of growth receptors and other proteins crucial for cell viability and 

proliferation.83  

Mutationally activated tyrosine kinases (TK) of the EGFR family are 

considered a major driver of cancer cell survival and aggressive tumor growth, 

which is inversely correlated with survival of the disease.87-89 The L858R mutation 

is one of the most common oncogenic mutations in the EGFR gene in non-small 

cell lung cancer (NSCLC). It causes constitutive activation of EGFR kinase by 

destabilizing the inactive form of the protein (autoinhibition). Importantly, this type 

of somatic mutation also sensitizes cancer cells to small-molecule tyrosine kinase 

inhibitors (TKIs), which target the enzyme’s ATP binding site and show potent anti-

proliferative properties.90-91 Therefore, several EGFR tyrosine kinase inhibitors 

have been developed and used in cancer treatment (Figure 1.14).92 Gefitinib, 

erlotinib, afatinib, and osimertinib are clinically used EGFR kinase inhibitors 

targeting the ATP binding pocket and extend into the surrounding region. Upon 

binding to the kinase, they inhibit the kinase’s autophosphorylation and 

downstream signaling, ultimately leading to apoptosis.87 
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Figure 1.14. Clinical EGFR (ErbB1) and Her2 (ErbB2) inhibitors. They are used to treat 

EGFR-positive lung cancers and Her2-positive breast cancers. 
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The efficacy of gefitinib and erlotinib can be compromised by the 

emergence of a secondary mutation, T790M, which accounts for approximately 

half of the clinical cases of drug resistance against kinase inhibitors. T790M is a 

mutation in the gatekeeper region of the ATP binding site in which a threonine 

residue is replaced by a bulkier methionine residue. The single-amino acid 

mutation recovers the binding affinity of ATP while producing steric interference 

with the binding of TKIs.41 One way to overcome such drug resistance is to 

introduce irreversible inhibitors. Covalent kinase inhibitors such as afatinib and 

osimertinib have been developed by incorporating an electrophilic moiety into an 

inhibitor that already possesses submicromolar binding affinity to the target of 

interest.93-94 The majority of covalent inhibitors have been designed to target the 

highly nucleophilic thiol group of cysteine residues with an electrophilic acrylamide 

group. The β-carbon of the acrylamide can be attacked by soft nucleophiles such 

as thiol and undergo 1,4 addition to the -unsaturated carbonyl known as 

Michael addition. In some cases such as afatinib, the tertiary amine group on the 

γ-carbon of the acrylamide can assist the deprotonation of the cysteine thiol, 

increase the nucleophilicity and facilitate the Michael addition reaction.93 Covalent 

inhibitors will initially bind noncovalently, and then, if positioned favorably, covalent 

bond formation will take place, permanently disabling enzymatic activity. Kinase 

function is only restored following expression of new protein.95 As a result, T790M 

mutant kinase remains sensitive to irreversible inhibitors (Figure 1.15). Notably, 

solvent exposed cysteines similar to Cys797 of EGFR have been observed in 

ErbB2, ErbB4 and a number of other kinases. The idea of using cysteine as a 
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handle to form a permanent covalent adduct in the active site of the kinase has 

been applied to the design of inhibitors for several other kinases and these kinases 

are referred to as the “cysteinome”.95  

 

 

Figure 1.15. Binding modes of reversible (top) and irreversible (bottom) EGFR kinase 

inhibitors. Drawings are adapted from literature.96 

 

Mechanistically, both gold(I) and platinum(II) have demonstrated a high 

affinity to sulfur in biological systems.11, 96-97 Unlike organic electrophiles, the 

sterically and electronically versatile platinum(II) center can be tuned efficiently. 

Introduction of gold(I) and platinum(II) as a cysteine-targeting moiety in place of a 

Michael acceptor can be considered a new strategy of improving the activity of 

TKIs against resistant disease. The purpose of the current study was to assess if 

the gefitinib-type quinazoline scaffold can be functionalized with metal-containing 

moiety without compromising the binding affinity and selectivity of the TKI. On the 

other hand, gold and platinum are traditionally used as cytotoxic drugs with poor 
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selectivity and safety profiles. Gold in medicine is limited to inhibiting protease96 

and Trx/TrxR98 whereas platinum has mainly been used in cisplatin and other DNA 

binding platin agents.7 We are interested in exploring the possibility of applying 

precious metals such as gold and platinum in targeted cancer therapies by utilizing 

their versatile reactivity. 

 

1.4 Goal of the Doctoral Research 

The overall goal of the research described in this dissertation was to design metal-

modified inhibitors targeted at the ATP-binding pocket of cancer-related ErbB-type 

kinases. Combining the binding selectivity of kinase inhibitors with the adduct-

forming properties of precious metal-based electrophiles in a hybrid molecule is a 

previously unexplored concept in anticancer drug development. To generate such 

a pharmacophore, synthetic methodology had to be developed that allows 

introduction of suitable metal moieties. The key components include an ATP 

analog moiety comprising (i) a quinazoline scaffold that is able to tightly associate 

with the ATP binding pocket of the kinase and form hydrogen bonds with its hinge 

region, (ii) a 3-chloro-4-fluoroanilino group interacting with the hydrophobic bottom 

of the pocket, and (iii) a strategically positioned (based on computational docking) 

linker at the 6-position of the quinazoline that can be functionalized with metal-

containing electrophilic groups for additional adduct formation (Figure 1.16). 

Important design features include the type of metal used as well as the 

coordination sphere around the metal since the ligands either act as leaving groups 
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in ligand substitution reactions with the kinase, or tune the sterics and reactivity of 

the metal center.  Both linear gold(I) and square-planar platinum(II) geometries 

were introduced. In order to evaluate the novel metal-based ErbB tyrosine kinase 

inhibitors, model reactions with small-molecule thiols, screening of binding affinity 

in a multi-kinase panel, ATP competition assays, cell viability and drug uptake 

assays, and protein mass spectrometry were performed.  
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Figure 1.16. Design elements of the metal-containing anilinoquinazoline EGFR tyrosine 

kinase inhibitors and proposed interactions with each part of the enzymatic active site. 
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CHAPTER II 

 

 

 

 

 

 

 

 

 

The results contained in this chapter were published in Inorganic Chemistry in 

2015. The studies in the manuscript, including figures, schemes, and table were 

drafted by Mu Yang and Prof. Ulrich Bierbach and edited by Prof. Ulrich Bierbach 

before submission to the journal. TO maintain consistency throughout this 

dissertation, some content and formatting has been altered to adhere to formatting 

guidelines. The preparation of compounds and the ADP-Glo assays were 

performed by Mu Yang. The cell viability assays were performed by Dr. Xin Qiao 

and Dr. Amanda Pickard. The crystallographic work was done by Dr. Cynthia Day.  
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2. SYNTHESIS, REACTIVITY, AND BIOLOGICAL 

ACTIVITY OF GOLD(I) COMPLEXES MODIFIED WITH 

THIOUREA-FUNCTIONALIZED TYROSINE KINASE 

INHIBITORS 

 

2.1. Background 

The use of gold in medicine can be traced back into ancient history. The interest 

in the medical application of gold compounds in modern times started with the use 

of gold salts to reduce inflammation and to slow disease progression in patients 

with rheumatoid arthritis. Later in 1972, Sutton et al. developed the orally active 

Au(I)-phosphine compound auranofin, for the treatment of rheumatoid arthritis,99 

which was approved for clinical use in 1985. 

 Gold(I)-based complexes display a wide range of biological activities, which 

are thought to be mediated by the metal’s reactions with cysteine (Cys) and 

selenocysteine (Sec) residues in proteolytic and redox-active enzymes, in 

particular, thioredoxin reductase (TrxR)98 and thioredoxin-glutathione reductase 

(TGR).100 Studies have shown that selenocysteine plays a catalytic role in 

promoting the release of the first ligand in auranofin, an acetylated thioglucose, or 

a thiol-containing protein, such as albumin, after the [Au(PEt3)]+ moiety has been 

transferred to cysteine thiols. The intermediate adduct, Sec–gold–

triethylphosphine, is subject to further ligand transfer of the metal to adjacent 
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cysteine thiols (Figure 2.1).100 While these interactions are often nonspecific due 

to relatively fast ligand exchange rates, fortuitous targeting of specific cysteine 

residues by gold(I) complexes containing sufficiently long-lived carrier ligands has 

also been reported.101 Several new lines of research suggest that gold(I) has a 

significant potential as a component of therapies designed to inhibit therapeutically 

relevant targets, such as zinc-finger domains102 and protein kinases.53 

 

 

Figure 2.1. Molecular mechanism of auranofin interacting with the selenocysteine and 

cysteines in TrxR. 

  

The structure of a classic tyrosine kinase inhibitor like gefitinib (Figure 2.2) can be 

divided into three functionally distinctive parts. The nitrogen containing 4-

aminoquinazoline ring mimics the N-heterocyclic ring structure of adenine where 

endocyclic nitrogen atoms form hydrogen bonds with the protein backbone of the 
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active site. The 3-chloro-4-fluorophenyl group on the 4-amino of the quinazoline 

interacts with an extended pocket in the active site via hydrophobic interactions to 

enable a tighter binding. Functionalized alkyl groups are attached to the C6 and/or 

C7 position of quinazoline via ether or amide linkages are solvent accessible and 

oriented toward the entrance of the binding pocket, are relatively flexible, and 

interact with the active site to a lesser extent. However, they are essential for the 

pharmacokinetic properties of the inhibitor by tuning its overall polarity and water 

solubility.  

 We were interested in the possibility of introducing reactive gold(I)-based 

electrophilic groups into inhibitors of tyrosine kinase (TKIs) with the goal of 

hijacking a thiophilic metal into the active site of this therapeutically important 

enzyme.87 One potential binding mechanism of these agents with epidermal 

growth factor receptor tyrosine kinase (EGFR-TK) would involve reaction of gold(I) 

with the solvent-accessible cysteine thiol residue (Cys-797) near the entrance to 

the enzyme’s binding pocket.103 Such a mechanism might potentially inhibit binding 

of ATP and, consequently, kinase-mediated phosphorylation more effectively than 

reversible binding of the TKI alone. The desired pharmacophore would combine 

the high sulfur affinity of gold(I) with the selectivity and submicromolar binding 

affinity of an EGFR-TK-targeted ligand. 

 Gefitinib (Figure 2.2) is a quinazoline-based TKI indicated against cancers 

harboring aberrant EGFR, in particular, lung carcinomas.90 Introduction of gold(I) 

as a cysteine-targeting moiety in place of a Michael acceptor can be considered a 

new strategy of improving the activity of TKIs against resistant disease. The 
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purpose of the current study was to assess if the gefitinib-type quinazoline scaffold 

can be functionalized with a thiourea moiety without compromising the binding 

affinity of the TKI, and if the S-donor group can be modified with thiophilic 

(pseudo)halide and phosphine substituted gold(I) electrophiles. A new TKI 

derivative was identified that strongly binds to the tyrosine kinase ATP-binding 

pocket and partially overcomes resistance to gefitinib in NSCLC cell lines 

harboring wild-type and mutated EGFR kinase domains. In the corresponding 

gold(I) complex, the metal appears to have an effect on both the biological activity 

and kinase binding affinity of the inhibitor, but the linear thiourea−Au(I)−phosphine 

coordination appears to be too labile for the desired targeted application. 
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Figure 2.2. Structure of gefitinib showing relevant atom numbering for the quinazoline 

scaffold. 
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2.2. Results and Discussion 

2.2.1. Synthetic studies 

To generate a gold-modified TKI, we borrowed the N-heterocyclic quinazoline 

scaffold and the N-(3-chloro-4-fluorophenyl) group from gefitinib (Figure 2.2), 

which target the adenine binding site and an adjacent hydrophobic pocket of 

EGFR-TK, respectively.38 The 6-position of the quinazoline C6 ring was chosen as 

attachment point for a side chain carrying a cysteine-affinic gold(I) moiety, similar 

to the design of clinically relevant Michael acceptor-based irreversible TKIs.104 The 

goal of this design was to favor binding of the metal with cysteine-797 proximal to 

the kinase’s catalytic cleft without compromising the ligand’s interactions with the 

binding pocket. The linkage between the electrophile and the TKI would be 

achieved via formation of a strong Au(I)−S bond with a thiourea residue, a thiol-

like donor group previously explored in biologically relevant carrier ligands of this 

metal105-107 or through a auranofin-like mechanism to form a thiol-Au(I)-PEt3 type 

complex (Figure 2.3). 

 

Figure 2.3. Proposed mechanism of gold(I) EGFR TKIs covalently binding to Cys-797 of 

EGFR.  
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 A docking study was performed to examine the conformational space and 

receptor binding of thiourea-modified TKIs. Structures of the gold-free ligands were 

geometry optimized using DFT calculations and studied in complex with the EGFR 

kinase domain (L858R/T790M mutant) (PDB-ID: 2JIV). In these experiments, we 

identified scaffolds that produce energetically favorable binding geometries in 

which the thiourea sulfur of the TKI is positioned in close proximity to the sulfur 

atom of cysteine-797 (Figure 2.4). This orientation was considered compatible with 

electrophilic attack of the metal in a corresponding gold(I)-modified TKI on the 

protein thiol. 
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(A) 

 

 

 

 

(B) 

 

 

 

 

(C) 

 

 

 

 

 

 

Figure 2.4. Results of the molecular docking studies for compounds 7 and 9: Views of the 

lowest-(docking)energy binding geometries of compound 2.7 (A) and compound 2.9 (B) in 

the ATP binding pocket of EGFR-TK (T790M mutant, PDB# 2JIV).  The ligands are shown 

as stick models and the sulfur atom of Cys-797 is highlighted in yellow.  (C) Stereoview of 

compound 2.9 in the active site of EGFR-TK with hydrogen bonding interactions (see text) 

shown as dashed lines and selected amino acid residues labeled.   
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Scheme 2.1. Synthesis of Quinazoline Derivativesa   

 

a Reagents and conditions: a) 3-chloro-4-fluoroaniline, i-PrOH, rt, overnight; b) Fe, AcOH, 

NaOAc, MeOH, reflux, 3 h; c) RNCS, EtOH, rt, 3 h; d) paraformaldehyde, NaOMe, NaBH4, 

MeOH, reflux, 4 h; e) MeNCS, DMAP, EtOH, reflux, 30 h; f) tert-butylmethyl(2-

oxoethyl)carbamate, NaCNBH3, AcOH, MeOH, rt, 2 h; g) 4 M HCl, reflux, 2 h; h) MeNCS, 

EtOH, rt, 1 h. 
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 From the initial modeling studies, two promising structures, 2.4 and 2.5, 

emerged (Scheme 2.1). The two derivatives (and all other derivatives reported) 

were synthesized from common intermediate 2.3, which was generated by 

installing a 3-chloro-4-fluoroanilino group at the 4-position of the quinazoline ring 

in precursor 2.1108 and subsequent reduction of the 6-nitro group in 2.2 to a 6-

amino group. Reaction of 2.3 with the appropriate isothiocyanates105 afforded the 

N,N-disubstituted thiourea derivatives 2.4 and 2.5. Attempts to introduce gold(I) 

electrophiles such as [AuX] (where X = Cl− or SCN−) into these structures using 

the common precursor [AuX(tht)] (tht = tetrahydrothiophene),109 however, were 

unsuccessful (Scheme 2.2). Electro-spray mass spectra (ES-MS) of these reaction 

mixtures showed no sign of the desired ligand exchange to produce complexes 

[AuX(2.4/2.5)], but were consistent with decomposition of 2.4 and 2.5 resulting in 

the analogous cyanamides (loss of H2S, based on [M − 34 + H]+ fragment ions in 

Figure 2.5) and gold(I) sulfide. Desulfuration of (aromatic) N,N-disubstituted 

thioureas has previously been observed in the presence of heavy metals.110 
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Figure 2.5. ESI-MS for the reaction of compound 2.4 with chlorotetrahydrothiophenegold(I) 

confirming ligand desulfuration. 
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 Scheme 2.2. Synthesis of Gold(I) Complexesa 

 

a Reagents and conditions: a) [AuX(tht)] (2.10) tht = tetrahydrothiophene, CH2Cl2, rt, 30 

min; b) [AuCl(PEt3)] (2.11), MeOH/THF, AgNO3, rt. 
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 To circumvent the problem of ligand desulfuration, the N,N,N-trisubstituted 

derivative 2.7 was synthesized from the N6-methylquinazoline derivative 2.6, 

which was generated from intermediate 2.3 via reductive amination. A crystal 

structure of compound 2.7 was acquired and shown in Figure 2.6a. In reactions 

with [AuX(tht)], compound 2.7 showed greatly improved ligand properties and was 

able to act as a stable sulfur donor. X-ray crystallographic and mass spectrometric 

analysis of the product isolated from the reaction mixtures indicated that compound 

2.7 does not act as a terminal S-donor ligand in the desired complexes [AuX(2.7)]. 

Instead, 2.7 produces a dinuclear complex, [Au(2.7)2]X2, in which 2.7 acts as a 

bridging ligand (2.12a and 2.12b, Scheme 2.2). In the solid state structure of 2.12a, 

the Au(I) centers are coordinated by a thiourea-S atom of one ligand and 

endocyclic quinazoline-N1 of another ligand. This produces an unusual 

arrangement in which the aromatic moieties of the two bridging ligands are 

mutually stacked at van der Waals distance (Figure 2.6b). Proton NMR chemical 

shift anomalies (two quinazoline protons shifted from 8.61ppm and 8.48ppm to 

8.54ppm and 8.63ppm, see Figure C11 and C13 for 1HNMR spectra) in 

conjunction with electrospray mass spectra recorded in positive-ion mode (Figure 

2.7) confirm that the dinuclear cationic structures persist in solution and are not 

solely a consequence of packing effects in the solid state. Importantly, no reversal 

of the dinuclear structure was observed when 2.12a was incubated at 

physiologically relevant concentrations in phosphate-buffered saline for several 

days (data not shown). This observation suggests that 2.12a is not converted back 

to the corresponding mononuclear complex, [AuCl(2.7)], in chloride-rich media. 



44 
 

 Attempts to install phosphine as a more inert ligand in place of X via reaction 

of 2.7 with [AuCl(PEt3)]111 to avoid substitution of the ligand trans to sulfur by 

quinazoline nitrogen were unsuccessful (no substitution of chloride by thiourea was 

observed). However, the latter reaction succeeded when the trisubstituted thiourea 

moiety was incorporated into an extended side chain at the 6-position of the 

quinazoline scaffold. Introduction of the (2-methylamino)ethyl group involved 

reductive amination112 of 2.3 to give 2.8, which was finally converted to thiourea 

2.9 with isothiocyanate. While compound 2.9 did not yield the desired gold-

modified mononuclear derivative when reacted with [AuX(tht)], it produced the 

cationic complex [Au(PEt3)(2.9)](NO3)(2.13)(Scheme 2.2), which proved to be 

stable with respect to desulfuration and dinucleation (based on ES-MS and NMR 

data, see the Supporting Information). Characteristic variations in 1H NMR 

chemical shifts observed for complex 2.13 relative to ligand 2.9 (see Experimental 

Section) confirm selective binding of the [Au(PEt3)]+ moiety to thiourea sulfur. 
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Figure 2.6. Single-crystal X-ray structures of (A) compound 2.7 (MeOH solvate) and (B) 

2.12a·DMF in the solid state (thermal ellipsoid plot with non-hydrogen atoms and selected 

hydrogen atoms labeled).  

(A) 

(B) 
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Figure 2.7. Electrospray mass spectrum recorded in positive-ion mode of dinuclear 

complex 2.12a.  Characteristic ions: m/z 420.3 [2.7+H]+, 518.3 [2.12a–Au+H]2+, 616.3 

[2.12a–2Cl]2+, 1035.5 [2.12a–Au]+. 

 

2.2.2. Biological activity 

Cell proliferation assays in two NSCLC cell lines were performed to assess the cell 

growth inhibitory effects of the newly synthesized TKI derivatives 2.7 and 2.9 alone 

and as ligands in complexes 2.12a, 2.12b, and 2.13. For comparison, the clinical 

drug gefitinib was included in the screening. The cell line NCI-H460 is a model of 

large-cell lung cancer and is characterized by wild-type EGFR-TK.113 By contrast, 

NCI-H1975 adenocarcinoma cells harbor a point mutation (L858R) in exon 21 as 

well as a secondary mutation (T790M) at the bottom of the hydrophobic ATP 
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binding pocket.113 While the former somatic (activating) mutation sensitizes cancer 

cells to EGFR-TKIs (including gefitinib), the latter causes resistance to these 

therapies.113 Anti-proliferative activities of the compounds are evaluated in MTS 

assays. The MTS assay is a colorimetric assay for assessing cell metabolic activity. 

Mitochondrial NAD(P)H-dependent cellular oxidoreductase enzymes in viable cells 

are capable of reducing the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), in the presence of 

phenazine methosulfate (PMS), to produce a formazan product that has a 

maximum absorbance wavelength at 490 nm in phosphate-buffered saline. The 

absorbance is correlated with the amount of formazan produced, which further 

indicates the viability of these mitochondrial enzymes. The enzyme activity 

eventually serves to reflect the number of viable cells present. Tested compounds 

undergo a serial dilution so that the next concentration is half of the previous one. 

The IC50 of a drug can be determined by creating a dose-response curve on the 

effect of different concentrations of compounds on stalling cell proliferation or 

inducing apoptosis and can be calculated by determining the concentration needed 

to inhibit 50% of the cell viability. 
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Table 2.1. Summary of Cytotoxicity Data (IC50 Values)a 

Compd 
NCI-H460 

(EGFR-negative) 

NCI-H1975 

(EGFRL858R/T790M) 

2.7 

2.9 

2.12a 

2.12b 

2.13 

gefitinib 

36.0  4.4 

4.2  0.4 

19.1  2.0 

20.1  0.2 

1.9  0.1 

14.2  0.5 

51.7  1.1 

1.7  0.1 

39.7  1.7 

31.9  0.4 

2.5  0.1 

30.0  1.3 

a IC50 values  S.D. (μM) were extracted from drug–response curves for two 
experiments performed in triplicate for each concentration. 

 

 The results of the cell proliferation assays are summarized in Table 2.1. 

Both NCI-H460 (wild-type) and NCI-H1975 (mutated) show the expected 

resistance to gefitinib with inhibitory concentrations in the high micromolar range, 

in agreement with previously reported data (typically, IC50 >10 μM).102 NCI-H460 

cells were found to be more sensitive to all of the analogues tested than NCI-

H1975, except for compound 2.9. The new analogue 2.7 was the least active 

compound tested with high-micromolar IC50 values in a range previously observed 

for structurally related thiourea-modified TKIs.114 By contrast, extension of the side 

chain on carbon 6 of the quinazoline ring to generate 2.9 led to a pronounced 

increase in potency, in particular, in NCI-H1975, where a cytotoxic enhancement 

of 30-fold is observed. Most notably, compound 2.9 partially overcomes the 

acquired resistance against gefitinib observed in this cancer model. The low-

micromolar inhibitory concentration determined for compound 2.9 in resistant NCI-
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H1975 compares favorably with the high-nanomolar/low-micromolar activity 

typically observed for gefitinib in sensitive NSCLC models113. Modification of 

compounds 2.7 and 2.9 with (AuX) and [Au(PEt3)]+ groups, respectively, had a 

minor but significant effect on the inhibitory concentrations, with compound 2.13 

maintaining low-micromolar activity in both cell lines. In NCI-H460, complex 2.13 

shows enhanced activity compared to compound 2.9 by approximately 2-fold. 

 Compound 2.9 alone showed significantly better activity than gefitinib in a 

TKI-resistant cancer cell line. This observation suggests that the newly introduced 

thiourea-containing side chain may enhance the binding affinity of the classical TKI 

structure with the enzyme’s active site. In the lowest-energy model generated for 

compound 2.9 in complex with EGFR-TK (L858R/T790M mutant) the thiourea-

modified side chain is located in the hydrophilic region of the protein cleft produced 

by the bilobal kinase fold (see the Supporting Information).115 This orientation 

positions the thiourea-NH group in close hydrogen-bonding distance to residues 

Asn-842 and Asp-855, which may promote strong binding to the EGFR-TK domain. 

Derivative 2.9 showed promising activity in the cell proliferation assay, but 

attachment of the gold electrophile in 2.13 did not result in the desired 

enhancement in cell kill. One possible explanation for this observation would be 

that the [Au(PEt3)]+ group, while not compromising the binding affinity of the TKI 

moiety with the receptor, may be positioned unfavorably for reaction with the sulfur 

atom of cysteine-797. It is also possible that cytotoxic gold−phosphine species, 

generated from complex 2.13 by premature intracellular cleavage of the Au(I)−S-



50 
 

thiourea bond, may not significantly contribute to the cell kill in the two cancer 

models, which may be dominated by TK inhibition. 

 

2.2.3. Reactivity of compound 2.13 with cysteine thiol 

Unlike the initially designed complexes containing Cl− and SCN− trans to thiourea 

sulfur, compound 2.13 is modified with a strongly trans-labilizing phosphine ligand. 

We reasoned that this feature should lead to selective cleavage of the Au(I)−S-

thiourea bond in reactions with competing nucleophiles. One potential 

consequence of this reactivity would be the transfer of the [Au(PEt3)]+ moiety from 

the EGFR-bound inhibitor 2.13 to cysteine-797. To study the reactivity of the metal 

with this target nucleophile, compound 2.13 was incubated with a cysteine-

containing peptide, and the reaction mixture was analyzed by ES-MS. As a model, 

we chose the sequence QLMPFGCL, which mimics residues 791−798 (including 

cysteine-797) of the hinge region of EGFR-TK.116 The reaction produces an 

equilibrium mixture of 2.9, [Au(PEt3)]−peptide, unmodified peptide, and unreacted 

complex 2.13 (Figure 2.8), confirming that the thiourea and thiolate donors are 

competing for gold(I) coordination. Thus, the results are in agreement with ligand 

exchange trans to the phosphine ligand. The mass spectrometric data are also 

consistent with binding of the [Au(PEt3)]+ moiety to the (deprotonated) cysteine-

797 residue (Figure 2.7). The same reactivity was observed when compound 2.13 

was reacted with N-acetylcysteine and glutathione (data not reported). Thus, 

cleavage of the Au−S-thiourea bond by the latter ubiquitous tripeptide has to be 
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considered an undesired competing mechanism in cells. The thiourea/thiolate 

ligand exchange reactions occur instantaneously and too rapidly for a comparative 

kinetic analysis. 

 

 

Figure 2.8. Positive-ion mode electrospray mass spectrum for the reaction of octapeptide 

QLMPFGCL (50 M) with compound 2.13 (50 M) in aqueous phosphate buffer (0.01 M, 

pH 7.2).  Spectra were acquired 30 min after mixing of the solutions and remained 

unchanged after extended incubation periods.  Characteristic ions m/z: 908.5 

[QLMPFGCL+H]+ (see inset), 1222.6 [QLMPFGCL·Au(PEt3)–H]+ (see inset), 390.2 

[2.13+H]2+, 433.2 [(Et3P)2Au]+, 463.2 [2.9+H]+, 777.3 [2.13]+.  
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2.2.4. Inhibition of EGFR tyrosine kinase  

Because compounds 2.9 and 2.13 contain the 3-chloro-4-fluoroanilino-quinazoline 

scaffold of gefitinib, our analogues can be expected to act as ATP-competitive 

inhibitors. To confirm that both compounds inhibit ATP-to-ADP conversion by 

EGFR-TK (L858R/T790M double mutant) and to test if gold(I) in the latter complex 

has an effect on kinase activity, we used an assay based on bioluminescent 

detection of ATP (schematically depicted in Figure 2.9). The kinase uses ATP to 

phosphorylate the substrate and turns it into ADP. After the depletion of unreacted 

ATP, ADP generated from the kinase reaction is quantitatively converted back to 

ATP, which will then be used to generate a bioluminescence signal by reacting 

with a luciferin/luciferase system so that the ADP formed can be quantified. The 

catalytic activity of the kinase is proportional to the intensity of the bioluminescence 

signal. Sigmoidal dose-response curves are then generated by plotting % enzyme 

activity versus the logarithmic drug concentration, from which IC50 values can be 

determined. 
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Figure 2.9. Workflow of the bioluminescence-based ATP competition assay. Drawings 

are adapted from the technical manual of Promega ADP-GloTM kinase assay kit.  
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 The assay was performed in a modified buffer free of bovine serum albumin 

(BSA) and dithiothreitol (DTT) to minimize unwanted side reactions of compound 

2.13 with the reactive thiol groups in these molecules. Compounds 2.9, 2.13, and 

the clinical drug gefitinib inhibit tyrosine kinase-mediated protein phosphorylation 

at similar submicromolar levels, which was quantified by monitoring conversion of 

ATP into ADP (Figure 2.10). Unlike the covalent inhibitor afatinib, which shows a 

100-fold lower IC50 than gefitinib in kinase activity assays performed with EGFR-

TKL858R/T790M,117 compound 2.13 did not show the desired enhancement. Although 

this observation per se does not rule out an irreversible binding mechanism, the 

instability of compound 2.13 and the fact that it is not significantly more cytotoxic 

than gefitinib and compound 2.9 in NCI-H1975 harboring the EGFRL858R/T790M 

mutation discouraged us from performing additional experiments to further 

characterize the mode of inhibition. (For comparison, we also tested the complex 

[AuCl(PEt3)] (2.11), a potential decomposition product of compound 2.13 in assay 

buffer. This compound quenches enzyme activity at much higher micromolar 

concentrations and does not produce the sigmoidal dose response of 2.9 and 2.13, 

which would be expected for selective kinase inhibition; see Figure 2.11.) The 

observation that the gold(I) moiety in compound 2.13 shows no major effect on 

inhibitory concentrations may indicate a lack of reactivity with the targeted 

cysteine-797 or loss of the metal in nonspecific reactions with the protein. The 

results of this assay demonstrate that compound 2.13 targets the ATP binding 

pocket of EGFR-TK to produce kinase inhibition similar to gefitinib and compound 
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2.9 but does not result in the level of enhancement observed for the Michael-

acceptor-based pharmacophores. 

