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DESIGN, SYNTHESES AND CHARACTERIZATION OF TRANSITION 
METAL COMPLEXES FOR UTILIZATION IN THERAPEUTIC 

APPLICATIONS 

 

Jenny Stenger-Smith 

 

ABSTRACT 

 

The use of metal complexes for therapeutic applications has been valuable in 

the treatment of diseases such as cancer and microbial infections. These metal 

complexes can be purposefully designed with ligands and metal centers that produce 

favorable properties for advancing the treatment of these diseases. In both microbial 

infections and cancer, resistance to commonly prescribed drugs is observed and new 

therapeutic methods with differing mechanisms of action is needed to further treat these 

diseases. 

Both gold and silver complexes have shown potent activity towards microbial 

infections. These metals are known to have multiple mechanism of actions which 

together produce the bactericidal activity. This is a particular advantage in the treatment 

of multi-drug resistant microbes and considering traditional organic based antibiotics 

typically have only one specific mechanism of action. In Chapter 2, silver complexes 

with benzothiazoles are evaluated for their antimicrobial activity using a skin and soft 

tissue infection (SSTI) model and proved to be potent bactericidal agents. The use of 

benzothiazoles as a ligand for silver is important in that they are members of a class of 



 xviii 

antibacterial agents and these ligands also exhibit fluorescence quenching when 

coordinated to the silver center. The interactions of the silver complexes with biological 

molecules (potentially leading to the bactericidal activity) is thus accompanied by the 

gradual turn on of fluorescence and provides a convenient means to track the release of 

Ag+. 

Chapter 3 utilizes gold complexes bearing triphenylphosphine for the treatment 

of bacterial and mycobacterial infections. Gold complexes with the same 

benzothiazoles used in Chapter 2 showed potent bactericidal activity with the SSTI 

model. Experiments indicated that the overall charge and structure of the gold 

complexes synthesized was important for the effectiveness of these species. 

Considering the results obtained from the antibacterial activity of the gold(I) 

triphenylphosphine ({Au(PPh3)}+) complexes, the second part of Chapter 3 focuses on 

the utility of this moiety towards mycobacterial infections. Mycobacterium are known 

to have very thick, hydrophobic and waxy outer membranes which are linked to their 

difficulty of treatment (Mycobacterium tuberculosis is responsible for Tuberculosis 

(TB) disease). Utilizing a complex with the {Au(PPh3)}+ unit and the clinically used 

TB drug pyrazinamide showed better antimicrobial activity compared to other gold 

species lacking this unit (likely brought about from the enhanced lipophilicity provided 

from the {Au(PPh3)}+ unit). 

The work described in Chapter 4 discusses light activated carbon monoxide 

(CO) releasing molecules (photoCORM) which have shown important therapeutic 

effects towards the eradication of cancer. The design strategy of extending the p 



 xix 

conjugation of the ligand framework lead us to identify the first single photon excitation 

activation of manganese carbonyl photoCORMs with low power near IR light. While 

release of CO has been observed in this type of species with two photon excitations 

with near IR light, this two photon process requires expensive high power lasers. By 

using light in this region with low power as needed for single photon excitation, better 

penetration into tissues can be observed with less damage and allows for improved 

therapeutic effects. 

The transition metal complexes used in this work were designed to achieve 

specific results pertinent to the treatment of disease. The studies and experiments done 

with the complexes prove that these design principles are a useful tool to enhance the 

effectiveness of metal complexes for biological implementations. 
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Chapter 1. Introduction 

 

1.1 Background on Antibacterial and Anticancer Drug Development and 

Complications 

There is no question that cancer and microbial infections are some of the major 

ominous diseases in the world today. In fact, antimicrobial resistance is now considered 

to be a global healthy emergency and cancer is the second leading cause of death.1,2 

These maladies have been studied extensively but still remain serious challenges 

despite the enormous effort from scientists. Antibiotics like penicillin and other 

“wonder drugs” were not developed until the 1950s.  However, their use was so 

substantial and effective that many people thought infectious microbes were largely 

conquered and suggested researchers focus on other diseases like cancer.3 Cancer 

chemotherapy research started in the early 1900s when drugs like 5-fluorouracil were 

studied, but initial treatments showed little promising results due to severe side effects.4 

The development of cisplatin used in combination with other drugs significantly 

increased the cure rate of testicular cancer and further prompted combination therapy 

research.4 While early drug discoveries towards the treatment of these diseases had 

been moving in the right direction, the problem of emerging resistance has appeared as 

a major obstacle in both cancer chemotherapy and bacterial infections.  

The mechanisms of resistance towards antibiotics and chemotherapy drugs are 

vastly different, but the overall problem remains the same: traditional drugs are no 

longer able to effectively treat the disease.5,6 Bacterial resistance to sulfonamides, 
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trimethoprim, and penicillins are widely known and the CDC has identified numerous 

species as urgent and serious threats.7,8 The cause of the wide spread antibiotic 

resistance crisis is thought to be from overuse, inappropriate prescribing, extensive 

agricultural use, availability of few new antibiotics and regulatory barriers.  One of the 

most popular and deadly species, Methicillin resistant Staphylococcus Aureus 

(MRSA), killed more people than HIV/AIDS, Parkinson’s disease, emphysema and 

homicide combined. There are numerous other multi-drug resistant (MDR) pathogens 

including Streptococcus pneumonia, Pseudomonas Aeruginosa, and Mycobacterium 

tuberculosis which add to the antibiotic crisis. This same effect is becoming prevalent 

in cancer treatment and chemotherapeutic resistance is thought to be responsible for 

90% of cancer related deaths. Resistance to many common chemotherapy drugs like 

Methotrexate, Cisplatin, Doxorubicin, Taxol and Vinblastine has been observed and 

even multi-drug resistance in cancer chemotherapy is apparent.9 Both 

chemotherapeutic and antibiotic resistance can be acquired or intrinsic.  Regardless of 

the nature of resistance, it is generally believed that part of the resistance problem could 

be solved by the development of new and/or combination of therapeutics to treat these 

diseases.5,10 To move a new drug past clinical trials and into market is a slow and 

expensive process.5 Despite the hurdles, drug discovery for the treatment of these 

diseases is a highly important and emerging area if we are to continue to effectively 

cure and treat diseases. 

In recent years, research on drug discovery has broadened to include areas such 

as machine learning, nanoparticles, novel metal complexes, antibodies, and use of 
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radioactive elements. One particular area of interest in our laboratory is to design and 

isolate metal complexes and explore their applications in medicine. Scientists have 

been exploring medicinal inorganic molecules as novel drugs with different 

mechanisms of action compared to traditional clinically used drugs.11 Inorganic 

elements play an important role in biological systems and have been used in the 

medicinal world as diagnostic agents, enzyme inhibitors, radiopharmaceuticals, and 

therapeutic agents in chelation therapy.11 Metallic complexes of Ag, Au, Cu, Ni, Co 

have been studied for their antimicrobial properites12,13 and Pt, Au, Ru, Re and Cu have 

been exploited in cancer therapy.14,15 Specifically in this report, complexes of Ag and 

Au for antibacterial treatment and Mn for cancer treatment will be discussed. 

Silver has been the most popular metal for use as antimicrobial agents and has 

been in use clinically as silver sulfadiazine (Figure 1.1, A) to treat burn wound 

infections. The antibacterial activity of silver sulfadiazine has been strongly correlated 

to the Ag+ ion rather than the sulfadiazine ligand.16 While the exact mechanism of 

action of silver complexes is not entirely known, research suggests that there are 

multiple pathways by which it can exert its antibacterial action.17 One of the recent 

findings is the ability of Ag+ ions to bind to essential cysteine containing enzymes 

which could play a role in its antimicrobial action.18,19 The disruption of bacterial cell 

walls, binding to peptides and cofactors, DNA damage and ROS formation have also 

been identified as possible mechanisms of actions in general for silver compounds.17 

These offer alternate routes to traditional organic antibiotics and may be useful in 

combating MDR bacteria. Many antimicrobial silver complexes have been identified 
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and extensively studied, but efforts have and need to be made to fine tune selective 

uptake for better activity and lower toxicity.17,20 Ligands chosen to complex silver can 

influence stability, lipophilicity and therefore play a crucial role in selectivity and 

action. 

 

 

Figure 1.1.  Structures of the clinically used metal-based drugs silver sulfadiazine 

(A), auranofin (B) and cisplatin (C). 

 

Like silver, gold has been recognized for its antimicrobial activity but has gained 

significant attention in the anticancer realm as well.19,21,22 In late 1800s, Gold therapy 

was popularized by Robert Koch who investigated the activity of KAu(CN)2 towards 

M. tuberculosis.23  The study of gold complexes eventually led to the introduction of 
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rheumatoid arthritis.  A huge effort to find new and improved gold drugs has since 

ensued, even the repurposing of auranofin for potential treatment of cancer, bacterial 

infections, parasites and HIV/AIDS.24 Much like silver, the specific mechanism of 

action of gold drugs is not understood, however some identified targets for anticancer 

properties are inhibition of thioredoxin reductase (TrxR) and inhibition of the ubiquitin-

proteasome system.24 In bacteria, gold has been identified to inhibit formation of cell 

wall and biosynthetic pathways involved in DNA and protein production.25 The 

effectiveness of gold complexes is also influenced by the ligands on the gold center 

which ultimately influence uptake, binding targets and overall toxicity. Research into 

new gold and silver complexes could offer an answer to infections by MDR bacteria.   

Cisplatin (Figure 1.1, C), a platinum based inorganic chemotherapeutic, has 

been used to treat cancer since the late 1970s.26 While this drug has aided in increasing 

the life expectancy of cancer patients, there are severe side effects and resistance to this 

drug is a common occurrence. New therapeutic drugs that offer different mechanisms 

to combat resistance and fewer off target effects are important for the continuing 

development of cancer drugs. One area that has gained much attention in the anticancer 

field is carbon monoxide releasing molecules (CORMs). The human body 

endogenously produces carbon monoxide (CO) and it plays an important role in cell 

signaling and recently it has been discovered that CO can be exploited in other 

therapeutic applications.27 Exogenous carbon monoxide is known to show anti-

proliferative and pro-apoptotic effects in cancer cells and has been studied for its use 

in cancer treatment.27 One challenge researchers have faced is controlling the release 
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of CO to the particular area of interest so as not to cause adverse side effects in healthy 

tissues. For this purpose, systems which release CO when exposed to light 

(photoCORMs) have been extensively studied. Usually photoCORMs involve metal 

carbonyl complexes which release CO upon exposure of light in the UV-visible range.28 

Research in this area has focused towards using light within the phototherapeutic 

window (650-1000nm) to allow for deeper penetration and less damage to cells.29,30 

Development of new CO releasing molecules which are fine-tuned in their CO release 

ability may provide leads towards valuable new cancer drugs. 

Research on new therapeutic treatments, regardless of disease, is important for 

the developing world. Because drug resistance in both bacteria and cancer cells will 

make traditional drugs irrelevant and out of date, discovery of new drugs and how they 

work (along with their side effects) will provide valuable insight into new generation 

of therapeutic agents. 

 

1.2 General Direction of Research  

 The need for new and improved treatment methods to combat drug resistance 

for both bacterial infections and cancer is growing rapidly. A number of different 

directions could be taken in developing these new therapeutics and most believe new 

drugs or drug combinations could help to reduce the impact of resistance. The goal of 

this current research is to use the understanding of what we know about current metal 

containing drugs to further design and investigate new drugs that may be useful in the 

treatment of resistant infections and diseases. 
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Chapter 2 will focus on complexes of silver and how their structure influences 

antibacterial action. Fluorescent properties will be linked to the trackability of the Ag+ 

delivery. Chapter 3 describes the versatility of gold complexes for their use as various 

antimicrobial agents. The importance of ligand influence and oxidation state will be 

highlighted and compared. In chapter 4 the development of photoCORMs with CO 

activation in the phototherapeutic region will be described. Each chapter highlights a 

different metal and thus background information for the specific goal will be 

extensively outlined within each chapter. 
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Chapter 2. Trackable Antimicrobial Silver Complexes 

 

2.1 Background on Medicinal Silver 

 Silver has been used for its antimicrobial purposes for thousands of years; in 

containers to keep water fresh, for wound healing and the treatment of ulcers.1 It 

eventually became medical practice for the prevention of infection by the use of silver 

foil in wound dressings, silver structures in surgical implants or silver nitrate as eye 

drops. In the early 1900s colloidal silver was ingested or given intravenously for the 

treatment of sepsis, tonsilitis, epidermitis and other infections. Silver sulfadiazine was 

developed and approved for clinical use in the late 1900s and was widely used as a 

topical agent to control bacterial infections particularly in burn victums.2 Since then, 

other complexes of silver in the forms of ionic complexes and nanoparticles have been 

extensively studied and developed for their antimicrobial activity.3   

 On top of direct use for treatment of infection in humans, silver has been gaining 

increasing popularity for its preventative use in medical devices. Silver coatings or 

incorporation into these medical devices or the packaging of such devices has been 

shown to prevent microbes from growth on these surfaces.3 Patents containing 

applications of antimicrobial silver in the past decade have increased and even 

expanded into water filtration systems and food storage containers.  

Silver is typically well tolerated in the body, however misuse can cause some 

further complications. The most common side effect is argyria, the deposition of silver 

particles under the skin causing a blue-grey tint.4 The degree of argyria observed is 
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dependent on the method of application (topical, ingestion, eye drops), the frequency 

of use and other factors. Agyria can go away on its own or can be permanent, but in 

general does not have severe side effects unless extensive use or misuse is the cause. 

When proper use is observed silver exhibits low toxicity within the body and its use 

associated with medical devices is considered relatively low risk for adverse side 

effects. For these reasons the applications of silver in various areas has been 

successfully explored, is considered relatively safe and is commonly used.5 

 

 2.1.1 Antimicrobial Silver  

 Silver has been used for extensive medical applications due to the significantly 

lower toxicity to human cells than to bacteria.6 There are a number of different forms 

of silver which can be useful for antimicrobial properties including ionic complexes of 

silver or silver nanoparticles. Silver is a d10 metal, most commonly as the charged 

species Ag+ (as an ionic complex) or Ag0 (as nanoparticles). Complexes with silver 

carrying a 1+ charge can vary in geometry with common linear and tetrahedral 

coordination environments however 3, 5 and 6 coordinate complexes have been 

identified. The ligand environment surrounding the metal center is typically composed 

of S, P, N, O, halide, carbene, or a combination of multiple ligands.7 The coordination 

flexibility of these complexes provide seemingly unlimited possibilities for the 

development of silver complexes with different properties arising from the influence 

of the ligand.  



 12 

The exact mechanism of action of silver has not been fully elucidated, but it is 

generally believed to involve the release of Ag+ from the coordination environment and 

subsequent interactions with biological molecules that disrupt cellular functions.8 

Silver ions have been identified to interact strongly with bacterial membranes as well 

as with internal components of the bacteria. The binding of silver ions with thiol groups 

occurs rapidly and has led to the identification of deactivation of the succinate 

dehydrogenase and aconitase membrane respiratory chain enzymes in some bacteria.9 

This leads to the observed production of reactive oxygen species (ROS) and DNA 

damage, all of which contribute to the mechanism of antimicrobial action for silver 

ions. Damage to bacterial membranes causing the cell wall to degrade and release its 

contents have also been identified to play a role in the activity.10 The mechanism of 

action of silver nanoparticles seems to be similar to that of Ag+ due to the life cycle of 

the nanoparticles eventual transformation into silver ions, however the exact 

mechanism still remains unclear.11,12 The use of silver nanoparticles has been 

extensively studied, however the risk of increased silver released into the environment 

has not yet been fully elucidated.13 For this reason, we wanted to avoid the use of silver 

nanoparticles and their potential negative effect on the ecosystem and rather focus on 

the efficacy of discrete ionic complexes. 

Considering the mechanism of action of these complexes arises from the release 

of the Ag+ ion from the native ligand environment, specific design strategies to control 

release of silver ions have been evaluated. More strongly coordinating ligands will 

release ions slower and may allow for a much lower silver content to be effective than 
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the clinically used silver sulfadiazine which loses silver ions rapidly.8 Of the types of 

silver complexes evaluated for their antimicrobial action, silver N-heterocyclic 

carbenes (NHC) have been one of the most developed due to the relatively strong silver 

carbon bond. This functionalization of the NHC core allows varying physiochemical 

properties of the silver complexes that can be tailored for specific uses.7  NHC 

compound 1 (Figure 2.1) showed potent activity towards the respiratory infectious 

pathogen Pseudomonas aeruginosa and in vivo activity with P. aeruginosa infected 

mice.14 The silver complex showed minimal cytotoxic activity while lowering bacterial 

loads within the lung indicating this type of complex may be useful in the treatment of 

pulmonary infections. Complex 2 (Figure 2.1) also containing the NHC core showed 

in vivo activity towards Galleria mellonella larvae infected with Staphylococcus aureus 

and the yeast Candida albicans.15 Administration of 2 in the infected larvae showed an 

increased rate of survival compared to untreated larvae and no immune response was 

identified unlike similar experiments with AgNO3. The lipid nature of 2 may be better 

tolerated by the insects own immune system and therefore the antimicrobial properties 

were concluded to be from 2 and not a non-specific immune response induced by 

administration. Further bis NHC complexes of type 3 (Figure 2.1) have been identified 

to have potent in vitro activity towards S. aureus and Escherichia coli with MIC’s 

ranging from 12.5 to 100 Pg/mL.16 Complexes of this type were able to degrade both 

DNA and RNA and this mechanism likely plays a role in their antibacterial activity. 

Many more NHC containing species have been evaluated, but overall the structure 
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activity relationship of this type of silver complexes seems to be correlated to the 

bioavailability of Ag+ and the lipophilicity.7 

 

 

Figure 2.1. NHC Ag+ complexes showing antibacterial activity. 

 

Silver carboxylate complexes have also been extensively evaluated for their 

antimicrobial activity. Complex 4 (Figure 2.2) showed potent activity towards the 

Gram-negative species E.coli and P. aeruginosa as well as Gram-positive species S. 

aureus and Enterococcus faecalis.17 The bimetallic complex 5 (Figure 2.2) was 

evaluated for its activity towards S. epidermitis and S. aureus showing increased 

activity compared to AgNO3 and potent antibiofilm activity. These and other results in 

this study show important implications for wound healing using a hydrogel-cream with 
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complex 5.18 Further, complex 6 (Figure 2.2) with carboxylate and N donor ligands 

were evaluated against E.coli, C. albicans, S. aureus, Bacillus subtilis and Salmonella 

glostrup with MIC’s ranging between 0.1 and 50 Pg/mL.19 The LD50 of 6 was 

determined in mice to be 2.22 g/kg indicating low toxicity and good prospects for 

antimicrobial drugs of silver with amino acids. Other silver complexes with mixed 

ligands also show potent antibacterial activity. The tetrahedral complex 7 (Figure 2.2) 

and other similar complexes showed potent bactericidal activity towards methicillin 

resistant S. aureus (MRSA), Klebsiella pneumonia, Salmonella typhimurium and the 

yeast C. albicans.20  

 

 

 

Figure 2.2. Silver(I) complexes that show antibacterial activity. 
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 The antimicrobial properties of silver complexes have been extensively studied 

on numerous species of bacteria, yeast and even tumor cell lines.7 The potent 

eradication of bacterial cells and low cytotoxicity identified for these species prove 

silver to be a useful tool in combating infections and is already commercially used in 

burn wound infections, textiles and medical device coatings. The Ag+ ion is repeatedly 

identified to interact with membranes, proteins, DNA and generate ROS and thus the 

mechanism of action of most silver complexes likely falls under all or some of these 

categories. The effectiveness of these species is often linked to the ability of the Ag+ 

ion to be released from the ligand framework in a controlled manner so to provide a 

therapeutic amount over an extended period of time. Although resistance to silver has 

been identified, the proper use of antibacterials could help prevent widespread 

resistance.21 Regardless, the effectiveness of silver complexes and nanoparticles is well 

documented and is a convenient method for the treatment of bacterial infections. 

 

2.2 Trackable Antibacterial Silver Complexes With Aryl Benzothiazoles 

 The antibacterial activity of silver complexes has been exploited in the medical 

world for their use in burn and ulcer treatments, preventative coatings in medical 

devices and in dressings for wounds as discussed in the previous section.22 The release 

of the Ag+ ion from the ligand framework and interaction with biological molecules 

within bacteria is linked to the antibacterial activity. Many silver complexes have been 

identified, but fewer have shown trackable silver delivery. This property is especially 

important concerning the topical treatment of infection on the skin or in burn victims 
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and the changing of wound dressings. For this reason, the use of the highly fluorescent 

ligands 2-pyridylbenzothiazole (pbt) and 2-quinolylbenzothiazole (qbt) (Figure 2.3) 

was of particular interest. The two ligands contain a benzothiazole which themselves 

are known to be a class of antibiotics and could offer an additional moiety to aid in the 

overall activity.23,24 The synthesis, characterization, tracking properties and 

antimicrobial activity of two silver(I) complexes with these ligands [Ag(pbt)2]BF4 

(Agpbt) and [Ag(qbt)2]BF4 (Agqbt) (Figure 2.3) are described in the following 

sections. 

 

Figure 2.3. The two benzothiazole moieties (top) and their complexes with silver 

(bottom). 
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 2.2.1 Synthesis and Spectroscopy 

 The two aryl benzothiazole silver complexes Agpbt and Agqbt were obtained 

in good yield by the reactions of AgBF4 with pbt and qbt in 1:2 (metal:ligand) molar 

ratio in CHCl3/MeOH under stirring conditions. Both reaction flasks were covered with 

aluminum foil to avoid exposure of any ambient light during the course of reactions. 

FT-IR spectra of the complexes exhibit all the stretches pertinent to the coordinated 

aryl benzothiazole ligands employed (Figure 2.4). In addition, IR spectra of two the 

complexes display a strong band at 1060 cm-1 due to of the presence of BF4
- as counter 

anion. Both complexes exhibit well resolved 1H NMR in CDCl3 solution (Figure 2.5).  

 

 

 

Figure 2.4. The FT-IR spectrum of Agpbt(top) and Agqbt(bottom) in KBr. 
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Figure 2.5. The 1H NMR of Agpbt (top trace) and Agqbt (bottom trace) in CDCl3 at 

298K. 

 

 The electronic absorption spectra in dichloromethane (DCM) solutions exhibit 

broad absorption bands centered around 320 nm for Agpbt and 350 nm for Agqbt 

(Figure 2.6). These bands have contributions from both MLCT (metal-to-ligand) and 

ligand-based charge transfer transitions (discussed further in section 2.2.2). Both 

complexes are fairly stable in DCM and CHCl3 solutions and time-dependent UV-Vis 

spectral studies revealed no significant change in the electronic absorption spectra for 

at least 24 h.  

The aryl benzothiazoles (pbt and qbt) utilized are not only are a class of 

antibacterials but are also highly fluorescent. The emission spectra of the silver 

complexes Agpbt and Agqbt compared to the free ligands pbt and qbt are shown in 

Figure 2.7 and reveal that upon complexation to the metal center, the emission intensity 

significantly quenches. This property can provide a means to track the silver release 

from the respective complexes (through a change in emission property). 
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Figure 2.6. Absorption spectra of Agpbt (black), Agqbt (blue), pbt (red) and qbt 

(yellow) in DCM. 

 

Figure 2.7. Emission spectra of Agpbt (black), Agqbt (blue), pbt (red) and qbt 

(yellow) in DCM (Oex at 330, 350, 310 and 335 nm respectively). 
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Fluorescence spectral studies revealed that both complexes could act as a ‘‘turn-

on” type sensors through which the delivery of the bioactive Ag+ ion can be tracked 

indirectly within the site of interest. This would then indicate that all silver has depleted 

from a bandage and replacement is necessary. Both complexes exhibit very low 

emission intensity in DCM solutions. However, systematic addition of Bu4NCl resulted 

in a gradual emergence of the fluorescence, associated with slow release of silver (Ag+) 

with simultaneous deligation of the highly fluorescent ligands pbt or qbt (Figure 2.8 

and 2.9). The interaction of chloride and silver ions in the complexes causes the 

precipitation of the stable ion pair AgCl and releases pbt or qbt from the coordination 

environment of the silver. The complete deligation of the benzothiazoles from both 

complexes occurs upon administration of 1.2 equivalent of Bu4NCl. This process can 

be potentially beneficial not only as a ‘‘turn-on” sensor to track the release of silver, 

but also the deligation of the aryl benzothiazoles could potentially provide an additional 

antimicrobial agent to the infected sites. The tracking of slow release of Ag+ has also 

been previously demonstrated in our lab, from a using BODIPY-based Ag(I) a-diimine 

complex through a ‘‘turn-on” fluorescence, a property associated with the free ligand.25  
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Figure 2.8. The turn on fluorescence signaling Ag+ deligation from pbt (red trace) 

upon additions of 0.2eq of Bu4NCl to Agpbt (black trace, 40µM) in DCM. 

 

 

Figure 2.9. The turn on fluorescence signaling Ag+ deligation from qbt (yellow trace) 

upon additions of 0.2eq of Bu4NCl to Agpbt (blue trace, 40 µM) in DCM. 
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2.2.2 Crystal Structure, Binding Mode Discussion and Density Function 

Theory 

 The molecular structures for both Agpbt (Figure 2.10) and Agqbt (Figure 2.11) 

have been authenticated by single crystal X-ray crystallography. The crystal structures 

reveal that in both cases the ligand (pbt and qbt) binds the Ag(I) center in bidentate-

N^N fashion. Interestingly, the pyridine and quinolyl rings of pbt and qbt rotate to 

present their N atoms to the Ag(I) center. This is evidenced in the crystal structures of 

both the free ligands pbt and qbt revealing the two N atoms are in anti disposition with 

respect to each other (Figure 2.12). The possibility of N,S-bidentate coordination of 

the ligands has not been achieved in the present complexes despite the considerable 

propensity of the Ag to bind S atom.  

 

 

Figure 2.10. The perspective view of Agpbt with thermal ellipsoids are shown at 

50% probability level with H atoms and BF4
- counterion omitted for clarity.  
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Figure 2.11. The perspective view of Agqbt with thermal ellipsoids are shown at 

50% probability level with H atoms and BF4
- counterion omitted for clarity. 

 

 

Figure 2.12. The perspective view of the ligands pbt (right panel) and qbt (left panel) 

with thermal ellipsoids are shown at 50% probability level with H atoms omitted for 

clarity. 

 



 25 

In the crystal structure of Agpbt and Agqbt, the Ag(I) center resides in a 

distorted tetrahedral coordination environment as seen with other bis bidentate N^N 

complexes.26 In Agpbt, the pbt chelate rings (comprised of Ag1, N1, C5, C6, N2 and 

Ag1, N3, C17, C18, N4 atoms) is relatively planar with mean deviations of 0.019 (3) 

and 0.011 (4) Å respectively. Both benzothiazole fragments (composed of C6, C7, C8, 

C9, C10, C11, C12, N2, S1 and C18, C19, C20, C21, C22, C23, C24, N4, S2 atoms) 

are highly planar with mean deviations of 0.010 (3) and 0.005 (3) Å respectively. The 

dihedral angles between these fragments and the adjoining pyridyl rings are found to 

be 2.3 (4)° and 3.0 (3)° respectively. The bond distances and angles of Agpbt are 

comparable to the similar complexes [Ag(tmpb)2]BF4 (where tmpb = 4,4’,6,6’-

tetramethyl-2,2’-bipyridine) with average Ag-N distances as 2.355 (6) and 2.321 Å 

respectively.26 The average N-Ag-N bite angle in Agpbt is 71.8° also comparable to 

[Ag(tmpb)2]BF4 with average bite angle of 72.1°. 

In the crystal structure of Agqbt, only one of the two qbt ligands appears in the 

asymmetric unit, with the second qbt ligand consisting of symmetry equivalent atoms. 

The qbt ligands chelate rings (composed of Ag1, N1, C9, C10, N2 and Ag1, N1A, C9A, 

C10A, N2A atoms), considerably deviates from planarity (mean deviation, 0.072 (4) 

Å). The two qbt fragments (composed of N2, C10, C11, C12, C13, C14, C15, C6, S1 

atoms and the symmetry equivalent atoms) show excellent planarity with mean 

deviation of 0.009 (3) Å.  

We were interested to see if the rotation of the quinolyl or pyridyl fragment of 

pbt and qbt created an electronic environment that might be responsible for the 
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quenching of fluorescence observed by Agpbt and Agqbt. We employed density 

functional theory (DFT) calculations on qbt and Agqbt to provide information about 

the confirmation energy, the energy of the HOMO-LUMO gap and the type of 

transitions observed with these emissive molecules. First, the difference in 

confirmation energy was calculated between the two qbt ligand states L1 and L1’ 

(Figure 2.13). The isomer L1’ (the orientation of the qbt ligand in Agqbt) is 3.9 

kcal/mol higher in energy than L1. The rotation of the quinolyl ring starting in L1 to 

L1’ has a free energy barrier of 8.4 kcal/mol whereas the rotation starting from L1’ to 

L1 is 5.5 kcal/mol. This, along with the crystal structure of qbt showing L1 

confirmation, led us to conclude that the L1 orientation is favorable in solution.  

 

 

Figure 2.13. The isomer confirmations of the qbt ligand. 

 

The HOMO-LUMO gap of L1 was calculated to be calculated to be 0.23 AU 

and the Kohn-Sham orbitals in the frontier region are shown in Figure 2.14. The 

HOMO was identified to be a p orbital and the LUMO is a S* orbital. Further TDDFT 
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calculations identified the first vertical excitation at 309 nm is the dominant transition 

and the experimental value of 335 nm was in relatively good agreement. Natural 

transition orbitals (NTO’s) confirmed the S - S* transition is responsible for the 

excitation. Similar results were obtained for L1’ with S - S* excitation occurring at 310 

nm. The lowest singlet excited states of both L1 and L1’ were optimized and show 

energetically similar excited states. The emission from the S1 state for L1 was 394 nm 

while for L1’ was 395 nm, both in agreement with the experimental emission at 400 

nm. 

 

Figure 2.14. The Kohn-Sham orbitals in the frontier region of L1 (qbt). 

 

For Agqbt, the optimized ground state structure parameters were similar to the 

X-ray structure parameters with some Ag-N bonds slightly shorter or longer than in the 
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X-ray structure. The HOMO - LUMO gap of Agqbt was calculated to be 0.21 AU, 

slightly smaller than the 0.23 AU gap calculated for qbt. The Kohn-Sham orbitals in 

the frontier region of Agqbt are shown in Figure 2.15 and reveal the HOMO to be a S 

orbital that is delocalized over both the qbt ligands in Agqbt and the LUMO to be the 

S* orbital. Two important absorption bands were identified from NTOs and TDDFT 

calculation as 1MLTC (326 nm) and 1LC (317 nm) transitions. The optimized the 

lowest singlet state (S1) of Agqbt was calculated to have 1MLCT character and which 

is 3.07 eV higher than the ground state. The lowest triplet excited state (T1) was also 

found to lie 1.97 eV above the ground state. Starting from the T1 geometry, triplet DFT 

single point energy calculations were performed to plot the total spin density (Figure 

2.16). Interestingly, two unpaired electrons are located in a qbt ligand, and spin density 

on Ag is zero, implying that the T1 state has 3LC character. The calculated emission 

from 3LC is 629 nm and substantially longer than the calculated emission for qbt ligand 

itself (394 nm). Experimentally there is no emission found near to 629 nm for Agqbt, 

rather a very weakly fluorescent band at 400 nm (similar to the ligand). This 

observation suggests that the 3LC is a non emissive state where the excited state of the 

molecules likely follows nonradiative decay channels resulting in lack of emission in 

this 629 nm range. We concluded that the luminescent behavior, or lack of, arises from 

the facile S1 to T1 intersystem crossing commonly observed with heavy metal 

complexes and then subsequent non radiative decay from the T1 state.  
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Figure 2.15. The Kohn-Sham orbitals in the frontier region of Agqbt. 

 

 

 

Figure 2.16. The total spin density for the T1 state of Agqbt. 
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 2.2.3 Antibacterial Action 

 The antibacterial activity of silver has recently been exploited to tackle chronic 

infections of wounds by MDR bacteria in hospitals around the world.27,28 Silver 

sulfadiazine has been widely used in the treatment and prevention of infections of burn 

wounds and diabetic wounds of immunocompromised patients. The bioactive Ag+ ion 

is known to interact with thiol and amino groups of proteins, nucleic acids and with 

cell membranes as reviewed in section 2.1.1. The multiple pathways of exerting 

pathological damage by the Ag+ ion makes it difficult for the microorganisms to 

develop resistance to this metal. For this reason, a renewed interest in silver treatments 

has been a trend in drug development efforts. We have been interested in examining 

the antibacterial effects of new silver complexes of ligands that themselves show 

antimicrobial effects on two bacteria, P. aeruginosa (Gram-negative) and S. aureus 

(Gram-positive). The bacterial cell wall of these species differs and thus treatment 

efficacy varies, but both often pose threat to burn wounds in hospitals.29 We chose to 

examine the antibacterial efficacy of Agqbt on these two bacterial species grown on a 

SSTI model developed in our laboratory.30 The model is a bilayer of agar with a nutrient 

rich bottom layer and the top soft layer of which consists of a uniform bacterial ‘‘lawn”. 

The design allows gradual penetration of the bacteria from the top layer to the nutrient-

rich bottom layer upon incubation much like the way bacteria penetrate from epidermis 

to dermis layers of the skin during chronic infection. KBr pellets containing 2% (w/w) 

of qbt and Agqbt were placed on the top bacterial lawns and the SSTI models were 

incubated at 37 °C. Visible circular zones of bacterial clearing around the pellet 
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containing Agqbt were observed in both cases after incubation for 18 h as shown in 

Figure 2.17. Similar results were obtained with Agpbt. These initial results confirm 

the antibacterial properties of these Ag(I) complexes.  

 

 

Figure 2.17. P. aeruginosa lawns (top row) with KBr (left), 2% qbt (center), and 2% 

Agqbt and S. aureus lawns (bottom row) with KBr (left), 2% qbt (center), and 2% 

Agqbt.  

