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Abstract 

This dissertation describes the synthesis and antimicrobial use of a series of half-sandwich Ir(III), 

Rh(III), Co(III) amino acid and ethylenediamine complexes. This investigation focuses on the 

formulation (ηn-arene)M(L)X, (L = ethylenediamine or α-amino carboxylate), (M= Ir, Rh, Ru, 

Co). Arene, Ligand and metal center variations were designed to tailor antimicrobial activity 

specific for each organism studied (Staphylococcus aureus or Mycobacteria). Each of the 

D/L-amino acids formed a diasteromeric complex with chiral centers on both the metal center 

and amino acid ligand.  The unique chirality of each center elicits different antimicrobial 

activity against the Mycobacteria studied. The metal center (M), arene ligand (ηn-arene), and 

amino acid (aa), were changed independently and studied for the antimicrobial activity.  In a 

similar fashion, each of the complexes modified with ethylenediamine and diamine derivatives 

were studied for their antimicrobial activity against S.aureus. All complexes were 

synthesized,characterized by nuclear magnetic resonance (NMR), high-resolution mass 

spectroscopy (HRMS), single-crystal X-ray diffraction, and elemental analysis. 

During the course of this work it was found that the amino acid complexes with all metal centers 

were specific for antimicrobial activity against all types of Mycobacteria, while the diamine 

derivatives were active against different strains of S.aureus. Acitvity was measured  to be as low 

as 2 ug/mL respectively depending on the complex used. A structure activity relationship was 

developed to determine what combinations of ligand, metal and arene were necessary to achieve 

the highest antimicrobial activity.  The optimal arene R-chain length for CpR was determined to 

be R=hexyl for all complexes studied.  The most active amino acidcomplex was determined to be 

that of L-phenylglycine for Mycobacteria, the cis-1,2-diaminocyclohexane complex is the most 



 
 

active ligand against S.aureus. Each metal center had similar activity levels. Toxicological studies 

were performed to test their viablity to be used in mammalian systems.  The complexes with the 

highest activity were studied against several mammailan cell lines and revealed that mammailan 

cells were undergoing normal cellular processes at up to 40 times the minimal inhibitory 

concentration (MIC). A study of the MOA or mechanism of action revealed the ability of the amino 

acid complexes to affect the peptidyl transferase region on the 23s ribosomal subunit of 

M.smegmatis. This was accomplished by isolating resistant strains of M.smegmatis towards the 

most effective complex (Cp*hexyl)Ir(L-phenylglycine)-Cl. Cross drug resistance of these mutants 

was shown with clarithromycin. The DNA of the 23s ribosomal subunit was sequenced revealing 

a deletion/insertion mutation within domain V (bases 2057-2058).   
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General Audeience Abstract 

This disserataion discribes the discovery of laboratory created synthetic organometallic 

molecules (carbon and metal containing molecules) that exhibit antimicrobial properties. Each of 

these molecules are specifically designed and tailored to combat several infectious and 

antibiotic resistant disesaes. The different and unique compositions of each of these novel 

molecules allows for a potentially new class of antibiotics. Each of these organometallic 

molecules was able to be tailored to comabt either Staphylococcus aureus or Mycobacteria. 

Each of these bacteria have significant health risks and are a growing threat to public health. 

During the course of this work it was found that the molecules containing amino-acids were 

specific for activity against all types of Mycobacteria studied. The diamine containing molecules  

were specific for gram positive bacteria (Staphylococcus aureus).   Actvity to confirm this activity 

was measured by MIC (Minimal inhibitory concetration).  This is the amount of the molecule that 

is needed to stop the growth of the bacteria studied.  The complexes with the highest activity 

were tested for their potential hazardous interactions with mammalian cells.  It was revealed that 

not only do these molecules have activity in combating potentially deadly pathogens but they 

are  not active against several mammalian cell lines.  This  shows that these can be possible 

candidates for a new line of antimicriobial drugs. 
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Chapter 1: History of Metals In Medicine 

1.1: Antimicrobial and Toxicological Properties of Transition Metals 

 Transition metal complexes play an important role in pharmaceutical chemistry, beginning 

with the discovery and use of cisplatin as an anticancer drug in 1978.1,2 Subsequent studies of 

transitional metal complexes have has been primarily limited to the search for new compounds 

with anti-cancer activity. However, with very few transition metal pharmaceuticals received FDA 

approval beyond cisplatin and cisplatin derivatives. More importantly for this discussion, little to 

no development occured in the area of antimicrobial activity. This is surprising since, new ways 

to combat microbial diseases are required to combat the growing number of multidrug resistant 

bacteria. Metal complexes have been proven as anti-cancer DNA, RNA, and enzyme binding 

agents. As these are often key targets involved in antimicrobial development4, transition metal 

complexes may have the potential to expand the arsenal of synthetic antimicrobials.3  

1.2: The Need for New Antimicrobials 

 In 2010 the World Health Organization (WHO) reported that antimicrobial resistance is 

one of the three greatest threats facing humanity today2 with 2 billion people worldwide infected 

by some form of Mycobacterium tuberculosis. Spontaneous genetic mutations and selection for 

antibiotic resistance adds to a growing number of multi drug resistant (MDR) and extensively 

drug-resistant (XDR) strains of tuberculosis developing each year. XDR strains currently have no 

known successful treatment.8 Due to the slow growth rate of most mycobacteria, treatment for 

these types of infections can take years to complete.3  The longer patients are prescribed a course 

of a specific set of antimicrobials, the higher the risk for these drugs to become ineffective. As the 

number of MDR (Multi-drug Resistant) strains increase, it is almost a certainty that current 

treatments will be inadequate and ineffective in the near future. In order to combat the growing 

number of multi-drug resistant strains of bacteria and the threat of an imminent infectious disease 
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epidemic due to the lack of active antimicrobial agents, the Infectious Diseases Society of America 

put forth the "10 x '20 Initiative," which aims to develop 10 new antimicrobials by 2020.1, 2  

1.3 History of Transition Metals as Therapeutic Agents  

1.3.1. Platinum Based Anticancer Compounds 

The most widely used therapeutic transition metal complex is cisplatin for the treatment of 

hard cell malignant tumors. Cisplatin (Figure 1.1)1 was first discovered by Dr. Barnett Rosenberg 

at Michigan State6 when he used platinum electrodes to generate electric gradients by varying 

the current and voltage in order to test the effect small electric fields had on the growth of microbial 

cells. Though cell division and proliferation of the E.coli cells was halted, he found that cell growth 

continued. After growing to abnormally large sizes, the cells could no longer sustain growth or 

function normally, which led to apoptosis. The seminal discovery of this compound’s ability to halt 

the replication of rapidly dividing cells rendered it important in the treatment of cancer cell lines 

following FDA approval for pharmaceutical use in 1978. . This experiment led to the discovery of 

cisplatin.  The scientific community began to examine other noble metal complexes that may also 

have therapeutic properties. The focus of most working in this field was still the development of  

anti-cancer pharmaceuticals. Other of transition metal complexes were examined for their use as 

possible anti-cancer drugs. These include but are not limited to metallocene, arene, and carbonyl 

complexes.7  
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   Cisplatin       Carboplatin        Diaminobenzoplatin 

Fig 1.1: Transition metal complexes in medicine currently used to treat hard cell malignant 

tumors 

1.3.2: Platinum and Palladium Antimicrobial Agents 

 Since the discovery of cisplatin and other platinum based drug derivatives for 

cancer treatment, there has been little work done to determine what role metal complexes may 

have as antimicrobial agents. Synthesis of substituted amine complexes with ligand structures 

similar to cisplatin are usually the focus of research in this area. An example of these complexes 

that show activity has been reported by Vasic (Figure 1.2)10 Both minimum inhibitory 

concentration (MIC) and bactericidal activities of palladium diamine complexes were measured. 

