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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 

the FDA approved drug auranofin (Figure 1.1, B) in 1985 for the treatment 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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CKDSWHU 2. 7UDFNDEOH AQWLPLFURELDO 6LOYHU CRPSOH[HV 

 

2.1 BDFNJURXQG RQ MHGLFLQDO 6LOYHU 

 SLOYHU KDV EHHQ XVHG IRU LWV DQWLPLFURELDO SXUSRVHV IRU WKRXVDQGV RI \HDUV; LQ 

FRQWDLQHUV WR NHHS ZDWHU IUHVK, IRU ZRXQG KHDOLQJ DQG WKH WUHDWPHQW RI XOFHUV.1 IW 

HYHQWXDOO\ EHFDPH PHGLFDO SUDFWLFH IRU WKH SUHYHQWLRQ RI LQIHFWLRQ E\ WKH XVH RI VLOYHU 

IRLO LQ ZRXQG GUHVVLQJV, VLOYHU VWUXFWXUHV LQ VXUJLFDO LPSODQWV RU VLOYHU QLWUDWH DV H\H 

GURSV. IQ WKH HDUO\ 1900V FROORLGDO VLOYHU ZDV LQJHVWHG RU JLYHQ LQWUDYHQRXVO\ IRU WKH 

WUHDWPHQW RI VHSVLV, WRQVLOLWLV, HSLGHUPLWLV DQG RWKHU LQIHFWLRQV. SLOYHU VXOIDGLD]LQH ZDV 

GHYHORSHG DQG DSSURYHG IRU FOLQLFDO XVH LQ WKH ODWH 1900V DQG ZDV ZLGHO\ XVHG DV D 

WRSLFDO DJHQW WR FRQWURO EDFWHULDO LQIHFWLRQV SDUWLFXODUO\ LQ EXUQ YLFWXPV.2 SLQFH WKHQ, 

RWKHU FRPSOH[HV RI VLOYHU LQ WKH IRUPV RI LRQLF FRPSOH[HV DQG QDQRSDUWLFOHV KDYH EHHQ 

H[WHQVLYHO\ VWXGLHG DQG GHYHORSHG IRU WKHLU DQWLPLFURELDO DFWLYLW\.3   

 OQ WRS RI GLUHFW XVH IRU WUHDWPHQW RI LQIHFWLRQ LQ KXPDQV, VLOYHU KDV EHHQ JDLQLQJ 

LQFUHDVLQJ SRSXODULW\ IRU LWV SUHYHQWDWLYH XVH LQ PHGLFDO GHYLFHV. SLOYHU FRDWLQJV RU 

LQFRUSRUDWLRQ LQWR WKHVH PHGLFDO GHYLFHV RU WKH SDFNDJLQJ RI VXFK GHYLFHV KDV EHHQ 

VKRZQ WR SUHYHQW PLFUREHV IURP JURZWK RQ WKHVH VXUIDFHV.3 PDWHQWV FRQWDLQLQJ 

DSSOLFDWLRQV RI DQWLPLFURELDO VLOYHU LQ WKH SDVW GHFDGH KDYH LQFUHDVHG DQG HYHQ 

H[SDQGHG LQWR ZDWHU ILOWUDWLRQ V\VWHPV DQG IRRG VWRUDJH FRQWDLQHUV.  

SLOYHU LV W\SLFDOO\ ZHOO WROHUDWHG LQ WKH ERG\, KRZHYHU PLVXVH FDQ FDXVH VRPH 

IXUWKHU FRPSOLFDWLRQV. TKH PRVW FRPPRQ VLGH HIIHFW LV DUJ\ULD, WKH GHSRVLWLRQ RI VLOYHU 

SDUWLFOHV XQGHU WKH VNLQ FDXVLQJ D EOXH-JUH\ WLQW.4 TKH GHJUHH RI DUJ\ULD REVHUYHG LV 
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GHSHQGHQW RQ WKH PHWKRG RI DSSOLFDWLRQ (WRSLFDO, LQJHVWLRQ, H\H GURSV), WKH IUHTXHQF\ 

RI XVH DQG RWKHU IDFWRUV. AJ\ULD FDQ JR DZD\ RQ LWV RZQ RU FDQ EH SHUPDQHQW, EXW LQ 

JHQHUDO GRHV QRW KDYH VHYHUH VLGH HIIHFWV XQOHVV H[WHQVLYH XVH RU PLVXVH LV WKH FDXVH. 

:KHQ SURSHU XVH LV REVHUYHG VLOYHU H[KLELWV ORZ WR[LFLW\ ZLWKLQ WKH ERG\ DQG LWV XVH 

DVVRFLDWHG ZLWK PHGLFDO GHYLFHV LV FRQVLGHUHG UHODWLYHO\ ORZ ULVN IRU DGYHUVH VLGH 

HIIHFWV. FRU WKHVH UHDVRQV WKH DSSOLFDWLRQV RI VLOYHU LQ YDULRXV DUHDV KDV EHHQ 

VXFFHVVIXOO\ H[SORUHG, LV FRQVLGHUHG UHODWLYHO\ VDIH DQG LV FRPPRQO\ XVHG.5 

 

 2.1.1 AQWLPLFURbLaO SLOYHU  

 6LOYHU KDV EHHQ XVHG IRU H[WHQVLYH PHGLFDO DSSOLFDWLRQV GXH WR WKH VLJQLILFDQWO\ 

ORZHU WR[LFLW\ WR KXPDQ FHOOV WKDQ WR EDFWHULD.6 7KHUH DUH D QXPEHU RI GLIIHUHQW IRUPV 

RI VLOYHU ZKLFK FDQ EH XVHIXO IRU DQWLPLFURELDO SURSHUWLHV LQFOXGLQJ LRQLF FRPSOH[HV RI 

VLOYHU RU VLOYHU QDQRSDUWLFOHV. 6LOYHU LV D G10 PHWDO, PRVW FRPPRQO\ DV WKH FKDUJHG 

VSHFLHV AJ+ (DV DQ LRQLF FRPSOH[) RU AJ0 (DV QDQRSDUWLFOHV). CRPSOH[HV ZLWK VLOYHU 

FDUU\LQJ D 1+ FKDUJH FDQ YDU\ LQ JHRPHWU\ ZLWK FRPPRQ OLQHDU DQG WHWUDKHGUDO 

FRRUGLQDWLRQ HQYLURQPHQWV KRZHYHU 3, 5 DQG 6 FRRUGLQDWH FRPSOH[HV KDYH EHHQ 

LGHQWLILHG. 7KH OLJDQG HQYLURQPHQW VXUURXQGLQJ WKH PHWDO FHQWHU LV W\SLFDOO\ FRPSRVHG 

RI 6, 3, N, 2, KDOLGH, FDUEHQH, RU D FRPELQDWLRQ RI PXOWLSOH OLJDQGV.7 7KH FRRUGLQDWLRQ 

IOH[LELOLW\ RI WKHVH FRPSOH[HV SURYLGH VHHPLQJO\ XQOLPLWHG SRVVLELOLWLHV IRU WKH 

GHYHORSPHQW RI VLOYHU FRPSOH[HV ZLWK GLIIHUHQW SURSHUWLHV DULVLQJ IURP WKH LQIOXHQFH 

RI WKH OLJDQG.  



 ϭϮ 

7KH H[DFW PHFKDQLVP RI DFWLRQ RI VLOYHU KDV QRW EHHQ IXOO\ HOXFLGDWHG, EXW LW LV 

JHQHUDOO\ EHOLHYHG WR LQYROYH WKH UHOHDVH RI AJ+ IURP WKH FRRUGLQDWLRQ HQYLURQPHQW DQG 

VXEVHTXHQW LQWHUDFWLRQV ZLWK ELRORJLFDO PROHFXOHV WKDW GLVUXSW FHOOXODU IXQFWLRQV.8 

6LOYHU LRQV KDYH EHHQ LGHQWLILHG WR LQWHUDFW VWURQJO\ ZLWK EDFWHULDO PHPEUDQHV DV ZHOO 

DV ZLWK LQWHUQDO FRPSRQHQWV RI WKH EDFWHULD. 7KH ELQGLQJ RI VLOYHU LRQV ZLWK WKLRO JURXSV 

RFFXUV UDSLGO\ DQG KDV OHG WR WKH LGHQWLILFDWLRQ RI GHDFWLYDWLRQ RI WKH VXFFLQDWH 

GHK\GURJHQDVH DQG DFRQLWDVH PHPEUDQH UHVSLUDWRU\ FKDLQ HQ]\PHV LQ VRPH EDFWHULD.9 

7KLV OHDGV WR WKH REVHUYHG SURGXFWLRQ RI UHDFWLYH R[\JHQ VSHFLHV (526) DQG D1A 

GDPDJH, DOO RI ZKLFK FRQWULEXWH WR WKH PHFKDQLVP RI DQWLPLFURELDO DFWLRQ IRU VLOYHU 

LRQV. DDPDJH WR EDFWHULDO PHPEUDQHV FDXVLQJ WKH FHOO ZDOO WR GHJUDGH DQG UHOHDVH LWV 

FRQWHQWV KDYH DOVR EHHQ LGHQWLILHG WR SOD\ D UROH LQ WKH DFWLYLW\.10 7KH PHFKDQLVP RI 

DFWLRQ RI VLOYHU QDQRSDUWLFOHV VHHPV WR EH VLPLODU WR WKDW RI AJ+ GXH WR WKH OLIH F\FOH RI 

WKH QDQRSDUWLFOHV HYHQWXDO WUDQVIRUPDWLRQ LQWR VLOYHU LRQV, KRZHYHU WKH H[DFW 

PHFKDQLVP VWLOO UHPDLQV XQFOHDU.11,12 7KH XVH RI VLOYHU QDQRSDUWLFOHV KDV EHHQ 

H[WHQVLYHO\ VWXGLHG, KRZHYHU WKH ULVN RI LQFUHDVHG VLOYHU UHOHDVHG LQWR WKH HQYLURQPHQW 

KDV QRW \HW EHHQ IXOO\ HOXFLGDWHG.13 FRU WKLV UHDVRQ, ZH ZDQWHG WR DYRLG WKH XVH RI VLOYHU 

QDQRSDUWLFOHV DQG WKHLU SRWHQWLDO QHJDWLYH HIIHFW RQ WKH HFRV\VWHP DQG UDWKHU IRFXV RQ 

WKH HIILFDF\ RI GLVFUHWH LRQLF FRPSOH[HV. 

CRQVLGHULQJ WKH PHFKDQLVP RI DFWLRQ RI WKHVH FRPSOH[HV DULVHV IURP WKH UHOHDVH 

RI WKH AJ+ LRQ IURP WKH QDWLYH OLJDQG HQYLURQPHQW, VSHFLILF GHVLJQ VWUDWHJLHV WR FRQWURO 

UHOHDVH RI VLOYHU LRQV KDYH EHHQ HYDOXDWHG. 0RUH VWURQJO\ FRRUGLQDWLQJ OLJDQGV ZLOO 

UHOHDVH LRQV VORZHU DQG PD\ DOORZ IRU D PXFK ORZHU VLOYHU FRQWHQW WR EH HIIHFWLYH WKDQ 
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WKH cOLQLcaOO\ XVHd VLOYHU VXOIadLa]LQH ZKLcK ORVHV VLOYHU LRQV UaSLdO\.8 OI WKH W\SHV RI 

VLOYHU cRPSOH[HV HYaOXaWHd IRU WKHLU aQWLPLcURbLaO acWLRQ, VLOYHU N-KHWHURc\cOLc 

caUbHQHV (NHC) KaYH bHHQ RQH RI WKH PRVW dHYHORSHd dXH WR WKH UHOaWLYHO\ VWURQJ VLOYHU 

caUbRQ bRQd. TKLV IXQcWLRQaOL]aWLRQ RI WKH NHC cRUH aOORZV YaU\LQJ SK\VLRcKHPLcaO 

SURSHUWLHV RI WKH VLOYHU cRPSOH[HV WKaW caQ bH WaLORUHd IRU VSHcLILc XVHV.7  NHC 

cRPSRXQd 1 ()LJXUH 2.1) VKRZHd SRWHQW acWLYLW\ WRZaUdV WKH UHVSLUaWRU\ LQIHcWLRXV 

SaWKRJHQ 3VHXGRPRQDV DHUXJLQRVD aQd LQ YLYR acWLYLW\ ZLWK 3. DHUXJLQRVD LQIHcWHd 

PLcH.14 TKH VLOYHU cRPSOH[ VKRZHd PLQLPaO c\WRWR[Lc acWLYLW\ ZKLOH ORZHULQJ bacWHULaO 

ORadV ZLWKLQ WKH OXQJ LQdLcaWLQJ WKLV W\SH RI cRPSOH[ Pa\ bH XVHIXO LQ WKH WUHaWPHQW RI 

SXOPRQaU\ LQIHcWLRQV. CRPSOH[ 2 ()LJXUH 2.1) aOVR cRQWaLQLQJ WKH NHC cRUH VKRZHd 

LQ YLYR acWLYLW\ WRZaUdV *DOOHULD PHOORQHOOD OaUYaH LQIHcWHd ZLWK 6WDSK\ORFRFFXV DXUHXV 

aQd WKH \HaVW CDQGLGD DOELFDQV.15 AdPLQLVWUaWLRQ RI 2 LQ WKH LQIHcWHd OaUYaH VKRZHd aQ 

LQcUHaVHd UaWH RI VXUYLYaO cRPSaUHd WR XQWUHaWHd OaUYaH aQd QR LPPXQH UHVSRQVH ZaV 

LdHQWLILHd XQOLNH VLPLOaU H[SHULPHQWV ZLWK AJNO3. TKH OLSLd QaWXUH RI 2 Pa\ bH bHWWHU 

WROHUaWHd b\ WKH LQVHcWV RZQ LPPXQH V\VWHP aQd WKHUHIRUH WKH aQWLPLcURbLaO SURSHUWLHV 

ZHUH cRQcOXdHd WR bH IURP 2 aQd QRW a QRQ-VSHcLILc LPPXQH UHVSRQVH LQdXcHd b\ 

adPLQLVWUaWLRQ. FXUWKHU bLV NHC cRPSOH[HV RI W\SH � ()LJXUH 2.1) KaYH bHHQ LdHQWLILHd 

WR KaYH SRWHQW LQ YLWUR acWLYLW\ WRZaUdV 6. DXUHXV aQd EVFKHULFKLD FROL ZLWK MIC¶V 

UaQJLQJ IURP 12.5 WR 100 PJ/PL.16 CRPSOH[HV RI WKLV W\SH ZHUH abOH WR dHJUadH bRWK 

DNA aQd RNA aQd WKLV PHcKaQLVP OLNHO\ SOa\V a UROH LQ WKHLU aQWLbacWHULaO acWLYLW\. 

MaQ\ PRUH NHC cRQWaLQLQJ VSHcLHV KaYH bHHQ HYaOXaWHd, bXW RYHUaOO WKH VWUXcWXUH 



 ϭϰ 

DFWLYLW\ UHODWLRQVKLS RI WKLV W\SH RI VLOYHU FRPSOH[HV VHHPV WR EH FRUUHODWHG WR WKH 

ELRDYDLODELOLW\ RI AJ+ DQG WKH OLSRSKLOLFLW\.7 

 

 

FLJXUe 2.1. NHC AJ+ FRPSOH[HV VKRZLQJ DQWLEDFWHULDO DFWLYLW\. 

 

SLOYHU FDUER[\ODWH FRPSOH[HV KDYH DOVR EHHQ H[WHQVLYHO\ HYDOXDWHG IRU WKHLU 

DQWLPLFURELDO DFWLYLW\. CRPSOH[ 4 (FLJXUe 2.2) VKRZHG SRWHQW DFWLYLW\ WRZDUGV WKH 

GUDP-QHJDWLYH VSHFLHV E.FROL DQG P. DHUXJLQRVD DV ZHOO DV GUDP-SRVLWLYH VSHFLHV 6. 

DXUHXV DQG EQWHURFRFFXV IDHFDOLV.17 7KH ELPHWDOOLF FRPSOH[ 5 (FLJXUe 2.2) ZDV 

HYDOXDWHG IRU LWV DFWLYLW\ WRZDUGV 6. HSLGHUPLWLV DQG 6. DXUHXV VKRZLQJ LQFUHDVHG 

DFWLYLW\ FRPSDUHG WR AJNO3 DQG SRWHQW DQWLELRILOP DFWLYLW\. 7KHVH DQG RWKHU UHVXOWV LQ 

WKLV VWXG\ VKRZ LPSRUWDQW LPSOLFDWLRQV IRU ZRXQG KHDOLQJ XVLQJ D K\GURJHO-FUHDP ZLWK 



 ϭϱ 

cRPSOe[ 5.18 FXUWheU, cRPSOe[ 6 (FLJXUe 2.2) ZLWh caUbR[\OaWe aQd N dRQRU OLgaQdV 

ZeUe eYaOXaWed agaLQVW E.FROL, C. DOELFDQV, S. DXUHXV, BDFLOOXV VXEWLOLV aQd SDOPRQHOOD 

JORVWUXS ZLWh MIC¶V UaQgLQg beWZeeQ 0.1 aQd 50 Pg/PL.19 The LD50 Rf 6 ZaV 

deWeUPLQed LQ PLce WR be 2.22 g/Ng LQdLcaWLQg ORZ WR[LcLW\ aQd gRRd SURVSecWV fRU 

aQWLPLcURbLaO dUXgV Rf VLOYeU ZLWh aPLQR acLdV. OWheU VLOYeU cRPSOe[eV ZLWh PL[ed 

OLgaQdV aOVR VhRZ SRWeQW aQWLbacWeULaO acWLYLW\. The WeWUahedUaO cRPSOe[ 7 (FLJXUe 2.2) 

aQd RWheU VLPLOaU cRPSOe[eV VhRZed SRWeQW bacWeULcLdaO acWLYLW\ WRZaUdV PeWhLcLOOLQ 

UeVLVWaQW S. DXUHXV (MRSA), KOHEVLHOOD SQHXPRQLD, SDOPRQHOOD W\SKLPXULXP aQd Whe 

\eaVW C. DOELFDQV.20  

 

 

 

FLJXUe 2.2. SLOYeU(I) cRPSOe[eV WhaW VhRZ aQWLbacWeULaO acWLYLW\. 
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 TKH aQWLPLFURELaO SURSHUWLHV RI VLOYHU FRPSOH[HV KaYH EHHQ H[WHQVLYHO\ VWXGLHG 

RQ QXPHURXV VSHFLHV RI EaFWHULa, \HaVW aQG HYHQ WXPRU FHOO OLQHV.7 TKH SRWHQW 

HUaGLFaWLRQ RI EaFWHULaO FHOOV aQG ORZ F\WRWR[LFLW\ LGHQWLILHG IRU WKHVH VSHFLHV SURYH 

VLOYHU WR EH a XVHIXO WRRO LQ FRPEaWLQJ LQIHFWLRQV aQG LV aOUHaG\ FRPPHUFLaOO\ XVHG LQ 

EXUQ ZRXQG LQIHFWLRQV, WH[WLOHV aQG PHGLFaO GHYLFH FRaWLQJV. TKH AJ+ LRQ LV UHSHaWHGO\ 

LGHQWLILHG WR LQWHUaFW ZLWK PHPEUaQHV, SURWHLQV, DNA aQG JHQHUaWH ROS aQG WKXV WKH 

PHFKaQLVP RI aFWLRQ RI PRVW VLOYHU FRPSOH[HV OLNHO\ IaOOV XQGHU aOO RU VRPH RI WKHVH 

FaWHJRULHV. TKH HIIHFWLYHQHVV RI WKHVH VSHFLHV LV RIWHQ OLQNHG WR WKH aELOLW\ RI WKH AJ+ 

LRQ WR EH UHOHaVHG IURP WKH OLJaQG IUaPHZRUN LQ a FRQWUROOHG PaQQHU VR WR SURYLGH a 

WKHUaSHXWLF aPRXQW RYHU aQ H[WHQGHG SHULRG RI WLPH. AOWKRXJK UHVLVWaQFH WR VLOYHU KaV 

EHHQ LGHQWLILHG, WKH SURSHU XVH RI aQWLEaFWHULaOV FRXOG KHOS SUHYHQW ZLGHVSUHaG 

UHVLVWaQFH.21 RHJaUGOHVV, WKH HIIHFWLYHQHVV RI VLOYHU FRPSOH[HV aQG QaQRSaUWLFOHV LV ZHOO 

GRFXPHQWHG aQG LV a FRQYHQLHQW PHWKRG IRU WKH WUHaWPHQW RI EaFWHULaO LQIHFWLRQV. 