-10 -8 -6 -4
0

50

100

IC50=656.8nM

log[Drug], M

%
 E

n
zy

m
e 

A
ct

iv
it

y

Gefitinib

 

-10 -8 -6 -4
0

50

100

IC50=424.0nM

log[Drug], M

%
 E

n
zy

m
e 

A
ct

iv
it

y

Compound 2.9

 

-10 -8 -6 -4
0

50

100

IC50=302.6nM

log[Drug], M

%
 E

n
zy

m
e 

A
ct

iv
it

y

Compound 2.13

 

Figure 2.10. Dose–response curves for titrations of recombinant EGFRL858R/T790M tyrosine 

kinase with inhibitors.  Enzyme activity was determined using an assay that measures 

conversion of ATP to ADP.  Plotted data are averages of two determinations. 
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-10 -8 -6 -4
0

50

100

(A)

log[Drug], M

%
 E

n
zy

m
e 

A
ct

iv
it

y

 

 

 

Figure 2.11. Results of the kinase inhibition assay. (A) Dose response for [AuCl(PEt3)] 

(2.11). Plotted data are averages of two determinations. Unlike gefitinib, 2.9, and 2.13, the 

enzyme activity was consistently high during all concentration tested and the scattered 

points could not be fitted into a sigmoidal dose-response curve (R2=0.54). (B) Comparison 

of kinase inhibition in IC50 range for gefitinib and compounds 2.9 and 2.13.  The asterisk 

denotes statistical significance at P < 0.05. 
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2.3 Conclusion 

While several peptide and intercalator-containing conjugates have been designed 

to improve the uptake and organelle selectivity of gold-based cytotoxic agents,118-

120 introduction of gold(I) moieties as reactive electrophiles into clinically relevant 

molecularly targeted therapies is an entirely new concept. “Molecularly targeted 

therapies” are defined as small-molecule inhibitors of aberrant kinase signaling 

(“nibs”) and monoclonal antibodies targeted at growth receptors (“mabs”).121 The 

current approach also differs from that pioneered by Meggers et al., which uses 

rigid, inert transition metal-based scaffolds to target protein kinases.122 One 

potential mechanism of action of compound 2.13 would involve transfer of the 

[Au(PEt3)]+ moiety to cysteine-797 of the EGFR-TK. While this reaction would not 

produce a permanent cross-link between the TKI and the enzyme, unlike those 

observed with the Michael acceptor-modified agents, it would lead to a bulky 

adduct in the enzyme active site. This form of modification may help block access 

of ATP to the catalytic pocket to help overcome resistance mediated by the 

reduced TKI binding affinity in mutated kinase domains. The ability of compound 9 

to act as a targeted carrier of [Au(PEt3)]+ depends on the stability of the mixed 

thiourea−phosphine coordination in compound 2.13 in the presence of competing 

nucleophiles in circulation and in the cytosol. Thiourea as a donor was chosen for 

its relative ease of synthesis and for its thiol-like properties and ability to mimic and 

compete with thiolate sulfur in gold(I) coordination107, 123 The results of the mass 

spectrometry study confirm that thiourea, indeed, is able to compete with thiolate 

sulfur, but appears to be too labile as a ligand trans to phosphine for the desired 
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targeted application. A major concern of such an entity would be its high reactivity 

with ubiquitous thiols in circulation and cells (e.g., human serum albumin, 

glutathione), which would cause systemic instability and undesired off-target 

effects. Thus, alternative, sterically hindered ligands able to slow ligand exchange 

remain to be tested as part of a proof-of-concept study and a broader effort to 

establish structure−activity relationships. Another (undesired) mechanism by 

which complex 2.13 disassembles into a gold−phosphine species and analogue 9 

in the presence of reactive bioligands prior to reaching the enzyme active site has 

also to be considered. Gold(I)−phosphines directly target the mitochondria to 

trigger oxidative stress, which leads to apoptosis.124 Aberrant EGFR expression is 

associated with defective mitochondrial apoptotic signaling, which renders affected 

cancer cells insensitive to conventional chemotherapy.125-126 A dual mechanism 

promoted by the individual components that involves inhibition of EGFR signaling 

and cell death triggered by mitochondrial toxicity may help overcome tumor 

resistance. 

 In conclusion, using simple ligand substitution chemistry, which has been 

previously developed to generate mixed thiourea−(pseudo)halido and 

thiourea−phosphine gold(I) complexes, we were able to introduce a TKI derived 

from gefitinib as terminal ligand. This was possible after innocuous modification of 

the cancer drug with a sulfur-donor group. If ligand exchange reactions in these 

complexes can be controlled more efficiently, such molecules may provide a 

therapeutically useful strategy for targeting the human kinome with the goal of 

overcoming tumor resistance to first-line therapies. 
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2.4. Experimental Section 

2.4.1. General Supplies and Procedures   

Hydrogen tetrachloroaurate trihydrate was purchased from Alfa Aesar.  The 

tetrahydrothionphenegold(I) complexes 2.10a and 2.10b,109 

chlorotriethylphosphinegold(I) 2.11,111 compound 2.1,108 and tert-butylmethyl(2-

oxoethyl)carbamate112 were synthesized using published procedures. Gefitinib 

was purchased from Sigma.  For the preparation of biological buffers, biochemical 

grade chemicals (Fisher/Acros) were used.   HPLC-grade solvents were used for 

all HPLC and mass spectrometry experiments.   The synthetic octapeptide, 

QLMPFGCL, was purchased from Thermo Scientific Pierce Protein Research 

(Rockford, IL).  All other reagents and chemicals were acquired from common 

vendors and used without further purification.  Reactions involving gold were 

performed and solutions stored in the dark.  1H NMR spectra of the target 

compounds and intermediates were recorded on Bruker Advance 300 and DRX-

500 instruments.  Proton-decoupled 13C NMR spectra were recorded on a Bruker 

DRX-500 instrument operating 125.8 MHz.  (Signal multiplicities in peak listings 

reflect 13C−19F and 13C−31P coupling. [J(13C−19F) and J(13C−31P) values are not 

reported.) Chemical shifts () are reported in parts per million (ppm) relative to 

tetramethylsilane (TMS).  

 Electrospray mass spectra (ES-MS) were recorded on an Agilent 

1100LC/MSD trap instrument. Ion evaporation was assisted by a flow of N2 drying 

gas (300−350 °C) at a pressure of 40−50 psi and a flow rate of 11 L/min. Mass 
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spectra were typically recorded with a capillary voltage of 2800 V over a mass-to-

charge (m/z) scan range of 200−2200. The purity and stability of the target 

compounds was analyzed by reverse-phase high-performance liquid 

chromatography (HPLC) using the LC module of the Agilent Technologies 1100 

LC/MSD trap system equipped with a multi-wavelength diode-array detector.  

Separations were accomplished with a 4.6 mm × 150 mm reverse-phase Agilent 

ZORBAX SB-C18 (5 μm) analytical column at 25 °C.  Separations were 

accomplished with the following solvent system: solvent A–optima water/0.1% 

formic acid; solvent B–methanol/0.1% formic acid; solvent C–acetonitrile/0.1% 

formic acid.  Separations were performed at a flow rate of 0.5 mL/min and a 

gradient of 50% A/50% B to 5% A/95% B over 20 min (for 2.7), and at a flow rate 

of 0.5 mL/min and a gradient of 95% A/5% C to 5% A/95% C over 20 min (for 2.9).  

HPLC traces were recorded over a wavelength range of 363−463 nm.  Mass 

spectra of reactions mixtures containing octapeptide and compound 2.13 were 

recorded in positive-ion mode for samples directly infused into the electrospray 

source in 50% solvent A/50% solvent B at a flow rate of 200 µL/min.  High-

resolution mass spectrometry (HRMS) was performed on a Thermo Scientific LTQ 

Orbitrap XL equipped with an electrospray source with a capillary voltage of 5000 

V over an m/z scan range of 200–2200.  Samples were introduced into the 

electrospray source by direct injection utilizing 50% solvent A with 50% solvent B 

at a flow rate of 100 µL/min. Spectra were recorded in positive-ion mode.   

 Single crystals of 2.7 were grown from a saturated solution in methanol, 

while crystals of 2.12 were grown by slow diffusion of diethyl ether into a 
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concentrated DMF solution.  HPLC peaks were integrated with MestReNova 8.1.  

For all organic ligands studied in cancer cells, an analytical purity of ≥ 95 % was 

confirmed by reversed-phase HPLC. The purity of compounds 2.12 and 2.13 was 

determined by CHN elemental analysis (Intertek Pharmaceutical Services, 

Whitehouse, NJ).  Single-crystal X-ray data acquired for compounds 2.7 and 2.12a 

and experimental details of the structure solution and refinement have been 

deposited with the Cambridge Crystallographic Data Centre (Cambridge, U.K.) 

under deposition codes CCDC976611 and CCDC976612, respectively. 

2.4.2. Computational Studies  

The inhibitor structures were built in GaussView 4.0 (Semichem Inc., Shawnee 

Mission, KS, 2009).  Structures were optimized at the rb3lyp level of theory using 

the 6-311** basis set in Gaussian 03 (Gaussian, Inc., Pittsburgh PA, 2003).127-128 

Prior to docking studies, structures were checked in AutoDockTools 1.5.4 (The 

Scripps Research Institute, La Jolla, CA) for possible bond torsion errors, and 

appropriate Gasteiger charges were calculated and assigned as necessary.  The 

crystal structure of EGFR (L858R/T790M mutant) from the Brookhaven Protein 

Data Bank (PDB ID: 2JIV) was used as the receptor for docking studies, and the 

active site coordination ranges were defined using the grid box in AutoDockTools.  

The inhibitor structures were then docked into the active site using AutoDock 

Vina.129  Conformational searches were performed with an exhaustiveness setting 

of ‘9’.  Results were evaluated based on relative docking energies.  
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2.4.3. Synthetic procedures 

Synthesis of N-(3-chloro-4-fluorophenyl)-7-ethoxy-6-nitroquinazolin-

4-amine (2.2). A mixture of 2.1 (4.55 g, 18.0 mmol) in 40 mL of dichloromethane 

(DCM) and 3-chloro-4-fluoroaniline (2.61 g, 18.0 mmol) in 80 mL of isopropanol 

was stirred at room temperature overnight. The solid was collected and washed 

with a small amount of DCM to give 6.67 g (93 %) of 2.2 as a bright yellow powder. 

1H NMR (300 MHz, DMSO-d6) δ 11.69 (bs, 1H), 9.59 (s, 1H), 8.93 (s, 1H), 8.07 

(dd, J = 6.8, 2.6 Hz, 1H), 7.77 (ddd, J = 9.0, 4.4, 2.6 Hz, 1H), 7.63 (s, 1H), 7.54 (t, 

J = 9.1 Hz, 1H), 7.27 (q, J = 8.8 Hz, 1H), 4.39 (q, J = 6.9 Hz, 2H), 1.44 (t, J = 6.9 

Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 159.45, 156.29, 155.51, 154.99, 154.34, 

139.92, 134.79, 126.18, 124.92, 123.34, 119.75, 117.54, 107.29, 105.92, 99.98, 

66.76, 14.50; MS (ES) m/z 363.1 [M+H]+. 

Synthesis of N4-(3-chloro-4-fluorophenyl)-7-ethoxyquinazoline-4,6-

diamine (2.3). A mixture of 2.2 (2 g, 5 mmol), iron (1.68 g, 30.1 mmol), acetic acid 

(1.8 g, 30.1 mmol), and sodium acetate (0.41 g, 5.0 mmol) in 80 mL of methanol 

was refluxed for 3 h.  To this mixture were added 3 mL of conc. ammonia.  The 

mixture was filtered while hot, the solid washed with hot methanol, and the solvent 

removed from the filtrate by rotary evaporation.  The resulting solid was extracted 

four times with hot acetone.  After the acetone was removed from the extracts, 

water was added to the residue and the slurry was stirred for 30 min.  The yellow 

precipitate was filtered, washed with water, and dried in a vacuum at 60 °C to yield 

1.42 g (85 %) of 2.3. 1H NMR (300 MHz, DMSO-d6) δ 9.38 (s, 1H), 8.38 (s, 1H), 

8.25 – 8.11 (m, 1H), 7.90–7.73 (m, 1H), 7.38 (m, 2H), 7.08 (s, 1H), 5.33 (s, 2H), 
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4.22 (q, J = 7.2 Hz, 2H), 1.45 (t, J = 7.0 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 

154.90, 153.51, 151.83, 151.58, 150.12, 144.70, 138.42, 137.46, 122.34, 121.34, 

118.58, 116.38, 110.19, 106.24, 100.75, 63.77, 14.34; MS (ES) m/z 333.1 [M+H]+. 

Synthesis of 1-(4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)-3-methylthiourea (2.4).  A mixture of 0.1 g (0.3 mmol) of 

2.3 and 0.033 g (0.45 mmol) of methylisothiocyanate was stirred in 3 mL of ethanol 

at room temperature for 3 h.  The solution was concentrated to half its volume and 

stored in the refrigerator overnight.  The precipitate formed was collected, washed 

with ethanol to yield 47 mg (39 %) of 2.4.  1H NMR (500 MHz, DMSO-d6) δ 9.71 (s, 

1H), 9.08 (s, 1H), 8.61 (s, 1H), 8.57 (s, 1H), 8.20 (dd, J = 6.8, 2.6 Hz, 1H), 7.84 

(ddd, J = 9.2, 4.3, 2.7 Hz, 2H), 7.43 (t, J = 9.1 Hz, 1H), 7.26 (s, 1H), 4.24 (q, J = 

7.0 Hz, 2H), 2.94 (d, J = 4.3 Hz, 3H), 1.41 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, 

DMSO-d6) δ 182.39, 157.41, 157.17, 154.69, 154.52, 152.59, 150.42, 137.22, 

128.17, 123.57, 122.48, 121.31, 119.26, 117.07, 109.16, 108.22, 64.79, 31.94, 

14.83; MS (ES) m/z 406.1 [M+H]+. 

Synthesis of 1-(4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)-3-phenylthiourea (2.5).  This analogue was synthesized 

using the same procedure and stoichiometric amounts described for compound 

2.4.  Yield 35 mg (25 %). 1H NMR (300 MHz, DMSO-d6) δ 9.95 (s, 1H), 9.74 (s, 

1H), 9.36 (s, 1H), 8.72 (s, 1H), 8.57 (s, 1H), 8.19 (dd, J = 6.9, 2.7 Hz, 1H), 7.83 

(ddd, J = 9.4, 4.4, 2.7 Hz, 1H), 7.56 – 7.30 (m, 5H), 7.27 (s, 1H), 7.16 (t, J = 7.3 

Hz, 1H), 4.26 (q, J = 6.9 Hz, 2H), 1.43 (t, J = 6.8 Hz, 3H); 13C NMR (126 MHz, 

DMSO-d6) δ 180.38, 156.97, 156.69, 154.19, 154.17, 153.99, 152.06, 149.99, 
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139.17, 136.66, 128.41, 128.06, 124.72, 124.06, 123.12, 122.01, 121.16, 118.70, 

116.50, 108.48, 107.54, 64.31, 14.32; MS (ES) m/z 468.2 [M+H]+. 

Synthesis of N4-(3-chloro-4-fluorophenyl)-7-ethoxy-N6-

methylquinazoline-4,6-diamine (2.6).  To a solution of sodium methoxide in 30 

mL of methanol (prepared from 0.35 g/15 mmol of sodium metal) were added 1 g 

(3 mmol) of 2.3 and 0.45 g (15 mmol) of paraformaldehyde.  The reaction mixture 

was refluxed for 2 h and subsequently cooled to 0 °C.  After 0.57 g (15 mmol) of 

sodium tetrahydroborate were added in small portions, the orange mixture turned 

light yellow, and heating at reflux was continued for another 2 h. Solvent was 

removed by rotary evaporation and the residue was washed with water.  The solid 

was then dissolved in a minimum amount of methanol/DCM (1:1), and the solution 

was passed through a Celite pad to remove a minor amount of a black solid.  

Solvent was removed to give 0.7 g (67%) of 2.6 as a light yellow powder. 1H NMR 

(300 MHz, DMSO-d6) δ 9.31 (s, 1H), 8.37 (s, 1H), 8.16 (dd, J = 6.9, 2.7 Hz, 1H), 

7.84 (ddd, J = 9.1, 4.4, 2.6 Hz, 1H), 7.42 (t, J = 9.1 Hz, 1H), 7.13 (s, 1H), 7.05 (s, 

1H), 5.71 (q, J = 5.1 Hz, 1H), 4.23 (q, J = 6.9 Hz, 2H), 2.92 (d, J = 4.9 Hz, 3H), 

1.45 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, DMSO-d6) δ 154.77, 154.31, 151.69, 

151.10, 149.94, 144.41, 139.89, 137.29, 122.83, 121.79, 118.67, 116.42, 110.15, 

105.56, 95.67, 63.86, 30.03, 14.33; MS (ES) m/z 347.1 [M+H]+. 

Synthesis of 1-(4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)-1,3-dimethylthiourea (2.7).  A mixture of 2.5 g (7.2 mmol) 

of 2.6, 1.05 g (14.4 mmol) of methylisothiocyanate, and 1.76 g (14.4 mmol) of 4-

dimethylaminopyridine (DMAP) in 20 mL of ethanol was stirred at reflux for 30 h. 



65 
 

Additional methylisothiocyanate was added after 6, 18, and 24 h (2 eq each time).  

Ethanol was removed and the resulting dark oil was applied to a triethylamine-

treated silica gel column.  DCM/methanol (50:1) was used to remove non-polar 

impurities and the same solvent at a 30:1 ratio was used to elute the product.  The 

product fractions were combined, and solvent was removed by rotary evaporation.  

The residue was recrystallized from ethyl acetate to give 1.05 g (35%) of 2.7 as 

orange crystalline solid; 1H NMR (500 MHz, DMSO-d6) δ 9.72 (s, 1H), 8.61 (s, 1H), 

8.48 (s, 1H), 8.23 (dd, J = 6.9, 2.7 Hz, 1H), 7.85 (ddd, J = 9.2, 4.3, 2.7 Hz, 1H), 

7.44 (t, J = 9.1 Hz, 1H), 7.33 (s, 1H), 7.18 (s, 1H), 4.24 (q, J = 6.9 Hz, 2H), 3.47 (s, 

3H), 2.85 (d, J = 4.2 Hz, 3H), 1.36 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, DMSO-

d6) δ 183.41, 158.43, 157.37, 155.44, 154.59, 152.66, 151.97, 137.07, 133.10, 

124.53, 123.48, 122.35, 119.33, 117.13, 109.82, 109.68, 64.81, 56.49, 19.02, 

14.81; HRMS m/z [M+H]+ calcd for C19H20ClFN5OS: 420.1061, found: 420.1032.  

Synthesis of N4-(3-chloro-4-fluorophenyl)-7-ethoxy-N6-(2-

(methylamino)ethyl)quinazoline-4,6-diamine (2.8). A mixture containing 2.0 g 

(6.0 mmol) of 2.3, 0.68 g (18 mmol) of NaCNBH3, and 2.1 g (12 mmol) of tert-

butylmethyl(2-oxoethyl)carbamate in 40 mL of methanol was prepared.   Sufficient 

glacial acetic acid (~1.5 g) was added until the solid was completely dissolved.  A 

yellow precipitate formed after the reaction was stirred for 12 h at room 

temperature.  Solvent was removed and the resulting oil was redissolved in DCM, 

washed with saturated NaHCO3 and brine, and dried over Na2SO4.  DCM was 

removed and the residue was heated at reflux in 50 mL of 4 M HCl for 2 h to remove 

the Boc protecting group.  Acid was removed by rotary evaporation, and the 
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resulting oil was allowed to solidify by stirring in ethanol at room temperature 

overnight.  The solid was collected, washed with small amounts of ethanol, and 

partitioned between DCM and 1 M NaOH solution.  The organic layer was 

recovered, washed with brine, and dried over Na2SO4.  After the solvent was 

removed 1.0 g (51 %) of 2.8 was obtained as a white solid. 1H NMR (300 MHz, 

DMSO-d6) δ 9.31 (s, 1H), 8.37 (s, 1H), 8.15 (dd, J = 6.9, 2.6 Hz, 1H), 7.83 (ddd, J 

= 9.1, 4.4, 2.7 Hz, 1H), 7.42 (t, J = 9.1 Hz, 1H), 7.24 (s, 1H), 7.07 (s, 1H), 5.45 (t, 

J = 5.4 Hz, 1H), 4.24 (q, J = 6.9 Hz, 2H), 3.32 (q, J = 5.8 Hz, 2H), 2.84 (t, J = 6.0 

Hz, 2H), 2.35 (s, 3H), 1.44 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 

154.82, 153.70, 151.77, 151.56, 150.16, 144.52, 138.77, 137.20, 122.93, 121.87, 

118.63, 116.38, 110.04, 105.82, 96.42, 63.93, 49.75, 42.19, 35.81, 14.31; MS (ES) 

m/z 390.2 [M+H]+. 

Synthesis of 1-(2-((4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)amino)ethyl)-1,3-dimethylthiourea (2.9). A mixture of 

0.14 g (1.92 mmol) of methylisothiocyanate and 0.5 g (1.28 mmol) of 2.8 in 10 mL 

of ethanol was stirred at room temperature for 1 h to produce a white solid 

precipitate, which was collected, washed with cold ethanol, and dried to yield 0.53 

g (90%) of 2.9.  1H NMR (500 MHz, DMSO-d6) δ 9.24 (s, 1H), 8.39 (s, 1H), 8.18 

(dd, J = 6.9, 2.7 Hz, 1H), 7.85 (ddd, J = 9.1, 4.0, 2.7 Hz, 1H), 7.51 (q, J = 4.2 Hz, 

1H), 7.43 (t, J = 9.1 Hz, 1H), 7.25 (s, 1H), 7.06 (s, 1H), 5.85 (t, J = 5.3 Hz, 1H), 

4.22 (q, 2H), 4.16 (t, J = 6.4 Hz, 2H), 3.47 (q, J = 6.0 Hz, 2H), 3.10 (s, 3H), 2.94 

(d, J = 4.1 Hz, 3H), 1.45 (t, J = 6.9 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 

182.50, 155.32, 154.22, 152.29, 152.17, 150.70, 145.11, 139.13, 137.76, 123.26, 
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122.19, 119.22, 116.99, 110.57, 106.31, 96.57, 64.51, 51.89, 41.95, 37.90, 33.19, 

14.97; HRMS m/z [M+H]+ calcd for C21H25ClFN6OS: 463.1483, found: 463.1464.  

Synthesis of [[Au(7)]2]Cl2 (2.12a).  A mixture of 0.10 g (0.24 mmol) of 

compound 2.7 and 76 mg (0.24 mmol) of chlorotetrahydrothiophenegold(I) (2.10a) 

in 5 mL of DCM and 1 mL of methanol and was stirred at room temperature for 30 

min.  When the solution was concentrated to a volume of ~1 mL, compound 2.12a 

precipitated as an off-white solid, which was collected, washed with DCM, and 

dried in a vacuum at 60 °C.  Yield: 0.116 g (75%). 1H NMR (500 MHz, DMSO-d6) 

δ 9.77 (s, 1H), 8.89 (s, 1H), 8.63 (s, 1H), 8.54 (s, 1H), 8.23–8.15 (m, 1H), 7.86–

7.78 (m, 1H), 7.46 (t, J = 9.1 Hz, 1H), 7.33 (s, 1H), 4.25 (s, 2H), 3.53 (s, 3H), 3.17 

(s, 3H), 1.45–1.30 (m, 3H); 13C NMR (126 MHz, DMSO-d6) δ 175.87, 157.60, 

157.44, 155.79, 154.75, 152.81, 152.02, 136.88, 133.21, 124.09, 123.79, 122.59, 

119.37, 117.19, 109.68, 65.09, 55.37, 34.21, 14.88; HRMS m/z [M]2+ calcd for 

C38H38Au2Cl2F2N10O2S2: 616.0648, found: 616.0611; anal. calcd for 

C38H38Au2Cl4F2N10O2S2CH2Cl2: C 33.20, H 2.71, N 10.19, found: C 33.49, H 2.65, 

N 10.13. (The analogous thiocyanate salt 2.12b showed the same mass 

spectroscopic and NMR features.) 

Synthesis of [Au(9)PEt3](NO3) (2.13).  To 0.153 g (0.34 mmol) of 2.9 in a 

mixture of 10 mL of THF and 5 mL of methanol 0.122 g (0.34 mmol) of 

chlorotriethylphosphinegold(I) was added.  The mixture was stirred for 5 min, and 

56 μL of a 1g/mL aqueous solution of AgNO3 were added to exchange chloride 

with nitrate counter ions.  Precipitated AgCl was filtered off and the filtrate was 

concentrated and added to 20 mL of diethyl ether.  Compound 2.13 precipitates as 



68 
 

a yellow solid, which was washed with diethyl ether and dried in a vacuum.  Yield: 

0.126 g (46%). 1H NMR (500 MHz, DMSO-d6) δ 9.32 (s, 1H), 8.41 (s, 1H), 8.27 (q, 

J = 4.2 Hz, 1H), 8.15 (dd, J = 6.8, 2.6 Hz, 1H), 7.83 (ddd, J = 9.1, 4.0, 2.7 Hz, 1H), 

7.44 (td, J = 9.1, 0.8 Hz, 1H), 7.29 (s, 1H), 7.10 (s, 1H), 5.77 (t, J=5.35 Hz, 1H), 

4.24 (q, J = 6.9 Hz, 2H), 4.19 (t, J = 5.6 Hz, 2H), 3.57 (q, J = 6.1 Hz, 2H), 3.21 (s, 

3H), 3.10 (d, J = 4.0 Hz, 3H), 1.89 (dq, J = 10.6, 7.6 Hz, 6H), 1.45 (t, J = 6.9 Hz, 

3H), 1.05 (dt, J = 19.3, 7.7 Hz, 9H); 13C NMR (126 MHz, DMSO-d6) δ 175.45, 

154.87, 153.77, 151.84, 151.76, 150.27, 144.14, 138.31, 137.01, 122.84, 121.78, 

118.70, 116.49, 109.91, 105.65, 96.57, 64.05, 52.18, 40.8, 33.57, 16.78, 14.37, 

8.94, 8.83; HRMS m/z [M]+ calcd for C27H39AuClFN6OPS: 777.1982, found: 

777.1957; anal. calcd for C27H39AuClFN7O4PS: C 38.65, H 4.68, N 11.67, found: 

C 38.13, H 4.25, N 10.79. 

 

2.4.4. Cell Proliferation Assay  

The human non-small cell lung cancer cell lines, NCI-H460 (large cell) and NCI-

H1975 (adenocarcinoma), were obtained from the American Type Culture 

Collection (Rockville, MD, USA).  Both cell lines were cultured in RPMI-1640 media 

(HyClone) supplemented with 10% fetal bovine serum (FBS), 10% penstrep (P&S), 

10 % L-glutamine, and 1.5g/L NaHCO3. Cells were incubated at a constant 

temperature at 37 °C in a humidified atmosphere containing 5% CO2 and were 

subcultured every 2 to 3 days in order to maintain cells in logarithmic growth.  The 

cytotoxicity studies were carried out according to a standard protocol using the 

Celltiter 96 aqueous nonradioactive cell proliferation assay kit (Promega, Madison, 
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WI). Stock solutions (10 mM) of all drugs were prepared in DMF and serially diluted 

with media prior to incubation with cancer cells.  IC50 values were calculated from 

dose–response curves using sigmoidal curve fits in GraphPad Prism, version 5.00 

(GraphPad Software Inc., La Jolla, CA). 

 

2.4.5. Enzyme Inhibition Assay   

Compounds were tested against epidermal growth factor receptor tyrosine kinase, 

EGFRL858R/T790M, using the Kinase-Glo assay platform (Promega, Madison, WI).  

Reactions were performed on black 96-well plates (BD Biosciences, San Jose, 

CA).  Stock solutions (1 mM) were prepared in DMF, and serial dilutions were 

carried out in a modified 1  kinase reaction buffer, which was free of bovine serum 

albumin (BSA) and dithiothreitol (DTT) (40 mM Tris-HCl, pH 7.5; 20 mM MgCl2; 2 

mM MnCl2; 0.05 mM Na2S2O4).  Reactions contained 44 ng of EGFR in 10 µL of 

buffer, 10 L of 100 M ATP/0.2 g/L poly(Glu4Tyr1), and 5 L of inhibitor in 1  

reaction buffer (total volume 25 L).  Mixtures were incubated for 60 min and 

subsequently terminated by adding 25 L of ADP-Glo reagent (Promega). 

Termination reactions were allowed to incubate for 40 min, and 50 L of kinase 

detection reagent (Promega) was added.  The plates were then analyzed for 

luminescence with a Synergy H1 Hybrid Reader (BioTek, Vinooski, VT) after 30 

min of incubation.  IC50 values were calculated from sigmoidal curve fit 

y=bottom+(top-bottom)/(1+(10^(x-logIC50))) of the luminescence data using 

GraphPad Prism for an average from two determinations. 
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CHAPTER III 
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3. TARGETING THE EGFR TYROSINE KINASE WITH 

PLATINUM-FUNCTIONALIZED SMALL MOLECULE 

INHIBITORS 

 

3.1. Background 

The triethylphosphine-gold TKI 2.13 designed in Chapter 2 was successfully 

synthesized and tested in model reactions, enzyme assays, and cancer cells. 

Despite its low micromolar IC50 in the NSCLC cell line NCI-H1975 and a nanomolar 

IC50 in EGFR (L858R/T790M) kinase, the triethylphosphine ligand in 2.13 had a 

strong trans effect on the thiourea ligand, which rendered the gold–sulfur bond 

very labile. As a consequence, the thiourea ligand underwent fast ligand exchange 

with glutathione and a number of other thiol-containing species, which can be 

predicted to result in premature dissociation of the metal from the TKI in cancer 

cells.130 Thus, the goal was to design a metal-containing complex with enhanced 

stability in plasma and cytosol in the presence of aqueous thiols, but sufficiently 

reactive to induce permanent adducts with the target enzyme.  

 The lability of gold-sulfur bonds and the resulting ligand exchange reactions 

are caused by the unique geometry of gold(I) coordination. Ligand exchange in 

two-coordinate gold(I) species occurs via associative substitution which involves 

three-coordinate transition states and intermediates. There are empty, low-lying px 

and py orbitals in the linear complex. The availability of these orbitals facilitates re-
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hybridization to a trigonal geometry necessary to accommodate the entering ligand 

even more so than square planar and octahedral complexes.131 Platinum(II) forms 

square-planar complexes and engages also in associative substitution during 

ligand exchange, but the five-coordinate transition state usually leads to much 

slower ligand exchange. Ligand exchange in the Au(I) compound auranofin occurs 

with a half-life of 1-2 min132 whereas the [Pt(ethylenediamine)(amidine)Cl]+ 

complex, for instance, undergoes Cl- to thiol ligand exchange with a second-order 

half-life of 180 min.97 Thus, we decided to explore the possibility of using square-

planar, monofunctional platinum complexes containing one chloro leaving group 

as cysteine-binding electrophiles.  

 Platinum-based anticancer drugs are simple platinum(II) coordination 

complexes used to treat cancers.133 As one of the most successful oncology drugs 

and the first metal-containing chemotherapeutic agent, cisplatin is currently being 

administered to nearly 50% of cancer patients alone or in combination with other 

anticancer drugs.134 Cisplatin and its second-generation derivatives, such as 

carboplatin and oxaliplatin, act by similar mechanisms. Slow exchange of the 

chlor(id)o ligands in cisplatin with aqua ligands occurs after the neutral complex 

has entered the cell. The reactive aqua complex subsequently reacts with guanine 

(G)-N7 in DNA to form monofunctional adducts and cross-links of DNA.133, 135 

Several non-classical platinum anticancer agents with different DNA binding 

modes have been developed as well.8, 136 In an attempt to address tumor 

resistance caused by cisplatin and other similar bifunctional Pt(II) complexes, the 

Bierbach group has developed a series of monofunctional Pt(II) complexes by 
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substituting one of the chlor(id)o leaving groups of cisplatin for a thiourea137 or an 

amidine138 moiety, which is linked to a 9-aminoacridine moiety (see Figure 3.1). 