The longer or more hydrophobic the “R” group the more effective the compound was against the 

various strains of bacteria. Most notably using the propyl -R group the MIC’s were approximately 

125 µg/mL but switching to the n-butyl group lowered the MIC to 31.25 µg/mL for E. coli.10  
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Figure 1.2: Palladium diamine compound scaffold as studied by Vasic.10 

Thiosemicarbazone complexes of platinum show promising antimicrobial activity, 

particularly against S.aureus, with MIC values as low as 1.0 µg/mL. Filousis et al. showed that 

these complexes show greater potential for their antitumor/anticancer properties (Fig 1.3). One 

main reason for the lack of interest in the area of transition metals in antimicrobials is the toxicity 

some of these complexes have been known to exhibit toward mammalian cell. Currently there are 

no FDA trials for platinum or palladium based antimicrobials. Most of the complexes that contain 

platinum and palladium have a poor therapeutic to cytotoxic ratio. This ratio, also known as the 

therapeutic index, is the amount of compound that causes a therapeutic effect compared to the 

amount that shows toxicity. Often the therapeutic to cytotoxic ratio is similar to the MIC of 

traditional antimicrobials.  
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Figure 1.3: Platinum thiosemicarbazone - MIC of 1.0 ug/mL against S. aureus 

 

1.3.3 Iridium, Rhodium and Ruthenium Transition Metal Complexes 

 Some half-sandwich or "piano stool" complexes are being explored for their possible anti-

cancer and anti-microbial properties.5 The general structure of these compounds is shown below 

in figure 1.3.3 where X, Y, and Z can be any coordinating atom or ligand. The most significant 

and extensive work for developing a “half-sandwich” antimicrobial is based on the ability of Ru(II) 

complexes to combat malaria.10 Many of these complexes also have shown a favorable 

therapeutic to cytotoxic ratio for use against hard cell tumors.10 

      

Figure 1.3.3: Basic scaffold structure of the half-sandwich complexes 
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The Ru(II) complexes focused on the anti-cancer properties of [(η6-arene)Ru(II)(en)(Cl)]+ (arene 

= naphthalene or para-cymene; en = ethylenediamine)  complexes as related to their ability to 

bind to DNA. Ruthenium complexes have an affinity for binding to the N7 on the guanine residue 

in all DNA binding studies.12,13 Keene et. al, describes dinuclear ruthenium complexes with 

modified pyridyl ligands that showed strong antimicrobial specificity towards prokaryotic cells,22 

with MICs for S.aureus and E.coli as low as 1 ug/mL. IC50 values for Eukaryotic cells tested were 

also reported as 78 ug/mL and as high as 400 ug/mL (Figure 1.3.4.) Many complexes show a 

pattern of increased activity with the increasing hydrocarbon chain separating the two ruthenium 

centers.  

 

 

Figure 1.3.4: Binuclear polypyridal complexes, where (CH2)n  = 2, 5, 7, 10, 14, and 16 

 

It was disovered that when iridium replaced ruthenium in complexes shown in figure 1.3.4, MIC 

values were greater than 128 µg/mL. The reason for the decrease in activity is not known; 

however this finding illustrates that not all metal complexes are toxic to all cells, and, 

consequently, the metal center plays a role in activity. 

In one approach to try to combat increased resistance, transition metal complexes have 

been combined with traditional antimicrobials. When modifying complexes (figure 1.3.4) with 

different metals, increased antimicrobial activity was observered with modified ruthenium and 

ferrocene, quinolones and platensimycin (natural product antimicrobial isolated from 
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streptomycin) as noted by Patra et al.4 The DNA of each organism coordinated to the metal 

centers in non-specific areas. Ferrocene complexes of quinolones bind to the FabF enzyme which 

prevents fatty acid synthesis that is necessary for cellular development. This is particularly crucial 

for cell membrane and cell division processes. Platensimycin complexes with Fe, Cr, and Mn 

were studied using proteomic techniques to follow the protein expression of the fatty acid 

synthesis in several bacteria. It was determined that several different modifications showed 

different protein responses causing cell death.4 These protein responses were also involved in 

the inhibition of fatty acid synthesis but in some cases not related to the FabF enzyme. This 

suggests that more than one enzyme may be inhibited by these complexes.  

Ruthenocene and ferrocene trimetallic complexes, as studied by Wenzel, have shown 

increased antimicrobial activity as compared to amoxicillin and similar peniciilin derived drugs.23. 

Complexes (Fig. 1.3.5) were studied by looking at proteins related to lipid membrane 

development. Based on the protein expression, the lipid membrane compostion was altered in a 

way that was unsuitable for standard celluar processes to continue. It was also determined that 

there was metal dependent oxidatative stress related to the complexes with the membrane. In 

comparison to known antimicrobials, these modified trimetallic systems performed well when used 

with multidrug resistant strains (Table 1)15. 

 

Figure 1.3.5: Trimetallic complexes studied by Wenzel et al, (M is either Fe or Ru). 
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Table 1: Comparison of trimetallic systems of Ru and Fe with known antimicrobials.22 

  

 

Iridum complexes developed by Sadler have been studied mainly as anti-cancer 

complexes. These complexes include but are not limited to iridium cycopentadienyl piano stool 

variants, with a standard formula of [(η5-Cp*)Ir(2-phenylpyridine)Cl]. The arene ligand and the 

pyridine ligand were modified at key points to help increase activity (Figure 1.3.6). Measurements 

of anticancer activity showed that the complexes were more active with an intercalating ligand 

(i.e. phenyl or biphenyl) attached to the metal center or arene ring. Figure 1.3.6 shows the 

structure of the different arene ligands coordinated to the complex with the IC50 values against 

human ovarian cancer cell lines. Sadler discovered that while these complexes had increased 

activity against cancer cell lines, they also had increased activity against healthy mammalian cells. 

Complexes lacking the arene component attached to the cyclopentadienyl ring system have 

substantially higher IC50 activity.28 This shows that the most effective complexes are those 

containing arene systems attached to the cyclopentadienyl ring.  
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Figure 1.3.6: Iridium arene complexes that inhibit growth of ovarian cancer cells. 

 

1.3.4 Mechanisms of Action for Anti-Cancer Transition Metal Complexes 

 Malignant cells of all types (i.e. ovarian, testicular, pancreas) share similar characteristics 

of uncontrolled cellular growth. This suggests the primary mechanism of these complexes is to 

interfere with cell growth and division based on interactions with DNA. Cisplatin has a specificity 

for binding to the N7 of guanine residues. Figure 1.6 illustrates the DNA interaction of cisplatin 

and the N7 guanine residue. Binding to the DNA at this site has been shown to prevent DNA 

replication and proliferation of the cell lines.6 This causes an irreversible reaction in the case of 

the platinum dichloride derivatives causing the DNA helix to become deformed. 

IC50         0.70 µM    1.0 µM   2.5 µM   1.19 µM
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Fig 1.6: Cisplatin binding with the N-7 of guanine in double stranded DNA forms a 45-

degree bend in the double helix.26 
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  Fig 1.3.7: The interaction between cisplatin and N-7 of guanine  

 Even though these drugs show promising results against different forms of cancer, most 

of the transition metal anticancer drugs are toxic to normal healthy cells. This makes these drugs 

cytotoxic towards the patient. The mode of action is irreversible binding of these complexes to the 

DNA. Sadler et al. have described a class of iridium complexes with modified Cp-arene ligands 

that have been shown to produce reactive oxygen species (ROS) in hard cell tumors. The 

originally proposed mechanism was that intercalation of the arene ligand aids the complex in 

binding to DNA; however, it was later discovered that oxidation of NADH to NAD+ produces 

radical oxygen species in the form of increased levels of peroxide.29 The creation of reactive 

oxygen species (Scheme 1.6) shows that there is a mode of action other than DNA 

binding/intercalation as in cisplatin. Work performed by Sadler shows that transition metal 

complexes are not unilaterally toxic at the same levels just based on the metal concentration 

alone.   
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Scheme 1.6: The proposed reaction pathway of the iridium complexes for the formation of 

reactive oxygen species (ROS). 

 

1.4: Microbial Physiology and Drug Interaction 

 It is crucial in the development of any new antimicrobial to understand how transport of 

the drug into the cell may occur. Microbes have a wide range of unique features. The microbes 

studied in this review will cover pathogenic gram-positive and gram-negative, as well as 

mycobacteria. Though the cells of each of these microbes are composed of similar structures, 

there are key differences that are necessary in understanding how each cell functions. Examining 

the different molecular makeup and structure of the bacterium studied could help influence the 

design of small molecules with possible antimicrobial activity. Gram-positive cells have a thick 

layered cell wall featuring layers of peptidoglycan composed of a polymer of N-acetylglucosamine 

and N-acetylmuramic acid. This gives these bacteria a stiff rigid structure. Gram-negative cells 

have a much larger polysaccharide layer instead of the peptidoglycan layer. 

 Mycobacteria are acid-fast bacteria. They resist acid based or ethanol based microbial 

stains. All mycobacteria have a membrane structure containing mycolic acids composed of long 

chain hydrocarbons. These hydrocarbons are made up of carbon chains around 60-80 carbons 
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long.8 The formation of the long carbon chains requires an immense amount of energy to be 

exerted for the development of each cell. This causes a waxy outer shell to develop that is rather 

impervious, making them extremely difficult to penetrate and attack with conventional antibiotics.  

Unlike traditional gram-positive and negative bacteria, mycobacteria are slow growers due to the 

need to synthesize the mycolic acids which compose the cells outer membrane. 8  Figure 1.4.1 

shows an example of linkage between mycolic acids to the polysaccharides used in the complex 

membrane of Mycobacteria. The structure of linkages shown is from M. smegmatis. 9  

 

  

 

 Figure 1.4.1: Generic mycolic acid structure in M. smegmatis. 9  
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1.5 Modifying Antimicrobials 

 Modification of current antibiotics has been a common practice to develop a way to combat 

certain resistances developed by an organism. A series of experiments were performed by 

modifying Loracarbef (LOR), which is a known β-lactam antibiotic, with several transition metals; 

zinc, cadmium, nickel, palladium and platinum11. Complexes were analyzed by FT-IR and NMR 

spectroscopy. Figure 1.5.1 shows the general coordination of the metal between the β-lactam and 

the carboxylic acid group of LOR11.      