 

2.2 TUDFNDEOH AQWLEDFWHULDO SLOYHU CRPSOH[HV :LWK AU\O BHQ]RWKLD]ROHV 

 TKH aQWLEaFWHULaO aFWLYLW\ RI VLOYHU FRPSOH[HV KaV EHHQ H[SORLWHG LQ WKH PHGLFaO 

ZRUOG IRU WKHLU XVH LQ EXUQ aQG XOFHU WUHaWPHQWV, SUHYHQWaWLYH FRaWLQJV LQ PHGLFaO 

GHYLFHV aQG LQ GUHVVLQJV IRU ZRXQGV aV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ.22 TKH UHOHaVH 

RI WKH AJ+ LRQ IURP WKH OLJaQG IUaPHZRUN aQG LQWHUaFWLRQ ZLWK ELRORJLFaO PROHFXOHV 

ZLWKLQ EaFWHULa LV OLQNHG WR WKH aQWLEaFWHULaO aFWLYLW\. MaQ\ VLOYHU FRPSOH[HV KaYH EHHQ 

LGHQWLILHG, EXW IHZHU KaYH VKRZQ WUaFNaEOH VLOYHU GHOLYHU\. TKLV SURSHUW\ LV HVSHFLaOO\ 

LPSRUWaQW FRQFHUQLQJ WKH WRSLFaO WUHaWPHQW RI LQIHFWLRQ RQ WKH VNLQ RU LQ EXUQ YLFWLPV 



 ϭϳ 

DQG WKH FKDQJLQJ RI ZRXQG GUHVVLQJV. FRU WKLV UHDVRQ, WKH XVH RI WKH KLJKO\ IOXRUHVFHQW 

OLJDQGV 2-S\ULG\OEHQ]RWKLD]ROH (SEW) DQG 2-TXLQRO\OEHQ]RWKLD]ROH (TEW) ()LJXUH 2.3) 

ZDV RI SDUWLFXODU LQWHUHVW. TKH WZR OLJDQGV FRQWDLQ D EHQ]RWKLD]ROH ZKLFK WKHPVHOYHV 

DUH NQRZQ WR EH D FODVV RI DQWLELRWLFV DQG FRXOG RIIHU DQ DGGLWLRQDO PRLHW\ WR DLG LQ WKH 

RYHUDOO DFWLYLW\.23,24 TKH V\QWKHVLV, FKDUDFWHUL]DWLRQ, WUDFNLQJ SURSHUWLHV DQG 

DQWLPLFURELDO DFWLYLW\ RI WZR VLOYHU(I) FRPSOH[HV ZLWK WKHVH OLJDQGV [AJ(SEW)2]BF4 

(AJSEW) DQG [AJ(TEW)2]BF4 (AJTEW) ()LJXUH 2.3) DUH GHVFULEHG LQ WKH IROORZLQJ 

VHFWLRQV. 

 

)LJXUH 2.3. TKH WZR EHQ]RWKLD]ROH PRLHWLHV (WRS) DQG WKHLU FRPSOH[HV ZLWK VLOYHU 

(ERWWRP). 

 



 ϭϴ 

 2.2.1 S\QWKHVLV DQG SSHFWURVFRS\ 

 TKe WZR aU\O beQ]RWKLa]ROe VLOYeU cRPSOe[eV AJSbW aQd AJTbW ZeUe RbWaLQed 

LQ JRRd \LeOd b\ WKe UeacWLRQV RI AJBF4 ZLWK SbW aQd TbW LQ 1:2 (PeWaO:OLJaQd) PROaU 

UaWLR LQ CHCO3/MeOH XQdeU VWLUULQJ cRQdLWLRQV. BRWK UeacWLRQ IOaVNV ZeUe cRYeUed ZLWK 

aOXPLQXP IRLO WR aYRLd e[SRVXUe RI aQ\ aPbLeQW OLJKW dXULQJ WKe cRXUVe RI UeacWLRQV. 

FT-IR VSecWUa RI WKe cRPSOe[eV e[KLbLW aOO WKe VWUeWcKeV SeUWLQeQW WR WKe cRRUdLQaWed 

aU\O beQ]RWKLa]ROe OLJaQdV ePSOR\ed (FLJXUH 2.4). IQ addLWLRQ, IR VSecWUa RI WZR WKe 

cRPSOe[eV dLVSOa\ a VWURQJ baQd aW 1060 cP-1 dXe WR RI WKe SUeVeQce RI BF4
- aV cRXQWeU 

aQLRQ. BRWK cRPSOe[eV e[KLbLW ZeOO UeVROYed 1H NMR LQ CDCO3 VROXWLRQ (FLJXUH 2.5).  

 

 

 

FLJXUH 2.4. TKe FT-IR VSecWUXP RI AJSbW(WRS) aQd AJTbW(bRWWRP) LQ KBU. 
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FLJXUe 2.5. TKe 1H NMR RI AJSbW (WRS WUace) aQd AJTbW (bRWWRP WUace) LQ CDCO3 aW 

298K. 

 

 TKe eOecWURQLc abVRUSWLRQ VSecWUa LQ dLcKORURPeWKaQe (DCM) VROXWLRQV e[KLbLW 

bURad abVRUSWLRQ baQdV ceQWeUed aURXQd 320 QP IRU AJSbW aQd 350 QP IRU AJTbW 

(FLJXUe 2.6). TKeVe baQdV KaYe cRQWULbXWLRQV IURP bRWK MLCT (PeWaO-WR-OLJaQd) aQd 

OLJaQd-baVed cKaUJe WUaQVIeU WUaQVLWLRQV (dLVcXVVed IXUWKeU LQ VecWLRQ 2.2.2). BRWK 

cRPSOe[eV aUe IaLUO\ VWabOe LQ DCM aQd CHCO3 VROXWLRQV aQd WLPe-deSeQdeQW UV-VLV 

VSecWUaO VWXdLeV UeYeaOed QR VLJQLILcaQW cKaQJe LQ WKe eOecWURQLc abVRUSWLRQ VSecWUa IRU 

aW OeaVW 24 K.  

TKe aU\O beQ]RWKLa]ROeV (SbW aQd TbW) XWLOL]ed aUe QRW RQO\ aUe a cOaVV RI 

aQWLbacWeULaOV bXW aUe aOVR KLJKO\ IOXRUeVceQW. TKe ePLVVLRQ VSecWUa RI WKe VLOYeU 

cRPSOe[eV AJSbW aQd AJTbW cRPSaUed WR WKe IUee OLJaQdV SbW aQd TbW aUe VKRZQ LQ 

FLJXUe 2.7 aQd UeYeaO WKaW XSRQ cRPSOe[aWLRQ WR WKe PeWaO ceQWeU, WKe ePLVVLRQ LQWeQVLW\ 

VLJQLILcaQWO\ TXeQcKeV. TKLV SURSeUW\ caQ SURYLde a PeaQV WR WUacN WKe VLOYeU UeOeaVe 

IURP WKe UeVSecWLYe cRPSOe[eV (WKURXJK a cKaQJe LQ ePLVVLRQ SURSeUW\). 



 ϮϬ 

 

 

)LJXUH 2.6. AbVRUSWLRQ VSHFWUa RI AJSbW (bOaFN), AJTbW (bOXH), SbW (UHG) aQG TbW 

(\HOORZ) LQ DCM. 

 

)LJXUH 2.�. EPLVVLRQ VSHFWUa RI AJSbW (bOaFN), AJTbW (bOXH), SbW (UHG) aQG TbW 

(\HOORZ) LQ DCM (OH[ aW 330, 350, 310 aQG 335 QP UHVSHFWLYHO\). 
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FOXRUeVceQce VSecWUaO VWXdLeV UeYeaOed WhaW bRWh cRPSOe[eV cRXOd acW aV a µµWXUQ-

RQ´ W\Se VeQVRUV WhURXgh ZhLch Whe deOLYeU\ Rf Whe bLRacWLYe Ag+ LRQ caQ be WUacNed 

LQdLUecWO\ ZLWhLQ Whe VLWe Rf LQWeUeVW. ThLV ZRXOd WheQ LQdLcaWe WhaW aOO VLOYeU haV deSOeWed 

fURP a baQdage aQd UeSOacePeQW LV QeceVVaU\. BRWh cRPSOe[eV e[hLbLW YeU\ ORZ 

ePLVVLRQ LQWeQVLW\ LQ DCM VROXWLRQV. HRZeYeU, V\VWePaWLc addLWLRQ Rf BX4NCO UeVXOWed 

LQ a gUadXaO ePeUgeQce Rf Whe fOXRUeVceQce, aVVRcLaWed ZLWh VORZ UeOeaVe Rf VLOYeU (Ag+) 

ZLWh VLPXOWaQeRXV deOLgaWLRQ Rf Whe hLghO\ fOXRUeVceQW OLgaQdV SbW RU TbW (FLJXUH 2.8 

aQd 2.9). The LQWeUacWLRQ Rf chORULde aQd VLOYeU LRQV LQ Whe cRPSOe[eV caXVeV Whe 

SUecLSLWaWLRQ Rf Whe VWabOe LRQ SaLU AgCO aQd UeOeaVeV SbW RU TbW fURP Whe cRRUdLQaWLRQ 

eQYLURQPeQW Rf Whe VLOYeU. The cRPSOeWe deOLgaWLRQ Rf Whe beQ]RWhLa]ROeV fURP bRWh 

cRPSOe[eV RccXUV XSRQ adPLQLVWUaWLRQ Rf 1.2 eTXLYaOeQW Rf BX4NCO. ThLV SURceVV caQ 

be SRWeQWLaOO\ beQefLcLaO QRW RQO\ aV a µµWXUQ-RQ´ VeQVRU WR WUacN Whe UeOeaVe Rf VLOYeU, 

bXW aOVR Whe deOLgaWLRQ Rf Whe aU\O beQ]RWhLa]ROeV cRXOd SRWeQWLaOO\ SURYLde aQ addLWLRQaO 

aQWLPLcURbLaO ageQW WR Whe LQfecWed VLWeV. The WUacNLQg Rf VORZ UeOeaVe Rf Ag+ haV aOVR 

beeQ SUeYLRXVO\ dePRQVWUaWed LQ RXU Oab, fURP a XVLQg BODIPY-baVed Ag(I) a-dLLPLQe 

cRPSOe[ WhURXgh a µµWXUQ-RQ´ fOXRUeVceQce, a SURSeUW\ aVVRcLaWed ZLWh Whe fUee OLgaQd.25  

 



 ϮϮ 

 

)LJXUH 2.8. TKH WXUQ RQ IOXRUHVFHQFH VLJQDOLQJ AJ+ GHOLJDWLRQ IURP SEW (UHG WUDFH) 

XSRQ DGGLWLRQV RI 0.2HT RI BX4NCO WR AJSEW (EODFN WUDFH, 40�M) LQ DCM. 

 

 

)LJXUH 2.�. TKH WXUQ RQ IOXRUHVFHQFH VLJQDOLQJ AJ+ GHOLJDWLRQ IURP TEW (\HOORZ WUDFH) 

XSRQ DGGLWLRQV RI 0.2HT RI BX4NCO WR AJSEW (EOXH WUDFH, 40 �M) LQ DCM. 
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2.2.2 CU\VWaO SWUXcWXUH, BLQdLQJ MRdH DLVcXVVLRQ aQd DHQVLW\ FXQcWLRQ 

TKHRU\ 

 7KH PROHFXODU VWUXFWXUHV IRU ERWK AJSEW (FLJXUH 2.10) DQG AJTEW (FLJXUH 2.11) 

KDYH EHHQ DXWKHQWLFDWHG E\ VLQJOH FU\VWDO ;-UD\ FU\VWDOORJUDSK\. 7KH FU\VWDO VWUXFWXUHV 

UHYHDO WKDW LQ ERWK FDVHV WKH OLJDQG (SEW DQG TEW) ELQGV WKH AJ(I) FHQWHU LQ ELGHQWDWH-

NAN IDVKLRQ. IQWHUHVWLQJO\, WKH S\ULGLQH DQG TXLQRO\O ULQJV RI SEW DQG TEW URWDWH WR 

SUHVHQW WKHLU N DWRPV WR WKH AJ(I) FHQWHU. 7KLV LV HYLGHQFHG LQ WKH FU\VWDO VWUXFWXUHV RI 

ERWK WKH IUHH OLJDQGV SEW DQG TEW UHYHDOLQJ WKH WZR N DWRPV DUH LQ DQWL GLVSRVLWLRQ ZLWK 

UHVSHFW WR HDFK RWKHU (FLJXUH 2.12). 7KH SRVVLELOLW\ RI N,6-ELGHQWDWH FRRUGLQDWLRQ RI 

WKH OLJDQGV KDV QRW EHHQ DFKLHYHG LQ WKH SUHVHQW FRPSOH[HV GHVSLWH WKH FRQVLGHUDEOH 

SURSHQVLW\ RI WKH AJ WR ELQG 6 DWRP.  

 

 

FLJXUH 2.10. 7KH SHUVSHFWLYH YLHZ RI AJSEW ZLWK WKHUPDO HOOLSVRLGV DUH VKRZQ DW 

50% SUREDELOLW\ OHYHO ZLWK H DWRPV DQG BF4
- FRXQWHULRQ RPLWWHG IRU FODULW\.  

 



 Ϯϰ 

 

)LJXUH 2.11. TKH SHUVSHFWLYH YLHZ RI AJTbW ZLWK WKHUPaO HOOLSVRLGV aUH VKRZQ aW 

50% SURbabLOLW\ OHYHO ZLWK H aWRPV aQG BF4
- FRXQWHULRQ RPLWWHG IRU FOaULW\. 

 

 

)LJXUH 2.12. TKH SHUVSHFWLYH YLHZ RI WKH OLJaQGV SbW (ULJKW SaQHO) aQG TbW (OHIW SaQHO) 

ZLWK WKHUPaO HOOLSVRLGV aUH VKRZQ aW 50% SURbabLOLW\ OHYHO ZLWK H aWRPV RPLWWHG IRU 

FOaULW\. 
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IQ WKH cU\VWaO VWUXcWXUH RI AJSbW aQG AJTbW, WKH AJ(I) cHQWHU UHVLGHV LQ a 

GLVWRUWHG WHWUaKHGUaO cRRUGLQaWLRQ HQYLURQPHQW aV VHHQ ZLWK RWKHU bLV bLGHQWaWH N^N 

cRPSOH[HV.26 IQ AJSbW, WKH SbW cKHOaWH ULQJV (cRPSULVHG RI AJ1, N1, C5, C6, N2 aQG 

AJ1, N3, C17, C18, N4 aWRPV) LV UHOaWLYHO\ SOaQaU ZLWK PHaQ GHYLaWLRQV RI 0.019 (3) 

aQG 0.011 (4) c UHVSHcWLYHO\. BRWK bHQ]RWKLa]ROH IUaJPHQWV (cRPSRVHG RI C6, C7, C8, 

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

aUH KLJKO\ SOaQaU ZLWK PHaQ GHYLaWLRQV RI 0.010 (3) aQG 0.005 (3) c UHVSHcWLYHO\. TKH 

GLKHGUaO aQJOHV bHWZHHQ WKHVH IUaJPHQWV aQG WKH aGMRLQLQJ S\ULG\O ULQJV aUH IRXQG WR 

bH 2.3 (4)� aQG 3.0 (3)� UHVSHcWLYHO\. TKH bRQG GLVWaQcHV aQG aQJOHV RI AJSbW aUH 

cRPSaUabOH WR WKH VLPLOaU cRPSOH[HV [AJ(WPSb)2]BF4 (ZKHUH WPSb = 4,4¶,6,6¶-

WHWUaPHWK\O-2,2¶-bLS\ULGLQH) ZLWK aYHUaJH AJ-N GLVWaQcHV aV 2.355 (6) aQG 2.321 c 

UHVSHcWLYHO\.26 TKH aYHUaJH N-AJ-N bLWH aQJOH LQ AJSbW LV 71.8� aOVR cRPSaUabOH WR 

[AJ(WPSb)2]BF4 ZLWK aYHUaJH bLWH aQJOH RI 72.1�. 

IQ WKH cU\VWaO VWUXcWXUH RI AJTbW, RQO\ RQH RI WKH WZR TbW OLJaQGV aSSHaUV LQ WKH 

aV\PPHWULc XQLW, ZLWK WKH VHcRQG TbW OLJaQG cRQVLVWLQJ RI V\PPHWU\ HTXLYaOHQW aWRPV. 

TKH TbW OLJaQGV cKHOaWH ULQJV (cRPSRVHG RI AJ1, N1, C9, C10, N2 aQG AJ1, N1A, C9A, 

C10A, N2A aWRPV), cRQVLGHUabO\ GHYLaWHV IURP SOaQaULW\ (PHaQ GHYLaWLRQ, 0.072 (4) 

c). TKH WZR TbW IUaJPHQWV (cRPSRVHG RI N2, C10, C11, C12, C13, C14, C15, C6, S1 

aWRPV aQG WKH V\PPHWU\ HTXLYaOHQW aWRPV) VKRZ H[cHOOHQW SOaQaULW\ ZLWK PHaQ 

GHYLaWLRQ RI 0.009 (3) c.  

WH ZHUH LQWHUHVWHG WR VHH LI WKH URWaWLRQ RI WKH TXLQRO\O RU S\ULG\O IUaJPHQW RI 

SbW aQG TbW cUHaWHG aQ HOHcWURQLc HQYLURQPHQW WKaW PLJKW bH UHVSRQVLbOH IRU WKH 
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TXHQcKLQJ RI IOXRUHVcHQcH RbVHUYHd b\ AJSbW aQd AJTbW. WH HPSOR\Hd dHQVLW\ 

IXQcWLRQaO WKHRU\ (DFT) caOcXOaWLRQV RQ TbW aQd AJTbW WR SURYLdH LQIRUPaWLRQ abRXW 

WKH cRQILUPaWLRQ HQHUJ\, WKH HQHUJ\ RI WKH HOMO-LUMO JaS aQd WKH W\SH RI 

WUaQVLWLRQV RbVHUYHd ZLWK WKHVH HPLVVLYH PROHcXOHV. FLUVW, WKH dLIIHUHQcH LQ 

cRQILUPaWLRQ HQHUJ\ ZaV caOcXOaWHd bHWZHHQ WKH WZR TbW OLJaQd VWaWHV L1 aQd L1¶ 

(FLJXUe 2.13). TKH LVRPHU L1¶ (WKH RULHQWaWLRQ RI WKH TbW OLJaQd LQ AJTbW) LV 3.9 

NcaO/PRO KLJKHU LQ HQHUJ\ WKaQ L1. TKH URWaWLRQ RI WKH TXLQRO\O ULQJ VWaUWLQJ LQ L1 WR 

L1¶ KaV a IUHH HQHUJ\ baUULHU RI 8.4 NcaO/PRO ZKHUHaV WKH URWaWLRQ VWaUWLQJ IURP L1¶ WR 

L1 LV 5.5 NcaO/PRO. TKLV, aORQJ ZLWK WKH cU\VWaO VWUXcWXUH RI TbW VKRZLQJ L1 

cRQILUPaWLRQ, OHd XV WR cRQcOXdH WKaW WKH L1 RULHQWaWLRQ LV IaYRUabOH LQ VROXWLRQ.  

 

 

FLJXUe 2.13. TKH LVRPHU cRQILUPaWLRQV RI WKH TbW OLJaQd. 

 

TKH HOMO-LUMO JaS RI L1 ZaV caOcXOaWHd WR bH caOcXOaWHd WR bH 0.23 AU 

aQd WKH KRKQ-SKaP RUbLWaOV LQ WKH IURQWLHU UHJLRQ aUH VKRZQ LQ FLJXUe 2.14. TKH 

HOMO ZaV LdHQWLILHd WR bH a S RUbLWaO aQd WKH LUMO LV a S* RUbLWaO. FXUWKHU TDDFT 



 Ϯϳ 

FDOFXODWLRQV LGHQWLILHG WKH ILUVW YHUWLFDO H[FLWDWLRQ DW 309 QP LV WKH GRPLQDQW WUDQVLWLRQ 

DQG WKH H[SHULPHQWDO YDOXH RI 335 QP ZDV LQ UHODWLYHO\ JRRG DJUHHPHQW. 1DWXUDO 

WUDQVLWLRQ RUELWDOV (172¶V) FRQILUPHG WKH S - S* WUDQVLWLRQ LV UHVSRQVLEOH IRU WKH 

H[FLWDWLRQ. 6LPLODU UHVXOWV ZHUH REWDLQHG IRU /1¶ ZLWK S - S* H[FLWDWLRQ RFFXUULQJ DW 310 

QP. 7KH ORZHVW VLQJOHW H[FLWHG VWDWHV RI ERWK /1 DQG /1¶ ZHUH RSWLPL]HG DQG VKRZ 

HQHUJHWLFDOO\ VLPLODU H[FLWHG VWDWHV. 7KH HPLVVLRQ IURP WKH 61 VWDWH IRU /1 ZDV 394 QP 

ZKLOH IRU /1¶ ZDV 395 QP, ERWK LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO HPLVVLRQ DW 400 

QP. 