The addition of the flexible ethylene linker allows for strainless intercalation of the 

acridine into the DNA base-stack while platinum attaches to an adjacent G-N7 

position, leaving the DNA secondary structure relatively unperturbed, unlike the 

situation observed for cisplatin intrastrand cross-links.139 These hybrid 

monofunctional Pt agents display a unique mechanism of action and 1000-fold 

higher anticancer activity than cisplatin and most other DNA-targeted therapies.8  

 As mentioned in Chapter 1, cisplatin and most other Pt-based DNA-binding 

anticancer agents lack selectivity. In these cases, Pt(II) indiscriminately damages 

DNA bases in both cancerous and normal cells. The interactions of Pt(II) 

complexes with cancer-specific targets, such as oncogenic kinases, are widely 

unexplored. In addition, similar to linear Au(I) compounds, square-planar Pt(II) 

complexes also show a high affinity for sulfur-containing bioligands.  This is usually 

considered an undesired reactivity feature for DNA-targeted platinum anticancer 

drugs, which causes detoxification of platinum by glutathione and other thiol-

containing molecules in cancer cells by promoted Pt efflux, rendering the drug 

inactive.140  

We were interested in redirecting platinum from its “natural” target, DNA, to 

a molecular target (a protein expressed specifically in cancer signaling pathways) 

by exploiting its affinity for cysteine thiol. Unlike reactions in Au(I) complexes 

described in Chapter 2, the reactivity of the Pt(II) center can be more efficiently 

controlled by varying the donor properties and sterics of the leaving and non-
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leaving groups around the metal. In the previously designed platinum-acridine 

agents, the platinum moiety featuring am(m)ine nonleaving groups, an amidine or 

a thiourea nonleaving group, and a chloro leaving group had demonstrated 

desirable reactivity and selectivity of the latter ligand.137-138  

 Inspired by the design of the paltinum-acridine hybrid agents, we proposed 

two new molecules by combining the monofunctional Pt-containing moiety with a 

quinazoline-based tyrosine kinase binding scaffold (Figure 3.1). While the kinase 

binding moiety would associate with the active site of the enzyme, platinum would 

bind to a nucleophilic amino acid residue, such as the active-site cysteine in EGFR 

as described in Chapter 2. Although both thiourea and amidine can serve as donor 

groups in this design, thiourea sulfur exerts a strong trans-effect on the amine non-

leaving group. Chelating ligands such as ethylene diamine are relatively unaffected 

by this effect, but monodentate ligands such as NH3 may undergo ligand exchange, 

which is undesired. In platinum-acridines, introduction of an amidine N-donor 

group helped circumvent these unwanted reactivities.138 The sp2 imino-NH in 

amidine proved to be an excellent ligand for Pt and the overall geometry of the Pt 

complex was similar to that of the thiourea-based complex.138  

 Compound 3.1 was derived from cisplatin by formally replacing one of the 

chlor(id)o ligands with an amidine-functionalized quinazoline ligand. The 

monofunctional complex and the amine-based linker bridging the Pt-containing 

moiety to the aromatic ring were designed in complete analogy to the platinum-

acridine agents. Another derivative, 3.2, was designed containing bulky 

tetramethylethylenediamine (TMEDA) as non-leaving group. We wanted to assess 
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if the steric hindrance produced by this chelate as well as the lack of hydrogen 

bonding would interfere with the action of the kinase binding moiety. Previous 

studies showed that introducing TMEDA completely abrogated the binding of Pt 

with DNA bases.141 This feature of 3.2 may eliminate non-specific side reactions 

of the Pt while allowing the metal to form adducts when placed in close proximity 

to the cysteine residue in the ATP binding pocket of EGFR kinase. Different rates 

of ligand exchange in 3.1 and 3.2 would also affect their irreversible binding ability 

and the overall potency in enzymes and in cells. 

 

Figure 3.1. (A) Design rationale for Pt(II)-quinazoline hybrid agents as irreversible EGFR 

tyrosine kinase inhibitors derived from the corresponding platinum–acridine hybrid agents. 

(B) Proposed mechanism of action and (C) structures of the two prototypical inhibitors, 3.1 

and 3.2. 
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To generate a platinum-modified TKI, we utilized the 4-anilinoquinazoline scaffold 

of gefitinib, which targets the ATP binding site of EGFR kinase. Similar to other 

irreversible inhibitors, the 6-position of the quinazoline was selected for attaching 

an electrophilic platinum moiety. This design positions the metal in close proximity 

to the solvent-exposed cysteine without interfering with other parts of the ATP 

binding pocket that control the reversible kinase binding step.  

 

3.2. Results and Discussion 

3.2.1. Chemistry 

The cyano group in organic nitriles contains a polar carbon-nitrogen triple bond, in 

which the carbon atom carries a partial positive charge and becomes susceptible 

to nucleophilic attack when the nitrile is activated by a Brønsted or Lewis acid. 

Platinum acts as a Lewis acid when bound to the nitrogen of a nitrile ligand,  which 

further polarizes the CN bond and activates it for addition reactions.142 The Pt-

nitrile precursor complexes 3.3 and 3.4 can be generated by substituting one of 

the chlor(id)o ligands with propionitrile.138, 141  As the TKI moiety, compound 2.8 

(designed in Chapter 2) was introduced.  The 6-position of quinazoline was 

modified with a side chain through an C6-N bond, which contains a terminal 

secondary amine that can be added across the nitrile triple bond 3.3 and 3.4.  With 

these precursors in hand, the desired amidine linkage was formed (Scheme 3.1)138. 
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Importantly, in reactions between the Pt-nitrile complexes and the secondary 

amino group of TKI 2.8, low temperature favors amidine formation (kinetically 

controlled), whereas at higher temperatures ligand substitution dominates in which 

the secondary amine replaces the nitrile, resulting in undesired amine complexes 

(Scheme 3.1).  

 

Scheme 3.1. Preparation of Pt-containing TKIs 3.1 and 3.2 

 

Reagents and conditions: (a) propionitrile, pH 4, HCl, (b) AgNO3, (c) 3.3, DMF, 4°C, 

overnight, (d) 3.4, DMF, 4°C, overnight. 

 

3.2.2. Binding studies of 3.1 and 3.2 in tyrosine kinase  

Because the core scaffold was derived from the clinical kinase inhibitor gefitinib, 

compounds 3.1 and 3.2 were expected to be tight binders of EGFR kinase. Global 

binding studies of 3.1 and 3.2 were performed by DiscoverX (San Diego, CA) 

where kinase selectivities and affinities were determined.143-144 Unlike traditional 
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ATP competition assays, this method is based on the interaction between DNA-

tagged kinase domains and a substrate surrogate immobilized on a solid-state 

support. When combined with quantitative polymerase chain reaction (qPCR) 

detection, this method allows efficient high-throughput screening (Figure 3.2). In 

this assay, solid-state beads are coated with a kinase-binding substrate surrogate  

(immobilized ligand in Figure 3.2). When the “barcoded” kinases are incubated 

with these beads they will bind to the surrogates. Test compounds that act as 

kinase inhibitors will compete with the surrogate for the same binding site (the ATP 

binding site) of the kinase. Competitive binding to test compound present in 

solution will cause dissociation of the DNA-tagged kinase from the solid phase. 

The remaining kinase molecules on the solid phase can be recovered and the 

associated “DNA label” on the kinase can then be quantified by highly sensitive 

qPCR.  Dimethyl sulfoxide (DMSO) is used to dissolve the test compounds prior 

to dilution with assay buffer.  DMSO should not compete with the substrate for 

kinase binding and is used as a negative control. Relative binding affinities are 

determined from the amounts of protein retained on the solid phase in the 

presence of ligand and in the negative control (expressed as percent of control in 

Figure 3.3).  Consequently, inhibitors with high binding affinities result in a low 

percentage of solid-bound kinase molecules compared to that of the negative 

control, whereas weak inhibitors result in higher percentages of undissociated 

protein. 
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Figure 3.2 Compounds that bind to the kinase active site and directly (sterically) or 

indirectly (allosterically) prevent kinase binding to the immobilized ligand will reduce the 

amount of kinase captured on the solid support (Panels A & B). Conversely, test molecules 

that do not bind the kinase have no effect on the amount of kinase captured on the solid 

support (Panel C). Screening “hits” are identified by measuring the amount of kinase 

captured in test versus control samples by using a quantitative, precise and ultra-sensitive 

qPCR method that detects the associated DNA label (Panel D). In a similar manner, 

dissociation constants (Kd values) for test compound-kinase interactions are calculated by 

measuring the amount of kinase captured on the solid support as a function of the test 

compound concentration. 

 

Using this assay, Pt-TKI 3.1 was tested at a fixed concentration of 1 M in 

a panel of 145 tyrosine kinases, represented by small green dots in the tree 

diagram (Figure 3.3B top). The majority of them were ErbB family kinases, along 

with several kinases in other categories, but they all represent the cysteinome (see 

Chapter 1.3). Many oncogenic mutations of EGFR exist, which were tested along 

with the wild-type enzyme (shown as small green dots in Figure 3.3B, bottom). The 

“percent of control” values mentioned in the previous paragraph were determined 
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for each of the 145 kinases. The kinases resulting in the strongest binding affinity 

(< 35% of control) with compound 3.1 are summarized in Figure 3.3A and are 

highlighted as solid red circles in Figure 3.3B (see Appendix Table B1 for a 

complete set of data). The highest binding affinity was found in ErbB family kinases, 

particularly EGFR (HER1).  Wild-type EGFR and several of its various mutated 

forms showed complete inhibition (0% of control) which corresponds to low-

nanomolar dissociation constants (Kd) (see Appendix Figure B1 for a graph that 

correlates Kd with percent of control inhibition). Other members of the ErbB kinase 

family such as ErbB2 (HER2) and ErbB4 (HER4) showed tight binding as well, 

along with two non-ErbB kinases, FLT (VEGFR) and LCK. LCK was identified as 

a target for gefitinib in the assay. This selectivity profile of 3.1 is similar to that of 

gefitinib provided by DiscoverX, indicating that modification of the quinazoline 

scaffold at the 6-position with a monofunctional Pt(II) moiety via a flexible linker did 

not affect the kinase binding properties of the kinase inhibitor. This result is 

consistent with our previous findings in molecular modeling studies, which 

indicated that the extended side chain at quinazoline C6 was relatively flexible and 

not involved in specific interactions with the ATP-binding pocket. 
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(A) 

Entry Gene Symbol Percent of Control 

1 EGFR (wild-type) 0 

2 EGFR (E749-A750del) 0 

3 EGFR (G719C) 0 

4 EGFR (G719S) 0 

5 EGFR (L747-E749del, A750P) 0 

6 EGFR (L747-S752del, P753S) 5.8 

7 EGFR (L747-T751del, Sins) 0.6 

8 EGFR (L858R) 0.2 

9 EGFR (L858R, T790M) 14 

10 EGFR (L861Q) 0.05 

11 EGFR (S752-I759del) 1 

12 EGFR (T790M) 6.1 

13 ErbB2 12 

14 ErbB4 31 

15 FLT3 32 

16 LCK 26 

 

Figure 3.3. Kinome Scan of 3.1 in 145 tyrosine kinases, including several of their mutated 

forms. (A) Summary of kinases that reached inhibition levels of 35% of control or less. 

Amount of kinase bound to the solid phase with or without added inhibitor was comparing 

in a percentage value. Lower percentage indicates higher binding affinity of the test 

compound (B) Binding profile of 3.1 in tested kinases represented as solid red circles in a 

phylogenetic kinome tree. Larger circles indicate higher binding affinity.  
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Figure 3.3, continued 

(B) 
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 In a similar manner, more accurate Kd values for test compound-kinase 

interactions were calculated by measuring the amount of kinase captured on the 

solid support as a function of test compound concentration, and sigmoidal dose-

response curves were generated by plotting percent control values versus the 

logarithmic concentrations of the test compound (Figure 3.4). The Kd values of 3.1 

and 3.2 in EGFR were 1 nM and 3 nM, respectively, which is similar to the Kd value 

of gefitinib in EGFR reported by DiscoverX (3.2 nM). This result suggests that our 

newly added Pt-containing moieties were compatible with the existing quinazoline-

based kinase binding moiety and may have even resulted in slightly enhanced 

binding affinity compared to gefitinib. Interestingly, the bulkiness of the TMEDA 

ligand in compound 3.2 did not seem to have a major effect on the inhibitor-kinase 

interaction.  
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(A) 

 
 

(B) 

 
Figure 3.4. Dose-response curves of binding affinity of test compounds in EGFR kinase. 

Kd values were determined from the concentration where half of the maximum binding 

affinity was achieved. Each measurement was performed in duplicate for (A) compound 

3.1 and (B) compound 3.2. X axis represents logarithmic concentration of test compounds 

whereas Y axis represents response in qPCR.  

 

  

EGFR EGFR 

EGFR EGFR 
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3.2.3. Biological activity of 3.1 and 3.2   

The activity of overexpressed or mutated EGFR is key to the rapid cell proliferation 

in most EGFR-positive cancers.145 Blocking the kinase activity of EGFR has been 

shown to stall cell proliferation, and strong EGFR inhibition will consequently lead 

to potent anti-proliferative activity in the corresponding cell lines. Knowing that 3.1 

and 3.2 share similar EGFR binding profiles as gefitinib, we performed cell 

proliferation assays for both compounds along with gefitinib in the cell line NCI-

H1975, a non-small-cell lung cancer bearing upregulated, double-mutant EGFR 

kinase (L858R/T790M, where the former mutation is an activating mutation).91  For 

comparison, antiproliferative activities were also determined in the EGFR-negative 

lung cancer cell line NCI-H460. IC50 values were determined using colorimetric 

(MTS) cell viability assays. IC50 values for 3.1, 3.2, and gefitinib in NCI-H460 and 

NCI-H1975 are summarized in Table 3.1. 

 

Table 3.1. Summary of Cytotoxicity Data (IC50 Values)[a] 

Compound NCI-H1975 

(EGFRL858R/T790M) 

NCI-H460 

(EGFRwild-type) 

3.1 61.4 ± 5.4 11.9 ± 1.7 

3.2 >100 >100 

gefitinib 30.0 ± 1.3 14.2 ± 0.5 

[a] IC50 values (µM) were extracted from drug–response curves. Assays 
were performed in triplicate for each concentration. 
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 In this assay, compound 3.1 inhibited NCI-H1975 proliferation at high-

micromolar concentrations, similar to gefitinib.  Both compounds showed 

significantly lower IC50 values (5-fold and 2-fold, respectively) in NCI-H460 

resulting in similar levels of cell growth inhibition.  This is surprising, since this cell 

line expresses low levels of wild-type EGFR.  Compound 3.2, which contains the 

bulky TMEDA chelate that has previously been shown to dramatically slow down 

ligand exchange reactions,141 was inactive in both cell lines with no dose response 

observed at concentrations of less than 100 µM. By contrast, the sterically less 

hindered ammine (NH3) ligands promote rapid reaction with cysteine thiol, and a 

second-order half-life of 180 min was observed in analogous platinum-acridine 

hybrid agents.97  

Interpretation of these results is not straightforward, but the above 

observations suggest that the ability of platinum to form adducts (with EGFR or 

other cellular components) may play a role for the biological activity of the two new 

compounds.  On the other hand, the results for compound 3.1 and gefitinib in NCI-

H460 suggest that an entirely different, non-EGFR-mediated mechanism of cell kill 

may be at play in this particular cell line.  It is unclear through what mechanism an 

EGFR kinase inhibitor might generate a cytotoxic response in these cells.  

Differences in polarity between the compounds may also have an effect on cellular 

uptake and control overall activity levels (see Chapter 4). Although the anti-

proliferative activity of 3.1 was improved relative to 3.2, its IC50 in NCI-H1975 was 

significantly higher than the nanomolar IC50 reported for the irreversible inhibitor 

afatinib in this cell line.117   
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 While 3.1 had a slightly lower IC50 than gefitinib in NCI-H460, neither Pt-TKI 

showed improved growth inhibition compared to the clinical agent in NCI-H1975 

cells.  As reversible kinase inhibitors, compounds 3.1, 3.2, and gefitinib share the 

same kinase binding moiety, and the former two compounds showed binding 

affinities in EGFR kinase similar to that reported for gefitinib. Apparently, 

functionalization of quinazoline C6 did not seem to interfere with the binding of the 

anilinoquinazoline moiety.  If EGFR inhibition was the dominating factor in cell 

growth inhibition, both Pt-TKIs would be expected to show anti-proliferative 

activities similar to gefitinib.  Other factors such as off-target binding and inefficient 

cellular accumulation may be responsible for the lack of potency observed for the 

new platinum-modified TKIs.  

 

3.2.4. Reactivity of 3.1 and 3.2 with Cysteine Thiol and Aqueous 

Stability 

Reactions monitored by LC-MS. To investigate potential cysteine-platinum 

interactions and explore the possibility of irreversible binding, we studied the 

reactivity of 3.1 and 3.2 in test reactions with  N-acetyl cysteine and glutathione by 

monitoring the reactions with LC-ESI-MS. The element Pt has five stable natural 

isotopes: 192Pt, 194Pt, 195Pt, 196Pt and 198Pt with 195Pt being the most abundant 

(33.8%).146 This results in characteristic isotopic peak envelopes in the mass 

spectra of Pt-containing small molecules.  On the other hand, HPLC traces 

recorded in the wavelength of 370 nm can be used to monitor the 
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anilinoquinazoline chromophore in reaction products. LC-MS is therefore an ideal 

tool for studying adduct formation in these model reactions involving Pt-TKIs.  

 In analogous reactions with platinum-acridine compounds, the 

monofunctional [Pt(NH3)2(amidine)Cl]+ moiety readily undergoes Cl to S ligand 

exchange to form a Pt-thiol adduct.97 Because 3.1 and 3.2 were designed in 

complete analogy with platinum-acridine complexes with a square-planar 

monofunctional platinum moiety (Figure 3.1), both compounds were expected to 

undergo the same ligand exchange reaction, although at different rates due to the 

difference in non-leaving groups. While compound 3.1 resulted in an entirely 

unexpected reactivity (see below), compound 3.2 underwent the expected Cl to S 

ligand exchange, despite the steric hindrance exerted by the TMEDA ligand. The 

reaction was very slow with a half-life of greater than 12 h at 37 °C, making the 

platinum moiety in 3.2 a poor candidate as a cysteine-targeting electrophile (Figure 

3.5).  
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Figure 3.5. Reactivity of compound 3.2 with glutathione (1 mM in H2O). LC-MS was 

performed after 12 h of incubation at 37 °C. The glutathione-3.2 adduct peak in the HPLC 

trace and the parent peak in the corresponding mass spectrum are highlighted with red 

boxes. Peaks of unreacted 3.2 are highlighted with blue boxes. More than 50% of starting 

material was still present in the HPLC trace after 12 hours. 
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Derivative 3.1 was expected to react more rapidly than the TMEDA-

containing complex 3.2 since the sterically less hindered NH3 ligands should not 

shield the metal from entering ligands. However, when 0.1 mM of compound 3.1 

was incubated with N-acetyl cysteine at the same concentration in H2O, no 

platinum-thiol adduct was observed. Instead, one new species with a mass of m/z 

672.19 [M(3.1)-HCl] was detected (Figure 3.6A, entry 1). Incubations of 3.1 with 

glutathione and a thiol-containing short peptide were performed under similar 

conditions resulting in the same product, indicating that the reaction was 

independent of the sulfur nucleophile (data not shown). To further confirm this 

notion, a control experiment was carried out where 3.1 was incubated in H2O in 

the absence of thiol in which the same product formed (Figure 3.6A entry 2). Based 

on the observed mass, which suggests the loss of a chlorido ligand, we speculated 

that the platinum complex must have undergone an intramolecular ligand 

substitution with one of its own nucleophilic sites.  One possibility is that compound 

3.1 underwent aquation followed by the nucleophilic attack of the 6-amino group 

of the quinazoline to form a 7-membered chelate (Figure 3.6B). This particular 

reactivity has previously been observed in platinum-acridines in which the 9-amino 

group may become sufficiently nucleophilic at pH > 8 to form a chelate.147 The 

protonation of acridine on the endocyclic nitrogen at physiological pH lead to a 

resonance structure where the positive charge on the endocyclic nitrogen can 

delocalize onto the exocyclic 9-amino group, resulting its low pKa value. But this 

is not the case for 6-amino-4-anilinoquinazoline. The 6-amino group of 

anilinoquinazoline should provide even higher pKa than the 9-amino group of 
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acridine, which explains the high tendency of 3.1 to form a chelate. Since the 

cyclization changes the shape and rigidity of the entire kinase binding scaffold, it 

is likely that resulting product will be no longer able to act as an ATP analog and 

lose its enzyme inhibitory and biological activity.  

High chloride concentrations are known to prevent aquation of cisplatin.60 

This observation prompted us to perform the reaction of compound 3.1 with N-

acetyl cysteine in phosphate-buffered saline (PBS) solution, which contains ~130-

150 mM chloride, to see if aquation and the subsequent autochelation can be 

suppressed. The results show that physiologically relevant chloride concentrations 

cannot prevent this undesired reactivity (Figure 3.6A entry 3).  

In the proposed mechanisms (Figure 3.6B), the autochelation commences 

with the aquation of 3.1, which can be considered a pseudo-first order process in 

aqueous solutions. By contrast, the formation of Pt-thiol adducts is a bimolecular 

process that results in second-order reaction kinetics.148  With this in mind, we 

increased the concentration of both 3.1 and N-acetyl cysteine by 10-fold to 1 mM. 

Under these conditions, a trace amount of the expected Pt-thiol adduct was 

detected (Figure 3.6A entry 4) (see Appendix Figure E1-E4 for LC-MS spectra).  
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 (A) 

Exp.  
Incubation 
conditions 

Concentration of 3.1 
Concentration of 
N-acetyl cysteine 

Outcome 

1 H2O 0.1 mM 0.1 mM Autochelation 

2 H2O 0.1 mM 0 Autochelation 

3 
1X PBS 
solution 

0.1 mM 0.1 mM Autochelation 

4 H2O 1 mM 1 mM 
Trace amount of 
Pt-thiol adduct 

 

(B) 

 

Figure 3.6. (A) Incubations under various conditions were performed. Each incubation 

was done at 37 °C and LC-MS was performed after 12 hours of continuous incubation. (B) 

Reactions of compound 3.1 with biologically relevant thiols in aqueous solution. 

Compound 3.1 either undergoes ligand substitution and forms a Pt-thiol adduct or 

undergoes aquation followed by cyclization to form a self-chelated product.  
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Reactions monitored by NMR spectroscopy. The cyclization reaction 

involving compound 3.1 in the presence of N-acetylcysteine was also observed in 

1H NMR spectra recorded of the reaction (Figure 3.7A).  These NMR spectra also 

provided insight into the structure of the product from characteristic chemical shift 

changes. (Since the solubility of 3.1 was severely limited in buffers, spectra were 

recorded in pure D2O.) In the NMR spectrum recorded immediately after mixing 

the reactants (Figure 3.7A entry 1), six distinct peaks in the downfield region were 

observed that can be assigned to aromatic TKI protons. The three multiplets 

belonged to the three protons on the fluorinated anilino group, whereas the three 

distinct singlets at 7.21, 7.34, and 8.52 ppm belong to the three quinazoline protons. 

As the reaction progressed, the three singlets decreased in intensity, and a new 

set of downfield-shifted peaks appeared at 7.47, 8.38, and 8.70 ppm, indicating 

that the quinazoline protons were significantly more deshielded in the product. This 

is in agreement with the proposed self-chelated structure in which coordination of 

Pt to the exocyclic nitrogen attached to the C6 position of quinazoline will have an 

electron-withdrawing effect on the quinazoline aromatic system that is directly 

conjugated to the nitrogen. Hence the affected protons are deshielded and shifted 

downfield. By contrast, the more distant 3-chloro-4-fluoroanilino group was 

relatively unaffected as shown by the unchanged chemical shifts of the aromatic 

multiplets.  The quartet around 4.44 ppm in the original NMR, which was assigned 

to the CH2 protons of the O-ethyl group on C7 adjacent to the chelation site, was 

also shifted in the course of reaction.   
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By using the integral intensity of the peak at 7.83 ppm as [A0] and that of the 

disappearing singlet at 8.52 ppm as [A], the amount of starting material left at each 

time point was plotted against time using a semilogarithmic plot representing a 

first-order reaction, ln([A]/[A0]) = -kt.  From the linear regression of the data a half-

life of 3.5 h (37 ˚C) was calculated (Figure 3.7B).   

Potential biological consequences of the autochelation reaction. In the 

competitive enzyme binding/inhibition assays performed with compound 3.1 in 

cell-free systems, the rate of this undesired reaction should not interfere with the 

kinase interactions of this derivative.  Stock solutions were prepared in DMF or 

DMSO and buffer-diluted aliquots of compound were used in the assays 

immediately after mixing.  Furthermore, reversible binding to the target enzyme 

occurs rapidly and once the compound is located in the ATP binding pocket, 

chelation should become sterically unfeasible.  However, in long-term incubations, 

such as 72-h cell proliferation assays and when cellular accumulation is slow, 

deactivation via autochelation becomes a major concern because it may 

compromise the biological activity of the compound.     
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(A) 

 

(B) 

 

Figure 3.7. (A) Arrayed 500 MHz 1H NMR spectra of compound 3.1 undergoing 

autochelation in D2O over a period of 10 hours at 37°C. Compound 3.1 and N-

acetylcysteine were dissolved in D2O (c = 1 mM) and NMR spectra were collected every 

30 min. (B) Logarithmic concentration plotted vs time and linear regression of the data, 

confirming first-order kinetics. 
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3.3. Conclusion 

To circumvent the rapid ligand exchange and subsequent loss of the TKI moiety in 

the gold(I) complexes reported in Chapter 2, analogous Pt(II)-containing EGFR 

TKIs were designed. Different from cisplatin and platinum-acridines, which bind 

non-selectively to DNA bases in all fast-dividing cells, Pt-TKIs are designed to 

“hijack” the metal electrophile selectively to cancer-specific signaling kinases. 

Although a few examples of platinum (and other precious metal) modified kinase 

inhibitors have been described in the literature46 62, they were not designed to react 

with the target enzyme by forming adducts, which differs from our approach. In this 

chapter, two Pt-TKIs, 3.1 and 3.2, were synthesized from anilioquinazoline 2.8 and 

the Pt- nitrile complexes 3.3 and 3.4.  Screening of 3.1 over a panel of kinases and 

Kd evaluation of 3.1 and 3.2 indicated selective strong binding to EGFR and other 

ErbB kinases with similar affinity as gefitinib.  Modification of Pt on the quinazoline 

kinase-binding scaffold did not affect the selectivity and affinity. Despite this 

promising feature, the compounds showed only moderate biological activity and 

several unfavorable reactivity features.  These include the autochelation observed 

for compound 3.1 and the relative inertness of compound 3.2 in reactions with 

cysteine thiols.  Since both effects can be expected to interfere with the mechanism 

of these compounds on a biologically relevant time scale, structural changes to the 

pharmacophore were necessary, which will be reported in Chapter 4.   
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3.4. Experimental Section 

3.4.1. General Supplies and Procedures   

Potassium tetrachloroplatinate was purchased from Acros.  The platinum 

precursors 3.3 and 3.4 were synthesized using published procedures.141 

Secondary amine precursor 2.8 was synthesized using procedures described in 

Chapter 2. Gefitinib was purchased from Sigma.  For the preparation of biological 

buffers, biochemical grade chemicals (Fisher/Acros) were used.   HPLC-grade 

solvents were used for all HPLC and mass spectrometry experiments. All other 

reagents and chemicals were acquired from common vendors and used without 

further purification. 1H NMR spectra of the target compounds and intermediates 

were recorded on Bruker Advance 300 and DRX-500 instruments.  Proton-

decoupled 13C NMR spectra were recorded on a Bruker DRX-500 instrument 

operating 125.8 MHz.  (Signal multiplicities in peak listings reflect 13C−19F coupling. 

[J(13C−19F) values are not reported.) Chemical shifts () are reported in parts per 

million (ppm) relative to tetramethylsilane (TMS).  

 Electrospray mass spectra (ES-MS) were recorded on an Agilent 

1100LC/MSD trap instrument. Ion evaporation was assisted by a flow of N2 drying 

gas (300−350 °C) at a pressure of 40−50 psi and a flow rate of 11 L/min. Mass 

spectra were typically recorded with a capillary voltage of 2800 V over a mass-to-

charge (m/z) scan range of 200−2200. The purity and stability of the target 

compounds was analyzed by reverse-phase high-performance liquid 

chromatography (HPLC) using the LC module of the Agilent Technologies 1100 
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LC/MSD trap system equipped with a multi-wavelength diode-array detector.  

Separations were accomplished with a 4.6 mm × 150 mm reverse-phase Agilent 

ZORBAX SB-C18 (5 μm) analytical column at 25 °C.  Separations were 

accomplished with the following solvent system: solvent A–optima water/0.1% 

formic acid; solvent B–methanol/0.1% formic acid.  Separations were performed 

at a flow rate of 0.5 mL/min and a gradient of 95% A/5% B to 5% A/95% B over 20 

min (for all HPLC chromatograms).  HPLC traces were recorded over a wavelength 

range of 363−463 nm. Spectra were recorded in positive-ion mode. 

  

3.4.2. NMR kinetic experiments 

NMR spectra in arrayed experiments were collected at 37 °C on a Bruker 

500 DRX spectrometer equipped with a triple-resonance broadband inverse probe 

and a variable temperature unit using a method from a published article.97 

Reactions were performed in 5 mm NMR tubes containing 1 mM 3.1 and 1 mM N-

acetylcysteine in D2O. The 1-D 1H kinetics experiments were carried out as a 

standard arrayed 2-D experiments using a variable-delay list and a 16-scan 1-D 

1H NMR spectrum was collected every 30 minutes. Data were processed with 

MestReNova 9.0. The concentrations of 3.1 and the resulting product were derived 

from relative peak integrals as described in the body of this chapter. 
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3.4.3. Binding studies by DiscoverX (San Diego, CA) 

Solid samples of 3.1 and 3.2 were sent to the company at ambient 

temperature. For the assay, samples were dissolved in DMSO as stock solutions 

and further diluted to appropriate concentrations for testing. A brief assay 

procedure is provided on discoverx.com. Kinase expressed from either E. coli or 

mammalian cells was labeled with DNA tag first.  A known active site binding ligand 

was then immobilized on a solid support. Once the assay components were 

assembled, DNA-tagged kinase, immobilized ligand and test compound (or DMSO) 

were incubated to equilibrium. After the incubation, solid support was washed to 

remove any unbound kinase while the kinase that remained captured was 

quantified with qPCR. The level of captured kinase in test compound was 

eventually compared with DMSO control samples. 