    

   Figure 1.5.111: Lorcarbef coordinating with platinum 

 Antimicrobial activity was accurately studied using a disc diffusion technique to measure 

a zone of inhibition. Sterilized 6mm discs were preloaded with 1200 µg of the coordinated 

complexes and placed in the center of a growth medium plate inoculated with corresponding 

bacteria. Each sample was then incubated for 24-48 hrs11. The bacteria tested were Escherichia 

coli, Klebsiella pneumonia, Mycobacterium smegmatis, Kluvyeromyces fragilis, and 

Saccharomyces cerevisiae. These tests were also run alongside plates with the free LOR for 

comparison. The results for each were drastically different. The platinum derivative had activity 

across all organisms tested in some cases having a greater activity than that of free LOR11. The 

nickel derivative shows no noticeable antimicrobial activity. While the zone of inhibition can 
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determine if a compound has antimicrobial properties, an MIC cannot be calculated (Table 1.5.3). 

This example shows that certain MDR (multi drug resistant) bacteria could become susceptible 

to a previously used antibiotic with transition metal modification. 

Organism 1 2 3 4 5 6 7 8 

LOR 21 19 21 23 20 20 21 7 

[Zn(LOR)(H2O)(Cl)] Cl 0 0 0 0 0 0 0 0 

[Cd(LOR)(H2O)(Cl)] Cl 0 35 36 24 24 0 30 24 

[Ni(LOR)(H2O)(Cl)]Cl 8 0 7 0 0 9 10 0 

[Pd(LOR)(H2O)(AcO)] AcO  11 0 0 12 20 16 8 12 

[Pt(LOR)(H2O)(Cl)] Cl  10 16 29 12 10 10 18 19 

 

Table 1.5.3 Lorcarbef complexes with multiple metals. Table indicates zone of inhibition 

in millimeters (larger zone means greater diffusion and activity) 11  

 Chloroquine has been used to combat malaria since 1934. It is slowly becoming an 

ineffective treatment with the rapid spread of multi-drug resistant strains of malaria. Using metals 

in combination with chloroquine showed increased activity against chloroquine resistant strains, 

see (Figure 1.5.2)14. The general metal arene structure [Ru(η6-arene)Cl2]2 can be used as a 

precursor for a host of substituted metal arene complexes with chloroquine as well as a number 

of other ligands15. 
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     Chloroquine (CQ) 

 

      

                   

  Rh(II) complex (1)   Ru(II) complex  (2)  

   

Figure 1.5.2  Rh and Ru CQ complexes 

 Data shows that the CQ binds through the arene (N’) nitrogen to the ruthenium metal 

center 16. Compounds were tested against CQ resistant strains of Plasmodium falciparum. For 

resistant strains of the plasmodium, the CQ Ru(II) complex shows renewed activity14 .This is 

another example where the modification of current antimicrobials using transition metals can give 

new life to pharmaceuticals where resistance has rendered them ineffective. Preliminary testing 

assays were performed using BALB/c mice by Delgado et al 16. The mice were inoculated with P. 

berghei and then received a 4-day treatment of 1 mg/kg with both the Ru(II) and Rh(II) complex. 

Complex 2 (Figure 1.5.2) shows a 94% reduction in the parasites within the blood of the mice 
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while complex 1 shows a 73% reduction after 4 days at 1 mg/kg compared to the control, 

untreated lab mice. This makes the bound complex more effective than chloroquine alone as a 

treatment to suppress the parasite16. Preliminary observations noted no hazardous side effects 

after a period of 30 days.  

 

1.5.2: Critical remarks on Modified Antibiotics and Metal Complexes 

 Toxicity test results of several modified antimicrobials showed no lethal effects over a 

course of 30 days of administration for several compounds11.  Modifications of antimicrobial 

agents by the addition of a transition metal may help alleviate some of the known side effects for 

some chemical compounds. In cases discussed above, the relative dosage compared to the 

known control was lower and more effective. This opens the door for many other types of current 

antimicrobials that can be modified by metal coordination. Modification of other antibiotics that 

could potentially be used as ligands should be examined. Compounds developed by Zengin 

demonstrated that hydrophobicity played a key role in the activity of antimicrobial active 

compounds11. This suggests that the cellular membrane and wall composition are susceptible to 

certain different configurations of metal coordinated complexes.  

 The limited body of work that has been reported leaves many unanswered questions as 

well as possibilities for tailoring organometallic antimicrobials. It has been shown that modification 

as well as addition to or by the metal complex has positive effects when combined with certain 

types of antimicrobials. With the rise in multi drug resistant organisms, exploration in this area is 

necessary to grow the field of antimicrobial discovery. Modifying existing antimicrobials in addition 

to developing new active organometallic compounds for use as pharmaceuticals could help 

alleviate the problem of drug resistance and help fulfill the 10x20’ initiative proposed by [whoever]. 
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1.6 Project Description 

 The scope of this work involves the synthesis of a set of transition metal 

complexantimicrobial agents. Previous work on both iridium and ruthenium arene complexes has 

shown that the ligands are the key to modifying activity the metal complex exhibits. There are 

many ligand combinations to be explored, from small synthetic molecules to naturally occurring 

amino acids and proteins. Naturally occurring compounds, such as amino acids, are an 

inexpensive diverse group of ligands that can act as bi- or even tri-dentate ligands. These amino 

acids can provide both hydrophobic and hydrophilic groups. This provides the ability to change 

the properties of the compound based on the cell’s permeability to certain complexes. Using 

(COD) and amino acid combinations can be traced back to work done by Pannetier in 1975, 

developing [Rh(COD)(aa)] complex (Figure 6.1)18 

 

                          

 Figure 6.1: Amino acid complexes developed by Panntier(1) and Beck (2).   
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  The Merola group has previously explored half-sandwich complexes with amino acids for 

asymmetric transfer hydrogenation (ATH).30 Developing several compounds with iridium has also 

been explored by reaction of [Ir(COD)(PMe3)3]Cl with an appropriate bidentate amino acid ligand 

to form [Ir(aa)(H)(PMe3)3]Cl 20 complexes. Work done by Beck21 shows the use of amino acids as 

well to form organometallic bidentate ligands (Figure 6.1).   

 

1.6.1: Design of Tailored Transition Metal Complexes 

 This investigation focuses on the formulation (ηn-arene)M(L)X, where L is a bidentate 

ligand and X is a halogen, to achieve specific antimicrobial activity. Each subset of ligands and 

metal centers were changed independently to establish a clear structure activity relationship. The 

ability to change each part of the complexes independently allows for a systematic approach to 

tailor new antimicrobials. Along with the different metal centers (Scheme 6.1), a group of 

biologically active molecules will be  explored as the interchangeable ligands (L). After 

characterization of the synthesized complexes, the initial biological activities will be determined 

as the MIC (minimal inhibitory concentration) of each complex against a panel of microbes. This 

ability to change multiple parts of the complex independently can allow the complex to exhibit 

multiple chemical traits including but not limited to hydrophobic vs. hydrophilic properties.  
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Scheme 6.1: Modular synthesis of the metallocene complex. The complex is constructed 

of one π-ligand arene, metal and one bidentate ligand.  

 As described previously, many pharmaceuticals are only effective in one specific form or 

size. Using the ligands to dictate the shape of the complex also influences the activity of the 

complex against a certain set of microbes. Metal charge and oxidation state are also modifications 

that will be explored. After the design of possible new antimicrobials, their mode of action (MoA) 

will be investigated to achieve a fundamental understanding of how all the elements of the 

compound work together and what properties are significant to each of the variable ligand. 
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Chapter 2: Anti-staphylococcal Complexes and Activities 

2.1: INTRODUCTION 

 Hospital acquired (nosocomial) infections involving Staphylococcus aureus and 

methicillin-resistant S. aureus (MRSA) continue to present major challenges in the United States 

and Europe.1-3 There is also evidence of an alarming increase in S. aureus skin infections in 

children.4,5 While both S. aureus and MRSA infections occur more frequently amongst persons 

with weakened defenses against infection in hospitals and healthcare facilities, MRSA infections 

are also of increasing concern in the community at large.6 Many S. aureus and MRSA infections 

are intractable due to antibiotic resistance and the tendency to be localized in high densities, such 

as in abscesses or biofilms.7 Colonization of in-dwelling catheters leads to biofilm formation and 

results in catheters serving as sources of continual infection in patients.7 One strategy to combat 

these infections is to develop novel and effective anti-infective agents. 