 

 Attempts to increase the diameter of the ring of bacterial clearing by increasing 

the concentration of the Ag+ species in the KBr pellet were made, but no significant 

changes were observed. This, along with the unexpected observation that the qbt ligand 

did not show antimicrobial action lead us to believe that in this particular experimental 



 32 

setup, the solubility of the complexes in water may lead to their antimicrobial activity. 

The free ligands pbt and qbt along with the Agpbt and Agqbt are very sparingly soluble 

in water and this might prevent the diffusion of the molecules further into the aqueous 

agar layer. The Ag+ complexes may have an advantage being that they are charged 

species and might be better be able to disperse into the bacterial lawn as well as interact 

with the bacterial cell walls. Nevertheless, these complexes show strong antibacterial 

activity using the SSTI model and their fluorescence tracking capabilities could provide 

an effective method for tracking of the release of Ag+. 

 The antibacterial effectiveness of the Agpbt and Agqbt complexes prompted 

further investigation into other similar complexes in our lab. The ligand 2,6-

bis(benzothiazole)-pyridine (bztpy) shown in Figure 2.18, similar in structure to pbt 

but containing two benzothiazole moieties was synthesized. The complexes of bztpy 

and Ag+ and Cu2+ were synthesized and structurally characterized revealing the 

dinuclear complex [Ag2(bztpy)2](CF3SO3) (Agbztpy) and mononuclear complex 

[Cu(bztpy)Cl2] (Cubztpy).31 Like silver, copper complexes have also shown potent 

antibacterial activity.32 The two complexes were evaluated for their antibacterial 

activity using the SSTI model and KBr pellet method with Acinetobacter baumannii 

and S. epidermidis and compared to AgNO3 (Figure 2.19). Bacterial rings of clearing 

similar to those seen with Agpbt and Agqbt were observed with Agbztpy and Cubztpy. 

In all cases, both the KBr and bztpy controls showed no bactericidal ring, while the 

Agbztpy was similar in size to the AgNO3 control and Cubztpy was noticeable smaller 

than both silver compounds. As observed with the Agpbt, Agqbt, pbt and qbt 
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antibacterial results (Figure 2.17), the insolubility of the complexes in aqueous agar 

media seems to limit the diffusion of the compounds and thus their antibacterial 

efficacy. It is likely for this reason that the overall neutral species Cubztpy showed a 

smaller ring of bacterial clearing compared to Agbztpy and that bztpy, like pbt or qbt 

showed no ring of bacterial clearing. The cationic species of Agbztpy was therefore 

more readily able to diffuse into the agar layer and exert drug action comparable to the 

water soluble AgNO3 control. Bacterial cell walls are also moderately electronegative 

and therefore ease of penetration of cationic species in to bacterial cell walls compared 

to neutral species is observed.33 Taken together, the results of the antimicrobial Agpbt, 

Agqbt and Agbztpy complexes using the SSTI model prove cationic silver complexes 

with benzothiazoles as ligands to be an interesting and effective route towards 

enhanced treatment of this type of infection. 

 

 

Figure 2.18. The bztpy ligand and its structure with Ag+ and Cu2+. 
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Figure 2.19. Clearing of bacterial growth of A. baumannii (top row): plate (a) KBr 

pellet 2% (w/w) with Agbztpy (left side) and AgNO3 (right side); plate (b) KBr pellet 

2% (w/w) with Cubztpy (left side) and Agbztpy (right side); plate (c) KBr pellet 2% 

(w/w) with bztpy (left side) and blank pellet (right side). S. epidermidis (bottom row): 

plate (a) KBr pellet 2% (w/w) with Agbztpy (left side) and AgNO3 (right side); plate 

(b) KBr pellet 2% (w/w) with Agbztpy (left side) and Cubztpy (right side); plate (c) 

KBr pellet 2% (w/w) with bztpy (left side) and blank pellet (right side).  
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 2.2.4 Experimental Section 

 2.2.4.1 General Methods 

 All reagents and solvents were of commercial grade and used without further 

purification. The ligands pbt34 and qbt35 were synthesized according to the reported 

procedures. IR and UV-Vis spectra of the ligands and the complexes were obtained 

using Perkin-Elmer Spectrum-One FT-IR and Varian Cary 50 UV-Vis 

spectrophotometers respectively. The 1H NMR spectra of the complexes were recorded 

at 298 K on a Varian Unity Inova 500 MHz instrument. The emission spectra were 

recorded with Agilent Cary Eclipse spectrometer. Microanalyses were carried out with 

a PerkinElmer Series II 2400 Elemental Analyzer.  

 

 2.2.4.2 Synthesis 

 [Ag(pbt)2](BF4) (Agpbt): A solution of silver tetrafluoroborate (84 mg, 0.43 

mmol) in 15 mL of methanol was added to a solution of 185 mg (0.87 mmol) of pbt in 

30 mL of chloroform. The reaction flask was covered with Al foil to avoid ambient 

light and stirred for 48 h at room temperature. Next, the solvent was partially removed 

to obtain a white precipitate. The solid was isolated by vacuum filtration and further 

recrystallized from hot methanol (yield: 192mg, 72%). Elemental analysis (%) 

calculated for C24H16AgN4S2BF4: C 46.55, H 2.60, N 9.05; Found: C 46.60, H 2.58, N 

9.02. IR (KBr, cm-1): 3486 (w), 1459 (w), 1436 (w), 1084 (s), 1059 (s), 783 (w), 1 760 

(w). H NMR (CDCl3, ppm): G 8.77 (d, 1H), 8.42 (d, 1H), 8.15 (d, 1H), 7.97 (m, 2H), 

7.55 (t, 1H), 7.48 (m, 2H). 
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 [Ag(qbt)2](BF4) (Agqbt): This complex was synthesized by the same procedure 

as above using silver tetrafluoroborate (78 mg, 0.40 mmol) and qbt (213 mg, 0.81 

mmol)) to obtain a tan solid which was further recrystallized from hot methanol (yield: 

182 mg, 63%). Elemental analysis (%) calculated for C32H20AgN4S2BF4: C 53.43, H 

2.80, N 7.79, Found: C 53.47, H 2.85, N 7.69. IR (KBr, cm!1): 3497 (w), 1591 (w), 

1512 (w), 1084 (s), 1058 (s), 830 (w), 755 (w). 1H NMR (CDCl3, ppm): G 8.53 (m, 

2H), 8.40 (d, 1H), 8.25 (d, 1H), 8.02 (d, 1H), 7.96 (d, 1H), 7.91 (t, 1H), 7.71 (t, 1H), 

7.59 (t, 1H), 7.52 (t, 1H). 

 

 2.2.4.3 X-ray Crystallography 

Colorless needle-shaped and block-shaped crystals of Agpbt and Agqbt 

respectively were obtained by recrystallization through diffusion of hexanes into their 

DCM solutions. In case of Agpbt, a Bruker D8 diffractometer with PHOTON II 

detector equipped with a low temperature device, operating at T = 100 K was 

employed. This crystal was kept at T = 100 K during entire tenure of data collection 

and unit cell determination. Data were measured using�I�and Z shutterless scan 

technique using synchrotron radiation (Advanced Light Source, Berkeley, station 

11.3.1). For Agqbt, a Bruker APEX-II CCD diffractometer with graphite 

monochromated Mo-Ka radiation (k = 0.71073 Å) was employed. In this case, the 

crystal was kept at T = 298 K during data collection and unit cell determination. Data 

were measured using Z scan technique. The total number of runs and images for both 

data collections was based on the strategy calculation from the program APEX2 
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(Bruker).36 Cell parameters were retrieved and refined using the SAINT (Bruker) 

software.37 Multi-scan absorption corrections were performed with both data sets using 

SADABS 2014/5.38 Both structures were solved by intrinsic phasing using the 111 

SHELXT (Sheldrick, 2015) structure solution program and refined by full matrix least 

squares on F2 using version 2016/6 of ShelXL (Sheldrick, 2015).39  All non-hydrogen 

atoms were refined anisotropically in both cases. In Agpbt there is a single molecule in 

the asymmetric unit, while for Agqbt only half of the formula unit is present in the 

asymmetric unit, with the other half consisting of symmetry equivalent atoms. 

Calculations and molecular graphics were preformed using SHELXTL 2014 and Olex2 

programs.40 Crystal data and structure refinement parameters are listed in Table 2.1.  

CCDC 1548688 (Agpbt), CCDC 1548689 (Agqbt), CCDC 1556692 (pbt) and CCDC 

1556693 (qbt) contain the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Center 

via www.ccdc.cam.ac.uk/data_request.cif. 
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Table 2.1. Crystal data and refinement parameters for Agpbt and Agqbt. 

___________________________________________________________ 

 Agpbt.2H2O Agpbt 

 
aGOF = [6 [Z(Fo

2-Fc 2)2]/(No-Nv)]1/2 (No = number of observations, Nv = number 
of variables). 

  bR1 = 6~~Fo~-~Fc~~/6~Fo~.  
  cZR2 = [(6Z(Fo

2-Fc
2)2/6~Fo~2)]1/2. 
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2.2.4.4 Computational Methods 

 The M06L41 functional, as implemented in the Gaussian09 program,42 was used 

for solvent-phase structure optimizations. The SMD43 implicit solvation model was 

used for solvation treatments with dichloromethane as solvent (H�= 8.93). The SDD44,45 

basis set and the associated effective core potential was used for Ag, and the Def2-

TZVP basis sets were employed for other atoms.46,47 Nature of the stationary point was 

confirmed by performing vibrational frequency calculations that were performed to 

confirm the optimized structures as minima (i.e., no imaginary frequencies for a 

minima). The time-dependent density functional theory (TDDFT) was used for excited-

state calculations with the M062X48 functional and the above basis sets. The non-

equilibrium SMD solvation was employed to calculate vertical excitations, while the 

equilibrium SMD solvation was used to optimize the lowest excited singlet state and 

the lowest excited triplet state. The ‘‘ultraFine” integration grid was used for TDDFT 

calculations, where the two-electron integral accuracy parameter was set to 12.  

 

 2.2.4.5 Bacterial Studies 

A skin and soft tissue infection (SSTI) model was constructed for antibacterial 

studies by following a procedure described by us in a previous article.30 This SSTI 

model consists of two agar layers, a hard agar bottom layer containing most of the 

nutrients and a soft agar layer on the top that allows for even dispersion of bacteria. As 

bacteria grow in the top soft agar (mimicking the lower epidermis of the skin), they 

migrate towards the bottom nutrient layer modeling a cutaneous infection. Frozen 
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samples of Pseudomonas aeruginosa and Staphylococcus aureus were thawed and 

streaked on two separate agar plates. A single colony from each plate was selected and 

grown in Luria Broth (LB) for 18 h. The suspensions were diluted with LB until an 

A600 of 0.5 was reached. The soft agar bacterial suspension was prepared by adding 

60 µL of the above solution to 50 mL of 0.8% (w/v) agar with 1% NaCl which had 

been previously autoclaved and cooled to 45 °C before the addition. The suspension 

was gently vortexed and 7 mL was spread evenly on the surface of a hard agar layer 

prepared from 20 mL of a 1.5% (w/v) TSB agar in a 100 x 15 mm2 plate and allowed 

to solidify. The plates were then incubated for 2 h at 37 °C in order for the bacteria to 

reach log phase before KBr pellets (with or without complexes of interest) were placed 

on the top of the soft agar layer. The bactericidal activity was evaluated after 18 hours 

incubation with the KBr pellets by observing the circular ring of bacterial clearing. 
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Chapter 3. Antimicrobial Gold Complexes With the {Au(PPh3)}+ Moiety 

 

3.1 Background on Medicinal gold 

Gold has been used for medicinal purposes since 2500 B.C. when Chinese 

physicians and surgeons employed gold foil for treatment of various diseases.1 Gold 

therapy had not been of major interest until Robert Koch discovered that K[Au(CN)2] 

was effective against Mycobacterium tuberculosis, the causative agent of tuberculosis 

(TB), in the late 1800s.2 The next major advancement was the development of Au(I) 

complexes for the treatment of rheumatoid arthritis starting with Au(I) thiolates in the 

1930s and later the clinical approval of Auranofin (Figure 3.1) in the 1980s.3 

 

 

Figure 3.1. Auranofin and examples of linear arrangement of [L-Au(PPh3)] 

complexes. 
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 Since then, research into additional therapeutic purposes of gold has expanded 

into its antimicrobial, anticancer, antiarthritic, antiparasitic, and antiviral effects with 

much initial success.4–9 Many of the gold anticancer compounds reported have been 

claimed to be more effective than cisplatin, one of the most common metal containing 

chemotherapy drugs. Some gold species show potent activity towards M. Tuberculosis 

and other infectious pathogens.8 Even Auranofin has been studied for its repurposing 

as these types of therapeutic agents.10  

Cationic gold mainly exists in two forms: linear Au(I) and square-planar 

Au(III), both of which have been evaluated for their biological activity.  A special 

interest has been developed with gold(I) phosphine species not only for their 

therapeutic activity but also as effective catalysts for numerous reactions with 

alkynes.6,11,12 The ligand exchangeability of linear {Au(PR3)}+ species is thought to 

play a crucial role in both the inhibition of biological molecules and the effectiveness 

as a catalyst.12–15 Of these gold(I) phosphine complexes, many gold(I) 

triphenylphosphine [L-Au(PPh3)] species (Figure 3.1) have been of particular interest 

due to their stability and wide variety of the L ligand which determines their catalytic 

reactivity and the kinetic profile of their biological activity.16,17 Even the “parent” 

compound [Cl-Au(PPh3)] has shown effective anticancer activity against human breast 

(MCF-7) and fetal lung fibroblast cells, and was more selective towards cancerous cells 

over normal cells than both cisplatin and the {Au(PEt)3}+ containing Auranofin.18 The 

antimicrobial, anticancer, antiparasitic, anti-inflammatory and antiviral effects of [L-

Au(PPh3)] complexes have been examined.  
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 3.1.1 Chemistry of Au(I) 

Gold(I), an electron rich d10 transition metal, typically forms complexes with 

linear geometry and this can be partially explained by the relativistic effects of post- 

lanthanide elements.19 The aurophillic interactions (gold-gold contacts) observed in 

gold chemistry give rise to very interesting photophysical, catalytic and clustering 

properties.20 Although the gold(I) phosphine complexes of the type [L-Au(PR3)] will 

be discussed hereafter to relate to the findings of this work, there are a variety of other 

donor ligands that can be present on a gold(I) center such as arsine, isocyanide, carbine, 

ylide, amine, halide, alkyl, aryl, and chalcogenolide.  

Gold(I) phosphine complexes have been extensively studied with particular 

interest in the influence of the phosphine ligands on the metal–P bond.17,21,22 For PR3 

ligands, the R substituent plays and important role in their sigma donor strength as well 

as p-acceptor capabilities; the more electronegative the R group, the more stable the 

empty P–R s* orbital and thus becomes a better acceptor of electron density from the 

metal center. This property is of special importance in the catalytic activity of 

{Au(PR3)}+ species; the R substituents on phosphine determines the electrophilicity of 

the ionic fragments {Au(PR3)}+ used as catalytic activators of substrates (usually 

alkynes and allenes).17 These slight variations influence the way {Au(PR3)}+ attacks 

the substrate and stabilized intermediates and thus the outcome of the reaction. 

Specifically, this is apparent in cationic gold(I) catalysis of the addition of alcohols to 

alkynes where {Au(PPh3)}+ was more active than {Au(PEt3)}+ in this particular type 

of reaction.12 This same concept likely influences the binding of the {Au(PR3)}+ 
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species to biological molecules and influence their overall activity. Gold(I) interactions 

with biological proteins and peptides can also be described by hard soft acid base 

theory: a soft metal center like Au(I) binds tightly to soft ligands like sulfur (present in 

the common amino acid cysteine).  

 

 

Scheme 3.1. Typical synthetic routes for [L-Au(PPh3)] complexes. 

 

 Numerous [L-Au(PPh3)] species have been identified, the simplest being [Cl-

Au(PPh3)], which is used extensively for the synthesis of new compounds of this type 

by replacement of the Cl ligand. The stability of the {Au(PPh3)}+ fragment allows for 

many L donor ligands, the most common types are alkynyl, nitrogen, phosphorus and 

sulfur containing (Figure 3.1) which result in either a neutral or cationic species.8,23 

One advantage of this type of complexes is their relatively simple synthesis and 

purification often involving [Cl-Au(PPh3)] and either (a) the introduction of the 

protonated ligand and a base or (b) the addition of Ag+X- to form AgCl precipitate in 

the presence of the ligand (Scheme 3.1). The structural complexity of potential L 

ligands provides endless possibilities to rationalize the influence (lipophilicity, 

hydrophilicity, additional drug targets) it has on the efficacy of [L-Au(PPh3)] species. 
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3.1.2. Anticancer Activity of Au(I)PPh3 

Gold complexes have been widely studied for their activity as anticancer 

agents.6,14,24,25  It is generally believed that ligand exchange with linear [L-Au(PPh3)] 

complexes with bioactive molecules results in their antitumor activity.14,16 The 

exchange of L = N/S-donor ligands occurs rapidly within the blood (20 min) while 

exchange of the PPh3 ligand is much slower.16,26 The weaker bonded ligands in many 

cases thus influence the kinetic profile of these compounds. Loss of the L ligand in 

solution with thiols and relevant biological thiols such as glutathione and cysteine is 

observed and can be easily detected by ESI-MS and NMR spectroscopy.16,27 In blood 

serum, gold species readily binds to albumin and other globulins and maintains a 

sustained presence of the gold drug in cellular matrices for days.26 This ligand exchange 

activity with biological molecules is likely what causes the inhibition cytosolic and 

mitochondrial Thioredoxin reductase (TrxR) inhibition which has been identified as 

the major cause of apoptotic death of cancer cells by [L-Au(PPh3)] complexes.28–31 

Mammalian TrxR isoenzymes are selenoproteins with a redox active selenocysteine 

residue at their active sites which likely binds strongly to the {Au(PPh3)}+ moiety and 

interfere severely with cellular redox homeostasis leading to cell death. The facile 

ligand exchange property of the [L-Au(PPh3)] complexes could also involve other 

targets in cancer cells and the cellular death could be a result of combination of such 

bindings. Recent studies also indicate that complexes with {Au(PPh3)}+ moiety 

suppress cancer-promoting inflammation by inhibiting secretion of pro-inflammatory 

cytokines such as tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b).16,32  
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Gold phosphine compounds are known to inhibit the ubiquitin-proteasome system 

(UPS) in cancer cells.33  Many different cancers, such as colon, prostate and leukemia, 

rely on the UPS system more heavily than non-cancer cells. Because UPS is involved 

in many cellular processes, including cell cycle regulation protein degradation, gene 

expression and DNA repair, inhibition of these by gold compounds induce apoptosis. 

These types of complexes have been extensively studied for their anticancer activity, 

but the same interaction of biomolecules with the {Au(PPh3)}+ unit is likely the same 

for the observed antimicrobial activity. 

  

3.1.3 Antibacterial Activity of Au(I)PPh3 

To date, a far fewer number of complexes of the type [L-Au(PPh3)] have been 

studied for their antibacterial effects compared to complexes evaluated for anticancer 

effect. Nevertheless, several gold complexes (and gold nanoparticles) have exhibited 

promising antimicrobial activity.8  Inhibition of biosynthetic pathways such as cell wall 

synthesis, DNA and protein synthesis as well as inhibition of enzymes such as ATP 

synthase have been identified as the mechanism(s) of action of these gold species.34,35  

Such participation in multiple pathways could be advantageous when considering 

bacterial infections by pathogens that have developed resistance to traditional 

antibiotics.  

Among [L-Au(PPh3)] complexes with L =  N- and S-donor ligands, complexes 

1-4 (Figure 3.2) have been shown to exert antimicrobial activity against Gram-positive 

Bacillus subtilis and Staphylococcus aureus (MIC 7.9-125 µg/mL), but no activity was 
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noted towards Gram-negative Escherichia coli and Pseudomonas aeruginosa.15,36 In 

order to model the interaction of these complexes with cysteine residues present in 

biological molecules, the ligand exchangeability of 1-4 and other N/S bound 

{Au(PPh3)}+  species has been examined. The majority of these reactions led to 

cleavage of the Au–N/S bond rather than the Au–(PPh3) bond and it was concluded that 

the extent of ligand exchangeability of the complexes is correlated to their antibacterial 

activity. Like 1-4, compounds 5 and 6 with O- bound ligands (Figure 3.2) also show 

activity towards only Gram-positive bacteria B. subtilis and S. aureus (MIC’s 31.3-62.5 

µg/mL).37 

 

 

Figure 3.2. Complexes of [L-Au(PPh3)] that show activity towards Gram-positive 

bacteria. 
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 Many [L-Au(PPh3)] complexes like 7-11 (Figure 3.3) show both anticancer and 

antimicrobial properties. 7 and 8 with alkynyl ligands were evaluated for their activity 

against methicillin-sensitive and methicillin-resistant S. aureus (MRSA) and E. Coli 

showing promising results for Gram-positive MRSA (MIC 2-32 µg/mL) but no activity 

towards Gram-negative species.29 As a comparison, the starting material [Cl-Au(PPh3)] 

was also evaluated against these strains and outperformed 7 and 8  with lower MIC’s 

towards MRSA (MIC 1-2 µg/mL) and also showed activity towards Gram-negative E. 

coli (MIC 16-32 µg/mL). This indicated that the replacement of the Cl ligand with the 

alkynyl species might alter the uptake/activity of these Au complexes, especially 

considering the permeability of Gram-positive and Gram-negative cell membranes. 

Complexes 9 and 10, also showing anticancer activity, were evaluated for their activity 

towards S. aureus, Staphylococcus epidermitis, E. coli and P. aurginosa.38 All 

compounds showed potent activity towards Gram-positive species (MIC 1.3-19.1 µM) 

and increased activity compared to [Cl-Au(PPh3)] reference compounds but no activity 

towards Gram-negative bacteria. Interestingly, the analogous {Au(PEt3)}+ compounds 

of 9 and 10 performed slightly better. Complex 11 also showed potent antibacterial 

activity (MIC 8-16 µg/mL) particularly against Gram-positive bacteria S. aureus, 

multidrug-resistant (MDR) S. aureus , Enterococcus faecalis, Bacillus cereus, S. 

epidermidis, and MDR S. epidermitis.39 Bactericidal activity of 11 was also observed 

towards the Gram-negative E. coli and MDR Kiebsiella oxytoca (32 and 16 µg/mL 

respectively). 
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Figure 3.3. Antibacterial Au(I) complexes. 

  

Sulfonamide compounds 12-14 (Figure 3.3) are significant antibacterial and 

antibiofilm agents against P. aeruginosa with MIC values ranging from 1-8 µg/mL.40 

P. aeruginosa is an opportunistic Gram-negative pathogen and can be difficult to treat 

due to the rapid formation of a biofilm.41 To observe the antibiofilm behavior, 

complexes 12-14 were subjected to swarming motility assay and all showed significant 

decrease in the biofilm growth compared to the control. This was also confirmed by 

confocal microscopy of the exopolysaccharides which make up a majority of the mass 

of biofilms. Interestingly, compounds with bimetallic gold did not perform as well. 
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aeruginosa) and could be the reason behind the antibiofilm activity. In a different study 

by the same group, 12-14 showed similar antibacterial and antibiofilm activity towards 

MRSA, but no toxicity towards Caenorhabditis elegans indicating the compounds are 

well tollerated.42 All of these results imply that these sulfonamide {Au(PPh3)}+ 

complexes are promising antibacterial drugs. 

 While the exact mechanism of action [L-Au(PPh3)] species still remains widely 

unknown, research suggests much that like in cancer, there are multiple mechanisms of 

action that could benefit treatment of MDR pathogens. The majority of the [L-

Au(PPh3)] complexes show activity towards Gram-positive species although a few are 

also active towards Gram-negative bacteria. This difference in activity could be due to 

the low permeability of the two-membrane cell wall of the Gram-negative bacteria 

which is recognized as the major obstacle in the development of antibiotics that are 

effective towards such species.43 Close scrutiny of the antibacterial complexes reveals 

that the activity towards Gram-negative bacteria could be related to the presence of a 

[N-Au(PPh3)] core (compounds 11-14) which could ligand exchange more effectively 

or rapidly in order to exert drug action. However, further investigation is necessary 

because complexes 3 and 4, also containing [N-Au(PPh3)] cores, were not active 

towards Gram-negative bacteria.  

 

 3.1.4 Antimycobacterial Activity of Au(I)PPh3 

M. tuberculosis, the infectious pathogen responsible for TB is known to be 

particularly difficult to treat and often the treatment involves three or more drugs in 
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combination. Unfortunately, resistance to such treatment is emerging in certain 

populations. Robert Koch discovered that gold(I)cyanide was effective towards M. 

tuberculosis in the 1890s2 and since then other gold complexes have shown potent 

activity towards the pathogen. Only a few compounds specifically with an {Au(PPh3)}+ 

moiety have been evaluated for their antimycobacterial activity. The cationic 

compound 15 (Figure 3.4) with an overall 2+ charge and acridine ligand was evaluated 

for its effect on M. tuberculosis and was proved to be a strong inhibitor.44 Both 15 and 

the analogous {Au(PEt3)}+ complex were tested (IC90 = 1.204 and 1.050 µM) and while 

the {Au(PEt3)}+ complex was slightly more active, 15 was more selective towards M. 

tuberculosis than Vero cells (selectivity index, SI = 7.310 and 4.983 respectively). 

Complexes 16 and 17 among others (Figure 3.4), with ligands derived from 

carbohydrates, were also evaluated for their antitubercular activity.45 Interestingly, 16 

was more active than the analogous {Au(PEt3)}+ complex, but the opposite was found 

for complex 17 and its {Au(PEt3)}+ derivative. 16 was the most active in all of the Au 

compounds studied in this report (MIC90 = 2.50 µg/mL) including the [Cl-Au(PPh3)] 

parent compound (MIC90 = 25.00 µg/mL). 

Studies with 13 and 18 (Figures 3.3 and 3.4) also showed activity towards 

species of mycobacterium.46 First the compounds were tested against Mycobacterium 

smegmatis, the safer and similar model organism often used prior to working with M. 

tuberculosis, and showed potent activity (MICs of 2.44 and 4.88 µg/mL for 13 and 18 

respectively). Next, the possible synergy between these complexes and trimethoprim, 
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Figure 3.4. Complexes with antimycobacterial action. 
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Compound 12 and 13 (Figure 3.3) in a different study were also assessed for their 

activity and synergistic activity with trimethoprim in different species of 

Mycobacterium (M. abscessus, M. Forticum and M. massiliense) responsible for 

nosocomial infections that are typically not transmitted human to human but rather 

from the environment.47 Significant improvement in activity was observed upon 

conjugation to a {Au(PPh3)}+ center and synergy between 12 or 13 and trimethoprim 

was observed in most cases with these Mycobacterium species. Multidrug-resistant M. 

tuberculosis and other species are an emerging problem and results these studies 

indicate that {Au(PPh3)}+ species may be a useful tool in the development of new TB 

drugs. Mycobacterium are particularly robust due to their waxy hydrophobic membrane 

(unlike Gram-negative and Gram-positive bacterial species) and the {Au(PPh3)}+ unit 

may provide an increase in lipophilicity to allow more of the unit itself or the drug 

ligand into the cytosol/membrane to exert increased drug action. At present, few and 

differing results on this type of complexes and their activity towards Mycobacteria in 

general have been reported; further discoveries in this area could provide valuable 

insight. 

 

 

3.2 Trackable Antimicrobial Gold Triphenylphosphine Complexes with Aryl 

Benzothiazoles 

Gold triphenylphosphine species have shown their prevalence in many areas of 

medicinal chemistry and as highlighted previously for their general potent antibacterial 
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activity. Our group has explored heavy metal benzothiazole complexes for some time 

and in Chapter 2 the antibacterial activity of silver complexes with these ligands was 

described and showed promising results. These results and the success shown by gold 

complexes as antimicrobial agents prompted us to further pursue potential {Au(PPh3)}+ 

complexes with the same ligands pbt and qbt. Benzothiazoles, a class of antibacterial 

and antifungal drugs, as ligands could offer an additional antibacterial moiety to aid in 

the overall action.48,49 These ligand molecules also offer multiple binding sites for metal 

centers (typically N^N seen with Ag, Re and Mn) and we were interested to see if that 

was the case for gold(I), a soft metal center known to bind sulfur well. The synthesis, 

characterization and antimicrobial activity of gold(I) complexes with 

triflouromethanesulfonate anions (OTf) namely, [(pbt)Au(PPh3)](OTf) (AuPpbt) and 

[(pbt)Au(PPh3)](OTf) (AuPqbt) (Figure 3.5) are described hereafter. 

 

 

Figure 3.5. The complexes AuPpbt (left) and AuPqbt (right) studied in this chapter. 
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AgOTf to the widely used starting material [ClAu(PPh3)] to afford the highly reactive 

ion-pair {Au(PPh3)}+ OTf -. This species is known to exist on its own, but is relatively 

unstable when isolated in solid form.50 Further filtration of the AgCl solid formed and 

introduction of the pbt or qbt ligand resulted in isolation of AuPpbt and AuPqbt as 

white solids in good yield (Scheme 3.2). 

 

 

Scheme 3.2. Synthetic Route for AuPpbt and AuPqbt. 

 

 The IR spectra of AuPpbt and AuPqbt (Figure 3.6) in both show an intense 

band centered around 1265 cm-1 indicating the presence of the OTf counterion. NMR 

spectra of the complexes in CDCl3 at 298K were also recorded (Figure 3.7 and 3.8). 

In both complexes the shifting of the protons of the pbt and qbt ligand are observed as 

expected upon conjugation the the Au(I) center. The large triphenyl phosphine 

multiplet is also observed in around 7.6 ppm in both gold species spectra and overlaps 

with some protons on the benzothiazole ligands. Other cationic {Au(PPh3)}+ species 

with pyridyl benzimidazole as ligands have shown broad poorly resolved H-MNR 

signals suggesting a fluxionality between the two iminic nitrogen coordination sites,51 

this seems not to be the case wtih AuPpbt and AuPqbt. Proton signals, though slightly 

broadened compared to the free ligand, are still recognizable by their multiplicity and 

thus in solution are likely bound and remain solely bound to the nitrogen of the 
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benzothiazole in both complexes.  

 

 

 

Figure 3.6. FT-IR Spectra of AuPpbt (top) and AuPqbt (bottom) in KBr. 
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Figure 3.7. NMR spectra of AuPpbt (top) and pbt (bottom) in CDCl3 at 298K. 

 

 

Figure 3.8. NMR spectra of AuPqbt (top) and qbt (bottom) in CDCl3 at 298K. 
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The UV-vis absorbance spectra of AuPpbt and AuPqbt and the free ligands pbt 

and qbt were taken in DCM at the 20 µM of each (Figure 3.9). The lmax of both gold(I) 

complexes shift approximately 20nm into the red upon compared to the free ligands 

and molar absorptivity remains roughly comparable indicating the transitions 

responsible are likely mostly from the ligands and influenced slightly by coordination 

to the Au(I) metal center. 

 

Figure 3.9. Absorption spectra of AuPpbt (black), AuPqbt (blue), pbt (red) and qbt 

(yellow) in DCM. 

 

 The emission spectra of AuPpbt, AuPqbt, pbt and qbt were also observed in 

DCM at the 20 µM of each with lex at 330, 350, 310 and 335 nm respectively. (Figure 

3.10). The wavelengths of emission for AuPpbt and AuPqbt are 380 nm and 400 nm 
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respectively which are the wavelength of emission for the corresponding free ligands, 

however significant luminescence quenching is observed for the gold(I) complexes. A 

close scrutiny of the literature and previous results from Chapter 2 reveal that both the 

singlet and triplet excited states of Ag(I) and Au(I) complexes of similar coordination 

structures essentially possess ligand-centered π π* character with negligible metal-to-

ligand charge transfer (MLCT) contribution, and the excited triplet state mostly decay 

through non-radiative channels.52,53 These characteristics presumably lead to 

significant luminescence quenching observed with AuPpbt and AuPqbt compared to 

their highly fluorescent free ligands.  

 

 

Figure 3.10. Emission spectra of AuPpbt (black), AuPqbt (blue), pbt (red) and qbt 

(yellow) in DCM (lex at 330, 350, 310 and 335 nm respectively). 
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 3.2.2 Crystal Structure and Binding Mode Discussion. 

 Single crystal analysis reveals that complexes AuPpbt and AuPqbt are iso- 

structural with respect to coordination at the Au center; in both cases the Au center 

resides in a linear N-Au-P coordination environment. For AuPpbt, the asymmetric unit 

contains two crystallographically independent molecules. The perspective view with 

atom labeling scheme for the two structures are shown in Figures 3.11 and bond 

distances and angles are in Table 3.1 (note that AuPpbt crystallized with 0.5 eq of 

CH2Cl2 and is further discussed in the experimental section). The N (benzothiazole)‐

Au‐P angles in complexes AuPpbt and AuPqbt are 164.88(17) and 161.20(15)° 

respectively. Steric bulk of the qbt ligand leads to lengthening of both the average Au-

N(benzothiazole) distance (2.114(5) Å for AuPpbt vs. 2.218(5) Å) for AuPqbt) and the 

average Au-P distance (2.224(14) for AuPpbt vs. 2.303(18) Å for AuPqbt) in complex 

AuPqbt. Although Cambridge structural database revealed several crystal structures 

with N-Au-P coordination mode, a representative structurally analogous complex 

namely, [(py)Au (PPh3)]BF454 (where py = pyridine), was chosen to compare its crucial 

metric parameters with those of the present two complexes. In [(py)Au(PPh3)]BF4, the 

N(py)-Au and Au-P bond lengths are 2.073(3) Å and 2.2364(8) Å respectively. These 

distances are comparable to those noted for AuPpbt and AuPqbt. Interestingly, the N-

Au-P angle in [(py)Au (PPh3)]BF4 is 178.09(8)°, closer to a linear geometry, unlike 

AuPpbt and AuPqbt which reflects the steric bulk of the pbt/qbt ligands compared to 

the relatively small py. In the two structures, both pbt and qbt exhibit excellent planarity 

with mean deviations of 0.024(3) and 0.090(4) Å respectively.  
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Figure 3.11. Perspective view of the cation of complex AuPpbt (top) and AuPqbt 

(bottom) with the atom-labeling scheme. The thermal ellipsoids are shown at 50% 

probability level. Only one of the two crystallographically independent molecules in 

the asymmetric unit is shown for AuPpbt. 
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Table 3.1. Selected bond distances (Å) and angles (°) for complex AuPpbt . CH2Cl2 

and AuPqbt. 