 

3.4.4. Incubations and Chromatographic Separations 

Reactions of 3.1 and 3.2 with N-acetylcysteine and glutathione were 

performed at a 1:1 drug-to-thiol ratio in appropriate conditions and concentrations 

mentioned in the body text. Each incubation was done in a 37 °C dry bath for 12 h 

and subject to LC-MS analysis without further sample processing. The LC-MS 

experiments were carried out using the same instrument, same parameters and 

same solvent system as described in 3.5.1.   A Wavelength of 370 nm was used 

to detect anilinoquinazoline-containing chromophores. A gradient of 95% A/5% B 
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to 5% A/95% B over 20 min was used. Data analysis was done using the 

MestReNova 9.0 software. 

 

3.4.5. Synthetic Procedures 

Synthesis of C22H32Cl2FN8OPt·NO3 (3.1).  A mixture of 3.3 (0.1 g, 0.26 

mmol) and 2.8 (0.12 g, 0.31 mmol) in 1 mL anhydrous DMF was stirred at 4°C 

overnight. The reaction was warmed up to room temperature and di-tert-butyl 

dicarbonate (Boc2O) (0.068 g, 0.31 mmol) was added to the reaction mixture and 

stirred for 1 h to deplete the unreacted 1a. The resulting solution was added to 100 

mL of vigorously stirred anhydrous diethyl ether. The yellow precipitate was 

recovered by vacuum filtration and then recrystallized in a small amount of ethanol. 

The product was filtered as a yellow solid. Yield: 56 mg. 28%. Analytical purity: > 

95% by LC-ESMS. 1H NMR (500 MHz, DMF-d7)  9.63 (s, 1H), 8.50 (s, 1H), 8.35 

(dd, J = 6.9, 2.5 Hz, 1H), 7.94 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H), 7.56 (s, 1H), 7.43 (t, 

J = 9.1 Hz, 1H), 7.17 (s, 1H), 6.07 (s, 1H), 5.92 (s, 1H), 4.55 (s, 3H), 4.32 (q, J = 

7.1 Hz, 2H), 4.18 (s, 3H), 3.78 (d, J = 6.5 Hz, 2H), 3.63 (q, J = 6.6, 6.1 Hz, 2H), 

3.31 – 3.06 (m, 5H), 1.48 (t, J = 6.9 Hz, 3H), 1.35 (t, J = 7.6 Hz, 3H). 13C NMR (126 

MHz, DMF)  170.58, 156.24, 154.99, 153.06, 153.00, 151.14, 145.75, 139.59, 

138.57, 123.72, 122.38, 119.88, 116.98, 111.30, 106.94, 97.39, 65.12, 50.52, 

41.64, 28.16, 14.68, 11.84, 11.52, -0.00. 

Synthesis of C28H42Cl2FN8OPt·NO3 (3.2). This derivative was generated 

by the same procedure as 3.1. Starting from 3.4 (0.1 g, 0.215 mmol) and 2.8 (0.1g 
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0.26 mmol), 0.057 g of 3.2 was isolated as a yellow solid. Yield 31%, purity: >95% 

by LC-ESMS. 1H NMR (500 MHz, Methanol-d4)  8.36 (s, 1H), 7.99 (dd, J = 6.7, 

2.6 Hz, 1H), 7.69 – 7.64 (m, 1H), 7.33 – 7.20 (m, 2H), 7.06 (s, 1H), 5.51 (s, 1H), 

4.28 (q, J = 7.0 Hz, 2H), 3.78 (s, 2H), 3.68 (d, J = 5.7 Hz, 2H), 3.23 – 2.75 (m, 

16H), 2.63 (s, 5H), 1.55 (t, J = 6.9 Hz, 3H), 1.30 (t, J = 7.6 Hz, 3H). 13C NMR (126 

MHz, MeOD)  170.53, 156.01, 155.45, 153.51, 152.43, 150.32, 143.87, 139.00, 

136.26, 124.40, 122.51, 120.00, 116.07, 110.19, 104.90, 95.30, 64.45, 64.10, 

53.40, 51.00, 50.63, 40.43, 28.76, 13.60, 13.49, 9.90. 

 

3.5.6. Cell Proliferation Assay  

The human non-small cell lung cancer cell lines, NCI-H460 (large cell) and NCI-

H1975 (adenocarcinoma), were obtained from the American Type Culture 

Collection (Rockville, MD, USA).  Both cell lines were cultured in RPMI-1640 media 

(HyClone) supplemented with 10% fetal bovine serum (FBS), 10% penstrep (P&S), 

10 % L-glutamine, and 1.5g/L NaHCO3. Cells were incubated at a constant 

temperature at 37 °C in a humidified atmosphere containing 5% CO2 and were 

subcultured every 2 to 3 days in order to maintain cells in logarithmic growth.  The 

cytotoxicity studies were carried out according to a standard protocol using the 

Celltiter 96 aqueous nonradioactive cell proliferation assay kit (Promega, Madison, 

WI). Stock solutions (10 mM) of all drugs were prepared in DMF and serially diluted 

with media prior to incubation with cancer cells.  IC50 values were calculated from 

dose–response curves using sigmoidal curve fits in GraphPad Prism, version 5.00 

(GraphPad Software Inc., La Jolla, CA). 
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CHAPTER IV 
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4. OPTIMIZATION OF PLATINUM-CONTAINING KINASE 

INHIBITORS USING A COMBINATORIAL LIBRARY 

 

4.1. Background 

In Chapter 3, two Pt(II)-containing EGFR TKIs, 3.1 and 3.2, were developed. 

Structural features from our previously developed platinum-acridine agents (Figure 

3.1) were combined with the quinazoline scaffold to direct Pt(II) to a cancer-specific 

signaling kinase. The reactivity of the Pt(II) center can be more efficiently controlled 

than that of Au(I).97, 132 Both candidates showed great selectivity and binding 

affinity towards EGFR yet their performance at the cellular level was less than ideal 

possibly due to their inherent instability and inability to react with thiols on a 

biologically relevant time scale. The goal in this chapter was to optimize the 

structure of the Pt(II)-containing pharmacophore by improving the stability and 

reactivity of the previously designed Pt-TKIs in Chapter 3 and by varying the 

positioning of the platinum moiety.  By changing the spatial proximity of the metal 

to Cys797, we aimed to identify a candidate that can achieve adduct formation with 

EGFR kinase and potentially better biological activity.  

 Based on the LC-MS and NMR results discussed in section 3.2.4, we 

proposed that the instability of 3.1 was caused by the nucleophilic attack of 6-NH 

of the quinazoline scaffold on the platinum complex. Replacing the 6-NH linkage 

with a non-nucleophilic oxygen should prevent the autochelation and increase the 
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stability of Pt-TKIs in aqueous solution. The reactivity of the Pt(II) center can also 

be efficiently tuned by varying the donor properties and sterics of the ligands 

around the metal. In addition, we reasoned that varying the length of the linker 

between the Pt(II) center and the quinazoline ring may result in a “better fit” and 

promote adduct formation.  

 To generate a set of new target compounds, we took advantage of a 

combinatorial library approach. Combinatorial libraries and high-throughput 

screening are well-established techniques in the discovery of drugs and small-

molecules probes. By using a small number of modular precursors and efficient 

one-step reactions, a large number of structurally diverse compounds can be 

generated.  These can then be further studied for biological activity to establish 

structure-activity relationships and identify “hits”. Peptides and peptidomimetic 

compounds have been studied extensively using combinatorial chemistry.149-150 

Pools of peptides can be generated with only a handful of amino acids thanks to 

the availability of efficient solid-state peptide synthesis. By contrast, the assembly 

of libraries of metallodrugs is relatively unexplored. By taking advantage of our Pt-

facilitated nitrile-amine addition chemistry, we have previously generated a small 

libraries of platinum-(benz)acridine derivatives for screening in high-throughput 

cell viability assays.141, 151 After developing the synthetic methodology for a 

modified quinazoline ligand and fully characterizing the prototype, this approach 

was used in the current study to generate a set of 24 derivatives. 
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4.2. Result and Discussion 

4.2.1. Chemistry 

We proposed to synthesize compound 4.14 and its corresponding platinum 

complex 4.15 (Scheme 4.1), by turning the 6-NH linkage in compounds 2.8 and 

3.1 into 6-O. Despite the high structural similarity to compound 2.8, compound 4.14 

was synthesized via an entirely different route (Scheme 4.1A). Starting from 3,4-

dihydroxybenzoic acid, the 4-OH was turned into an ethoxy group after 

esterification of the benzoic acid.152 Surprisingly, alkylation primarily occurred at 

the 4-OH rather than at the 3-OH group, which is most likely due to the increased 

acidity of 4-OH caused by the carboxyl ester group in the para position. A 6-NH2 

group was then installed by ring nitration followed by reduction while the 3-OH 

group was modified with a benzyl protecting group.153 Attempts to nitrate the 

aromatic ring without protecting the 3-OH group did not affect 3-hydroxy group but 

the electron-donating effect of 3-OH led to the formation of a mixture of 2-nitro, 6-

nitro, and 2,6-dinitro products at room temperature. This outcome was observed 

even when a stoichiometric amount of nitric acid and a catalytic amount of acetic 

acid were used. Avoiding benzyl protection did not only cause a low yield of the 

desired regioisomer, but the resulting mixtures were difficult to separate due to the 

similar polarities and low solubility of the products in non-polar solvents.  The acid-

resistant benzyl protecting group reduced the activating effect of the 3-OH group, 

and nitration in acetic acid produced solely the desired 6-nitro product (Scheme 

4.1B). Removal of the benzyl group was achieved during the reduction of the nitro 



106 
 

group with Pd/C catalyst in a single step. Formamidine acetate was then used to 

generate the 4-hydroxypyrimidine heterocyclic ring of quinazoline. The 4-OH group 

was subsequently converted to Cl to allow CN coupling of 3-chloro-4-fluoroaniline 

to the quinazoline bicyclic ring system using nucleophilic aromatic substitution. 

Prior to this step, the 6-OH group of quinazoline was protected with an acetyl group.  

After removal of the acetyl protecting group, the restored 6-OH group could be 

attached to Boc-protected 2-(methylamino)ethyl chloride using Williamson ether 

synthesis.154 Finally, removal of the Boc group yielded compound 4.14, which was  

reacted with platinum-nitrile precursor 3.3 to generate the platinum-modified TKI,  

4.15 (for specific conditions of this 14-step synthesis and reaction yields, see the 

caption of Scheme 4.1 and the Experimental Section, respectively). 
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Scheme 4.1. Synthesis of Compounds 4.14 and 4.15 

 

(A) Reagents and conditions: (a) SOCl2, MeOH, reflux, 1h; (b) iodoethane, K2CO3, DMF, 

rt, overnight; (c) benzyl bromide, K2CO3, DMF, 100 °C, overnight; (d) conc. HNO3, HOAc, 

50 °C, 4 h; (e) Pd/C, H2, MeOH, overnight; (f) formamidine acetate, ethanol, reflux, 

overnight; (g) acetic anhydride, pyridine, reflux, 2 h; (h) SOCl2, reflux, 2h; (i) 3-chloro-4-

fluoroaniline, i-PrOH, rt, 3 h; (j) NH4OH, MeOH, reflux, 1 h; (k) K2CO3, DMF, KI, 60 °C, 

overnight; (l) TFA, CH2Cl2; (m) aq. NaOH; (n) 3.3, DMF, 4 °C, overnight. (B) Direct nitration 

of 4.3 led to three different products.  
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4.2.2. Reactivity of Compound 4.15 with Cysteine Thiol 

To assess if the structural modification made to the quinazoline actually eliminated 

the undesired reactivity observed in 3.1 in aqueous solution (discussed in Chapter 

3), the same model reactions were performed with 4.15 prior to proceeding with 

biochemical and cellular assays.  Compound 4.15 was incubated with an aqueous 

solution of glutathione in a test reaction and the Pt-thiol adduct was the sole 

product detected in LC-MS with no trace of a species that would have indicated 

autochelation (Figure 4.1 A and B). This observation confirmed that eliminating the 

NH group from the structure was the key to avoiding compound decomposition 

seen in 3.1 and improve the aqueous stability of Pt-TKIs.  The results also confirm 

that the compound undergoes the desired selective substitution of chloro ligand. 

 A solution containing 1 mM compound 4.15 and 5 mM glutathione was 

incubated in H2O, and the course of this reaction was monitored continuously to 

acquire information about reaction kinetics (Figure 4.1C). The switching from NH 

to O at quinazoine C6 caused a reduced solubility of Pt-TKI in aqueous solution so 

5% of DMF in H2O was used to help solubilize 4.15 to reach millimolar 

concentration, and LC-MS rather than NMR was used for monitoring the reaction. 

(Since the LC-MS instrument was not equipped with a temperature-controlled 

autosampler, the reaction was monitored at ambient temperature instead of 37 °C.) 

Reverse-phase HPLC was able to separate 4.15 and its glutathione adduct, and 

the ratios of the integrals of the two peaks were used to quantify the relative 

amount of 4.15 and adduct. The reciprocal of the reactant concentration was 
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plotted against time using a linear plot representing the second-order reaction 

equation 1/[4.15] = 1/[4.15]0 + kt. The half-life was calculated to be 17 h.  

(A) 

 

(B)  

 

Figure 4.1. (A) Reaction of 4.15 and glutathione led only to the Pt-thiol adduct. (B) LC-MS 

of the reaction mixture. Molecular ion peaks of 4.15-glutathione adduct were labelled with 

red boxes ([M]+ and [M+H]2+). Loss of an NH3 ligand caused by the trans-effect as well as 

the cleavage of Pt-S bond were also observed due to in-source fragmentation in the mass 

spectrometer. Parent peak of 4.15 was labeled in a blue box. (C). Reciprocal of 4.15 

concentration was plotted verses time and scattered points were fitted into the second-
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order equation 1/[4.15] = 1/[4.15]0 + kt. The slope of the trendline represent the rate 

constant and the half-life was calculated from t1/2 = 1/k[A0] 

Figure 4.1, continued 

 (C) 

 

 

4.2.3. Inhibition of EGFR Tyrosine Kinase 

The luminescence based ATP competition assay (ADP-Glo assay) introduced in 

Chapter 2 was performed again for 4.15 and 3.2 along with metal-free clinical 

EGFR inhibitor gefitinib to confirm their ability to inhibit ATP-to-ADP conversion by 

EGFR-TK (L858R/T790M mutant) and to test if the platinum-containing moiety in 

4.15 and 3.2 has an effect on kinase activity (Figure 4.2). The Kd assay used in 

Chapter 3 is based on the competition of the inhibitor with a substrate and the Kd 

values represented the concentrations at which only half of the amount of substrate 

was still bound to the kinase. Similarly, IC50 values determined from the ADP-glo 

assay represent the inhibitor concentrations at which half of the amount of ATP 

was able to bind to the kinase and transfer a phosphate group.143 Kd values in 
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Chapter 3 are therefore strongly correlated with the IC50 values determined in this 

experiment, even though the two values were determined using different 

methodologies. EGFR with a L858R/T790M double mutation shows an increased 

affinity to its natural substrate ATP, which outcompetes the binding of inhibitors 

and causes tumor resistance.41 This is caused by the increasing bulkiness in the 

gatekeeping region of the active site when threonine-790 is mutated into 

methionine,41 as discussed in Chapter 2. Irreversible inhibitors are not not affected 

by the mutation because covalent binding via Michael addition of the inhibitor 

eliminates competitive ATP binding.94 Therefore, irreversible inhibitors exhibit 

much greater potency in this double mutant form of EGFR while their inhibitory 

effect is not different than that of the reversible binders in wild-type EGFR.    

 All tested compounds showed similar levels of inhibition in EGFR mediated 

phosphorylation. Compound 4.15 inhibited EGFRL858RT790M kinase-catalyzed 

phosphorylation with a submicromolar IC50, slightly lower than that of gefitinib. In 

Chapter 3, we demonstrated that attaching a cisplatin-derived 

[Pt(NH3)2(amidine)Cl]+ moiety to the quinazoline moiety has no negative effect on 

the kinase affinity of the TKI. Likewise, our result here shows that the same 

modification in compound 4.15 did not compromise the inhibition of kinase-

mediated phosphorylation. On the other hand, the IC50 of the bulky TMEDA 

derivative 3.2 determined in this assay was 2-fold higher than that of gefitinib, while 

both compounds showed comparable Kd values in the binding study in Chapter 3. 

It is possible that the steric hindrance of the TMEDA group has a greater impact 
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on the inhibitor-kinase interaction in the EGFR double mutant than in the wild-type 

enzyme where the binding of bulky reversible inhibitors may be more disfavored.  
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Figure 4.2 (A) Dose–response curves for titrations of recombinant EGFRL858R/T790M 

tyrosine kinase with inhibitors 4.15 and 3.2.  Enzyme activity was determined using an 

assay that measures conversion of ATP to ADP.  Plotted data are averages of two 
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determinations. Same non-linear curve fit was used (see section 2.4.5) (B) Structures and 

IC50 values of tested compounds. 

 

4.2.4. Assembly of a Pt-TKI Combinatorial Library 

To further optimize the structures of the Pt-TKIs, especially the Pt(II)-containing 

electrophilic moiety, we decided to extend our SAR studies by generating 

additional derivatives. Optimizing the reactivity and steric hindrance of the Pt(II) 

center as well as its distance to the active-site cysteine residue are three key 

factors in the design of an efficient irreversible inhibitor. The binding properties can 

be tuned by varying the three non-leaving groups around Pt while and the length 

of the linker that bridges platinum and the quinazoline moieties.  

 To efficiently generate candidates with these variations, we borrowed the 

chemistry of previously reported platinum-mediated “click chemistry” based on 

addition of amines to metal-activated nitrile ligands.141, 151 This type of reaction has 

been successfully applied to a wide range of Pt-nitrile precursors and secondary 

amines and resulted in clean conversion and high yields.141, 151 In the current study, 

several amine-functionalized anilinoquinazolines and Pt-nitrile complexes were 

prepared to generate a small set of Pt-TKIs. Three Pt-nitrile complexes were 

chosen with ammine (NH3, 3.3, module P1), TMEDA (3.4, module P2), and 

propane-1,3-diamine (pn, 4.16, module P3) non-leaving groups (see Scheme 4.2 

for compound numbering and structures). The monofunctional Pt moiety 

[PtCl(pn)]+ (derived from 4.16, P3) has shown the most rapid reaction with DNA 
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bases and was therefore introduced to enhance the reactivity of Pt(II) electrophile 

in the TKIs.8 Four secondary amine-functionalized kinase-binding moieties were 

selected (2.8, 4.14, 4.20, and 4.21, modules T1–T4).  

 In section 3.2.1, an undesired reactivity of the Pt-nitrile precursors was 

discussed, which may lead to replacement of the nitrile ligand and direct 

coordination of the secondary amines to the metal. We reasoned that these 

previously undesired compounds might be a useful addition to the library because 

the (shorter) direct linkage may position the Pt center closer to Cys797.  To 

generate these platinum amine complexes, three monochlor(id)o Pt(II) complexes 

P4 (4.17), P5 (4.18), and P6 (4.19) containing a single labile nitrate ligand rather 

than a nitrile ligand, were prepared for facile ligand exchange reactions. 

 Platinum precursors P1 (3.1), P2 (3.2), and P3 (4.16) were synthesized 

according to previously reported procedures,141 and the corresponding Pt(II) 

complexes with amidine carrier ligands were generated in the same way as 

reported for 3.1, 3.2 and 4.15 (Scheme 4.2C).  Precursors P4 (4.17), P5 (4.18), 

and P6 (4.19) were generated by reacting the appropriate cis-

dichlor(id)oplatinum(II) complexes with one equivalent of AgNO3 to remove one 

chlor(id)o ligand, and the corresponding Pt-TKIs were assembled by simple ligand 

substitution at room temperature (Scheme 4.2C).  In order to extend the linker by 

one carbon atom, the organic precursor 2-(methylamino)ethanol used to 

synthesize the linker was replaced with commercially available 3-

(methylamino)propanol.  This gave T3 (4.20) and T4 (4.21) in complete analogy to 

T1 (2.8) and T2 (4.14), respectively (see Scheme 2.1 and Scheme 4.1A for the 



115 
 

synthesis of 2.8 and 4.14). With six platinum modules (P1-P6) and four secondary 

amine modules (T1-T4) in hand, a total of 24 Pt-TKIs was generated. 
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Scheme 4.2. Combinatorial Library of Platinum-Modified Tyrosine Kinase 

Inhibitors.a  

 

a (A) Platinum modules: P1, P2, and P3 are platinum-nitriles that enable addition of a 

secondary amine to form platinum amidine linkages. P4, P5, and P6 carry the same 

ligands except for the nitrile, which is replaced with a labile nitrate ligand. (B) TKI modules 

modified with terminal secondary amino groups. (C) Microscale reactions used to generate 

the library compounds. (D) A full list of compounds synthesized in the library. 
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Scheme 4.2, continued 

 

 

 Twenty-four microscale reactions were carried out by mixing stock solutions 

of the different modules in DMF to form twenty-four Pt-TKIs. The reaction mixtures 

were analyzed in LC-MS (see Appendix F). Pt-mediated nitrile additions gave 

relatively clean reactions with conversions from 54.4% to nearly 100%. Direct 

linkage of secondary amine to P4, P5, and P6 was a little more difficult but 

reactions involving secondary amines with 6-O on the quinazoline still showed 
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moderate conversions from 41.4% to 73.3%. Similar ligand substitution reactions 

with quinazoline 6-NH analogs, however, generated major side products and 

resulted in relatively poor conversion from 14.19% to 47.38%.  These reactions 

were used directly without purification and diluted with cell culture media to 

appropriate concentrations for colorimetric (MTS) cell viability assays (Figure 4.3). 

Based on previous results in the platinum-acridine system,155 any unreacted Pt 

precursors in the reaction mixtures were unlikely to cause cell growth inhibition. 

Metal-free precursors T1-T4 (2.8, 4.14, 4.20, 4.21) were included in the 

prescreening. Instead of performing serial dilutions for each individual compound 

to determine the IC50 values, each member of the library was screened at three 

fixed concentrations. In this way, a relatively large number of compounds can be 

tested rapidly and cost-efficiently. Only candidates with favorable anti-proliferative 

activity were then selected and resynthesized for further biological evaluation 

(Figure 4.3). 
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Figure 4.3. Work flow for the modular Pt-TKI combinatorial library approach. 

 

4.2.5. Biological Studies of the Combinatorial Pt-TKI Library  

Cell viability assays were performed to prescreen all library members along with 

metal-free amine precursors T1-T4 and gefitinib at three fixed concentrations (0.1 

M, 1 m, and 10 M) in two ErbB positive cell lines. NCI-H1975 is a lung cancer 

cell line expressing EGFR (ErbB1) harboring a L858R/T790M double mutation and 

has been used in viability assays described in Chapters 2 and 3.  SK-BR-3 is a 

breast cancer cell line that overexpresses Her2 (ErbB2). As a member of the same 

receptor tyrosine kinase family, Her2 has an intracellular tyrosine kinase domain 

that is similar in structure and function to that of EGFR tyrosine kinase. A solvent 

exposed cysteine is also present in the ATP binding site of Her2 (Cys805).156 Thus, 

it is not surprising that kinase inhibitors afatinib and lapatinib have both been 
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identified as dual EGFR/Her2 inhibitors.117, 157 Similar to EGFR-targeted agents, 

inhibition of Her2 kinase leads to stalled proliferation of cells harboring 

overexpressed Her2. 

 The prescreening results for SK-BR-3 are summarized in Figure 4.4 where 

the cell viability determined for each compound is expressed as percent of 

untreated control. The only platinum-modified TKIs that demonstrate stronger 

inhibition of cell proliferation at 10 μM than gefitinib and the metal-free precursor 

T2 are P4-T2 and P6-T2. Both P4-T2 and P6-T2 contain a direct secondary 

amine–Pt(II) linkage.  By contrast, the analogous amidine-linked derivatives, P1-

T2 and P3-T2, were inactive at the highest concentration tested. Changing the 

non-leaving group from ammine or pn to TMEDA (compound P5-T2) also caused 

a loss of anti-proliferative activity at 10 µM. When the linkers in P4-T2 and P6-T2 

were extended by one methylene group, giving P4-T4 and P6-T4, a distinct 

decrease in activity was observed.  It is possible that this geometry causes an 

unfavorable orientation of the platinum relative to the target nucleophile, Cys805.   

Lastly, derivatives containing the 6-NH linkage on quinazoline instead of 6-O (P4-

T1 and P6-T1), which causes aqueous instability (see Chapter 3), failed to produce 

the same level of cytotoxcicity as P4-T2 and P6-T2. These observations seem to 

suggest that the enhanced anti-proliferative activities of P4-T2 and P6-T2 might be 

indeed related to covalent interations of platinum in the kinase active site.  
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Figure 4.4. Biological activity profile of 29 compounds based on the viabilities of drug-

treated cells vs. the untreated cells. Cell viabilities were monitored by MTS assay. 

Compounds were tested in SK-BR-3 cells with a 72 h incubation time at 10 µM, 1 µM, and 

0.1 µM concentrations. Plotted data are the average of two individual experiments. 

Standard errors are no more than 8.7% of the mean values.  

 

 From the above results, P6-T2 (4.22) was identified as a “hit” for scale up 

synthesis and further biological studies. This molecule was resynthesized and 

purified. Model reactions between compound P6-T2 and glutathione were also 

done under conditions described in 4.2.2 (Figure E7). Platinum-thiol adduct was 

formed without major side products. Interestingly, the reaction kinetics in this case 

could not be fitted to a second-order rate equation, and the half-life of P6-T2 (~7 

h) was significantly shorter than that of P1-T2 (4.15) (t1/2 = 16.8 h) under the same 
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reaction conditions.  It appears that the secondary amine ligand in P6-T2 promoted 

a faster chlor(id)o to sulfur ligand exchange than the amidine ligand in compound 

P1-T2 (4.15). The IC50 of P6-T2 in SK-BR-3 was 8.0 M, which is slightly lower 

than that of the metal-free ligand, (11.5 M). It was also 3-fold lower than the IC50 

of gefitinib (21.0 μM). It is possible that the enhancement of cell growth inhibition 

observed for P6-T2 was caused by a binding mode different from T2 (4.14) and 

gefitinib. Compound P6-T2 (4.22) was also tested in NCI-H460 cells, a cell line not 

expressing ErbB2. Due to the lack of target kinase for P6-T2 (4.22) in this cell line, 

the IC50 value was more than five-fold higher than in SK-BR-3, which suggests that 

the cell growth inhibition caused by P6-T2 was Her2-dependent (Table 4.2). 

 

Table 4.2. Summary of Cytotoxicity Data (IC50 Values)a 

Compound NCI-H460 (μM) 

(Her2-negative) 

SK-BR-3 (μM) 

(Her2-positive) 

P6-T2 (4.22) 44.3 ± 6.6 8.0 ± 1.5 

Gefitinib 14.2 ± 0.5 21.0 ± 2.5 

[a] IC50 values (μM) were extracted from drug–response curves performed in triplicate for each 
concentration. 

 

 When the library of platinum-modified TKIs were screened in NCI-H1975 

expressing double mutant EGFRL858R/T790M, disappointingly, none of the 

compounds showed improved growth inhibition compared to gefitinib (Figure 4.5). 

While compound 4.15 and gefitinib showed similar IC50 in EGFRL858R/T790M kinase 
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in the competitive kinase inhibition assay, this did not translate into the same effect 

in cells. Kinase inhibitors with similar potency, again, behaved differently at the 

cellular level. Taking in to consideration the reduced biological activity observed 

for 3.1 and 3.2 in the same cell line, we suspected that other factors such as 

inefficient cellular accumulation of the cationic Pt-TKIs may be responsible for the 

lack of sensitivity observed in NCI-H1975 cells.  

 

 

Figure 4.5. Biological activity profile of 29 compounds based on the viabilities of drug-

treated cells vs. the untreated cells. Cell viabilities were monitored by MTS assay. 

Compounds were tested in NCI-H1975 cells with a 72 h incubation time at 10 µM, 1 µM, 

and 0.1 µM concentrations. Plotted data are the average of two individual experiments. 
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4.2.6. Determination of Cellular Pt Content Using ICP-MS  

To determine if limited cellular uptake of the Pt-TKIs may contribute to their 

moderate biological activity, we compared the ability of compound 4.22 to 

accumulate in both NCI-H460 and NCI-H1975 cell lines with that of our most active 

DNA-targeted platinum-acridine agent, 4.23 (Figure 4.6). A major decrease 

cytotoxicity from an IC50 of 1.3 nM in NCI-H460 to >10 µM had previously been 

observed in NCI-H1975.  To determine whether the lack of sensitivity may also be 

a result of reduced cellular uptake, the cellular content of compound 4.23 along 

with 4.22 was determined in these two cell lines by measuring the amount of Pt 

using inductively coupled plasma mass spectrometry (ICP-MS).  

 In ICP-MS, digested samples are introduced to the ICP source as an 

aerosol that gets quickly desolvated, and the elements in the sample are converted 

into gaseous atoms to finally form M+ or M2+ ions. The ions are then separated, 

collected, and detected in a mass spectrometer in-line with the ICP source.158 Pt 

has very low limit of detection, making Pt a perfect candidate for ICP-MS analysis. 

In the calibration curves generated in this assay, Pt total ion count versus analyte 

concentration remained linear even in the low parts-per-trillion (ppt) range. The Pt 

content determined by ICP-MS was therefore used as a direct measure of 

intracellular Pt-TKI content.  

 Cells were incubated with each compound for 12 hours followed by 

thorough washing of the cells to remove excess test compound in the media. Once 

collected, cells were digested in a mixture of concentrated HNO3 and HCl to give 
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a homogeneous solution. After dilution, the samples were tested for their Pt 

concentration in ICP-MS (Figure 4.6). Compound 4.23, which suffered an over four 

orders of magnitude decrease of cytotoxicity in NCI-H1975, exhibited a more than 

15-fold reduced cellular Pt content in this cell line. A similar, but less pronounced 

effect is observed for Pt-TKI 4.22.  It is possible that the lack of this compound to 

efficiently accumulate in NCI-H1975 cells contribute to its relatively low activity in 

this cell line. Thus, in addition to inefficient adduct formation by compound 4.22 in 

the active site of EGFRL858R/T790M, other non-target-mediated limitations seem to 

contribute to the biological activity of these compounds. 