 

)LJXUH 2.1�. 7KH KRKQ-6KDP RUELWDOV LQ WKH IURQWLHU UHJLRQ RI /1 (TEW). 

 

FRU AJTEW, WKH RSWLPL]HG JURXQG VWDWH VWUXFWXUH SDUDPHWHUV ZHUH VLPLODU WR WKH 

;-UD\ VWUXFWXUH SDUDPHWHUV ZLWK VRPH AJ-1 ERQGV VOLJKWO\ VKRUWHU RU ORQJHU WKDQ LQ WKH 



 Ϯϴ 

;-UD\ VWUXFWXUH. TKH HOMO - LUMO JDS RI AJTEW ZDV FDOFXODWHG WR EH 0.21 AU, 

VOLJKWO\ VPDOOHU WKDQ WKH 0.23 AU JDS FDOFXODWHG IRU TEW. TKH KRKQ-SKDP RUELWDOV LQ 

WKH IURQWLHU UHJLRQ RI AJTEW DUH VKRZQ LQ FLJXUe 2.15 DQG UHYHDO WKH HOMO WR EH D S 

RUELWDO WKDW LV GHORFDOL]HG RYHU ERWK WKH TEW OLJDQGV LQ AJTEW DQG WKH LUMO WR EH WKH 

S* RUELWDO. TZR LPSRUWDQW DEVRUSWLRQ EDQGV ZHUH LGHQWLILHG IURP NTOV DQG TDDFT 

FDOFXODWLRQ DV 1MLTC (326 QP) DQG 1LC (317 QP) WUDQVLWLRQV. TKH RSWLPL]HG WKH 

ORZHVW VLQJOHW VWDWH (S1) RI AJTEW ZDV FDOFXODWHG WR KDYH 1MLCT FKDUDFWHU DQG ZKLFK 

LV 3.07 HV KLJKHU WKDQ WKH JURXQG VWDWH. TKH ORZHVW WULSOHW H[FLWHG VWDWH (T1) ZDV DOVR 

IRXQG WR OLH 1.97 HV DERYH WKH JURXQG VWDWH. SWDUWLQJ IURP WKH T1 JHRPHWU\, WULSOHW DFT 

VLQJOH SRLQW HQHUJ\ FDOFXODWLRQV ZHUH SHUIRUPHG WR SORW WKH WRWDO VSLQ GHQVLW\ (FLJXUe 

2.16). IQWHUHVWLQJO\, WZR XQSDLUHG HOHFWURQV DUH ORFDWHG LQ D TEW OLJDQG, DQG VSLQ GHQVLW\ 

RQ AJ LV ]HUR, LPSO\LQJ WKDW WKH T1 VWDWH KDV 3LC FKDUDFWHU. TKH FDOFXODWHG HPLVVLRQ 

IURP 3LC LV 629 QP DQG VXEVWDQWLDOO\ ORQJHU WKDQ WKH FDOFXODWHG HPLVVLRQ IRU TEW OLJDQG 

LWVHOI (394 QP). E[SHULPHQWDOO\ WKHUH LV QR HPLVVLRQ IRXQG QHDU WR 629 QP IRU AJTEW, 

UDWKHU D YHU\ ZHDNO\ IOXRUHVFHQW EDQG DW 400 QP (VLPLODU WR WKH OLJDQG). TKLV 

REVHUYDWLRQ VXJJHVWV WKDW WKH 3LC LV D QRQ HPLVVLYH VWDWH ZKHUH WKH H[FLWHG VWDWH RI WKH 

PROHFXOHV OLNHO\ IROORZV QRQUDGLDWLYH GHFD\ FKDQQHOV UHVXOWLQJ LQ ODFN RI HPLVVLRQ LQ 

WKLV 629 QP UDQJH. WH FRQFOXGHG WKDW WKH OXPLQHVFHQW EHKDYLRU, RU ODFN RI, DULVHV IURP 

WKH IDFLOH S1 WR T1 LQWHUV\VWHP FURVVLQJ FRPPRQO\ REVHUYHG ZLWK KHDY\ PHWDO 

FRPSOH[HV DQG WKHQ VXEVHTXHQW QRQ UDGLDWLYH GHFD\ IURP WKH T1 VWDWH.  

 

 



 Ϯϵ 

 

FLJXUe 2.15. The KRhQ-ShaP RUbiWaOV iQ Whe fURQWieU UegiRQ Rf AgTbW. 

 

 

 

FLJXUe 2.16. The WRWaO VSiQ deQViW\ fRU Whe T1 VWaWe Rf AgTbW. 
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 2.2.3 AQWLbacWHULaO AcWLRQ 

 TKH aQWLbaFWHULaO aFWLYLW\ RI VLOYHU KaV UHFHQWO\ bHHQ H[SORLWHG WR WaFNOH FKURQLF 

LQIHFWLRQV RI ZRXQGV b\ MDR baFWHULa LQ KRVSLWaOV aURXQG WKH ZRUOG.27,28 SLOYHU 

VXOIaGLa]LQH KaV bHHQ ZLGHO\ XVHG LQ WKH WUHaWPHQW aQG SUHYHQWLRQ RI LQIHFWLRQV RI bXUQ 

ZRXQGV aQG GLabHWLF ZRXQGV RI LPPXQRFRPSURPLVHG SaWLHQWV. TKH bLRaFWLYH AJ+ LRQ 

LV NQRZQ WR LQWHUaFW ZLWK WKLRO aQG aPLQR JURXSV RI SURWHLQV, QXFOHLF aFLGV aQG ZLWK 

FHOO PHPbUaQHV aV UHYLHZHG LQ VHFWLRQ 2.1.1. TKH PXOWLSOH SaWKZa\V RI H[HUWLQJ 

SaWKRORJLFaO GaPaJH b\ WKH AJ+ LRQ PaNHV LW GLIILFXOW IRU WKH PLFURRUJaQLVPV WR 

GHYHORS UHVLVWaQFH WR WKLV PHWaO. FRU WKLV UHaVRQ, a UHQHZHG LQWHUHVW LQ VLOYHU WUHaWPHQWV 

KaV bHHQ a WUHQG LQ GUXJ GHYHORSPHQW HIIRUWV. WH KaYH bHHQ LQWHUHVWHG LQ H[aPLQLQJ 

WKH aQWLbaFWHULaO HIIHFWV RI QHZ VLOYHU FRPSOH[HV RI OLJaQGV WKaW WKHPVHOYHV VKRZ 

aQWLPLFURbLaO HIIHFWV RQ WZR baFWHULa, P. DHUXJLQRVD (GUaP-QHJaWLYH) aQG S. DXUHXV 

(GUaP-SRVLWLYH). TKH baFWHULaO FHOO ZaOO RI WKHVH VSHFLHV GLIIHUV aQG WKXV WUHaWPHQW 

HIILFaF\ YaULHV, bXW bRWK RIWHQ SRVH WKUHaW WR bXUQ ZRXQGV LQ KRVSLWaOV.29 WH FKRVH WR 

H[aPLQH WKH aQWLbaFWHULaO HIILFaF\ RI AJTbW RQ WKHVH WZR baFWHULaO VSHFLHV JURZQ RQ a 

SSTI PRGHO GHYHORSHG LQ RXU OabRUaWRU\.30 TKH PRGHO LV a bLOa\HU RI aJaU ZLWK a QXWULHQW 

ULFK bRWWRP Oa\HU aQG WKH WRS VRIW Oa\HU RI ZKLFK FRQVLVWV RI a XQLIRUP baFWHULaO µµOaZQ´. 

TKH GHVLJQ aOORZV JUaGXaO SHQHWUaWLRQ RI WKH baFWHULa IURP WKH WRS Oa\HU WR WKH QXWULHQW-

ULFK bRWWRP Oa\HU XSRQ LQFXbaWLRQ PXFK OLNH WKH Za\ baFWHULa SHQHWUaWH IURP HSLGHUPLV 

WR GHUPLV Oa\HUV RI WKH VNLQ GXULQJ FKURQLF LQIHFWLRQ. KBU SHOOHWV FRQWaLQLQJ 2% (Z/Z) 

RI TbW aQG AJTbW ZHUH SOaFHG RQ WKH WRS baFWHULaO OaZQV aQG WKH SSTI PRGHOV ZHUH 

LQFXbaWHG aW 37 �C. VLVLbOH FLUFXOaU ]RQHV RI baFWHULaO FOHaULQJ aURXQG WKH SHOOHW 
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FRQWDLQLQJ AJTEW ZHUH REVHUYHG LQ ERWK FDVHV DIWHU LQFXEDWLRQ IRU 18 K DV VKRZQ LQ 

)LJXUH 2.1�. SLPLODU UHVXOWV ZHUH REWDLQHG ZLWK AJSEW. TKHVH LQLWLDO UHVXOWV FRQILUP 

WKH DQWLEDFWHULDO SURSHUWLHV RI WKHVH AJ(I) FRPSOH[HV.  

 

 

)LJXUH 2.1�. P. DHUXJLQRVD ODZQV (WRS URZ) ZLWK KBU (OHIW), 2% TEW (FHQWHU), DQG 2% 

AJTEW DQG S. DXUHXV ODZQV (ERWWRP URZ) ZLWK KBU (OHIW), 2% TEW (FHQWHU), DQG 2% 

AJTEW.  

 

 AWWHPSWV WR LQFUHDVH WKH GLDPHWHU RI WKH ULQJ RI EDFWHULDO FOHDULQJ E\ LQFUHDVLQJ 

WKH FRQFHQWUDWLRQ RI WKH AJ+ VSHFLHV LQ WKH KBU SHOOHW ZHUH PDGH, EXW QR VLJQLILFDQW 

FKDQJHV ZHUH REVHUYHG. TKLV, DORQJ ZLWK WKH XQH[SHFWHG REVHUYDWLRQ WKDW WKH TEW OLJDQG 

GLG QRW VKRZ DQWLPLFURELDO DFWLRQ OHDG XV WR EHOLHYH WKDW LQ WKLV SDUWLFXODU H[SHULPHQWDO 
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VeWXS, Whe VROXbLOLW\ Rf Whe cRPSOe[eV LQ ZaWeU Pa\ Oead WR WheLU aQWLPLcURbLaO acWLYLW\. 

The fUee OLgaQdV SbW aQd TbW aORQg ZLWh Whe AgSbW aQd AgTbW aUe YeU\ VSaULQgO\ VROXbOe 

LQ ZaWeU aQd WhLV PLghW SUeYeQW Whe dLffXVLRQ Rf Whe PROecXOeV fXUWheU LQWR Whe aTXeRXV 

agaU Oa\eU. The Ag+ cRPSOe[eV Pa\ haYe aQ adYaQWage beLQg WhaW Whe\ aUe chaUged 

VSecLeV aQd PLghW be beWWeU be abOe WR dLVSeUVe LQWR Whe bacWeULaO OaZQ aV ZeOO aV LQWeUacW 

ZLWh Whe bacWeULaO ceOO ZaOOV. NeYeUWheOeVV, WheVe cRPSOe[eV VhRZ VWURQg aQWLbacWeULaO 

acWLYLW\ XVLQg Whe SSTI PRdeO aQd WheLU fOXRUeVceQce WUacNLQg caSabLOLWLeV cRXOd SURYLde 

aQ effecWLYe PeWhRd fRU WUacNLQg Rf Whe UeOeaVe Rf Ag+. 

 The aQWLbacWeULaO effecWLYeQeVV Rf Whe AgSbW aQd AgTbW cRPSOe[eV SURPSWed 

fXUWheU LQYeVWLgaWLRQ LQWR RWheU VLPLOaU cRPSOe[eV LQ RXU Oab. The OLgaQd 2,6-

bLV(beQ]RWhLa]ROe)-S\ULdLQe (b]WS\) VhRZQ LQ FLJXUe 2.18, VLPLOaU LQ VWUXcWXUe WR SbW 

bXW cRQWaLQLQg WZR beQ]RWhLa]ROe PRLeWLeV ZaV V\QWheVL]ed. The cRPSOe[eV Rf b]WS\ 

aQd Ag+ aQd CX2+ ZeUe V\QWheVL]ed aQd VWUXcWXUaOO\ chaUacWeUL]ed UeYeaOLQg Whe 

dLQXcOeaU cRPSOe[ [Ag2(b]WS\)2](CF3SO3) (Agb]WS\) aQd PRQRQXcOeaU cRPSOe[ 

[CX(b]WS\)CO2] (CXb]WS\).31 LLNe VLOYeU, cRSSeU cRPSOe[eV haYe aOVR VhRZQ SRWeQW 

aQWLbacWeULaO acWLYLW\.32 The WZR cRPSOe[eV ZeUe eYaOXaWed fRU WheLU aQWLbacWeULaO 

acWLYLW\ XVLQg Whe SSTI PRdeO aQd KBU SeOOeW PeWhRd ZLWh AFLQHWREDFWHU EDXPDQQLL 

aQd S. HSLGHUPLGLV aQd cRPSaUed WR AgNO3 (FLJXUe 2.19). BacWeULaO ULQgV Rf cOeaULQg 

VLPLOaU WR WhRVe VeeQ ZLWh AgSbW aQd AgTbW ZeUe RbVeUYed ZLWh Agb]WS\ aQd CXb]WS\. 

IQ aOO caVeV, bRWh Whe KBU aQd b]WS\ cRQWUROV VhRZed QR bacWeULcLdaO ULQg, ZhLOe Whe 

Agb]WS\ ZaV VLPLOaU LQ VL]e WR Whe AgNO3 cRQWURO aQd CXb]WS\ ZaV QRWLceabOe VPaOOeU 

WhaQ bRWh VLOYeU cRPSRXQdV. AV RbVeUYed ZLWh Whe AgSbW, AgTbW, SbW aQd TbW 
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aQWLEaFWHULaO UHVXOWV (FLJXUH 2.17), WKH LQVROXELOLW\ RI WKH FRPSOH[HV LQ aTXHRXV aJaU 

PHGLa VHHPV WR OLPLW WKH GLIIXVLRQ RI WKH FRPSRXQGV aQG WKXV WKHLU aQWLEaFWHULaO 

HIILFaF\. IW LV OLNHO\ IRU WKLV UHaVRQ WKaW WKH RYHUaOO QHXWUaO VSHFLHV CXE]WS\ VKRZHG a 

VPaOOHU ULQJ RI EaFWHULaO FOHaULQJ FRPSaUHG WR AJE]WS\ aQG WKaW E]WS\, OLNH SEW RU TEW 

VKRZHG QR ULQJ RI EaFWHULaO FOHaULQJ. TKH FaWLRQLF VSHFLHV RI AJE]WS\ ZaV WKHUHIRUH 

PRUH UHaGLO\ aEOH WR GLIIXVH LQWR WKH aJaU Oa\HU aQG H[HUW GUXJ aFWLRQ FRPSaUaEOH WR WKH 

ZaWHU VROXEOH AJNO3 FRQWURO. BaFWHULaO FHOO ZaOOV aUH aOVR PRGHUaWHO\ HOHFWURQHJaWLYH 

aQG WKHUHIRUH HaVH RI SHQHWUaWLRQ RI FaWLRQLF VSHFLHV LQ WR EaFWHULaO FHOO ZaOOV FRPSaUHG 

WR QHXWUaO VSHFLHV LV REVHUYHG.33 TaNHQ WRJHWKHU, WKH UHVXOWV RI WKH aQWLPLFURELaO AJSEW, 

AJTEW aQG AJE]WS\ FRPSOH[HV XVLQJ WKH SSTI PRGHO SURYH FaWLRQLF VLOYHU FRPSOH[HV 

ZLWK EHQ]RWKLa]ROHV aV OLJaQGV WR EH aQ LQWHUHVWLQJ aQG HIIHFWLYH URXWH WRZaUGV 

HQKaQFHG WUHaWPHQW RI WKLV W\SH RI LQIHFWLRQ. 

 

 

FLJXUH 2.18. TKH E]WS\ OLJaQG aQG LWV VWUXFWXUH ZLWK AJ+ aQG CX2+. 
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)LJXUH 2.1�. COHDULQJ RI EDFWHULDO JURZWK RI A. EDXPDQQLL (WRS URZ): SODWH (D) KBU 

SHOOHW 2% (Z/Z) ZLWK AJE]WS\ (OHIW VLGH) DQG AJNO3 (ULJKW VLGH); SODWH (E) KBU SHOOHW 

2% (Z/Z) ZLWK CXE]WS\ (OHIW VLGH) DQG AJE]WS\ (ULJKW VLGH); SODWH (F) KBU SHOOHW 2% 

(Z/Z) ZLWK E]WS\ (OHIW VLGH) DQG EODQN SHOOHW (ULJKW VLGH). S. HSLGHUPLGLV (ERWWRP URZ): 

SODWH (D) KBU SHOOHW 2% (Z/Z) ZLWK AJE]WS\ (OHIW VLGH) DQG AJNO3 (ULJKW VLGH); SODWH 

(E) KBU SHOOHW 2% (Z/Z) ZLWK AJE]WS\ (OHIW VLGH) DQG CXE]WS\ (ULJKW VLGH); SODWH (F) 

KBU SHOOHW 2% (Z/Z) ZLWK E]WS\ (OHIW VLGH) DQG EODQN SHOOHW (ULJKW VLGH).  
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 2.2.4 E[SHULPHQWaO SHcWLRQ 

 2.2.4.1 GHQHUDO MHWKRGV 

 AOO UHDJHQWV DQG VROYHQWV ZHUH RI FRPPHUFLDO JUDGH DQG XVHG ZLWKRXW IXUWKHU 

SXULILFDWLRQ. 7KH OLJDQGV SEW34 DQG TEW35 ZHUH V\QWKHVL]HG DFFRUGLQJ WR WKH UHSRUWHG 

SURFHGXUHV. I5 DQG 89-9LV VSHFWUD RI WKH OLJDQGV DQG WKH FRPSOH[HV ZHUH REWDLQHG 

XVLQJ 3HUNLQ-EOPHU 6SHFWUXP-OQH F7-I5 DQG 9DULDQ CDU\ 50 89-9LV 

VSHFWURSKRWRPHWHUV UHVSHFWLYHO\. 7KH 1H NM5 VSHFWUD RI WKH FRPSOH[HV ZHUH UHFRUGHG 

DW 298 K RQ D 9DULDQ 8QLW\ IQRYD 500 MH] LQVWUXPHQW. 7KH HPLVVLRQ VSHFWUD ZHUH 

UHFRUGHG ZLWK AJLOHQW CDU\ EFOLSVH VSHFWURPHWHU. MLFURDQDO\VHV ZHUH FDUULHG RXW ZLWK 

D 3HUNLQEOPHU 6HULHV II 2400 EOHPHQWDO AQDO\]HU.  

 

 2.2.4.2 S\QWKHVLV 

 >AJ(SEW)2@(BF4) (AJSEW): A VROXWLRQ RI VLOYHU WHWUDIOXRURERUDWH (84 PJ, 0.43 

PPRO) LQ 15 PL RI PHWKDQRO ZDV DGGHG WR D VROXWLRQ RI 185 PJ (0.87 PPRO) RI SEW LQ 

30 PL RI FKORURIRUP. 7KH UHDFWLRQ IODVN ZDV FRYHUHG ZLWK AO IRLO WR DYRLG DPELHQW 

OLJKW DQG VWLUUHG IRU 48 K DW URRP WHPSHUDWXUH. NH[W, WKH VROYHQW ZDV SDUWLDOO\ UHPRYHG 

WR REWDLQ D ZKLWH SUHFLSLWDWH. 7KH VROLG ZDV LVRODWHG E\ YDFXXP ILOWUDWLRQ DQG IXUWKHU 

UHFU\VWDOOL]HG IURP KRW PHWKDQRO (\LHOG: 192PJ, 72%). EOHPHQWDO DQDO\VLV (%) 

FDOFXODWHG IRU C24H16AJN462BF4: C 46.55, H 2.60, N 9.05; FRXQG: C 46.60, H 2.58, N 

9.02. I5 (KBU, FP-1): 3486 (Z), 1459 (Z), 1436 (Z), 1084 (V), 1059 (V), 783 (Z), 1 760 

(Z). H NM5 (CDCO3, SSP): G 8.77 (G, 1H), 8.42 (G, 1H), 8.15 (G, 1H), 7.97 (P, 2H), 

7.55 (W, 1H), 7.48 (P, 2H). 