____________________________________________________________________ 
Complex AuPpbt 
Molecule 1 

Au(1)-P(1) 2.227(13) Au(1)-N(2) 2.116(4) 
P(1)-C(13) 1.810(6) P(1)-C(19) 1.814(6) 
P(1)-C(25) 1.810(6) N(2)-C(6) 1.292(7) 
N(2)-C(12) 1.400(8) C(6)-S(1) 1.716(6) 
    
P(1)-Au(1)-N(2) 166.50(15) Au(1)-P(1)-C(13) 113.77(19) 
Au(1)-P(1)-C(19) 110.91(18) Au(1)-P(1)-C(25) 112.66(19) 
C(13)-P(1)-C(25) 107.5(3) Au(1)-N(2)-C(6) 125.8(4) 
C(13)-P(1)-C(19) 106.4(3) C(6)-N(2)-C(12) 111.9(5) 
Au(1)-N(2)-C(12) 122.3(4) C(6)-S(1)-C(7) 90.4 (3) 

 
Molecule 2 
 

Au(2)-P(2) 2.221(14) Au(2)-N(4) 2.112(6) 
P(2)-C(29) 1.816(6) P(2)-C(43) 1.812(6) 
P(2)-C(55) 1.807(6) N(4)-C(36) 1.319(9) 
N(4)-C(42) 1.378(10) C(36)-S(2) 1.703(7) 
    
P(2)-Au(2)-N(4) 163.26(19) Au(2)-P(2)-C(49) 113.5(2) 
Au(2)-P(2)-C(42) 110.08(19) Au(2)-P(2)-C(55) 113.7(2) 
C(55)-P(2)-C(49) 107.9(3) Au(2)-N(4)-C(36) 124.6(6) 
C(43)-P(2)-C(49) 106.3(3) C(36)-N(4)-C(42) 112.1(6) 
Au(2)-N(4)-C(42) 123.0(5) C(37)-S(2)-C(36) 90.9 (4) 

 
Complex AuPqbt 
 

Au-P 2.303(18) Au-N(2) 2.218(5) 
P-C(17) 1.881(7) P-C(29) 1.877(7) 
P-C(23) 1.873(7) N(2)-C(10) 1.359(8) 
N(2)-C(11) 1.444(8) C(10)-S 1.789(7) 
    
P-Au-N(2) 161.20(15) Au-P-C(17) 117.0(2) 
Au-P-C(29) 110.2(2) Au-P-C(23) 111.6(2) 
C(17)-P-C(23) 105.5(3) Au-N(2)- C(10) 121.9(4) 
C(17)-P-C(29) 105.7(3) C(10)-N(2)-C(11) 112.6(5) 
Au-N(2)-C(11) 125.5(4) C(10)-S-C(16) 91.1(3) 

____________________________________________________________________ 
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The extended structure of AuPpbt (Figure 3.12) reveals few non classical 

hydrogen bonding contacts [C24-H24---O3, with H---O, 2.615 Å i; C28-H28---O2, 

with H---O, 2.595 Å ii; C44-H44---O4, with H---O, 2.510 Å iii; C45-H45---O5, with H-

--O, 2.562 Å iii; C41-H41---O4, with H---O, 2.551 Å iii; symmetry codes: (i) x, y+1, z; 

(ii)-x+1/2, y+1/2, z; (iii) x, y, z].  Analysis of the molecular packing for AuPqbt (Figure 

3.12) also reveals few non-classical hydrogen bonding interactions [C3-H3---O1, with 

H---O, 2.632 Å i, C27-H27---O3, with H---O, 2.589 Å ii, S1---O2, 3.307 Å iii, symmetry 

codes: (i) x, y, z; (ii) –x+1/2, -y+1, z+1/2; (iii) –x+1/2, y+1/2, z]. Between the two 

structures only complex AuPpbt divulged weak offset intermolecular p - p stacking 

interaction as depicted in Figure 3.13.  This representation also revealed a weak 

intermolecular C---S non-bonding contacts (3.416(4) Å) between the two adjacent 

molecules. The centroid-to-centroid distance between the pyridine ring and the benzene 

ring of benzothiazole motif is found to be 3.816 (4) Å consistent with weak p -stacking 

interaction.   
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Figure 3.12. The packing patterns for complexes AuPpbt (top) and AuPqbt 

(bottom) along a axis. 
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Figure 3.13. Representation of intermolecular p - p stacking and C---S non-

bonded interactions in complex AuPpbt.  

 

The crystal structures of AuPpbt and AuPqbt reveal different binding modes 

than typically seen with metal centers. 2-aryl or 2-pyridyl substituted benzothiazole 

type ligands (like pbt and qbt) typically exhibit bidentate binding modes when 

coordinated to d10 metal center. This can occur through the N-atom of the benzothiazole 

moiety and either the N-atom of the 2-pyridyl fragment52 (Agpbt/Agqbt in Chapter 2) 

or C-atom of the 2-aryl portion55 of the ligand (Figure 3.14a and 3.14b respectively).  

Similar N,N-binding of pbt and qbt has been noted in complexes with low-spin d6 metal 

centers such and Mn(I) and Re(I).56,57  In all cases, the ring S-atom does not coordinate.  
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Figure 3.14. Different modes of binding of pbt and aryl-benzothiazole. 

 

When this type of ligand was employed for coordination to Au(I) centers in this 

research, the ligands failed to coordinate as bidentate ligands. Attempts to coordinate 

pbt and qbt to Au(I) center invariably afforded linear 2-coordinated complexes AuPpbt 

and AuPqbt, as expected with typical geometries of Au(I) complexes. Despite strong 

affinity of Au(I) to S-donors, both ligands are coordinated to the metal center through 

the N-atom of the benzothiazole (N(2)) moiety. This is in agreement with results from 

similar studies exploring the binding modes of Au(I) to ligands with electronically 

similar N and S (or N) donor atoms.58,59 Mono-substituted binding mode of these types 

of ligands (leading to linear complexes) also arises from steric hindrance arising from 

the ligand itself.53 Both the present complexes deviate from linearity; the P-Au-N angle 

of AuPpbt and AuPqbt are 166.50° and 161.22° respectively (Figures 3.11 and Table 

3.1). Also, the P-Au-N angle of AuPqbt with sterically more encumbered qbt ligand 

deviates more from linearity compared to AuPpbt.  

It is important to note that in AuPpbt and AuPqbt, the N atom of the 

pyridine/quinolyl moiety (N(1)) is facing the metal center, but not bound (Figure 

3.14c). Results of previous studies on the structures and ground state optimized 
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geometries of the free ligands52 (from Chapter 2) have demonstrated that although the 

structure with the pyridyl-N and benzothiazole-N atom anti to each other is lower in 

energy, in all cases both pbt and qbt bind metal ions as the N-N syn structural isomer.  

The pyridine fragment in these cases rotates to present its N center to be available for 

coordination in a N-N syn fashion (Figure 3.14a). In AuPpbt and AuPqbt, this rotation 

of the aryl ring also occurs, but the pyridyl-N or the quinolyl-N does not bind to the 

metal center (Figure 3.14c). However, in both cases, significant interactions between 

this N-atom and the Au(I) center is observed in AuPpbt [Au(1)-- N(1), 2.713 A] and 

AuPqbt [Au(1)-- N(10), 2.710A] (Figure 3.14c, dashed line) which is in agreement 

with other gold(I) compounds of similar structure.59 

 

 3.2.3 Antibacterial Activity and Interactions 

Antibacterial studies were done using the skin and soft tissue infection (SSTI) 

model previously developed in this laboratory.60 This model mimics the gradual 

penetration of bacteria deeper into the skin using a two-layer agar system which has a 

soft, evenly dispersed bacterial lawn on the top and a nutrient-rich bottom layer. The 

gradient causes the bacteria to slowly migrate from the thin top layer to the nutrient-

rich bottom layer much like the way an infection of the skin would proceed. 

Both complexes and the corresponding ligands were tested in vitro for their 

bactericidal activity against the Gram-negative bacterium A. baumannii. This 

bacterium has shown multi-drug resistance in hospitals around the world and at present 

poses serious threat to human health. In addition to resistance traits carried on mobile 
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genetic elements, A. baumannii also forms biofilms rapidly as defensive barriers. In 

addition, A. baumannii infections are a primary concern to military personnel injured 

by gun fire and improvised explosive devices (IEDs) in the battlefields of Afghanistan 

and Iraq.61 With a limited pipeline of new antibiotics being developed for Gram-

negative bacteria, new therapies are in high demand, especially for this pathogen. In 

the present work, a gold control (the neutral starting material ClAu(PPh3)) was also 

used to show how the ligands and the cationic nature of AuPpbt and AuPqbt affect the 

ability of the Au(I) complexes to interact with the bacterial colonies. KBr pellets of 

similar weights containing 0.3 mol % of compounds were placed on the top of the 

bacterial lawn and incubated at 37 °C for 18 h. Circular zones of clearing were seen 

around the pellets containing AuPpbt and AuPqbt, but not around the pellets containing 

KBr, pbt, qbt or ClAu(PPh3) (Figure 3.15). These results indicate that the two Au(I) 

complexes are better able to migrate and interfere with a large area of infection while 

the neutral gold compound exhibits no eradication of the bacteria on the SSTI model. 
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Figure 3.15. Bacterial lawns after 18 h incubation with KBr pellets of KBr, pbt and 

qbt (top panel, left to right) and ClAu(PPh3), AuPpbt and AuPqbt (bottom panel, left 

to right) 

 
The antimicrobial activity of various drugs is highly dependent on their ability 

to permeate through the cell wall and interfere with cellular pathways.62 Most bacteria 

possess a slightly electronegative surface potential which allows cationic complexes to 

associate more readily with the bacterial membrane. If the drug molecules can easily 

form bonds with biomolecules either on the membrane or in the cytosol, the efficacy 

of the drug action is enhanced. For gold compounds this implies that the nature of the 

ligands bound to the Au(I) center, not just the amount of Au(I) present, plays an 

important role in their activity.63 The neutral and very stable compound ClAu(PPh3) 

therefore exhibits no activity against A. baumannii using the SSTI model while the 

more ligand exchangeable and cationic complexes AuPpbt and AuPqbt are very 



 86 

effective in eradicating bacterial loads throughout the entire “kill zone” of the 4 mm 

thick SSTI disk. 

It is important to note that although AuPpbt and AuPqbt exhibited high level of 

antibacterial activity (Figure 3.15), no reduction of bacterial load was observed with 

ClAu(PPh3).  Because pbt and qbt by themselves showed marginal antibacterial effect 

for A. baumannii, it is evident that effective interaction between the cationic gold 

complexes and bacterial cell membrane is the major cause of their bactericidal activity.  

The solubility of the tested species could also play a role, the drug must travel through 

the aqueous agar plate in order for a “kill zone” to be observed. The cationic species 

AuPpbt and AuPqbt may be able to migrate farther into the agar layer than the neutral 

ClAu(PPh3). Upon deligation of pbt or qbt from the metal center, a step that delivers 

these antibacterials to the cytosol, the highly reactive Ph3PAu+.OTf– species could also 

exert strong antibiotic action through binding to membrane and/or cytosolic molecules. 

In order to check whether AuPpbt and AuPqbt can bind to cellular SH-containing 

proteins and peptides (such as glutathione) present in the cytosol of the bacteria, 

AuPpbt was treated with 1.2 equiv of p-trifluoromethyl-benzene thiol (F3CC6H4SH) 

and the reaction was followed by both 19F and 1H NMR spectroscopy (in CDCl3).  

Interestingly, addition of the thiol to the Au(I) complex generated a new 19F-peak at 

~0.5 ppm downfield (with respect to F3CC6H4SH) indicating binding of the thiol to the 

Ph3PAu+ unit (Figure 3.16).  The 1H NMR spectrum of the reaction mixture clearly 

showed loss of pbt from the Au(I) center upon addition of the thiol. In an independent 

experiment, PPh3Au–SC6H4CF3 was synthesized by reacting ClAu(PPh3)with  
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CF3C6H4S– (prepared from CF3C6H4SH and Et3N). The 19F NMR spectrum of 

(PPh3)Au–SC6H4CF3 clearly confirmed its formation in the reaction between AuPpbt 

and F3CC6H4SH (Figure 3.16).  In order to confirm that the PPh3 ligand is not deligated 

in such reactions of AuPpbt with SH-containing biomolecules, we allowed AuPpbt to 

react with N-acetyl-L-cysteine methyl ester (HSC6H10NO3) in CDCl3. The 31P NMR 

spectrum of the reaction mixture clearly showed that the cysteine ester replaced pbt to 

form  (PPh3)Au–SC6H10NO3 (Figure 3.17). Complete absence of 31P resonance of free 

PPh3 in such reaction mixture confirms that no PPh3 loss occurs upon reaction of 

AuPpbt with the S-containing amino acid. 

 

Figure 3.16. 19F NMR spectrum of the mixture of AuPpbt and F3CC6H4SH (top 

trace), PPh3Au–SC6H4CF3 synthesized independently (middle trace) and F3CC6H4SH 

(bottom trace) in CDCl3. F3CC6H4S-SC6H4CF3 was present in the thiol as an impurity. 



 88 

 

Figure 3.17. 31P NMR spectra of complex AuPpbt (top trace) and PPh3Au–

SC6H10NO3 (bottom trace, formed uponaddition of HSC6H10NO3 to AuPpbt) in CDCl3 

(the ppm values are w.r.t free PPh3 in CDCl3) 

 

 
Deligation of pbt or qbt from both complexes by SH-containing compounds can 

be readily observed by a dramatic increase in luminescence due to release of the 

strongly fluorescent ligands in solution.  For example, when AuPqbt was allowed to 

react with CF3C6H4SH in chloroform, a sharp increase in luminescence was observed 

(Figure 3.18). Taken together, these observations suggest that complexes like AuPpbt 

and AuPqbt most likely generate the reactive Ph3PAu+ species (and free ligand) within 

the bacterial cell and disrupt the cellular mechanism(s) by binding to various 

biomolecules. Failure of free pbt and qbt in causing bacterial death could be attributed 

to their inability to cross cell membrane as well as their insolubility in aqueous media; 

complexes like AuPpbt and AuPqbt make such entry possible and possibly allow these 
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ligands to exert their own antibacterial activity. Lack of antibacterial activity of 

ClAu(PPh3) most possibly arises from its low solubility, high stability and inability to 

pass through the cell membrane. 

 

 

Figure 3.18. Dramatic rise in luminescence upon addition of CF3C6H4SH to AuPqbt 

in chloroform. Left: CHCl3 solution of AuPqbt; right: a mixture of AuPqbt and 

CF3C6H4SH in CHCl3. 

 

Finally, in order to test the antimicrobial activity of the present Au(I) complexes 

against a more common and invasive bacterium prevalent in nosocomial skin infections 

and burn injuries complex AuPpbt was tested against P. aeruginosa. A KBr pellet 

containing 0.3 mol% of AuPpbt was placed on a P. aeruginosa lawn and incubated at 

37 oC for 18 h.  The large zone of killing (Figure 3.19) confirmed that complex AuPpbt 

is highly effective in eradication of P. aeruginosa.  
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Figure 3.19. Circular clearing ring in P. aeruginosa lawn upon application of 
AuPpbt. 

 

 

 3.2.4 Experimental Methods 

 3.2.4.1 General Methods 

All reagents and solvents were of commercial grade and used without further 

purification. ClAu(PPh3) and AgOTf were procured from Sigma. The ligands pbt64 and 

qbt65 were synthesized according to reported procedures. FTIR, UV-Vis, and emission 

spectra were obtained using Perkin-Elmer Spectrum-One, Varian Cary 50, and Agilent 

Cary Eclipse spectrophotometers respectively. The 1H-, 19F- and 31P-NMR spectra of 

the ligands and the complexes were recorded using a Varian Unity Inova 500 MHz 

instrument at 298K. 

 

3.2.4.2 Synthesis 

[(pbt)Au(PPh3)](OTf) (AuPpbt): To a solution of  AgOTf (54.8 mg, 0.213 

mmol) in 10 mL of methanol was added a solution of ClAu(PPh3) (100.5 mg, 0.203 

mmol) in 15 mL of chloroform. After stirring for 30 min the white AgCl precipitate 

was filtered through a bed of celite. To the filtrate was added a solution of pbt (43.1 
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mg, 0.203 mmol) in 10 mL of chloroform and the mixture was set to reflux for 18 h. 

The solution was again filtered through celite to remove traces of black particles. The 

volume of the filtrate was then reduced to approximately 4 mL and 15 mL of hexane 

was added. The white solid thus formed was collected by filtration and dried in vacuo 

(131.0 mg, 78.6% yield). Layering of hexanes over a dichloromethane (CH2Cl2) 

solution of this solid afforded colorless crystals of AuPpbt. Anal. Clacd for 

C31H23AuN2O3PS2F3: C, 45.37; H, 2.83; N, 3.41; found: C, 45.48; H, 2.79; N, 3.37. IR 

(KBr, cm-1): 3467.97 (w), 3056.49 (w), 1458.58 (w) 1436.08 (m), 1266.69 (s), 1153.59 

(m), 1031.63 (m), 762.72 (m), 694.86 (m), 546.06 (m). 1H NMR (CDCl3, d ppm):  8.62 

(d, 1H), 8.40 (d, 1H), 8.25 (t, 1H), 8.12 (d, 1H), 8.01 (d, 1H), 7.83 (t, 1H), 7.63-7.55 

(m, 17 H). 

 

[(qbt)Au(PPh3)](OTf) (AuPqbt): The same procedure as above using qbt as the 

ligand. Complex AuPqbt was isolated as a light yellow solid (60.1 mg, 75.0%). 

Layering of hexanes over a solution of AuPqbt in dichloromethane afforded pale 

yellow crystals of AuPqbt. Anal. Clacd for C35H25AuN2O3PS2F3: C, 48.28; H, 2.89; N, 

3.22; found: C, 48.02; H, 2.91; N, 3.12.  IR (KBr, cm-1): 3435.99 (w), 3056.53 (w), 

1436.13 (w), 1262.84 (s), 1155.75 (m), 1031.38 (m), 762.25 (m), 695.69 (m), 544.91 

(m). 1H NMR (CDCl3, d ppm): 8.76 (d, 1H), 8.52 (d, 1H) 8.23 (d, 1H), 8.19 (d, 1H), 

8.06 (d, 1H) 7.69-7.53 (m, 19 H) 7.46 (t, 1H). 
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3.2.4.3 X-ray Crystallography 

Colorless and light-yellow block-shaped crystals of complexes 

AuPpbt.0.5CH2Cl2 and AuPqbt respectively were obtained by recrystallization through 

diffusion of hexanes into their dichloromethane (CH2Cl2) solutions. In case of AuPpbt, 

a suitable crystal was selected and mounted on a Bruker D8 Quest diffractometer 

equipped with PHOTON II detector operating at T = 298 K. Data were collected with 

w shutter less scan technique using graphite monochromated Mo-Ka radiation (l = 

0.71073 Å) In case of AuPqbt, a suitable single crystal was selected and mounted on a 

Bruker APEX-II CCD diffractometer with graphite monochromated Mo-Ka radiation 

(l = 0.71073 Å). In this case the crystal was also kept at T = 298 K during data 

collection and unit cell determination. Data were measured using w scan technique. 

The total number of runs and images for both data collections was based on the strategy 

calculation from the program APEX3 (Bruker).66 The maximum resolution achieved 

was q = 28.4o for AuPpbt and q = 24.2o for AuPqbt.  Cell parameters were retrieved 

using the SAINT (Bruker) software67 and refined using SAINT (Bruker) on 9525 

reflections for AuPpbt and on 8496 reflections for AuPqbt. Data reduction was 

performed using the SAINT (Bruker) software, which corrects for Lorentz polarization. 

The final completeness is 99.6% out to 28.4o in q for AuPpbt and 98.8% out to 24.2o 

in q for AuPqbt. Multi-scan absorption corrections were performed with both data sets 

using SADABS 2016/2 and SADABS 2014/5 respectively for AuPpbt and AuPqbt.68 The 

absorption coefficient for AuPpbt is 4.88 mm-1 and for AuPqbt is 4.29 mm-1. Minimum 

and maximum transmissions for AuPpbt are 0.499 and 0.746 and the corresponding 
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values for AuPqbt are 0.573 and 0.745. The structures of AuPpbt and AuPqbt were 

solved in the space group C2/c (No. 15) and Pbca (No. 61) respectively by intrinsic 

phasing using the ShelXT69 structure solution program and refined by full matrix least 

squares on F2 using version 2016/6 of ShelXL.70 All non-hydrogen atoms were refined 

anisotropically in both cases. Hydrogen atom positions were calculated geometrically 

and refined using the riding model. In case of AuPpbt, there are two 

crystallographically independent molecules within the asymmetric unit, while for 

AuPqbt one full molecule is present in the asymmetric unit. Calculations and molecular 

graphics were preformed using SHELXTL 2014 and Olex271 programs. Crystal data and 

structure refinement parameters are included in Table 1 while the bond distances and 

angles are listed in Table 3.2.  

Crystal data for complex AuPpbt (CCDC 1824282) and AuPqbt (CCDC 

1824283) can be obtained free of charge from The Cambridge Crystallographic Data 

Center via www.ccdc.cam.ac.uk/data_request.cif. 

 

 

 

 

 

 

 

 



 94 

Table 3.2. Crystal data and structure refinement parameters for AuPpbt and AuPqbt. 
_____________________________________________________________ 
           AuPpbt. 0.5 CH2Cl2   AuPqbt 

 

aGOF = [S [w(Fo2-Fc 2)2]/(No-Nv)]1/2 (No = number of observations, Nv = number of 
variables). 

 bR1 = S½½Fo½-½Fc½½/S½Fo½. cwR2 = [(Sw(Fo2-Fc2)2/S½Fo½2)]1/2 

 

 

 

Formula  C31.5H24ClF3N2O3S2PAu  C35H25F3N2O3S2PAu 
Dcalc./ g cm-3  1.777  1.601  
µ/mm-1  4.875  4.285 
Formula Weight  863.03  870.62  
Color  Yellow  Yellow  
Shape  Block  Block  
T/K  298(2)  298(2)  
Crystal System  Monoclinic Orthorhombic 
Space Group  C2/c  Pbca 
a/Å  47.014(2)  9.780(2)  
b/Å   8.7125(4)  22.679(5)  
c/Å   36.5473(18)  32.560(7)  
a/°  90  90  
b/°  120.4450(10)  90  
g/°  90  90  
V/Å3  12905.9(11)  7222(3)  
Z  8  8  
Wavelength/Å  0.71073  0.71073  
Radiation type   Mo-Ka Mo-Ka 
2qmin/°  5.674  4.706  
2qmax/°  56.712  48.376  
Measured Refl.  123645  40970  
Independent Refl.  16063 5736  
Reflections Used  12893  4345  
Rint  0.0386  0.0487 
Parameters  802  424  
aGooF  1.125  1.070 
cwR2  0.1120  0.1008  
bR1 0.0492  0.0428  
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3.2.4.4 Bacterial Studies 

The SSTI model previously developed in our lab60 was employed for 

antimicrobial studies. This uses a soft upper agar layer of evenly-dispersed bacterial 

“lawn” at the top of a nutrient rich bottom agar layer.  Such arrangement allows the 

bacteria to move slowly into the bottom layer following the nutrient gradient, much 

like ditching of surface bacteria into the inner layers of skin and soft tissue. Different 

dilutions of A. baumannii and P. aeruginosa were employed to grow ideal lawns in 

these SSTI models. For A. baumannii, a frozen stock of bacteria was first streaked on 

an LB plate and incubated for 18 h. A single colony of bacteria was selected and grown 

in LB broth for another 18 h. The suspension was diluted with fresh LB until an A600 

of 0.8 was reached. A batch of 100 mL of 0.8% (w/v) agar with 1% NaCl was prepared, 

autoclaved and cooled to 47°C before addition of 80 µL of the diluted bacterial 

suspension. This solution was gently vortexed and aliquots of 8 mL of it were spread 

evenly over of the surface of six 100 x 15 mm2 plates prepared with 20 mL of 1.5% 

(w/v) TSB agar (hard nutrient-rich layer). The plates were then incubated at 37°C for 

2 h to facilitate adhesion of the bacteria to the nutrient-rich bottom layer and cell-to-

cell contact. For P. aeruginosa, the same procedure was followed to prepare the SSTI 

model. Here, the bacterial suspension in LB medium was diluted to an A600 of 0.5 and 

120 µL of it was added to the 100 mL of soft agar solution. The SSTI models were 

prepared using 7 mL of the soft agar solution spread evenly over the surface of the hard 

agar layer. After preparation the plates and initial incubation of 2 h, the KBr pellets 
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containing the Au(I) complexes were placed on all SSTI models and incubated for 18 

h to evaluate the antibacterial activity of the Au(I) compounds.  

 

 

3.3 Antimycobacterial Activity of Gold Complexes with Pyrazinamide 

 Recent efforts in drug discovery have demonstrated that combination of two 

antipathogenic moieties in one chemotherapeutic often leads to higher overall 

efficacy.16,44,47,51,72  It is evident that such a design provides a dual mechanism of action 

and potentially increased the effect compared to that of the ligand or the metal center 

on its own. The promising antibacterial results from the previous section with AuPpbt 

and AuPqbt as well as reported results on the antitubercular activity of gold complexes 

prompted us to further study designing new gold(I) complexes comprising the 

{Au(PPh3)}+ moiety and the known TB drug pyrazinamide (pza). This drug, pza, 

shortens the treatment duration for TB to a considerable extent although large oral 

quantities are needed for such effect.73 We therefore decided to combine pza with the 

{Au(PPh3)}+ unit and study the synergistic effects on M. tuberculosis and the 

possibility of use of lower doses of pza. We report the syntheses and characterization 

of one gold(I) complex [Au(PPh3)(pza)]OTf (AuPpza) and as a comparison for 

oxidation state two gold(III) complexes [Au(pza)Cl2] (Au3pza) and [Au(pzo)Cl2] 

(Au3pzo, pzo = pyrazinoic acid, the metabolic product of pza) (Figure 3.20). The 

antimycobacterial properties of these complexes have been evaluated on both M. 

tuberculosis as well as M. smegmatis. 
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Figure 3.20. The gold complexes AuPpza (left), Au3pza (middle) and Au3pzo (right) 

evaluated for their antimycobacterial activity.  

 

 

 3.3.1 Synthesis and Spectroscopy 

Complex AuPpza was synthesized by first displacing the chloride ligand from 

ClAu(PPh3) with the aid of Ag(OTf) and introducing pza as the second ligand similarly 

to that of AuPpbt/qbt. The IR spectrum of AuPpza (Figure 3.21) exhibits a strong peak 

centered around 1261 cm-1 corresponding to the OTf counterion and carbonyl amide 

peak of PZA at 1690 cm-1. The NMR spectrum of AuPpza in CD3OD (Figure 3.22) 

shows three broad proton peaks between 8.8-9.5 ppm representative of the 3 aromatic 

peaks on the pza ligand and a multiplate around 7.6 ppm indicating the phenyl rings on 

the PPh3.  
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Figure 3.21 FT-IR spectrum of AuPpza in KBr, cm-1. 

 

 

Figure 3.22. H-NMR spectrum of AuPpza in CD3OD at 298K. 

 

Au3pza (Figure 3.20) was not obtained from the initial reaction of KAuCl4 and 

pza (synthetic details in the experimental section) but initially afforded the precursor 

complex as shown in Scheme 3.3. The precursor complex is always the first product 
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that appears as a bright yellow solid and behaves similarly to the analogous 

[AuCl3(pyrazine)] complex.74 Slow evaporation of the methanolic solution of this 

precursor complex eventually affords complex Au3pza. Comparison of the IR spectra 

of the precursor complex and Au3pza reveals different nCO frequencies (1704 and 1660 

cm−1, respectively) corresponding to the amide CO group of pza (Figure 3.23). 

Because the nCO of the precursor complex is close to the nCO value of free pza (1711 

cm−1), we believe that in this complex the pza ligand is bound to the Au(III) center in 

a monodentate fashion (as shown in Scheme 3.3). In complex Au3pza, the pza ligand 

is bonded as a bidentate ligand with the deprotonated amide group (X-ray structure 

discussed in section 3.3.2). Elimination of HCl from the precursor complex leads to 

formation of Au3pza in methanolic solution upon long evaporation (Scheme 3.3). Due 

to the relatively short reaction time (10 min), the precursor material presumably 

precipitates out as the kinetically favored species while Au3pza is the 

thermodynamically favored species obtained after recrystallization from methanol. 

This assignment is further supported by the fact that while the precursor complex 

exhibits two amide NH peaks in its NMR spectrum (much like free pza) in CD3CN, 

complex Au3pza displays only one NH peak in its spectrum in the same solvent 

(Figure 3.24). Also the precursor complex, like [AuCl3(pyrazine)], readily loses the N-

donor ligand in dimethyl sulfoxide (DMSO)-d6 (as evidenced by NMR spectra).74 We 

hypothesize that the precursor complex, pza is bound to the Au(III) center at the N atom 

meta to the carboxamide group (as observed in AuPpza) simply because this N center 

is the most basic site of the pza molecule.75 Conversion of the precursor Au3pza is 
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accelerated by the addition of NaHCO3 in a 1:1 MeOH/water reaction mixture, a step 

that pushes the reaction shown in Scheme 3.3 to the right. 

 

 

Scheme 3.3 Suggested ligand binding mode rearrangement from the precursor 

complex (left) to Au3pza. 

 

 

Figure 3.23. FT-IR spectra of the precursor complex (top) and Au3pza (bottom). 
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Figure 3.24. 1H NMR (in CD3CN) spectra of Au3pza (top), the precursor compound 

(middle) and pza (bottom). 

 

 The ligand pzo, the purported metabolic product actually responsible for the 

drug action of pza, also binds the Au(III) center as a bidentate ligand to form the 

complex Au3pzo (Figure 3.20). Addition of excess deprotonated pzo to KAuCl4 in the 

aqueous medium affords Au3pzo in high yield. The FT-IR spectrum of Au3pzo (Figure 

3.25) shows strong nCO stretch at 1705 cm-1 and NMR spectrum with three aromatic 

protons of pza at 9.31 (2H) and 9.12 (1H) (Figure 3.26). 
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Figure 3.25. FT-IR spectrum of Au3pzo in KBr. 

 

 

Figure 3.26. 1H NMR spectra of Au3pzo in CD3CN at 298K. 

 

 

 3.3.2 Crystal Structure Descriptions 

 Structures of AuPpza, Au3pza and Au3pzo were characterized by X-ray 

crystallography and the perspective views (with atom labeling schemes) are shown in 

Figure 3.27, 3.28 and 3.29 respectively) while the selected bond distances and angles 
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are listed in Table 3.3. As evident from their crystal structures, the Au(I) complex 

AuPpza exhibits a linear coordination while the two Au(III) complexes Au3pza and 

Au3pzo are square planar. In the structure of AuPpza, there is one molecule of water 

in the asymmetric unit while the other two structures contain no solvent of 

crystallization. The N(1)-Au(1)-P(1) angle in AuPpza deviates slightly from linearity 

with an angle of 177.8(2)°. The Au-N(pyrazine) (2.081(7) Å) bond is shorter than Au-

P (2.244(2) Å) bond as expected. Similar bond lengths and angles are observed in other 

known structures of Au(I) complexes of [(N-bound ligand)Au(PPh3)] type.16,76 The 

three nitrogen atoms on pza potentially allow for three different binding modes to the 

{AuPPh3}+ unit in AuPpza; however, the least sterically hindered and most basic N of 

pza shows preference to the metal center as shown in Figure 3.27.75 

 

 

 

Figure 3.27. The structure of AuPpza with water and OTf anion omitted for clarity. 

Ellipsoids are shown at the 50% probability level. 



 104 

 

Table 3.3. Selected bond lengths and angles for AuPpza•H2O, Au3pza and Au3pzo. 
 

    AuPpza•H2O   Au3pza   Au3pzo 
Au(I)-P(1))  2.2432 (18)     
Au(I)-N(1)  2.082 (6)      
Au(I)-N(3)    1.985 (4)   
Au(I)-N(2)    2.042 (4)  2.016 (6) 
Au(1)-Cl(1)    2.2571 (12)  2.250 (2) 
Au(1)-Cl(2)    2.2879 (12)  2.2510 (17) 
Au(1)-O(2)      1.998 (4) 
N(1)-Au(1)-P(1)  177.8 (2)      
N(3)-Au(1)-Cl(1)    93.22 (12)   
N(2)-Au(1)-N(3)    80.51 (16)   
Cl(1)-Au(1)-Cl(2)    90.75 (5)  90.68 (7) 
N(2)-Au(1)-Cl(2)    95.63 (11)  95.57 (14) 
N(2)-Au(1)-O(2)      82.7 (2) 
O(2)-Au(1)-Cl(1)           91.01 (16) 

 

 

Au(III) complexes Au3pza and Au3pzo (Figure 3.28 and 3.29) are both 

distorted square planar and composed of pza/pzo ligand bound as a bidentate ligand.  

The square planar geometries of Au3pza and Au3pzo deviate noticeably from planarity 

with N(2)-Au(1)-N(3) and N(2)-Au(1)-O(2) angles of 80.51(16)° and 82.7(2)° 

respectively. The Cl(1)-Au(1)-Cl(2) angles of both structures deviate only slightly from 

the perfect right angle value (90.75(5)° and 90.68(7)° respectively).  As expected, the 

deprotonated Au(1)-N(3) or Au(1)-O(2) of Au3pza and Au3pzo are significantly 

shorter than the Au(1)-N(2) bonds shown in Table 3.3. Bond lengths and angles are in 
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agreement with similar known structures of Au(III)-picolinamide and picolinic acid 

derivatives.77,78  

 

 

Figure 3.28. Crystal structure of Au3pza with thermal ellipsoids at 50% probability. 