 

 

 

 

Figure 4.6. Platinum content in NCI-H460 and NCI-H1975 cells treated with 1 M of 4.23 

or 4.22 for 12 h. NCI-H1975 cells shows lower cellular platinum content for both compound 

than NCI-H460. 
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4.2.7. Mass Spectrometry Studies of the Interaction of Selected 

Pt-TKIs with a Thiol-Containing Model Peptide and EGFR Kinase 

Protein 

Establishing structural-activity relationships for Pt-TKIs using a combinatorial 

library approach and high-throughput cell viability assays appears to be not 

straightforward. Because other EGFR-independent effects such as limited cellular 

uptake and possible off-target reactions may exist in a complex cellular 

environment, target validation using cell viability assays is not possible.  The 

fundamental question we wanted to answer in this research was whether it is 

possible to use platinum(II)-based electrophiles to covalently target the ATP 

binding site of EGFR tyrosine kinase. To address the feasibility of this intriguing 

mechanism, we incubated 2 representative derivatives with the kinase domain of 

EGFR and assessed adduct formation using mass spectrometric techniques.  The 

goal was to identify peptide fragments containing platinum-modified Cys797 (the 

solvent exposed cysteine in the ATP binding site of EGFR).  

 Using LC-MS in conjunction with tandem MS it is possible to induce 

cleavage of peptide bonds that join the amino acid residues in a peptide in a 

systematic way. The method is therefore a powerful tool to sequence peptides and 

to locate modifications on the peptides. Fragmentation of the peptide generally 

takes place around the amide bond, and 3 types bond cleavage can occur 

depending on factors such as the level of fragmentation energy applied and the 

way the energy was introduced. Fragmentation generates charged species. The 
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ions are referred to as a, b, or c fragments if the N terminus carries the charge, 

and x, y, or z fragments if the ions are generated at the C terminus. In this study, 

a Thermo Q-Exactive mass spectrometer was used. Tandem MS was achieved by 

high-energy collision dissociation (HCD). This method uses neutral molecules to 

collide with sample ions so that the collision energy is converted to internal energy 

necessary for the parent ion to break apart into b and y type ions (Figure 4.7).159  

 

Figure 4.7. Nomenclature of secondary ions generated in an oligopeptide in tandem MS 

and the mechanism of formation of b and y ions. 
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 The interactions of cisplatin with the sulfur-containing amino acid 

methionine in peptides and proteins has been studied with mass spectrometry, and 

the formation of various adducts has been confirmed. In a study of plasma 

ubiquitin,160 cisplatin underwent Cl to S ligand exchange forming an adduct with 

Met1 at the N-terminus of the protein. The aquation of the remaining chlor(id)o 

ligand led to a reactive aqua (Pt-OH2) complex, which resulted in the displacement 

of the second leaving group by the terminal NH2 group and the formation of a 6-

membered chelate. In the same study, an alternative pathway was also observed 

where Met1 replaced an NH3 ligand instead. The terminal NH2 of Met1 as well as 

the carboxyl group of Glu16 or Glu18 subsequently replaced both leaving groups 

resulting in a tridentate complex. In a similar study, cisplatin and 

Pt(ethylenediamine)Cl2 were incubated with a methionine-containing peptide.161 

The thioether sulfur atom and the terminal NH2 of methionine displaced both 

chlor(id)o ligands in the cisplatin derivative [Pt(en)Cl2] (en = ethylenediamine), 

resulting in a bidentate adduct. Cisplatin, on the other hand, underwent an 

additional ligand exchange with the adjacent amide NH on the peptide backbone 

after the loss of an NH3 ligand, leading to a tridentate chelate.  This observation 

suggests that monodentate ligands on platinum facilitate chelate formation 

whereas bidentate nonleaving groups such as en are relatively substitution-inert. 

 The interaction of cisplatin with cysteine residues in peptides and proteins 

has also been investigated by mass spectrometry, but the scope of these studies 

has been limited to monodentate Pt-S adducts.162 Evidence of cisplatin-cysteine 

adducts leading to cross-linked protein has been provided by mass spectrometry 
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but the structural details around the Pt-center were not discussed.163-164 Likewise, 

the binding of monofunctional platinum(II) compounds to a protein target and the 

detection of the resulting adducts by tandem MS have not been described 

previously.  

To study the binding pattern of our Pt-TKIs in a cysteine-containing protein, 

the synthetic octapeptide designed in Chapter 2 with the sequence QLMPFGCL 

was used again as a model. The peptide mimics residues 791−798 (including 

Cys797) of EGFR-TK. Compound 4.22 from the previous screening in SK-BR-3 

cell line was selected along with the biologically less active compound 4.15. Both 

compounds were incubated with the oligopeptide, and the resulting reaction 

mixtures were analyzed by LC-MS for modifications with the platinum (see 

Appendix Figure E5-E6 for LC-MS spectra). Similar to the reactions with 

glutathione and N-acetyl cysteine, both Pt-TKIs underwent Cl to S ligand exchange 

reactions resulting in adducts in which the TKIs were cross-linked to the peptide 

via Pt-thiol coordination (4.24 and 4.26 in Scheme 4.3). Additionally, a secondary 

ligand exchange occurred for each of the Pt-TKIs. For 4.15, loss of one NH3 ligand 

resulted in the formation of a 5-membered chelate in which platinum is bound to 

both cysteine-S and amide-N of the peptide backbone (4.25 in Scheme 4.3A). A 

similar outcome was observed for 4.22, but the reaction led to a different chelate, 

which resulted from the loss of the entire TKI ligand rather than the bidentate pn 

ligand and transfer of the metal containing moiety, [Pt(pn)]2+, to the peptide (4.27 

in Scheme 4.3B).  
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Scheme 4.3. Formation of 4 different adducts from the incubation of Pt-TKIs with the 

octapeptide QLMPFGCL. 

 

(A). The reaction of 4.15 with the peptide gave rise to adducts 4.24 and 4.25. In 4.24, the 

peptide acts as a bidentate ligand with both S and N of cysteine bound to the platinum. In 

4.25, the peptide functions as a monodentate ligand with only S binding to Pt. (B) The 

reaction of 4.22 generated adducts 4.26 and 4.27. Adduct 4.26 was formed by the 

replacement of Cl with cysteine S. Bidentate 4.27 was formed after the loss of Cl and the 

kinase-binding quinazoline moiety.  
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Scheme 4.3, Continued 
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 When tandem MS was performed on the four adducts, the high energy of 

the HCD, which ensures efficient formation of b and y ions, was too high for labile 

bonds such as the Pt-S bond between the Pt-TKI and the cysteine.  Pt was found 

to dissociate from cysteine during the fragmentation of the peptide. As a result, for 

4.24, 4.25, and 4.26, no b and y fragment ions were identified in which platinum 

was still attached to the cysteine. By contrast, the chelated, stable platinum adduct 

in 4.27 resisted the high collision energy of tandem MS, and relevant platinum-

containing b and y ions were observed (Figure 4.8). Finally, the tandem mass 

spectra also confirmed that Pt-TKIs exclusively target the cysteine in the peptide 

sequence.  No adduct formation was observed with the methionine sulfur, which is 

also known to bind platinum(II) with high affinity.62 
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Figure 4.8. Tandem mass spectrum of compound 4.27 acquired under high-energy 

collision dissociation (HCD) conditions. The b and y ions are labeled. The presence of b6 

and b7 with the corresponding masses of peptide and platinum modification indicate that 

adduct formation occurs with the cysteine residue.  Bidentate coordination involving S and 

an N/O donor from another residue is unlikely. The m/z of y ions are consistent with this 

supposition. 

  

Direct structural evidence of irreversible inhibitors covalently binding to 

EGFR kinase can be obtained through co-crystal structures of inhibitor and 

kinase,116, 165 mass spectra of the whole kinase protein,116, 166-167 as well as mass 

spectra/tandem mass spectra of digested protein.116, 167 The extracellular and the 
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juxtamembrane domains of EGFR do not participate in the inhibitor-kinase 

interaction in vitro. Therefore, only the truncated intracellular kinase domain has 

been used for this type of study rather than the whole protein. The irreversible 

EGFR inhibitors WZ4002116 and afatinib165 have been co-crystallized with EGFR 

kinase and the refined structures clearly demonstrated the covalent bond between 

Cys797 and the acrylamide β-carbon while the kinase-binding moiety was located 

in the ATP binding site. Time-of-flight mass spectrometry is able to detect ions with 

high mass to charge ratio and is therefore suitable for identifying the mass of the 

whole protein. The mass of the inhibitor adds to the mass of the protein molecule 

after covalent modification whereas a non-covalently bound inhibitor will likely 

dissociate from the protein in the electrospray ionization source of the mass 

spectrometer and be detected separately. This method provides insight into the 

reversibility of inhibitor binding.  Lastly, proteolytic digestion of the protein followed 

by MS and tandem MS is a common way of accurately locating modifications on 

proteins as described at the beginning of this section. In this case, the mass 

difference of a certain peptide rather than the whole protein before and after 

incubation is used as evidence of covalent modification. 

 A small amount (~80 µg) of recombinant human EGFR kinase (amino acids 

672-1186, ~88 kDa) was generously provided by Dr. Karen Anderson at Yale 

University School of Medicine. The protein was expressed in a Baculovirus 

infected Sf9 cell expression system, and the C-terminal tyrosine residues of the 

protein were unphosphorylated.91, 168 A decision had to be made as to which of the 

three methods described in the previous paragraph would be the most appropriate 
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for elucidating the binding mode of our Pt-TKIs. Protein crystallography techniques 

are sophisticated and potentially provide structural information at atomic resolution.  

Pt-TKIs would be ideal candidates for X-ray crystallography, since the high 

electron density on the metal would greatly facilitate structure solution and 

refinement.  Mass spectrometry of the whole protein is also convenient, but it does 

not provide information of the exact location of the modification. This becomes 

problematic if platinum forms multiple adducts with the EGFR protein as a result 

of non-specific binding of Pt to cysteine residues exposed on the surface of EGFR 

rather than Cys797. Moreover, both methods require relatively large amounts of 

protein and are therefore not suitable for this study. Proteolytic digestion in 

conjunction with MS/tandem MS was therefore chosen in our study to explore the 

ability of platinum(II)-based electrophiles to covalently target the ATP binding site 

of EGFR tyrosine kinase.  

To investigate adduct formation in the native enzyme, we incubated EGFR 

kinase with a 10-fold excess of compound 4.15 or 4.22. Excess Pt-TKI was 

removed by size-exclusion chromatography and the resulting modified protein was 

subjected to tryptic digestion to afford short peptides. Although unreacted Pt-TKI 

is unlikely to affect the activity of trypsin, it may react non-specifically with 

methionine or cysteine containing peptides in the mixture post digestion and 

therefore must be removed before proteolytic digestion. Salts in the reaction buffer 

may cause ion suppression in the ESI source since they change the efficiency of 

droplet formation and evaporation. This effect decreases the amount of charged 

ion that eventually arrives at the detector, compromising the signal-to-noise ratio 
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and signal intensity.169 After the sample was desalted and concentrated on 

reverse-phase (C18) spin columns, the peptide mixtures were infused into a 

Thermo Q-Exactive mass analyzer using a nano-HPLC source. The resulting 

primary mass spectra and tandem mass spectra were analyzed with Proteome 

Discoverer 1.3 to sequence the peptides and to locate the modifications.  

 Since both Pt-TKIs used here may result in two different types of adducts 

with a thiol-containing peptide, as demonstrated in the short model peptide (see 

Scheme 4.3), masses (m/z) representing both adducts were included as possible 

scenarios while searching for Pt-modified peptides. Incubation of 4.22 and EGFR 

kinase resulted in three different platinum-modified cysteines. One of them is 

Cys797 in the active site whereas the other two are Cys781 and Cys939 located 

on the surface of the protein (Figure 4.10). The tandem mass spectra for peptides 

containing surface cysteines (Figure 4.9 A and C) showed a larger number of 

fragment ions than the spectrum recorded for the Cys797 adduct (Figure 4.9B). 

This observation suggests that the adducts 4.22 formed with surface cysteines are 

more abundant than the adduct with Cys797, indicating that the binding of 4.22 to 

Cys797 may be less efficient. While the MS data suggest that 4.22 can function as 

an irreversible inhibitor in a mechanism similar to afatinib, formation of covalent 

adducts may be sterically hindered or the Pt moiety may be in an unfavorable 

orientation that prohibits substitution of Cl by Cys797-thiol. Interestingly, in all three 

cases, the mass of the modification indicates an adduct pattern for 4.27 in which 

the [Pt(pn)]2+ moiety was transferred to the cysteine after the loss of both Cl and 

the TKI moiety. No monodentate Pt-S adduct was observed. Formation of adduct 
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4.27 appears to be more favorable than adduct 4.26. However, none of the adducts 

resulting from the less active Pt-TKI 4.15 that were previously observed in the 

model peptide (see Scheme 4.3) were detected in EGFR kinase. These adducts 

may form at an undetectable level. The (longer) amidine linkage of 4.15 may 

position the Pt center unfavorably for reactions with Cys797. This difference 

between 4.15 and 4.22 with respect to their ability to modify Cys797 in EGFR may 

explain their different biological activities in ErbB positive cells. Although the 

modification of surface cysteines is not affected by the positioning of the Pt-

containing nucleophile, the low reactivity of 4.15 observed in glutathione test 

reactions may be responsible for the global lack of reactivity of this derivative. 
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Figure 4.9. Tandem mass spectra of Pt-modified peptide. The red “C” in each peptide 

represents a cysteine modified with a [Pt(pn)]2+ chelate transferred from compound 4.22. 

b ions and y ions are labelled in red and blue in the mass spectra and in “L” shaped 

dividers in the sequence. The regular “L” pointing to the right (C-terminus) represent a y 

ion whereas the reversed “L” pointing to the left (N-terminus) represent a b ion. (A), L778 

(A) 

(B) 

(C) 

b
7
 b

8
 y

4
 y

5
 y

10
 

b
19

 b
18

 y
21

 y
12

 

y
8
 b

13
 b

8
 y

17
 b

17
 y

15
 



139 
 

to K806 with C781 modified; (B), N771 to R803 with C797 modified; (C), R932 to K949 

with C939 modified.  

 

 

 

Figure 4.10. Cysteines modified by 4.22 in EGFR kinase protein. 
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4.3. Conclusion 

In this chapter, we focused on fine-tuning the structure of the Pt-containing moiety 

of the Pt-TKIs to avoid undesired side reactions, enhance their reactivity with thiols, 

and optimize the spatial proximity between the metal and Cys797. The design of 

compound 4.15 eliminated the unfavorable autochelation observed with 3.1, but 

similar to the results in Chapter 3, the minor enhancement in inhibitory activity 

observed for the new derivative compared to gefitinib suggested that it is likely an 

inefficient irreversible inhibitor.   

 A combinatorial library was assembled to vary multiple structural 

parameters in the most efficient way. In addition to the new prototype, derivative 

4.22 were selected from the prescreening in SK-BR-3 cells for structural studies 

because they showed enhanced activity relative to the metal-free ligands and 

gefitinib. Cell viability assays showed Her2-specific anti-proliferative activity. In 

model studies with a cysteine-containing peptide, both Pt-TKI derivatives showed 

unique reactivity patters: in addition to substitution of chloride which led to the 

formation of monofunctional adducts with the cysteine thiol, chelates were also 

formed unexpectedly with Pt bound to both amide NH and cysteine sulfur.  This 

reactivity resulted in either a cross-link of the quinazoline kinase-binding moiety to 

the peptide (for 4.15) or the transfer of a small Pt(II) moiety from Pt-TKI to the 

peptide (for 4.22). This novel reactivity of 4.22 could potentially serve as a tool to 

selectively modify cysteines with a Pt motif. High-resolution MS and tandem MS 

showed that 4.22 modified the active site residue Cys797 of EGFR protein. 

Modification of a few surface cysteines was also detected.  The formation of these 
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adducts was not observed for 4.15. This difference between the two candidates 

regarding their ability to modify Cys797 in EGFR may ultimately lead to their 

different biological activities in ErbB overexpressing cells. Other methods 

addressing downstream signaling have to be applied to firmly validate EGFR and 

Her2 as direct targets of compound 4.22 in cancer cells. 

 In conclusion, tunable platinum-functionalized electrophiles were 

successfully introduced in quinazoline kinase-binding moieties able to act as 

irreversible inhibitors. If the binding efficiency of Pt to Cys797 can be improved by 

further optimizing the ligand set and inhibitor geometry, this design may eventually 

serve as a useful strategy for targeting ErbB kinases and the cysteinome with the 

goal of treating relevant forms of cancer.  
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4.4. Experimental Section 

4.4.1. General Supplies and Procedures   

Potassium tetrachloroplatinate(II) was purchased from Acros. Gefitinib was 

purchased from Sigma.  For the preparation of biological buffers, biochemical 

grade chemicals (Fisher/Acros) were used.   HPLC-grade solvents were used for 

all HPLC and mass spectrometry experiments. All other reagents and chemicals 

were acquired from common vendors and used without further purification. 1H 

NMR spectra of the target compounds and intermediates were recorded on Bruker 

Advance 300 and DRX-500 instruments.  Proton-decoupled 13C NMR spectra were 

recorded on a Bruker DRX-500 instrument operating 125.8 MHz.  (Signal 

multiplicities in peak listings reflect 13C−19F coupling. [J(13C−19F) values are not 

reported.) Chemical shifts () are reported in parts per million (ppm) relative to 

tetramethylsilane (TMS).  

 Electrospray mass spectra (ES-MS) were recorded on an Agilent 

1100LC/MSD trap instrument. Ion evaporation was assisted by a flow of N2 drying 

gas (300−350 °C) at a pressure of 40−50 psi and a flow rate of 11 L/min. Mass 

spectra were typically recorded with a capillary voltage of 2800 V over a mass-to-

charge (m/z) scan range of 200−2200. The purity and stability of the target 

compounds was analyzed by reverse-phase high-performance liquid 

chromatography (HPLC) using the LC module of the Agilent Technologies 1100 

LC/MSD trap system equipped with a multi-wavelength diode-array detector.  

Separations were accomplished with a 4.6 mm × 150 mm reverse-phase Agilent 
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ZORBAX SB-C18 (5 μm) analytical column at 25 °C.  Separations were 

accomplished with the following solvent system: solvent A–optima water/0.1% 

formic acid; solvent B–acetonitrile/0.1% formic acid.  Separations were performed 

at a flow rate of 0.5 mL/min and a gradient of 95% A/5% B to 5% A/95% B over 20 

min (for all HPLC chromatograms).  HPLC traces were recorded over a wavelength 

range of 363−463 nm. Spectra were recorded in positive-ion mode. Tandem MS 

of peptide adducts was performed on a Thermo Scientific LTQ Orbitrap XL 

instrument equipped with an electrospray source with a capillary voltage of 5000V 

over an m/z scan range of 200-2000. Samples were introduced in to the 

electrospray source by direct injection utilizing 50% solvent A and 50% solvent B 

at a flow rate of 100 µL/min. Tandem MS were performed using HCD in MSn mode 

rather than data dependent mode. The ions of desired MS1 mass with an isolation 

width of 4 m/z were collected and fragmented with a normalized energy of 35 over 

an activation time of 30 ms. Spectra were recorded in positive-ion mode and 

processed with MestReNova 9.0.  

 

4.4.2 Synthetic procedures 

 Synthesis of methyl 4-ethoxy-3-hydroxybenzoate (4.3). Compound 4.2 

was synthesized according to a published procedure with quantitative yield.170 

Starting from 4.2, potassium carbonate (8.2 g, 0.059 mol) was added to a solution 

of 4.2 (10 g, 0.059 mol) in DMF (40 mL). After the solution was stirred at 0°C for 

20 min, iodoethane (9.2 g, 4.7 mL, 0.059 mol) was added dropwise. The reaction 

mixture was allowed to warm to room temperature after the addition and stirred at 
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room temperature overnight. The mixture was filtered and DMF in the filtrate was 

removed at reduce pressure. The residue was dissolved in ethyl acetate and 

washed with 1M HCl. The organic phase was dried over magnesium sulfate, 

filtered and concentrated on the rotary evaporator. Upon the formation of solid, the 

rotary evaporation was stopped and the product crystallized. The solid was then 

filtered and washed with ether to yield 4.3 as a white solid (4.2 g, 0.021 mol, 36%). 

1H NMR (500 MHz, DMSO-d6)  9.35 (s, 1H), 7.41 (dd, J = 8.4, 1.6 Hz, 1H), 7.38 

(d, J = 1.5 Hz, 2H), 6.99 (d, J = 8.4 Hz, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.79 (s, 3H), 

1.35 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, DMSO)  166.50, 151.61, 146.82, 

122.20, 121.93, 116.25, 112.75, 64.26, 52.19, 15.04. 

 Synthesis of methyl 3-(benzyloxy)-4-ethoxybenzoate (4.4). To a 

solution of 4.3 (3.05 g, 15.6 mmol) in 10 mL DMF were added potassium carbonate 

(3.23 g, 23.4 mmol) and benzyl bromide (2.93 g, 2 mL, 17.2 mmol). The mixture 

was heated at 100°C for 2h. After cooling to room temperature, DMF was removed 

under reduced pressure. Water was then added and the product was extract with 

ethyl acetate three times. The combined organic phase was dried over magnesium 

sulfate. The solvent was removed to give 4.4 quantitatively. 1H NMR (500 MHz, 

DMSO-d6)  7.59 (dd, J = 8.5, 2.1 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.46 (d, J = 

7.2 Hz, 3H), 7.40 (t, J = 7.4 Hz, 3H), 7.33 (t, J = 7.4 Hz, 1H), 7.08 (d, J = 8.5 Hz, 

1H), 5.15 (s, 2H), 4.12 (q, J = 6.9 Hz, 2H), 3.81 (s, 3H), 1.35 (t, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, DMSO)  166.35, 153.16, 147.91, 137.39, 128.87, 128.29, 

128.04, 124.04, 122.05, 114.58, 112.78, 70.50, 64.47, 52.32, 15.01. 
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 Synthesis of methyl 5-(benzyloxy)-4-ethoxy-2-nitrobenzoate (4.5). 

Compound 4.4 (0.5 g, 2.55 mmol) was dissolved in a minimum amount of HOAc. 

To this solution was added concentrated HNO3 (70%) 0.32 mL slowly. The mixture 

was heat to 50°C for 3h and was poured into ice water. After stirring overnight, the 

resulting precipitate was filtered to give 4.5 as a yellow solid. Yield 0.7g 83%. 1H 

NMR (500 MHz, DMSO-d6)  7.65 (s, 1H), 7.49 – 7.33 (m, 6H), 5.28 (s, 2H), 4.20 

(d, J = 7.0 Hz, 2H), 3.82 (s, 3H), 1.35 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 

DMSO)  165.76, 151.67, 150.33, 141.56, 136.38, 129.01, 128.67, 128.34, 120.34, 

113.18, 108.79, 71.02, 65.38, 53.49, 14.77. 

 Synthesis of methyl 2-amino-4-ethoxy-5-hydroxybenzoate (4.6) and 7-

ethoxyquinazoline-4,6-diol (4.7). A suspension of compound 4.5 (4.66 g, 14.1 

mmol) in 90 mL methanol was reacted with hydrogen gas in the presence of 

palladium on carbon at room temperature. The light-yellow solid disappeared after 

a couple hours and the reaction continued until a lot of precipitate formed (about 

10 to 12 h, monitored by TLC). Palladium on carbon was filtered through a pad of 

celite and washed with 400 mL of methanol. The colorless filtrate turned dark in 

the air very quickly. Methanol was removed to give the product 4.6 as white solid 

which is used in the next step immediately in case of oxidation. A solution of 4.6 in 

60 mL 2-methoxyethanol was added formamidine acetate (3 g, 28.2 mmol), the 

mixture was refluxed overnight. 2-Methoxyethanol was removed under reduced 

pressure and water was added. The light brown solid was collected, washed with 

water and dried to give 4.7 (2g, 9.7 mmol, 68.8% yield). Compound 4.6, 1H NMR 

(300 MHz, DMSO-d6)  8.22 (s, 1H), 7.09 (s, 1H), 6.29 (s, 1H), 6.19 (s, 2H), 3.98 
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(q, J = 6.9 Hz, 2H), 3.71 (s, 3H), 1.34 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, DMSO) 

 167.38, 153.22, 146.85, 136.56, 114.96, 100.23, 99.66, 63.28, 50.88, 14.49. 

Compound 4.7, 1H NMR (500 MHz, DMSO-d6)  11.92 (s, 1H), 9.73 (s, 1H), 7.90 

(s, 1H), 7.40 (s, 1H), 7.07 (s, 1H), 4.16 (q, J = 6.9 Hz, 2H), 1.39 (t, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, DMSO)  160.47, 153.54, 147.05, 144.23, 143.36, 116.30, 

109.20, 109.14, 64.45, 14.91. 

 Synthesis of 7-ethoxy-4-hydroxyquinazolin-6-yl acetate (4.8). A 

solution of 4.7 (2 g, 9.7 mmol) in 10 mL acetic anhydride and 2 mL pyridine was 

heated to reflux for 4 h. After cooling down to room temperature, the mixture was 

poured into ice water and the solid was collected washed with water and dried to 

give 4.8 (1.8 g, 7.25 mmol, 74.8% yield). 1H NMR (300 MHz, DMSO-d6)  12.18 (s, 

1H), 8.07 (s, 1H), 7.74 (s, 1H), 7.25 (s, 1H), 4.19 (q, J = 6.9 Hz, 2H), 2.29 (s, 3H), 

1.33 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO)  169.04, 160.31, 155.77, 

149.27, 146.20, 139.54, 119.40, 115.94, 110.15, 65.02, 20.77, 14.69. 

 Synthesis of 4-chloro-7-ethoxyquinazolin-6-yl acetate (4.9) and 4-((3-

chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-6-yl acetate (4.10). A 

mixture of 4.8 (2.3 g, 9.2 mmol), 13 mL thionyl chloride and 0.2 mL DMF was 

heated to reflux for 2 h. Thionyl chloride was removed under reduced pressure and 

the residue was dissolved in dichloromethane. The dark solution was passed 

through a pad of alumina gel with a mixture of dichloromethane and ethyl acetate 

(2:1) as the eluent. The resulting orange solution of 4.9 was then concentrated and 

a solution of 3-chloro-4-fluoroaniline (1.33g, 9.2 mmol) in 40 mL isopropanol was 

added. The mixture was then allowed to stir at room temperature for 2 h and a 
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bright yellow precipitate formed. The precipitate was filtered, washed with 

isopropanol and dried to give 4.10 in a HCl salt (2.23 g, 5.9 mmol, 64.4%). 

Compound 4.10, 1H NMR (500 MHz, DMSO-d6)  11.59 (s, 1H), 8.94 (s, 1H), 8.81 

(s, 1H), 8.06 (dd, J = 6.8, 2.6 Hz, 1H), 7.75 (ddd, J = 8.9, 4.3, 2.6 Hz, 1H), 7.59 – 

7.49 (m, 3H), 4.27 (q, J = 6.9 Hz, 2H), 2.38 (s, 3H), 1.41 (t, J = 6.9 Hz, 3H). 13C 

NMR (126 MHz, DMSO)  168.85, 159.28, 157.14, 156.53, 154.57, 151.44, 140.99, 

140.14, 134.56, 134.54, 126.80, 125.54, 125.49, 119.71, 119.56, 118.87, 117.45, 

117.28, 107.45, 102.30, 65.89, 20.56, 14.47. 

 Synthesis of 4-((3-chloro-4-fluorophenyl)amino)-7-ethoxyquinazolin-

6-ol (4.11). A suspension of 4.10 (3.1 g, 8.25 mmol) in 90 mL methanol was added 

9 mL concentrated ammonium hydroxide solution. The mixture was refluxed for 1 

h and the suspension turned into thick white slurry. Solvent was removed from the 

reaction and the solid was collected, washed with dichloromethane and dried to 

give 4.11. Yield: 2.97g, 92%. 1H NMR (500 MHz, DMSO-d6)  9.60 (s, 1H), 8.47 

(s, 1H), 8.22 (dd, J = 6.9, 2.6 Hz, 1H), 7.90 – 7.77 (m, 2H), 7.40 (t, J = 9.1 Hz, 1H), 

7.19 (s, 1H), 4.23 (q, J = 6.9 Hz, 2H), 1.44 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 

DMSO)  156.38, 154.32, 153.70, 152.39, 152.18, 152.17, 147.32, 146.29, 137.62, 

137.60, 123.35, 122.32, 122.26, 119.16, 119.01, 116.96, 116.79, 109.83, 107.84, 

105.91, 64.61, 14.81.  

 Synthesis of tert-butyl (2-((4-((3-chloro-4-fluorophenyl)amino)-7-

ethoxyquinazolin-6-yl)oxy)ethyl)(methyl)carbamate (4.13) and N-(3-chloro-4-

fluorophenyl)-7-ethoxy-6-(2-(methylamino)ethoxy)quinazolin-4-amine (4.14). 

Compound 4.12 was synthesized through a published procedure.171 A mixture of 
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4.11 (1.5 g, 4.5 mmol), 4.12 (1.74 g, 9 mmol), potassium carbonate (0.62 g, 4.5 

mmol), potassium iodide (0.747, 4.5 mmol) in 5 mL DMF was heated to 60°C and 

additional 2 equivalents of 4.12 was added at 8 h and 16 h. After cooling to room 

temperature, DMF was removed at reduced pressure. Dichloromethane was 

added and solid was removed by filtration. The filtrate was then concentrated and 

purified via flash chromatography (alumina gel, dichloromethane) to yield 4.13 as 

a yellow oil. 4.13 was used without further purification. To the yellow oil 4.13 was 

then added 2 mL of anhydrous dichloromethane and 2 mL of trifluoroacetic acid. 

The reaction was stirred at room temperature for 1 h and monitored by TLC. Upon 

completion, dichloromethane and most trifluoroacetic acid was removed under 

vacuum. The residue was then dissolved in dichloromethane and washed with 1 

M sodium hydroxide solution. The organic layer was dried over magnesium sulfate 

and concentrated to yield 4.14 as white solid (0.2 g, 0.51 mmol, 11.3% yield). 1H 

NMR (500 MHz, DMSO-d6)  9.58 (s, 1H), 8.49 (s, 1H), 8.14 (d, J = 6.7 Hz, 1H), 

7.86 (s, 1H), 7.83 – 7.77 (m, 1H), 7.44 (t, J = 9.1 Hz, 1H), 7.18 (s, 1H), 4.21 (q, J 

= 7.9, 7.3 Hz, 4H), 2.97 (t, J = 4.7 Hz, 2H), 2.41 (s, 3H), 1.42 (t, J = 6.9 Hz, 3H). 

13C NMR (126 MHz, DMSO)  156.46, 154.53, 154.25, 153.09, 153.07, 152.60, 

148.76, 147.48, 137.31, 137.28, 123.90, 122.79, 122.74, 119.26, 119.11, 117.02, 

116.85, 109.12, 108.36, 103.54, 69.05, 64.52, 50.44, 36.61, 14.84. 