 ϯϲ 

 >AJ(TEW)2@(BF4) (AJTEW): 7KLV FRPSOH[ ZDV V\QWKHVL]HG E\ WKH VDPH SURFHGXUH 

DV DERYH XVLQJ VLOYHU WHWUDIOXRURERUDWH (78 PJ, 0.40 PPRO) DQG TEW (213 PJ, 0.81 

PPRO)) WR REWDLQ D WDQ VROLG ZKLFK ZDV IXUWKHU UHFU\VWDOOL]HG IURP KRW PHWKDQRO (\LHOG: 

182 PJ, 63%). EOHPHQWDO DQDO\VLV (%) FDOFXODWHG IRU C32H20AJN462BF4: C 53.43, H 

2.80, N 7.79, FRXQG: C 53.47, H 2.85, N 7.69. I5 (KBU, FP!1): 3497 (Z), 1591 (Z), 

1512 (Z), 1084 (V), 1058 (V), 830 (Z), 755 (Z). 1H NM5 (CDCO3, SSP): G 8.53 (P, 

2H), 8.40 (G, 1H), 8.25 (G, 1H), 8.02 (G, 1H), 7.96 (G, 1H), 7.91 (W, 1H), 7.71 (W, 1H), 

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

 

 2.2.4.3 X-UD\ CU\VWDOORJUDSK\ 

CRORUOHVV QHHGOH-VKDSHG DQG EORFN-VKDSHG FU\VWDOV RI AJSEW DQG AJTEW 

UHVSHFWLYHO\ ZHUH REWDLQHG E\ UHFU\VWDOOL]DWLRQ WKURXJK GLIIXVLRQ RI KH[DQHV LQWR WKHLU 

DCM VROXWLRQV. IQ FDVH RI AJSEW, D BUXNHU D8 GLIIUDFWRPHWHU ZLWK 3H272N II 

GHWHFWRU HTXLSSHG ZLWK D ORZ WHPSHUDWXUH GHYLFH, RSHUDWLQJ DW 7 = 100 K ZDV 

HPSOR\HG. 7KLV FU\VWDO ZDV NHSW DW 7 = 100 K GXULQJ HQWLUH WHQXUH RI GDWD FROOHFWLRQ 

DQG XQLW FHOO GHWHUPLQDWLRQ. DDWD ZHUH PHDVXUHG XVLQJ�I�DQG Z VKXWWHUOHVV VFDQ 

WHFKQLTXH XVLQJ V\QFKURWURQ UDGLDWLRQ (AGYDQFHG LLJKW 6RXUFH, BHUNHOH\, VWDWLRQ 

11.3.1). FRU AJTEW, D BUXNHU A3E;-II CCD GLIIUDFWRPHWHU ZLWK JUDSKLWH 

PRQRFKURPDWHG MR-KD UDGLDWLRQ (N = 0.71073 c) ZDV HPSOR\HG. IQ WKLV FDVH, WKH 

FU\VWDO ZDV NHSW DW 7 = 298 K GXULQJ GDWD FROOHFWLRQ DQG XQLW FHOO GHWHUPLQDWLRQ. DDWD 

ZHUH PHDVXUHG XVLQJ Z VFDQ WHFKQLTXH. 7KH WRWDO QXPEHU RI UXQV DQG LPDJHV IRU ERWK 

GDWD FROOHFWLRQV ZDV EDVHG RQ WKH VWUDWHJ\ FDOFXODWLRQ IURP WKH SURJUDP A3E;2 
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(BUXNHU).36 CHOO SDUDPHWHUV ZHUH UHWULHYHG DQG UHILQHG XVLQJ WKH SAINT (BUXNHU) 

VRIWZDUH.37 MXOWL-VFDQ DEVRUSWLRQ FRUUHFWLRQV ZHUH SHUIRUPHG ZLWK ERWK GDWD VHWV XVLQJ 

SADABS 2014/5.38 BRWK VWUXFWXUHV ZHUH VROYHG E\ LQWULQVLF SKDVLQJ XVLQJ WKH 111 

SHELXT (SKHOGULFN, 2015) VWUXFWXUH VROXWLRQ SURJUDP DQG UHILQHG E\ IXOO PDWUL[ OHDVW 

VTXDUHV RQ F2 XVLQJ YHUVLRQ 2016/6 RI SKHOXL (SKHOGULFN, 2015).39  AOO QRQ-K\GURJHQ 

DWRPV ZHUH UHILQHG DQLVRWURSLFDOO\ LQ ERWK FDVHV. IQ AJSEW WKHUH LV D VLQJOH PROHFXOH LQ 

WKH DV\PPHWULF XQLW, ZKLOH IRU AJTEW RQO\ KDOI RI WKH IRUPXOD XQLW LV SUHVHQW LQ WKH 

DV\PPHWULF XQLW, ZLWK WKH RWKHU KDOI FRQVLVWLQJ RI V\PPHWU\ HTXLYDOHQW DWRPV. 

CDOFXODWLRQV DQG PROHFXODU JUDSKLFV ZHUH SUHIRUPHG XVLQJ SHELXTL 2014 DQG OOH[2 

SURJUDPV.40 CU\VWDO GDWD DQG VWUXFWXUH UHILQHPHQW SDUDPHWHUV DUH OLVWHG LQ TabOe 2.1.  

CCDC 1548688 (AJSEW), CCDC 1548689 (AJTEW), CCDC 1556692 (SEW) DQG CCDC 

1556693 (TEW) FRQWDLQ WKH VXSSOHPHQWDU\ FU\VWDOORJUDSKLF GDWD IRU WKLV SDSHU. TKHVH 

GDWD FDQ EH REWDLQHG IUHH RI FKDUJH IURP TKH CDPEULGJH CU\VWDOORJUDSKLF DDWD CHQWHU 

YLD ZZZ.FFGF.FDP.DF.XN/GDWDBUHTXHVW.FLI. 
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TabOe 2.1. CU\VWDO GDWD DQG UHILQHPHQW SDUDPHWHUV IRU AJSEW DQG AJTEW. 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

 AJSEW.2H22 AJSEW 

 
DG2F = >6 >Z(FR

2-FF 2)2@/(NR-NY)@1/2 (NR = QXPEHU RI REVHUYDWLRQV, NY = QXPEHU 
RI YDULDEOHV). 

  E51 = 6~~FR~-~FF~~/6~FR~.  
  FZ52 = >(6Z(FR

2-FF
2)2/6~FR~2)@1/2. 
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2.2.4.4 CRPSXWDWLRQDO MHWKRGV 

 TKH M06L41 IXQFWLRQaO, aV LPSOHPHQWHG LQ WKH GaXVVLaQ09 SURJUaP,42 ZaV XVHG 

IRU VROYHQW-SKaVH VWUXFWXUH RSWLPL]aWLRQV. TKH SMD43 LPSOLFLW VROYaWLRQ PRGHO ZaV 

XVHG IRU VROYaWLRQ WUHaWPHQWV ZLWK GLFKORURPHWKaQH aV VROYHQW (H�= 8.93). TKH SDD44,45 

EaVLV VHW aQG WKH aVVRFLaWHG HIIHFWLYH FRUH SRWHQWLaO ZaV XVHG IRU AJ, aQG WKH DHI2-

TZVP EaVLV VHWV ZHUH HPSOR\HG IRU RWKHU aWRPV.46,47 NaWXUH RI WKH VWaWLRQaU\ SRLQW ZaV 

FRQILUPHG E\ SHUIRUPLQJ YLEUaWLRQaO IUHTXHQF\ FaOFXOaWLRQV WKaW ZHUH SHUIRUPHG WR 

FRQILUP WKH RSWLPL]HG VWUXFWXUHV aV PLQLPa (L.H., QR LPaJLQaU\ IUHTXHQFLHV IRU a 

PLQLPa). TKH WLPH-GHSHQGHQW GHQVLW\ IXQFWLRQaO WKHRU\ (TDDFT) ZaV XVHG IRU H[FLWHG-

VWaWH FaOFXOaWLRQV ZLWK WKH M062X48 IXQFWLRQaO aQG WKH aERYH EaVLV VHWV. TKH QRQ-

HTXLOLEULXP SMD VROYaWLRQ ZaV HPSOR\HG WR FaOFXOaWH YHUWLFaO H[FLWaWLRQV, ZKLOH WKH 

HTXLOLEULXP SMD VROYaWLRQ ZaV XVHG WR RSWLPL]H WKH ORZHVW H[FLWHG VLQJOHW VWaWH aQG 

WKH ORZHVW H[FLWHG WULSOHW VWaWH. TKH µµXOWUaFLQH´ LQWHJUaWLRQ JULG ZaV XVHG IRU TDDFT 

FaOFXOaWLRQV, ZKHUH WKH WZR-HOHFWURQ LQWHJUaO aFFXUaF\ SaUaPHWHU ZaV VHW WR 12.  

 

 2.2.4.5 BDFWHULDO 6WXGLHV 

A VNLQ aQG VRIW WLVVXH LQIHFWLRQ (SSTI) PRGHO ZaV FRQVWUXFWHG IRU aQWLEaFWHULaO 

VWXGLHV E\ IROORZLQJ a SURFHGXUH GHVFULEHG E\ XV LQ a SUHYLRXV aUWLFOH.30 TKLV SSTI 

PRGHO FRQVLVWV RI WZR aJaU Oa\HUV, a KaUG aJaU ERWWRP Oa\HU FRQWaLQLQJ PRVW RI WKH 

QXWULHQWV aQG a VRIW aJaU Oa\HU RQ WKH WRS WKaW aOORZV IRU HYHQ GLVSHUVLRQ RI EaFWHULa. AV 

EaFWHULa JURZ LQ WKH WRS VRIW aJaU (PLPLFNLQJ WKH ORZHU HSLGHUPLV RI WKH VNLQ), WKH\ 

PLJUaWH WRZaUGV WKH ERWWRP QXWULHQW Oa\HU PRGHOLQJ a FXWaQHRXV LQIHFWLRQ. FUR]HQ 



 ϰϬ 

VDPSOHV RI 3VHXGRPRQDV DHUXJLQRVD DQG 6WDSK\ORFRFFXV DXUHXV ZHUH WKDZHG DQG 

VWUHDNHG RQ WZR VHSDUDWH DJDU SODWHV. A VLQJOH FRORQ\ IURP HDFK SODWH ZDV VHOHFWHG DQG 

JURZQ LQ LXULD BURWK (LB) IRU 18 K. 7KH VXVSHQVLRQV ZHUH GLOXWHG ZLWK LB XQWLO DQ 

A600 RI 0.5 ZDV UHDFKHG. 7KH VRIW DJDU EDFWHULDO VXVSHQVLRQ ZDV SUHSDUHG E\ DGGLQJ 

60 �L RI WKH DERYH VROXWLRQ WR 50 PL RI 0.8% (Z/Y) DJDU ZLWK 1% NDCO ZKLFK KDG 

EHHQ SUHYLRXVO\ DXWRFODYHG DQG FRROHG WR 45 �C EHIRUH WKH DGGLWLRQ. 7KH VXVSHQVLRQ 

ZDV JHQWO\ YRUWH[HG DQG 7 PL ZDV VSUHDG HYHQO\ RQ WKH VXUIDFH RI D KDUG DJDU OD\HU 

SUHSDUHG IURP 20 PL RI D 1.5% (Z/Y) 76B DJDU LQ D 100 [ 15 PP2 SODWH DQG DOORZHG 

WR VROLGLI\. 7KH SODWHV ZHUH WKHQ LQFXEDWHG IRU 2 K DW 37 �C LQ RUGHU IRU WKH EDFWHULD WR 

UHDFK ORJ SKDVH EHIRUH KBU SHOOHWV (ZLWK RU ZLWKRXW FRPSOH[HV RI LQWHUHVW) ZHUH SODFHG 

RQ WKH WRS RI WKH VRIW DJDU OD\HU. 7KH EDFWHULFLGDO DFWLYLW\ ZDV HYDOXDWHG DIWHU 18 KRXUV 

LQFXEDWLRQ ZLWK WKH KBU SHOOHWV E\ REVHUYLQJ WKH FLUFXODU ULQJ RI EDFWHULDO FOHDULQJ. 
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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. 
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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 
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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. 
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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 
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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. 
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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. 
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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. 



 97 

 

 

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 
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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. 
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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 
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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. 

 

SHF3C

ClAuPPh3SHF3C

SHF3C

+

+

�������������������	����
���������������


�

Au3pza



 113 

 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.
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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.
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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.
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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−=trifluoromethanesulfonate anion), have been synthesized and structurally characterized by X-ray
crystallography. Both complexes exhibit strong antibacterial effects 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 β-lactums that doctors
relied upon to keep many bacterial infections at bay are now com-
pletely ineffective [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 intensified 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
scientific 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 significant role in the effectiveness of the
compounds toward eradication of specific bacteria [6]. Interestingly,
compounds independently used as drugs, when used as ligands to Au(I),
lead to new gold compounds exhibiting improved antibacterial efficacy.
Positively-charged species are in general more effective 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 purification. (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
filtered through a bed of celite. To the filtrate was added a solution of
pbt (43.1mg, 0.203mmol) in 10mL 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 4mL and 15mL of hexane was added. The
white solid thus formed was collected by filtration and dried in vacuo
(131.0 mg, 78.6% yield). Layering hexanes over a dichloromethane
(CH2Cl2) solution of this solid afforded 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 afforded 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 diffusion of hexanes into their dichloromethane (CH2Cl2) so-
lutions. In case of 1, 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 ω shutterless scan
technique using graphite monochromated Mo-Kα radiation
(λ=0.71073 Å) In case of 2, a suitable single crystal was selected and
mounted on a Bruker APEX-II CCD diffractometer with graphite
monochromated Mo-Kα radiation (λ=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 ω 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 θ=28.4° for 1 and θ=24.2° for 2. Cell
parameters were retrieved using the SAINT (Bruker) software [18] and
refined using SAINT (Bruker) on 9525 reflections for 1 and on 8496
reflections for 2. Data reduction was performed using the SAINT
(Bruker) software, which corrects for Lorentz polarization. The final
completeness is 99.6% out to 28.4° in θ for 1 and 98.8% out to 24.2° in
θ 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 coefficient 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 refined by full matrix least squares on
F2 using version 2016/6 of ShelXL [21]. 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
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
refinement 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. 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 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 μL 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 μL 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 afforded the highly
reactive ion-pair AuPPh3+.OTf− [24] which was then further reacted
with 1 eq of pbt or qbt under refluxing 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 significant 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 ππ* 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 significant 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 refinement parameters for 1 and 2.

1. 0.5 CH2Cl2 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)
α/° 90 90
β/° 120.4450(10) 90
γ/° 90 90
V/Å3 12,905.9(11) 7222(3)
Z 8 8
Wavelength/Å 0.71073 0.71073
Radiation type Mo-Kα Mo-Kα
2θmin/° 5.674 4.706
2θmax/° 56.712 48.376
Measured Refl. 123,645 40,970
Independent Refl. 16,063 5736
Reflections 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= [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.

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 (λex 330 nm) and 2 (λex 350 nm) compared to free
ligands in dichloromethane (λex 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
afforded linear 2-coordinated complexes 1 and 2. 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 [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, significant
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. Different 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 biofilms rapidly as defensive barriers. In addition,
A. baumannii infections are a primary concern to military personnel
injured by gun fire and improvized explosive devices (IEDs) in the
battlefields 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 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 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 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 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 effective 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 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. 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‑trifluoromethyl‑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 downfield (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 confirmed its formation in the re-
action between 1 and F3CC6H4SH (Fig. 6). In order to confirm 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 confirms 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 fluorescent 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) confirmed that complex 1 is highly effective 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 effects 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− trifluoromethanesulfonate anion
LB luria broth
TSB tryptone soya broth
SSTI skin and soft tissue infection
MLCT metal-to-ligand charge transfer
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ABSTRACT: As part of the quest for new gold drugs, we have explored the efficacy of three gold complexes derived from the
tuberculosis drug pyrazinamide (PZA), namely, the gold(I) complex [Au(PPh3)(PZA)]OTf (1, OTf = trifluoromethanesulfonate)
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 significant 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 efficacy 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 effective 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

Auranofin, 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 auranofin 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
effect 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 efficacy and toxicity. In particular,
manipulation of ligand structures was shown to affect the
passage of the therapeutics across hydrophobic membranes of
target cells to a significant extent.6,10,11 An important class of
gold(I) compounds, those with triphenylphosphine as ligands,
is emerging as effective 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 effectiveness, 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
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Recent efforts in drug discovery have demonstrated that
combination of two antipathogenic moieties in one chemo-
therapeutic often leads to higher overall efficacy.11−16 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. 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
effect.17 We therefore decided to combine PZA with the
{Au(PPh3)}

+ unit and study the synergistic effects (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 = trifluor-
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 purification. 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 trifluoromethanesulfonate (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 Refinement 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
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)
α (°) 79.435 (4) 94.664 (2) 90
β (°) 81.214 (5) 106.878 (2) 90
γ (°) 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
2θmin (°) 5.8 7 6.2
2θmax (°) 52.8 49.6 49.4
measured refl. 24 132 4259 15 095
independent refl. 5469 1395 1462
reflections 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 filtered through a bed of celite. To the
filtrate, 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 flask 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, δ ppm): 9.40 (b, 1H), 9.03 (b, 1H), 8.96 (b,
1H), 7.69−6.58 (m, 15H). 13C (CDCl3, δ 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 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), 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, δ ppm): 9.26 (m, 2H), 9.21 (s, 1H), 7.24 (b,
1H). 13C ((CD3)2SO, δ 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 filtered, washed with 2 mL of cold water and
then 5 mL of diethyl ether. The light yellow solid was finally
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, δ ppm): 9.31 (m, 2H), 9.12 (d,
1H). 13C (CD3CN, δ 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 diffrac-
tometer (PHOTON 100 detector) with graphite monochro-
mated Mo Kα radiation (λ = 0.71073 Å) by the ω-scan

technique in the range 5.8 ≤ 2θ ≤ 53 for (1), 7 ≤ 2θ ≤ 50 for
(2), and 6.2 ≤ 2θ ≤ 50 for (3) (Table 1). All data were
corrected for Lorentz and polarization effects.18 All of the
structures were solved with the aid of the SHELXT program
using intrinsic phasing.19 The structures were then refined by a
full-matrix least-squares procedure on F2 by SHELXL.20 All
nonhydrogen atoms were refined 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 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 such 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, 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 (final OD reading = 0.67).
Aliquots of 100 μL of 8 mM 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 5.

■ RESULTS AND DISCUSSION
Synthesis. Complex 1 was synthesized by first 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 afforded the
precursor complex (mentioned above). This precursor
complex as shown in Scheme 1 is always the first 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
affords complex 2. Comparison of the IR spectra of the
precursor complex and 2 reveals different νCO frequencies
(1704 and 1660 cm−1, respectively) corresponding to the
amide CO group of PZA. Because the νCO of the precursor
complex is close to the νCO 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 affords
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
refinement 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
different 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
significantly 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 five-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 five-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
five-membered chelate ring is 1.28(2)°.28
Mycobacterial Activity. 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.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 μM for 1 and [ClAu(PPh3)], while 2, 3, and

PZA showed no activity up to 100 μM. 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 μM (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
μM of each compound in 1% acetone (Figure 5). Interestingly,

1 showed significant 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 μM concentration is
expected since the higher concentration of PZA (up to 400
μM) and low pH (5.5) media are usually required to observe
any effect on M. tuberculosis growth in vitro.32 The results
shown in Figure 5 strongly suggest that the {Au(PPh3)}+

moiety of 1 augments the efficacy of PZA in vitro. The
standard [ClAu(PPh3)] was specifically 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 (μM) Values for Activity AgainstM. smegmatis

compound MIC (μM)

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 μM. 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 effects on humans. The gold−phosphine
unit is not so uncommon in metallodrug therapy; Auranofin,
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 significant 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 confirm

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 effects of [N−Au(PPh3)] complexes14 as well as
the antimycobacterial effects exhibited by auranofin.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 auranofin 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-(trifluoromethyl)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 offer 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 efficacy of the treatment.