 

 

Figure 3.29. Crystal structure of Au3pzo with thermal ellipsoids at 50% probability. 

 

 

In Au3pza the equatorial plane comprised of Au(1), N(2), N(3), Cl(1), Cl(2) 

atoms is fairly planar with mean deviation of 0.041(3) Å, while the corresponding plane 

in Au3pzo (comprised of Au(1), O(2), N(2), Cl(1), Cl(2) atoms) is highly planar with 

mean deviation of 0.011(3) Å. The central metal atom in Au3pza and Au3pzo is 

deviated from these planes by 0.009(3) and 0.022(3) Å respectively. The two chelate 
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planes formed by the bidentate pza and pzo ligands along with Au(III) centers in 

Au3pza (Au(1), N(2), N(3), C(1), and C(5))  and  Au3pzo (Au(1), N(2), O(2), C(1), 

and C(5)) exhibit minimal deviation from planarity (mean deviations, 0.01(3)1 Å and 

0.019(3) Å for Au3pza and Au3pzo respectively). The dihedral angles between the 

pyrazine ring and the five-membered chelate ring in Au3pza and Au3pzo are 3.18(2)° 

and 1.83(2)° respectively. In an Au(III) complex with picolinamide as a ligand, which 

structurally resembles closely to that of complex Au3pza, the dihedral angle between 

the pyridine ring and the five-membered chelate ring is 3.6(2)° which is close to the 

corresponding value noted for Au3pza.77 Moreover, the mean deviations of the chelate 

ring are similar to those in Au3pza. However, a reported Au(III) complex with a 

picolinic acid derivative as ligand resemble structurally more to complex Au3pzo, and  

the dihedral angle between the pyridine ring and the five-membered chelate ring is 

1.28(2)°.78  

 

 3.3.3 Antimycobacterial Activity and Interactions 

Before studying the potential synergistic effects of pza and gold on M. 

tuberculosis, the antimicrobial effects of the Au center alone were studied on M. 

smegmatis. This bacterium is in the same genus as M. tuberculosis and has 2000 genes 

highly conserved with the pathogen.  Thus, M. Smegmatis is an excellent model 

organism that is easy to work with, has a fast growth rate, and a relatively safer 

model.79,80 M. Smegmatis is known to be naturally resistant to pza, and thus provides 

an opportunity to study the activity of the {Au(I)(PPh3)}+ and  and {Au(III)Cl2}+ 
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moieties of AuPpza, Au3pza and Au2pzo. The activities of AuPpza, Au3pza and 

Au2pzo, [ClAu(PPh3)], pza, and a drug control isoniazid (ihn) were tested against M. 

smegmatis in normal growth environment and the results are summarized in Table 3.4. 

Under our conditions, we found the MIC to be 60µM for AuPpza and [ClAu(PPh3)], 

while Au3pza, Au2pzo and pza showed no activity up to 100µM. Mycobacteria species 

are known to have thick, hydrophobic and waxy membranes that prevent foreign 

substances from permeation more so than traditional Gram-positive and Gram-negative 

species.81,82 For this reason, the lipophilic {Au(PPh3)}+ unit in AuPpza might have been 

able to pass through this membrane and exert drug action. This conclusion is supported 

by the fact that cell digests from M. smegmatis cells exposed to 40 μM (below the MIC) 

of AuPpza exhibited strong inductively coupled plasma mass spectrometry (ICP-MS) 

signal(s) for gold. This conclusion is supported by the fact that the gold(III) species 

Au3pza and Au2pzo with chloro ligands but no {Au(PPh3)}+ moiety were not active at 

these concentrations.  

 

Table 3.4. MIC (µM) values for activity against M. Smegmatis 

Compound MIC(µM) 
 
AuPpza 60 
Au3pza >100 
Au3pzo >100 
[ClAu(PPh3)] 60 
pza >100 
inh 80 
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With results from M. Smegmatis study in hand, we proceeded to test the activity 

of complex AuPpza against M. tuberculosis in vitro along with [ClAu(PPh3)], pza, and 

isoniazid (ihn). The OD600 of M. tuberculosis was recorded after 24 h incubation with 

80µM of each compound in 1% acetone (Figure 3.30). Interestingly, AuPpza showed 

significant bactericidal activity (reduction in OD600) while pza on its own was only 

mildly bacteriostatic (OD600 less than the control but higher than day 0). The mild drug 

action of pza against M. tuberculosis at the 80 µM concentration is expected since 

higher concentration of pza (up to 400µM) and low pH (5.5) media are usually required 

to observe any effect on M. tuberculosis growth in vitro.83 Results shown in Figure 

3.30 strongly suggest that the {Au(PPh3)}+ moiety of AuPpza augments the efficacy of 

pza in vitro. The standard [ClAuPPh3)] was specifically included in this study to 

determine if AuPpza would show increased activity compared to a compound with the 

{Au(PPh3)}+ moiety without pza. Inspection of Figure 3.30 reveals that both AuPpza 

and [ClAuPPh3)] exhibited the greatest reduction in OD at very similar average values 

of 0.345 and 0.387 respectively.  Collectively these results suggest that AuPpza could 

introduce a dose of pza as well as {Au(PPh3)}+ moiety in one combination and act as a 

“two-in-one” drug against M. tuberculosis.  Ultimately, this might reduce the need for 

much higher doses of pza itself which has severe side effects on humans.  The gold-

phosphine unit is not so uncommon in metallodrug therapy; Auranofin, a FDA 

approved drug for rheumatoid arthritis, does contain a {Au(PEt3)}+ unit.5   
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Figure 3.30. M. tuberculosis OD600 values of initial (day 0) and after 24h (day 1) 

incubation with test compounds at 80µM. Column C has no additional compound or 

acetone.  

 

The clinically used drug pza plays an important role in shortening TB treatment 

duration from 9-12 months to 6 months. This is likely because pza targets a population 

of semi-dormant bacilli residing within the macrophages in an environment not 

accessible to other TB drugs.83,84 The mechanism of action of the pro-drug pza is not 

entirely understood, but most agree that the conversion of pza to pzo within the bacilli 

is critical for activity against M. tuberculosis. Interestingly pzo itself is not as active as 

pza against M. tuberculosis. It is well estabilished that pza has a broad range of activity 

highly dependent on pH of the media and because it targets mostly nonreplicating 

bacilli, pza exhibits slow or no bactericidal activity in vitro.83 This occurrence is likely 

0.0

0.2

0.4

0.6

0.8

1.0

C 1% acetone pza ihn ClAuPPh3 AuPpza

OD
60
0

Day 0 Day 1



 110 

the reason why no synergy was observed in our hands. Nevertheless, pza has had a 

significant clinical impact on TB and therefore research toward modifying pza with 

additional antimycobacterial moiety might lead to new and improved outcomes. 

Results of 1H-NMR studies confirm that AuPpza, Au3pza and Au3pzo are 

stable in acetone, while Au3pza and Au3pzo are also stable in acetonitrile. Complexes 

Au3pza and Au3pzo are stable in aqueous acetone (90:10) for hours, while AuPpza 

slowly decomposes in such solutions (used in biological studies). However, inside 

biologically relevant environments, exposure to sulfur containing biomolecules like 

glutathione is expected. Gold(I) centers are soft lewis acids and it is well established 

that they prefer binding to soft lewis bases like thiolate species. The binding of gold(I) 

species to biologically relevant thiols has been observed and the exchange of N- and S- 

bound ligands occurs quickly compared to P-bound ligands.16,85 This exchange has 

been hypothesized to play an important role in the anticancer effects of [N-AuPPh3] 

complexes16 as well as in the antimycobacterial effects exhibited by auranofin.86 

Disruption of redox homeostasis within the bacterial cell following binding of the gold 

unit to glutathione or thioredoxin has been suggested to be responsible for the drug 

action. Impairment of protein synthesis in bacteria has also been observed with 

auranofin treatment.3416 In section 3.2, we have showed that complexes with N bound 

benzothiazole ligands and the{Au(PPh3)}+ moiety rapidly exchange with thiol 

species.76 In the present work, we checked the possibility of exchange between pza and 

biologically relevant thiols in the case of AuPpza. Both 1H and 19F NMR spectra of the 

mixture of AuPpza and 4-(tifluoromethyl)thiophenol (FTP) were recorded to observe 
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if pza does get exchanged with FTP (Figure 3.31).  As shown in Figure 6 (left panel), 

addition of FTP to AuPpza showed release of pza as a free ligand (as evident in the 1H 

NMR, not shown) with multiple new 19F NMR peaks (Figure 6A, bottom) along with 

a white precipitate. Together, these results indicate the formation of {S-AuPPh3}-

polymeric species by AuPpza in the presence of a thiol. We hypothesize that such a 

transformation within macrophages will lead to the presence of both pza and 

{Au(PPh3)}+ units which will exert their own individual and potentially synergistic 

actions. In contrast, [ClAuPPh3] does not appear to react with FTP and form any Au-

thiol species (Figure 3.31, middle panel). In the acidic (pH 6.2-4.5) macrophage 

compartment, replacement of Cl– by a thiol is highly unlikely. Thus administration of 

AuPpza (compared to [ClAu(PPh3)]) could be more reactive against M. tuberculosis 

residing within the macrophages in vivo. We have also employed a more biologically 

relevant thiol namely, N-acetyl L-cysteine methyl ester, to check this interpretation. 

Addition of N-acetyl L-cysteine methyl ester to AuPpza resulted in immediate 

appearance of a white precipitate (Figure 3.32) but no such reaction was observed with 

[ClAuPPh3] (Figure 3.32). Taken together our results suggest that formation of {S-

AuPPh3}-polymeric species with AuPpza within biological targets might promote 

uptake by host macrophages, similar to the uptake of Au nanoparticles87,88 and/or 

breakdown of cellular thiol redox homeostasis.86 Since M. tuberculosis is either 

contained by macrophages or resides within them, this process could offer a more direct 

route to TB treatment in a host system. The {S-AuPPh3}-polymeric species derived 
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from AuPpza, along with pza, could cause more damage to the mycobacterium residing 

within the macrophages thus increasing the efficacy of the treatment. 

 

Figure 3.31. F19 NMR spectra of HSC6H4CF3 (top), ClAuPPh3 + HSC6H4CF3 

(middle), and AuPpza + HSC6H4CF3 (bottom). 

 

 

Figure 3.32. Reaction of ClAuPPh3 (left) and AuPpza (right) after addition of N-

acetyl-L-cysteine-methyl-ester. 
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 3.3.4 Experimental Section 

 3.3.4.1 General Methods 

 All reagents and solvents were of commercial grade and used without further 

purification. FT-IR spectra were obtained using a Perkin-Elmer Spectrum-One 

spectrophotometer. 1H and 19F NMR spectra were recorded using a Varian Unity 

500MHz instrument at 298 K. 

 

 3.3.4.2 Synthesis 

 [Au(PPh3)(pza)]OTf (AuPpza). A solution of 72.0 mg (0.28 mmol) silver 

trifluoromethansulfonate (OTf) in 10 mL of methanol was added to a solution of 138.8 

mg (0.28 mmol) of chloro(triphenylphosphine)gold(I) dissolved in 15 mL of 

chloroform. Immediately a suspension of AgCl was formed and the mixture was stirred 

for 30 min at room temperature and then filtered through a bed of celite. To the filtrate, 

a solution of 34.4mg (0.28mmol) of pza in 15 mL of methanol/chloroform (1:1) was 

added and the mixture was stirred for 18 h at room temperature.  The flask was covered 

with Al foil to protect the reaction mixture from ambient light. Next the solvent was 

removed in vacuo, and the solid was washed with diethyl ether to obtain AuPpza as a 

white solid (112.1mg, 54%). A solution of the solid in chloroform was layered with 

hexanes and stored in the fridge. X-ray quality crystals of AuPpza were obtained after 

one week. Anal. Calc for C24H20AuN3O4PSF3: C, 39.41; H, 2.76; N 5.74; found: C, 

39.35,; H, 2.79, N, 5.68. IR (KBr, cm-1): 3435(m), 3309(m), 1690(s), 1438(m), 1262(s), 
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1167(m), 1031(m), 693(m). 1H NMR (CD3OD, d ppm): 9.40 (b, 1H), 9.03 (b, 1H), 8.96 

(b, 1H), 7.69-6.58 (m, 15H). 

  

[Au(pza)Cl2] (Au3pza). A batch of 32.5 mg (0.26mmol) of pza was dissolved 

in 2 mL of water  and the solution was added dropwise to a solution of 99.7 mg 

(0.26mmol) potassium tetrachloroaurate in 1.75 mL of water at room temperature with 

stirring. A yellow solid appeared quickly and the suspension was allowed to stir for 

additional 10 min. The precipitate was filtered, washed with 2 mL of cold water and 

then 10 mL of cold diethyl ether to obtain the precursor complex (vide infra) as a bright 

yellow solid (90 mg). IR (KBr, cm-1): 3442(m), 1705(s), 1373(m), 1177(w), 560(w). 

1H NMR (CD3CN, d ppm): 9.53 (s, 1H), 9.07 (d, 1H), 9.05 (d, 1H), 7.68 (b, 1H), 6.60 

(b, 1H).  The precursor yellow solid was crystallized from slow evaporation in 

methanol to form orange blocks of Au3pza after two weeks. Anal. Calc. for 

C5H4AuN3OCl2: C, 15.40; H, 1.03; N, 10.77; found: C, 15.38; H, 1.10; N, 10.73. IR 

(KBr, cm-1): 3167(m), 1660(s), 1584(m), 1421(w), 1348(m), 1166(w) 1065(w), 

579(w). 1H NMR (CD3CN, d ppm): 9.26 (m, 2H), 9.21 (s, 1H), 7.24 (b, 1H). 

  

[Au(pzo)Cl2] (Au3pzo). An aqueous solution of sodium hydroxide (0.15M) was 

used to adjust the pH of a suspension of 100 mg (0.81 mmol) of pzo in 2mL of water 

until a pH of 7 was reached. At this point, pzo had fully dissolved and the solution was 

added dropwise to a solution of 101.5mg (0.27mmol) potassium tetrachloroaurate in 1 

mL of water at room temperature with stirring. A light yellow precipitate appeared 
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within minutes. After stirring for an additional 30 min the solid was filtered, washed 

with 2 mL of cold water then 5 mL of diethyl ether. The light yellow solid was finally 

recrystallized from MeOH/Ether to yield Au3pza as a yellow microcrystalline solid 

(60.2mg, 55%). X-ray quality crystals were formed by layering of acetonitrile/ether. 

Anal. Calc. for C5H3AuN2O2Cl2: C, 15.36; H, 0.77; N, 7.17; found: C, 15.40; H, 0.81; 

N, 7.13. IR (KBr, cm-1): 3586 (s), 3419 (m), 1705(w), 1616(s), 1408(m), 1376(s), 

1138(m), 850 (w), 795(w). 1H NMR (CD3CN, d ppm): 9.31 (m, 2H), 9.12 (d, 1H), 7.58 

(s, 1H). 

 3.3.4.3 X-ray Crystallography 

 Crystallographic data were collected on a Bruker APEX II single-crystal X-ray 

diffractometer (PHOTON 100 detector) with graphite monochromated Mo Kα 

radiation (λ = 0.71073 Å) by the ω-scan technique in the range 5.8 ≤ 2θ ≤ 53 for 

AuPpza, 7 ≤ 2θ ≤ 50 for Au3pza, and 6.2 ≤ 2θ ≤ 50 for Au3pzo (Table 3.5). All data 

were corrected for Lorentz and polarization effects.89 

All of the structures were solved with the aid of the SHELXT program using intrinsic 

phasing.70  The structures were then refined by a full-matrix least-squares procedure on 

F2 by SHELXL.69 All nonhydrogen atoms were refined anisotropically. All hydrogen 

atoms were included in calculated positions. The absorption corrections are done using 

SADABS.70 Calculations were performed using the OLEX271 and SHELXTL90 (V 

6.14) program package.  
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Table 3.5. Refinement parameters for AuPpza, Au3pza and Au3pzo. 
_____________________________________________________________________ 
 AuPpza.H2O Au3pza Au3pzo 
Formula  C23H20AuN3OP·CF3O3S·H2O  C5H4AuCl2N3O  C5H3AuCl2N2O2  
Dcalc./ g cm-3  1.835 3.135 3.013 
µ /mm-1  5.62 18.4 17.65 
Formula Weight  749.44 389.98 390.96 
Color  Colorless Yellow Yellow 
Shape  Block Block Plate 
T/K  298 298 298 
Crystal System  Triclinic Triclinic  Orthorhombic 
Space Group  P1 P1  Pbca  
a/Å  7.0334 (10)  6.6857 (10)  7.2868 (6) 
b/Å   12.6524 (16) 7.2848 (11) 14.4003 (12) 
c/Å   15.688 (2) 8.9057 (13)  16.4259 (13)  
a/°  79.435 (4) 94.664 (2) 90 
b/°  81.214 (5)  106.878 (2) 90 
g /°  89.464 (4) 91.649 (2)  90 
V/Å3  1356.0 (3) 413.06 (11)  1723.6 (2)  
Z  2 2 8 
Wavelength/Å  0.71073 0.71076 0.71076 
Radiation type  Mo Kα Mo Kα Mo Kα 
2 q min/°  5.8 7 6.2 
2q max/°  52.8 49.6 49.4 
Measured Refl.  24132 4259 15095 
Independent Refl.  5469 1395 1462 
Reflections Used  5027 1381 1261 
Rint  0.025 0.019 0.044 
Parameters  343 113 109 
aGooF  1.14 1.2 1.08 
cwR2  0.122 0.043 0.067 
bR1 0.044 0.017 0.024 

aGOF = [S [w(Fo2-Fc 2)2]/(No-Nv)]1/2 (No = number of observations, Nv = number 
of variables). 

  bR1 = S½½Fo½-½Fc½½/S½Fo½.  
  cwR2 = [(Sw(Fo2-Fc2)2/S½Fo½2)]1/2. 
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Crystal data for complexes AuPpza (CCDC 1961025), Au3pza (CCDC 1961027) and 

Au3pzo (CCDC 1961026) can be obtained free of charge from The Cambridge 

Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request.cif. 

 

 3.3.4.4 Mycobacterial Studies 

 M. smegmatis. Middlebrook 7H9 liquid medium79 was inoculated from a frozen 

stock of M. smegmatis and grown overnight to an optical density at 600 nm (OD600) of 

1. Stock solutions of test compounds in acetone (0.02−0.1 mM) were prepared, and 

batches of 20 μL of such solutions were added to 250 μL of the bacterial suspensions 

in 1.73 mL of 7H9 media in 5 mL culture tubes. The tubes were incubated at 37 °C for 

18 h. The MIC values were then determined by reading the OD600 of the suspensions 

with different concentrations of the test compounds. To ensure that no viable bacteria 

remained in these tubes was confirmed as follows. Aliquots of 100 μL of the 

suspensions were added to fresh 7H9 media (1 mL) and incubated at 37 °C for 18 h. In 

all cases, no bacteria growth was observed. The MIC results are summarized in Table 

3.4 and all concentrations were performed in triplicate. 

 M. tuberculosis. A stock culture of M. tuberculosis was prepared by inoculation 

of a 1 mL frozen stock into 50 mL of Middlebrook7H9 liquid medium supplemented 

with 10% (v/v) OADC enrichment (BBL Middlebrook OADC, 212351), 0.5% (v/v) 

glycerol, and 0.05% (w/v) Tween 80 (P1754, Sigma-Aldrich) in a roller bottle. Cells 

were grown to an OD600 of 1.0 to begin the experiments. The culture was then diluted 

down to a target OD600 of 0.5 (final OD reading = 0.67). Aliquots of 100 μL of 8 mM 
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test compound solutions in acetone were added to batches of 10 mL of the culture 

suspension (final concentration of the test compounds = 80 μM in 1% acetone) and the 

tubes were then incubated at 37°C. After 24 h incubation, the OD600 values were 

recorded. Triplicates were run with each test compound, and the results are shown in 

Figure 3.30.  
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Gold Drugs with {Au(PPh3)}+ Moiety: Advantages and
Medicinal Applications
Jenny R. Stenger-Smith[a] and Pradip K. Mascharak*[a]

Following the success of Auranofin as an anti-arthritic drug,
search for novel gold drugs has afforded a large number of
[L�Au(PPh3)] complexes that exhibit notable salutary effects.
Unlike Au(III)-containing species, these gold complexes with {Au
(PPh3)}+ moiety are stable in biological media and readily
exchange L with S- and Se-containing enzymes or proteins.
Such exchange leads to rapid reduction of microbial loads or

induction of apoptotic cell death at malignant sites. In many
cases the lipophilic {Au(PPh3)}+ moiety delivers a desirable toxic
L to the specific cellular target in addition to exhibiting its own
beneficial activity. Further research and utilization of this
synthon in drug design could lead to novel chemotherapeutics
for treatment of drug-resistant pathogens and cancers.

1. Introduction

Gold has been used for medicinal purposes since 2500 B.C.
when Chinese physicians and surgeons employed gold foil for
treatment of various diseases.[1] Gold therapy had not been of
major interest until Robert Koch discovered that K[Au(CN)2] was
effective against Mycobacterium tuberculosis, the causative
agent of tuberculosis (TB), in the late 1800’s.[2] The next major
advancement was the development of Au(I) complexes for the
treatment of rheumatoid arthritis starting with Au(I) thiolates in
the 1930’s and later the clinical approval of Auranofin (Figure 1)
in the 1980’s.[3]

Since then, research into additional therapeutic purposes of
gold has expanded into its antimicrobial, anticancer, antiar-
thritic, antiparasitic, and antiviral effects with much initial
success.[4–9] Many of the gold anticancer compounds reported
have been claimed to be more effective than cisplatin, one of
the most common metal containing chemotherapy drugs.
Some gold species show potent activity towards M. tuberculosis
and other infectious pathogens.[8] Even Auranofin has been
studied for its repurposing as these types of therapeutic
agents.[10]

Cationic gold mainly exists in two forms; linear Au(I) and
square-planar Au(III), both of which have been evaluated for
their biological activity. A special interest has been developed
with gold(I) phosphine species not only for their therapeutic
activity but also as effective catalysts for numerous reactions
with alkynes.[6,11,12] The ligand exchangeability of linear {Au
(PR3)}+ species is thought to play a crucial role in both the
inhibition of biological molecules and the effectiveness as a
catalyst (Figure 1).[12–15] Of these gold(I) phosphine complexes,

many gold(I) triphenylphosphine [L�Au(PPh3)] species (Figure 1)
have been of particular interest due to their stability and wide
variety of the L ligand which determines their catalytic reactivity
and the kinetic profile of their biological activity.[16,17] Even the
“parent” compound [Cl�Au(PPh3)] has shown effective anti-
cancer activity against human breast (MCF-7) and fetal lung
fibroblast cells, and was more selective towards cancerous cells
over normal cells compared to both cisplatin and the {Au
(PEt)3}+ containing Auranofin.[18] In this review we aim to
highlight the antimicrobial, anticancer, antiparasitic, anti-inflam-
matory and antiviral effects of [L�Au(PPh3)] complexes.

[a] J. R. Stenger-Smith, Prof. P. K. Mascharak
Department of Chemistry and Biochemistry
University of California, Santa Cruz
1156 High Street, Santa Cruz, CA 95064 (USA)
E-mail: pradip@ucsc.edu
This article belongs to the joint Special Collection with the European Journal
of Inorganic Chemistry, “Metals in Medicine”.

Figure 1. Auranofin, examples of linear arrangement of [L�Au(PPh3)] com-
plexes and their reaction with biological thiols leading to the biological
activity.
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2. Gold-Phosphine Chemistry

Gold(I), an electron rich d10 transition metal, typically forms
complexes with linear geometry and can be partially explained
by the relativistic effects of post lanthanide elements.[19] The
aerophilic interactions (gold-gold contacts) observed in gold
chemistry give rise to very interesting photophysical, catalytic
and clustering properties.[20] Although gold(I) phosphine com-
plexes of the type [L�Au(PR3)] will be discussed hereafter to
keep this review focused, there are variety of other donor
ligands that can be present on a gold(I) center such as arsine,
isocyanide, carbine, ylide, amine, halide, alkyl, aryl, and
chalcogenolide.

Gold(I) phosphine complexes have been extensively studied
with particular interest in the influence of the phosphine
ligands on the metal�P bond.[17,21,22] For PR3 ligands, the R
substituent plays an important role in their sigma donor
strength as well as &-acceptor capabilities; the more electro-
negative the R group, the more stable the empty P�R �* orbital
and thus becomes a better acceptor of electron density from
the metal center. This property is of special importance in the
catalytic activity of {Au(PR3)}+ species; the R substituents on the
phosphine determines the electrophilicity of the ionic frag-
ments {Au(PR3)}+ used as catalytic activators of substrates
(usually alkynes and allenes).[17] These slight variations influence
the way {Au(PR3)}+ reacts with the substrate and stabilize
intermediates and thus the outcome of the reaction. Specif-
ically, this is apparent in cationic gold(I) catalysis of the addition
of alcohols to alkynes where {Au(PPh3)}+ was more active than
{Au(PEt3)}+ in this particular type of reaction.[12] This same
concept likely influences the binding of the {Au(PR3)}+ species
to biological molecules and influence their overall activity. Gold
(I) interactions with biological proteins and peptides can also be
described by hard soft acid base theory; a soft metal center like
Au(I) binds tightly to soft ligands like sulfur (present in the
common amino acid cysteine).

Numerous [L�Au(PPh3)] species have been identified, the
simplest being [Cl�Au(PPh3)], which is used extensively for the
synthesis of new compounds of this type by replacement of the
Cl ligand. The stability of the {Au(PPh3)}+ fragment allows for

many L donor ligands, the most common types are alkynyl,
nitrogen, phosphorus and sulfur containing (Figure 1) which
result in either a neutral or cationic species.[8,23] One advantage
of this type of complexes is their relatively simple synthesis and
purification often involving [Cl�Au(PPh3)] and either (a) the
introduction of the protonated ligand and a base or (b) the
addition of Ag+X� to form AgCl precipitate in the presence of
the ligand (Scheme 1). The structural complexity of potential L
ligands provides endless possibilities to rationalize the influence
(lipophilicity, hydrophilicity, additional drug targets) it has on
the efficacy of [L�Au(PPh3)] species.

3. Anticancer Activity

Gold complexes have been widely studied for their activity as
anticancer agents.[6,14,24,25] It is generally believed that ligand
exchange of linear [L�Au(PPh3)] complexes with bioactive
molecules results in their antitumor activity (Figure 1).[14,16] The
exchange of L=N/S-donor ligands occurs rapidly within the
blood (20 min) while exchange of the PPh3 ligand is much
slower.[16,26] The weaker bonded ligands in many cases thus
influence the kinetic profile of these compounds. Loss of the L
ligand in solution with relevant biological thiols such as
glutathione and cysteine is observed and can be easily detected
by ESI-MS and NMR spectroscopy.[16,27] In blood serum, gold
species readily binds albumin and other globulins and main-
tains a sustained presence of the gold drug in cellular matrices
for days.[26] This ligand exchange activity with biological
molecules is likely what causes the inhibition of cytosolic and
mitochondrial Thioredoxin reductase (TrxR) which has been
identified as the major cause of apoptotic death of cancer cells
by [L�Au(PPh3)] complexes.[28–31] Mammalian TrxR isoenzymes
are selenoproteins with a redox active selenocysteine residue at
their active sites which likely binds strongly to the {Au(PPh3)}+

moiety and interferes severely with cellular redox homeostasis
leading to cell death. The facile ligand exchange property of the
[L�Au(PPh3)] complexes could also involve other targets in
cancer cells and the cellular death could be a result of
combination of such bindings. Recent studies also indicate that
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complexes with {Au(PPh3)}+ moiety suppress cancer-promoting
inflammation by inhibiting secretion of pro-inflammatory
cytokines such as tumor necrosis factor-� (TNF-�) and inter-
leukin-1b (IL-1b).[16,32] Gold phosphine compounds are known to
inhibit the ubiquitin-proteasome system (UPS) in cancer cells.[33]

Many different cancers, such as colon, prostate and leukemia,
rely on the UPS system more heavily than non-cancer cells.
Because UPS is involved in many cellular processes, including
cell cycle regulation, protein degradation, gene expression and
DNA repair, inhibition of these by gold compounds induces
apoptosis.

A recent study involving the parent complex [Cl�Au(PPh3)]
has demonstrated anticancer properties against human breast
and fetal lung fibroblast cells and the cytotoxic activity is
stronger than that of cisplatin and Auranofin.[18] Although
sparingly soluble in aqueous media, this complex exhibited
permeation of mitochondrial membranes due to the presence
of the {Au(PPh3)}+ unit and induced robust mitochondrion
inhibitory activity in several cancer cell lines. Other [L�Au(PPh3)]
anticancer complexes reported to date contain a variety of L
ligands, most commonly as alkynyl,[28–30,34] sulfur,[35–37] or
nitrogen[27,38,39] containing ligands. Alkynyl complexes 1 and 2
(Figure 2) containing chromone derivatives, medicinally impor-
tant plant metabolites, and {Au(PPh3)}+ showed potent activity
against human liver and breast cancer cells with IC50 (concen-
tration required inhibit 50% growth) values in the low micro-
molar range.[29] These complexes were found to mainly target
the mitochondria and promote apoptosis arising from TrxR
inhibition, caspase 3 and 9 activation, DNA damage and cell

cycle disturbances. Other alkynyl species 3–5 (Figure 2) were
investigated with propargylic amine derivatives to examine the
influence of the sidearm towards their biological activity.[30]

Compound 3, bearing only one {Au(PPh3)}+ unit was the most
active to all three cell lines (human colorectal adenocarcinoma
HT29, ovarian carcinoma IGROV1, and human promyelocytic
leukaemia HL60 cells) with IC50 values in the low micromolar
range. In contrast complex 4 was only active in this range
towards two cancerous lines and interestingly complex 5, with
two {Au(PPh3)}+ moieties, was only active towards the
IGROV1 cell line. Contrary to common findings, the most active
compound 3, showed no TrxR inhibition, but toxicity could be
attributed to its interactions with DNA. The complex 6 (Figure 2)
bearing a 4-ethynylanisole ligand coordinated to the {Au
(PPh3)}+ unit along with other alkynyl Au phosphine derivatives
have shown promising anticancer activity.[28,34] These complexes
were identified to be a strong inhibitors of TrxR with activity
towards HT-29 and the human breast cancer MDA-MB-231 cell
lines in the low #M range. In vivo studies with 6 were
challenging due to the solubility of this species. Various
methods for dissolving the compound were employed, but
ultimately peanut oil nanoemulsion showed the greatest
loading of 6 (0.098 mg/mL) and was employed as an intertu-
moral injection into a NCI�H460 xenograft mouse model.
Results showed that treatment was not effective as the tumors
did not change in size but was well tolerated by the mice. The
inactivity might be due to the low dosage caused by the
insolubility of the complex.

Triphenylphophinegold(I) complexes with sulfanyl-prope-
noate ligands such as 7 (Figure 3) exhibit antineoplastic activity
in human cervix and ovarian cancer cells comparable to
cisplatin.[35] [L�Au(PPh3)] complexes 8 and 9 (Figure 3), contain-
ing 1,3,4-oxadiazol-2-thione or 1,3-thiazolidine-2-thione deriva-
tives, chosen for their analgesic and anti-inflammatory proper-
ties, showed activity against various cancer cells lines.[36] The
variation of the alkyl chain length in both 8 (n=6, 8, 10, 12, 14)
and 9 (n=7, 9, 11, 13, 15) proved that the varying biological
activity of these types of complexes is not a simple correlation
of toxicity to lipophilicity. The bimetallic sulfur bound complex
10 (Figure 3) was tested for its antitumor activity using a mouse
model, and showed reduction in tumor growth activity (treat-
ment to control, T/C ratio=128) quite comparable to 5-
fluorouracil.[37] Interestingly, the similar bimetallic complex with
{Au(PEt3)}+ with a bridging dithiolate ligand was extremely
toxic, causing the mice to die rapidly (T/C ratio=30) compared
to 10.

Extensive studies on various [L�Au(PPh3)] complexes 11–16
with biologically active ligands (amino acids, DNA bases and
peptides) reported by Gimeno and coworkers, have provided
insight into the structure-activity relationship in this type of
complexes.[31,40–42] Complexes 11–16 (Figure 3) are just a few of
the {Au(PPh3)}+ type species that show potent anticancer
activity against various cancer cell lines and show inhibition of
TrxR. Two key findings from these studies related to {Au(PPh3)}+

were that compounds containing cysteine dipeptides were the
most active towards the cancer cells lines and that structural
modifications to include cyclic amino acid (11–14) or conjuga-

Scheme 1. Typical synthetic routes for [L�Au(PPh3)] complexes.

Figure 2. Alkynyl [L�Au(PPh3)] complexes showing anticancer activity.
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tion of a second {Au(PPh3)}+ center seemed to show improved
activity (12, 14 and 16).[31] The structure relationship comparison
was described in great detail in these accounts and the findings
could provide insight into future design of anticancer Au-
phosphine complexes.