 Synthesis of 4.20 and 4.21. The synthesis of 4.20 and 4.21 were derived 

in complete analogy to those of 2.8 and 4.14. 4.20. 1H NMR (500 MHz, DMSO-d6) 

 9.31 (s, 1H), 8.36 (s, 1H), 8.15 (d, J = 6.8 Hz, 1H), 7.83 (ddd, J = 7.7, 4.9, 2.7 

Hz, 1H), 7.42 (t, J = 9.1 Hz, 1H), 7.17 (s, 1H), 7.05 (s, 1H), 6.02 (s, 1H), 4.22 (q, J 
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= 6.7 Hz, 2H), 2.66 (t, J = 6.2 Hz, 2H), 2.32 (s, 3H), 1.83 (p, J = 5.9 Hz, 2H), 1.45 

(t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO)  155.31, 154.22, 152.30, 152.19, 

150.53, 150.52, 144.94, 139.53, 137.81, 123.46, 122.42, 122.37, 119.16, 119.02, 

116.92, 116.75, 110.68, 106.24, 96.36, 64.40, 50.46, 42.62, 36.53, 28.08, 14.86. 

4.21, 1H NMR (500 MHz, DMSO-d6)  9.64 (s, 1H), 8.49 (d, J = 0.9 Hz, 1H), 8.15 

(dd, J = 6.8, 2.7 Hz, 1H), 7.86 (s, 1H), 7.83 (ddd, J = 9.0, 4.2, 2.7 Hz, 1H), 7.43 (t, 

J = 9.1 Hz, 1H), 7.18 (s, 1H), 4.27 – 4.13 (m, 4H), 2.75 (t, J = 6.7 Hz, 2H), 2.36 (s, 

3H), 2.00 (p, J = 6.5 Hz, 2H), 1.42 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, DMSO) 

 156.46, 154.50, 154.20, 153.01, 152.57, 148.80, 147.42, 137.35, 123.85, 122.74, 

122.69, 119.25, 119.11, 117.00, 116.83, 109.18, 108.31, 103.31, 67.82, 64.50, 

48.42, 36.02, 28.63, 14.86. 

 Synthesis of C22H31Cl2FN7O2Pt·NO3 (4.15). This derivative was generated 

by the same procedure as compound 3.1. Pt precursor 3.3 (0.1 g, 0.26 mmol) and 

4.14 (0.12 g, 0.312 mmol) were reacted in DMF and 4.15 (0.058 g, 0.0754 mmol) 

was generated as a white solid. Yield: 29%. Purity: >95% by LC-ESMS. 1H NMR 

(500 MHz, DMF-d7)  9.76 (s, 1H), 8.60 (d, J = 1.9 Hz, 1H), 8.35 (dd, J = 6.9, 2.4 

Hz, 1H), 8.05 (s, 3H), 7.99 (s, 1H), 7.97 – 7.93 (m, 1H), 7.45 (td, J = 9.1, 1.9 Hz, 

1H), 7.27 (s, 1H), 6.14 (s, 1H), 4.55 (s, 3H), 4.37 (t, J = 4.1 Hz, 2H), 4.31 (q, J = 

5.9, 5.4 Hz, 2H), 4.19 (s, 3H), 4.00 (s, 2H), 3.49 (s, 3H), 1.54 (t, J = 6.9 Hz, 3H), 

1.45 (s, 3H). 13C NMR (126 MHz, DMF)  156.53, 154.49, 154.33, 154.20, 152.94, 

152.56, 148.48, 147.81, 137.61, 123.16, 121.83, 119.31, 116.55, 109.16, 108.07, 

102.64, 64.51, 56.70, 18.27, 14.23. 
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 Synthesis of C22H31Cl2FN7OPt·NO3 (4.22). A suspension of 

dichloropropanediamine platin (0.1 g, 0.29 mmol) in 1 mL DMF was added AgNO3 

(0.047 g, 0.28 mmol), the suspension was stirred at room temperature at dark for 

8 hours. AgCl precipitate was removed by a syringe filter and the resulting filtrate 

was added to a solution of compound 4.14 (0.136 g, 0.35 mmol). The mixture was 

then allowed to react at room temperature overnight. Boc2O (0.076g, 0.35 mmol) 

was added and reacted for 1 hour before being precipitated in vigorously stirring 

diethyl ether. The solid was collected and recrystallized from ethanol to give 

compound 4.22. Yield: (0.05 g, 0.067 mmol). Purity: >95% by LC-ESMS. 1H NMR 

(500 MHz, DMF-d7)  9.91 (s, 1H), 8.57 (s, 1H), 8.42 (dd, J = 7.0, 2.7 Hz, 1H), 8.26 

(s, 1H), 7.39 (t, J = 9.0 Hz, 1H), 7.25 (s, 1H), 6.39 – 5.37 (m, 6H), 5.16 – 4.81 (m, 

6H), 4.61 – 4.41 (m, 1H), 4.36 – 4.12 (m, 4H), 3.57 (q, J = 7.3 Hz, 3H), 1.50 (t, J = 

6.9 Hz, 3H). 13C NMR (126 MHz, DMF)  156.57, 154.47, 154.11, 153.00, 152.54, 

147.96, 147.80, 137.62, 123.30, 122.05, 119.22, 116.40, 109.22, 108.22, 103.65, 

66.86, 64.56, 56.70, 53.58, 18.29, 14.08. 

 

4.4.3. Assembly of the combinatorial library 

Platinum precursors P1-P3 were prepared according to published procedures.141, 

151 P4, P5, and P6 were prepared by adding 0.01 mmol of corresponding cis-

dichloro Pt complex into 0.5 mL anhydrous DMF to generate a suspension. 0.95 

eq of solid AgNO3 was then added and the reaction was allowed to incubate at 

room temperature at dark for 16 hours with constant shaking.  Upon completion, 
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while AgCl solid was removed through filtration and the resulting liquid would be a 

0.02 M DMF solution of the corresponding Pt-nitrate precursor. This solution was 

used without further characterization or purification. P1–P6 and T1–T4 were 

dissolved in anhydrous DMF to make 0.02 M stock solutions. 0.1 mL of Pt stock 

was mixed with 0.1 mL of each TKI amine stock to make a total of 24 reaction 

mixtures at 10 mM of each reactant. Reactions containing P1–P3 were kept at 4°C 

whereas reactions containing P4–P6 were allowed to sit at room temperature. All 

of them were reacted overnight and decent conversions (50% to 90%) were 

detected on LC-ESMS. Reaction mixtures were diluted and used in biological 

testing without further purifications. 

 A total of 12500 SK-BR-3 or 20000 NCI-H1975 cells in 100 L of the 

appropriate cell media were plated in each well of a 96-well plate, except for the 

wells closest to the edges. Testing of 28 derivatives and controls required 4 plates. 

The outermost wells were filled with 100 L of cell media to prevent evaporation of 

the media during incubation (“edge effect”). Cells were allowed to grow for 24 h at 

37 °C and 5% CO2 before the drugs were added. (Note: empty wells should 

generally be avoided.) Each drug was diluted from a 10 mM stock solution in DMF 

to 20 M with cell media, and 100 L of the solution was added to wells B2 through 

B10, and C2 through C10 in each plate and mixed thoroughly to reach a final drug 

concentration of 10 M in each well. Drug-free DMF was diluted in the same way 

and added to wells B11 and C11 as controls. To dilute the drugs, 80 L of media 

was added to wells D2 through D11, E2 through E11, F2 through F11, and G2 

through G11. A volume of 20 L of liquid was taken from each well of B2 through 
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B11 and added to the corresponding wells in row D. Likewise, 20 L of liquid was 

taken from each well of C2 through D11 and added to the corresponding wells in 

row E. After sufficient mixing, rows D and E contained 1 M of drug, or DMF. The 

dilution was then repeated from D to F and from E to G to give rows F and G 

containing 0.1 M of drug. To maintain a consistent volume across all wells, 20 L 

of liquid was taken out of F and G and discarded. Unused wells in plate 4 were 

only filled with media as drug-free and DMF-free controls. Plates were incubated 

under the same conditions as mentioned above for 72 h before MTS reagents were 

performed. MTS assays were performed in complete analogy to other cell viability 

assays in this dissertation. 

Void 
 

void void void void void void void void void void void 

void 10 M 
Drug 1 

       10 M 
Drug 9 

DMF void 

void 
 

10 M 
Drug 1 

       10 M 
Drug 9 

DMF void 

void 
 

1 M 
Drug 1 

       1 M 
Drug 9 

DMF void 

void 
 

1 M 
Drug 1 

       1 M 
Drug 9 

DMF void 

void 
 

0.1 M 
Drug 1 

       0.1 M 
Drug 9 

DMF void 

void 
 

0.1 M 
Drug 1 

       0.1 M 
Drug 9 

DMF void 

void 
 

void void void void void void void void void void void 

 

4.4.4. LC-MS kinetic study of the reaction between 4.15 and glutathione 

A 5 mM solution of glutathione in H2O was made. To 0.95 mL of this solution, 0.05 

mL of 20 mM 4.15 in DMF was added to reach a final TKI concentration of 1 mM 

with no more than 5% DMF. H2O was chosen rather than a buffer to avoid desalting 
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of sample before each injection. The sample was analyzed using the instrument 

and solvent methods described in section 4.5.1. A total of 12 LC-MS experiments 

were run every 50 min. Peaks on HPLC chromatogram were identified and 

integrated using MestReNova 9.0 and peak integrals were eventually used to 

quantify the real-time concentration of the product as discussed in the body text.  

 

4.4.5. Cell proliferation assay 

The human non-small cell lung cancer cell lines, NCI-H460 (large cell) and NCI-

H1975 (adenocarcinoma), and the human Her2 positive breast cancer cell line SK-

BR-3 were obtained from the American Type Culture Collection (Rockville, MD, 

USA).  NCI-H460 and NCI-H1975 cell lines were cultured in RPMI-1640 media 

(HyClone) supplemented with 10% fetal bovine serum (FBS), 10% penstrep (P&S), 

10% L-glutamine, and 1.5g/L NaHCO3. SK-BR-3 cell line was cultured in McCoy’s 

5a media. Cells were incubated at a constant temperature at 37 °C in a humidified 

atmosphere containing 5% CO2 and were subcultured every 2 to 3 days in order 

to maintain cells in logarithmic growth. The cytotoxicity studies were carried out 

according to a standard protocol using the Celltiter 96 aqueous nonradioactive cell 

proliferation assay kit (Promega, Madison, WI). Stock solutions (10mM) of all drugs 

(including reaction mixtures of the library) were made in DMF and serially diluted 

with media prior to incubation with cancer cells.  Cells were seeded in a 96 well 

plate and allowed to grow for 24 h before drugs were added. Once drugs were 

incubated with cells for 72 hours, MTS and PMS were added and the mixture was 

incubated for an additional 3 hours before measuring the UV-vis absorption at 490 
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nm. IC50 values were calculated from nonlinear curve fits using a sigmoidal dose-

response equation in GraphPad Prism (GraphPad Software, La Jolla, CA). 

 

4.4.6. Determination of cellular uptake using ICP-MS 

To prepare cells for the uptake study, 2.5 million exponentially growing cells were 

seeded in a 60-mm cell culture dish with 2 mL of media and were incubated at 

37 °C 5% CO2 for 24 h for cells to attach. 5 μM of compounds 4.23 or 4.22 in 0.5 

mL media was added to the cell culture to reach a 1 μM final concentration. After 

gentle mixing, cells were incubated with drug for another 12 h. To quench the 

incubations, media were discarded and cells were gently washed with 1 mL of cold 

DPBS solution 3 times. The cells were then harvested by trypsinization and 

completely removed from the dishes by additional washings with fresh DPBS 

solution. Cell suspensions were centrifuged at 1500 rpm for 10 min. Supernatant 

was discarded and another 2 mL of DPBS were added. Cells are centrifuged again 

at 1500 rpm for 5 min. Supernatant was decanted and cells were frozen for further 

analysis. Every incubation condition was done in triplicate. 

 To each centrifuge tube containing a cell pellet, 1 mL of milliQ water was 

added. The pellet was broken down into a suspension by pipetting in and out a few 

times with a micropipettor. The suspension was transferred it in to a Teflon 

microwave vessel followed by washing the centrifuge tube with 1 mL of milliQ water 

for 3 times. To each tube, 5 more mL of deionized water was added, followed by 

the addition of 0.5 mL concentrated HCl and 0.5 mL of concentrated HNO3 to reach 

a total volume of 10 mL. Blanks were also prepared that only contained the  same 
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ratio of water and acid. Teflon tubes were assembled into scaffolds and 

microwaved. Once finished, each solution was transferred to a 50mL centrifuge 

tube, Teflon tubes were rinsed several times and the solution was diluted to a final 

volume of 20 mL and a final acid dilution of 1:200 v/v. 

 The microwave digest was diluted 5-fold with milliQ water to reach a final 

acid dilution of 1:200 v/v. The 1000-ppm Pt standard was diluted with 1:200 v/v 

acid to prepare standard solutions with concentrations of 0 ppt, 20 ppt, 50 ppt, 100  

ppt, 200 ppt, 500 ppt (5 mL for each solution). Both standard solutions and samples 

were subject to injection to Agilent ICP-MS spectrometer. Standard curve was 

acquired with linear R2 higher than 0.9999 and samples exceeding 500ppt of 

concentration were further diluted. A ICP-MS (8800 Triple Quadrupole, Agilent, 

Tokyo, Japan) equipped with a SPS 4 automatic sampler, a Scott-type double pass 

spray chamber operated at 2°C, and a Micromist concentric nebulizer was used in 

all determinations. Helium gas (≥99.999% purity, Airgas, Colfax, NC, USA) was 

used in the ICP-MS's collision/reaction cell to minimize potential spectral 

interferences while monitoring the isotope 195-Pt. Other relevant instrument 

operating conditions such as radio frequency applied power, sample depth, carrier 

gas flow rate, reaction gas flow rate, and the number of sweeps per replicate were 

1550 W, 10.0 mm, 1.05 L/min, 4.0 mL/min, and 100, respectively.  
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4.4.7. Protein digestion, Nano LC-MS/MS, and database searching 

Compounds 4.15 and 4.23 were each made into 10 mM DMF stock solution and 

diluted to 50 µL 0.022 mM with 50 mM NH4HCO3 buffer. 10 µg of EGFR protein in 

10 µL of 50 mM NH4HCO3 buffer was added to the TKI solution to achieve a protein 

to TKI mole ratio of 1 to 10. The mixture was incubated at 37°C for 16 hours. Once 

finished, the incubation mixture was allowed to pass a column packed with Biogel 

P6 so that excess small molecule Pt-TKI was removed. The proteins were digested 

overnight at 37 oC on a shaker with trypsin using a 1:20 enzyme-to-substrate ratio. 

The tryptic peptides were acidified with 1% formic acid, and desalted using a 

Thermo Scientific™ Pierce™ C18 Spin Columns (cat #, 89873) following the 

manufacturer’s protocol. The peptide samples were dried using a SpeedVac 

SavantTM SPD1010 (Thermo).  

 Dried peptides were dissolved in 0.1% formic acid, 5% acetonitrile(ACN). 

The samples (1ug) were injected and separated by nanoLC (Dionex Ultimate 3000) 

equipped with a Nano Trap Column, Acclaim PepMap100 (C18, 5 µm, 100Å, 100 

µm i.d. x 2 cm nanoViper) and an Acclaim PepMap RSLC nanocolumn (C18, 2 µm, 

100 Å, 75 µm i.d. x 15 cm, nanoViper) (Thermo Scientific). A flow rate of 300 nL/min 

with the following gradient was used: [Solvent A: 95% water, 5% ACN, 0.1% formic 

acid; Solvent B: 20% water, 80% ACN, 0.1% formic acid); 0–5 min: 0–5% B; 5– 50 

min: 5–45% B; 50–50.1 min: 45–90% B; 50.1–53 min: 90% B; 53-53.1 min: 90-5% 

B; 53.1–60 min, 5% B]. Q exactive HF (Thermo Scientific) was used for MS/MS 

analysis. The spray voltage was 1.9 kV and the temperature of the heated capillary 

was 250 °C. The instruments were operated in the data-dependent acquisition 
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mode selecting the top most intense 20 precursors from each scan. These most 

intense peptide ions were fragmented by higher-energy collisional dissociation 

(HCD). The full scan resolution was 60,000. MS/MS scan resolution was 15,000. 

Data were acquired using the XCalibur v. 2.1 software. Protein identification was 

performed using Proteome Discoverer 1.3 and protein sequence was downloaded 

in FASTA format from UniProt (http://www.uniprot.org/). Data files were searched 

against the downloaded database by using the following parameters: Enzyme: 

trypsin; Max. Missed Cleavage Sites: 2; Search Mode: MS/MS ion search with 

decoy database search included; Modification: based on probe used in experiment. 

Precursor Mass Tolerance:  10 ppm, Fragment Mass Tolerance:  0.02 Da; Target 

False Discovery Rate (FDR):  0.01.  
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CHAPTER V 
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5. SUMMARY AND FUTURE PERSPECTIVES 

Unexplored Opportunities: Metal-containing pharmacophores as components of 

therapeutic agents show promise because of their unique and diverse structural 

and functional properties that cannot be emulated by organic molecules. Many new 

applications of metals in medicine are beginning to emerge, including inert 

metalloinhibitor scaffolds, electrophilic metals that undergo controlled ligand 

exchange, redox-active metal complexes, and even biocompatible catalysts.172-173 

However, few new targets and chemical approaches are being discovered for 

metals, and the design of many metallodrugs is still restricted to simple ligand 

systems.  Most ligands bear little to no functionality other than improving solubility 

and reactivity. The biological functions of most metal complexes as cytotoxic 

agents depend on damage DNA and oxidative stress, but few compounds are able 

to recognize specific enzyme targets. 

The purpose of this dissertation was to develop a metallodrug that targets 

specific signaling enzymes in cancer cells by a mechanism that involves metal-

mediated drug-protein interactions. The concept of irreversible inhibition of EGFR 

kinase, which is widely pursued in oncology, is thought to lead to improved 

pharmacodynamic properties, target specificity, and longer-lasting activity in 

resistant forms of cancer.104 Mutated and/or overexpressed EGFR is a key 

component of the oncogenic signaling network that upregulates cell survival and 

proliferation and is responsible for a considerable percentage of cancers of the 

lung,89 colon,174 and brain.175  Targeting Au(I) and Pt(II) drugs at this genotypic 

abnormality in cancer cells was therefore considered an intriguing opportunity. 



160 
 

 The Gold(I) Story: According to this rationale, EGFR TKI-gold hybrid 

agents were designed. We derived a TKI structure from gefitinib as terminal ligand 

by functionalization of the side chain with a thiourea donor group at the 6-position 

of quinazoline. Attempts to attach gold to an aromatic thiourea 2.4 with NH on both 

side led to desulfurization whereas the metalation of methylated thiourea 2.7 

resulted in the formation of a homo dimer. Eventually, a stable gold complex 2.13 

was generated from thiourea ligand 2.9. This metal-free derivative was able to 

partially overcome resistance to gefitinib in NCI-H1975 cells. The corresponding 

gold complex 2.13 showed activity similar to the metal free carrier 2.9. Both 

compounds inhibited EGFR kinase-catalyzed phosphorylation with sub-

micromolar IC50, slightly lower than that of gefitinib. The gold complex reacted 

quickly with glutathione and other thiol containing small molecules in aqueous 

buffers resulting in [Au(PEt3)thiol] complexes due to its high affinity to cysteine 

sulfur and the strong trans effect of the phosphine ligand. Despite these features, 

the rapid ligand exchange can be expected to result in the premature loss of TKI 

moiety in the presence of ubiquitous thiol-containing molecules in circulation and 

in plasma. Thus, while the thiourea itself may function as a reversible EGFR TKI, 

the gold phosphine moiety may get shuttled to its classical target, TrxR. It is 

possible that these two independent processes have worked synergistically in cells 

treated with compound 2.13, but for the desired application of targeted delivery, 

the compound had to be dismissed as too labile.  

 The Platinum(II) Story: To enhance the stability of the metal center 

especially in the presence of cytosolic small-molecule thiols, square-planar 
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monofunctional platinum(II) with a significantly slower ligand exchange chemistry 

was introduced in analogy to the gold(I) TKIs. We were interested in redirecting 

platinum from its classic target, DNA, to a molecular target by exploiting its thiol 

affinity. Inspired by the design of the platinum-acridine hybrid agents, cisplatin-

derived monofunctional compound 3.1 and the bulky TMEDA-containing analog 

3.2 were developed, which showed dramatically different ligand exchange rates. 

Using the same TKI module, both Pt-TKIs were generated via metal-mediated 

amine-nitrile addition chemistry. Low Kd values in EGFR and selectivity to EGFR 

across a panel of 145 kinases showed the desired binding profile similar to gefitinib, 

indicating that modification of Pt on the quinazoline-based kinase-binding moiety 

did not compromise the kinase-inhibitor interactions. However, the autochelation 

of 3.1 and the slow ligand exchange of 3.2 can be predicted to affect the potency 

of these compounds on a biological relevant time scale, and modifications had to 

made to improve the design.  

 Next, we focused on improving the stability and the reactivity of the Pt(II)-

containing pharmacophore. Replacing the 6-NH linkage of quinazoline with a non-

nucleophilic oxygen resulted in improved aqueous stability. Changes were also 

made to the  donor properties and sterics of the ligands, as well as the length of 

the linker between the Pt(II) center and the quinazoline scaffold so that the 

distance between the metal and Cys797 could be fine-tuned. Facile Pt-mediated 

nitrile addition and ligand substitution reactions made it possible to assemble a 

small library of Pt-TKIs from quinazoline-amine and platinum modules. A high-

throughput cell viability assay performed with the 24 micro-scale reactions was 



162 
 

used to evaluate the compounds. From this study, two compounds, P4-T2 and P6-

T2, emerged as “hits” with biological activities in SK-BR-3 superior to those 

observed for gefitinib and the metal free ligand. The SAR observed in this set of 

compounds suggested that the enhanced biological activity may be related to 

covalent interactions with the kinase enzyme. P6-T2 (4.22) was selected and re-

synthesized on a larger scale. Its performance in SK-BR-3 cells surpassed that of 

gefitinib, and it’s IC50 was 5-fold higher in NCI-H460 cells, which do not express 

Her2, than that of the clinical drug. This suggests that the anti-proliferative activity 

of compound P6-T2 (4.22) may be Her2-specific. On the other hand, NCI-H1975 

cells consistently lacked sensitivity to Pt-TKIs and this led to our study on cellular 

uptake of Pt in different cell lines. The activity of the potent DNA damaging 

platinum-acridine agent 4.23 is decreased by 4 orders of magnitude in NCI-H1975 

compared to NCI-H460. A 15-fold lower Pt content in NCI-H1975 cells (ICP-MS) 

may indeed contribute to the loss of biological activity.  Significantly reduced 

cellular Pt content in NCI-H1975 cells was also observed for P6-T2 (4.22). TMEDA 

derivatives have been inactive throughout our studies despite the comparable 

enzyme inhibition profile to gefitinib. Cellular uptake studies should be performed 

with the TMEDA derivatives to determine if inefficient accumulation may contribute 

to the disappointing activity of these compounds.  

 Design Validation: Extracting information on the target interactions of the 

Pt-TKIs from the cell-based studies was not possible because multiple factors 

seem to play a role in the mechanism of these agents.  As a final proof-of-concept 

experiment the interactions of Pt-TKIs 4.15 and 4.22 with a model peptide and 
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subsequently EGFR protein were studied by mass spectrometry in a cell-free 

system. Both molecules formed chelation complexes with the peptide in addition 

to the S to Cl ligand exchange. Notably, 4.22 dissociated from its TKI moiety and 

resulted in a transfer of the Pt(II)-containing moiety to the cysteine.  Mass spectra 

of digested EGFR protein after incubating with 4.22 showed the same reactivity 

patter and revealed three cysteines modified with Pt, two exposed surface residues 

and Cys797 in the active site. The tandem mass spectra of the latter adduct 

showed a low abundance of b and y ions, suggesting that transfer of platinum to 

the active-site cysteine is an inefficient process.  Future experiments with higher 

amount of protein in the MS analysis are therefore needed to improve the quality 

of the signal and provide more solid evidence for the proposed binding mode.  The 

MS results also suggest that additional structural modifications are necessary to 

improve the Cys797 binding efficiency and, potentially, the biological performance 

of the Pt-TKI as an irreversible EGFR inhibitor. 

 Future Directions: Another way to assess the reversibility of inhibitor 

binding (and detect permanent adducts) is the “jump dilution” experiment.176 In this 

experiment, the kinase-inhibitor complexes are allowed to form first using a 

prolonged incubation time in an ATP-free environment. Rapid dilution of the 

kinase-irreversible inhibitor complex with excess (competing) ATP should not 

result in time-dependent displacement of inhibitor and increased binding of the 

natural substrate. This experiment can be performed in a high-throughput fashion 

and would be suitable for screening of Pt-TKI combinatorial libraries. In addition to 

protein binding studies and cell viability assays, it is also important to investigate 
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the roles of these inhibitors in interfering with specific tyrosine 

autophosphorylations and downstream pathways in EGFR positive cancer cells. 

Western blot analysis can be used to determine the phosphorylation level of each 

protein downstream of EGFR.82 

 Covalent interactions of organic molecules with a protein are limited to 

nucleophilic amino acid residues like cysteine or lysine, which can form bonds with 

an electrophilic organic functional group, such as acrylamide. Some nucleophilic 

amino acids also show excellent donor and acceptor properties and a high affinity 

to many metals in various oxidation states. Metal-containing designs may therefore 

provide better amino acid selectivity. Moreover, certain amino acid residues such 

as methionine and histidine are weekly nucleophilic and therefore do not readily 

react with organic electrophiles (with the exception of highly reactive alkylating 

agents).177 Likewise, thioether sulfur of methionine, a weaker nucleophile than 

thiolate of cysteine, does not react with Michael acceptors, which are soft 

electrophiles. On the other hand, thioether sulfur is a strong s-donor and p-

acceptor ligand that forms strong bonds to soft transition metal ions, including 

platinum(II).160-161 This metal-specific reactivity could be used to design metal-

containing inhibitors directed at active-site methionine residues, which cannot be 

targeted with organic molecules.  Because of their electronic and structural 

versatility and biological compatibility, precious metals like platinum will have many 

future applications as components of target-specific therapeutics and diagnostics.  
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APPENDIX A. CRYSTALLOGRAPHIC EXPERIMENTAL 

DETAILS 

 

Crystallographic Experimental Details of Compound 2.7 

A clear colourless parallelepiped-like specimen of C20H23ClFN5O2S 2.7, 

approximate dimensions 0.090 mm x 0.100 mm x 0.400 mm, was used for the X-

ray crystallographic analysis. The X-ray intensity data were measured on a 

Bruker APEX CCD system equipped with a graphite monochromator and a Mo 

Kα sealed x-ray tube ( = 0.71073 Å). 

The total exposure time was 21.19 hours. The frames were integrated with the 

Bruker SAINT software package using a narrow-frame algorithm. The integration 

of the data using a monoclinic unit cell yielded a total of 29252 reflections to a 

maximum  angle of 28.81° (0.74 Å resolution), of which 5646 were independent 

(average redundancy 5.181, completeness = 99.2%, Rint = 3.70%) and 3848 

(68.15%) were greater than 2(F2). The final cell constants of a = 17.682 (2) Å, b 

= 21.055 (3) Å, c = 13.645 (3) Å, β = 121.1320 (10)°, volume = 4348.3 (13) Å3, 

are based upon the refinement of the XYZ-centroids of 6001 reflections above 20 

(I) with 6.977° < 2  < 51.44°. Data were corrected for absorption effects using 

the multi-scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.951. The calculated minimum and maximum transmission 

coefficients (based on crystal size) are 0.8870 and 0.9730. 
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The structure was solved and refined using the Bruker SHELXTL Software 

Package, using the space group C 2/c, with Z = 8 for the formula unit, 

C19H19N5OFSCl - CH3OH.  The 6-membered ring designated by carbon atoms 

C11-C16 is rotationally-disordered about the N5-C11 bond. The major (67%) 

orientation is designated by carbon atoms C13, C14, C15, chlorine Cl1 and fluorine 

F1; the minor (33%) orientation is designated by carbon atoms C13’, C14’, C15’, 

chlorine Cl1’ and fluorine F1’.  The final anisotropic full-matrix least-squares 

refinement on F2 with 331 variables converged at R1 = 5.20%, for the observed 

data and wR2 = 14.86% for all data. The goodness-of-fit was 1.026. The largest 

peak in the final difference electron density synthesis was 0.296 e-/Å3 and the 

largest hole was -0.248 e-/Å3 with an RMS deviation of 0.040 e-/Å3. On the basis 

of the final model, the calculated density was 1.381 g/cm3 and F(000), 1888 e-. 

Crystal data, data collection and structure refinement details are summarized in 

tables below. 