■ CONCLUSIONS
While Au complexes have been evaluated for their anti-
mycobacterial effects 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 auranofin 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 efficacy 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 difficulty
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 finding; further investigation
into the possible synergistic effects 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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CKDSWHU 4. MDQJDQHVH CDUERQ\O CRPSOH[HV 

 

4.1 BDFNJURXQG RQ CO DQG SKRWRCO5MV 

 CaUbRQ PRQR[Lde (CO), Whe WR[Lc VPaOO PROecXOe caXVLQg WhRXVaQdV Rf hRVSLWaO 

YLVLWV b\ APeULcaQV eYeU\ \eaU, haV gaLQed LQcUeaVLQg aWWeQWLRQ LQ Whe VcLeQWLfLc 

cRPPXQLW\ fRU LWV WheUaSeXWLc effecWV.1  AQWL-LQfOaPPaWRU\, aQWL-SUROLfeUaWLYe aQd PaQ\ 

RWheU WheUaSeXWLc SURSeUWLeV Rf ORZ dRVeV Rf CO haYe beeQ LdeQWLfLed aQd VWXdLed.2 OQe 

Rf Whe PRVW SRSXOaU aUeaV Rf aSSOLcaWLRQV Rf CO haV beeQ LQ Whe deYeORSPeQW Rf CO 

UeOeaVLQg PROecXOeV (CORMV) fRU Whe WUeaWPeQW Rf caQceU. PURVSecWV Rf CORMV fRU Whe 

WUeaWPeQW Rf cRORQ, bUeaVW, SURVWaWe, ceUYLcaO, SaQcUeaWLc, VNLQ, OXQg aQd RWheU haYe beeQ 

e[SORUed ZLWh PXch LQLWLaO VXcceVV.3  

 The aQWL-SUROLfeUaWLYe aQd SUR-aSRSWRWLc effecWV Rf CO LQ caQceURXV ceOO OLQeV 

haYe beeQ aWWULbXWed WR Whe LQcUeaVe Rf ceOOXOaU UeacWLYe R[\geQ VSecLeV (ROS) aQd 

PLWRchRQdULaO cROOaSVe.4 E[RgeQRXV CO haV VhRZQ WR LQhLbLW c\WRchURPe c R[LdaVe 

ZhLch XOWLPaWeO\ OeadV WR Whe SURdXcWLRQ Rf PLWRchRQdULaO ROS.5 FXUWheU, CO haV beeQ 

VhRZQ WR LQhLbLW c\VWaWhLRQLQe E- V\QWhaVe ZhLch OeadV WR UedXcWLRQ Rf aQWLR[LdaQW 

caSacLW\ aQd Whe ceOOV abLOLW\ WR haQdOe WR LQcUeaVed ROS.6 IW LV LPSRUWaQW WR QRWe WhaW 

WheUe Pa\ be RWheU WaUgeWV RU SaWhZa\V (hePeSURWeLQV) Rf CO WhaW cRXOd aLd LQ Whe 

RYeUaOO aQWLcaQceU acWLYLW\. NRQeWheOeVV, Whe dLVUXSWLRQ Rf Whe UedR[ hRPeRVWaVLV 

bURXghW abRXW fURP ROS SURdXcWLRQ aQd RWheU SaWhZa\V LV OLQNed WR Whe 

chePRWheUaSeXWLc PechaQLVP Rf acWLRQ fRU CO. 



 ϭϱϰ

 TKHUH aUH PaQ\ GLIIHUHQW CORM V\VWHPV aQG ZKLFK FaQ UHOHaVH CO XSRQ 

H[SRVXUH WR H[WHUQaO VWLPXOL OLNH KHaW,7 H2O2
8 RU OLJKW.9,10 CORMV WKaW UHOHaVH CO XSRQ 

LUUaGLaWLRQ RI OLJKW KaYH bHHQ WHUPHG SKRWRCORMV aQG KaYH VKRZQ LQFUHaVLQJ 

SRWHQWLaO aV WKHUaSHXWLF aJHQWV GXH WR WKH FRQYHQLHQFH RI WKH FRQWURO RI ORFaWLRQ, GRVaJH 

aQG WLPLQJ.11 OI WKHVH SKRWRCORMV, PHWaO FaUbRQ\O V\VWHPV FRQWaLQLQJ LURQ, 

PaQJaQHVH, UKHQLXP, UXWKHQLXP aQG PRO\bGHQXP ()LJXUH 4.1) aUH FRPPRQO\ 

HPSOR\HG, KRZHYHU RUJaQLF baVHG SKRWRCORMV KaYH aOVR bHHQ LGHQWLILHG .12,13 FRU XVH 

aV a bLRORJLFaO WKHUaSHXWLF, LW LV LPSRUWaQW WKaW WKH SKRWRCORMV aQG WKH SKRWRSURGXFW 

bH QRQWR[LF, VWabOH aQG VROXbOH XQGHU bLRORJLFaO FRQGLWLRQV. AGGLWLRQaOO\, WKH 

ZaYHOHQJWKV RI OLJKW WKaW FaXVH UHOHaVH RI CO aUH LPSRUWaQW aQG PXVW QRW FaXVH 

aGGLWLRQaO GaPaJH WR WLVVXH. SHQVLWLYLW\ WR UHG OLJKW, VSHFLILFaOO\ ZLWKLQ WKH 

SKRWRWKHUaSHXWLF ZLQGRZ (650 ± 1000 QP),14,15 ZKLFK SHQHWUaWHV IXUWKHU LQWR WLVVXH aQG 

FaXVHV OHVV GaPaJH WKaQ UV H[SRVXUH, ZRXOG bH LGHaO IRU WKH GHYHORSPHQW RI SRWHQWLaO 

SKRWRCORMV.   

APRQJ WKH UHSRUWHG SKRWRCORMV WKaW FRXOG bH aFWLYaWHG b\ OLJKW LQ WKH YLVLbOH 

OLJKW UHJLRQ ()LJXUH 4.1), YHU\ IHZ ZLWKLQJ WKH SKRWRWKHUaSHXWLF UHJLRQ (650 ± 1000 

QP). DHVLJQ VWUaWHJLHV WR PRYH aFWLYaWLRQ IURP WKH UV WR YLVLbOH UHJLRQ LQ MQ FaUbRQ\O 

FRPSOH[HV LQYROYH LQFUHaVH LQ WKH S FRQMXJaWLRQ RI WKH OLJaQG IUaPHZRUN aQG WKH 

aQFLOOaU\ OLJaQGV ZKLFK GHWHUPLQH WKH H[WHQW RI MLCT (PHWaO WR OLJaQG FKaUJH WUaQVIHU) 

WKaW LV UHVSRQVLbOH IRU WKH OabLaOL]aWLRQ RI WKH PHWaO-CO bRQG.11 IQ aWWHPSWV WR IXUWKHU 

XWLOL]H QHaU LQIUaUHG (QHaU IR) OLJKW ZLWKLQ WKH SKRWRWKHUaSHXWLF UHJLRQ WR UHOHaVH CO, 



 ϭϱϱ

YaULRXV PeWKRdV VXcK aV XScRQYeUWLQg QaQRSaUWLcOeV16,17 aQd WZR SKRWRQ e[cLWaWLRQ 

(TPE)18,19 KaYe beeQ ePSOR\ed. 

 

 

)LJXUH 4.1. E[aPSOeV Rf SKRWRCORMV WKaW e[KLbLW UeOeaVe Rf CO XSRQ LOOXPLQaWLRQ 

Rf UV RU YLVLbOe OLgKW. 

 

  

 TPE LV WULggeUed b\ WKe VLPXOWaQeRXV abVRUSWLRQ Rf WZR ORZ-eQeUg\ SKRWRQV b\ 

RQe cKURPRSKRUe caXVLQg e[cLWaWLRQ aQd SKRWRcKePLVWU\ eYeQWV WR RccXU LQ KLgKeU 

eQeUg\ UaQge. TKLV WecKQLTXe KaV beeQ KLgKO\ XVefXO LQ WKe aUeaV Rf 3D PLcURVcRS\, 

fOXRUeVceQce PLcURVcRS\ aQd SKRWRd\QaPLc WKeUaS\ dXe WR WKe abLOLW\ Rf ORZ eQeUg\ 

QeaU IR OLgKW WR LQLWLaWe WKLV e[cLWaWLRQ aQd PaNe LPagLQg SRVVLbOe deeSeU LQWR WLVVXeV 

cRPSaUed WR YLVLbOe RU UV OLgKW e[cLWaWLRQ eYeQWV.20,21 EPSOR\LQg a OLgaQd ZLWK TPE 



 ϭϱϲ

FDSDELOLW\ RQ D PHWDO FDUERQ\O FHQWHU UHOHDVH RI C2 LV SRVVLEOH XSRQ H[SRVXUH WR OLJKW 

DURXQG 800 QP ()LJXUH 4.2). BHFDXVH 73E UHTXLUHV WKH VLPXOWDQHRXV DEVRUSWLRQ RI 

SKRWRQV, D ODVHU ZLWK YHU\ KLJK SRZHU DQG SXOVH IUHTXHQF\ (HQRXJK WR DOORZ IRU WZR 

SKRWRQV WR HVVHQWLDOO\ EH LQ WKH VDPH ORFDWLRQ DW WKH VDPH WLPH) LV DOZD\V UHTXLUHG.22 

HRZHYHU WKH KLJK LQWHQVLW\ ODVHU FDQ FDXVH WLVVXH GDPDJH IURP SURORQJHG UDGLDWLRQ 

OLPLWLQJ LWV DSSOLFDWLRQV LQ SKRWRC250-EDVHG WUHDWPHQW RI FDQFHURXV WLVVXHV.23,24  FRU 

WKLV UHDVRQ, V\VWHPV UHTXLULQJ VLQJOH SKRWRQ H[FLWDWLRQ (63E) LQ WKH SKRWRWKHUDSHXWLF 

UHJLRQ UDWKHU WKDQ 73E FRXOG EH PRUH ZHOO-VXLWHG IRU DQWLFDQFHU DSSOLFDWLRQV RI 

SKRWRC250V. 

 

 

 

)LJXUH 4.2 73E DFWLYH PDQJDQHVH FDUERQ\O FRPSOH[HV WKDW H[KLELW ORVV RI C2 XSRQ 

LUUDGLDWLRQ ZLWK DQ 800 QP ODVHU. 
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4.2 0DQJDQHVH BDVHG SKRWRC250V :LWK AU\O BHQ]RWKLD]ROHV 

 MaQgaQeVe baVed SKRWRCORMV KaYe beeQ deYeORSed aQd eYaOXaWed LQ RXU 

gURXS fRU WKe SaVW feZ \eaUV. MXcK Rf WKLV UeVeaUcK KaV beeQ fRcXVed RQ VKLfWLQg WKe 

ZaYeOeQgWK Rf OLgKW UeTXLUed fRU WKe SKRWRCORM WR UeOeaVe CO WR WKe YLVLbOe 

UegLRQ.11,25,26 TKe UROe Rf WKe aQcLOOaU\ OLgaQdV (BU, PPK3, CH3CN) LV LPSRUWaQW LQ 

deWeUPLQLQg WKe eQeUg\ Rf WKe MLTC WUaQVLWLRQV WKaW LV OLQNed WR ZaYeOeQgWK Rf 

acWLYaWLRQ (Ued RU bOXe VKLfWV) UeTXLUed fRU CO UeOeaVe. TKe OLgaQdV SbW aQd TbW KaYe 

SUeYLRXVO\ VKRZQ a XVefXO PeaQV Rf ³TXUQ-OQ´ WUacNLQg Rf CO UeOeaVe fRU WKe 

[MQBU(CO)3(SbW)] aQd [MQBU(CO)3(TbW)] cRPSOe[eV ZKLcK e[KLbLW aQWLcaQceU 

acWLYLW\.25 AORQg WKe VaPe OLQeV, Ze ZaQWed WR RbVeUYe Lf VLPLOaU cRPSOe[eV ZLWK SbW 

aQd TbW XVLQg CO- aV WKe aQcLOOaU\ OLgaQdV QaPeO\, [MQCO(CO)3(SbW)] (MQSbW) aQd 

[MQCO(CO)3(TbW)] (MQTbW) ()LJXUH 4.3) VKRZed VLPLOaU WUacNLQg aQd UeOeaVe 

SURSeUWLeV. 

  

 

)LJXUH 4.3. MQ(I) SbW aQd TbW baVed YLVLbOe OLgKW acWLYe SKRWRCORMV. 
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 4.2.1 S\QWKHVLV DQG SSHFWURVFRS\ 

 The cRPSOe[eV MQSbW aQd MQTbW ZeUe V\QWheVL]ed b\ VWLUULQg Whe OLgaQdV SbW 

aQd TbW LQ Whe SUeVeQce Rf chORURSeQWacaUbRQ\OPaQgaQeVe(I) LQ dLchORURPeWhaQe LQ Whe 

abVeQce Rf OLghW. BRWh cRPSOe[eV e[hLbLW SURPLQeQW CO VWUeWchLQg LQ WheLU FT-IR 

VSecWUa cRQVLVWeQW ZLWh a facLaO dLVSRVLWLRQ Rf WhUee CO OLgaQdV (FLJXUH 4.4) aW 2023 

cP-1 aQd 1927 cP-1 (RYeUOaSSLQg Rf WZR CO VWUeWcheV) fRU MQSbW  aQd 2021 cP-1, 1935 

cP-1, aQd 1909 cP-1 fRU MQTbW. The 1H NMR VSecWUa Rf bRWh cRPSOe[eV aUe ZeOO 

UeVROYed LQdLcaWLQg Whe SUeVeQce Rf MQ(I) ceQWeUV (FLJXUH 4.5). 

 

 

 

FLJXUH 4.4. FT-IR VSecWUa Rf MQSbW (WRS) aQd MQTbW (bRWWRP) LQ KBU PaWUL[. 
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)LJXUH 4.5. TKe 1H NMR VSecWUa Rf MQSbW (WRS) aQd MQTbW (bRWWRP) LQ CD3CN aW 

298K. 

  

4.2.2 CU\VWDO 6WUXFWXUH 'HVFULSWLRQV 

TKe PROecXOaU VWUXcWXUeV Rf MQSbW aQd MQTbW UeYeaO WKaW WKe cRRUdLQaWLRQ 

JeRPeWU\ Rf bRWK cRPSOe[eV LV dLVWRUWed RcWaKedUaO abRXW WKe MQ(I) ceQWeU ()LJXUH 4.6 

aQd 4.7 UeVSecWLYeO\). MXcK OLNe AJSbW aQd AJTbW WKe WZR SbW aQd TbW OLJaQdV aUe 

bRXQd aV bLdeQWaWe OLJaQd WR WKe MQ(I) ceQWeU. IQ MQSbW, WKe eTXaWRULaO SOaQe, 

cRPSULVLQJ aWRPV C2, C3, N1, aQd N2, LV aSSUR[LPaWeO\ SOaQaU, ZLWK a PeaQ deYLaWLRQ 

Rf 0.033 (5) A, ZKLOe WKe cRUUeVSRQdLQJ SOaQe LQ MQTbW LV aOPRVW SOaQaU [PeaQ 

deYLaWLRQ = 0.015 (3) A]. IQ cRPSOe[ MQSbW, WKe cKeOaWe ULQJ cRPSRVed Rf aWRPV MQ1, 

N1, C8, C9, aQd N2 LV KLJKO\ SOaQaU, ZLWK a PeaQ deYLaWLRQ Rf 0.017 (3) A. IQ cRQWUaVW, 

MQTbW, WKe cKeOaWe ULQJ cRPSRVed Rf aWRPV MQ1, N1, C12, C13, aQd N2 deYLaWeV 



 ϭϲϬ

VLJQLILFDQWO\ IURP SODQDULW\ >PHDQ GHYLDWLRQ = 0.115 (5) A@. TKH GLKHGUDO DQJOH 

EHWZHHQ WKH S\ULG\O ULQJ DQG WKH EHQ]RWKLD]ROH PRLHW\ DUH 6.0 (6)� DQG 9.6 (6)� IRU 

MQSEW DQG MQTEW UHVSHFWLYHO\. TKH UHILQHPHQW SDUDPHWHUV, VHOHFWHG ERQG GLVWDQFHV 

DQG DQJOHV, DQG SDFNLQJ SDWWHUQ GHVFULSWLRQV FDQ EH IRXQG LQ VHFWLRQ �.2.�.3.  

 

 

 
 

)LJXUH 4.6. A SHUVSHFWLYH YLHZ RI MQSEW VKRZLQJ WKH DWRP-ODEHOLQJ VFKHPH ZLWK 

HOOLSVRLGV DW WKH 50% SUREDELOLW\ OHYHO. 

 

 
 

)LJXUH 4.�. A SHUVSHFWLYH YLHZ RI MQTEW VKRZLQJ WKH DWRP-ODEHOLQJ VFKHPH 

ZLWK HOOLSVRLGV DW WKH 50% SUREDELOLW\ OHYHO. 
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4.2.3 CO RHOHaVH PURSHUWLHV aQG ³TXUQ OQ´ FOXRUHVFHQFH TUaFNLQJ 

 TKH UV-YLV VSHcWUa RI MQSbW aQG MQTbW UHYHaO abVRUSWLRQ baQGV LQ WKH YLVLbOH 

UHJLRQ cHQWHUHG aURXQG 415 aQG 440 QP UHVSHcWLYHO\ (FLJXUH 4.8 (bOacN WUacH) aQG 4.9 

(bOacN WUacH)). TKHVH baQGV SUHVXPabO\ aULVH IURP MLCT WUaQVLWLRQV aQG VLPLOaUO\ 

RbVHUYHG LQ [MQBU(CO)3(SbW)] aQG [MQBU(CO)3(TbW)].25 E[SRVXUH RI VROXWLRQV RI WKH 

bURPR aGGXcW RI MQSbW aQG MQTbW WR YLVLbOH OLJKW caXVHV WKH UHOHaVH RI CO aQG WKLV 

VaPH SURcHVV ZaV PRQLWRUHG IRU MQSbW aQG MQTbW b\ UHcRUGLQJ WKH HOHcWURQLc 

abVRUSWLRQ VSHcWUa aIWHU LQWHUYaOV RI H[SRVXUH WR YLVLbOH OLJKW. FXUWKHU, WKH OQ[C] YV WLPH 

SORW GHWHUPLQHV WKH aSSaUHQW UaWHV RI SKRWRUHOHaVH (NCO).  FRU MQSbW aQG MQTbW WKH 

HOHcWURQLc abVRUSWLRQ VSHcWUa ZHUH UHcRUGHG LQ acHWRQLWULOH aIWHU LQWHUYaOV RI 

LOOXPLQaWLRQ ZLWK ORZ SRZHU YLVLbOH OLJKW (10 PW cP-2) (FLJXUH 4.8 aQG 4.9). TKH NCO 

YaOXHV caOcXOaWHG IURP WKH OQ[C] YV WLPH ZHUH caOcXOaWHG WR bH 0.98 � 0.02 

(cRQcHQWUaWLRQ 7.76 [ 10-5 M) aQG 2.51 � 0.02 (cRQcHQWUaWLRQ 6.87 [ 10-5 M) IRU MQSbW 

aQG MQTbW (FLJXUH 4.10 aQG 4.11) UHVSHcWLYHO\. MQTbW KaV a PXcK KLJKHU UaWH RI CO 

UHOHaVH XQGHU WKH VaPH H[SHULPHQWaO cRQGLWLRQV aV MQSbW aQG cRXOG bH aWWULbXWHG WR WKH 

UHOaWLYHO\ VXSHULRU S accHSWRU cKaUacWHU RI TbW cRPSaUHG WR SbW (GXH WR WKH H[WHQGHG 

cRQMXJaWLRQV). 
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)LJXUH 4.8. CKaQJHV LQ WKH HOHcWURQLc abVRUSWLRQ VSHcWUXP RI MQSbW LQ acHWRQLWULOH 

XSRQ H[SRVXUH WR LQWHUYaOV RI YLVLbOH OLJKW LQ MHCN. 