 This research aims to demonstrate that transition metal complexes comprised of either 

iridium (Ir), rhodium (Rh), or cobalt (Co) complexed with 1,2-diaminoethanes are active against 

S. aureus and MRSA. Although transition metal compounds have been used for their anti-cancer 

activity,9 there has been little research regarding the use of transition metal complexes as 

antibiotics10. Based on encouraging initial results, this work could lead to the identification of new 

therapeutic targets and development of a new class of urgently needed drugs to address the 

growing problem of difficult to treat S. aureus and MRSA infections. 
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2.2: Synthesis of Anti-Staphylococcal Complexes 

2.2.1: Synthesis of Iridium and Rhodium Complexes  

Though the cyclopentadienyl rhodium and iridium amino acid complexes discussed earlier 

(Section ##) exhibited significant anti-mycobacterial activity,8 they did not display any significant 

anti-staphylococcal activity. A different class of compounds was synthesized by replacing the 

amino acid ligands with ethylenediamine or 1,2-diaminocyclohexane ligands 13. That replacement 

was successful in producing anti-staphylococcal compounds. Investigation of the 

ethylenediamines revealed that the iridium complex of the known anti-tuberculosis (TB) drug, 

ethambutol (figure 2.1), which is a substituted diamine, lost its anti-TB activity upon complexation 

with iridium, but gained modest anti-staphylococcal activity. 

 

 

Figure 2.1: General ethylenediamine complex structure (See Table 1). Structure of 

ethambutol used as anti-TB drug. 
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Figure 2.1.2: General synthesis for the ethylenediamine complexes used in these 

experiments 
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Compound R1 R2 R3 R4 R5 R6 X Metal Diamine 

Backbone 
1-Ir H H H H -CH3 -(CH2)7CH3 

(octyl) 

Cl Ir -CH2-CH2- 

2-Ir H H H -C10H7 

(napthylene) 

-CH3 -(CH2)7CH3 

(octyl) 

Cl Ir -CH2-CH2- 

3-Ir H H H H -CH3 -(CH2)7CH3 

 

Cl Ir Z-cyclohexane 

4-Ir -CH3 -CH3 -CH3 -CH3 -CH3 -(CH2)7CH3 

(octyl) 

Cl Ir -CH2-CH2- 

5-Ir -CH3 -CH3 -CH3 H -CH3 -CH3 Cl Ir CH2-CH2- 

6-Ir H H H C7H7 

(benzyl) 

-CH3 -(CH2)7CH3 

(octyl) 

Cl Ir CH2-CH2- 

7-Ir H H H H -CH3 -(CH2)7CH3 

 

Cl Ir E-cyclohexane 

9-Ir H H H H -CH3 -(CH2)8CH3 

 

Cl Ir E-cyclohexane 

10-Ir H H H H -CH3 -(CH2)10CH3 

 

Cl Ir E-cyclohexane 

11-Rh 

 

H H H H -CH3 -(CH2)7CH3 

(octyl) 

Cl Ir -CH2-CH2- 

12-Rh H H H -C10H7 

(napthylene) 

-CH3 -(CH2)7CH3 

(octyl) 

Cl Ir -CH2-CH2- 

13-Rh H H H H -CH3 -(CH2)7CH3 Cl Ir Z-cyclohexane 

14-Rh -CH3 -CH3 -CH3 H -CH3 -CH3 Cl Ir CH2-CH2- 

15-Rh H H H C7H7 

(benzyl) 

-CH3 -(CH2)7CH3 

(octyl) 

Cl Ir CH2-CH2- 

10-Co H H H H -CH3 -CH3 I Co E-cyclohexane 

11-Co H H H H -CH3 -CH3 I Co Z-cyclohexane 

 

Table 1: General structure and numbering for rhodium and iridium complexes. The table 

lists the various diamine ligand substitutions (R1, R2, R3 and R4), the C5Me4R substitution 

as well as the metal (See figure 2.1.2). 
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Each of the complexes developed and tested for anti-microbial testing was also tested for 

solubility and stability in a series of solvents. In each of the solvents tested, the complex remained 

in solution and was able to be recrystallized. Each complex recrystallized was then characterized 

via NMR and high resolution mass spectrometry (HRMS). Every complex studied was stable in 

solution for greater than 3 months. Table 1.1 lists the complexes studied and examined for 

solubility and stability in water and methanol. As –R sidechain on the cyclopentadienyl ring is 

increased, there is a loss of solubility. With 9-Ir, which has a dodecyl side chain, the solubility is 

less than 1mg/mL. This does not affect the MIC values, which are well below 500 µg/mL. Figure 

2.1.3 shows a sample NMR spectra of the N-napthylethylene diamine (9-Ir) complex after 

recrystallization using a two solvent system. A sample of 9-Ir (30 mg) was dissolved into 10 mL 

of DCM. Diethyl either was layered slowly on top of the DCM layer causing a yellow powder to 

precipitate (9-Ir). 

 

 



28 

 

Figure 2.1.3: Napthyl Iridium octyl complex 1HNMR after recrystallization 

  

The NMR spectrum is easily defined; chemical shifts and coupling constants are listed in 

supplemental 1. Even after being open to air and in solution for several months these complexes 

do not oxidize or degrade into another iridium byproduct. 
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Complex Solvent System Concentration 

1-Ir  Water 15 mg/mL 

1-Ir MeOH >15 mg/mL 

3-Ir Water >15 mg/mL 

9-Ir Water 0.5 mg/mL 

9-Ir MeOH ~15 mg/mL 

Table 1.1: Complexes studied for solubility and stability 

 

2.2.2: Synthesis of Ruthenium Complexes. 

 With a successful history of ruthenium complexes in anti-cancer trials and development 

through FDA trials, complexes with ruthenium as a metal seemed likely candidates for 

antimicrobial studies.  Ruthenium complexes (Figure 2.2.1) were synthesized and characterized 

using the same techniques as their iridium and rhodium counterparts. These complexes of the 

Ir/Rh piano stool complexes exhibit similar solubility and NMR properties (Supplemental 1). Table 

2.2 lists the ruthenium complexes used for anti-microbial testing. 
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            Figure 2.2.1: Reaction scheme of Ruthenium complexes using generic 

ethylenediamine ligands 
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Compound R1 R2 R3 R4 R5 X Metal 
Diamine 
Backbones 

1-Ru H H H H -CH3 Cl Ru -CH2-CH2- 

2-Ru H H H 
-C10H7 

(napthylene) 
-CH3 Cl Ru -CH2-CH2- 

3-Ru H H H H -CH3 Cl Ru Z-cyclohexane 

4-Ru -CH3 -CH3 -CH3 -CH3 -CH3 Cl Ru -CH2-CH2- 

5-Ru -CH3 -CH3 -CH3 H -CH3 Cl Ru CH2-CH2- 

 

Table 2.2: Ruthenium (p-cymene) complexes used for antimicrobial testing. All 

complexes were analyzed and confirmed by NMR and Mass Spec. 

2.2.3: Synthesis of Cobalt Complexes. 

 To reduce the cost of transition metal antimicrobials as well as to use a more earth-

abundant alternative, we felt it prudent to explore the syntheses of the first row congener of 

iridium: cobalt. The same synthetic pathway successful for iridium (Figure 2.3) was not available 

for cobalt, so a new synthesis was used based on cyclopentadienyl cobalt dicarbonyl [CpCo(CO)2] 

and pentamethylcyclopentadienylcobalt dicarbonyl [Cp*Co(CO)2] compounds as the starting 
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material. Based on this synthesis scheme in figure 2.3 the new cobalt complexes were formed. 

Each cobalt complex was analyzed following the same techniques as the Ir/Rh analogues. For 

spectral analysis and data see materials section 1.  

 

  

Figure 2.3: Outline of the synthesis of cobalt-containing TTMCs with ethylenediamine as 

the ligand. The procedure is the same for all diamines that include cobalt as the metal 

2.3: Anti-staphylococcal Activities.  

Ethylenediamine complexes using Cp*R and cis-1,2-diaminocyclohexane (3-Ir) had potent 

antibiotic activity against S. aureus and the recent clinical isolates of MRSA. MICs of 4-8 mg/L 

against both S. aureus and the MRSA strains were observed (Table 2). Further, the MBCs  

(bacteriacidal concentration) for 3-Ir were almost the same as the MICs, demonstrating its 

bactericidal activity (Table 2). The two Ir-ethylenediamine compounds lacking the cyclic based 

backbone, 2-Ir and 6-Ir, exhibited weak anti-staphylococcal activity (Table 2). The two cobalt-

based cyclopentadienyl diamines (10-Co and 11-Co) lacked anti-staphylococcal activity (Table 
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1). However, it should be pointed out that those two compounds lacked the octyl group, as did 

the inactive Ir-compound 5-Ir (Table 1). The data in Table 1 not only demonstrates that these first 

generation of TMCs exhibit potent activity against both S. aureus and MRSA (e.g., iridium 

ethylenediamine complex 3-Ir), but also provides preliminary insight into the antibiotic structure-

activity relationships (SARs) for these complexes. The SAR analysis is possible due to the large 

number of complexes synthesized. 