Computing details 

Data collection: Bruker SMART; cell refinement: Bruker SAINT; data reduction: 

Bruker APEX2; program(s) used to solve structure: SHELXL2013 (Sheldrick, 

2013); program(s) used to refine structure: SHELXL2013 (Sheldrick, 2013); 

molecular graphics: Bruker SHELXTL; software used to prepare material for 

publication: Bruker SHELXTL. 
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Table A1. Crystal data, data collection and refinement 

C20H23ClFN5O2S F(000) = 1888 

Mr = 451.94 Dx = 1.381 Mg m-3 

Monoclinic, C2/c Mo Kα radiation,  = 0.71073 Å 

a = 17.682 (2) Å Cell parameters from 6001 reflections 

b = 21.055 (3) Å  = 3.5–25.7° 

c = 13.645 (3) Å µ = 0.31 mm-1 

β = 121.132 (1)° T = 193 K 

V = 4348.3 (13)  Å3 Parallelepiped, colourless 

Z = 8 0.40 × 0.10 × 0.09 mm 

Bruker APEX CCD  
diffractometer 

5646 independent reflections 

Radiation source: sealed tube 3848 reflections with I > 2(I) 

Graphite monochromator Rint = 0.037 

 and  scans max = 28.8°, min = 3.5° 

Absorption correction: multi-scan  
Data were corrected for absorption effects 
using the   multi-scan technique (SADABS). 
The ratio of minimum to maximum apparent 
transmission was 0.951.  The calculated 
minimum and maximum transmission 
coefficients (based on crystal size) are 
0.887 and 0.973. 

h = -2323 

Tmin = 0.709, Tmax = 0.746 k = -2828 

29252 measured reflections l = -1818 

Refinement on F2 Primary atom site location: structure-
invariant direct methods 

Least-squares matrix: full Secondary atom site location: difference 
Fourier map 

R[F2 > 2(F2)] = 0.052 Hydrogen site location: mixed 

wR(F2) = 0.149 H atoms treated by a mixture of 
independent and constrained refinement 

S = 1.03  w = 1/[2(Fo
2) + (0.0635P)2 + 2.5407P]    

where P = (Fo
2 + 2Fc

2)/3 

5646 reflections (/)max = 0.001 

331 parameters max = 0.30 e Å-3 

0 restraints min = -0.25 e Å-3 
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Table A2. Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) 

 x y z Uiso*/Ueq Occ. (<1) 

S1 0.13427 (4) 0.16817 (3) 0.93247 (5) 0.05900 (17)  

Cl1 -0.38562 (7) -0.01058 (6) 0.44066 (11) 0.0978 (4) 0.6667 

F1 -0.3535 (2) -0.14686 (17) 0.4793 (3) 0.0990 (10) 0.6667 

O1 0.29557 (9) 0.16108 (7) 0.78308 (12) 0.0586 (4)  

N1 0.12824 (11) 0.28210 (9) 0.84799 (17) 0.0564 (4)  

H1N 0.1363 (15) 0.3087 (12) 0.805 (2) 0.066 (7)*  

N2 0.13930 (10) 0.20084 (7) 0.74571 (14) 0.0491 (4)  

N3 0.19275 (14) -0.05478 (9) 0.69142 (15) 0.0626 (5)  

N4 0.04096 (15) -0.07820 (9) 0.62471 (16) 0.0675 (5)  

N5 -0.05897 (13) 0.00051 (11) 0.60300 (15) 0.0601 (5)  

H5N -0.0708 (18) 0.0395 (13) 0.602 (2) 0.086 (10)*  

C1 0.12484 (17) 0.31059 (12) 0.9427 (2) 0.0741 (7)  

H1A 0.0672 0.3019 0.9340 0.111*  

H1B 0.1333 0.3566 0.9429 0.111*  

H1C 0.1717 0.2925 1.0151 0.111*  

C2 0.13356 (11) 0.21971 (9) 0.83700 (16) 0.0461 (4)  

C3 0.14993 (12) 0.13560 (9) 0.72801 (15) 0.0459 (4)  

C4 0.23420 (12) 0.11449 (10) 0.75062 (15) 0.0484 (4)  

C5 0.24689 (13) 0.05174 (10) 0.73828 (16) 0.0523 (5)  

H5 0.3033 0.0374 0.7553 0.063*  

C6 0.17674 (14) 0.00823 (10) 0.70053 (15) 0.0508 (5)  

C7 0.09234 (13) 0.02971 (9) 0.67313 (15) 0.0484 (4)  

C8 0.08137 (12) 0.09446 (9) 0.68813 (15) 0.0474 (4)  

H8 0.0249 0.1096 0.6700 0.057*  

C9 0.1244 (2) -0.09269 (11) 0.6548 (2) 0.0695 (6)  

H9 0.1354 -0.1363 0.6488 0.083*  

C10 0.02439 (15) -0.01738 (10) 0.63300 (16) 0.0550 (5)  

C11 -0.13454 (17) -0.03737 (14) 0.56902 (18) 0.0726 (7)  

C12 -0.21335 (17) -0.00505 (17) 0.52749 (19) 0.0854 (9)  

H12 -0.2194 0.0398 0.5196 0.102* 0.6667 

H12' -0.2036 0.0394 0.5290 0.102* 0.3333 

C13 -0.2853 (4) -0.0487 (3) 0.4976 (4) 0.0625 (12) 0.6667 

C14 -0.2797 (5) -0.1131 (4) 0.5117 (5) 0.0732 (18) 0.6667 
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C15 -0.2006 (4) -0.1431 (3) 0.5544 (5) 0.0772 (15) 0.6667 

H15 -0.1934 -0.1877 0.5667 0.093* 0.6667 

C16 -0.1329 (2) -0.10306 (16) 0.5779 (2) 0.0952 (10)  

H16 -0.0773 -0.1226 0.6036 0.114* 0.6667 

H16' -0.0841 -0.1314 0.6095 0.114* 0.3333 

C17 0.13998 (19) 0.24616 (12) 0.6648 (2) 0.0731 (6)  

H17A 0.0859 0.2717 0.6304 0.110*  

H17B 0.1430 0.2230 0.6046 0.110*  

H17C 0.1915 0.2741 0.7054 0.110*  

C18 0.38345 (13) 0.14491 (13) 0.8107 (2) 0.0666 (6)  

H18A 0.3815 0.1209 0.7471 0.080*  

H18B 0.4130 0.1184 0.8807 0.080*  

C19 0.43256 (16) 0.20623 (15) 0.8299 (2) 0.0829 (8)  

H19A 0.4944 0.1972 0.8551 0.124*  

H19B 0.4299 0.2311 0.8888 0.124*  

H19C 0.4055 0.2305 0.7583 0.124*  

O2 0.14463 (19) 0.39474 (11) 0.7496 (3) 0.1240 (9)  

H2O 0.200 (3) 0.4111 (19) 0.774 (4) 0.149*  

C20 0.0760 (2) 0.42733 (19) 0.6674 (4) 0.1139 (12)  

H20A 0.0582 0.4601 0.7025 0.171*  

H20B 0.0265 0.3983 0.6227 0.171*  

H20C 0.0932 0.4474 0.6170 0.171*  

C13' -0.3045 (6) -0.0174 (5) 0.4832 (8) 0.054 (2) 0.3333 

H13' -0.3518 0.0117 0.4597 0.064* 0.3333 

C14' -0.3061 (9) -0.0831 (6) 0.4835 (10) 0.066 (3) 0.3333 

C15' -0.2350 (9) -0.1178 (5) 0.5207 (9) 0.055 (2) 0.3333 

F1' -0.3891 (4) -0.1098 (3) 0.4426 (5) 0.0860 (15) 0.3333 

Cl1' -0.23995 (17) -0.19979 (9) 0.5261 (2) 0.0912 (7) 0.3333 

 

Atomic displacement parameters (Å2) 

 U11 U22 U33 U12 U13 U23 

S1 0.0627 (3) 0.0704 (4) 0.0539 (3) -0.0127 (3) 0.0373 (3) -0.0089 (2) 

Cl1 0.0598 (6) 0.1154 (9) 0.1117 (9) -0.0026 (5) 0.0397 (6) 0.0202 (7) 

F1 0.0756 (19) 0.111 (2) 0.095 (2) -0.0398 
(16) 

0.0331 (16) 0.0006 (17) 

O1 0.0418 (7) 0.0728 (10) 0.0614 (9) -0.0029 (6) 0.0269 (7) -0.0128 (7) 

N1 0.0522 (10) 0.0555 (10) 0.0697 (11) -0.0095 (8) 0.0374 (9) -0.0134 (9) 
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N2 0.0505 (9) 0.0515 (9) 0.0530 (9) 0.0016 (7) 0.0321 (8) -0.0005 (7) 

N3 0.0851 (13) 0.0569 (11) 0.0562 (10) 0.0113 (10) 0.0438 (10) 0.0004 (8) 

N4 0.0951 (15) 0.0601 (12) 0.0564 (11) -0.0145 
(10) 

0.0456 (11) -0.0089 (8) 

N5 0.0622 (11) 0.0740 (13) 0.0478 (9) -0.0197 
(10) 

0.0310 (9) -0.0110 (9) 

C1 0.0733 (15) 0.0717 (15) 0.0963 (18) -0.0165 
(12) 

0.0573 (14) -0.0358 
(13) 

C2 0.0314 (8) 0.0573 (11) 0.0515 (10) -0.0062 (7) 0.0227 (8) -0.0100 (8) 

C3 0.0448 (10) 0.0550 (11) 0.0397 (9) 0.0027 (8) 0.0231 (8) -0.0031 (8) 

C4 0.0434 (10) 0.0636 (12) 0.0389 (9) 0.0019 (8) 0.0217 (8) -0.0055 (8) 

C5 0.0503 (11) 0.0665 (13) 0.0434 (10) 0.0113 (9) 0.0266 (9) -0.0016 (9) 

C6 0.0635 (12) 0.0572 (11) 0.0376 (9) 0.0076 (9) 0.0303 (9) -0.0010 (8) 

C7 0.0547 (11) 0.0582 (11) 0.0354 (9) -0.0015 (9) 0.0255 (8) -0.0027 (8) 

C8 0.0451 (10) 0.0598 (11) 0.0409 (9) 0.0009 (8) 0.0247 (8) -0.0027 (8) 

C9 0.107 (2) 0.0527 (13) 0.0615 (13) 0.0006 (13) 0.0529 (14) -0.0028 
(10) 

C10 0.0711 (13) 0.0615 (12) 0.0389 (9) -0.0108 
(10) 

0.0331 (10) -0.0061 (8) 

C11 0.0779 (16) 0.1033 (19) 0.0463 (11) -0.0436 
(14) 

0.0390 (12) -0.0248 
(12) 

C12 0.0694 (16) 0.145 (3) 0.0484 (12) -0.0426 
(17) 

0.0353 (12) -0.0209 
(14) 

C13 0.062 (3) 0.074 (4) 0.052 (2) -0.001 (3) 0.031 (2) 0.002 (3) 

C14 0.075 (4) 0.087 (5) 0.057 (3) -0.034 (4) 0.034 (3) -0.002 (3) 

C15 0.081 (3) 0.067 (3) 0.075 (3) -0.012 (2) 0.035 (3) 0.004 (2) 

C16 0.114 (2) 0.110 (2) 0.0783 (18) -0.0602 
(19) 

0.0616 (18) -0.0366 
(16) 

C17 0.0918 (18) 0.0696 (15) 0.0732 (15) 0.0122 (13) 0.0535 (14) 0.0120 (12) 

C18 0.0423 (11) 0.0967 (17) 0.0613 (13) 0.0042 (11) 0.0271 (10) -0.0053 
(12) 

C19 0.0513 (13) 0.113 (2) 0.0854 (18) -0.0072 
(13) 

0.0363 (13) 0.0058 (16) 

O2 0.1023 (18) 0.0846 (15) 0.173 (3) -0.0325 
(13) 

0.0626 (19) 0.0146 (15) 

C20 0.094 (2) 0.110 (3) 0.126 (3) -0.037 (2) 0.048 (2) -0.013 (2) 

C13' 0.050 (5) 0.058 (6) 0.059 (5) -0.012 (4) 0.032 (4) -0.012 (4) 

C14' 0.093 (9) 0.054 (7) 0.057 (6) -0.040 (6) 0.043 (6) -0.014 (4) 

C15' 0.079 (8) 0.045 (5) 0.055 (5) -0.021 (5) 0.045 (6) -0.008 (4) 

F1' 0.072 (3) 0.103 (4) 0.085 (4) -0.046 (3) 0.043 (3) -0.024 (3) 

Cl1' 0.1355 (19) 0.0507 (10) 0.1152 (16) -0.0360 0.0846 (15) -0.0169 
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(11) (10) 

 

 

Table A3. Geometric parameters (Å, º) for (a48tfinal) 

Bond Distances 

S1—C2 1.691 (2) C11—C16 1.387 (4) 

Cl1—C13 1.722 (6) C12—C13' 1.423 (9) 

F1—C14 1.343 (7) C12—C13 1.447 (7) 

O1—C4 1.356 (2) C12—H12 0.9500 

O1—C18 1.438 (2) C12—H12' 0.9500 

N1—C2 1.331 (3) C13—C14 1.367 (9) 

N1—C1 1.454 (3) C14—C15 1.361 (9) 

N1—H1N 0.88 (2) C15—C16 1.360 (6) 

N2—C2 1.360 (2) C15—H15 0.9500 

N2—C3 1.424 (2) C16—C15' 1.582 (13) 

N2—C17 1.463 (3) C16—H16 0.9500 

N3—C9 1.312 (3) C16—H16' 0.9500 

N3—C6 1.375 (3) C17—H17A 0.9800 

N4—C10 1.331 (3) C17—H17B 0.9800 

N4—C9 1.346 (3) C17—H17C 0.9800 

N5—C10 1.363 (3) C18—C19 1.502 (4) 

N5—C11 1.413 (3) C18—H18A 0.9900 

N5—H5N 0.85 (3) C18—H18B 0.9900 

C1—H1A 0.9800 C19—H19A 0.9800 

C1—H1B 0.9800 C19—H19B 0.9800 

C1—H1C 0.9800 C19—H19C 0.9800 

C3—C8 1.354 (3) O2—C20 1.339 (4) 

C3—C4 1.427 (2) O2—H2O 0.93 (4) 

C4—C5 1.365 (3) C20—H20A 0.9800 

C5—C6 1.408 (3) C20—H20B 0.9800 

C5—H5 0.9500 C20—H20C 0.9800 

C6—C7 1.412 (3) C13'—C14' 1.383 (12) 

C7—C8 1.407 (3) C13'—H13' 0.9500 

C7—C10 1.431 (3) C14'—C15' 1.309 (19) 

C8—H8 0.9500 C14'—F1' 1.390 (14) 
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C9—H9 0.9500 C15'—Cl1' 1.732 (10) 

C11—C12 1.382 (4) Cl1'—Cl1'i 2.201 (4) 

 

Bond Angles 

C4—O1—C18 119.22 (17) C11—C12—H12' 110.1 

C2—N1—C1 123.0 (2) C13'—C12—H12' 110.1 

C2—N1—H1N 120.6 (16) C14—C13—C12 126.9 (5) 

C1—N1—H1N 115.5 (16) C14—C13—Cl1 120.6 (5) 

C2—N2—C3 121.06 (16) C12—C13—Cl1 112.5 (5) 

C2—N2—C17 122.24 (17) F1—C14—C15 120.2 (6) 

C3—N2—C17 116.61 (16) F1—C14—C13 119.4 (7) 

C9—N3—C6 115.4 (2) C15—C14—C13 120.3 (6) 

C10—N4—C9 116.5 (2) C16—C15—C14 113.4 (5) 

C10—N5—C11 129.4 (2) C16—C15—H15 123.3 

C10—N5—H5N 119.6 (19) C14—C15—H15 123.3 

C11—N5—H5N 111 (2) C15—C16—C11 128.5 (4) 

N1—C1—H1A 109.5 C11—C16—C15' 100.7 (5) 

N1—C1—H1B 109.5 C15—C16—H16 115.8 

H1A—C1—H1B 109.5 C11—C16—H16 115.8 

N1—C1—H1C 109.5 C11—C16—H16' 129.7 

H1A—C1—H1C 109.5 C15'—C16—H16' 129.7 

H1B—C1—H1C 109.5 N2—C17—H17A 109.5 

N1—C2—N2 115.75 (18) N2—C17—H17B 109.5 

N1—C2—S1 121.30 (15) H17A—C17—H17B 109.5 

N2—C2—S1 122.94 (15) N2—C17—H17C 109.5 

C8—C3—N2 121.07 (16) H17A—C17—H17C 109.5 

C8—C3—C4 120.34 (18) H17B—C17—H17C 109.5 

N2—C3—C4 118.57 (17) O1—C18—C19 106.9 (2) 

O1—C4—C5 125.85 (17) O1—C18—H18A 110.3 

O1—C4—C3 114.52 (17) C19—C18—H18A 110.3 

C5—C4—C3 119.64 (18) O1—C18—H18B 110.3 

C4—C5—C6 120.33 (18) C19—C18—H18B 110.3 

C4—C5—H5 119.8 H18A—C18—H18B 108.6 

C6—C5—H5 119.8 C18—C19—H19A 109.5 

N3—C6—C5 118.50 (19) C18—C19—H19B 109.5 

N3—C6—C7 121.58 (19) H19A—C19—H19B 109.5 
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C5—C6—C7 119.92 (18) C18—C19—H19C 109.5 

C8—C7—C6 118.57 (18) H19A—C19—H19C 109.5 

C8—C7—C10 125.15 (18) H19B—C19—H19C 109.5 

C6—C7—C10 116.28 (18) C20—O2—H2O 116 (3) 

C3—C8—C7 121.08 (17) O2—C20—H20A 109.5 

C3—C8—H8 119.5 O2—C20—H20B 109.5 

C7—C8—H8 119.5 H20A—C20—H20B 109.5 

N3—C9—N4 128.8 (2) O2—C20—H20C 109.5 

N3—C9—H9 115.6 H20A—C20—H20C 109.5 

N4—C9—H9 115.6 H20B—C20—H20C 109.5 

N4—C10—N5 119.5 (2) C14'—C13'—C12 101.7 (8) 

N4—C10—C7 121.4 (2) C14'—C13'—H13' 129.2 

N5—C10—C7 119.16 (19) C12—C13'—H13' 129.2 

C12—C11—C16 119.8 (2) C15'—C14'—C13' 122.8 (10) 

C12—C11—N5 116.0 (3) C15'—C14'—F1' 122.2 (11) 

C16—C11—N5 124.1 (3) C13'—C14'—F1' 114.9 (10) 

C11—C12—C13' 139.9 (5) C14'—C15'—C16 134.8 (8) 

C11—C12—C13 110.9 (4) C14'—C15'—Cl1' 120.8 (10) 

C11—C12—H12 124.6 C16—C15'—Cl1' 104.2 (8) 

C13—C12—H12 124.6 C15'—Cl1'—Cl1'i 161.3 (4) 

    

C1—N1—C2—N2 -177.77 (18) C6—C7—C10—N5 -178.74 (16) 

C1—N1—C2—S1 1.5 (3) C10—N5—C11—
C12 

-170.78 (19) 

C3—N2—C2—N1 176.72 (16) C10—N5—C11—
C16 

10.9 (3) 

C17—N2—C2—N1 0.3 (3) C16—C11—C12—
C13' 

-2.0 (7) 

C3—N2—C2—S1 -2.6 (2) N5—C11—C12—
C13' 

179.6 (6) 

C17—N2—C2—S1 -179.02 (16) C16—C11—C12—
C13 

-0.5 (3) 

C2—N2—C3—C8 75.3 (2) N5—C11—C12—
C13 

-178.9 (2) 

C17—N2—C3—C8 -108.1 (2) C11—C12—C13—
C14 

3.0 (6) 

C2—N2—C3—C4 -106.21 (19) C13'—C12—C13—
C14 

-179.0 (13) 

C17—N2—C3—C4 70.4 (2) C11—C12—C13—
Cl1 

-177.8 (2) 
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C18—O1—C4—C5 -1.8 (3) C13'—C12—C13—
Cl1 

0.2 (8) 

C18—O1—C4—C3 178.48 (17) C12—C13—C14—
F1 

179.9 (4) 

C8—C3—C4—O1 175.92 (16) Cl1—C13—C14—F1 0.8 (8) 

N2—C3—C4—O1 -2.6 (2) C12—C13—C14—
C15 

-2.3 (9) 

C8—C3—C4—C5 -3.8 (3) Cl1—C13—C14—
C15 

178.6 (5) 

N2—C3—C4—C5 177.63 (17) F1—C14—C15—
C16 

176.8 (5) 

O1—C4—C5—C6 -178.05 (17) C13—C14—C15—
C16 

-0.9 (8) 

C3—C4—C5—C6 1.7 (3) C14—C15—C16—
C11 

3.5 (7) 

C9—N3—C6—C5 -179.43 (18) C14—C15—C16—
C15' 

-12.9 (8) 

C9—N3—C6—C7 0.6 (3) C12—C11—C16—
C15 

-2.8 (5) 

C4—C5—C6—N3 -178.72 (17) N5—C11—C16—
C15 

175.5 (3) 

C4—C5—C6—C7 1.2 (3) C12—C11—C16—
C15' 

5.1 (4) 

N3—C6—C7—C8 177.86 (17) N5—C11—C16—
C15' 

-176.6 (4) 

C5—C6—C7—C8 -2.1 (3) C4—O1—C18—C19 173.63 (18) 

N3—C6—C7—C10 -1.4 (2) C11—C12—C13'—
C14' 

-2.2 (11) 

C5—C6—C7—C10 178.63 (16) C13—C12—C13'—
C14' 

-5.1 (7) 

N2—C3—C8—C7 -178.52 (16) C12—C13'—C14'—
C15' 

1.4 (13) 

C4—C3—C8—C7 3.0 (3) C12—C13'—C14'—
F1' 

-179.5 (7) 

C6—C7—C8—C3 0.0 (3) C13'—C14'—C15'—
C16 

3.3 (17) 

C10—C7—C8—C3 179.17 (17) F1'—C14'—C15'—
C16 

-175.7 (8) 

C6—N3—C9—N4 0.3 (3) C13'—C14'—C15'—
Cl1' 

176.5 (8) 

C10—N4—C9—N3 -0.3 (3) F1'—C14'—C15'—
Cl1' 

-2.5 (13) 

C9—N4—C10—N5 179.53 (17) C15—C16—C15'—
C14' 

160.3 (17) 
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C9—N4—C10—C7 -0.7 (3) C11—C16—C15'—
C14' 

-6.7 (11) 

C11—N5—C10—N4 4.6 (3) C15—C16—C15'—
Cl1' 

-13.8 (6) 

C11—N5—C10—C7 -175.20 (18) C11—C16—C15'—
Cl1' 

179.3 (4) 

C8—C7—C10—N4 -177.78 (18) C14'—C15'—Cl1'—
Cl1'i 

82.2 (17) 

C6—C7—C10—N4 1.4 (3) C16—C15'—Cl1'—
Cl1'i 

-102.7 (15) 

C8—C7—C10—N5 2.0 (3)   

 

 

 

Figure A1. Unit Cell Plot of Compound 2.7·MeOH Showing π-Stacking Of Molecules 

Along the C Axis 
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Crystallographic Experimental Details of Compound 2.12 

A colorless plate-shaped specimen of C41H45Au2Cl4F2N11O3S2, approximate 

dimensions 0.040 mm x 0.130 mm x 0.150 mm, was used for the X-ray 

crystallographic analysis. The X-ray intensity data were measured on a Bruker 

APEX CCD system equipped with a graphite monochromator and a Mo K 

sealed x-ray tube ( = 0.71073 Å). 

The frames were integrated with the Bruker SAINT software package using a 

narrow-frame algorithm. The integration of the data using a monoclinic unit cell 

yielded a total of 33779 reflections to a maximum  angle of 29.35° (0.73 Å 

resolution), of which 6700 were independent (average redundancy 5.042, 

completeness = 99.8%, Rint = 7.57%) and 4756 (70.99%) were greater than 2 

(F2). The final cell constants of a = 14.4975 (11) Å, b = 29.057 (2) Å, c = 13.1779 

(10) Å,  = 118.4460 (10)°, volume = 4881.0 (6) Å3, are based upon the 

refinement of the XYZ-centroids of 9949 reflections above 20  (I). Data were 

corrected for absorption effects using the integration method, based upon the 

identified crystal faces and dimensions. The calculated minimum and maximum 

transmission coefficients (based on crystal faces) are 0.3815 and 0.7779.  

The structure was solved and refined using the Bruker SHELXTL Software 

Package, using the space group C 2/c, with Z = 4 for the formula unit, 

(C19H19AuClFN5OS)2Cl2- DMF. Chlorine atom Cl1 of the cation was disordered 

over two sites and refined with occupancies of 92% and 8%, respectively.  The 

structure contains a severely disordered DMF molecule of crystallization. 

Attempts to accurately model the disorder were unsuccessful and only the major 
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orientation was included in the final refinement cycles.  As a result, not all 

hydrogens on the disordered DMF were included in the final model.  The final 

anisotropic full-matrix least-squares refinement on F2 with 303 variables 

converged at R1 = 3.34%, for the observed data and wR2 = 9.05% for all data. 

The goodness-of-fit was 0.939. The largest peak in the final difference electron 

density synthesis was 1.804 e-/Å3 and the largest hole was -0.603 e-/Å3 with an 

RMS deviation of 0.127 e-/Å3.  The three largest peaks in the final difference 

Fourier map were within 0.80 Å of a gold atom.  On the basis of the final model, 

the calculated density was 1.875 g/cm3 and F(000), 2672 e-. 

Crystal data, data collection and structure refinement details are summarized in 

tables below. 

Computing details 

Data collection: Bruker SMART; cell refinement: Bruker SAINT; data reduction: 

Bruker APEX2; program(s) used to solve structure: SHELXL2013 (Sheldrick, 

2013); program(s) used to refine structure: SHELXL2013 (Sheldrick, 2013); 

molecular graphics: Bruker SHELXTL; software used to prepare material for 

publication: Bruker SHELXTL. 

 

Table A4 Crystal data, data collection and refinement 

Crystal data 

C41H45Au2Cl4F2N11O3S2 F(000) = 2672 

Mr = 1377.73 Dx = 1.875 Mg m-3 

Monoclinic, C2/c Mo K radiation,  = 0.71073 Å 
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a = 14.4975 (11) Å Cell parameters from 9949 reflections 

b = 29.057 (2) Å  = 3.7–29.7° 

c = 13.1779 (10) Å  = 6.37 mm-1 

 = 118.446 (1)° T = 193 K 

V = 4881.1 (6)  Å3 Plate, colourless 

Z = 4 0.15 × 0.13 × 0.04 mm 

Bruker APEX CCD  
diffractometer 

6700 independent reflections 

Radiation source: sealed tube 4756 reflections with I > 2 (I) 

Graphite monochromator Rint = 0.076 

 and  scans max = 29.4°, min = 3.6° 

Absorption correction: integration  
Absorption correction was applied using 
XPREP,  GAUSSIAN FACE-INDEXED 
ABSORPTION CORRECTIONS 
Crystal face indices and distances from 
reference point 
H K L Distance (mm)  H K L Distance (mm) 
1.00 0.00 0.00 0.065  -1.00 0.00 0.00 0.065  
0.00 1.00 0.00 0.020  0.00 -1.00 0.00 0.020  
0.00 0.00 1.00 0.075  0.00 0.00 -1.00 0.075 
 Minimum and maximum transmission = 
0.38151 0.77788 

h = -1919 

Tmin = 0.382, Tmax = 0.778 k = -4040 

33779 measured reflections l = -1818 

Refinement on F2 4 restraints 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2(F2)] = 0.033 H atoms treated by a mixture of 
independent and constrained refinement 

wR(F2) = 0.091  w = 1/[2(Fo
2) + (0.0489P)2]    

where P = (Fo
2 + 2Fc

2)/3 

S = 0.94 (/)max < 0.001 

6700 reflections max = 1.80 e Å-3 

303 parameters min = -0.60 e Å-3 

 

Table A5. Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) 

 x y z Uiso*/Ueq Occ. (<1) 

Au1 0.17443 (2) -0.02466 (2) 0.19632 (2) 0.04491 (7)  
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S1 -0.31580 (9) -0.07103 (5) 0.23430 (10) 0.0545 (3)  

O1 -0.2133 (2) -0.10217 (11) 0.0503 (3) 0.0526 (8)  

N1 -0.4811 (3) -0.08567 (14) 0.0355 (3) 0.0455 (9)  

H1N -0.515 (6) -0.086 (3) -0.046 (7) 0.14 (3)*  

N2 -0.3614 (3) -0.03959 (12) 0.0184 (3) 0.0398 (8)  

N3 0.0448 (3) 0.01755 (12) 0.1326 (3) 0.0392 (8)  

N4 -0.0077 (2) 0.09588 (13) 0.1138 (3) 0.0428 (8)  

N5 -0.1675 (3) 0.11618 (13) 0.1033 (3) 0.0434 (8)  

H5N -0.217 (2) 0.1093 (14) 0.116 (4) 0.041 (12)*  

C1 -0.5233 (4) -0.1125 (2) 0.0967 (4) 0.0687 (16)  

H1A -0.4767 -0.1386 0.1351 0.103*  

H1B -0.5931 -0.1240 0.0418 0.103*  

H1C -0.5286 -0.0931 0.1545 0.103*  

C2 -0.3888 (3) -0.06476 (15) 0.0851 (3) 0.0399 (9)  

C3 -0.2557 (3) -0.02507 (15) 0.0540 (3) 0.0384 (9)  

C4 -0.1786 (3) -0.05852 (16) 0.0686 (3) 0.0416 (9)  

C5 -0.0787 (3) -0.04417 (17) 0.0979 (3) 0.0413 (9)  

H5 -0.0256 -0.0663 0.1119 0.050*  

C6 -0.0546 (3) 0.00284 (15) 0.1071 (3) 0.0357 (8)  

C7 -0.1322 (3) 0.03595 (14) 0.0888 (3) 0.0363 (9)  

C8 -0.2341 (3) 0.02056 (14) 0.0617 (3) 0.0354 (8)  

H8 -0.2874 0.0423 0.0488 0.042*  

C9 0.0597 (3) 0.06196 (18) 0.1294 (3) 0.0436 (10)  

H9 0.1265 0.0710 0.1394 0.052*  

C10 -0.1025 (3) 0.08346 (15) 0.1013 (3) 0.0378 (9)  

C11 -0.1480 (3) 0.16398 (17) 0.1150 (4) 0.0500 (11)  

C12 -0.1683 (4) 0.18798 (17) 0.1902 (5) 0.0591 (12)  

H12 -0.1916 0.1720 0.2367 0.071*  

C13 -0.1559 (5) 0.2353 (2) 0.2009 (5) 0.0746 (16)  

H13' -0.1695 0.2513 0.2552 0.090* 0.078 (5) 

Cl1 -0.17674 (17) 0.26587 (7) 0.2998 (2) 0.1095 (9) 0.922 (5) 

C14 -0.1249 (5) 0.2584 (2) 0.1351 (7) 0.0784 (18)  

F1 -0.1142 (3) 0.30452 (12) 0.1419 (4) 0.1191 (15)  

C15 -0.1045 (5) 0.2359 (2) 0.0581 (6) 0.085 (2)  

H15 -0.0833 0.2528 0.0110 0.102* 0.922 (5) 

Cl1' -0.026 (2) 0.2705 (10) 0.022 (3) 0.117 (11)* 0.078 (5) 

C16 -0.1145 (4) 0.1873 (2) 0.0468 (5) 0.0737 (16)  
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H16 -0.0986 0.1713 -0.0058 0.088*  

C17 -0.4336 (3) -0.03536 (17) -0.1067 (4) 0.0503 (11)  

H17A -0.4424 -0.0655 -0.1435 0.075*  

H17B -0.4045 -0.0136 -0.1408 0.075*  

H17C -0.5019 -0.0242 -0.1189 0.075*  

C18 -0.1419 (5) -0.1387 (2) 0.0568 (6) 0.0773 (17)  

H18A -0.0869 -0.1434 0.1376 0.093*  

H18B -0.1077 -0.1309 0.0095 0.093*  

C19 -0.2064 (6) -0.1806 (2) 0.0119 (8) 0.111 (3)  

H19A -0.2402 -0.1877 0.0592 0.167*  

H19B -0.1616 -0.2064 0.0150 0.167*  

H19C -0.2603 -0.1754 -0.0681 0.167*  

Cl2 0.32232 (7) 0.09318 (4) 0.29197 (9) 0.0490 (3)  

N1S 0.0000 -0.2841 (4) 0.2500 0.121 (3)  