 

)LJXUH 4.�. CKaQJHV LQ WKH HOHcWURQLc abVRUSWLRQ VSHcWUXP RI MQTbW LQ acHWRQLWULOH 

XSRQ H[SRVXUH WR LQWHUYaOV RI YLVLbOH OLJKW LQ MHCN. 
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)LJXUH �.10. 7KH OQ>C@ YV WLPH SORW IRU MQSEW LQGLFDWLQJ NCO YDOXH RI 0.98 � 0.02 

(FRQFHQWUDWLRQ 7.76 [ 10-5 M). 

 

 

)LJXUH �.11. 7KH OQ>C@ YV WLPH SORW IRU MQTEW LQGLFDWLQJ NCO YDOXH RI 2.51 � 0.02 

(FRQFHQWUDWLRQ 6.87 [ 10-5 M). 
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 AccRPSaQ\iQg Whe CO UeOeaVe iV Whe gUadXaO WXUQ-RQ Rf fOXRUeVceQce fURP Whe 

UeOeaVe Rf Whe fUee SbW aQd TbW OigaQdV (aV RbVeUYed iQ [MQBU(CO)3(SbW)] aQd 

[MQBU(CO)3(TbW)]). The WiPe deSeQdeQW eQhaQcePeQW Rf fOXRUeVceQce caQ be RbVeUYed 

XSRQ e[SRVXUe WR YiVibOe OighW fRU MQSbW aQd MQTbW iQ )LJXUHV �.12 aQd �.1� 

UeVSecWiYeO\. The fOXRUeVceQW VigQaO UeWXUQV WR fXOO VaWXUaWiRQ (cRPSaUabOe WR Whe fUee 

OigaQdV SbW aQd TbW) afWeU 6 PiQ (MQSbW) aQd 1 PiQ (MQTbW) e[SRVXUe WR OighW. ThiV 

³WXUQ RQ´ Rf fOXRUeVceQce SURYideV a cRQYeQieQW PeWhRd Rf WUacNiQg CO UeOeaVe fURP 

Whe SUeVeQW cRPSOe[eV iQ a ViPiOaU PaQQeU aV Whe SUeYiRXVO\ UeSRUWed bURPR addXcWV.  

 

 

 

)LJXUH �.12. EQhaQcePeQW Rf ePiVViRQ iQWeQViW\ fRU MQSbW iQ aceWRQiWUiOe XSRQ 

e[SRVXUe WR YiVibOe OighW (Oe[ = 345 QP, Oe[ = 390 QP). 
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FLJXUH 4.13. EQKDQFHPHQW RI HPLVVLRQ LQWHQVLW\ IRU MQTEW LQ DFHWRQLWULOH XSRQ 

H[SRVXUH WR YLVLEOH OLJKW (OH[ = 345 QP, OH[ = 405 QP). 

 

4.2.4 E[SHULPHQWDO 6HFWLRQ 

�.2.�.1 *HQHUDO 0HWKRGV 

AOO UHDJHQWV ZHUH RI FRPPHUFLDO JUDGH DQG ZHUH XVHG ZLWKRXW IXUWKHU 

SXULILFDWLRQ. TKH VROYHQWV ZHUH SXULILHG DFFRUGLQJ WR VWDQGDUG SURFHGXUHV. TKH OLJDQG 

SEW27 DQG >MQCO(CO)5@28 ZHUH V\QWKHVL]HG DFFRUGLQJ WR UHSRUWHG SURFHGXUHV. A PHUNLQ-

EOPHU SSHFWUXP-OQH FT-IR VSHFWURSKRWRPHWHU ZDV HPSOR\HG WR UHFRUG WKH IR VSHFWUD 

RI WKH FRPSOH[HV DQG WKH OLJDQGV. UV-YLV VSHFWUD ZHUH PRQLWRUHG ZLWK D VDULDQ CDU\ 

50 UV-VLV VSHFWURSKRWRPHWHU. TKH 1H NMR VSHFWUD RI WKH FRPSRXQGV ZHUH UHFRUGHG 

DW 298 K RQ D VDULDQ UQLW\ IQRYD 500 MH] LQVWUXPHQW. MLFURDQDO\VHV ZHUH FDUULHG 

RXW ZLWK D PHUNLQEOPHU SHULHV II 2400 EOHPHQWDO AQDO\]HU.  

 

Ϭ

ϮϬϬ

ϰϬϬ

ϲϬϬ

ϴϬϬ

ϭϬϬϬ

ϭϮϬϬ

ϯϲϬ ϰϭϬ ϰϲϬ ϱϭϬ

IŶ
ƚe

ŶƐ
iƚǇ

 ;a
͘Ƶ

͘Ϳ

WaǀeůegŶƚh ;ŶŵͿ



 ϭϲϲ

4.2.4.2 6\QWKHVLV 

 2-(TXLQROLQ-2-\O)-1,3-EHQ]RWKLD]ROH (TEW): A \HOORZ VROXWLRQ RI TXLQROLQH-2-

FDUEDOGHK\GH (409 PJ, 2.6 PPRO) DQG 2-DPLQRWKLRSKHQRO (326 PJ, 2.6 PPRO) LQ 

[\OHQHV (30 PO) ZDV KHDWHG XQGHU UHIOX[ IRU 24 K. NH[W, WKH UHDFWLRQ PL[WXUH ZDV FRROHG 

WR DPELHQW WHPSHUDWXUH DQG WKH VROYHQW ZDV UHPRYHG XQGHU UHGXFHG SUHVVXUH. 7KH VROLG 

WKXV REWDLQHG ZDV SXULILHG E\ UHFU\VWDOOL]DWLRQ IURP KRW PHWKDQRO (\LHOG 279PJ, 41%). 

EOHPHQWDO DQDO\VLV (%) IRXQG: C 73.31, H 3.87, N 10.72; FDOFXODWHG IRU C16H10N2S: C 

73.26, H 3.84, N 10.68. IR (KBU, FP-1): 3057 (Z), 1595 (V), 1560 (Z), 1500 (V), 1454 

(Z), 1428 (Z), 1327(V), 1118(Z), 997(V), 940(Z), 830(V), 754(V), 727(Z). 1H NMR 

(CDCO3): G 8.54 (G, 1H), 8.33 (G, 1H), 8.24 (G, 1H), 8.16 (G, 1H), 8.00 (G, 1H), 7.89 (G, 

1H), 7.79 (W, 1H), 7.61 (W, 1H), 7.54 (W, 1H), 7.46 (W, 1H).  

 

>MQBU(CO)3(SEW)@ (MQSEW): A EDWFK RI >MQCO(CO)5@ (60 PJ, 0.26 PPRO) DQG 

SEW (55 PJ, 0.26 PPRO) LQ GLFKORURPHWKDQH (CH2CO2, 20 PO) ZDV VWLUUHG DW URRP 

WHPSHUDWXUH IRU 20 K. 7KH UHDFWLRQ PL[WXUH ZDV FRYHUHG FDUHIXOO\ ZLWK DOXPLQXP IRLO 

WR DYRLG DQ\ OLJKW H[SRVXUH GXULQJ WKH HQWLUH FRXUVH RI WKH UHDFWLRQ. NH[W, WKH VROYHQW 

ZDV FRPSOHWHO\ UHPRYHG XQGHU UHGXFHG SUHVVXUH DQG WKH VROLG WKXV REWDLQHG ZDV 

ZDVKHG WKRURXJKO\ ZLWK KH[DQHV DQG ILQDOO\ GULHG LQ YDFXR (\LHOG 85 PJ, 85%). 

EOHPHQWDO DQDO\VLV (%) IRXQG: C 46.63, H 2.11, N 7.27; FDOFXODWHG IRU 

C15H8COMQN2O3S: C 46.59, H 2.09, N 7.24. IR (KBU, FP-1): 2023 (V), 1927 (V), 1492 

(Z), 1327 (Z), 1 777 (Z), 768 (Z), 631 (Z), 528 (Z). 1H NMR (CD3CN): G 9.32 (G, 

1H), 8.66 (G, 1H), 8.32 (G, 1H), 8.26 (G, 1H), 8.20 (W, 1H), 7.87 (W, 1H), 7.75 (P, 2H).  
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>MQBU(CO)3(TEW)@ (MQTEW): 7KLV FRPSOH[ ZDV SUHSDUHG E\ WKH VDPH SURFHGXUH 

DV XVHG IRU MQSEW, HPSOR\LQJ >MQCO(CO)5@ (51 PJ, 0.22 PPRO) DQG TEW (58 PJ, 0.22 

PPRO) (\LHOG 89 PJ, 91%). EOHPHQWDO DQDO\VLV (%) IRXQG: C 52.29, H 2.36, N 6.45; 

FDOFXODWHG IRU C19H10COMQN2O36: C 52.25, H 2.31, N 6.41. IR (KBU, FP-1): 2021 (V), 

1926 (V), 1909 (V), 1594 1 (Z), 1519 (Z), 1090 (Z), 825 (Z), 765 (Z), 641 (Z). 1H NMR 

(CD3CN): G 8.98 (G, 1H), 8.71 (P, 2H), 8.30 (W, 2H), 8.18 (G, 1H), 8.11 (W, 1H), 7.89 

(P, 2H), 7.76 (W, 1H).  

 

�.2.�.� ;-UD\ &U\VWDOORJUDSK\ 

CU\VWDO GDWD, GDWD FROOHFWLRQ GHWDLOV DQG VWUXFWXUH UHILQHPHQW DUH VXPPDUL]HG LQ 

7DEOH 4.1. 7KH QRQ-H DWRPV ZHUH ORFDWHG WKURXJK LQWULQVLF SKDVLQJ XVLQJ 6HEL;729 

LQWHJUDWHG LQ WKH OLE;2 JUDSKLFDO XVHU LQWHUIDFH.30 H DWRPV ZHUH LQFOXGHG LQ 

FDOFXODWHG SRVLWLRQV ULGLQJ RQ WKH C DWRPV WR ZKLFK WKH\ ERQGHG, ZLWK C - H = 0.93 c 

DQG 8LVR(H) = 1.28HT(C). IQ MQSEW, WKH KLJKHVW UHVLGXDO HOHFWURQ-GHQVLW\ SHDN LV ORFDWHG 

QHDU DWRP 61. NR VDWLVIDFWRU\ GLVRUGHU RI WKH WZLQQLQJ PRGHO FRXOG EH IRXQG. IQ MQTEW, 

DQ RULHQWDWLRQDO GLVRUGHU >0.843 (6):0.157 (6)@ ZLWKLQ WKH TEW OLJDQG ZDV REVHUYHG, LQ 

ZKLFK WKH TXLQROLQH DQG EHQ]RWKLD]ROH IUDPHV SDUWLDOO\ VZLWFK SRVLWLRQV. 7KLV GLVRUGHU 

LV VLPLODU WR WKDW REVHUYHG IRU D FRSSHU FRPSOH[ ZLWK WKH VDPH OLJDQG.31 7KH GLVRUGHU 

ZDV PRGHOHG E\ DVVLJQLQJ SDUWO\ RFFXSLHG SRVLWLRQV RI WKH 6 DWRP (61 DQG 61B) RI WKH 

EHQ]RWKLD]ROH IUDJPHQW DQG WKH C10 DQG C11 DWRPV RI WKH TXLQROLQH IUDJPHQW (C10, 

C11, C10B, DQG C11B), DQG WKH DQLVRWURSLF GLVSODFHPHQW SDUDPHWHUV RI WKH C10B DQG 
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C11B aWRPV ZeUe cRQVWUaLQed WR be eTXaO.32 AOO RWKeU aWRPV Rf TbW OLJaQd LQ MQTbW 

ZeUe UefLQed aV fXOO\ RccXSLed VLWeV. TKe VeOecWed bRQd aQJOeV aQd dLVWaQceV fRU MQSbW 

aQd MQTbW caQ be fRXQd LQ TaEOHV 4.2 aQd 4.3 UeVSecWLYeO\. 

 

 

 

 

TaEOH 4.1 CU\VWaO daWa aQd VWUXcWXUe UefLQePeQW e[SeULPeQWaO deWaLOV Rf MQSbW aQd 

MQTbW. 

 

 

 

 

 

 

MQSbW MQTbW
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TabOH 4.2.  SHOHcWHd bRQd OHQJWKV aQd aQJOHV IRU MQSbW. 

 

 

 

 

 

TabOH 4.3.  SHOHcWHd bRQd OHQJWKV aQd aQJOHV IRU MQTbW. 
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4.3 SLQJOH PKRWRQ NHaU IR aFWLYH SKRWRCORMV 

 TKH DSSOLFDWLRQ RI SKRWRCORMV DV FKHPRWKHUDSHXWLFV KDV EHHQ ZLGHO\ 

H[SORUHG LQ WKH SDVW IHZ \HDUV. MDQJDQHVH FDUERQ\O FRPSOH[HV LQ SDUWLFXODU KDYH EHHQ 

H[SORUHG GXH WR WKHLU CO UHOHDVH XSRQ H[SRVXUH WR YLVLEOH OLJKW DQG UHODWLYHO\ QRQWR[LF 

SKRWRSURGXFWV. AIWHU PXFK LQLWLDO VXFFHVV, WKHUH KDV EHHQ D VKLIW WR H[SORUH 

SKRWRCORMV WKDW DUH DFWLYH ZLWK OLJKW LQ WKH SKRWRWKHUDSHXWLF UHJLRQ (650-1000 QP) 

ZKLFK SHQHWUDWHV GHHSHU LQ WR WLVVXH DQG ZLWK OHVV GDPDJH WKDQ YLVLEOH RU UV OLJKW.14,15 

TKLV KDV EHHQ REVHUYHG ZLWK PDQJDQHVH FDUERQ\O V\VWHPV HPSOR\LQJ TPE (FLJXUH 

4.2), EXW SPE KDV QRW \HW EHHQ REVHUYHG WR FDXVH UHOHDVH RI CO ZLWK OLJKW LQ WKH QHDU 

IR UHJLRQ IRU WKHVH FRPSOH[HV. TR DYRLG SRWHQWLDO GDPDJH WR WLVVXHV FDXVHG E\ WKH XVH 

RI KLJK LQWHQVLW\ ODVHUV23,24 WKDW DUH UHTXLUHG IRU TPE, ZH FKRVH WR LQYHVWLJDWH WKH HIIHFWV 

RI XVLQJ H[WHQGHG S FRQMXJDWHG OLJDQGV WKDW VKRZ DEVRUSWLRQ DURXQG 625QP RQ WKHLU 

RZQ.33±36 TKHVH OLJDQGV, 5-(4¶-GLPHWK\ODPLQRSKHQ\OLPLQR)-7-FKORURTXLQROLQ-8-RQH) 

(NIR1) DQG 3-(4'-GLPHWK\ODPLQRSKHQ\OLPLQR)S\ULGR[2,3-D]SKHQRWKLD]LQH (NIR2) 

ZHUH XVHG WR V\QWKHVL]H PDQJDQHVH FDUERQ\O FRPSOH[HV [MQBU(CO)3(NIR1)]  

(MQNIR1) DQG [MQBU(CO)3(NIR2)] (MQNIR2) (FLJXUH 4.14) ZKLFK VKRZ SPE DQG 

VLPXOWDQHRXV UHOHDVH RI CO ZLWK ORZ SRZHU QHDU IR OLJKW. TR WKH EHVW RI RXU NQRZOHGJH, 

WKHVH DUH WKH ILUVW PDQJDQHVH EDVHG SKRWRCORMV DFWLYH LQ WKH QHDU IR UHJLRQ RI OLJKW 

FDXVHG E\ SPE.  
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)LJXUH 4.14. 1HDU I5 DFWLYH SKRWRC25MV. 

 

 4.3.1 6\QWKHVLV 

 7KH UHG DEVRUELQJ OLJDQGV 1I51 DQG 1I52 ZHUH V\QWKHVL]HG DFFRUGLQJ WR 

OLWHUDWXUH SURFHGXUHV33±36 DQG VSHFLILF GHWDLOV FDQ EH IRXQG LQ VHFWLRQ 4.3.�.2.  AIWHU 

FDUHIXO LVRODWLRQ RI 1I51 DQG 1I52, WKH FRPSOH[HV MQ1I51 DQG MQ1I52 ZHUH 

SUHSDUHG E\ VWLUULQJ EURPRSHQWDFDUERQ\OPDQJDQHVH(I) DQG DQ HTXLPRODU DPRXQW RI WKH 

FRUUHVSRQGLQJ OLJDQGV LQ GLFKORURPHWKDQH IRU 72 K SURWHFWHG IURP DPELHQW OLJKW. 7KH 

LQLWLDO GDUN EOXH/EODFN VROXWLRQV WXUQHG VOLJKWO\ JUHHQ LQGLFDWLQJ FRPSOH[ IRUPDWLRQ. 

7KH VXVSHQVLRQ RI MQ1I51 ZDV ILOWHUHG GLUHFWO\ WR LVRODWH D GDUN JUHHQ/EODFN VROLG 

ZKLOH WKH MQ1I52 VROXWLRQ ZDV UHGXFHG LQ YROXPH, SUHFLSLWDWHG ZLWK KH[DQHV DQG 

ILOWHUHG WR FROOHFW WKH GDUN JUHHQ/EODFN VROLG. 

 

 4.3.2 CU\VWDO 6WUXFWXUHV 'HVFULSWLRQV 

 7KH PROHFXODU VWUXFWXUH RI MQ1I51 ()LJXUH 4.15) UHYHDOHG GLVWRUWHG 

RFWDKHGUDO JHRPHWU\ DURXQG WKH MQ(I) ZLWK WKUHH IDFLDOO\ GLVSRVHG C2 OLJDQGV. 1I51 

ELQGV WKH PHWDO FHQWHU LQ D ELGHQWDWH IDVKLRQ DQG WKH VL[WK FRRUGLQDWLRQ VLWH LV RFFXSLHG 

E\ D EURPLGH OLJDQG. 7KH HTXDWRULDO SODQH FRPSULVHG RI C2, C3, 11, DQG 24 LV IDLUO\ 
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SOaQaU ZLWK PeaQ deYLaWLRQ RI 0.046(3) c. TKe ILYe PePbeUed cKeOaWe ULQJ cRPSULVed 

RI MQ1 N1, O4, C11 aQd C12 IRUPV a SOaQe ZLWK PeaQ deYLaWLRQ RI 0.025(3) c. TKe 

dLKedUaO aQJOe beWZeeQ WKe dLPeWK\OaPLQRSKeQ\OLPLQR PRLeW\ aQd WKe TXLQROLQe LV 

13.1�. TKe a[LaO MQ-CO dLVWaQce LV QRWLceabO\ ORQJeU (1.873(2) c.) cRPSaUed WR WKe 

WZR eTXaWRULaO MQ-CO dLVWaQceV (1.800(9) aQd 1.783(10) c.). TKLV caQ be aWWULbXWed WR 

WKe WUDQV eIIecW RI WKe bURPLde OLJaQd acURVV WKe a[LaO MQ-CO bRQd. IW LV aOVR LQWeUeVWLQJ 

WR QRWe WKaW aOO WKe MQ-C dLVWaQceV LQ MQNIR1 aUe QRWLceabO\ ORQJeU cRPSaUed WR WKe 

VWUXcWXUaOO\ VLPLOaU MQ(I)caUbRQ\O cRPSOe[ [MQBU(CO)3(MIAN)]37 ()LJXUH 4.1�). TKe 

a[LaO MQ-C1 dLVWaQce LQ MQNIR1 LV 1.873(2) ZKLOe WKe cRUUeVSRQdLQJ bRQd dLVWaQce LQ 

[MQBU(CO)3(MIAN)] LV 1.819(11) c.  IQ a VLPLOaU WUeQd (aObeLW WR a OeVVeU e[WeQW) WKe 

aYeUaJe eTXaWRULaO MQ-C dLVWaQce LQ MQNIR1 LV 1.792(9) c VOLJKWO\ ORQJeU cRPSaUed 

WR cRUUeVSRQdLQJ aYeUaJe MQ-C bRQd OeQJWKV LQ [MQBU(CO)3(MIAN)] (1.787(12) c). 

IQ JeQeUaO, WKe UeOaWLYeO\ ZeaNeU MQ-CO bRQdV LQ cRPSOe[ MQNIR1 cRXOd be dXe WR 

VXSeULRU S-acceSWLQJ caSacLW\ RI NIR1 WKaW cRPSeWeV VWURQJO\ ZLWK CO LQ WeUPV RI 

bacN-bRQdLQJ IURP WKe PeWaO d-RUbLWaOV. AV a cRQVeTXeQce RI WKLV cRPSeWLWLRQ, MQ-CO 

bacN-bRQdLQJ LQ cRPSOe[ MQNIR1 LV PRdeUaWe ZKLcK SUeVXPabO\ caXVed WKe UeOaWLYe 

ZeaNeQLQJ RI WKe bRQdV. 