Complexes 17–19 (Figure 4), [L�Au(PPh3)] complexes with
L=benzimidazole- and pyrimidine-based ligands, have also
shown promising antiproliferative results in vitro.[38] The pyridyl-
benzimidazole ligand was chosen for its anti-inflammatory
properties and to allow multiple N-donor binding cites for
studying structure-function relations. Complexes 17–19 showed
impressive antiproliferative activities on the A2780 ovarian
cancer cell line and its cisplatin-resistant counterpart line (IC50

0.60-3.57 #M). Notably, an improvement in activity was ob-
served in the A2780 line with 17 and 18 (1.50 and 0.60 #M
respectively) with {Au(PPh3)}+ compared to the analogous
complex with {AuCl} and {Au(TPA)} moieties (6.70 #M and
13.30 #M respectively, TPA= triazaphosphaadamantane). This
indicates that the {Au(PPh3)}+ unit plays an important role in
the toxicity of gold(I) complexes with this type of ligand. There
was no advantage of conjugation of two {Au(PPh3)}+ units in
complex 19 compared to 18 on its anticancer activity.
Compounds 20–23 (Figure 4) with lansoprazole type ligands
also showed potent anticancer results on the same A2780 and
cisplatin-resistant cells lines (IC50=0.7–4.2 #M).[39] Lansoprazole

(N-donor ligand in 20 and 21) is a proton pump inhibitor and
could potentially increase chemosensitivity of tumor cells. The
most active compounds against the cisplatin-resistant cells line
were 20 and 21 (IC50=0.7 #M and 0.9 #M) bearing lansoprazole
derivatives. However, the compounds 22 and 23 (not bearing
the sulfinyl group that leads to activation of the ligand
responsible for VH-ATPase inhibition and thus proton pump
inhibition) still showed similar impressive activity in resistant
cells lines (IC50=4.2 #M and 1.2 #M). All compounds showed
some selectivity towards cancer cells and were less effective
towards the non-cancerous HEK-293T cell line.

Complexes of type 24 (R1= ethyl, n-butyl, allyl, benzyl,
phenylethyl and R2= H, Cl, Figure 4) with hypoxanthine
derivatives, which have been shown to inhibit several enzymes,
were also evaluated for their anticancer activity.[16] Most IC50

values were in the low micromolar range against numerous cell
lines including lung adenocarcinoma A549, melanoma G-361,
HeLa, and cisplatin-resistant ovarian carcinoma A2780R. Most
proved more effective than cisplatin on the cell lines chosen.
Results of ESI-MS studies with 24 type of complex indicate that
reactions with thiol containing biomolecules like cysteine and
reduced glutathione by replacement of the N donor ligand to
form [glutathione�Au(PPh)3] and [cysteine�Au(PPh)3] type inter-
mediates could reflect their ability to inhibit TrxR. Earlier reports
of 5-fluorouracil derivatives, 25 and 26 (Figure 4), also react
with methanethiol, p-toluene thiol and histidine residues
forming the thiolate- or imidazolate-bound {Au(PPh3)}+ species,
indicating potential reaction with cysteine or histidine residues

Figure 3. [L�Au(PPh3)] compounds with sulfur bound ligands that have been
evaluated for their anticancer activity.

Figure 4. Anticancer complexes bearing nitrogen and phosphorus contain-
ing ligands.

ChemMedChem
Minireviews
doi.org/10.1002/cmdc.202000608

2139ChemMedChem 2020, 15, 2136–2145 www.chemmedchem.org © 2020 Wiley-VCH GmbH

Wiley VCH Dienstag, 10.11.2020
2022 / 182265 [S. 2139/2145] 1



 133 

 
 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

in vitro.[27] Enhanced antitumor activity on a mice model was
observed by 25 compared to the ligand itself.

The mixed phosphine complex with {Au(PPh3)}+ moiety 27
exhibits strong anticancer effects on MCF-7 breast cancer cells
and human melanoma cells.[43,44] In both cases alterations in the
nuclear morphology, loss of membrane potential, release of
cytochrome c from mitochondria and caspase activation
confirm apoptotic cell death. The bridging phosphine ligand is
lost when this complex reacts with thiols such as cysteine.
Because the complex partially converts to the binuclear
complex [{AuCl(PPh3)}2(#2-dppp)], the nature of the pharmaco-
logically active species remains unclear.

Several general conclusions could be drawn regarding
anticancer [L�Au(PPh3)] complexes regardless of the L donor
ligand from the results of these studies. Most complexes exhibit
notable anticancer activities (low #M range) in vitro and some
even show antitumor action in vivo. The efficacy of the
complexes could be enhanced by choosing L ligands that
themselves might have some anticancer activity or might
enhance the lipophilicity (thus the overall activity). The results
also provide strong support to the conclusion that much of the
anticancer activity comes from the {Au(PPh3)}+moiety and is
relatively independent of the L ligand regardless of its function.
This is supported by the fact that most complexes afford similar
IC50 values, with moderate variation from the L donor ligand.
The superior lipophilicity of the gold complexes bearing PPh3

ligand (compared to PEt3) is evident in many examples
although the exact advantage of the phosphine could be more
complicated than that elucidated at this time. In fact, multiple
studies show contradictory findings in which two {Au(PPh3)}+

units in one complex either did or did not show the expected
increase in activity compared to the analogous complex with
the same L and one {Au(PPh3)}+ unit. It is now apparent that
the rate of uptake of the [L�Au(PPh3)] complex into the cell, the
extent to which thiol containing proteins and enzymes can be
inhibited by this gold species, as well as the solubility of these
types of complexes, all influence the overall activity. Although
inhibition of TrxR appears to be the most common drug action,
it is not the sole reason for the anticancer activity of these
complexes. More investigations on the drug mechanism(s) of
the [L�Au(PPh3)] complexes are required to establish their utility
as cancer chemotherapeutics. Because gold phosphine com-
plexes have been shown to induce apoptosis of both cisplatin-
sensitive and cisplatin-resistant human ovarian cancer cells,[45]

co-administration of both the Pt and Au drugs could mitigate
the problem related to drug resistance, a common impediment
to cancer chemotherapy.

4. Antibacterial Activity

To date, a fewer number of complexes of the type [L�Au(PPh3)]
have been studied for their antibacterial effects compared to
similar complexes that have been evaluated for anticancer
effect. Nevertheless, several gold complexes (and gold nano-
particles) have exhibited promising antimicrobial activity.[8]

Inhibition of biosynthetic pathways such as cell wall synthesis,

DNA and protein synthesis as well as inhibition of enzymes
such as ATP synthase have been identified as the mechanism(s)
of action of these gold species.[46,47] Such participation in
multiple pathways could be advantageous when considering
bacterial infections by pathogens that have developed resist-
ance to traditional antibiotics.

Among [L�Au(PPh3)] complexes with L=N- and S-donor
ligands, complexes 28–31 (Figure 5) have been shown to exert
antimicrobial activity against Gram-positive Bacillus subtilis and
Staphylococcus aureus (minimum inhibitory concentration, MIC
7.9-125 #g/mL), but no activity was noted towards Gram-
negative Escherichia coli and Pseudomonas aeruginosa.[15,48] To
model the interaction of these complexes with cysteine residues
present in biological molecules, the ligand exchangeability of
28–31 and other N/S bound {Au(PPh3)}+ species has been
examined. The majority of these reactions led to cleavage of
the Au�N/S bond rather than the Au�PPh3 bond and it was
concluded that the extent of ligand exchangeability of the
complexes is correlated to their antibacterial activity. Like 28–
31, compounds 32 and 33 with O- bound ligands (Figure 5) also
show activity towards only Gram-positive bacteria B. subtilis and
S. aureus (MIC’s in the range 31.3–62.5 #g/mL).[49]

Many [L�Au(PPh3)] complexes like 1, 2, 8, 9 and 34
(Figures 2, 3, and 6) show both anticancer and antimicrobial
properties. 1 and 2 with alkynyl ligands were evaluated for their
activity against methicillin-sensitive and methicillin-resistant S.
aureus (MRSA) and E. Coli showing promising results for Gram-
positive MRSA (MIC 2–32 #g/mL) but no activity towards Gram-
negative species.[29] As a comparison, the starting material
[Cl�Au(PPh3)] was also evaluated against these strains and
outperformed 1 and 2 with lower MIC’s towards MRSA (MIC 1–
2 #g/mL) and also showing activity towards Gram-negative E.
coli (MIC 16–32 #g/mL). This indicated that the replacement of
the Cl ligand to the alkynyl species might alter the uptake/
activity of these Au complexes especially considering the
permeability of Gram-positive and Gram-negative cell mem-
branes. Complexes 8 and 9 also showing anticancer activity
were evaluated for their activity towards S. aureus, Staph-
ylococcus epidermitis, E. coli and P. aeruginosa.[36] All compounds
showed potent activity towards Gram-positive species (MIC 1.3–
19.1 #M) and increased activity compared to [Cl�Au(PPh3)]
reference compounds but no activity towards Gram-negative
bacteria. Interestingly, the analogous {Au(PEt3)}+ compounds of
8 and 9 performed slightly better. Complex 34 also showed
potent antibacterial activity (MIC 8–16 #g/mL) particularly

Figure 5. Complexes of [L�Au(PPh3)] that show activity towards Gram-
positive bacteria.
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against Gram-positive bacteria S. aureus, multidrug-resistant
(MDR) S. aureus, Enterococcus faecalis, Bacillus cereus, S.
epidermidis, and MDR S. epidermitis.[50] Bactericidal activity of 34
was also observed towards the Gram-negative E. coli and MDR
Kiebsiella oxytoca (32 and 16 #g/mL respectively).

In our own hands, we have observed the antibacterial
activity of {Au(PPh3)}+ complexes 35 and 36 with benzothia-
zoles as ligands (Figure 6).[51] A skin and soft tissue infection
model was used to evaluate their antibacterial efficacy against
Acinetobacter baumannii and P. aeruginosa, two Gram-negative
pathogens. Both complexes showed significant bacterial lawn
clearing in case of A. baumannii while the control [Cl�Au(PPh3)]
showed no effect using this method. Compound 36 also
showed significant lawn clearing when tested against P.
aeruginosa. The reactivity of these compounds towards thiols
was examined by NMR as a model for the interaction of these
gold complexes with SH-containing proteins and peptides
present in the bacteria which could play a role in their
antibacterial action. Results showed that upon introduction of a
thiol, the benzothiazole ligands are replaced and a new [S�Au
(PPh3)] species is formed indicating interaction with SH-
containing proteins and peptides. Because the two benzothia-
zoles by themselves did not exhibit any significant activity, the
results overall indicate that the antibacterial effects 35 and 36
presumably arise from the reactivity of {Au(PPh3)}+ unit.

Sulfonamide compounds 37–39 (Figure 6) are significant
antibacterial and antibiofilm agents against P. aeruginosa with
MIC values ranging from 1–8 #g/mL.[52] P. aeruginosa is an
opportunistic Gram-negative pathogen and can be difficult to
treat due to the rapid formation of a biofilm.[53] To observe the
antibiofilm behavior, complexes 37–39 were subjected to
swarming motility assay and all showed significant decrease in
the biofilm growth compared to the control. This was also
confirmed by confocal microscopy of the exopolysaccharides
which make up a majority of the mass of biofilms. Interestingly,
compounds with bimetallic gold did not perform as well.
Molecular docking studies showed that all complexes are able
to interact strongly with the LasR protein (related to the
quorum sensing and biofilm formation in P. aeruginosa) and
could be the reason behind the antibiofilm activity. In a
different study by the same group, 37–39 showed similar
antibacterial and antibiofilm activity towards MRSA, but no

toxicity towards Caenorhabditis elegans indicating the com-
pounds are well tolerated.[54] All of these results imply that
these sulfonamide {Au(PPh3)}+ complexes could find use in
chronic infections by MDR bacteria.

While the exact mechanism of action [L�Au(PPh3)] species
still remains widely unknown, research suggests much that like
in cancer, there are multiple mechanisms of action that could
benefit treatment of MDR pathogens. The majority of the [L�Au
(PPh3)] complexes show activity towards Gram-positive species
although a few are also active towards Gram-negative bacteria.
This difference in activity could be due to the low permeability
of the two-membrane cell wall of the Gram-negative bacteria
which is recognized as the major obstacle in the development
of antibiotics that are effective towards such species.[55] Close
scrutiny of the complexes in this section of the review reveals
that the activity towards Gram-negative bacteria could be
related to the presence of a [N�Au(PPh3)] core (compounds 34–
39) which could ligand exchange more effectively or rapidly in
order to exert drug action. However, further investigation is
necessary because complexes 30 and 31, also containing [N�Au
(PPh3)] cores, were not active towards Gram-negative bacteria.

5. Antiparasitic Activity

A few {Au(PPh3)}+ containing molecules have been evaluated
for their activity against various parasites. For example, the
in vitro antimalarial activity of the thiosemicarbazonato com-
plexes 40 and 41 (Figure 7) were evaluated on Plasmodium
falciparum.[56] The ligands themselves show antimalarial proper-
ties and when combined with an {Au(PPh3)}+ center the
complexes show excellent potency and are comparable to
chloroquine (CQ), the leading antimalarial drug (IC50=10.7 and
7.06 nM respectively). Analogous complexes of 40 and 41 with
selenium, rather than sulfur bound ligands were also evaluated,
but only showed moderate activity.

Navarro and coworkers have explored compound 42 (Fig-
ure 7) with CQ as a ligand extensively.[57–59] Potent activity was
observed towards P. falciparum with IC50 in the nano molar
range (9.2 and 4.8 times more potent than CQ diphosphate
(CQDP) while the control [Cl�Au(PPh3)] caused no inhibition of
growth.[57] This comparison indicates that the inhibition was
due to both gold and CQ presence in the medium. Further
investigations showed that red blood cells pretreated with 42
showed 0% parasitemia while the value with CQDP as control
was 5.60%.[58] In 2011, this group found that the increase in
activity of 42 towards CQ-resistant P. falciparum is likely still due
to the inhibition of beta-hematin formation, the main mecha-
nism of action of CQ, and attributed the ability of 42 to
overcome CQ resistance and the improved activity to the
increased lipophilicity provided by the {Au(PPh3)}+ unit.[59] In
short the {Au(PPh3)}+ could cause an accumulation at lipid/
water interfaces where heme aggregation exists and could
prevent recognition of CQ by the protein responsible for
resistance. The in vivo activity was also tested using the rodent
parasite Plasmodium berghei mouse model.[57] No apparent toxic
response or adverse effects were observed in the mice atFigure 6. Au(I) complexes showing activity towards Gram-negative bacteria.

ChemMedChem
Minireviews
doi.org/10.1002/cmdc.202000608

2141ChemMedChem 2020, 15, 2136–2145 www.chemmedchem.org © 2020 Wiley-VCH GmbH

Wiley VCH Dienstag, 10.11.2020
2022 / 182265 [S. 2141/2145] 1



 135 

 
 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

5.4 mg/kg of 42 and the complex was able to suppress
parasitemia by 84% compared to the untreated control while
the CQDP standard only suppressed by 44%. These results
indicated the addition of the {Au(PPh3)}+ unit to CQ significantly
increased the in vivo susceptibility in the P. berghei mouse
model. This same group also reported the activity of 43 and 44
(Figure 7) towards Trypanosoma cruzi, the parasite responsible
for Chagas disease and found that both dramatically reduced
the proliferation of epimastigotes of T. cruzi (66 and 71%
respectively) compared to the free ligands.[60] Similarly, the
binuclear complex {Au(PPh3)}+ complex 45 (Figure 7) also
showed increased activity towards the parasites Leishmania
mexicana, Leishmania braziliensis, and T. cruzi compared to the
free ligand and did not show cytotoxicity towards mammalian
macrophages at the concentrations used (<1 #M).[61] The ligand
pyridine-2-thiol N-oxide in 45 was previously shown to inhibit
the parasite-specific enzyme NADH-fumarate reductase in T.
cruzi and a dramatic increase of inhibition of this enzyme was
observed upon complexation with {Au(PPh3)}+. While this
finding does not imply the inhibition of NADG-fumarate
reductase is the sole mechanism for the observed antiprolifer-
ative effect of 45, it can certainly be attributed to its drug
action.

Interestingly, 46 and 47 (Figure 7), with CQ derivatives as
ligands showed relatively low activity towards P. falciparum
compared to CQ and was unexpected due to the improved
results seen by Navarro in with 42 (with CQ as a ligand).[62] This
could be attributed to the difference in bond strength between

the weak Au�N bond in 42 and relatively strong Au�C bond in
46 and 47 where in physiological conditions the latter may be
less likely to disassociate and exert drug action. The {Au(PPh3)}+

moiety might help to bring the CQ-type molecule into the site
of action in the cell and thus be responsible for the increase in
activity. However, in the case of 46 and 47, because the ligand
is less likely to disassociate compared to 42 it could lead to
decreased activity. While 46 and 47 were not ideal candidates
for their anti-malarial activity, they did show some promising
anticancer activity.

With antiparasitic gold complexes, it is unclear exactly how
the combination of the {Au(PPh3)}+ unit and a known parasitic
drug leads to increase the activity. It could act as a shuttle to
the active site and/or exerts its own drug action, but this is not
fully understood at this at this time and is likely different for
each [drug�Au(PPh3)] combination and type of parasite. It
seems likely the {Au(PPh3)}+ moiety could have its own activity,
due to the fact other gold(I) species have shown inhibition of
trypanothione reductase in Leishmania infantum by binding of
the Au to the two cysteines of the active site.[63,64]

6. Antimycobacterial Activity

M. tuberculosis, the infectious pathogen responsible for TB is
known to be particularly difficult to treat and often the
treatment involves three or more drugs in combination.
Unfortunately, resistance to such treatment is emerging in
certain populations. Robert Koch discovered that gold(I)cyanide
was effective towards M. tuberculosis in the 1890’s[2] and since
then other gold complexes have shown potent activity towards
the pathogen. Only a few compounds specifically with an {Au
(PPh3)}+ moiety have been evaluated for their antimycobacterial
activity. The cationic compound 48 (Figure 8) with an overall 2
+ charge and acridine ligand was evaluated for its effect on M.
tuberculosis and was proved to be a strong inhibitor.[65] Both 48

Figure 7. Complexes of {Au(PPh3)}+ investigated for anti-parasitic action.

Figure 8. Complexes that exhibit antimycobacterial action.

ChemMedChem
Minireviews
doi.org/10.1002/cmdc.202000608

2142ChemMedChem 2020, 15, 2136–2145 www.chemmedchem.org © 2020 Wiley-VCH GmbH

Wiley VCH Dienstag, 10.11.2020
2022 / 182265 [S. 2142/2145] 1



 136 

 
 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

and the analogous {Au(PEt3)}+ complex were tested (IC90=

1.204 and 1.050 #M) and while the {Au(PEt3)}+ complex was
slightly more active, 48 was more selective towards M. tuber-
culosis than Vero cells (SI=7.310 and 4.983 respectively).
Complexes 49 and 50 among others (Figure 8), with ligands
derived from carbohydrates, were also evaluated for their
antitubercular activity.[66] Interestingly, 49 was more active than
the analogous {Au(PEt3)}+ complex, but the opposite was found
for complex 50 and its {Au(PEt3)}+ derivative. 49 was the most
active in all of the Au compounds studied in this report (MIC90=

2.50 #g/mL) including the [Cl�Au(PPh3)] parent compound
(MIC90=25.00 #g/mL).

Studies with 38 and 51 (Figure 6 and 8) also showed activity
towards species of mycobacterium.[67] First the compounds
were tested against Mycobacterium smegmatis, the safer and
similar model organism often used prior to working with M.
tuberculosis, and showed potent activity (MICs of 2.44 and
4.88 #g/mL for 38 and 51 respectively). Next, the possible
synergy between these complexes and trimethoprim, an anti-
biotic, was assessed revealing synergy with 51 and only an
additive effect with 38. An added effect was observed with the
starting material [Cl�Au(PPh3)], indicating that the synergy in 51
likely was resulting from the ligand although the full mecha-
nism and role of {Au(PPh3)}+ is unknown. The synergy between
trimethoprim and 51 was also observed with M. tuberculosis
providing promising results for future studies. Compound 37
and 38 (Figure 6) in a different study were also assessed for
their activity and synergistic activity with trimethoprim in
different species of Mycobacterium (M. abscessus, M. forticum
and M. massiliense) responsible for nosocomial infections that
are typically not transmitted human to human but rather from
the environment.[68] Significant improvement in activity was
observed upon conjugation to a {Au(PPh3)}+ center and synergy
between 37 or 38 and trimethoprim was observed in most
cases with these Mycobacterium species. In our laboratory,
complex 52 (Figure 8) with known TB drug pyrazinamide as an
N donor ligand was first screened for its activity towards M.
smegmatis (MIC=60 #M) and had a higher activity than the
control drug isoniazid.[69] With these results in hand, 52 was
tested for its activity towards M. tuberculosis and compared to
free pyrazinamide, the starting material [Cl�Au(PPh3)] and
isoniazid all at the same concentration (80 #M). Results indicate
that 52 and [Cl�Au(PPh3)] showed similarly strong bactericidal
activity while the pyrazinamide under these conditions was
only mildly bacteriostatic. This observation confirms that most
of the antimycobacterial action is coming from the {Au(PPh3)}+

unit itself rather than the ligand (however pyrazinamide is
known to be active in vitro at much higher concentrations and
lower pH of media). MDR M. tuberculosis and other species are
an emerging problem and results of ours and other studies
indicate that {Au(PPh3)}+ species may be a useful tool in the
development of new TB drugs. Mycobacterium are particularly
robust due to their hydrophobic membrane (unlike Gram-
negative and Gram-positive bacterial species) and the {Au
(PPh3)}+ unit may provide an increase in lipophilicity to allow
more of the unit itself or the drug ligand into the cytosol/
membrane to exert increased drug action. At present, few and

differing results on this type of complexes and their activity
towards Mycobacteria in general have been reported; further
discoveries in this area could provide valuable insight.

7. Anti-inflammatory/Antiviral Activity

The broad activity of gold complexes expands into other areas
of medicinal research including anti-inflammatory and antiviral
prospects. Gold complexes with peptides as ligands were
evaluated for their activity towards HIV infection.[70] In com-
plexes of type 53 (Figure 9), {Au(PPh3)}+ is conjugated to the
cysteine amino acid residues in the modified E1P8 and E2P45
peptides (represented by the arrow) which themselves showed
interference with infectivity of HIV-1. They both performed
significantly better than the parent peptides in cell-cell fusion
and antiretroviral assays and the IC50 values were three orders
of magnitude lower than the peptides themselves. This increase
in activity could be attributed to the increased lipophilicity
provided by conjugation of the {Au(PPh3)}+ to the peptides in
53 and/or the introduction of the gold atom which could have
its own cytotoxic activity. Another group showed gold species
54 and 55 (Figure 9) as well as others were able to interact and
displace zinc in the C-terminal of HIVNCp7 zinc finger, a
potential drug target for inhibition of HIV infection.[71] Results of
ESI-MS experiments with NCp7 peptide indicated that the zinc
is replaced rapidly upon introduction of the compounds and
the most prominent species formed is the [apoNCp7�Au
(PPh3)]n+ ion and it is stable for at least 78 hour although other
Au adducts are also formed. This has important implications in
the treatment of viral infections with {Au(PPh3)}+ species. In
fact, recent studies showed that the {Au(PEt3)}+ containing
Auranofin significantly reduced the viral load of SARS-COV-2 in
human cells.[72]

Auranofin is well known for its treatment of rheumatoid
arthritis. Although the specific mechanism of action is not

Figure 9. Au(I) complexes with anti-inflammatory or antiviral activity.
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entirely elucidated, the drug has been linked to the inhibition
of release of �-glucuronidase and lysozyme, the production of
superoxide and lymphoblastogenesis.[73] Many other inhibitory
pathways have been identified for gold(I) species, specifically
for the {Au(PPh3)}+-containing complexes 56 (R1=F, Cl, H; R2=

H, H, CH3) and 24 (Figures 9 and 4) including reduction in
production of pro-inflammatory cytokines (TNF-�, IL-1�,
HMGB1).[16,74] Much like other {Au(PPh3)}+ species, 56 and 24
react with sulfur containing biomolecules by substitution of the
N ligand. Both of these showed similar or improved anti-
inflammatory effects compared to Auranofin while being less
cytotoxic. These results indicate that {Au(PPh3)}+ complexes
could be effective in the treatment of inflammatory diseases
and potentially offer less side effects than Auranofin.

8. Conclusion

Gold is no doubt a useful element for wide spread medicinal
applications and is gaining attention in all areas especially as
anticancer agents.[75] Gold(I) phosphine complexes in general
seem to have consistent and broad utility for inhibition of
biological processes via interaction with biomolecules. It is
known that the phosphine ligand is quite important and
influential in relation to the anti-cancer activity and selectivity
and often PR3 with R=Ph shows higher activity and/or
selectivity. Even within a type of [L�Au(PR3)] compounds,
variations exist. For example, [L�Au(PR3)] complexes with L=

dithiocarbamates and R=Ph, Cy, and Et exhibited potent
anticancer activity with R=Ph being the most active inducing
cell death via apoptosis while R=Cy and Et caused necrosis.[76]

Other examples of this phenomenon exist and despite
Auranofin being present on the FDA approved drug list, PEt3
complexes in general are more toxic and lead to more side
effects in vivo. The propensity of alkyl phosphines towards
oxidation induces further complication. Although some reports
indicate that the solubility of [L�Au(PPh3)] may present
difficulties in in vivo various applications, formulations such as
micelles, nanoization, nanoemultions and others could aid to
this problem.[77] Further, triphenylphosphine can be functional-
ized to mono- or trisulphonates to increase water solubility and
research shows these types of complexes still remain highly
active towards cancer cells.[78]

Although there have been multiple mechanisms of action
described for their anticancer, antibacterial, and antiparasitic
properties, the drug action(s) of the [L�Au(PPh3)] complexes
could largely be associated with the ability of ligand exchange
by replacement of L with biological molecules. The stability of
{Au(PPh3)}+ and its tendency to bind tightly to thiols has proved
a potent mechanism of inhibition of multiple enzymes and
proteins such as TrxR, UPS, and LasR, as well as secretion of
cytokines among others. In addition to the direct role in the
modulation of the cellular redox state, TrxR directly interacts
with other proteins associated with cell death mechanisms
leading to apoptosis.[79] Another advantage is the increased
lipophilicity provided by the {Au(PPh3)}+ unit as more lipophilic
drugs (to a certain extent) often are more active.[80] For example,

coordination of the {Au(PPh3)}+ to metronidazole leads to
increased activity against Entamoeba histolytica, by favoring
permeation of the complex through the lipid layers of the
membrane.[81] It is not totally understood if the {Au(PPh3)}+ itself
exhibits cytotoxic action or {Au(PPh3)}+ acts more as a shuttle
of the drug ligand L at the sites of activity. However, examples
listed in this review lead to the reasonable conclusion that it is
likely the combination of both and the overall activity varies
from organism to organism. Multiple mechanisms/targets of
gold drugs do provide an advantage especially when consider-
ing drug resistant pathogens and cancers in general. Together,
the salutary effects of the [L�Au(PPh3)] type of complexes
indicate that the {Au(PPh3)}+ moiety is of particular importance
in drug design and development for numerous biological
applications, and warrant further research into its role and
specific activity.
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A B S T R A C T

Two cationic Au(I) complexes derived from aryl-benzothiazoles, namely [(PPh3)Au(pbt)](OTf) (1) and
[(PPh3)Au(qbt)](OTf) (2) (where pbt= 2!(pyridyl)benzothiazole and qbt= (quinolyl)benzothiazole, and
OTf!=tri!uoromethanesulfonate anion), have been synthesized and structurally characterized by X-ray
crystallography. Both complexes exhibit strong antibacterial e"ects against Gram-negative bacteria such as
Acinetobacter baumannii and Pseudomonas Aeruginosa. Results of examination of the reactions of 1 and 2 indicate
that these cationic Au(I) complexes rapidly cross the bacterial membrane and exert drug action by disrupting
cellular function(s) through binding of cytosolic thiol-containing peptides (such as glutathione) and proteins to
the highly reactive (PPh3)Au+ intermediate formed upon in situ dissociation of pbt or qbt.

1. Introduction

Rapid emergence of antibacterial resistance to common antibiotics
has raised alarm in hospitals around the globe. Infections and diseases
that were thought to be well controlled by antibiotics are reappearing
with resistance to traditional drug therapies [1]. In parallel, other mi-
croorganisms such as parasites, fungi, and viruses are also exhibiting
similar characteristics [2]. Many resistant strains have appeared in
hospitals where antibiotics are being used and administered as routine
procedures [3]. The once life-saving drugs like !-lactums that doctors
relied upon to keep many bacterial infections at bay are now com-
pletely ine"ective [4]. Unfortunately, the pace at which new antibiotics
are emerging in the market is not nearly fast enough to combat such
resistance [5].

Although gold compounds have been used in medicine for centuries,
interest in such compounds was noticeably intensi#ed following the
discovery by Robert Koch who showed that K[Au(CN)2] had activity
against Mycobacterium tuberculosis, the causative agent of tuberculosis
[6,7]. Shortly after this discovery, reports on gold compounds as an-
ticancer, antimicrobial, and antiarthritic agents started appearing in
scienti#c literature and such research led to several gold drugs for
commercial use [6–10]. Additional investigation into new gold com-
pounds for clinical use was however greatly diminished following the
discovery of antibiotics. Now that resistance is on the rise and the
discovery of new antibiotics is comparatively slow [5], reexamination
of the bioactivity of new gold compounds could be very relevant.

In recent years a relatively large number of Au(I) compounds have

been synthesized and studied in vitro. The accumulation and in-depth
analysis of such data have led scientists to infer that the types of ligands
in the gold compounds play a signi#cant role in the e"ectiveness of the
compounds toward eradication of speci#c bacteria [6]. Interestingly,
compounds independently used as drugs, when used as ligands to Au(I),
lead to new gold compounds exhibiting improved antibacterial e$cacy.
Positively-charged species are in general more e"ective in associating
with mostly electronegative bacterial cell walls [11]; close interactions
between the cell wall and drug molecules lead to interruptions in var-
ious cellular pathways that often result in microbial death.

For some time, we have been exploring the antibacterial properties
of heavy metal complexes derived from benzothiazoles, a class of an-
tibacterial and antifungal drugs [12,13]. Our work in such pursuit have
shown that Ag(I) complexes of benzothiazole-type ligands act as anti-
microbial agents [14]. In these complexes, 2!(pyridyl)benzothiazole
(pbt) and 2!(quinolyl)benzothiazole (qbt) are bound to the Ag(I) center
as bidentate N,N-coordinated fashion to give rise to tetrahedral geo-
metry (Scheme 1). The overall positive charge of these complexes
presumably leads to stronger interactions with the bacterial cell walls
and give rise to their antibacterial activity. These results prompted us to
explore the coordination characteristics of pbt and qbt to Au(I) centers
and the antibacterial activity of the Au(I) complexes derived from them.

In this account we report the synthesis, spectroscopy, and structural
characterization of two gold(I) compounds derived from pbt and qbt
namely, [(PPh3)Au(pbt)](OTf) (1) and [(PPh3)Au(qbt)](OTf) (2). As
shown in Figs. 2 and 3, both ligands bind as monodentate N-donors to
the Au(I) center. The other ligand in both complexes is
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triphenylphosphine. The antibacterial properties of 1 and 2 against two
Gram-negative bacteria namely, Acinetobacter baumannii and Pseudo-
monas aeruginosa have been evaluated using a skin and soft tissue in-
fection (SSTI) model previously developed in our laboratory.

2. Experimental methods

2.1. Materials and methods

All reagents and solvents were of commercial grade and used
without further puri!cation. (PPh3)AuCl and AgOTf were procured
from Sigma. The ligands pbt [15] and qbt [16] were synthesized ac-
cording to reported procedures. FTIR, UV–Vis, and emission spectra
were obtained using Perkin-Elmer Spectrum-One, Varian Cary 50, and
Agilent Cary Eclipse spectrophotometers respectively. The 1H-, 19F and
31P NMR spectra of the ligands and the complexes were recorded using
a Varian Unity Inova 500MHz instrument at 298 K.

2.2. Synthesis of complexes

2.2.1. Synthesis of [(PPh3)Au(pbt)](OTf) (1)
To a solution of AgOTf (54.8 mg, 0.213mmol) in 10mL of methanol

was added a solution of (PPh3)AuCl (100.5mg, 0.203mmol) in 15mL
of chloroform. After stirring for 30min the white AgCl precipitate was
!ltered through a bed of celite. To the !ltrate was added a solution of
pbt (43.1mg, 0.203mmol) in 10mL of chloroform and the mixture was
set to re"ux for 18 h. The solution was again !ltered through celite to
remove traces of black particles. The volume of the !ltrate was then
reduced to approximately 4mL and 15mL of hexane was added. The
white solid thus formed was collected by !ltration and dried in vacuo
(131.0 mg, 78.6% yield). Layering hexanes over a dichloromethane
(CH2Cl2) solution of this solid a#orded colorless crystals of 1. Anal.
Calcd for C31H23AuN2O3PS2F3: C, 45.37; H, 2.83; N, 3.41; found: C,
45.48; H, 2.79; N, 3.37. IR (KBr, cm!1): 3468 (w), 3056 (w), 1459 (w)
1436 (m), 1267 (s), 1154 (m), 1032 (m), 763 (m), 695 (m), 546 (m). 1H
NMR (CDCl3, ppm): 8.62 (d, 1H), 8.40 (d, 1H), 8.25 (t, 1H), 8.12 (d,
1H), 8.01 (d, 1H), 7.83 (t, 1H), 7.63–7.55 (m, 17H). 31P NMR (CDCl3,
ppm from PPh3): 35.90.

2.2.2. Synthesis of [(PPh3)Au(qbt)](OTf) (2)
The same procedure as above using qbt as the ligand. Complex 2

was isolated as a light yellow solid (60.1mg, 75.0%). Layering hexanes
over a solution of 2 in dichloromethane a#orded pale yellow crystals of
[(PPh3)Au(qbt)](OTf). Anal. Calcd for C35H25AuN2O3PS2F3: C, 48.28;
H, 2.89; N, 3.22; found: C, 48.02; H, 2.91; N, 3.12. IR (KBr, cm!1):
3436 (w), 3056 (w), 1436 (w), 1263 (s), 1156 (m), 1031 (m), 762 (m),
696 (m), 545 (m). 1H NMR (CDCl3, ppm): 8.76 (d, 1H), 8.52 (d, 1H)
8.23 (d, 1H), 8.19 (d, 1H), 8.06 (d, 1H) 7.69–7.53 (m, 19 H) 7.46 (t,
1H).