 

 

Table 2: 

Minimal Inhibitory Concentration, MIC (mg/L) (Minimal Bactericidal Concentration, MBC, mg/L 

Compound S.aureus S. aureus MRSA MRSA MRSA MRSA MRSA MRSA MRSA 

 29213 6538        Patient 43300 523000 53016 36361 34864 34380 

1-Ir 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 

2-Ir 62.5  62.5 62.5  32(32) 62.5  62.5 62.5  62.5  62.5  

3-Ir 4 (8) 4 (8) 8 (8) 8 (8) 8 (8) 4 (16) 8 (8) 8 (16) 8 (8) 

4-Ir 250 (250) 250 (250)  250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 

5-Ir > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 

6-Ir 32 32 32 62.5 32 ND ND ND 32 

7-Ir 16(16) 16(16) 32 32 32 32 32 32 32 

8-Ir 4 (4) 4(4) 4(4) 4(8) 4(8)) 4(8) 4(8) 4(8) 4(8) 

9-Ir 16(32) 16(32) 8(16) 8(16) 8(16) 8(16) 8(16) 8(16) 8(16) 

10-Ir 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 

11-Rh 16(32) 16(32) 8(16) 8(16) 8(16) 8(16) 8(16) 8(16) 8(16) 

12-Rh 62.5  62.5 62.5  32(32) 62.5  62.5 62.5  62.5  62.5  

13-Rh 4 (4) 4(4) 4(4) 4(8) 4(8) 4(8) 4(8) 4(8) 4(8) 
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14-Rh 16(16) 16(16) 32 32 32 32 32 32 32 

15-Rh 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 

1-Ru 62.5  62.5 62.5  32 62.5  62.5 62.5  62.5  62.5  

2-Ru 62.5  62.5 62.5  32 62.5  62.5 62.5  62.5  62.5  

3-Ru 16(16) 16(16) 32 32 32 32 32 32 32 

4-Ru 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 

5-Ru 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 250 (250) 

10-Co > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 

11-Co > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 > 250 

Vancomycin 2 (2) 1 (1) 0.5 (1) 1 (1) 1 (1) 1 (1) 1 (2) 1 (2) 1 (1) 

          

Table 2. MICs/MBCs of transition metal ethylenediamine complexes against S. aureus and MRSA 

isolates. 
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2.3.1 Structure Activity Relationships: 

Substitutions to the amino groups with either four (4-Ir) or three (5-Ir) methyl groups on 

the nitrogen atoms leads to a loss of activity (Table 2). We conclude that the hydrogen bond 

contributions of the NH-functionalities on opposite sides of the diamine core are important for 

activity. Several observations support the conclusion that the active species in these experiments 

is the organometallic complex and not the metal-free ligand. Comparison of complex 1-Ir, which 

incorporates ethylene-diamine as the organic ligand, and the free ligand, supports this finding. 

Ethylenediamine (EDA) alone exhibits no anti-staphylococcal activity (data not shown), so the 

observed activity against the staphylococci for compounds incorporating this ligand is almost 

certainly due to the complex. These observations lead us to conclude that these TMCs are robust 

and do not dissociate under conditions of the assay to yield a common iridium or rhodium species 

that would account for activity. Complexes 2-Ir and 3-Ir show that increased hydrophobicity of the 

diamine ligand is associated with enhanced anti-staphylococcal activity compared to the parent 

ethylenediamine complex 1-Ir (Table 1).  

This data concludes that each individual piece of the “piano-stool complex” plays a crucial 

role to the activity against a given set of microbes.  We can confirm that while the metal center 

plays a role in the activity it is the combination of all the “pieces” that give these compounds their 

antimicrobial activity.  If the complexes were falling apart in solution or in the cellular matrix the 

activity would be similar for every complex. This is made evident with the decrease of the 

effectiveness of the ethambutol complex.  In an in vitro study against a panel of mycobacteria, 

the ethambutol complex was noted to have little to activity.  If this is the case, it must be concluded 
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that the complexes are remaining intact.  This further proves that it is the whole complex and not 

an individual piece interacting with microbes. 

 

2.3.2 Cis vs Trans Diaminocyclohexane Iridium / Rhodium Complexes: 

Changing the stereochemistry of the ligand diaminocyclohexane from R,S to S,S resulted 

in a drastic change in MIC activity. The MIC for the trans counterpart was drastically increase to 

125 ug/mL as compared with the cis diamine. The 1H and 13C NMR spectra of the isomers were 

identical. The two complexes were recrystallized and then submitted for X-ray crystallography. 

Figure 2.3.1 shows the crystal structure for both cis and trans complexes with IrCp*Cl. Based on 

the X-ray crystal structure, the cis complex has formed bent/chair structure makes access to one 

of the sides of the iridium more favorable. This may allude to a possible reason cis is more active. 

If the chloride ligand is easily exchanged at the iridium metal center, the compound may have 

more space/access to interact with other parts of the cellular machinery. In many pharmaceuticals 

one isomer over another can prove to be either non-effective or in many cases toxic.  This 3D 

structure may hint at what components of a TTMC are necessary for an active complex.  
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Cis-1,2-diaminocyclohexane    Trans-1,2-diaminocyclohexane 

 

Figure 2.3.1: Cis vs Trans-1,2-diaminocyclohexane. Distinct structural differences 

concerning the stereochemistry in the ligands create three dimensionally different 

complexes.  

 

For the following time kill studies the S. aureus strains were acquired from American Type Culture 

Collection (ATCC). These are laboratory tested and typed strains to ensure their purity. Survival 

of S. aureus strain ATCC 6358 and MRSA strain 34380 when exposed to 8 mg 3-Ir/L (i.e., 

MIC/MBC) after 1, 2, 3, and 6 h exposure at 37° C were measured in two independent 

experiments (Figure 1). 3-Ir killed both the antibiotic-susceptible S. aureus and the methicillin-

resistant S. aureus strains (Figure 2).  
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Figure 2.4: Killing S. aureus strain ATCC 6358 with 3-Ir. 

 

 

Figure 2.5: Killing of MRSA strain 34380 with 3-Ir. 

The data shows that after 1 hour the complex has the ability to kill 80% of all the cells in 

the culture. The ability for the complex to cause such rapid cell death suggests that the 

mechanism must be affecting a critical piece of the cellular machinery. 
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2.4: Toxicology  

Hemolytic activities.  

In order to better gauge the viability of these new types of antimicrobials, hemolysis data 

is necessary. The TMCs with strong antibiotic activity (1-Ir, 2-Ir, 3-Ir) did not demonstrate 

hemolytic activity (< 10% hemolysis of sheep red blood cells at >145 mg/L) compared to 

vancomycin. Complexes using the dodecyl (9-Ir) and tetradecyl sidechains on the Cp ring 

exhibited some hemolytic activity ~125 mg/L. This shows that there is a difference in membrane 

interaction between the sidechains and the cell membranes themselves.  

 

 

Chemical Toxicology: 

To determine if the ethylenediamine complexes were specific for other microbes and not 

all cell types, the complexes were screened against a series of other microorganisms as well as 

mammalian cells. The complexes were selected to test toxicology of mammalian cells based on 

their activity against the previously tested S. aureus cell lines. Only active complexes were 

selected. The BacTiter-Glo™ Microbial Cell Viability Assay was used to determine ATP levels 

produced by the cell culture over a period of 6hrs. The protocol by Promega is listed in 

supplemental 1. Figures 2.4.1 and 2.4.2 show the levels of ATP produced over 6 hours. These 

levels are compared to a control, where there was no complex administered. Figure 2.4.1 shows 

similar ATP levels as the control until a concentration of 250 µg/mL or greater. While being able 

to produce ATP and spend energy, the human embryonic kidney (HEK) cells were able to carry 

out all necessary cellular process.  
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Figure 2.4.1: ATP level concentrations of human embryonic kidney in µg/mL. Each sample 

was monitored for 6hrs and compared to control at 0 µg/mL.  

 

Figure 2.4.2: Murine Macrophages (RAW) were measured for ATP levels in µg/mL. Cellular 

ATP levels were nominal up until 125 µg/mL.  

While the cobalt complexes discussed above were not tested, the iridium complexes that showed 

significant activity against S. aureus and MRSA strains showed no evidence of toxicity against 
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Vero cell line ATCC CCL-81 (ref. 29) at the highest concentrations tested of 500 μg mL−1. In 

addition, compound 4-Ir was tested for toxicity in mice and it was determined that no detrimental 

toxicological effects were present at doses of 5 mg kg−1 29. 

2.5 Conclusion: 

The transition metal complexes described here show specific activity against S. aureus 

strains and lack activity against other microorganisms (i.e., Escherichia coli, Mycobacterium 

smegmatis, Candida albicans, and Aspergillus niger). In addition, the specificity of the complexes 

that show activity indicates that there are specific structure/activity relationships that must be met. 

This is most dramatically noted in the high activity observed for complexes of the cis isomer of 

1,2-diaminocyclohexane (4-Ir and 15-Co) and the total lack of activity of the complexes made with 

the trans isomer of 1,2- diaminocyclohexane (7-Ir and 16-Co). The combination of high and 

specific activity for certain complexes, the low cytotoxicity as tested with Vero, HEK, and RAW 

cell lines and the low hemolytic activity all suggest that this transition metal platform may prove to 

be useful in overcoming antibiotic resistance in S. aureus. 
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EXPERIMENTAL SECTION 

Chemistry.  