 



 ϭϳϯ

 
FLJXUH 4.15. MROHFXODU VWUXFWXUH RI MQNI51 ZLWK DWRP ODEHOLQJ VFKHPH. 7KH WKHUPDO 

HOOLSVRLGV DUH VKRZQ DW 50% SUREDELOLW\ OHYHO.  

 

 

FLJXUH 4.16. 6WUXFWXUHV RI SUHYLRXVO\ UHSRUWHG SKRWRC25MV. 

  

 7KH PROHFXODU VWUXFWXUH RI FRPSOH[ MQNI52 (FLJXUH 4.17) LV VLPLODU WR WKDW RI 

FRPSOH[ MQNI51. AOWKRXJK WKH PROHFXODU VWUXFWXUH UHYHDOV WKH LGHQWLW\ RI MQNI52 

EH\RQG GRXEW, ZH UHIUDLQ IURP D GHWDLOHG FRPSDUDWLYH DQDO\VLV LQYROYLQJ WKLV VWUXFWXUH 

GXH WR D FU\VWDOORJUDSKLF FRPSOLFDWLRQ. IQ WKH DV\PPHWULF XQLW, WKH VLWH RI WKH D[LDO C2 

JURXS LV DOVR SDUWLDOO\ RFFXSLHG E\ D EURPLGH OLJDQG (LQ D QRUPDO VLWXDWLRQ VKRXOG UHVLGH 

H[FOXVLYHO\ WUDQV WR WKH D[LDO C2). DXULQJ WKH UHILQHPHQW SURFHVV, WKLV KDV EHHQ KDQGOHG 

WKURXJK 3A57 UHILQHPHQW EXW DOORZHG WKH SDUWLDOO\ RFFXSLHG C2 JURXS DQG WKH 
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bURPLde OLgaQd WR UefLQe fUeeO\. HRZeYeU, dXe WR WhLV cRQVWUaLQW RQ Whe RYeUaOO 

UefLQePeQW, Ze chRRVe QRW WR e[SaQd aQ\ dLVcXVVLRQ baVed RQ PeWULc SaUaPeWeUV 

deULYed fURP WhLV cU\VWaO VWUXcWXUe. NRQeWheOeVV, aSaUW fURP Whe abRYe-PeQWLRQed 

dLVRUdeU, Whe RYeUaOO VWUXcWXUe dLYXOgeV QR RWheU cU\VWaOORgUaShLc cRPSOLcaWLRQV. 

ReSeaWed aWWePSWV WR gURZ beWWeU cU\VWaOV WR eYade Whe dLVRUdeU UePaLQ XQVXcceVVfXO. 

 

 

 

FLJXUH 4.17. MROecXOaU VWUXcWXUe Rf MQNIR2. The WheUPaO eOOLSVRLdV aUe VhRZQ aW 

50% SURbabLOLW\ OeYeO.  

 

 4.3.3 6SHFWURVFRS\ 

 The cRPSOe[eV ZeUe YaOLdaWed b\ VSecWURVcRSLc VWXdLeV. The FT-IR VSecWUXP 

Rf MQNIR1 aQd MQNIR2 UeYeaO WhUee facLaO dLVSRVed CO OLgaQdV aW 2016 cP-1, 1932 

cP-1 aQd 1912 cP-1 aQd 2022 cP-1, 1937 cP-1 aQd 1920 cP-1 UeVSecWLYeO\ (FLJXUH 4.18).  
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)LJXUH 4.1�. FT-IR VSHFWUXP RI MQNIR1 (WRS) aQG MQNIR2(ERWWRP) LQ KBU PaWUL[. 
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TKe 1H NMR VSecWUXP Rf MQNIR1 aQd MQNIR2 UeYeaO ZeOO defLQed SeaNV LQ 

WKe e[SecWed UegLRQ aQd VKLfWed fURP WKeLU UeVSecWLYe NIR1 aQd NIR2 fUee OLgaQdV. A 

cRPSaULVRQ Rf WKe cRPSOe[ WR WKe OLgaQd¶V 1H NMR VSecWUa LV VKRZQ LQ FLJXUH 4.19 

fRU MQNIR1 aQd FLJXUH 4.20 fRU MQNIR2. 

 

 

 

 

FLJXUH 4.19. 1H NMR VSecWUXP Rf NIR1 (WRS WUace) aQd MQNIR1 (bRWWRP WUace) LQ 

CDCO3 aW 298K (QRW VKRZQ; 3.07 SSP, V, 6H fRU NIR1 aQd 3.25 SSP, V, 6H fRU 

MQNIR1). 
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)LJXUH �.�0. 1H NMR VSecWUXP Rf NIR2 (WRS WUace) aQd MQNIR2 (bRWWRP WUace) LQ 

CDCO3 aW 298K (QRW VKRZQ; 3.02 SSP, V, 6H fRU NIR2 aQd 3.08 SSP, V, 6H fRU 

MQNIR2). 

 

CRPSOe[eV MQNIR1 aQd MQNIR2 aUe LQdefLQLWeO\ VWabOe LQ WKe abVeQce Rf OLJKW 

aQd aUe KLJKO\ VROXbOe LQ dLcKORURPeWKaQe aQd CHCO3. WKeQ dLVVROYed LQ MeCN aQd 

DMSO, bRWK cRPSOe[eV XQdeUJR VORZ deJUadaWLRQ RYeU WLPe. SLPLOaUO\, aTXeRXV 

VROXWLRQV Rf MQNIR1 aQd MQNIR2 (SUeSaUed ZLWK 1% DMSO) YLWLaWe XSRQ SURORQJ 

VWRUaJe eYeQ ZKeQ NeSW LQ WKe daUN. IW LV SUeVXPed WKaW WKeVe dRQRU VROYeQWV ZLOO OLJaQd 

e[cKaQJe ZLWK WKe cRPSOe[eV caXVLQJ WKe VWUXcWXUeV WR deJUade. TKe eOecWURQLc 

VSecWUXP Rf MQNIR1 aQd MQNIR2 cRPSaUed WR WKeLU UeVSecWLYe fUee OLJaQdV ()LJXUH 

�.�1 aQd �.��) UeYeaO a OaUJe baWKRcKURPLc VKLfW XSRQ cRPSOe[aWLRQ WR WKe MQ ceQWeU. 
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MQNIR1 VKRZHG aQ LQWHQVH aEVRUSWLRQ LQ CHCO3 aW 785 QP, VKLIWHG 160QP IURP WKH 

OLJaQGV OPa[ aW 625QP. A VLPLOaU SKHQRPHQRQ LV REVHUYHG ZLWK MQNIR2, OPa[ VKLIWLQJ 

URXJKO\ 145QP IURP 614 (NIR1) WR 760QP (MQNIR2) LQ CHCO3. TKH PROaU 

aEVRUSWLYLW\ aW OPa[ RI MQNIR1 FRPSaUHG WR NIR1 (38000 aQG 18000 M-1 FP-1 

UHVSHFWLYHO\) PRUH WKaQ GRXEOHV aQG a VLPLOaU FKaQJH LV REVHUYHG ZLWK MQNIR2 aQG 

NIR2 (25000 aQG 12000 M-1 FP-1 UHVSHFWLYHO\). BRWK WKH OaUJH UHG VKLIW aQG LQFUHaVH LQ 

PROaU H[WLQFWLRQ FRHIILFLHQW aUH FRQVLVWHQW ZLWK NL(II) aQG CX(II) FRPSOH[HV RI WKH 

VaPH OLJaQGV NIR1 aQG NIR2 aQG aUH EHOLHYHG WR aULVH IURP LQWHUPROHFXOaU FKaUJH 

WUaQVIHU LQYROYLQJ WKH PHWaO FHQWHUV.35 IQ 1% DMSO/PBS VROXWLRQ MQNIR1 aOVR VKRZV 

VWURQJ QHaU IR aEVRUSWLRQ aW 735QP (41000 M-1 FP-1) ()LJXUH �.2�).  

 

 

 

)LJXUH �.21. EOHFWURQLF aEVRUSWLRQ VSHFWUXP RI MQNIR1 (EOaFN WUaFH) aQG 

NIR1 (EOaFN GaVKHG WUaFH) LQ CHCO3. 
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)LJXUH �.22. EOHFWURQLF DEVRUSWLRQ VSHFWUXP RI MQ1I52 (EODFN WUDFH) DQG 

1I52 (EODFN GDVKHG WUDFH) LQ CHCO3. 

 

 

)LJXUH �.23. EOHFWURQLF DEVRUSWLRQ VSHFWUXP RI MQ1I51 LQ 1%DM62/3B6. 
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4.3.4 C2 5HOHDVH .LQHWLFV DQG (YDOXDWLRQ 

MDQJDQHVH FDUERQ\O FRPSOH[HV DUH ZHOO NQRZQ WR UHOHDVH CO XSRQ UDGLDWLRQ 

ZLWK U9 DQG YLVLEOH OLJKW.11,26,37,38 OWKHU MQ(I) SKRWRCORMV KDYH XVHG QHDU IR OLJKW 

(DSSUR[LPDWHO\ 800P) WR UHOHDVH CO, EXW DOZD\V HPSOR\ TPE ZKLFK UHTXLUHV DQ 

H[SHQVLYH DQG KLJK SRZHUHG ODVHU WKDW FRXOG SRWHQWLDOO\ OHDG WR GDPDJH RI 

WLVVXHV.16,18,23,24 DXH WR WKH SUHVHQFH RI WKH ORZ HQHUJ\ DEVRUSWLRQ EDQGV (785 DQG 

760QP) LQ MQNIR1 DQG MQNIR2, ZH K\SRWKHVL]HG WKDW WKHVH FRPSOH[HV ZRXOG UHOHDVH 

CO E\ H[FLWDWLRQ ZLWK WKH ZDYHOHQJWKV RI DEVRUSWLRQ (QHDU IR UHJLRQ) ZLWKRXW WKH XVH 

RI TPE. IQ RUGHU WR GHWHUPLQH LI MQNIR1 ZDV DEOH WR UHOHDVH CO XSRQ DFWLYDWLRQ ZLWK 

VLQJOH-SKRWRQ H[FLWDWLRQ (SPE) LQ WKH NIR UHJLRQ, WKH FKDQJHV LQ LWV HOHFWURQLF 

DEVRUSWLRQ VSHFWUD ()LJXUH 4.24) ZHUH UHFRUGHG XSRQ H[SRVXUH WR D ORZ-SRZHU 730 QP 

LED OLJKW VRXUFH (VSHFWUDO GLVWULEXWLRQ: 690 - 780 QP, 147P:/FP2, SXUFKDVHG IURP 

AVDKL SSHFWUDO). IW LV LPSRUWDQW WR QRWH WKDW WKLV OLJKW VRXUFH KDV D SHDN ZDYHOHQJWK RI 

730 QP EXW ZRUNV OLNH D IODVKOLJKW UDWKHU WKDQ D KLJK SRZHU ODVHU UHTXLUHG IRU TPE. TKH 

V\VWHPDWLF UHGXFWLRQ RI 785 QP EDQG LQGLFDWHG WKDW MQNIR1 LV LQ IDFW DFWLYH LQ WKH NIR 

UHJLRQ DQG UHOHDVH RI CO IURP WKLV SKRWRCORM ZDV FRQILUPHG E\ M\RJORELQ DVVD\ 

()LJXUH 4.25). SLPLODUO\, UHGXFWLRQ LQ WKH 760QP EDQG RI MQNIR2 ZDV REVHUYHG XSRQ 

SPE XVLQJ WKH VDPH OLJKW VRXUFH ()LJXUH 4.26). TR RXU NQRZOHGJH, MQNIR1 DQG 

MQNIR2 DUH WKH RQO\ MQ(I)-EDVHG SKRWRCORMV XWLOL]LQJ SPE WKDW VKRZ DFWLYLW\ LQ 

WKH SKRWRWKHUDSHXWLF UHJLRQ. IQ D UHFHQW UHSRUW, D NIR-DFWLYH IODYRQRO-F\DQLQH G\H 

FRQMXJDWH KDV EHHQ VKRZQ WR UHOHDVH CO XSRQ H[SRVXUH WR OLJKW LQ WKH 770-820 QP 

UDQJH.39 TKH VHYHUH PLWRFKRQGULDO WR[LFLW\ RI F\DQLQH G\HV KRZHYHU GLPLQLVKHV WKH 
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SRWHQWLaO RI VXcK CO-GRQRUV LQ WKHUaSHXWLc aSSOLcaWLRQV. IQ cRQWUaVW, WKH SUHVHQW 

PaQJaQHVH caUbRQ\O cRPSOH[HV aUH GHULYHG IURP RUJaQLc G\HV ZLWK PRUH IaYRUabOH 

SURSHUWLHV. APRQJ WKH MQ(I)-baVHG SKRWRCORMV ZLWK IDF-[MQ(CO)3] PRLHW\, WKH WZR 

SUHYLRXVO\ UHSRUWHG PHWaO-caUbRQ\O cRPSOH[HV [MQBU(CO)3MIAN] aQG 

[MQBU(CO)3BIAN] ()LJXUH �.1�, OPa[ = 630 QP aQG 580 QP UHVSHcWLYHO\) 

GHPRQVWUaWHG CO SKRWRUHOHaVH ZLWK ORQJ-ZaYHOHQJWK OLJKW LQ WKH YLVLbOH UHJLRQ.37  

 

 

 

 

)LJXUH �.2�. CKaQJHV LQ WKH HOHcWURQLc VSHcWUXP RI MQNIR1 (VROLG WUacHV) XSRQ 

LOOXPLQaWLRQ RI 730 QP OLJKW LQ CHCO3 aW 298K. TKH abVRUSWLRQ VSHcWUXP RI NIR1 LV 

aOVR VKRZQ (GaVKHG WUacH). 
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)LJXUH 4.2�. UV-YLV WUaceV fURP WKe M\RJORbLQ aVVa\ ZLWK a CHCO3 VROXWLRQ Rf 

MQNIR1 aW 298K: bOXe WUace, R[LdL]ed Mb; bOacN WUace, UedXced Mb; Ued WUace, 

COMb. 

 

 

)LJXUH 4.2�. SSecWUaO CKaQJeV Rf MQNIR2 (VROLd WUaceV) XSRQ e[SRVXUe WR 730 QP 

OLJKW LQ 2 PLQ LQWeUYaOV aQd MIR2 (bOXe daVKed WUace) LQ CHCO3. 
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7KH DSSDUHQW UDWH RI CO SKRWR UHOHDVH (NCO) RI MQNIR1 DQG MQNIR2 (25 �M) 

ZHUH GHWHUPLQHG E\ UHFRUGLQJ WKH FKDQJHV LQ WKHLU HOHFWURQLF DEVRUSWLRQ VSHFWUD DW 2 

PLQ LQWHUYDO H[SRVXUHV WR WKH 730 QP LED OLJKW VRXUFH. FURP WKH OQ>C@ YV WLPH SORW, 

WKH NCO YDOXHV RI MQNIR1 DQG MQNIR2 LQ CHCO3 ZHUH GHWHUPLQHG WR EH 0.0661 � 

0.0007 PLQ-1 ()LJXUH 4.27, EODFN WUDFH) DQG 0.0566 � 0.0008 PLQ-1 ()LJXUH 4.2�) 

UHVSHFWLYHO\. IQ RUGHU WR GHWHUPLQH KRZ WKH NCO ZDV DIIHFWHG E\ WKH SRZHU RI WKH 

LQFLGHQW OLJKW, WKH FKDQJHV LQ WKH DEVRUSWLRQ VSHFWUXP RI MQNIR1 ZHUH UHFRUGHG XSRQ 

H[SRVXUH WR WKH LED OLJKW VRXUFH DW YDULRXV SRZHUV. 7KH NCO YDOXHV GURSSHG WR 0.0431 

� 0.0007 PLQ-1, 0.0274 � 0.0003 PLQ-1 DQG 0.0139 � 0.0003 PLQ-1 UHVSHFWLYHO\ ZKHQ 

H[SRVHG WR 75%, 50% DQG 25% SRZHU RI WKH OLJKW VRXUFH ()LJXUH 4.27 DQG 7DEOH 4.4). 

7KHVH UDWHV IROORZ DQ DOPRVW OLQHDU SDWWHUQ ZLWK UHVSHFW WR WKH %SRZHU RI OLJKW YV %CO-

UHOHDVH UDWH ZLWK SURSRUWLRQDOLW\ FRQVWDQW = 1.04 � 0.09 ()LJXUH 4.2�). 7KH NCO RI 

MQNIR1 LQ 1% DM6O/PB6 ZDV DOVR GHWHUPLQHG WR EH 0.0088 � 0.0006 PLQ-1 ()LJXUH 

4.30). 
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)LJXUH 4.2�.  The OQ[MQNIR1] YV TLPe SORW XVed WR deWeUPLQe NCO aW 100% (bOacN 

WUace), 75% (gUeeQ WUace), 50% (bOXe WUace) aQd 25% (Ued WUace) SRZeU Rf 730QP OLghW. 

 

 

 

)LJXUH 4.2�. The OQ[MQNIR2] YV WLPe SORW XVed WR Whe fLQd Whe NCO Rf MQNIR2 

(0.0566 � 0.0008) LQ CHCO3. 
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7DEOH 4.4. 5DWHV RI C2 UHOHDVH IURP MQ1I51 FDOFXODWHG IURP YDULRXV SRZHU RI 1I5 

OLJKW. 

 

 

 

 

 

 

 

 

 

 

FLJXUH 4.29. CRPSDULVRQ RI NC2 UHOHDVH UDWHV IRU MQ1I51 FRPSDUHG WR SRZHU RI OLJKW 

VRXUFH RXWSXW. 3URSRUWLRQDOLW\ FRQVWDQW = 1.04 � 0.09. 
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PRZHU RDWH  

25% 0.0139 � 0.0003 

50% 0.0274 � 0.0003 

75% 0.0431 � 0.0007 

100% 0.0661 � 0.0007 
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FLJXUH 4.30. TKH OQ[MQNIR1@ YV WLPH SORW XVHG WR WKH ILQG WKH NCO RI MQNIR1 

(0.0088 � 0.0006) LQ 1%DMSO/PBS. 

 

E[WHQVLYH SKRWRO\VLV RI WKH JUHHQ VROXWLRQ RI MQNIR1 \LHOGV D EOXH VROXWLRQ 

(FLJXUH 4.31) LQGLFDWLYH ORVV RI WKH IUHH NIR1 DV HYLGHQFHG E\ TLC DORQJ ZLWK WKH 

DSSHDUDQFH RI WKH NIR1 DEVRUSWLRQ EDQG DW 625 QP (FLJXUH 4.24, GDUN EOXH WUDFH). 

FXUWKHU HYLGHQFH RI ORVV RI CO XSRQ LUUDGLDWLRQ ZLWK 730 QP OLJKW LV LQGLFDWHG LQ WKH 

FT-IR VSHFWUXP RI MQNIR1 DIWHU LUUDGLDWLRQ VKRZLQJ VLJQLILFDQW UHGXFWLRQ LQ WKH M-

CO VWUHWFKLQJ EDQG LQWHQVLW\ (FLJXUH 4.32). IW VKRXOG EH QRWHG WKDW DV WKH LUUDGLDWLRQ RI 

730 QP OLJKW FDXVHV NIR1 WR EH UHOHDVHG, WKH H[WHQW RI OLJKW DEVRUSWLRQ E\ MQNIR1 

GLPLQLVKHV GXH WR DEVRUSWLRQ RI OLJKW E\ NIR1 LWVHOI WKXV VORZLQJ GRZQ WKH CO UHOHDVH 

UDWH. TKH H[WHQVLYHO\ SKRWRO\]HG VROXWLRQ RI MQNIR1 LQ MHCN GLVSOD\V D VL[-OLQH X-

EDQG EPR VSHFWUXP (FLJXUH 4.33) LQGLFDWLQJ WKH IRUPDWLRQ RI D MQ(II) VSHFLHV. IW LV 

WKHUHIRUH HYLGHQW WKDW WKH SKRWRO\VLV RI MQNIR1 OLNHO\ DIIRUGV IUHH NIR1 OLJDQG DQG DQ 

MQ(II) VSHFLHV. TKH NIR-DFWLYH FRPSOH[HV MQNIR1 DQG MQNIR2 SURYLGH IXUWKHU 
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HYLGHQFH RI RXU K\SRWKHVLV WKDW WKH FKRLFH RI OLJDQG UHDGLO\ DIIHFWV WKH DEVRUSWLRQ DQG 

C2-UHOHDVLQJ SURSHUWLHV RI WUDQVLWLRQ PHWDO SKRWRC250V.  