2.3. X-ray crystallography

Colorless and light yellow block-shaped crystals of complexes
1.0.5CH2Cl2 and 2 respectively were obtained by recrystallization
through di#usion of hexanes into their dichloromethane (CH2Cl2) so-
lutions. In case of 1, a suitable crystal was selected and mounted on a
Bruker D8 Quest di#ractometer equipped with PHOTON II detector
operating at T=298 K. Data were collected with ! shutterless scan
technique using graphite monochromated Mo-K" radiation
(#=0.71073 Å) In case of 2, a suitable single crystal was selected and
mounted on a Bruker APEX-II CCD di#ractometer with graphite
monochromated Mo-K" radiation (#=0.71073 Å). In this case the
crystal was also kept at T=298 K during data collection and unit cell
determination. Data were measured using ! scan technique. The total
number of runs and images for both data collections was based on the
strategy calculation from the program APEX3 (Bruker) [17]. The max-
imum resolution achieved was $=28.4° for 1 and $=24.2° for 2. Cell
parameters were retrieved using the SAINT (Bruker) software [18] and
re!ned using SAINT (Bruker) on 9525 re"ections for 1 and on 8496
re"ections for 2. Data reduction was performed using the SAINT
(Bruker) software, which corrects for Lorentz polarization. The !nal
completeness is 99.6% out to 28.4° in $ for 1 and 98.8% out to 24.2° in
$ for 2. Multi-scan absorption corrections were performed with both
data sets using SADABS 2016/2 and SADABS 2014/5 respectively for 1
and 2 [19]. The absorption coe$cient for 1 is 4.88mm!1 and for 2 is
4.29mm!1. Minimum and maximum transmissions for 1 are 0.499 and
0.746 and the corresponding values for 2 are 0.573 and 0.745. The
structures of 1 and 2 were solved in the space group C2/c (No. 15) and
Pbca (No. 61) respectively by intrinsic phasing using the ShelXT [20]
structure solution program and re!ned by full matrix least squares on
F2 using version 2016/6 of ShelXL [21]. All non!hydrogen atoms were
re!ned anisotropically in both cases. Hydrogen atom positions were
calculated geometrically and re!ned using the riding model. In case of
1, there are two crystallographically independent molecules within the
asymmetric unit, while for 2 one full molecule is present in the asym-
metric unit. Calculations and molecular graphics were preformed using
SHELXTL 2014 and Olex2 [22] programs. Crystal data and structure
re!nement parameters are included in Table 1 while the bond distances
and angles are listed in Table 2.

Crystal data for complex 1 (CCDC 1824282) and 2 (CCDC 1824283)
have been included in the Supplementary data section. These data can
be obtained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request.cif.

2.4. Bacterial studies

The SSTI model previously developed in our lab [23] was employed
for antimicrobial studies. This uses a soft upper agar layer of evenly-dis-
persed bacterial “lawn” at the top of a nutrient rich bottom agar layer.
Such arrangement allows the bacteria to move slowly into the bottom
layer following the nutrient gradient, much like ditching of surface bac-
teria into the inner layers of skin and soft tissue. Di#erent dilutions of A.
baumannii and P. aeruginosa were employed to grow ideal lawns in these
SSTI models. For A. baumannii, a frozen stock of bacteria was !rst streaked
on an LB plate and incubated for 18 h. A single colony of bacteria was
selected and grown in LB broth for another 18 h. The suspension was di-
luted with fresh LB until an A600 of 0.8 was reached. A batch of 100mL of
0.8% (w/v) agar with 1% NaCl was prepared, autoclaved and cooled to
47 °C before addition of 80 %L of the diluted bacterial suspension. This
solution was gently vortexed and aliquots of 8mL of it were spread evenly
over of the surface of six 100! 15mm2 plates prepared with 20mL of
1.5% (w/v) TSB agar (hard nutrient-rich layer). The plates were then in-
cubated at 37 °C for 2 h to facilitate adhesion of the bacteria to the nu-
trient-rich bottom layer and cell-to-cell contact. For P. aeruginosa, the same
procedure was followed to prepare the SSTI model. Here, the bacterial
suspension in LB medium was diluted to an A600 of 0.5 and 120 %L of it

Scheme 1. Structures of the Ag complexes derived from pbt and qbt.
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was added to the 100mL of soft agar solution. The SSTI models were
prepared using 7mL of the soft agar solution spread evenly over the sur-
face of the hard agar layer. After preparation the plates and initial in-
cubation of 2 h, the KBr pellets containing the Au(I) complexes were
placed on all SSTI models and incubated for 18 h to evaluate the anti-
bacterial activity of the Au(I) compounds.

3. Results and discussion

3.1. Synthesis and spectroscopic properties

The addition of 1.05 eq of AgOTf to (PPh3)AuCl a!orded the highly
reactive ion-pair AuPPh3+.OTf! [24] which was then further reacted
with 1 eq of pbt or qbt under re"uxing condition to obtain 1 and 2
respectively (Eq. (1)).

(1)

The IR spectra of both 1 and 2 show a strong band around
1265 cm!1 corresponding to the presence of the OTf! counter ion.
Both complexes exhibit signi#cant luminescence quenching in organic
solvents when compared to the free ligand at the same concentration
(Fig. 1). Similar partial quenching has been observed with [Ag(pbt)2]
BF4 and [Ag(qbt)2]BF4 [14]. However, in the Ag(I) complexes, both
ligands are bound in a bidentate fashion while in 1 and 2, the ligands
act as monodentate N-donors. The wavelength of emission for 1 and 2
are 380 nm and 400 nm respectively which are the wavelengths of
emission for the corresponding free ligands pbt and qbt. A close scru-
tiny of the literature reveals that both the singlet and triplate excited
states of Ag(I) and Au(I) complexes of similar coordination structures
essentially possess ligand-centered !!* character with negligible metal-
to-ligand charge transfer (MLCT) contribution, and the excited triplet
state mostly decay through non-radiative channels [14,25]. These
characteristics presumably lead to signi#cant luminescence quenching
observed with the pbt and qbt complexes.

3.2. Crystal structure description

Single crystal analysis reveals that complexes 1 and 2 are iso-
structural with respect to coordination at the Au center; in both cases
the Au center resides in a linear N-Au-P coordination environment. For
complex 1, the asymmetric unit contains two crystallographically in-
dependent molecules. The perspective view with atom labeling scheme
for the two structures are shown in Figs. 2 and 3. The N(benzothiazo-
le)!Au!P angles in complexes 1 and 2 are 164.88(17) and 161.20(15)°
respectively. Steric bulk of the qbt ligand leads to lengthening of both
the average Au-N(benzothiazole) distance (2.114(5) Å for 1 vs.
2.218(5) Å) for 2) and the average Au-P distance (2.224(14) for 1 vs.
2.303(18) Å for 2) in complex 2. Although Cambridge structural da-
tabase revealed several crystal structures with N-Au-P coordination
mode, a representative structurally analogous complex namely, [(py)Au

Table 1
Crystal data and structure re#nement parameters for 1 and 2.

1. 0.5 CH2Cl2 2

Formula C31.5H24ClF3N2O3S2PAu C35H25F3N2O3S2PAu

Dcalc./g cm!3 1.777 1.601
!/mm!1 4.875 4.285
Formula weight 863.03 870.62
Color Yellow Yellow
Shape Block Block
T/K 298(2) 298(2)
Crystal system Monoclinic Orthorhombic
Space group C2/c Pbca
a/Å 47.014(2) 9.780(2)
b/Å 8.7125(4) 22.679(5)
c/Å 36.5473(18) 32.560(7)
"/° 90 90
#/° 120.4450(10) 90
$/° 90 90
V/Å3 12,905.9(11) 7222(3)
Z 8 8
Wavelength/Å 0.71073 0.71073
Radiation type Mo-K" Mo-K"
2%min/° 5.674 4.706
2%max/° 56.712 48.376
Measured Re". 123,645 40,970
Independent Re". 16,063 5736
Re"ections used 12,893 4345
Rint 0.0386 0.0487
Parameters 802 424
aGooF 1.125 1.070
cwR2 0.1120 0.1008
bR1 0.0492 0.0428

a GOF= [![w(Fo2! Fc2)2]/(No!Nv)]1/2 (No=number of observations,
Nv=number of variables).

b R1= !!!Fo!! !Fc!!/!!Fo!.
c wR2= [(!w(Fo2! Fc2)2/!!Fo!2)]1/2.

Table 2
Selected bond distances (Å) and angles (°) for complex 1.CH2Cl2 and 2.

Complex 1

Molecule 1
Au(1)-P(1) 2.227(13) Au(1)-N(2) 2.116(4)
P(1)-C(13) 1.810(6) N(2)-C(6) 1.292(7)
P(1)-Au(1)-N(2) 166.50(15) Au(1)-P(1)-C(13) 113.77(19)
Au(1)-P(1)-C(19) 110.91(18) Au(1)-P(1)-C(25) 112.66(19)
C(13)-P(1)-C(25) 107.5(3) Au(1)-N(2)-C(6) 125.8(4)
Au(1)-N(2)-C(12) 122.3(4) C(6)-S(1)-C(7) 90.4 (3)

Molecule 2
Au(2)-P(2) 2.221(14) Au(2)-N(4) 2.112(6)
P(2)-C(29) 1.816(6) N(4)-C(36) 1.319(9)
P(2)-Au(2)-N(4) 163.26(19) Au(2)-P(2)-C(49) 113.5(2)
Au(2)-P(2)-C(42) 110.08(19) Au(2)-P(2)-C(55) 113.7(2)
C(55)-P(2)-C(49) 107.9(3) Au(2)-N(4)-C(36) 124.6(6)
Au(2)-N(4)-C(42) 123.0(5) C(37)-S(2)-C(36) 90.9 (4)

Complex 2

Au(1)-P(1) 2.303(18) Au(1)-N(2) 2.218(5)
P(1)-C(17) 1.881(7) N(2)-C(10) 1.359(8)
P(1)-Au(1)-N(2) 161.20(15) Au(1)-P(1)-C(17) 117.0(2)
Au(1)-P(1)-C(29) 110.2(2) Au(1)-P(1)-C(23) 111.6(2)
C(17)-P(1)-C(23) 105.5(3) Au(1)-N(2)- C(10) 121.9(4)
Au(1)-N(2)-C(11) 125.5(4) C(10)-S(1)-C(16) 91.1(3)

Fig. 1. Emission spectra of 1 (#ex 330 nm) and 2 (#ex 350 nm) compared to free
ligands in dichloromethane (#ex 310 and 335 nm for pbt and qbt respectively).
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(PPh3)]BF4 [26] (where py=pyridine), was chosen to compare its
crucial metric parameters with those of the present two complexes. In
[(py)Au(PPh3)]BF4, the N(py)-Au and AueP bond lengths are 2.073(3)
Å and 2.2364(8) Å respectively. These distances are quite comparable
to those noted for 1 and 2. Interestingly, the N-Au-P angle in [(py)Au
(PPh3)]BF4 is 178.09(8)°, more close to a linear geometry, unlike 1 and
2. In the present two structures, both pbt and qbt exhibit excellent
planarity with mean deviations of 0.024(3) and 0.090(4) Å respec-
tively. The packing patterns for both structures revealed no classical
hydrogen bonding interactions. However, several weak non-bonding
contacts consolidated the extended lattice of these two complexes
(Supplementary data, Figs. S1–S3).

3.3. Binding modes of 2!(aryl)benzothiazoles

2!aryl or 2!pyridyl substituted benzothiazole type ligands (like pbt
and qbt) typically exhibit bidentate binding modes when coordinated to
d10 metal center. This can occur through the N-atom of the ben-
zothiazole moiety and either the N-atom of the 2!pyridyl fragment [14]
or C-atom of the 2!aryl portion [27] of the ligand (Fig. 4a and b re-
spectively). Similar N,N-binding of pbt and qbt has been noted in
complexes with low-spin d6 metal centers such and Mn(I) and Re(I)
[16,28–30]. In all cases, the ring S-atom does not coordinate.

When this type of ligands were employed for coordination to Au(I)
centers in this research, the ligands failed to coordinate as bidentate
ligands. Attempts to coordinate pbt and qbt to Au(I) center invariably
a!orded linear 2-coordinated complexes 1 and 2. Despite strong a"nity
of Au(I) to S-donors, both ligands are coordinated to the metal center
through the N-atom of the benzothiazole (N(2)) moiety. This is in
agreement with results from similar studies exploring the binding
modes of Au(I) to ligands with electronically similar N and S (or N)
donor atoms [31,32]. Mono-substituted binding mode of these types of
ligands (leading to linear complexes) also arises from steric hindrance
arising from the ligand itself [25]. Both the present complexes deviate
from linearity; the P-Au-N angle of 1 and 2 are 166.50° and 161.22°
respectively (Figs. 2 and 3, Table 2). Also, the P-Au-N angle of 2 with
sterically more encumbered qbt ligand deviates more from linearity
compared to 1.

It is important to note that in 1 and 2, the N atom of the pyridine/
quinolyl moiety (N(1)) is facing the metal center, but not bound.
Results of previous studies on the structures and ground state optimized
geometries of the free ligands [14] have demonstrated that although
the structure with the pyridyl!N and benzothiazole!N atom anti to each
other is lower in energy, in all cases both pbt and qbt bind metal ions as
the NeN syn structural isomer [14,16,28–30]. The pyridine fragment in
these cases rotates to present its N center to be available for co-
ordination in a NeN syn fashion (Scheme 1 and Fig. 4a). In 1 and 2, this
rotation of the aryl ring also occurs, but the pyridyl!N or the quinolyl!N
does not bind to the metal center. However, in both cases, signi#cant
interactions between this N-atom and the Au(I) center is observed in 1
[Au(1)–N(1), 2.713 A] and 2 [Au(1)–N(10), 2.710A] (Fig. 4c) which is
in agreement with other gold(I) compounds of similar structure [33].

3.4. Antibacterial studies

Antibacterial studies were done using the skin and soft tissue in-
fection (SSTI) model previously developed in this laboratory [23]. This
model mimics the gradual penetration of bacteria deeper into the skin
using a two-layer agar system which has a soft, evenly dispersed bac-
terial lawn on the top and a nutrient-rich bottom layer. The gradient
causes the bacteria to slowly migrate from the thin top layer to the
nutrient-rich bottom layer much like the way an infection of the skin
would proceed.

Both complexes and the corresponding ligands were tested in vitro
for their bactericidal activity against the Gram-negative bacterium A.

Fig. 2. Perspective view of the cation of complex 1 with the atom-labeling
scheme. The thermal ellipsoids are shown at 50% probability level. Only one of
the two crystallographically independent molecules in the asymmetric unit is
shown.

Fig. 3. Perspective view of the cation of complex 2 with the atom-labeling
scheme. The thermal ellipsoids are shown at 50% probability level.

Fig. 4. Di!erent modes of binding of pbt and aryl-benzothiazole.
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baumannii. This bacterium has shown multidrug-resistance in hospitals
around the world and at present poses serious threat to human health.
In addition to resistance traits carried on mobile genetic elements, A.
baumannii also forms bio!lms rapidly as defensive barriers. In addition,
A. baumannii infections are a primary concern to military personnel
injured by gun !re and improvized explosive devices (IEDs) in the
battle!elds of Afghanistan and Iraq [34]. With a limited pipeline of new
antibiotics being developed for Gram-negative bacteria, new therapies
are in high demand, especially for this pathogen. In the present work, a
gold control (the neutral starting material PPh3AuCl) was also used to
show how the ligands and the cationic nature of 1 and 2 a"ect the
ability of the Au(I) complexes to interact with the bacterial colonies.
KBr pellets of similar weights containing 0.3 mol% of compounds were
placed on the top of the bacterial lawn and incubated at 37 °C for 18 h.
Circular zones of clearing were seen around the pellets containing 1 and
2, but not around the pellets containing KBr, pbt, qbt or (PPh3)AuCl
(Fig. 5). These results indicate that the two Au(I) complexes are better
able to migrate and interfere with a large area of infection while the
neutral gold compound exhibit no eradication of the bacteria on the
SSTI model.

The antimicrobial activity of various drugs is highly dependent on
their ability to permeate through the cell wall and interfere with cel-
lular pathways [9]. Most bacteria possess a slightly electronegative
surface potential which allows cationic complexes to associate more
readily with the bacterial membrane. If the drug molecules can easily
form bonds with biomolecules either on the membrane or in the cy-
tosol, the e#cacy of the drug action is enhanced. For gold compounds
this implies that the nature of the ligands bound to the Au(I) center, not
just the amount of Au(I) present, plays an important role in their ac-
tivity [35]. The neutral and very stable compound (PPh3)AuCl therefore
exhibits no activity against A. baumannii while the more ligand ex-
changeable and cationic complexes 1 and 2 are very e"ective in era-
dicating bacterial loads throughout the entire “kill zone” of the 4mm
thick SSTI disk.

It is important to note that although 1 and 2 exhibited high level of
antibacterial activity (Fig. 5), no reduction of bacterial load was ob-
served with (PPh3)AuCl. Because pbt and qbt by themselves showed
marginal antibacterial e"ect for A. baumannii, it is evident that e"ective
interaction between the cationic gold complexes and bacterial cell
membrane is the major cause of their bactericidal activity. Upon dele-
gation of pbt or qbt from the metal center, a step that delivers these
antibacterials to the cytosol, the highly reactive Ph3PAu+.OTf! species
could also exert strong antibiotic action through binding to membrane
and/or cytosolic molecules [36]. In order to check whether 1 and 2 can
bind to cellular SH-containing proteins and peptides (such as

glutathione) present in the cytosol of the bacteria, 1 was treated with
1.2 equiv. of p!tri$uoromethyl!benzene thiol (F3CC6H4SH) and the re-
action was followed by both 19F and 1H NMR spectroscopy (in CDCl3).
Interestingly, addition of the thiol to the Au(I) complex generated a new
19F-peak at ~0.5 ppm down!eld (with respect to F3CC6H4SH) in-
dicating binding of the thiol to the Ph3PAu+ unit (Fig. 6). The 1H NMR
spectrum of the reaction mixture clearly showed loss of pbt from the Au
(I) center upon addition of the thiol. In an independent experiment,
PPh3Au–SC6H4CF3 was synthesized by reacting (PPh3)AuCl with
CF3C6H4S! (prepared from CF3C6H4SH and Et3N). The 19F NMR spec-
trum of PPh3Au–SC6H4CF3 clearly con!rmed its formation in the re-
action between 1 and F3CC6H4SH (Fig. 6). In order to con!rm that the
PPh3 ligand is not deligated in such reactions of 1 with SH-containing
biomolecules, we allowed 1 to react with N!acetyl!L!cysteine methyl
ester (HSC6H10NO4) in CDCl3. The 31P NMR spectrum of the reaction
mixture clearly showed that the cysteine ester replaced pbt to form
PPh3Au–SC6H10NO4 (Fig. 7). Complete absence of 31P resonance of free
PPh3 in such reaction mixture con!rms that no PPh3 loss occurs upon
reaction of 1 with the S-containing amino acid.

Deligation of pbt or qbt from both complexes by SH-containing

Fig. 5. Bacterial lawns after 18 h incubation with KBr pellets of KBr, pbt and
qbt (top panel, left to right) and (PPh3)AuCl, 1, and 2 (bottom panel, left to
right). Fig. 6. 19F NMR spectrum of the mixture of 1 and F3CC6H4SH (top trace),

PPh3Au–SC6H4CF3 synthesized independently (middle trace) and F3CC6H4SH
(bottom trace) in CDCl3. F3CC6H4S-SC6H4CF3 was present in the thiol as an
impurity.

Fig. 7. 31P NMR spectra of complex 1 and PPh3Au–SC6H10NO4 (formed upon
addition of HSC6H10NO4 to 1) in CDCl3 (the ppm values are w.r.t free PPh3 in
CDCl3).
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compounds can be readily observed by a dramatic increase in lumi-
nescence due to release of the strongly !uorescent ligands in solution.
For example, when 2 was allowed to react with CF3C6H4SH in chloro-
form, a sharp increase in luminescence was observed (Fig. 8). Taken
together, these observations suggest that complexes like 1 and 2 most
likely generate the reactive Ph3PAu+ species (and free ligand) within
the bacterial cell and disrupt the cellular mechanism(s) by binding to
various biomolecules. Failure of free pbt and qbt in causing bacterial
death could be attributed to their inability to cross cell membrane as
well as their insolubility in aqueous media; complexes like 1 and 2
make such entry possible and possibly allow these ligands to exert their
own antibacterial activity [12,13,37]. Lack of antibacterial activity of
(PPh3)AuCl most possibly arises from its high stability and inability to
pass through the cell membrane.

Finally, in order to test the antimicrobial activity of the present Au
(I) complexes against a more common and invasive bacterium prevalent
in nosocomial skin infections and burn imjuries complex 1 was tested
against P. aeruginosa. A KBr pellet containing 0.3 mol% of 1 was placed
on a P. aeruginosa lawn and incubated at 37 °C for 18 h. The large zone
of killing (Fig. 9) con"rmed that complex 1 is highly e#ective in era-
dication of P. aeruginosa. More studies toward application of these two
Au(I) complexes to thwart skin and wound infections by several drug-
resistant bacteria are in progress in this laboratory. The results will be
reported in due time.

4. Conclusions

The strong antibacterial activity of two cationic Au(I) complexes
reported here strongly suggest that gold compounds possess potential to
combat skin and wound infections through topical applications. These
types of Au(I) complexes derived from ligands that themselves exhibit
antibacterial properties could be utilized in cases of drug-resistant
bacterial infections. Both the ligand and the highly reactive

Ph3PAu+·OTf! species could exert synergistic drug e#ects in such ap-
plications leading to better outcome. The present two complexes 1 and
2 provide proof-of-the-concept examples of such drug design approach.

Abbreviations

pbt 2!(pyridyl)benzothiazole
qbt 2!(quinolyl)benzothiazole
OTf! tri!uoromethanesulfonate anion
LB luria broth
TSB tryptone soya broth
SSTI skin and soft tissue infection
MLCT metal-to-ligand charge transfer
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Fig. 9. Circular clearing ring in P. aeruginosa lawn upon application of 1.
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ABSTRACT: As part of the quest for new gold drugs, we have explored the e!cacy of three gold complexes derived from the
tuberculosis drug pyrazinamide (PZA), namely, the gold(I) complex [Au(PPh3)(PZA)]OTf (1, OTf = tri"uoromethanesulfonate)
and two gold(III) complexes [Au(PZA)Cl2] (2) and [Au(PZO)Cl2] (3, PZO = pyrazinoic acid, the metabolic product of PZA)
against two mycobacteria, Mycobacterium tuberculosis and Mycobacterium smegmatis. Only complex 1 with the {Au(PPh3)}+ moiety
exhibits signi#cant bactericidal activity against both strains. In the presence of thiols, 1 gives rise to free PZA and {Au(PPh3)}-thiol
polymeric species. A combination of PZA and the {Au(PPh3)}-thiol polymeric species appears to lead to enhanced e!cacy of 1
against M. tuberculosis.

! INTRODUCTION
Gold-based treatment of various diseases has been around for
hundreds of years.1 This area of research was made popular in
the late 1800s when Robert Koch discovered gold cyanide to
be e$ective against Mycobacterium tuberculosis, the causative
agent of tuberculosis (TB).2 His work inspired numerous
others to further research gold as a possible potent
antimicrobial agent. Eventually, the toxicity of gold compounds
halted their clinical use for the treatment of TB but later
became popular for the treatment of rheumatoid arthritis.3

Aurano#n, an antiarthritic drug, was approved for clinical use
in the 1980s and continues to be administered today along
with various other gold compounds.4

The success of aurano#n and the rapid increase in drug-
resistant pathogens prompted a surge of new research into gold
compounds and their broad use as antiarthritic, antimicrobial,
anticancer, and antifungal agents.5!7 Gold(III) complexes,
sharing the same geometrical shape as the well-known cancer
therapeutic cisplatin, have been evaluated for their anticancer
e$ect and often show increased activity with no cross-
resistance to cisplatin.8,9 Antimicrobial gold(I) and (III)
complexes have been investigated for their potency against
numerous strains of Gram-positive and Gram-negative bacteria
showing promising results.6 So far, research in this area has

implied that ligand structures of the gold complexes play
important roles in both their e!cacy and toxicity. In particular,
manipulation of ligand structures was shown to a$ect the
passage of the therapeutics across hydrophobic membranes of
target cells to a signi#cant extent.6,10,11 An important class of
gold(I) compounds, those with triphenylphosphine as ligands,
is emerging as e$ective therapeutics against bacterial
infection10,11 and cancer (Figure 1).12!14 The results of our
previous work on cationic gold(I) triphenylphosphine
complexes have implied that the highly reactive and lipophilic
{Au(PPh3)}

+ unit plays an important role in their antibacterial
activity.11 Although gold(I) complexes have been studied for
their anticancer and antibacterial e$ectiveness, to our knowl-
edge only two gold(I) complexes with the {Au(PPh3)}+ unit
have so far been evaluated for their antimycobacterial
behavior.15,16

Received: January 13, 2020
Accepted: March 9, 2020
Published: March 18, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
6826

https://dx.doi.org/10.1021/acsomega.0c00071
ACS Omega 2020, 5, 6826!6833

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

73
.6

3.
17

7.
23

8 
on

 N
ov

em
be

r 1
3,

 2
02

0 
at

 2
3:

09
:3

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



 146 

 

 
 
 
 
 

Recent e!orts in drug discovery have demonstrated that
combination of two antipathogenic moieties in one chemo-
therapeutic often leads to higher overall e"cacy.11!16 It is
evident that such a design provides a dual mechanism of action
and potentially increased the e!ect compared to that of the
ligand or the metal center on its own. Along this line, we have
reported Au(I) and Ag(I) complexes of benzothiazoles that
exhibit high antibacterial activity against Acenetobacter

baumannii, Pseudomonas aeruginosa, and Staphylococcus aureus.
Success in these cases prompted us to explore the possibility of
designing new gold(I) complexes comprising the {Au(PPh3)}+

moiety and the known TB drug pyrazinamide (PZA). PZA
shortens the treatment duration for TB to a considerable
extent although large oral quantities are needed for such
e!ect.17 We therefore decided to combine PZA with the
{Au(PPh3)}

+ unit and study the synergistic e!ects (if any) on
M. tuberculosis and the possibility of use of lower doses of PZA.
Herein, we report the syntheses and characterization of one

gold(I) complex [Au(PPh3)(PZA)]OTf (1, OTf = tri#uor-
omethanesulfonate) and two gold(III) complexes [Au(PZA)-
Cl2] (2) and [Au(PZO)Cl2] (3, PZO = pyrazinoic acid, the
metabolic product of PZA). The antimycobacterial properties
of these complexes have been evaluated on both M. tuberculosis
and Mycobacterium smegmatis.

! EXPERIMENTAL SECTION
General. All reagents and solvents were of commercial

grade and used without further puri$cation. Fourier-transform
infrared (FT-IR) spectra were obtained using a PerkinElmer
Spectrum One spectrophotometer. 1H, 13C, 31P, and 19F
nuclear magnetic resonance (NMR) spectra were recorded
using a Varian Unity 500 MHz instrument at 298 K.

Syntheses. [Au(PPh3)(PZA)]OTf (1). A solution of 72.0 mg
(0.28 mmol) of silver tri#uoromethanesulfonate (OTf) in 10
mL of methanol was added to a solution of 138.8 mg (0.28

Figure 1. Structures of complexes with the {Au(PPh3)}+ unit that
have shown anticancer (A, B)13,14 and antibacterial (C, D)10,11

activity.

Table 1. Crystal Data and Structure Re!nement Parameters for 1·H2O, 2, and 3

1·H2O 2 3

formula C23H20AuN3OP·CF3O3S·H2O C5H4AuCl2N3O C5H3AuCl2N2O2

Dcalc. (g cm!3) 1.835 3.135 3.013
! (mm!1) 5.62 18.4 17.65
formula weight 749.44 389.98 390.96
color colorless yellow yellow
shape block block plate
T (K) 298 298 298
crystal system triclinic triclinic orthorhombic
space group P1 P1 Pbca
a (Å) 7.0334 (10) 6.6857 (10) 7.2868 (6)
b (Å) 12.6524 (16) 7.2848 (11) 14.4003 (12)
c (Å) 15.688 (2) 8.9057 (13) 16.4259 (13)
" (°) 79.435 (4) 94.664 (2) 90
# (°) 81.214 (5) 106.878 (2) 90
$ (°) 89.464 (4) 91.649 (2) 90
V (Å3) 1356.0 (3) 413.06 (11) 1723.6 (2)
Z 2 2 8
wavelength (Å) 0.71073 0.71076 0.71076
radiation type Mo K" Mo K" Mo K"
2%min (°) 5.8 7 6.2
2%max (°) 52.8 49.6 49.4
measured re#. 24 132 4259 15 095
independent re#. 5469 1395 1462
re#ections used 5027 1381 1261
Rint 0.025 0.019 0.044
parameters 343 113 109
GooFa 1.14 1.2 1.08
wR2

c 0.122 0.043 0.067
R1
c 0.044 0.017 0.024

aGOF = ["[w(Fo
2 ! Fc

2)2]/(No ! Nv)]
1/2 (No = number of observations, Nv = number of variables). bwR2 = [("w(Fo

2 ! Fc
2)2/"|Fo|2)]1/2.

cR1 =
"||Fo| ! |Fc||/"|Fo|.
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mmol) of chloro(triphenylphosphine)gold(I) dissolved in 15
mL of chloroform. Immediately, a suspension of AgCl was
formed and the mixture was stirred for 30 min at room
temperature and then !ltered through a bed of celite. To the
!ltrate, a solution of 34.4 mg (0.28 mmol) of PZA in 15 mL of
methanol/chloroform (1:1) was added, and the mixture was
stirred for 18 h at room temperature. The "ask was covered
with an Al foil to protect the reaction mixture from ambient
light. Next, the solvent was removed in vacuo, and the solid
was washed with diethyl ether to obtain 1 as a white solid
(112.1 mg, 54%). A solution of the solid in chloroform was
layered with hexanes and stored in the fridge. X-ray quality
crystals of 1 were obtained after 1 week. Anal. calc. for
C24H20AuN3O4PSF3: C, 39.41; H, 2.76; N 5.74; found: C,
39.35,; H, 2.79, N, 5.68. IR (KBr, cm!1): 3435(m), 3309(m),
1690(s), 1438(m), 1262(s), 1167(m), 1031(m), 693(m). 1H
NMR (CD3OD, ! ppm): 9.40 (b, 1H), 9.03 (b, 1H), 8.96 (b,
1H), 7.69!6.58 (m, 15H). 13C (CDCl3, ! ppm): 148.18,
146.38, 144.29, 134.26, 134.16, 132.54, 132.52, 129.64, 129.55,
127.55, 127.03. 31P (MeOD, referenced to PPh3), 34.88.
[Au(PZA)Cl2] (2). A batch of 32.5 mg (0.26 mmol) of PZA

was dissolved in 2 mL of water and the solution was added
dropwise to a solution of 99.7 mg (0.26 mmol) of potassium
tetrachloroaurate in 1.75 mL of water at room temperature
with stirring. A yellow solid appeared quickly, and the
suspension was allowed to stir for an additional 10 min. The
precipitate was !ltered, washed with 2 mL of cold water and
then 10 mL of cold diethyl ether to obtain the precursor
complex (vide infra) as a bright yellow solid (90 mg). IR (KBr,
cm!1): 3442(m), 1704(s), 1373(m), 1177(w), 560(w). 1H
NMR (CD3CN, ppm): 9.53 (s, 1H), 9.07 (d, 1H), 9.05 (d,
1H), 7.68 (b, 1H), 6.60 (b, 1H). The precursor yellow solid
was crystallized by slow evaporation in methanol to form
orange blocks of 2 after 2 weeks. Anal. calc. for
C5H4AuN3OCl2: C, 15.40; H, 1.03; N, 10.77; found: C,
15.38; H, 1.10; N, 10.73. IR (KBr, cm!1): 3167(m), 1660(s),
1584(m), 1421(w), 1348(m), 1166(w) 1065(w), 579(w). 1H
NMR (CD3CN, ! ppm): 9.26 (m, 2H), 9.21 (s, 1H), 7.24 (b,
1H). 13C ((CD3)2SO, ! ppm): 171.27, 152.97, 149.89, 141.50,
138.46.
[Au(PZO)Cl2] (3). An aqueous solution of sodium hydroxide

(0.15 M) was used to adjust the pH of a suspension of 100 mg
(0.81 mmol) of PZO in 2 mL of water until a pH of 7 was
reached. At this point, PZO had fully dissolved and the
solution was added dropwise to a solution of 101.5 mg (0.27
mmol) of potassium tetrachloroaurate in 1 mL of water at
room temperature with stirring. A light yellow precipitate
appeared within minutes. After stirring for an additional 30
min, the solid was !ltered, washed with 2 mL of cold water and
then 5 mL of diethyl ether. The light yellow solid was !nally
recrystallized from MeOH/ether to yield 3 as a yellow
microcrystalline solid (60.2 mg, 55%). X-ray quality crystals
were formed by the layering of acetonitrile/ether. Anal. calc.
for C5H3AuN2O2Cl2: C, 15.36; H, 0.77; N, 7.17; found: C,
15.40; H, 0.81; N, 7.13. IR (KBr, cm!1): 3586 (m), 3419 (m),
1705(s), 1616(s), 1408(m), 1376(s), 1138(m), 850 (w),
795(w). 1H NMR (CD3CN, ! ppm): 9.31 (m, 2H), 9.12 (d,
1H). 13C (CD3CN, ! ppm): 170.00, 154.09, 151.53, 139.90,
137.35.
X-ray Crystallography. Crystallographic data were

collected on a Bruker APEX II single-crystal X-ray di#rac-
tometer (PHOTON 100 detector) with graphite monochro-
mated Mo K" radiation (# = 0.71073 Å) by the $-scan

technique in the range 5.8 " 2% " 53 for (1), 7 " 2% " 50 for
(2), and 6.2 " 2% " 50 for (3) (Table 1). All data were
corrected for Lorentz and polarization e#ects.18 All of the
structures were solved with the aid of the SHELXT program
using intrinsic phasing.19 The structures were then re!ned by a
full-matrix least-squares procedure on F2 by SHELXL.20 All
nonhydrogen atoms were re!ned anisotropically. All hydrogen
atoms were included in calculated positions. The absorption
corrections are done using SADABS.19 Calculations were
performed using the OLEX221 and SHELXTL22 (V 6.14)
program package.