C1S 0.0523 (14) -0.2611 (8) 0.1949 (17) 0.279 (9)*  

H1S 0.0910 -0.2729 0.1593 0.335* 0.5 

O1S 0.0308 (15) -0.2206 (8) 0.2089 (17) 0.214 (8)* 0.5 

C2S 0.0000 -0.3328 (7) 0.2500 0.371 (18)*  

H2SA 0.0386 -0.3441 0.2109 0.557* 0.5 

H2SB -0.0724 -0.3441 0.2094 0.557* 0.5 

H2SC 0.0339 -0.3441 0.3297 0.557* 0.5 

 

Atomic displacement parameters (Å2) 

 U11 U22 U33 U12 U13 U23 

Au1 0.03120 (9) 0.07893 
(15) 

0.02393 (9) 0.00638 (7) 0.01260 (6) 0.00142 (7) 

S1 0.0405 (6) 0.0875 (9) 0.0309 (5) -0.0154 (6) 0.0134 (4) 0.0076 (6) 

O1 0.0527 (19) 0.057 (2) 0.0491 (18) -0.0018 
(15) 

0.0248 (16) -0.0009 
(15) 

N1 0.0356 (18) 0.059 (2) 0.0362 (19) -0.0090 
(16) 

0.0122 (15) 0.0074 (16) 

N2 0.0326 (17) 0.054 (2) 0.0262 (16) -0.0107 
(15) 

0.0090 (13) 0.0000 (14) 

N3 0.0318 (16) 0.064 (3) 0.0222 (15) 0.0004 (15) 0.0129 (13) 0.0028 (14) 

N4 0.0300 (16) 0.065 (2) 0.0309 (17) -0.0092 
(16) 

0.0128 (14) 0.0018 (16) 

N5 0.0313 (17) 0.058 (2) 0.043 (2) -0.0039 
(16) 

0.0188 (16) 0.0056 (16) 
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C1 0.050 (3) 0.098 (4) 0.049 (3) -0.023 (3) 0.016 (2) 0.021 (3) 

C2 0.0339 (19) 0.052 (2) 0.0329 (19) -0.0054 
(17) 

0.0151 (16) -0.0028 
(17) 

C3 0.0301 (18) 0.060 (3) 0.0245 (18) -0.0078 
(18) 

0.0124 (15) -0.0007 
(17) 

C4 0.043 (2) 0.057 (3) 0.0270 (19) -0.0052 
(19) 

0.0184 (17) 0.0017 (17) 

C5 0.036 (2) 0.062 (3) 0.0272 (19) 0.0058 (19) 0.0165 (17) 0.0046 (18) 

C6 0.0292 (18) 0.059 (3) 0.0191 (16) 0.0005 (17) 0.0120 (14) 0.0031 (16) 

C7 0.0274 (17) 0.060 (3) 0.0202 (16) -0.0024 
(16) 

0.0104 (14) 0.0003 (16) 

C8 0.0309 (18) 0.049 (2) 0.0257 (18) -0.0028 
(16) 

0.0131 (15) 0.0005 (16) 

C9 0.0307 (19) 0.078 (3) 0.0237 (18) -0.009 (2) 0.0141 (15) -0.0015 
(18) 

C10 0.0305 (18) 0.058 (3) 0.0234 (17) -0.0051 
(17) 

0.0116 (15) 0.0020 (16) 

C11 0.033 (2) 0.063 (3) 0.044 (2) -0.0074 
(19) 

0.0105 (18) 0.013 (2) 

C12 0.060 (3) 0.051 (3) 0.068 (3) -0.007 (2) 0.032 (3) 0.004 (2) 

C13 0.067 (3) 0.063 (4) 0.082 (4) -0.010 (3) 0.027 (3) 0.006 (3) 

Cl1 0.141 (2) 0.0600 (11) 0.141 (2) -0.0041 
(10) 

0.0782 (18) -0.0225 
(11) 

C14 0.064 (4) 0.060 (4) 0.103 (5) -0.009 (3) 0.033 (3) 0.015 (3) 

F1 0.104 (3) 0.060 (2) 0.169 (4) -0.016 (2) 0.046 (3) 0.026 (2) 

C15 0.070 (4) 0.074 (4) 0.107 (5) -0.012 (3) 0.040 (4) 0.039 (4) 

C16 0.057 (3) 0.084 (4) 0.084 (4) 0.002 (3) 0.037 (3) 0.029 (3) 

C17 0.039 (2) 0.076 (3) 0.028 (2) -0.011 (2) 0.0091 (18) 0.0051 (19) 

C18 0.083 (4) 0.058 (3) 0.092 (5) 0.002 (3) 0.043 (4) 0.004 (3) 

C19 0.118 (6) 0.059 (4) 0.147 (7) -0.007 (4) 0.055 (6) -0.014 (4) 

Cl2 0.0297 (5) 0.0745 (8) 0.0410 (5) 0.0072 (5) 0.0154 (4) 0.0033 (5) 

N1S 0.096 (7) 0.113 (7) 0.176 (11) 0.000 0.083 (7) 0.000 

 

Table A6. Geometric parameters (Å, º) for (a11uface) 

Bond Lengths 

Au1—N3 2.059 (3) C9—H9 0.9500 

Au1—S1i 2.2511 (12) C11—C12 1.354 (7) 

S1—C2 1.743 (4) C11—C16 1.386 (7) 
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S1—Au1i 2.2509 (12) C12—C13 1.386 (7) 

O1—C4 1.343 (5) C12—H12 0.9500 

O1—C18 1.456 (6) C13—C14 1.331 (8) 

N1—C2 1.325 (5) C13—Cl1 1.719 (7) 

N1—C1 1.449 (6) C13—H13' 0.9500 

N1—H1N 0.95 (8) C14—F1 1.349 (7) 

N2—C2 1.341 (5) C14—C15 1.352 (9) 

N2—C3 1.435 (5) C15—C16 1.419 (9) 

N2—C17 1.478 (5) C15—Cl1' 1.75 (3) 

N3—C9 1.312 (6) C15—H15 0.9500 

N3—C6 1.382 (5) C16—H16 0.9500 

N4—C9 1.333 (6) C17—H17A 0.9800 

N4—C10 1.354 (5) C17—H17B 0.9800 

N5—C10 1.347 (5) C17—H17C 0.9800 

N5—C11 1.411 (6) C18—C19 1.475 (8) 

N5—H5N 0.840 (18) C18—H18A 0.9900 

C1—H1A 0.9800 C18—H18B 0.9900 

C1—H1B 0.9800 C19—H19A 0.9800 

C1—H1C 0.9800 C19—H19B 0.9800 

C3—C8 1.355 (5) C19—H19C 0.9800 

C3—C4 1.424 (6) N1S—C2S 1.416 (18) 

C4—C5 1.374 (6) N1S—C1Si 1.441 (14) 

C5—C6 1.401 (7) N1S—C1S 1.441 (14) 

C5—H5 0.9500 C1S—O1S 1.25 (2) 

C6—C7 1.411 (6) C1S—H1S 0.9500 

C7—C8 1.416 (5) C2S—H2SA 0.9800 

C7—C10 1.432 (6) C2S—H2SB 0.9800 

C8—H8 0.9500 C2S—H2SC 0.9800 

 

Bond Angles 

N3—Au1—S1i 179.79 (12) C16—C11—N5 121.7 (5) 

C2—S1—Au1i 109.99 (14) C11—C12—C13 121.5 (5) 

C4—O1—C18 118.9 (4) C11—C12—H12 119.3 

C2—N1—C1 124.5 (4) C13—C12—H12 119.3 

C2—N1—H1N 115 (5) C14—C13—C12 120.1 (6) 

C1—N1—H1N 120 (5) C14—C13—Cl1 118.0 (5) 
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C2—N2—C3 123.3 (3) C12—C13—Cl1 121.9 (5) 

C2—N2—C17 120.2 (3) C14—C13—H13' 120.0 

C3—N2—C17 114.8 (3) C12—C13—H13' 120.0 

C9—N3—C6 117.7 (3) C13—C14—F1 121.4 (7) 

C9—N3—Au1 117.8 (3) C13—C14—C15 120.6 (6) 

C6—N3—Au1 123.9 (3) F1—C14—C15 118.0 (6) 

C9—N4—C10 116.7 (4) C14—C15—C16 120.7 (6) 

C10—N5—C11 126.3 (4) C14—C15—Cl1' 109.5 (11) 

C10—N5—H5N 121 (3) C16—C15—Cl1' 126.0 (11) 

C11—N5—H5N 111 (3) C14—C15—H15 119.7 

N1—C1—H1A 109.5 C16—C15—H15 119.7 

N1—C1—H1B 109.5 C11—C16—C15 117.9 (6) 

H1A—C1—H1B 109.5 C11—C16—H16 121.0 

N1—C1—H1C 109.5 C15—C16—H16 121.0 

H1A—C1—H1C 109.5 N2—C17—H17A 109.5 

H1B—C1—H1C 109.5 N2—C17—H17B 109.5 

N1—C2—N2 118.2 (4) H17A—C17—H17B 109.5 

N1—C2—S1 115.9 (3) N2—C17—H17C 109.5 

N2—C2—S1 125.9 (3) H17A—C17—H17C 109.5 

C8—C3—C4 121.2 (4) H17B—C17—H17C 109.5 

C8—C3—N2 119.0 (4) O1—C18—C19 106.3 (5) 

C4—C3—N2 119.4 (4) O1—C18—H18A 110.5 

O1—C4—C5 126.2 (4) C19—C18—H18A 110.5 

O1—C4—C3 114.7 (4) O1—C18—H18B 110.5 

C5—C4—C3 119.1 (4) C19—C18—H18B 110.5 

C4—C5—C6 120.4 (4) H18A—C18—H18B 108.7 

C4—C5—H5 119.8 C18—C19—H19A 109.5 

C6—C5—H5 119.8 C18—C19—H19B 109.5 

N3—C6—C5 120.7 (4) H19A—C19—H19B 109.5 

N3—C6—C7 119.0 (4) C18—C19—H19C 109.5 

C5—C6—C7 120.3 (3) H19A—C19—H19C 109.5 

C6—C7—C8 118.6 (4) H19B—C19—H19C 109.5 

C6—C7—C10 117.8 (3) C2S—N1S—C1Si 117.7 (11) 

C8—C7—C10 123.6 (4) C2S—N1S—C1S 117.7 (11) 

C3—C8—C7 120.3 (4) C1Si—N1S—C1S 125 (2) 

C3—C8—H8 119.8 O1S—C1S—N1S 97.8 (18) 

C7—C8—H8 119.8 O1S—C1S—H1S 131.1 
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N3—C9—N4 127.7 (4) N1S—C1S—H1S 131.1 

N3—C9—H9 116.1 N1S—C2S—H2SA 109.5 

N4—C9—H9 116.1 N1S—C2S—H2SB 109.5 

N5—C10—N4 119.2 (4) H2SA—C2S—H2SB 109.5 

N5—C10—C7 120.6 (3) N1S—C2S—H2SC 109.5 

N4—C10—C7 120.2 (4) H2SA—C2S—H2SC 109.5 

C12—C11—C16 119.2 (5) H2SB—C2S—H2SC 109.5 

C12—C11—N5 119.0 (4)   

    

C1—N1—C2—N2 -177.5 (5) C10—C7—C8—C3 -178.4 (4) 

C1—N1—C2—S1 0.1 (6) C6—N3—C9—N4 6.3 (6) 

C3—N2—C2—N1 -163.7 (4) Au1—N3—C9—N4 -165.6 (3) 

C17—N2—C2—N1 0.5 (6) C10—N4—C9—N3 1.0 (6) 

C3—N2—C2—S1 19.0 (6) C11—N5—C10—N4 1.5 (6) 

C17—N2—C2—S1 -176.8 (3) C11—N5—C10—C7 -179.9 (4) 

Au1i—S1—C2—N1 -171.6 (3) C9—N4—C10—N5 169.7 (3) 

Au1i—S1—C2—N2 5.8 (4) C9—N4—C10—C7 -8.8 (5) 

C2—N2—C3—C8 -118.5 (4) C6—C7—C10—N5 -169.3 (3) 

C17—N2—C3—C8 76.5 (5) C8—C7—C10—N5 9.3 (6) 

C2—N2—C3—C4 68.1 (5) C6—C7—C10—N4 9.2 (5) 

C17—N2—C3—C4 -96.9 (5) C8—C7—C10—N4 -172.2 (3) 

C18—O1—C4—C5 -2.6 (6) C10—N5—C11—
C12 

-133.9 (5) 

C18—O1—C4—C3 176.6 (4) C10—N5—C11—
C16 

49.9 (6) 

C8—C3—C4—O1 -175.3 (4) C16—C11—C12—
C13 

-0.3 (8) 

N2—C3—C4—O1 -2.1 (5) N5—C11—C12—
C13 

-176.6 (5) 

C8—C3—C4—C5 3.9 (6) C11—C12—C13—
C14 

1.1 (8) 

N2—C3—C4—C5 177.2 (3) C11—C12—C13—
Cl1 

-177.5 (4) 

O1—C4—C5—C6 175.8 (4) C12—C13—C14—
F1 

178.6 (5) 

C3—C4—C5—C6 -3.4 (5) Cl1—C13—C14—F1 -2.7 (8) 

C9—N3—C6—C5 173.7 (3) C12—C13—C14—
C15 

-0.5 (9) 

Au1—N3—C6—C5 -14.9 (5) Cl1—C13—C14—
C15 

178.1 (5) 
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C9—N3—C6—C7 -5.3 (5) C13—C14—C15—
C16 

-0.8 (10) 

Au1—N3—C6—C7 166.0 (3) F1—C14—C15—
C16 

-180.0 (5) 

C4—C5—C6—N3 -177.8 (3) C13—C14—C15—
Cl1' 

-160.2 (11) 

C4—C5—C6—C7 1.3 (5) F1—C14—C15—
Cl1' 

20.6 (13) 

N3—C6—C7—C8 179.5 (3) C12—C11—C16—
C15 

-1.0 (7) 

C5—C6—C7—C8 0.4 (5) N5—C11—C16—
C15 

175.3 (5) 

N3—C6—C7—C10 -1.9 (5) C14—C15—C16—
C11 

1.5 (9) 

C5—C6—C7—C10 179.0 (3) Cl1'—C15—C16—
C11 

157.4 (13) 

C4—C3—C8—C7 -2.3 (6) C4—O1—C18—C19 -169.6 (5) 

N2—C3—C8—C7 -175.6 (3) C2S—N1S—C1S—
O1S 

177.2 (12) 

C6—C7—C8—C3 0.2 (5) C1Si—N1S—C1S—
O1S 

-2.8 (12) 
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Figure A2. Projection down the c axis of the unit cell with atoms represented by dummy 

spheres; disordered cation Cl1’ and all hydrogen atoms omitted for clarity. Disordered DMF 

nonhydrogen atoms are shown.  Hydrogen-bonding interactions represented by dashed 

bonds 
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APPENDIX B: SCREENING RESULT OF COMPOUND 3.1 
OVER A PANEL OF 145 KINASES, PERFORMED BY 

DISCOVERX KINOMESCAN 

 

Table B1. A full list of kinase targets that 3.1 was tested in and the corresponding 

percent control results. 

DiscoveRx Gene Symbol Entrez Gene Symbol Percent Control 
ABL1(E255K)-phosphorylated ABL1 73 
ABL1(F317I)-nonphosphorylated ABL1 81 
ABL1(F317I)-phosphorylated ABL1 64 
ABL1(F317L)-nonphosphorylated ABL1 94 
ABL1(F317L)-phosphorylated ABL1 65 
ABL1(H396P)-nonphosphorylated ABL1 52 
ABL1(H396P)-phosphorylated ABL1 75 
ABL1(M351T)-phosphorylated ABL1 67 
ABL1(Q252H)-nonphosphorylated ABL1 67 
ABL1(Q252H)-phosphorylated ABL1 64 
ABL1(T315I)-nonphosphorylated ABL1 98 
ABL1(T315I)-phosphorylated ABL1 71 
ABL1(Y253F)-phosphorylated ABL1 92 
ABL1-nonphosphorylated ABL1 85 
ABL1-phosphorylated ABL1 77 
ABL2 ABL2 87 
ALK ALK 84 
ALK(C1156Y) ALK 86 
ALK(L1196M) ALK 89 
AXL AXL 84 
BLK BLK 44 
BMX BMX 92 
BRK PTK6 100 
BTK BTK 58 
CSF1R CSF1R 100 
CSF1R-autoinhibited CSF1R 79 
CSK CSK 88 
CTK MATK 100 
DDR1 DDR1 97 
DDR2 DDR2 100 
EGFR EGFR 0 
EGFR(E746-A750del) EGFR 0 
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EGFR(G719C) EGFR 0 
EGFR(G719S) EGFR 0 
EGFR(L747-E749del, A750P) EGFR 0 
EGFR(L747-S752del, P753S) EGFR 5.8 
EGFR(L747-T751del,Sins) EGFR 0.6 
EGFR(L858R) EGFR 0.2 
EGFR(L858R,T790M) EGFR 14 
EGFR(L861Q) EGFR 0.05 
EGFR(S752-I759del) EGFR 1 
EGFR(T790M) EGFR 6.1 
EPHA1 EPHA1 51 
EPHA2 EPHA2 69 
EPHA3 EPHA3 93 
EPHA4 EPHA4 94 
EPHA5 EPHA5 99 
EPHA6 EPHA6 80 
EPHA7 EPHA7 81 
EPHA8 EPHA8 78 
EPHB1 EPHB1 100 
EPHB2 EPHB2 69 
EPHB3 EPHB3 100 
EPHB4 EPHB4 75 
EPHB6 EPHB6 84 
ERBB2 ERBB2 12 
ERBB3 ERBB3 81 
ERBB4 ERBB4 31 
ERK2 MAPK1 99 
FAK PTK2 96 
FER FER 94 
FES FES 100 
FGFR1 FGFR1 100 
FGFR2 FGFR2 94 
FGFR3 FGFR3 94 
FGFR3(G697C) FGFR3 92 
FGFR4 FGFR4 100 
FGR FGR 84 
FLT1 FLT1 77 
FLT3 FLT3 32 
FLT3(D835H) FLT3 61 
FLT3(D835Y) FLT3 44 
FLT3(ITD) FLT3 41 
FLT3(K663Q) FLT3 61 
FLT3(N841I) FLT3 26 
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FLT3(R834Q) FLT3 81 
FLT3-autoinhibited FLT3 100 
FLT4 FLT4 82 
FRK FRK 79 
FYN FYN 97 
GSK3B GSK3B 81 
HCK HCK 40 
IGF1R IGF1R 89 
IKK-beta IKBKB 92 
INSR INSR 100 
INSRR INSRR 99 
ITK ITK 94 
JAK1(JH1domain-catalytic) JAK1 97 
JAK1(JH2domain-pseudokinase) JAK1 82 
JAK2(JH1domain-catalytic) JAK2 90 
JAK3(JH1domain-catalytic) JAK3 64 
JNK1 MAPK8 82 
JNK2 MAPK9 57 
JNK3 MAPK10 78 
KIT KIT 95 
KIT(A829P) KIT 51 
KIT(D816H) KIT 65 
KIT(D816V) KIT 66 
KIT(L576P) KIT 100 
KIT(V559D) KIT 90 
KIT(V559D,T670I) KIT 99 
KIT(V559D,V654A) KIT 83 
KIT-autoinhibited KIT 84 
LCK LCK 26 
LTK LTK 90 
LYN LYN 53 
MEK1 MAP2K1 89 
MERTK MERTK 89 
MET MET 75 
MET(M1250T) MET 100 
MET(Y1235D) MET 92 
MST1R MST1R 100 
MUSK MUSK 98 
NEK2 NEK2 90 
PDGFRA PDGFRA 69 
PDGFRB PDGFRB 89 
PYK2 PTK2B 84 
RET RET 77 
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RET(M918T) RET 73 
RET(V804L) RET 87 
RET(V804M) RET 98 
ROS1 ROS1 87 
RSK1(Kin.Dom.1-N-terminal) RPS6KA1 100 
RSK2(Kin.Dom.1-N-terminal) RPS6KA3 84 
RSK3(Kin.Dom.1-N-terminal) RPS6KA2 92 
RSK4(Kin.Dom.1-N-terminal) RPS6KA6 83 
SRC SRC 58 
SRMS SRMS 92 
SYK SYK 100 
TAK1 MAP3K7 100 
TEC TEC 93 
TIE1 TIE1 81 
TIE2 TEK 92 
TNK1 TNK1 100 
TNK2 TNK2 73 
TRKA NTRK1 96 
TRKB NTRK2 98 
TRKC NTRK3 97 
TXK TXK 53 
TYK2(JH1domain-catalytic) TYK2 100 
TYK2(JH2domain-pseudokinase) TYK2 97 
TYRO3 TYRO3 100 
VEGFR2 KDR 90 
YES YES1 94 
ZAP70 ZAP70 77 
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Figure B1. Data correlation between primary screening and binding constants (Kd 

values). Binding constants are correlated with primary screening results, where lower 

percent of control values are associated with low Kd values (higher affinity interactions). 
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APPENDIX C. NMR CHARACTERIZATION OF 
SYNTHETIC INTERMEDIATES AND FINAL PRODUCTS 

 

Figure C1. 1H NMR spectrum of compound 2.2 in DMSO-d6 

 

Figure C2. 13C NMR spectrum of compound 2.2 in DMSO-d6 
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Figure C3. 1H NMR spectrum of compound 2.3 in DMSO-d6 

 

 

Figure C4. 13C NMR spectrum of compound 2.3 in DMSO-d6 
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Figure C5. 1H NMR spectrum of compound 2.4 in DMSO-d6 

 

 

Figure C6 13C NMR spectrum of compound 2.4 in DMSO-d6 
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Figure C7. 1H NMR spectrum of compound 2.5 in DMSO-d6 

 

 

Figure C8. 13C NMR spectrum of compound 2.5 in DMSO-d6 
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Figure C9. 1H NMR spectrum of compound 2.6 in DMSO-d6 

 

 

Figure C10 13C NMR spectrum of compound 2.6 in DMSO-d6 
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Figure C11. 1H NMR spectrum of compound 2.7 in DMSO-d6 

 

 

Figure C12. 13C NMR spectrum of compound 2.7 in DMSO-d6 
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Figure C13. 1H NMR spectrum of compound 2.12 in DMSO-d6 

 

 

Figure C14. 13C NMR spectrum of compound 2.12 in DMSO-d6 
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Figure C15. 1H NMR spectrum of compound 2.8 in DMSO-d6 

 

 

Figure C16. 13C NMR spectrum of compound 2.8 in DMSO-d6 
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Figure C17. 1H NMR spectrum of compound 2.9 in DMSO-d6 

 

 

Figure C18. 13C NMR spectrum of compound 2.9 in DMSO-d6 
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Figure C19. 1H NMR spectrum of compound 2.13 in DMSO-d6 

 

 

Figure C20. 13C NMR spectrum of compound 2.13 in DMSO-d6 
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Figure C21. 1H NMR spectrum of compound 3.1 in DMF-d7 

 

 

Figure C22. 13C NMR spectrum compound 3.1 in DMF-d7 
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Figure C23. 1H NMR spectrum of compound 3.2 in methanol-d4 

 

 

Figure C24. 13C NMR spectrum of compound 3.2 in methanol-d4 
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Figure C25. 1H NMR spectrum of compound 4.3 in DMSO-d6  

 

 

Figure C26. 13C NMR spectrum of compound 4.3 in DMSO-d6 
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Figure C27. 1H NMR spectrum of compound 4.4 in DMSO-d6 

 

 

Figure C28. 13C NMR spectrum of compound 4.4 in DMSO-d6 
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Figure C29. 1H NMR spectrum of compound 4.5 in DMSO-d6 

 

 

Figure C30. 13C NMR spectrum of compound 4.5 in DMSO-d6 
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Figure C31. 1H NMR spectrum of compound 4.6 in DMSO-d6 

 

 

Figure C32. 13C NMR spectrum of compound 4.6 in DMSO-d6 
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Figure C33. 1H NMR spectrum of compound 4.7 in DMSO-d6 

 

 

Figure C34. 13C NMR spectrum of compound 4.7 in DMSO-d6 
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Figure C35. 1H NMR spectrum of compound 4.8 in DMSO-d6 

 

 

Figure C36. 13C NMR spectrum of compound 4.8 in DMSO-d6 
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Figure C37. 1H NMR spectrum of compound 4.10 in DMSO-d6 

 

 

Figure C38. 13C NMR spectrum of compound 4.10 in DMSO-d6 
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Figure C39. 1H NMR spectrum of compound 4.11 in DMSO-d6 

 

 

Figure C40. 13C NMR spectrum of compound 4.11 in DMSO-d6 
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Figure C41. 1H NMR spectrum of compound 4.14 in DMSO-d6 

 

 

Figure C42. 13C NMR spectrum of compound 4.14 in DMSO-d6 
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Figure C43. 1H NMR spectrum of compound 4.15 in DMF-d7 

 

 

Figure C44. 13C NMR spectrum of compound 4.15 in DMF-d7 



244 
 

 

Figure C45. 1H NMR spectrum of compound 4.20 in DMSO-d6 

 

 

Figure C46. 13C NMR spectrum of compound 4.20 in DMSO-d6 
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Figure C47. 1H NMR spectrum of compound 4.21 in DMSO-d6 

 

 

Figure C48. 13C NMR spectrum of compound 4.21 in DMSO-d6 
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Figure C49. 1H NMR spectrum of compound 4.22 in DMF-d7 

 

 

Figure C50. 13C NMR spectrum of compound 4.22 in DMF-d7 
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APPENDIX D: LC- MS CHARACTERIZATION OF 
SYNTHETIC INTERMEDIATES AND FINAL PRODUCTS 

 

 

 RT Total Area % Start time End time 

1 16.598 100.00 16.178 18.178 
 

 

Figure D1. LC-MS spectrum of compound 2.7 
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 RT Total Area % Start time End time 

1 16.778 100.00 16.351 18.057 
 

 

Figure D2. LC-MS spectrum of compound 2.9  



249 
 

 

 RT Total Area % Start time End time 

1 18.414 98.92 18.121 19.261 

2 16.422 1.08 16.035 16.975 
 

 

Figure D3. LC-MS spectrum of compound 3.1 
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 RT Total Area % Start time End time 

1 13.248 1.26 13.168 13.461 

2 12.815 96.25 12.582 13.168 

3 12.075 2.49 11.942 12.355 
 

 

Figure D4. LC-MS spectrum of compound 3.2 
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 RT Total Area % Start time End time 

1 7.808 95.23 7.408 9.121 

2 7.088 0.61 6.828 7.395 

3 5.842 1.19 5.548 6.208 

4 5.215 2.97 4.929 5.528 
 

 

Figure D5. LC-MS spectrum of compound 4.15 
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 RT Total Area % Start time End time 

1 19.187 1.61 19.027 19.360 

2 17.174 1.84 16.981 17.307 

3 9.190 96.54 8.950 9.657 
 

 

Figure D6. LC-MS spectrum of compound 4.22 
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APPENDIX E: LC-MS CHARACTERIZATION OF MODEL 
REACTIONS 

 

(A) 

  

(B) 

 

Figure E1. 0.1 mM of 3.1 incubated with 0.1 mM of N-acetyl cysteine in H2O overnight at 

37°C. (A) LC-MS spectrum of the reaction mixture. Only the cyclization product was 

present in the HPLC chromatogram and its structure is shown in (B).  

  

  

a 

a 
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(A) 

 

(B) 

 

Figure E2. 0.1 mM of 3.1 incubated in H2O overnight at 37°C. (A) LC-MS spectrum of the 

reaction mixture. Only the cyclization product was present in the HPLC chromatogram and 

its structure is shown in (B).  

  

a 

a 
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(A) 

 

(B) 

 

Figure E3. 0.1 mM of 3.1 incubated with 0.1 mM of N-acetyl cysteine in PBS solution 

overnight at 37°C. (A) LC-MS spectrum of the reaction mixture. Important fractions in the 

reverse phase HPLC chromatogram are labeled a and b, the mass spectrum of each is 

shown below. (B) Chemical structures of species represented in each mass spectrum are 

listed with isotopic mass values. 
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(A)  

 

(B) 

 

Figure E4. 1 mM of 3.1 incubated with 1 mM N-acetyl cysteine in H2O overnight at 37°C. 

(A) LC-MS spectrum of the reaction mixture. Important fractions in the reverse phase 

HPLC chromatogram are labeled a and b, the mass spectrum of each is shown below. (B) 

Chemical structures of species represented in each mass spectrum are listed with isotopic 

mass values. 
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(A) 

 

Figure E5. 1 mM of 4.15 incubated with 1 mM of thiol-containing peptide QLMPFGCL in 

H2O overnight at 37°C. (A) LC-MS spectrum of the reaction mixture. Important fractions in 

the reverse phase HPLC chromatogram are labeled from a to e, the mass spectrum of 

each is shown below. The twin peak of c in the chromatogram is caused by a pair of 

diastereomers. (B) Chemical structures of species represented in each mass spectrum 

are listed with isotopic mass values. 
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Figure E5, continued 

(B) 
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 (A) 

 

 

Figure E6. 1 mM of 4.22 incubated with 1 mM of thiol-containing peptide QLMPFGCL in 

H2O overnight at 37°C. (A) LC-MS spectrum of the reaction mixture. Important fractions in 

the reverse phase HPLC chromatogram are labeled from a to c, the mass spectrum of 

each is shown below. The twin peak of c in the chromatogram is caused by a pair of 

diastereomers. (B) Chemical structures of species represented in each mass spectrum 

are listed with isotopic mass values. 

  

a 

a  b 
c 

c 

a 

b 

c 



260 
 

Figure E6. Continued 

(B) 
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(A) 

 

(B) 

 

Figure E7. 1 mM of 4.22 incubated with 5 mM of gluathione in H2O. (A) LC-MS spectrum 

of the reaction mixture. Important fractions in the reverse phase HPLC chromatogram are 

labeled a and b, the mass spectrum of each is shown below. (B) Chemical structures of 

species represented in each mass spectrum are listed with isotopic mass values. 
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APPENDIX F: LC-MS SPECTRA OF SELECTED 
MICROSCALE LIBRARY ASSEMBLING REACTIONS 

 

 

 

Figure F1. Microscale reactions of 10 mM P1 and T1 in DMF at 4°C. (A) LC-MS was 

performed to check the progress of the reaction and important fractions in the HPLC 

chromatogram are labeled a, b, and c, the mass spectrum of each is shown below (B) 

Chemical structures of species represented in each mass spectrum are listed with isotopic 

mass values 

a  b 
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b 
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Figure F2. Microscale reactions of 10 mM P5 and T2 in DMF at 25°C. (A) LC-MS was 

performed to check the progress of the reaction and important fractions in the HPLC 

chromatogram are labeled a and b, the mass spectrum of each is shown below (B) 

Chemical structures of species represented in each mass spectrum are listed with isotopic 

mass values 
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