The ability to create these complexes with a straightforward two-step synthesis for the 

iridium variants (Scheme 1) provides a great advantage over many typical elaborate synthetic 

techniques used to create many drugs on the market today. The general synthesis and structure 

of the iridium chloro-bridged dimers may be found here12-13. The synthesis of the cobalt-

complexes required a different pathway (Scheme 2) using either 

cyclopentadienylcobaltdicarbonyl [CpCo(CO)2] or pentamethylcyclopentadienylcobaltdicarbonyl 

[CpCo(CO)2] following the procedure of Koelle et al14. Full details of the cobalt complexes will be 

the subject of a forthcoming paper. Exemplars for both iridium and cobalt compounds can be 

found in the supplementary information. 

General Procedure.  

A round bottom flask was charged with appropriate amounts of the respective [IrCpxRCl2]2 

in methylene chloride with magnetic stirring. After 10 minutes the ethylenediamine was added in 

a 2.1 molar excess drop wise to the stirring solution. After the addition of the ethylenediamine the 

solution was allowed react for an additional 30 minutes. The complexes were recrystallized with 

dichloromethane and ether or hexanes and collected on a fine fritted filter as yellow crystalline 

powders. 1H NMR and 13C NMR spectra were collected on a Varian MR-400 NMR spectrometer. 

High resolution mass spectrometry data was collected on Agilent 6220 Accurate Mass TOF LC-

MS. Elemental analyses were performed by Atlantic Microlabs, Norcross, GA.  
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Materials.  

Unless otherwise stated, synthetic work was carried out in air with untreated solvents. 

Commercially available reagents were obtained from the following sources: cis-1,2-

diaminocyclohexane, N-benzylethylenediamine, N,N,N,N-tetramethylethylenediamine, N-(1-

napthyl)ethylenediamine and reagent grade solvents were purchased from Sigma-Aldrich, St. 

Louis, MO 63103. Deuterated solvents for NMR spectroscopy were obtained from Cambridge 

Isotope Laboratories. [(η5-C5Me5)IrCl2]2, [(η5-C5Me4C8H17)IrCl2]2 and CoCp(CO)I2 . 

Synthesis of [(η5-C5Me5)Ir(ethylenediamine)Cl]+(Cl-)  Following the general procedure: 

100 mg (0.125 mmol) of [IrCp*Cl2]2 was combined with 15.9 mg of ethylenediamine in methylene 

chloride. The product was then recrystallized from methylene chloride. Yield: 91.7 mg (86.4%)  

HRMS/ESI+ (m/z): Calcd for C12H23N2[193Ir]Cl 423.1257 Found 423.1265 Anal calc. C12H23Cl2 N2Ir 

C: 31.44 H: 5.06; Found C: 31.65 H: 5.10  1H NMR (400 MHz, Chloroform-d) δ 6.81 (br s, 2H), 

5.74 (br s, 2H), 3.27 (m, 2H), 3.07 (d, 2H) 1.89 (dd, 15H, 5CpMe) 13C NMR (101 MHz, Chloroform-

d) δ 93.2 (CpC) 92.8 (CpC) 92.2 (CpC), 54.1 (CH2)  

Synthesis of [(η5-C5Me5)Ir(cis-1,2-diaminocyclohexane)Cl]+(Cl-). Following the general 

procedure: 87.1 mg of [IrCp*Cl2]2 was combined with 26.2 mg of cis-1,2-diaminocyclohexane. After 

recrystallization the product was recovered. Yield: 100.7 mg (96.4%). HRMS/ESI+ (m/z): Calcd 

for C16H29N2[193Ir]Cl 477.1747; Found 477.1752. Anal calc. C16H28Cl2 N2Ir ·(H2O)  C: 36.19 H: 5.71; 

Found C 35.83 H: 5.73 1H NMR (400 MHz, Chloroform-d) δ 5.72 (s, 2H, NH2) 3.27 (m, 1H, CH), 

3.09 (m, 1H, CH), 2.34 – 2.14 (m, 2H), 2.08 (d, J = 12.6 Hz, 2H), 1.91 (d, 15H CpMe), 1.65 (q, J 

=12.9 Hz, 2H CH2), 1.43 (q, J = 12.9 Hz, 2H) 1.26 (m, 2H), 1.22 (m, 2H, CH2). 13C NMR (101 

MHz, Chloroform-d) δ 93.53 (CpC), 92.25(CpC), 84.75(CpC), 84.04(CpC), 34.9, 32.05, 31.72, 

28.14, 26.93, 21.41, 10.44, 9.74.  
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Synthesis of [(η5-C4Me4C8H17)Ir(cis-1,2-diaminocyclohexane)Cl]+(Cl-) Following the 

general procedure: 50.0 mg of [IrCp*(octyl)Cl2]2 was combined with 24.3 mg of cis-1,2-

diaminocyclohexane. After recrystallization the product was recovered as a yellow powder. Yield: 

53.1 mg (98.5%). HRMS/ESI+ (m/z): Calcd for C23H43N2[193Ir]Cl 575.2751; Found 575.2764 Anal 

calc. C23H43Cl2 N2Ir C: 45.23 H: 7.10; Found C: 45.19 H: 7.15 1H NMR (400 MHz, Chloroform-d) 

δ 3.38 (2, H), 3.10 (m, 2H), 2.24 (t, J = 8.0 Hz, 4H), 2.08 (m, 2H), 1.84(s, CpMe), 1.81 (s, CpMe), 

1.78 (s, CpMe), 1.76 (s, CpMe) 1.64 (t, J = 8.0 Hz, 2H, CH2), 1.43 (p, J = 8.1 Hz, 4H), 1.32 (m, 

4H, 2CH2), 1.16 (m, 4H. 0.86 (t, 3H, CH3) 13C NMR (101 MHz, Chloroform-d) δ 88.2 (CpC) 86.2 

(CpC) 86.1 (CpC), 51.39 (CH) 49.34 (CH), 31.88(CH2), 31.87(CH2), 30.59(CH2), 29.69 (CH2), 

29.50(CH2), 29.28(CH2), 29.07(CH2), 27.61(CH2),26.44 (CH2), 26.22(CH2), 25.17 (CH2), 24.12 

(CH2), 15.25 (CH3). 

Synthesis of [(η5-C5Me4C8H17)Ir(N-(1-naphthyl)ethylenediamine)Cl]+(Cl-) Following 

general procedure: 50 mg of [IrCp*(octyl)Cl2]2 was combined in methylene chloride with 32.1 mg of 

N-(1-napthyl)ethylenediamine dissolved in 10 mL of methanol. After recrystallization the product 

was recovered as a yellow powder. Yield: 40.6mg (67%). HRMS/ESI+ (m/z): Calcd for 

C29H43N2[193Ir] 647.2321 Found 647.2394 Anal calc. C29H43Cl2 N2Ir)  C: 49.71 H: 6.46 Found C: 

48.86 H: 5.96 1H NMR (400 MHz, Chloroform-d) δ 7.55 (d, J=6.9 Hz, 1H,ArH), 7.41 (d, J = 6.9 

Hz, 1H, ArH), 7.14 (m, 4H, ArH), 4.88 (m, 2H), 3.72 (d, J =7.5 Hz, 1H), 3.60 (d, J =7.5 Hz, 1H), 

3.11 (s, 2H), 2.36 (t, J =11.5 Hz, 2H), 2.02 (s, 3H, CpMe), 1.99 (s, 3H, CpMe) 1.93 (s, 3H, CpMe), 

1.89 (s, 3H, CpMe), 1.79 (t, J=12.6, 2H, CH2), 1.72 (d, 1H, CH) 1.52 – 1.28 (m, 4H), 1.16 (m, J = 

11.5 Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 129.9 (aryl), 127.9 (aryl), 127.8 (aryl)  

86.2 (CpC) 86.1 (CpC), 60.39 (CH2) 58.2 (CH2), 31.88(CH2), 31.87(CH2), 30.59(CH2), 35.69 

(CH2), 32.50(CH2), 27.28(CH2), 26.07(CH2), 27.55(CH2), 22.30 (CH2), 14.15 (CH3). 
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Synthesis of [(η5-C5Me5)Ir(1S, 2S)-1,2-Bis(4-fluorophenyl)ethylenediamineCl]+(Cl-

) Following the general procedure 2.2: 50 mg of [IrCp*Cl2]2 was combined with 42.3 mg of (1S, 

2S)-1, 2-Bis(4-fluorophenyl)ethylenediamine dihydrochloride in a 50/50 mix of methylene chloride 

and methanol. 15 mg of sodium bicarbonate was added to the solution mixture. After 

recrystallization the product was recovered as a yellow powder. Yield: 67.5 mg (88%) HRMS/ESI+ 

(m/z): Calcd for C24H29N2F2[193Ir]Cl 611.1622; Found 611.1636. 1H NMR (400 MHz, DMSO-d6) 

7.29 (dd, J = 8.5, 5.5 Hz, 2H), 7.22 (dd, J = 8.5, 5.5 Hz, 2H), 7.10 – 7.02 (m, 4H), 6.81 (m, 1H), 

6.24 – 6.12 (m, 1H, NH), 5.58 (m, 1H, NH), 4.61 (t, J = 11.5 Hz, 1H), 4.40 (t, J = 11.5, 1H), 1.72 

(s, 15H, CpMe).13C NMR (101 MHz, DMSO-d6) 144.8 (aryl), 135.1 (aryl), 132.5 (aryl), 129.7 

(aryl), 85.8 (CpC), 26.7 (CH), 8.95 (CpMe). 