 

 

)LJXUH �.�1. CHCO3 VROXWLRQV RI 0Q1I51 (JUHHQ) DQG DIWHU LUUDGLDWLRQ ZLWK 730QP 

OLJKW (EOXH).  

 

 

)LJXUH �.�2. 7KH F7-I5 VSHFWUXP RI 0Q1I51 (EODFN WUDFH) DQG 0Q1I51 DIWHU 

LUUDGLDWLRQ ZLWK 730 QP OLJKW (UHG WUDFH) LQ KBU. A VROXWLRQ RI 0Q1I51 LQ CHCO3 ZDV 

LUUDGLDWHG DQG IXUWKHU UHPRYDO RI WKH VROYHQW DIIRUGHG WKH SKRWRO\]HG VROLG (UHG WUDFH).  
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FLJXUH 4.33. TKH EPR VSHcWUXP RI SKRWRO\]HG MQNIR1 LQ MHCN. 

 

 

4.3.5 DHQVLW\ FXQFWLRQDO SWXGLHV 

 CRRUGLQaWLRQ RI a OLJaQG ZKLcK LQKHUHQWO\ KaV ORZ HQHUJ\ abVRUSWLRQ OLNH NIR1 

aQG NIR2 WR a PHWaO cHQWHU OLNH MQ(I) cRXOG aOORZ IRU cKaUJH WUaQVIHU IURP HOMO 

ZLWK VRPH M-CO bRQGLQJ cKaUacWHU WR LUMO ZLWK SUHGRPLQaQWO\ OLJaQG S* cKaUacWHU 

aQG UHVXOW LQ CO SKRWRUHOHaVH XSRQ NIR LOOXPLQaWLRQ. WH SHUIRUPHG GHQVLW\ IXQcWLRQ 

WKHRU\ (DFT) cRPSXWaWLRQV WR VKHG OLJKW RQ WKLV SKHQRPHQRQ ZLWKLQ RXU V\VWHP. 

RHVXOWV RI WKH DFT VWXGLHV RQ NIR1 aQG MQNIR1 LQGLcaWH WKaW WKH HOMO-LUMO JaS 

IRU NIR1 LV 1.11HV ZKLOH LQ MQNIR1 WKH JaS LV UHGXcHG WR 0.97 HV aV GHSLcWHG LQ 

FLJXUH 4.34. AV a cRQVHTXHQcH, WKH abVRUSWLRQ Pa[LPXP RI MQNIR1 PRYHV WR ORQJHU 
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ZaYeOeQgWK cRPSaUed WR WKe fUee OLgaQd aV VeeQ e[SeULPeQWaOO\ LQ )LJXUH �.21. AV 

VKRZQ LQ )LJXUH �.�� WKe HOMO (132) Rf MQNIR1 KaV cRQWULbXWLRQ fURP MQ d]2 

(9.1%) aQd C S] (5.1%, 4.4%, 3.6%) LQdLcaWLQg VRPe MQ-CO bRQdLQg cKaUacWeU. IQ 

cRQWUaVW, WKe LUMO (133) KaV QR cRQWULbXWLRQ fURP WKe MQ ceQWeU. TKXV, WKe HOMO 

WR LUMO e[cLWaWLRQ, WKe dRPLQaQW abVRUSWLRQ baQd Rf MQNIR1, ORZeUV WKe M-CO 

bRQd RUdeU aQd caXVeV CO UeOeaVe.  

 

 
 

)LJXUH �.��. CaOcXOaWed eQeUg\ dLagUaP Rf MQNIR1 ZLWK WKe MOV LQYROYed LQ WKe 

HOMO WR LUMO WUaQVLWLRQ.  
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4.3.6 E[SHULPHQWaO SHFWLRQ 

 4.3.6.1 GHQHUDO 0HWKRGV 

 AOO UHDJHQWV DQG VROYHQWV ZHUH RI FRPPHUFLDO JUDGH DQG XVHG ZLWKRXW IXUWKHU 

SXULILFDWLRQ. NI51 DQG NI52 ZHUH V\QWKHVL]HG VLPLODUO\ WR UHSRUWHG SURFHGXUHV.33±36 

7KH I5 VSHFWUD ZHUH UHFRUGHG XVLQJ D PHUNLQ-EOPHU 6SHFWUXP-OQH F7-I5 DQG 1H-NM5 

VSHFWUD REWDLQHG DW 298 K RQ 9DULDQ 8QLW\ IQRYD 500 MH] LQVWUXPHQW. A 9DULDQ CDU\ 

50 89-9LV VSHFWURSKRWRPHWHU ZDV HPSOR\HG IRU 89-9LV VSHFWUD DW URRP WHPSHUDWXUH. 

 

 4.3.6.2 6\QWKHVLV 

 5-(4¶-GLPHWK\ODPLQRSKHQ\OLPLQR)-7-FKORURTXLQROLQ-8-RQH (NI51): (40.400 J 

(1.87 PPRO)) RI 5,7-DLFKORUR-8-TXLQROLQRO DQG 0.470 J (11.8 PPRO, 6.3 HT) RI NDOH 

ZHUH DGGHG WR ZDWHU (150 PL) VWLUUHG DW 50 �C XQWLO WKH VXVSHQVLRQ FRPSOHWHO\ 

GLVVROYHG. 7R WKLV \HOORZ VROXWLRQ, 0.382 J (2.80 PPRO, 1.5 HT) RI N,N-DLPHWK\O-S-

SKHQ\OHQHGLDPLQH ZDV DGGHG. 7KHQ, D VROXWLRQ RI 0.854 J (3.74, 2 HT) RI DPPRQLXP 

SHUR[\GLVXOIDWH LQ ZDWHU (12 PL) ZDV DGGHG GURSZLVH ZLWK VWLUULQJ DW 50 C. AIWHU 10 

PLQ, WKH EODFN VXVSHQVLRQ ZDV ILOWHUHG, DQG VROLG DOORZHG WR IXOO\ GU\ LQ WKH DLU 

RYHUQLJKW. 7KH FUXGH PDWHULDO ZDV FDUHIXOO\ SXULILHG LQ EDWFKHV E\ FROXPQ 

FKURPDWRJUDSK\ XVLQJ DFHWRQH/FKORURIRUP (1:10) DQG NI51 LVRODWHG DV D EOXH VROLG 

(0.233 J, 40% \LHOG). 1H-NM5 (CDCO3): G 8.96 (GG, 1H), 8.84 (GG, 1H), 7.76 (V, 1H), 

7.60 (GW, 1H), 7.06 (G, 2H), 6.79 (G, 2H), 3.07 (V, 6H). 
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 3-(4'-GLPHWK\ODPLQRSKHQ\OLPLQR)S\ULGR>2,3-D@SKHQRWKLD]LQH (NIR2): A 

VROXWLRQ RI 209 XL (1.30 PPRO, 2 HT) RI 2-DPLQRWKLRSKHQRO DQG  0.0725 J RI KOH ZHUH 

PL[HG LQ 5PL RI HWKDQRO DQG DGGHG GURSZLVH WR D UHIOX[LQJ VROXWLRQ RI 0.2013 J (0.65 

PPRO) RI L1 LQ 30PL RI HWKDQRO. 7KH VROXWLRQ WXUQHG GDUNHU EOXH DQG ZDV VWLUUHG DQG 

UHIOX[HG IRU 20 PLQ DQG WKHQ SRXUHG LQ WR 150PL RI LFH/ZDWHU. 7KH GDUN SXUSOH 

SUHFLSLWDWH ZDV ILOWHUHG DQG DOORZHG WR DLU GU\ RYHUQLJKW. 7KH FUXGH SURGXFW ZDV 

VHSDUDWHG LQ EDWFKHV XVLQJ FROXPQ FKURPDWRJUDSK\ ZLWK 1:1 EHQ]HQH/HWK\O DFHWDWH. 

NIR2 ZDV LVRODWHG DV D GDUN EOXH/EODFN VROLG (0.121, 49% \LHOG). 1H-NMR (CDCO3): G  

9.05 (GG, 1H), 8.92 (GG, 1H), 7.97 (G, 1H), 7.58 (GG, 1H), 7.33 (W, 1H), 7.28 (RYHUODS 

ZLWK CDCO3, 1H), 7.17 (G, 1H), 6.99 (P, 3H), 6.80 (G, 2H), 3.02 (V, 6H). 

 

 >MQBU(CO)3(NIR1)@ (MQNIR1): 0.174 J (0.63 PPRO) RI 

BURPRSHQWDFDUERQ\OPDQJDQHVH(I) ZDV GLVVROYHG LQ GLFKORURPHWKDQH (4PL) DQG D 

VROXWLRQ RI 0.197 J (0.63 PPRO, 1 HT) RI L1 LQ GLFKORURPHWKDQH (30 PL) ZDV DGGHG LQ 

WKH GDUN DW URRP WHPSHUDWXUH. 7KH IODVN ZDV FRYHUHG LQ IRLO WR SURWHFW IURP OLJKW DQG 

DOORZHG WR VWLU LQ WKH GDUN IRU 3 GD\V DIWHU ZKLFK D GDUN JUHHQ SUHFLSLWDWH DSSHDUHG. 7KH 

VROYHQW ZDV UHGXFHG WR 15 PL, SUHFLSLWDWH ILOWHUHG DQG ZDVKHG ZLWK 2PL RI FROG 

GLFKORURPHWKDQH DQG FRPSOH[ LVRODWHG DV D GDUN JUHHQ VROLG (0.280 J, 84% \LHOG). IR 

(KBU, FP-1): 2016 (V), 1932 (V), 1912 (V), 1614 (Z), 1590 (P), 1410 (P), 1377 (V), 1314 

(V), 1172 (P), 1073 (P), 1036 (P), 867 (Z). 1H-NMR (CDCO3): G  9.32 (G, 1H), 8.95 

(G, 1H), 7.78 (P, 1H), 7.70 (V, 1H), 7.32 (G, 2H), 6.92 (G, 2H), 3.25 (V, 6H). 
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 >MQBU(CO)3(NI52)@ (MQNI52): A VLPLODU SURFHGXUH WR MQNI51 ZDV 

HPSOR\HG XVLQJ 0.0726 J (0.26 PPRO) RI BURPRSHQWDFDUERQ\OPDQJDQHVH(I) DQG 

0.1008 J (0.26, 1HT) RI L2 LQ GLFKORURPHWKDQH. AIWHU 3 GD\V RI VWLUULQJ LQ WKH GDUN WKH 

VROYHQW ZDV UHGXFHG WR 10PL DQG 50PL RI KH[DQHV ZDV DGGHG. 7KH SUHFLSLWDWH ZDV 

ILOWHUHG DQG ZDVKHG ZLWK FROG KH[DQHV DQG FRPSOH[ LVRODWHG DV D GDUN JUHHQ VROLG (0.115 

J, 76% \LHOG). I5 (KBU, FP-1): 2022 (V), 1937(V), 1920 (V), 1604 (P), 1591 (P), 1448 

(P), 1364 (V), 1177 (Z), 749 (Z) 1H-NM5 (CDCO3): G  9.36 (G, 1H), 9.00 (G, 1H), 8.50 

(G, 1H), 7.71 (P, 1H), 7.44 (W, 1H), 7.35 (W, 1H), 7.24 (P, 1H, RYHUODSV ZLWK CDCO3), 

7.12 (G, 2H), 7.02 (V, 1H), 6.79 (G, 2H), 3.08 (V, 6H). 

 

 4.3.6.3 ;-UD\ CU\VWDOORJUDSK\ 

DDWD ZHUH FROOHFWHG RQ D BUXNHU D8 4XHVW VLQJOH FU\VWDO ;-UD\ GLIIUDFWRPHWHU 

(PHO7ON 100 CMO6 GHWHFWRU) ZLWK JUDSKLWH PRQRFKURPDWHG MR KĮ UDGLDWLRQ (Ȝ = 

0.71073 c) E\ WKH Ȧ-VFDQ WHFKQLTXH LQ WKH UDQJH 5.4 � 2ș � 50 IRU (IRU ERWK MQNI51 

DQG MQNI51). AOO GDWD ZHUH FRUUHFWHG IRU LRUHQW] DQG SRODUL]DWLRQ HIIHFWV.40 AOO WKH 

VWUXFWXUHV ZHUH VROYHG ZLWK WKH DLG RI 6+E/;7 SURJUDP XVLQJ LQWULQVLF SKDVLQJ.32 7KH 

VWUXFWXUHV ZHUH WKHQ UHILQHG E\ D IXOO-PDWUL[ OHDVW VTXDUHV SURFHGXUH RQ F2 E\ 

6+E/;/.29
 AOO QRQ-K\GURJHQ DWRPV ZHUH UHILQHG DQLVRWURSLFDOO\. H\GURJHQ DWRP 

SRVLWLRQV ZHUH FDOFXODWHG JHRPHWULFDOO\ DQG UHILQHG XVLQJ WKH ULGLQJ PRGHO.  MXOWL-VFDQ 

DEVRUSWLRQ FRUUHFWLRQV DUH DSSOLHG XVLQJ 6ADAB62. CDOFXODWLRQV ZHUH SHUIRUPHG XVLQJ 

WKH 2/E;230 DQG 6+E/;7/� (9 6.14)41  SURJUDP SDFNDJHV. 7KH H[SHULPHQWDO GHWDLOV 

DUH OLVWHG LQ 7DEOH 4.5. 
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7DEOH 4.5. CU\VWDO GDWD DQG VWUXFWXUH UHILQHPHQW SDUDPHWHUV IRU MQ1I51 DQG 
MQ1I51. 
 
 MQ1I51 MQ1I52 
EPSLULFDO IRUPXOD  C20H14MQN3O4BUCO C26H18MQN4O36BU 
F: 530.64 601.36 
7HPS(K) 298 150 
:DYHOHQJWK (c) 0.71073 0.71073 
CU\VWDO V\VWHP OUWKRUKRPELF MRQRFOLQLF 
6SDFH JURXS PFDE P21/F 
D (c) 7.6931 (7) 13.6697 (17) 
E (c) 17.5230 (15) 22.226 (3) 
F (c) 30.345 (3) 8.017 (1) 
D (q) 90 90 
E (q) 90 99.760 (3) 
J (q) 90 90 
= 8 4 
9 (c3) 4090.7 (6) 2400.5 (5) 
DHQVLW\ (FDOFG) (MJ P-3) 1.723 1.724 
AEV FRHII (PP-1) 2.76 2.78 
NR. RI XQLTXH UHIOQV. 3640 4252 
51

E 0.080 0.100 
Z52F 0.163 0.193 
GOFD RQ F2 1.12 1.04 

 
D GOF = >Ȉ>Z(FR2 í FF2)2@/(NR í NY)@1/2 (NR = QXPEHU RI REVHUYDWLRQV, 
NY = QXPEHU RI YDULDEOHV).  
E 51 = Ȉ__FR_ í _FF__/Ȉ_FR_.  
F Z52 = >(ȈZ(FR2 í FF2)2/Ȉ_FR_2)@1/2. 
 

 

 4.3.6.4 CRPSXWDWLRQDO MHWKRGV 

DHQVLW\ IXQFWLRQDO WKHRU\ (DF7), DV LPSOHPHQWHG LQ WKH ADF SURJUDP (YHUVLRQ 

2019.103),42 ZDV XVHG IRU WKH JURXQG VWDWH VWUXFWXUH RSWLPL]DWLRQV ZLWKRXW DQ\ 

FRQVWUDLQV. 7KH UHYPBE IXQFWLRQDO,43 LQFOXGLQJ WKH GULPPH D3 FRUUHFWLRQV DQG WKH 

BHFNH-JRKQVRQ GDPSLQJ,44 ZDV XVHG. 7KH 7=P45,46 EDVLV VHWV ZHUH XVHG IRU DOO DWRPV, 



 ϭϵϰ

DQG WKH UHODWLYLVWLF 6FDODU =ORA47 DSSURDFK ZDV DSSOLHG IRU WKH MQ. 7KH CO6MO48±

50 DSSURDFK ZDV XVHG DV WKH LPSOLFLW VROYHQW PRGHO, ZKHUH GLFKORURPHWKDQH ZDV XVHG 

DV WKH VROYHQW. FRU DOO FDOFXODWLRQV, WKH QXPHULFDO TXDOLW\ ZDV VHW WR ³QRUPDO´. 

9LEUDWLRQDO IUHTXHQF\ FDOFXODWLRQV ZHUH SHUIRUPHG DW 298.15K DQG 1 DWP WR FRQILUP 

WKH ORFDO PLQLPD (L.H. QR LPDJLQDU\ IUHTXHQF\). 7LPH GHSHQGHQW DF7 (7DDF7) PHWKRG 

ZDV XVHG IRU FDOFXODWLQJ WKH YHUWLFDO H[FLWHG VWDWHV XVLQJ WKH JURXQG VWDWH RSWLPL]HG 

VWUXFWXUHV. 7KH UDQJH VHSDUDWHG L<C-PBE51 IXQFWLRQDO ZLWK WKH GDPPD YDOXH RI 0.22 

ZDV HPSOR\HG. 7KH 7=2P EDVLV VHWV ZHUH XVHG IRU DOO DWRPV, WKH 6FDODU =ORA DSSURDFK 

ZDV XVHG IRU MQ, DQG WKH CO6MO LPSOLFLW VROYHQW PRGHO ZDV HPSOR\HG.  

IQ WKH FDVH RI NIR1, WZR HQHUJHWLFDOO\ HTXLYDOHQW FRQIRUPHUV, FRQVLVWLQJ WKH 

C1-C2-N-C3 WRUVLRQ DQJOH 18.70 DQG 340.50, ZHUH IRXQG (FLJXUH 4.35, D). 7KH IRUPHU 

DQG ODWWHU FRQIRUPHUV UHSUHVHQW 46% DQG 41%YRI WKH PROHFXOHV LQ WKH JURXQG VWDWH 

HQVHPEOH, UHVSHFWLYHO\. IQ WKH FDVH RI MQNIR1, WKH PRVW VWDEOH FRQIRUPHU KDV WKH C1-

C2-N-C3 WRUVLRQ DQJOH RI 18.80, UHSUHVHQWLQJ 87% RI FRPSOH[HV LQ WKH JURXQG VWDWH 

HQVHPEOH (FLJXUH 4.35, E). FXUWKHU UHVXOWV RI 7D-DF7 VWXGLHV FDQ EH IRXQG LQ TDEOH 

4.6. 
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)LJXUH 4.3�. 5HODWLYH GLEEV IUHH HQHUJ\ (LQ NFDO/PRO), IUDFWLRQ RI PROHFXOHV LQ WKH 

JURXQG VWDWH HQVHPEOH IRU WKH FRQIRUPDWLRQ (%), H[FLWDWLRQ ZDYHOHQJWK (RVFLOODWRU 

VWUHQJWK), C1-C2-1-C3 WRUVLRQ DQJOH (LQ 0) RI WKH FRQIRUPHUV RI (D) 1I51 DQG (E) 

MQ1I51. 
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7DEOH 4.5. TD-DFT UeVXOWV Rf MQNIR1 aQd NIR1        
______________________________                             
NIR1: 
C1-C2-N-C3 = 18.70 

RUbLWaOV              ZeLghW 
81a       ->  82a            0.9402 
 
 
C1-C2-N-C3 = 157.40 

RUbLWaOV              ZeLghW 
81a       ->  82a            0.9325 
 
 
C1-C2-N-C3 = 201.90 

RUbLWaOV              ZeLghW 
81a       ->  82a            0.9318 

 
 
C1-C2-N-C3 = 340.50  

RUbLWaOV              ZeLghW 
81a       ->  82a            0.9401 
 

 
 
MQNIR1: 
 
C1-C2-N-C3 = 18.80 

RUbLWaOV              ZeLghW 
132a       -> 133a           0.9298 
 
 
C1-C2-N-C3 = 158.60 

RUbLWaOV              ZeLghW 
132a       -> 133a            0.9272 
 
 
C1-C2-N-C3 = 206.20 

RUbLWaOV              ZeLghW 
132a       -> 133a            0.9311 
 
 
C1-C2-N-C3 = 336.00 
RUbLWaOV              ZeLghW 
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. 



 212 

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 
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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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