Mycobacterial Studies. M. smegmatis. Middlebrook
7H9 liquid medium23 was inoculated from a frozen stock of
M. smegmatis and grown overnight to an optical density at 600
nm (OD600) of 1. Stock solutions of test compounds in
acetone (0.02!0.1 mM) were prepared, and batches of 20 &L
of such solutions were added to 250 &L of the bacterial
suspensions in 1.73 mL of 7H9 media in 5 mL culture tubes.
The tubes were incubated at 37 °C for 18 h. The MIC values
were then determined by reading the OD600 of the suspensions
with di#erent concentrations of the test compounds. To ensure
that no viable bacteria remained in such tubes was con!rmed
as follows. Aliquots of 100 &L of the suspensions were added
to fresh 7H9 media (1 mL) and incubated at 37 °C for 18 h. In
all cases, no bacteria growth was observed. The MIC results are
summarized in Table 3, and all concentrations were performed
in triplicate.

M. tuberculosis. A stock culture of M. tuberculosis was
prepared by inoculation of a 1 mL frozen stock into 50 mL of
Middlebrook 7H9 liquid medium supplemented with 10% (v/
v) OADC enrichment (BBL Middlebrook OADC, 212351),
0.5% (v/v) glycerol, and 0.05% (w/v) Tween 80 (P1754,
Sigma-Aldrich) in a roller bottle. Cells were grown to an OD600
of 1.0 to begin the experiments. The culture was then diluted
down to a target OD600 of 0.5 (!nal OD reading = 0.67).
Aliquots of 100 &L of 8 mM test compound solutions in
acetone were added to batches of 10 mL of the culture
suspension (!nal concentration of the test compounds = 80
&M in 1% acetone) and the tubes were then incubated at 37
°C. After 24 h incubation, the OD600 values were recorded.
Triplicates were run with each test compound, and the results
are shown in Figure 5.

! RESULTS AND DISCUSSION
Synthesis. Complex 1 was synthesized by !rst displacing

the chloride ligand from [ClAu(PPh3)] with the aid of
Ag(OTf) and introducing PZA as the second ligand. Single-
crystal analysis of 1 (Figure 2) revealed PZA as a monodentate
N-donor ligand.24 The IR spectrum of 1 exhibits a strong peak
centered around 1261 cm!1 corresponding to the OTf
counterion and the carbonyl amide peak of PZA at 1690 cm!1.
Complex 2 (Figure 3, top panel) was not obtained from the

initial reaction of KAuCl4 and PZA. That reaction a#orded the
precursor complex (mentioned above). This precursor
complex as shown in Scheme 1 is always the !rst product
that appears as a bright yellow solid and behaves similarly to
the analogous [AuCl3(pyrazine)] complex.25 Slow evaporation
of the methanolic solution of this precursor complex eventually
a#ords complex 2. Comparison of the IR spectra of the
precursor complex and 2 reveals di#erent 'CO frequencies
(1704 and 1660 cm!1, respectively) corresponding to the
amide CO group of PZA. Because the 'CO of the precursor
complex is close to the 'CO value of free PZA (1711 cm!1), we
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believe that in this complex the PZA ligand is bound to the
Au(III) center in a monodentate fashion (as shown in Scheme
1). In complex 2, the PZA ligand is bonded as a bidentate
ligand (Figure 3) with the deprotonated amide group.
Elimination of HCl from the precursor complex leads to
formation of complex 2 in methanolic solution upon long
evaporation (Scheme 1). Due to the relatively quick reaction
time (10 min), the precursor material presumably precipitates
out as the kinetically favored species while 2 is the
thermodynamically favored species obtained after recrystalliza-
tion from methanol. The assignment is further supported by
the fact that while the precursor complex exhibits two amide
NH peaks in its NMR spectrum (much like free PZA) in

CD3CN, complex 2 displays only one NH peak in its NMR
spectrum in the same solvent (Figure 4). Also the precursor

complex, like [AuCl3(pyrazine)], readily loses the N-donor
ligand in dimethyl sulfoxide (DMSO)-d6 (as evidenced by
NMR spectra).25 We hypothesize that in the precursor
complex, PZA is bound to the Au(III) center at the N atom
meta to the carboxamide group (as observed in complex 1)
simply because this N center is the most basic site of the PZA
molecule.26 Conversion of the precursor complex to 2 is
accelerated by the addition of NaHCO3 in a 1:1 MeOH/water
reaction mixture, a step that pushes the reaction shown in
Scheme 1 to the right.
PZO, the purported metabolic product actually responsible

for the drug action of PZA, also binds the Au(III) center as a
bidentate ligand (Figure 3, bottom panel). Addition of excess
deprotonated PZO to KAuCl4 in the aqueous medium a!ords
complex 3 in high yield.

Structures. Structures of 1!3 were characterized by X-ray
crystallography and the perspective views (with atom labeling
schemes) are shown in Figures 2 and 3, while the structure
re"nement parameters and selected bond distances and angles
are listed in Tables 1 and 2, respectively. For the sake of
comparison of the metric parameters, the two Au(III)
complexes (2 and 3) are shown in Figure 3. As evident from
their crystal structures, the Au(I) complex 1 exhibits a linear

Figure 2. Structure of 1 with water and OTf anion omitted for clarity.
Ellipsoids are shown at the 50% probability level.

Figure 3. Crystal structures of 2 (top) and 3 (bottom) with thermal
ellipsoids at 50% probability.

Scheme 1. Suggested Ligand Binding Mode Rearrangement
from the Precursor Complex (Left) to 2

Figure 4. 1H NMR (in CD3CN) spectra of 2 (top), the precursor
compound (middle), and PZA (bottom).

Table 2. Selected Bond Lengths and Angles for 1·H2O, 2,
and 3

1·H2O 2 3

Au(I)!P(1) 2.2432 (18)
Au(I)!N(1) 2.082 (6)
Au(I)!N(3) 1.985 (4)
Au(I)!N(2) 2.042 (4) 2.016 (6)
Au(1)!Cl(1) 2.2571 (12) 2.250 (2)
Au(1)!Cl(2) 2.2879 (12) 2.2510 (17)
Au(1)!O(2) 1.998 (4)
N(1)!Au(1)!P(1) 177.8 (2)
N(3)!Au(1)!Cl(1) 93.22 (12)
N(2)!Au(1)!N(3) 80.51 (16)
Cl(1)!Au(1)!Cl(2) 90.75 (5) 90.68 (7)
N(2)!Au(1)!Cl(2) 95.63 (11) 95.57 (14)
N(2)!Au(1)!O(2) 82.7 (2)
O(2)!Au(1)!Cl(1) 91.01 (16)
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coordination, while the two Au(III) complexes are square
planar. In the structure of 1, there is one molecule of water in
the asymmetric unit, while the other two structures contain no
solvent of crystallization. The N(1)!Au(1)!P(1) angle in 1
deviates slightly from linearity with an angle of 177.8(2)°. The
Au!N(pyridine) (2.081(7) Å) bond is shorter than Au!P
(2.244(2) Å) bond as expected. Similar bond lengths and
angles are observed in other known structures of Au(I)
complexes of [(N-bound ligand)Au(PPh3)]-type.

11,14 The
three nitrogen atoms on PZA potentially allow for three
di!erent binding modes to the {Au(PPh3)}+ unit in 1;
however, the least sterically hindered and most basic N of
PZA shows preference to the metal center, as shown in Figure
1.26

Au(III) complexes 2 and 3 are both distorted square planar
and composed of the PZA/PZO ligand bound as a bidentate
ligand. The square planar geometries of 2 and 3 deviate
noticeably from planarity with N(2)!Au(1)!N(3) and
N(2)!Au(1)!O(2) angles of 80.51(16) and 82.7(2)°,
respectively. The Cl(1)!Au(1)!Cl(2) angles of both
structures deviate only slightly from the perfect right angle
values 90.75(5) and 90.68(7)°, respectively. As expected, the
deprotonated Au(1)!N(3) or Au(1)!O(2) of 2 and 3 are
signi"cantly shorter than the Au(1)!N(2) bonds shown in
Table 2. Bond lengths and angles are in agreement with similar
known structures of Au(III)-picolinamide and picolinic acid
derivatives.27,28

In 2, the equatorial plane comprised of Au(1), N(2), N(3),
Cl(1), Cl(2) atoms is fairly planar with a mean deviation of
0.041(3) Å, while the corresponding plane in 3 (comprised of
Au(1), O(2), N(2), Cl(1), Cl(2) atoms) is highly planar with
a mean deviation of 0.011(3) Å. The central metal atom in 2
and 3 is deviated from these planes by 0.009(3) and 0.022(3)
Å, respectively. The two chelate planes formed by the
bidentate PZA and PZO ligands along with Au(III) centers
in 2 (Au(1), N(2), N(3), C(1), and C(5)) and 3 (Au(1),
N(2), O(2), C(1), and C(5)) exhibit minimal deviation from
planarity (mean deviations, 0.01(3)1 and 0.019(3) Å for 2 and
3, respectively). The dihedral angles between the pyrazine ring
and the "ve-membered chelate ring in 2 and 3 are 3.18(2) and
1.83(2)°, respectively. In an Au(III) complex with picolina-
mide as a ligand, which structurally resembles closely to that of
complex 2, the dihedral angle between the pyridine ring and
the "ve-membered chelate ring is 3.6(2)°, which is close to the
corresponding value noted for 2.27 Moreover, the mean
deviations of the chelate ring are similar to those in 2.
However, a reported Au(III) complex with a picolinic acid
derivative as the ligand resembles structurally more to complex
3, and the dihedral angle between the pyridine ring and the
"ve-membered chelate ring is 1.28(2)°.28
Mycobacterial Activity. Before studying the potential

synergistic e!ects of PZA and gold on M. tuberculosis, the
antimicrobial e!ects of the Au center alone were studied on M.
smegmatis. This bacterium is in the same genus as M.
tuberculosis and has 2000 genes highly conserved with the
pathogen. Thus, M. Smegmatis is an excellent model organism
that is easy to work with, has a fast growth rate, and a relatively
safer model.23,29 M. Smegmatis is known to be naturally
resistant to PZA and thus provides an opportunity to study the
activity of the {Au(I)(PPh3)}+ and {Au(III)Cl2}+ moieties of
1!3. In the present work, the activities of 1!3, [ClAu(PPh3)],
PZA, and a drug control isoniazid (INH) were tested against
M. smegmatis in a normal growth environment and the results

are summarized in Table 3. Under our conditions, we found
the MIC to be 60 !M for 1 and [ClAu(PPh3)], while 2, 3, and

PZA showed no activity up to 100 !M. Mycobacteria species
are known to have thick, hydrophobic, and waxy membranes
that prevent foreign substances from permeation more so than
traditional Gram-positive and Gram-negative species.30,31 For
this reason, the lipophilic {Au(PPh3)}+ unit in 1 might have
been able to pass through this membrane and exert drug
action. This conclusion is supported by the fact that cell digests
from M. smegmatis cells exposed to 40 !M (below the MIC) of
1 exhibited strong inductively coupled plasma mass spectrom-
etry (ICP-MS) signal(s) for gold. Also, the gold(III) species 2
and 3 with chloro ligands but no {Au(PPh3)}+ moiety were
not active at similar concentrations.
With results fromM. Smegmatis study in hand, we proceeded

to test the activity of complex 1 against M. tuberculosis in vitro
along with [ClAu(PPh3)], PZA, and isoniazid (INH). The OD
of M. tuberculosis was recorded after 24 h incubation with 80
!M of each compound in 1% acetone (Figure 5). Interestingly,

1 showed signi"cant bactericidal activity (reduction in OD),
while PZA on its own was only mildly bacteriostatic (OD less
than the control but higher than day 0). The mild drug action
of PZA against M. tuberculosis at the 80 !M concentration is
expected since the higher concentration of PZA (up to 400
!M) and low pH (5.5) media are usually required to observe
any e!ect on M. tuberculosis growth in vitro.32 The results
shown in Figure 5 strongly suggest that the {Au(PPh3)}+

moiety of 1 augments the e#cacy of PZA in vitro. The
standard [ClAu(PPh3)] was speci"cally included in this study
to determine if 1 would show increased activity compared to a
compound with the {Au(PPh3)}+ moiety without PZA.
Inspection of Figure 5 reveals that both 1 and [ClAu(PPh3)]
exhibited the greatest reduction in OD at very similar average
values of 0.345 and 0.387, respectively. Collectively, these
results suggest that complex 1 could introduce a dose of PZA
as well as the {Au(PPh3)}+ moiety in one combination and act

Table 3. MIC (!M) Values for Activity AgainstM. smegmatis

compound MIC (!M)

1 60
2 >100
3 >100
[ClAu(PPh3)] 60
PZA >100
INH 80

Figure 5. M. tuberculosis OD600 values of the initial (day 0) and after
24 h (day 1) incubation with test compounds at 80 !M. Column C
has no additional compound and acetone (Ace).
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as a “two-in-one” drug against M. tuberculosis. Ultimately, this
might reduce the need for much higher doses of PZA itself,
which has severe side e!ects on humans. The gold!phosphine
unit is not so uncommon in metallodrug therapy; Aurano"n,
an FDA-approved drug for rheumatoid arthritis, does contain a
{Au(PEt3)}+ unit.

4

PZA plays an important role in shortening TB treatment
duration from 9!12 months to 6 months. This is likely
because PZA targets a population of semidormant bacilli
residing within the macrophages in an environment not
accessible to other TB drugs.32,33 The mechanism of action of
the pro-drug PZA is not entirely understood, but most agree
that the conversion of PZA to PZO within the bacilli is critical
for activity against M. tuberculosis. Interestingly, PZO itself is
not as active as PZA against M. tuberculosis. PZA has a broad
range of activity highly dependent on the pH of the media and
because it targets mostly nonreplicating bacilli, PZA exhibits
slow or no bactericidal activity in vitro.32 This occurrence is
likely the reason why no synergy was observed in our hands.
Nevertheless, PZA has had a signi"cant clinical impact on TB
and therefore research toward modifying PZA with the
additional antimycobacterial moiety might lead to new and
improved outcomes.
Solution studies. The results of 1H NMR studies con"rm

that 1!3 are stable in acetone, while 2 and 3 are also stable in
acetonitrile. Complexes 2 and 3 are stable in aqueous acetone
(90:10) for hours, while 1 slowly decomposes in such solutions
(used in biological studies). However, inside biologically
relevant environments, exposure to sulfur-containing biomole-
cules like glutathione is expected. Gold(I) centers are soft
Lewis acids, and it is well established that they prefer binding
to soft Lewis bases like thiolate species. The binding of gold(I)
species to biologically relevant thiols (such as glutathione) and
enzymes with thiol-containing active sites (such as thioredox-
in) has been observed and the exchange of N- and S-bound
ligands occurs quickly compared to P-bound ligands.14,34 This
exchange has been hypothesized to play an important role in
the anticancer e!ects of [N!Au(PPh3)] complexes14 as well as
the antimycobacterial e!ects exhibited by aurano"n.35

Disruption of redox homeostasis within the bacterial cell
following binding of the gold unit to glutathione or thioredoxin
has been suggested to be responsible for the drug action.
Impairment of protein synthesis in bacteria has also been
observed with aurano"n treatment.36 In our previous work, we
have showed that complexes with N-bound benzothiazole
ligands and the {Au(PPh3)}+ moiety rapidly exchange with
thiol species.11 In the present work, we checked the possibility

of exchange between PZA and biologically relevant thiols in
the case of 1. Both 1H and 19F NMR spectra of the mixture of
1 and 4-(tri#uoromethyl)thiophenol (FTP) were recorded to
observe if PZA does get exchanged with FTP (Figure 6). As
shown in Figure 6 (left panel), addition of FTP to 1 showed
release of PZA as a free ligand (as evident in the 1H NMR, not
shown) with multiple new 19F NMR peaks (Figure 6A,
bottom) along with a white precipitate. Together, these results
indicate the formation of {S!Au(PPh3)}-polymeric species by
1 in the presence of a thiol. We hypothesize that such a
transformation will lead to the presence of both PZA and
{Au(PPh3)}+ units, which will exert their own individual and
potentially synergistic actions. In contrast, [ClAu(PPh3)] does
not appear to react with FTP and form any Au!thiol species
(Figure 6A, middle panel). In the acidic (pH 6.2!4.5)
macrophage compartment,37 replacement of Cl! by a thiol is
highly unlikely. Thus, administration of 1 (compared to
[ClAu(PPh3)]) could be more reactive against M. tuberculosis
residing within the macrophages in vivo. We have also
employed a more biologically relevant thiol, namely, N-acetyl
L-cysteine methyl ester, to check this interpretation. Addition
of N-acetyl L-cysteine methyl ester to 1 resulted in the
immediate appearance of a white precipitate (Figure 6B, right),
but no such reaction was observed with [ClAu(PPh3)] (Figure
6B, left). Collectively, these results suggest that formation of
{S!Au(PPh3)}-polymeric species with 1 within biological
targets might promote uptake by host macrophages, similar to
the uptake of Au nanoparticles38,39 and/or breakdown of
cellular thiol-redox homeostasis.35 Since M. tuberculosis is
either contained by macrophages or reside within them, this
process could o!er a more direct route to TB treatment in a
host system. The {S!Au(PPh3)}-polymeric species derived
from 1, along with PZA, could cause more damage to the
mycobacterium residing within the macrophages and thus
increasing the e$cacy of the treatment.

! CONCLUSIONS
While Au complexes have been evaluated for their anti-
mycobacterial e!ects previously,40!43 extensive literature
search reveals only two other complexes containing the
{Au(PPh3)}+ unit (Figure 7) in such testing.15,16 Also, in a
previous study, the aurano"n containing PEt3 moiety has been
shown to exert potent activity against M. tuberculosis.35

Between the two complexes with the {Au(PPh3)}+ unit, the
one with the acridine moiety as a ligand (Figure 7, left) was
screened against M. tuberculosis, while the other with
sulfadiazine as a ligand (Figure 7, right) was tested against

Figure 6. (A) F19 NMR spectra of HSC6H4CF3 (top), [ClAu(PPh3)] + HSC6H4CF3 (middle), and 1 + HSC6H4CF3 (bottom). (B) Reaction of
[ClAu(PPh3)] (left) and 1 (right) after addition of N-acetyl-L-cysteine-methyl-ester.
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other members of the mycobacterium genus. The sulfadia-
zine!Au(PPh3) complex showed synergy of the sulfadiazine
antibiotic with the {Au(PPh3)}+ unit. We expect that similar
synergy between PZA and the {Au(PPh3)}+ moiety (arising
from 1) could increase the e!cacy of the treatment compared
to PZA alone under in vitro conditions.
Current TB treatment regimens require four orally taken

drugs (PZA, ethambutol, rifampicin, isoniazid) at high dosages
for 6 months with the daily dose of PZA recommended at 30
mg/kg for at least 2 of those months.17 Much of the di!culty
of treatment for this disease arises from both the inherent
thick, waxy mycomembrane (preventing foreign substances
from permeation) of M. tuberculosis and the success to survive
within host macrophages.30,31 Complexes like 1, as evidenced
by our results, may react immediately with biologically relevant
thiols to produce free PZA and {Au(PPh3)!thiol} polymeric
species. The {Au(PPh3)}+ moiety of 1 may provide the
lipophilicity required to pass through the mycomebrane to
exert its action, while a dose of PZA is also provided
simultaneously. So far, the success of PZA in the TB treatment
has been an extremely valuable "nding; further investigation
into the possible synergistic e#ects between PZA (or other TB
drugs) and the {Au(PPh3)}+ moiety in vivo could be valuable
toward identifying new drugs, especially for future treatment of
emerging drug-resistant strains. Such studies are in progress in
this laboratory.
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Chapter 4. Manganese Carbonyl Complexes 

 

4.1 Background on CO and photoCORMs 

 Carbon monoxide (CO), the toxic small molecule causing thousands of hospital 

visits by Americans every year, has gained increasing attention in the scientific 

community for its therapeutic effects.1  Anti-inflammatory, anti-proliferative and many 

other therapeutic properties of low doses of CO have been identified and studied.2 One 

of the most popular areas of applications of CO has been in the development of CO 

releasing molecules (CORMs) for the treatment of cancer. Prospects of CORMs for the 

treatment of colon, breast, prostate, cervical, pancreatic, skin, lung and other have been 

explored with much initial success.3  

 The anti-proliferative and pro-apoptotic effects of CO in cancerous cell lines 

have been attributed to the increase of cellular reactive oxygen species (ROS) and 

mitochondrial collapse.4 Exogenous CO has shown to inhibit cytochrome c oxidase 

which ultimately leads to the production of mitochondrial ROS.5 Further, CO has been 

shown to inhibit cystathionine E- synthase which leads to reduction of antioxidant 

capacity and the cells ability to handle to increased ROS.6 It is important to note that 

there may be other targets or pathways (hemeproteins) of CO that could aid in the 

overall anticancer activity. Nonetheless, the disruption of the redox homeostasis 

brought about from ROS production and other pathways is linked to the 

chemotherapeutic mechanism of action for CO. 
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 There are many different CORM systems and which can release CO upon 

exposure to external stimuli like heat,7 H2O2
8 or light.9,10 CORMs that release CO upon 

irradiation of light have been termed photoCORMs and have shown increasing 

potential as therapeutic agents due to the convenience of the control of location, dosage 

and timing.11 Of these photoCORMs, metal carbonyl systems containing iron, 

manganese, rhenium, ruthenium and molybdenum (Figure 4.1) are commonly 

employed, however organic based photoCORMs have also been identified .12,13 For use 

as a biological therapeutic, it is important that the photoCORMs and the photoproduct 

be nontoxic, stable and soluble under biological conditions. Additionally, the 

wavelengths of light that cause release of CO are important and must not cause 

additional damage to tissue. Sensitivity to red light, specifically within the 

phototherapeutic window (650 – 1000 nm),14,15 which penetrates further into tissue and 

causes less damage than UV exposure, would be ideal for the development of potential 

photoCORMs.   

Among the reported photoCORMs that could be activated by light in the visible 

light region (Figure 4.1), very few withing the phototherapeutic region (650 – 1000 

nm). Design strategies to move activation from the UV to visible region in Mn carbonyl 

complexes involve increase in the S conjugation of the ligand framework and the 

ancillary ligands which determine the extent of MLCT (metal to ligand charge transfer) 

that is responsible for the labialization of the metal-CO bond.11 In attempts to further 

utilize near infrared (near IR) light within the phototherapeutic region to release CO, 
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various methods such as upconverting nanoparticles16,17 and two photon excitation 

(TPE)18,19 have been employed. 

 

 

Figure 4.1. Examples of photoCORMs that exhibit release of CO upon illumination 

of UV or visible light. 

 

  

 TPE is triggered by the simultaneous absorption of two low-energy photons by 

one chromophore causing excitation and photochemistry events to occur in higher 

energy range. This technique has been highly useful in the areas of 3D microscopy, 

fluorescence microscopy and photodynamic therapy due to the ability of low energy 

near IR light to initiate this excitation and make imaging possible deeper into tissues 

compared to visible or UV light excitation events.20,21 Employing a ligand with TPE 
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capability on a metal carbonyl center release of CO is possible upon exposure to light 

around 800 nm (Figure 4.2). Because TPE requires the simultaneous absorption of 

photons, a laser with very high power and pulse frequency (enough to allow for two 

photons to essentially be in the same location at the same time) is always required.22 

However the high intensity laser can cause tissue damage from prolonged radiation 

limiting its applications in photoCORM-based treatment of cancerous tissues.23,24  For 

this reason, systems requiring single photon excitation (SPE) in the phototherapeutic 

region rather than TPE could be more well-suited for anticancer applications of 

photoCORMs. 

 

 

 

Figure 4.2 TPE active manganese carbonyl complexes that exhibit loss of CO upon 

irradiation with an 800 nm laser. 
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4.2 Manganese Based photoCORMs With Aryl Benzothiazoles 

 Manganese based photoCORMs have been developed and evaluated in our 

group for the past few years. Much of this research has been focused on shifting the 

wavelength of light required for the photoCORM to release CO to the visible 

region.11,25,26 The role of the ancillary ligands (Br, PPh3, CH3CN) is important in 

determining the energy of the MLTC transitions that is linked to wavelength of 

activation (red or blue shifts) required for CO release. The ligands pbt and qbt have 

previously shown a useful means of “Turn-On” tracking of CO release for the 

[MnBr(CO)3(pbt)] and [MnBr(CO)3(qbt)] complexes which exhibit anticancer 

activity.25 Along the same lines, we wanted to observe if similar complexes with pbt 

and qbt using Cl- as the ancillary ligands namely, [MnCl(CO)3(pbt)] (Mnpbt) and 

[MnCl(CO)3(qbt)] (Mnqbt) (Figure 4.3) showed similar tracking and release 

properties. 

  

 

Figure 4.3. Mn(I) pbt and qbt based visible light active photoCORMs. 
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 4.2.1 Synthesis and Spectroscopy 

 The complexes Mnpbt and Mnqbt were synthesized by stirring the ligands pbt 

and qbt in the presence of chloropentacarbonylmanganese(I) in dichloromethane in the 

absence of light. Both complexes exhibit prominent CO stretching in their FT-IR 

spectra consistent with a facial disposition of three CO ligands (Figure 4.4) at 2023 

cm-1 and 1927 cm-1 (overlapping of two CO stretches) for Mnpbt  and 2021 cm-1, 1935 

cm-1, and 1909 cm-1 for Mnqbt. The 1H NMR spectra of both complexes are well 

resolved indicating the presence of Mn(I) centers (Figure 4.5). 

 

 

 

Figure 4.4. FT-IR spectra of Mnpbt (top) and Mnqbt (bottom) in KBr matrix. 
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Figure 4.5. The 1H NMR spectra of Mnpbt (top) and Mnqbt (bottom) in CD3CN at 

298K. 

  

4.2.2 Crystal Structure Descriptions 

The molecular structures of Mnpbt and Mnqbt reveal that the coordination 

geometry of both complexes is distorted octahedral about the Mn(I) center (Figure 4.6 

and 4.7 respectively). Much like Agpbt and Agqbt the two pbt and qbt ligands are 

bound as bidentate ligand to the Mn(I) center. In Mnpbt, the equatorial plane, 

comprising atoms C2, C3, N1, and N2, is approximately planar, with a mean deviation 

of 0.033 (5) A, while the corresponding plane in Mnqbt is almost planar [mean 

deviation = 0.015 (3) A]. In complex Mnpbt, the chelate ring composed of atoms Mn1, 

N1, C8, C9, and N2 is highly planar, with a mean deviation of 0.017 (3) A. In contrast, 

Mnqbt, the chelate ring composed of atoms Mn1, N1, C12, C13, and N2 deviates 



 160

significantly from planarity [mean deviation = 0.115 (5) A]. The dihedral angle 

between the pyridyl ring and the benzothiazole moiety are 6.0 (6)° and 9.6 (6)° for 

Mnpbt and Mnqbt respectively. The refinement parameters, selected bond distances 

and angles, and packing pattern descriptions can be found in section 4.2.4.3.  

 

 

 
 

Figure 4.6. A perspective view of Mnpbt showing the atom-labeling scheme with 

ellipsoids at the 50% probability level. 

 

 
 

Figure 4.7. A perspective view of Mnqbt showing the atom-labeling scheme 

with ellipsoids at the 50% probability level. 
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4.2.3 CO Release Properties and “Turn On” Fluorescence Tracking 

 The UV-vis spectra of Mnpbt and Mnqbt reveal absorption bands in the visible 

region centered around 415 and 440 nm respectively (Figure 4.8 (black trace) and 4.9 

(black trace)). These bands presumably arise from MLCT transitions and similarly 

observed in [MnBr(CO)3(pbt)] and [MnBr(CO)3(qbt)].25 Exposure of solutions of the 

bromo adduct of Mnpbt and Mnqbt to visible light causes the release of CO and this 

same process was monitored for Mnpbt and Mnqbt by recording the electronic 

absorption spectra after intervals of exposure to visible light. Further, the ln[C] vs time 

plot determines the apparent rates of photorelease (kCO).  For Mnpbt and Mnqbt the 

electronic absorption spectra were recorded in acetonitrile after intervals of 

illumination with low power visible light (10 mW cm-2) (Figure 4.8 and 4.9). The kCO 

values calculated from the ln[C] vs time were calculated to be 0.98 ± 0.02 

(concentration 7.76 x 10-5 M) and 2.51 ± 0.02 (concentration 6.87 x 10-5 M) for Mnpbt 

and Mnqbt (Figure 4.10 and 4.11) respectively. Mnqbt has a much higher rate of CO 

release under the same experimental conditions as Mnpbt and could be attributed to the 

relatively superior S acceptor character of qbt compared to pbt (due to the extended 

conjugations). 
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Figure 4.8. Changes in the electronic absorption spectrum of Mnpbt in acetonitrile 

upon exposure to intervals of visible light in MeCN. 

 

Figure 4.9. Changes in the electronic absorption spectrum of Mnqbt in acetonitrile 

upon exposure to intervals of visible light in MeCN. 
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Figure 4.10. The ln[C] vs time plot for Mnpbt indicating kCO value of 0.98 ± 0.02 

(concentration 7.76 x 10-5 M). 

 

 

Figure 4.11. The ln[C] vs time plot for Mnqbt indicating kCO value of 2.51 ± 0.02 

(concentration 6.87 x 10-5 M). 
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 Accompanying the CO release is the gradual turn-on of fluorescence from the 

release of the free pbt and qbt ligands (as observed in [MnBr(CO)3(pbt)] and 

[MnBr(CO)3(qbt)]). The time dependent enhancement of fluorescence can be observed 

upon exposure to visible light for Mnpbt and Mnqbt in Figures 4.12 and 4.13 

respectively. The fluorescent signal returns to full saturation (comparable to the free 

ligands pbt and qbt) after 6 min (Mnpbt) and 1 min (Mnqbt) exposure to light. This 

“turn on” of fluorescence provides a convenient method of tracking CO release from 

the present complexes in a similar manner as the previously reported bromo adducts.  

 

 

 

Figure 4.12. Enhancement of emission intensity for Mnpbt in acetonitrile upon 

exposure to visible light (Oex = 345 nm, Oex = 390 nm). 
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Figure 4.13. Enhancement of emission intensity for Mnqbt in acetonitrile upon 

exposure to visible light (Oex = 345 nm, Oex = 405 nm). 

 

4.2.4 Experimental Section 

4.2.4.1 General Methods 

All reagents were of commercial grade and were used without further 

purification. The solvents were purified according to standard procedures. The ligand 

pbt27 and [MnCl(CO)5]28 were synthesized according to reported procedures. A Perkin-

Elmer Spectrum-One FT-IR spectrophotometer was employed to record the IR spectra 

of the complexes and the ligands. UV-vis spectra were monitored with a Varian Cary 

50 UV-Vis spectrophotometer. The 1H NMR spectra of the compounds were recorded 

at 298 K on a Varian Unity Inova 500 MHz instrument. Microanalyses were carried 

out with a PerkinElmer Series II 2400 Elemental Analyzer.  
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4.2.4.2 Synthesis 

 2-(quinolin-2-yl)-1,3-benzothiazole (qbt): A yellow solution of quinoline-2-

carbaldehyde (409 mg, 2.6 mmol) and 2-aminothiophenol (326 mg, 2.6 mmol) in 

xylenes (30 ml) was heated under reflux for 24 h. Next, the reaction mixture was cooled 

to ambient temperature and the solvent was removed under reduced pressure. The solid 

thus obtained was purified by recrystallization from hot methanol (yield 279mg, 41%). 

Elemental analysis (%) found: C 73.31, H 3.87, N 10.72; calculated for C16H10N2S: C 

73.26, H 3.84, N 10.68. IR (KBr, cm-1): 3057 (w), 1595 (s), 1560 (w), 1500 (s), 1454 

(w), 1428 (w), 1327(s), 1118(w), 997(s), 940(w), 830(s), 754(s), 727(w). 1H NMR 

(CDCl3): G 8.54 (d, 1H), 8.33 (d, 1H), 8.24 (d, 1H), 8.16 (d, 1H), 8.00 (d, 1H), 7.89 (d, 

1H), 7.79 (t, 1H), 7.61 (t, 1H), 7.54 (t, 1H), 7.46 (t, 1H).  

 

[MnBr(CO)3(pbt)] (Mnpbt): A batch of [MnCl(CO)5] (60 mg, 0.26 mmol) and 

pbt (55 mg, 0.26 mmol) in dichloromethane (CH2Cl2, 20 ml) was stirred at room 

temperature for 20 h. The reaction mixture was covered carefully with aluminum foil 

to avoid any light exposure during the entire course of the reaction. Next, the solvent 

was completely removed under reduced pressure and the solid thus obtained was 

washed thoroughly with hexanes and finally dried in vacuo (yield 85 mg, 85%). 

Elemental analysis (%) found: C 46.63, H 2.11, N 7.27; calculated for 

C15H8ClMnN2O3S: C 46.59, H 2.09, N 7.24. IR (KBr, cm-1): 2023 (s), 1927 (s), 1492 

(w), 1327 (w), 1 777 (w), 768 (w), 631 (w), 528 (w). 1H NMR (CD3CN): G 9.32 (d, 

1H), 8.66 (d, 1H), 8.32 (d, 1H), 8.26 (d, 1H), 8.20 (t, 1H), 7.87 (t, 1H), 7.75 (m, 2H).  
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[MnBr(CO)3(qbt)] (Mnqbt): This complex was prepared by the same procedure 

as used for Mnpbt, employing [MnCl(CO)5] (51 mg, 0.22 mmol) and qbt (58 mg, 0.22 

mmol) (yield 89 mg, 91%). Elemental analysis (%) found: C 52.29, H 2.36, N 6.45; 

calculated for C19H10ClMnN2O3S: C 52.25, H 2.31, N 6.41. IR (KBr, cm-1): 2021 (s), 

1926 (s), 1909 (s), 1594 1 (w), 1519 (w), 1090 (w), 825 (w), 765 (w), 641 (w). 1H NMR 

(CD3CN): G 8.98 (d, 1H), 8.71 (m, 2H), 8.30 (t, 2H), 8.18 (d, 1H), 8.11 (t, 1H), 7.89 

(m, 2H), 7.76 (t, 1H).  