Synthesis of [(η5-C4Me4C5H13)Ir(cis-1,2-diaminocyclohexane)Cl]+(Cl-)Following 

the general procedure 2.2: 50 mg of [IrCp*hexylCl2]2 was combined with 15.9 mg of cis-1,2-

diaminocyclohexane. After recrystallization the product was recovered. Yield: 52.0 mg 

(85%).HRMS/ESI+ (m/z): Calcd for C21H39N2[193Ir]Cl Calc 547.2509; Found 547.2541 

1H NMR (400 MHz, Chloroform-d) δ 6.51 (s, 1H, NH), 5.71 (s, 1H, NH), 4.03 (m. 1H, CH), 3.31 

(m, 1H, CH), 2.24 (t, J = 8.5, 2H), 1.89 – 1.81 (d, J = 8.5, 15H, CpMe), 1.78 (m, 4H), 1.47 – 1.34 

(m, 4H), 1.34 – 1.12 (m, 2H), 0.92 – 0.76 (m, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 

87.41 (CpC) 86.14 (CpC), 47.6 (CH) 46.31 (CH), 35.55 (CH2), 32.64(CH2), 29.69 (CH2), 29.50 

(CH2), 27.61(CH2), 26.44 (CH2), 26.22, 24.12 (CH2), 12.45 (CH3), 10.4 (CpMe). 

Synthesis of [(η5-C4Me4C12H25)Ir(cis-1,2-diaminocyclohexane)Cl]+(Cl-)Following the 

general procedure 2.2: 50 mg of [IrCp*dodecylCl2]2 was combined with 12.0 mg of cis-1,2-

diaminocyclohexane. After recrystallization the product was recovered. Yield: 39.2 mg (67%). 
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HRMS/ESI+ (m/z): Calcd for C27H51N2[193Ir]Cl Calc 631.3448 ; Found 631.3475 1H NMR (400 

MHz, Chloroform-d) δ 5.69 (s, 1H, NH), 4.24 (s, 1H, NH), 3.24 (m. 1H, CH), 3.05 (m, 1H, CH), 

2.39 – 2.19 (bm, 6H), 1.85 (s, 15H, CpMe), 1.71 – 1.62 (m, 4H), 1.61 – 1.52 (m, 4H), 1.51-1.45 

(m, 4H), 1.40 (m. 6H), 1.35-1.15 (m, 10H), 0.84 (m, 3H, CH3).  

Synthesis of [(η5-C5Me4C8H17)Ir(1S,2S)-1,2-Bis(4-

fluorophenyl)ethylenediamineCl][Cl]. Following the general procedure 2.2: 50 mg of [IrCp*Cl2]2 

was combined with 42.3 mg of (1S,2S)-1,2-Bis(4-fluorophenyl)ethylenediamine dihydrochloride 

in a 50/50 mix of methylene chloride and methanol. 15 mg of sodium bicarbonate was added to 

the solution mixture. After recrystallization the product was recovered as a yellow powder. Yield 

67.6 mg (88%).  HRMS/ESI+ (m/z): Calcd for C25H32N2F2[193Ir]Cl 611.17; Found 611.9852 Anal 

calc. C: Calc 44.51 H: 4.58 Found C: 44.58 H: 4.67 1H NMR (400 MHz, DMSO-d6) 7.29 (dd, J = 

8.5, 5.5 Hz, 2H), 7.22 (dd, J = 8.5, 5.5 Hz, 2H), 7.10 – 7.02 (m, 4H), 6.81 (m, 1H), 6.24 – 6.12 (m, 

1H, NH), 5.58 (m, 1H, NH), 4.61 (t, J = 11.5 Hz, 1H), 4.40 (t, J = 11.5, 1H), 1.72 (s, 15H, CpMe)13C 

NMR (101 MHz, DMSO-d6) 144.8 (aryl-F), 135.1 (aryl), 132.5 (aryl), 129.7 (aryl), 85.8 (CpC), 26.7 

(CH), 8.95 (CpMe). 

Synthesis of [(η5-C4Me4C6H13)Ir(cis-1,2-diaminocyclohexane)Cl][Cl] 

Following the general procedure 2.2: 50 mg of [IrCp*hexylCl2]2 was combined with 15.9 mg 

of cis-1,2-diaminocyclohexane. After recrystallization the product was recovered. Yield 45.4 mg 

(89%). HRMS/ESI+ (m/z): Calcd for C16H29N2[193Ir]Cl Calc 477.09; Found 478.1652. Anal Calc: 

C: 40.28 H: 6.13 Found C: 38.32 H: 6.96 1H NMR (400 MHz, Chloroform-d) δ 6.51 (s, 1H, NH), 

5.71 (s, 1H, NH), 4.03 (m. 1H, CH), 3.31 (m, 1H, CH), 2.24 (t, J = 8.5, 2H), 1.89 – 1.81 (d, J = 8.5 

15H, CpMe), 1.78 (m, 4H), 1.47 – 1.34 (m, 4H), 1.34 – 1.12 (m, 2H), 0.92 – 0.76 (m, 3H, CH3) 13C 

NMR (101 MHz, Chloroform-d) δ 87.41 (CpC) 86.14 (CpC), 47.6 (CH) 46.3 (CH), 35.55(CH2), 
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32.64(CH2), 29.69 (CH2), 29.50(CH2), 27.61(CH2),26.44 (CH2), 26.22, 24.12 (CH2), 12.45 (CH3), 

10.4 (CpMe) 

Synthesis of [(η5-C5Me4C8H17)Ir(1S,2S)-1,2-Bis(4-

methoxyphenyl)ethylenediamine][Cl] Following the general procedure 2.2: 50 mg of [IrCp*Cl2]2 

was combined with 46.2 mg of (1S, 2S)-1,2-Bis(4-methoxyphenyl)ethylenediamine 

dihydrochloride in a 50/50 mix of methylene chloride and methanol. 17 mg of sodium bicarbonate 

was added to the solution mixture. After recrystallization the product was recovered as a yellow 

powder. Yield 48.3 mg (62%). 

HRMS/ESI+ (m/z): Calcd for C26H35N2O2[193Ir]Cl calc: 635.2008 Found: 635.2005 1H NMR (400 

MHz, Chloroform-d) δ 7.49 (d, J = 8.5 Hz, 1H), 7.38 (d, J = 8.5 Hz, 1H), 6.71 (d, J = 8.6 Hz, 1H), 

6.62 (d, J = 8.6 Hz, 1H), 4.79 (m, 1H, NH), 3.67 (m, 2H), 3.55 (m, 2H), 2.01 (s, 2H), 1.88 (s, 15H, 

CpMe), 1.59 (s, 6H, 2CH3). 13C NMR (101 MHz, Chloroform-d) δ 159.56 (aryl) , 130.24 (aryl), 

129.78 (aryl) , 129.60 (aryl) , 114.32 (aryl), 114.16 (aryl) , 86.68 (CpC), 77.19 (CpC), 63.27 (CH), 

55.11 (CH), 54.99 (CH) , 9.52 (CpMe), 9.31 (CpMe) 

Synthesis of [(η5-C5H5)Co(cis-1,2-diaminocylohexane)I]+(I-) Cobalt procedure is 

modified from the general procedure: 100 mg of CoCp(CO)I2 was dissolved in methylene chloride 

and allowed to stir for 10 minutes capped under nitrogen. 2.1 molar equivalence of cis-1,2-

diaminocyclohexane was added dropwise via syringe to the solution and allowed to stir for 20 

minutes under nitrogen. The solution immediately bubbles and eludes CO gas from the reaction. 

The solution turns a clear red-brown color. The solvent and excess cis-1,2-diaminocyclohexane 

was removed using a rotary evaporator. A dark red-brown powder was formed. The powder was 

then dissolved in deionized water and filtered on a fine frit to remove undesired products.  The 

filtrate was collected and the water was removed and 76 mg of product was collected. HRMS/ESI+ 

(m/z): Calcd for C11H19N2[Co]I 365.0033; Found 364.9924. 1H NMR (400 MHz, methanol-d4) δ 
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4.8 (s, H, Cp), 3.29 (m, 2H, 2CH), 1.79 (m, 4H, 2CH2), 1.35 (m, 4H, 2CH2), 1.6 (m, 4H), 1.35 (m, 

4H, 2CH2),  

Staphylococcal strains and measurement of MIC and MBC. Staphylococcus aureus 

strains ATCC 6358 and ATCC 29213 were obtained from the American Type Culture Collection 

(ATCC), the unrelated methicillin-resistant S. aureus strain 43330 was obtained from Danville 

Community Hospital, and the recent patient isolates of MRSA (523000, 522870, 34864, 36361, 

53016, and 34380) were obtained from Georgetown University Medical Center.15 MICs were 

measured by broth microdilution of fresh overnight cultures according to the Clinical and 

Laboratory Standards Institute (CCLI) guidelines with cation-adjusted Mueller-Hinton broth and 

an inoculum of 105 CFU/mL.11 Stocks of the compounds were dissolved in Mueller-Hinton broth. 