 

4.2.4.3 X-ray Crystallography 

Crystal data, data collection details and structure refinement are summarized in 

Table 4.1. The non-H atoms were located through intrinsic phasing using SHELXT29 

integrated in the OLEX2 graphical user interface.30 H atoms were included in 

calculated positions riding on the C atoms to which they bonded, with C - H = 0.93 Å 

and Uiso(H) = 1.2Ueq(C). In Mnpbt, the highest residual electron-density peak is located 

near atom S1. No satisfactory disorder of the twinning model could be found. In Mnqbt, 

an orientational disorder [0.843 (6):0.157 (6)] within the qbt ligand was observed, in 

which the quinoline and benzothiazole frames partially switch positions. This disorder 

is similar to that observed for a copper complex with the same ligand.31 The disorder 

was modeled by assigning partly occupied positions of the S atom (S1 and S1B) of the 

benzothiazole fragment and the C10 and C11 atoms of the quinoline fragment (C10, 

C11, C10B, and C11B), and the anisotropic displacement parameters of the C10B and 
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C11B atoms were constrained to be equal.32 All other atoms of qbt ligand in Mnqbt 

were refined as fully occupied sites. The selected bond angles and distances for Mnpbt 

and Mnqbt can be found in Tables 4.2 and 4.3 respectively. 

 

 

 

 

Table 4.1 Crystal data and structure refinement experimental details of Mnpbt and 

Mnqbt. 

 

 

 

 

 

 

Mnpbt Mnqbt
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Table 4.2.  Selected bond lengths and angles for Mnpbt. 

 

 

 

 

 

Table 4.3.  Selected bond lengths and angles for Mnqbt. 
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4.3 Single Photon Near IR active photoCORMs 

 The application of photoCORMs as chemotherapeutics has been widely 

explored in the past few years. Manganese carbonyl complexes in particular have been 

explored due to their CO release upon exposure to visible light and relatively nontoxic 

photoproducts. After much initial success, there has been a shift to explore 

photoCORMs that are active with light in the phototherapeutic region (650-1000 nm) 

which penetrates deeper in to tissue and with less damage than visible or UV light.14,15 

This has been observed with manganese carbonyl systems employing TPE (Figure 

4.2), but SPE has not yet been observed to cause release of CO with light in the near 

IR region for these complexes. To avoid potential damage to tissues caused by the use 

of high intensity lasers23,24 that are required for TPE, we chose to investigate the effects 

of using extended S conjugated ligands that show absorption around 625nm on their 

own.33–36 These ligands, 5-(4’-dimethylaminophenylimino)-7-chloroquinolin-8-one) 

(NIR1) and 3-(4'-dimethylaminophenylimino)pyrido[2,3-D]phenothiazine (NIR2) 

were used to synthesize manganese carbonyl complexes [MnBr(CO)3(NIR1)]  

(MnNIR1) and [MnBr(CO)3(NIR2)] (MnNIR2) (Figure 4.14) which show SPE and 

simultaneous release of CO with low power near IR light. To the best of our knowledge, 

these are the first manganese based photoCORMs active in the near IR region of light 

caused by SPE.  
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Figure 4.14. Near IR active photoCORMs. 

 

 4.3.1 Synthesis 

 The red absorbing ligands NIR1 and NIR2 were synthesized according to 

literature procedures33–36 and specific details can be found in section 4.3.6.2.  After 

careful isolation of NIR1 and NIR2, the complexes MnNIR1 and MnNIR2 were 

prepared by stirring bromopentacarbonylmanganese(I) and an equimolar amount of the 

corresponding ligands in dichloromethane for 72 h protected from ambient light. The 

initial dark blue/black solutions turned slightly green indicating complex formation. 

The suspension of MnNIR1 was filtered directly to isolate a dark green/black solid 

while the MnNIR2 solution was reduced in volume, precipitated with hexanes and 

filtered to collect the dark green/black solid. 

 

 4.3.2 Crystal Structures Descriptions 

 The molecular structure of MnNIR1 (Figure 4.15) revealed distorted 

octahedral geometry around the Mn(I) with three facially disposed CO ligands. NIR1 

binds the metal center in a bidentate fashion and the sixth coordination site is occupied 

by a bromide ligand. The equatorial plane comprised of C2, C3, N1, and O4 is fairly 
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planar with mean deviation of 0.046(3) Å. The five membered chelate ring comprised 

of Mn1 N1, O4, C11 and C12 forms a plane with mean deviation of 0.025(3) Å. The 

dihedral angle between the dimethylaminophenylimino moiety and the quinoline is 

13.1°. The axial Mn-CO distance is noticeably longer (1.873(2) Å.) compared to the 

two equatorial Mn-CO distances (1.800(9) and 1.783(10) Å.). This can be attributed to 

the WUDQV effect of the bromide ligand across the axial Mn-CO bond. It is also interesting 

to note that all the Mn-C distances in MnNIR1 are noticeably longer compared to the 

structurally similar Mn(I)carbonyl complex [MnBr(CO)3(MIAN)]37 (Figure 4.16). The 

axial Mn-C1 distance in MnNIR1 is 1.873(2) while the corresponding bond distance in 

[MnBr(CO)3(MIAN)] is 1.819(11) Å.  In a similar trend (albeit to a lesser extent) the 

average equatorial Mn-C distance in MnNIR1 is 1.792(9) Å slightly longer compared 

to corresponding average Mn-C bond lengths in [MnBr(CO)3(MIAN)] (1.787(12) Å). 

In general, the relatively weaker Mn-CO bonds in complex MnNIR1 could be due to 

superior S-accepting capacity of NIR1 that competes strongly with CO in terms of 

back-bonding from the metal d-orbitals. As a consequence of this competition, Mn-CO 

back-bonding in complex MnNIR1 is moderate which presumably caused the relative 

weakening of the bonds. 
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Figure 4.15. Molecular structure of MnNIR1 with atom labeling scheme. The thermal 

ellipsoids are shown at 50% probability level.  

 

 

Figure 4.16. Structures of previously reported photoCORMs. 

  

 The molecular structure of complex MnNIR2 (Figure 4.17) is similar to that of 

complex MnNIR1. Although the molecular structure reveals the identity of MnNIR2 

beyond doubt, we refrain from a detailed comparative analysis involving this structure 

due to a crystallographic complication. In the asymmetric unit, the site of the axial CO 

group is also partially occupied by a bromide ligand (in a normal situation should reside 

exclusively trans to the axial CO). During the refinement process, this has been handled 

through PART refinement but allowed the partially occupied CO group and the 
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bromide ligand to refine freely. However, due to this constraint on the overall 

refinement, we choose not to expand any discussion based on metric parameters 

derived from this crystal structure. Nonetheless, apart from the above-mentioned 

disorder, the overall structure divulges no other crystallographic complications. 

Repeated attempts to grow better crystals to evade the disorder remain unsuccessful. 

 

 

 

Figure 4.17. Molecular structure of MnNIR2. The thermal ellipsoids are shown at 

50% probability level.  

 

 4.3.3 Spectroscopy 

 The complexes were validated by spectroscopic studies. The FT-IR spectrum 

of MnNIR1 and MnNIR2 reveal three facial disposed CO ligands at 2016 cm-1, 1932 

cm-1 and 1912 cm-1 and 2022 cm-1, 1937 cm-1 and 1920 cm-1 respectively (Figure 4.18).  
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Figure 4.18. FT-IR spectrum of MnNIR1 (top) and MnNIR2(bottom) in KBr matrix. 
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The 1H NMR spectrum of MnNIR1 and MnNIR2 reveal well defined peaks in 

the expected region and shifted from their respective NIR1 and NIR2 free ligands. A 

comparison of the complex to the ligand’s 1H NMR spectra is shown in Figure 4.19 

for MnNIR1 and Figure 4.20 for MnNIR2. 

 

 

 

 

Figure 4.19. 1H NMR spectrum of NIR1 (top trace) and MnNIR1 (bottom trace) in 

CDCl3 at 298K (not shown; 3.07 ppm, s, 6H for NIR1 and 3.25 ppm, s, 6H for 

MnNIR1). 
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Figure 4.20. 1H NMR spectrum of NIR2 (top trace) and MnNIR2 (bottom trace) in 

CDCl3 at 298K (not shown; 3.02 ppm, s, 6H for NIR2 and 3.08 ppm, s, 6H for 

MnNIR2). 

 

Complexes MnNIR1 and MnNIR2 are indefinitely stable in the absence of light 

and are highly soluble in dichloromethane and CHCl3. When dissolved in MeCN and 

DMSO, both complexes undergo slow degradation over time. Similarly, aqueous 

solutions of MnNIR1 and MnNIR2 (prepared with 1% DMSO) vitiate upon prolong 

storage even when kept in the dark. It is presumed that these donor solvents will ligand 

exchange with the complexes causing the structures to degrade. The electronic 

spectrum of MnNIR1 and MnNIR2 compared to their respective free ligands (Figure 

4.21 and 4.22) reveal a large bathochromic shift upon complexation to the Mn center. 
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MnNIR1 showed an intense absorption in CHCl3 at 785 nm, shifted 160nm from the 

ligands max at 625nm. A similar phenomenon is observed with MnNIR2, max shifting 

roughly 145nm from 614 (NIR1) to 760nm (MnNIR2) in CHCl3. The molar 

absorptivity at max of MnNIR1 compared to NIR1 (38000 and 18000 M-1 cm-1 

respectively) more than doubles and a similar change is observed with MnNIR2 and 

NIR2 (25000 and 12000 M-1 cm-1 respectively). Both the large red shift and increase in 

molar extinction coefficient are consistent with Ni(II) and Cu(II) complexes of the 

same ligands NIR1 and NIR2 and are believed to arise from intermolecular charge 

transfer involving the metal centers.35 In 1% DMSO/PBS solution MnNIR1 also shows 

strong near IR absorption at 735nm (41000 M-1 cm-1) (Figure 4.23).  

 

 

 

Figure 4.21. Electronic absorption spectrum of MnNIR1 (black trace) and 

NIR1 (black dashed trace) in CHCl3. 
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Figure 4.22. Electronic absorption spectrum of MnNIR2 (black trace) and 

NIR2 (black dashed trace) in CHCl3. 

 

 

Figure 4.23. Electronic absorption spectrum of MnNIR1 in 1%DMSO/PBS. 
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4.3.4 CO Release Kinetics and Evaluation 

Manganese carbonyl complexes are well known to release CO upon radiation 

with UV and visible light.11,26,37,38 Other Mn(I) photoCORMs have used near IR light 

(approximately 800m) to release CO, but always employ TPE which requires an 

expensive and high powered laser that could potentially lead to damage of 

tissues.16,18,23,24 Due to the presence of the low energy absorption bands (785 and 

760nm) in MnNIR1 and MnNIR2, we hypothesized that these complexes would release 

CO by excitation with the wavelengths of absorption (near IR region) without the use 

of TPE. In order to determine if MnNIR1 was able to release CO upon activation with 

single-photon excitation (SPE) in the NIR region, the changes in its electronic 

absorption spectra (Figure 4.24) were recorded upon exposure to a low-power 730 nm 

LED light source (spectral distribution: 690 - 780 nm, 147mW/cm2, purchased from 

Asahi Spectral). It is important to note that this light source has a peak wavelength of 

730 nm but works like a flashlight rather than a high power laser required for TPE. The 

systematic reduction of 785 nm band indicated that MnNIR1 is in fact active in the NIR 

region and release of CO from this photoCORM was confirmed by Myoglobin assay 

(Figure 4.25). Similarly, reduction in the 760nm band of MnNIR2 was observed upon 

SPE using the same light source (Figure 4.26). To our knowledge, MnNIR1 and 

MnNIR2 are the only Mn(I)-based photoCORMs utilizing SPE that show activity in 

the phototherapeutic region. In a recent report, a NIR-active flavonol-cyanine dye 

conjugate has been shown to release CO upon exposure to light in the 770-820 nm 

range.39 The severe mitochondrial toxicity of cyanine dyes however diminishes the 
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potential of such CO-donors in therapeutic applications. In contrast, the present 

manganese carbonyl complexes are derived from organic dyes with more favorable 

properties. Among the Mn(I)-based photoCORMs with IDF-[Mn(CO)3] moiety, the two 

previously reported metal-carbonyl complexes [MnBr(CO)3MIAN] and 

[MnBr(CO)3BIAN] (Figure 4.16, Omax = 630 nm and 580 nm respectively) 

demonstrated CO photorelease with long-wavelength light in the visible region.37  

 

 

 

 

Figure 4.24. Changes in the electronic spectrum of MnNIR1 (solid traces) upon 

illumination of 730 nm light in CHCl3 at 298K. The absorption spectrum of NIR1 is 

also shown (dashed trace). 
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Figure 4.25. UV-vis traces from the Myoglobin assay with a CHCl3 solution of 

MnNIR1 at 298K: blue trace, oxidized Mb; black trace, reduced Mb; red trace, 

COMb. 

 

 

Figure 4.26. Spectral Changes of MnNIR2 (solid traces) upon exposure to 730 nm 

light in 2 min intervals and MIR2 (blue dashed trace) in CHCl3. 
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The apparent rate of CO photo release (NCO) of MnNIR1 and MnNIR2 (25 µM) 

were determined by recording the changes in their electronic absorption spectra at 2 

min interval exposures to the 730 nm LED light source. From the ln[C] vs time plot, 

the NCO values of MnNIR1 and MnNIR2 in CHCl3 were determined to be 0.0661 ± 

0.0007 min-1 (Figure 4.27, black trace) and 0.0566 ± 0.0008 min-1 (Figure 4.28) 

respectively. In order to determine how the NCO was affected by the power of the 

incident light, the changes in the absorption spectrum of MnNIR1 were recorded upon 

exposure to the LED light source at various powers. The NCO values dropped to 0.0431 

± 0.0007 min-1, 0.0274 ± 0.0003 min-1 and 0.0139 ± 0.0003 min-1 respectively when 

exposed to 75%, 50% and 25% power of the light source (Figure 4.27 and Table 4.4). 

These rates follow an almost linear pattern with respect to the %power of light vs %CO-

release rate with proportionality constant = 1.04 ± 0.09 (Figure 4.29). The NCO of 

MnNIR1 in 1% DMSO/PBS was also determined to be 0.0088 ± 0.0006 min-1 (Figure 

4.30). 
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Figure 4.27.  The ln[MnNIR1] vs Time plot used to determine NCO at 100% (black 

trace), 75% (green trace), 50% (blue trace) and 25% (red trace) power of 730nm light. 

 

 

 

Figure 4.28. The ln[MnNIR2] vs time plot used to the find the kCO of MnNIR2 

(0.0566 ± 0.0008) in CHCl3. 
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Table 4.4. Rates of CO release from MnNIR1 calculated from various power of NIR 

light. 

 

 

 

 

 

 

 

 

 

 

Figure 4.29. Comparison of kCO release rates for MnNIR1 compared to power of light 

source output. Proportionality constant = 1.04 ± 0.09. 
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Figure 4.30. The ln[MnNIR1] vs time plot used to the find the kCO of MnNIR1 

(0.0088 ± 0.0006) in 1%DMSO/PBS. 

 

Extensive photolysis of the green solution of MnNIR1 yields a blue solution 

(Figure 4.31) indicative loss of the free NIR1 as evidenced by TLC along with the 
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rate. The extensively photolyzed solution of MnNIR1 in MeCN displays a six-line X-
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evidence of our hypothesis that the choice of ligand readily affects the absorption and 

CO-releasing properties of transition metal photoCORMs.  

 

 

Figure 4.31. CHCl3 solutions of MnNIR1 (green) and after irradiation with 730nm 

light (blue).  

 

 

Figure 4.32. The FT-IR spectrum of MnNIR1 (black trace) and MnNIR1 after 

irradiation with 730 nm light (red trace) in KBr. A solution of MnNIR1 in CHCl3 was 

irradiated and further removal of the solvent afforded the photolyzed solid (red trace).  
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Figure 4.33. The EPR spectrum of photolyzed MnNIR1 in MeCN. 
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wavelength compared to the free ligand as seen experimentally in Figure 4.21. As 

shown in Figure 4.34 the HOMO (132) of MnNIR1 has contribution from Mn dz2 

(9.1%) and C pz (5.1%, 4.4%, 3.6%) indicating some Mn-CO bonding character. In 

contrast, the LUMO (133) has no contribution from the Mn center. Thus, the HOMO 

to LUMO excitation, the dominant absorption band of MnNIR1, lowers the M-CO 

bond order and causes CO release.  

 

 
 

Figure 4.34. Calculated energy diagram of MnNIR1 with the MOs involved in the 

HOMO to LUMO transition.  
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4.3.6 Experimental Section 

 4.3.6.1 General Methods 

 All reagents and solvents were of commercial grade and used without further 

purification. NIR1 and NIR2 were synthesized similarly to reported procedures.33–36 

The IR spectra were recorded using a Perkin-Elmer Spectrum-One FT-IR and 1H-NMR 

spectra obtained at 298 K on Varian Unity Inova 500 MHz instrument. A Varian Cary 

50 UV-Vis spectrophotometer was employed for UV-Vis spectra at room temperature. 

 

 4.3.6.2 Synthesis 

 5-(4’-dimethylaminophenylimino)-7-chloroquinolin-8-one (NIR1): (40.400 g 

(1.87 mmol)) of 5,7-Dichloro-8-quinolinol and 0.470 g (11.8 mmol, 6.3 eq) of NaOH 

were added to water (150 mL) stirred at 50 °C until the suspension completely 

dissolved. To this yellow solution, 0.382 g (2.80 mmol, 1.5 eq) of N,N-Dimethyl-p-

phenylenediamine was added. Then, a solution of 0.854 g (3.74, 2 eq) of ammonium 

peroxydisulfate in water (12 mL) was added dropwise with stirring at 50 C. After 10 

min, the black suspension was filtered, and solid allowed to fully dry in the air 

overnight. The crude material was carefully purified in batches by column 

chromatography using acetone/chloroform (1:10) and NIR1 isolated as a blue solid 

(0.233 g, 40% yield). 1H-NMR (CDCl3): G 8.96 (dd, 1H), 8.84 (dd, 1H), 7.76 (s, 1H), 

7.60 (dt, 1H), 7.06 (d, 2H), 6.79 (d, 2H), 3.07 (s, 6H). 
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 3-(4'-dimethylaminophenylimino)pyrido[2,3-D]phenothiazine (NIR2): A 

solution of 209 uL (1.30 mmol, 2 eq) of 2-aminothiophenol and  0.0725 g of KOH were 

mixed in 5mL of ethanol and added dropwise to a refluxing solution of 0.2013 g (0.65 

mmol) of L1 in 30mL of ethanol. The solution turned darker blue and was stirred and 

refluxed for 20 min and then poured in to 150mL of ice/water. The dark purple 

precipitate was filtered and allowed to air dry overnight. The crude product was 

separated in batches using column chromatography with 1:1 benzene/ethyl acetate. 

NIR2 was isolated as a dark blue/black solid (0.121, 49% yield). 1H-NMR (CDCl3): G  

9.05 (dd, 1H), 8.92 (dd, 1H), 7.97 (d, 1H), 7.58 (dd, 1H), 7.33 (t, 1H), 7.28 (overlap 

with CDCl3, 1H), 7.17 (d, 1H), 6.99 (m, 3H), 6.80 (d, 2H), 3.02 (s, 6H). 

 

 [MnBr(CO)3(NIR1)] (MnNIR1): 0.174 g (0.63 mmol) of 

Bromopentacarbonylmanganese(I) was dissolved in dichloromethane (4mL) and a 

solution of 0.197 g (0.63 mmol, 1 eq) of L1 in dichloromethane (30 mL) was added in 

the dark at room temperature. The flask was covered in foil to protect from light and 

allowed to stir in the dark for 3 days after which a dark green precipitate appeared. The 

solvent was reduced to 15 mL, precipitate filtered and washed with 2mL of cold 

dichloromethane and complex isolated as a dark green solid (0.280 g, 84% yield). IR 

(KBr, cm-1): 2016 (s), 1932 (s), 1912 (s), 1614 (w), 1590 (m), 1410 (m), 1377 (s), 1314 

(s), 1172 (m), 1073 (m), 1036 (m), 867 (w). 1H-NMR (CDCl3): G  9.32 (d, 1H), 8.95 

(d, 1H), 7.78 (m, 1H), 7.70 (s, 1H), 7.32 (d, 2H), 6.92 (d, 2H), 3.25 (s, 6H). 
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 [MnBr(CO)3(NIR2)] (MnNIR2): A similar procedure to MnNIR1 was 

employed using 0.0726 g (0.26 mmol) of Bromopentacarbonylmanganese(I) and 

0.1008 g (0.26, 1eq) of L2 in dichloromethane. After 3 days of stirring in the dark the 

solvent was reduced to 10mL and 50mL of hexanes was added. The precipitate was 

filtered and washed with cold hexanes and complex isolated as a dark green solid (0.115 

g, 76% yield). IR (KBr, cm-1): 2022 (s), 1937(s), 1920 (s), 1604 (m), 1591 (m), 1448 

(m), 1364 (s), 1177 (w), 749 (w) 1H-NMR (CDCl3): G  9.36 (d, 1H), 9.00 (d, 1H), 8.50 

(d, 1H), 7.71 (m, 1H), 7.44 (t, 1H), 7.35 (t, 1H), 7.24 (m, 1H, overlaps with CDCl3), 

7.12 (d, 2H), 7.02 (s, 1H), 6.79 (d, 2H), 3.08 (s, 6H). 

 

 4.3.6.3 X-ray Crystallography 

Data were collected on a Bruker D8 Quest single crystal X-ray diffractometer 

(PHOTON 100 CMOS detector) with graphite monochromated Mo Kα radiation (λ = 

0.71073 Å) by the ω-scan technique in the range 5.4 ≤ 2θ ≤ 50 for (for both MnNIR1 

and MnNIR1). All data were corrected for Lorentz and polarization effects.40 All the 

structures were solved with the aid of SHELXT program using intrinsic phasing.32 The 

structures were then refined by a full-matrix least squares procedure on F2 by 

SHELXL.29
 All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model.  Multi-scan 

absorption corrections are applied using SADABS2. Calculations were performed using 

the OLEX230 and SHELXTL™ (V 6.14)41  program packages. The experimental details 

are listed in Table 4.5. 
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Table 4.5. Crystal data and structure refinement parameters for MnNIR1 and 
MnNIR1. 
 
 MnNIR1 MnNIR2 
Empirical formula  C20H14MnN3O4BrCl C26H18MnN4O3SBr 
FW 530.64 601.36 
Temp(K) 298 150 
Wavelength (Å) 0.71073 0.71073 
Crystal system Orthorhombic Monoclinic 
Space group Pcab P21/c 
a (Å) 7.6931 (7) 13.6697 (17) 
b (Å) 17.5230 (15) 22.226 (3) 
c (Å) 30.345 (3) 8.017 (1) 
a (q) 90 90 
b (q) 90 99.760 (3) 
g (q) 90 90 
Z 8 4 
V (Å3) 4090.7 (6) 2400.5 (5) 
Density (calcd) (Mg m-3) 1.723 1.724 
Abs coeff (mm-1) 2.76 2.78 
No. of unique reflns. 3640 4252 
R1

b 0.080 0.100 
wR2c 0.163 0.193 
GOFa on F2 1.12 1.04 

 
a GOF = [Σ[w(Fo2 − Fc2)2]/(No − Nv)]1/2 (No = number of observations, 
Nv = number of variables).  
b R1 = Σ||Fo| − |Fc||/Σ|Fo|.  
c wR2 = [(Σw(Fo2 − Fc2)2/Σ|Fo|2)]1/2. 
 

 

 4.3.6.4 Computational Methods 

Density functional theory (DFT), as implemented in the ADF program (version 

2019.103),42 was used for the ground state structure optimizations without any 

constrains. The revPBE functional,43 including the Grimme D3 corrections and the 

Becke-Johnson damping,44 was used. The TZP45,46 basis sets were used for all atoms, 
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and the relativistic Scalar ZORA47 approach was applied for the Mn. The COSMO48–

50 approach was used as the implicit solvent model, where dichloromethane was used 

as the solvent. For all calculations, the numerical quality was set to “normal”. 

Vibrational frequency calculations were performed at 298.15K and 1 atm to confirm 

the local minima (i.e. no imaginary frequency). Time dependent DFT (TDDFT) method 

was used for calculating the vertical excited states using the ground state optimized 

structures. The range separated LYC-PBE51 functional with the Gamma value of 0.22 

was employed. The TZ2P basis sets were used for all atoms, the Scalar ZORA approach 

was used for Mn, and the COSMO implicit solvent model was employed.  

In the case of NIR1, two energetically equivalent conformers, consisting the 

C1-C2-N-C3 torsion angle 18.70 and 340.50, were found (Figure 4.35, a). The former 

and latter conformers represent 46% and 41%vof the molecules in the ground state 

ensemble, respectively. In the case of MnNIR1, the most stable conformer has the C1-

C2-N-C3 torsion angle of 18.80, representing 87% of complexes in the ground state 

ensemble (Figure 4.35, b). Further results of TD-DFT studies can be found in Table 

4.6. 

 



 195

 

 

Figure 4.35. Relative Gibbs free energy (in kcal/mol), fraction of molecules in the 

ground state ensemble for the conformation (%), excitation wavelength (oscillator 

strength), C1-C2-N-C3 torsion angle (in 0) of the conformers of (a) NIR1 and (b) 

MnNIR1. 
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Table 4.5. TD-DFT results of MnNIR1 and NIR1        
______________________________                             
NIR1: 
C1-C2-N-C3 = 18.70 

orbitals              weight 
81a       ->  82a            0.9402 
 
 
C1-C2-N-C3 = 157.40 

orbitals              weight 
81a       ->  82a            0.9325 
 
 
C1-C2-N-C3 = 201.90 

orbitals              weight 
81a       ->  82a            0.9318 

 
 
C1-C2-N-C3 = 340.50  

orbitals              weight 
81a       ->  82a            0.9401 
 

 
 
MnNIR1: 
 
C1-C2-N-C3 = 18.80 

orbitals              weight 
132a       -> 133a           0.9298 
 
 
C1-C2-N-C3 = 158.60 

orbitals              weight 
132a       -> 133a            0.9272 
 
 
C1-C2-N-C3 = 206.20 

orbitals              weight 
132a       -> 133a            0.9311 
 
 
C1-C2-N-C3 = 336.00 
orbitals              weight 
132a       -> 133a            0.9331 
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Chapter 5. Conclusions 

 

5.1 Evaluation of Silver and Gold Complexes With Benzothiazoles as 

Antimicrobial Agents 

 The demand for new and improved antimicrobial therapeutics is evident 

through the rapid emergence of MDR pathogens that can no longer be treated by 

traditional antibiotics.1 Metal complexes have been used for centuries to treat infection 

and have shown their effectiveness in current research. The mechanism of action of 

metals offers the advantage of multiple mechanistic pathways compared to traditional 

antibiotics which usually target only one pathway within a microbe. This could prevent 

resistance from occurring as rapidly as observed with organic based antibiotics. Both 

gold and silver complexes with potent antimicrobial activity discussed in this work 

could be beneficial in the development of new antibiotic therapies.  

 In Chapter 2 and 3, the antimicrobial activity of gold and silver complexes with 

benzothiazoles pbt and qbt were evaluated using the SSTI model. Benzothiazoles in 

general show antibacterial activity themselves and could add to the therapeutic 

potential of the metal centers. While the Agpbt/Agqbt and AuPpbt/AuPqbt structures 

differ in coordination environment, the overall charge of the complexes is +1 which 

likely aids in the overall efficacy of the complexes due to the slight elecronegative 

charge of microbial membranes. It is difficult to directly compare the efficacy of the 

silver complexes to the gold complexes using the SSTI model, however based on the 

size of the ring of clearing of P. aeruginosa lawns, the activity can at least be considered 
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comparable for Agqbt and AuPpbt (Figure 5.1). It should be noted that the 

antimicrobial activities observed in Figure 5.1 were done at different times and under 

slightly different experimental conditions for the silver and gold species. However, in 

both cases increasing the concentration of the complex in the KBr pellet did not 

increase the diameter of the ring and thus led us to the conclusion that the activity was 

dictated by the solubility and ability to diffuse through the aqueous agar layer. This 

hypothesis is also validated by the observation of no bacterial ring of clearing for the 

overall neutral starting material ClAuPPh3. 

 

 

Figure 5.1. Comparison of the bacterial rings of clearing from Agqbt (left) and 

AuPpbt (right) of P. aeruginosa. 

 

 Another advantage to using pbt or qbt as a ligand is the turn on of fluorescence 

observed from the ligand exchange around the metal center. In both metal complexes 

the fluorescence intensity of the pbt and qbt ligands is significantly quenched when 

bound to the metal center. As the Ag+ or Au+ metal centers ligand exchange to bind to 

biological molecules within bacteria, the pbt or qbt ligands are released from the 
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coordination environment and the fluorescence of the free ligands appears. This could 

be particularly advantageous to track the release of the Ag+ or Au+ as an indication of 

when all the metal antibiotic in a topical application for a SSTI has been used up. Both 

silver and gold complexes with pbt and qbt discussed in this work show potent 

antibacterial activity and could be useful for the treatment of difficult skin and soft 

tissue infections. 

 

5.2 Advantages of Gold(I)PPh3 Complexes 

 The applications of gold complexes as therapeutic agents is expanding rapidly 

an offers a promising route to treat the emerging pathogens. In Chapter 3 (Section 3.2 

and 3.3) gold complexes with {Au(PPh3)}+ units were evaluated for their antimicrobial 

activity. In both cases, potent antimicrobial action was observed and linked to the 

ability of the gold(I) complexes to ligand exchange with thiol containing biomolecules. 

This mechanism is further evidenced by the expansive study of other gold phosphine 

species and their ability to inhibit thiol containing enzyme and proteins like TrxR. 

Because multiple inhibitory pathways have been identified for these gold complexes, 

it is likely the combination of multiple targets within the cell (regardless of the 

identified target) that is responsible for their activity. This helps to overcome the 

resistance mechanisms present in MDR pathogens; multiple targets would require 

multiple sites for the bacteria to overcome resistance which is less likely. 

 One aspect both of these works have in common is the use of bioactive N donor 

ligands as the second moiety of the {Au(PPh3)}+. These complexes allow for easy 
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replacement of the N ligand (and thus release of the free pbt,qbt or pza) and for potential 

of the free ligand to exert drug action on its own. While in this work’s current 

experimental methodology, this is not strongly observed, there is evidence that synergy 

between the released ligand and the {Au(PPh3)}+ exist in other cases. {Au(PPh3)}+ 

complexes with chloroquine, the leading antimalarial drug, show high potency (nM 

range) towards Plasmodium falciparum and the ligation to the lipophilic {Au(PPh3)}+ 

is able to overcome chloroquine resistance.2 Regardless of N donor ligand in the 

antibacterial and antimycobacterial studies done in this work, it seems as though the 

potent activity arises from the {Au(PPh3)}+. This suggests that AuPpbt and AuPqbt 

strongly possess potential to combat skin and wound infections through topical 

applications and could be utilized in cases of drug resistant infection. For TB treatment, 

the comparison of the activity of gold(I) phosphine complex AuPpza to the ineffective 

gold(III) complexes Au3pza and Au3pzo immediately reveal that the {Au(PPh3)}+ 

plays a key role in the activity. Current TB treatment regiments require four orally 

taken drugs (pza, ethambutol, rifampicin and isoniazid) at high dosages for 6 month 

with the daily dose of pza recommended at 30mg/kg for at least 2 of those months.3 

Much of the difficulty of treating this disease arises from the inherently thick waxy 

mycomebrame of M. tuberculosis that prevents foreign substances from permeation.4 

The {Au(PPh3)}+ moiety in AuPpza could provide enhanced lipophilicity to cross this 

membrane and exert drug action. Both studies provide valuable insight into the 

development and treatment of gold phosphine complexes for the treatment MDR 

pathogens. 
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5.3 Near IR Active photoCORMs 

 The therapeutic effects of CO have been well examined with much initial 

success particularly in the anticancer activity observed with light triggered release of 

CO from transition metal carbonyl photoCORMs. In Chapter 4 (Section 4.2) the release 

of CO form Mnpbt and Mnqbt was observed by irradiation of visible light. This was 

accompanied by the gradual turn on of fluorescence (similarly to Ag and Au structures 

with pbt and qbt) which provides an efficient means for the tracking of CO release. To 

further the therapeutic potential of CO, research has shifted to the investigation of 

photoCORMs that are activated by near IR light (which penetrates further into tissues 

and with less damage than visible or UV light). This has mainly been observed in Mn(I) 

systems by the use of TPE which requires the use of high intensity lasers that could 

potentially damage tissues. In Section 4.3 we examined the CO release properties of 

MnNIR1 and MnNIR2 which can be activated by SPE with a simple LED source of 

near IR light. To our knowledge, these are the first examples of Mn(I) systems activated 

by light in the near IR region that do not require the use of expensive and powerful 

lasers. We believe that the proper design of ligand frameworks that causes the near IR 

activity in MnNIR1 and MnNIR2 could be applied to other photoCORM systems and 

could beneficial in the development of these systems for clinical use. 

 

5.4 Overall Conclusions 

 Regardless of disease, metal complexes have proven useful in the development 

of therapeutics. The structural design of the metal complexes used in this work 



 213 

influences the overall activity of the complexes whether that be to increase the 

antibacterial activity of silver and gold complexes or to allow for near IR activation of 

photoCORMs. The specific and careful combination of ligand choice, metal center, and 

coordination environment can have profound influence on the biological properties of 

these metal complexes. The tracking capability, increase in lipophilicity and/or 

photophysical properties are just a few of the aspects governed by this design principle. 

Thoughtful and careful implementation of these principles into therapeutic applications 

would be advantageous in drug discovery. 
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