The MIC (mg/L) was defined as the lowest concentration of compound completely inhibiting the 

appearance of turbidity by eye and confirmed by absorbance 540 nm. The MBC (mg/L) was 

defined as the lowest concentration of compound reducing the colony count by 99.9 % of the 

colony count in the initial, compound-free, inoculated well after 24 hr incubation. All results 

represent the average of three independent measurements. 
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Chapter 3: Mycobacteria and Amino-Acid Complexes 

3.1: Introduction 

A number of species of the environmental nontuberculous mycobacteria (NTM) are 

opportunistic human pathogens1. There is considerable accumulated evidence that the 

prevalence and incidence of nontuberculous mycobacterial infection are increasing (2-7). The major 

NTM representatives include the slowly growing Mycobacterium avium, Mycobacterium 

intracellulare, Mycobacterium kansasii, Mycobacterium xenopi, Mycobacterium malmoense 1 and 

the rapidly growing Mycobacterium abscessus, Mycobacterium chelonae, and Mycobacterium 

fortuitum (8). M. avium and M. abscessus are emerging pathogens of individuals with cystic fibrosis 

(9, 10). A number of species cause dermal and subcutaneous infections in humans and animals, 

including Mycobacterium marinum (11, 12), Mycobacterium ulcerans (13, 14) and Mycobacterium 

haemophilum (15). Because of the paucity of effective anti-mycobacterial antibiotics and relative 

antibiotic-resistance of the mycobacteria, treatment of these infections is problematic. Thus, there 

continues to be a need for both systemic and topical anti-mycobacterial agents. 

 Transition metals, in combination with a variety of ligands, have been shown to exhibit 

cytotoxic or antibiotic activity (16). The transition metals, primarily ruthenium (17) and platinum (18) 

have been linked with a variety of ligands to yield complexes with varying degrees of cytotoxic or 

antibiotic activity. To date there has been no significant systematic study designed to elucidate 

the role of the transition metal (e.g., rhodium, iridium, and ruthenium) or ligand on antibiotic 

activity. With the onset of multi-drug resistant strains of many types of pathogenic bacteria (e.g, 

Mycobacterium tuberculosis and methicillin-resistant Staphylococcus aureus, MRSA) the field of 

transition metal drug exploration has been of growing interest. Antimicrobial activities of 

ruthenium(II) complexes have been show to combat these bacteria and offer a new field of study 

in antimicrobial activity (19). 
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In an effort to move towards identifying novel anti-mycobacterial compounds, we report the 

MICs, MBCs, hemolytic, and cytotoxic activities of a group of 41 transition metal-amino acid 

complexes against strains of M. abscessus, M. avium, M. intracellulare, M. chelonae, M. marinum, 

M. bovis BCG, and Mycobacterium smegmatis. These results will be used to guide the synthesis 

and tailor the design of more effective transition metal-amino acid complexes for chemotherapy 

of nontuberculous mycobacterial infections. 

 

3.2: Synthesis of Transition metal-α-amino acid complexes. 

Chemical Synthesis 

For the iridium and rhodium complexes, the majority tested here have been previously 

characterized by David Morris and J.S. Merola et al. Figure 3.1 shows the overall synthesis for 

the amino acid Cp*-R complexes. Several novel amino acid complexes were synthesized building 

on previous work by Morris et. al. These complexes were previously described as being transfer 

hydrogenation catalysts. With these complexes that used the use of naturally occurring biological 

ligands (amino acids), their use in a biological system was explored. Upon review of the literature, 

similar complexes were explored for anti-cancer activity as well as comparison towards healthy 

mammalian cells. (18)  
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Figure 3.1: Synthesis of iridium transition metal complexes for use as anti-mycobacterial 

drugs. R1 refers to any side chain both synthetic or from naturally occurring amino acids. 

Iridium can be replaced by rhodium via the same methods. – R refers to a number of 

organic groups.  

Each of the complexes developed and tested for anti-microbial testing were also tested 

for solubility and stability in a series of solvents. In each of the solvents tested, the complex 

remained in solution and was able to be recrystallized. Each complex recrystallized was then 

studied via NMR and Hi-res Mass Spectrometry. Every complex studied was stable in solution for 

greater than 3 months. Table 3.1 lists the complexes studied and examined for solubility and 

stability in water and methanol. As –R sidechain on the cyclopentadienyl ring is increased, there 

is a loss of solubility in polar aprotic solvents. With 9-Ir which makes use of a dodecyl side chain, 

the solubility is less than 1mg/mL. This does not affect the MIC values, which are well below 0.5 
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mg/mL. A sample of 1-PG (30 mg) was dissolved into 10 mL of DCM. Diethyl either was layered 

slowly on top of the DCM layer causing a yellow powder to precipitate (1-PG). This was to ensure 

a pure sample for testing.  

Complex Solvent System Concentration 

1-PG Water 15 mg/mL 

1-PG MeOH >15 mg/mL 

1-Pro Water >15 mg/mL 

2-Pro Water 0.5 mg/mL 

2-PG MeOH ~15 mg/mL 

Table 3.1: Complexes studied for solubility and stability 

 

Compound R1 R6 X Metal 

1-(L-PG)* H 
-(CH2)7CH3 

(octyl) 
Cl Ir 

2-(L-PG)* H 
-(CH2)7CH3 

(octyl) 
Cl Ir 

1 (L-phe) H -(CH2)7CH3 Cl Ir 

1 (L-pro) -CH3 -CH3  Cl Ir 

1 (D-val) -CH3 -CH3 Cl Ir 

1 (D-pro) H -CH3 Cl Ir 

1 (L-leu) H -CH3 Cl Ir 

1 (L-iso) H -CH3 Cl Ir 

1 (L-hyp) H -CH3 Cl Ir 
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1 (gly) H --(CH2)7CH3 Cl Ir 

2 (L-ser) H -CH3 Cl Rh 

2 (L-PG)* H -CH3 Cl Rh 

2 (D-val) -CH3 -CH3 Cl Rh 

2 (D-pro) H 
-(CH2)7CH3 

(octyl) 
Cl Rh 

5-(L-PG)* H -CH3 I Co 

5-(L-pro) H -CH3 I Co 

Table 3.2: General structure and numbering for rhodium and iridium complexes. The table 

lists the various amino acid ligand substitutions, the C5Me4R substitution as well as the 

metal. *PG = phenylglycine  

3.2.2: Synthesis of Cobalt Complexes. 

As with the anti-staphylococcal complexes a search to reduce the cost of transition metal 

antimicrobials as well as to use a more earth-abundant alternative, cobalt was considered as an 

alternative metal center. The same synthetic pathway successful for iridium (Figure 3.3) was not 

available for cobalt, so a new synthesis based on cyclopentadienyl cobalt dicarbonyl [CpCo(CO)2] 

and pentamethylcyclopentadienylcobalt dicarbonyl [Cp*Co(CO)2] compounds as the starting 

material. As with the previously mentioned iridium complexes, the same group of amino acids 

was used as ligands for creating the Cp* cobalt complexes. Each cobalt complex was analyzed 

following the same techniques as the Ir/Rh analogues. Solubility was once again explored for use 

in biological systems.  
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Figure 3.2: Outline of the synthesis of cobalt-containing amino acid complexes. The 

procedure is the same for all amino acids that include cobalt as the metal 

Here figure 3.3 shows the structure and HNMR for the complex 1-PG. For all other spectral 

analysis and characterization, data see materials section 1. 
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Figure 3.3: Cobalt complex (1-PG) 1HNMR after recrystallization 

 

Figure 3.3.1 Cobalt complex 1-PG Hi-res mass spec. 

3.2.3: Synthesis of Ruthenium Complexes. 
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 With a history of ruthenium in use in anti-cancer trials and development, complexes with 

ruthenium as a metal seemed likely candidates for antimicrobial studies.  Ruthenium complexes 

were synthesized in a similar fashion to their iridium counterparts (Figure 3.2.1). Ruthenium 

complexes were characterized using the same techniques as their iridium and rhodium 

counterparts. These analogues of the Ir/Rh piano stool analogues exhibit similar solubility and 

NMR properties. For spectra and other chemical properties see supplemental 1.  

 

Figure 3.2.1:  Synthesis for ruthenium amino-acid variants 

 

3.3: Mycobacterial Activity 

Mycobacterial strains and growth. 

 M. abscessus strain AAy-P-1, M. avium strain A5, M. intracellulare strain 1403T, M. 

chelonae strain EO-P-1, M. marinum strain ATCC 927, M. smegmatis strain VT 307, and M. bovis 

BCG strain ATCC 35745 (Connaught) were used in the study (20). The strains were grown in 

stages from a single isolated colony in 2 mL, then 1 mL into 10 mL, and finally 50 mL of 

Middlebrook 7H9 (M7H9) broth (BD, Sparks, MD) containing 0.5 % glycerol and 10 % oleic acid-

albumin in 500 mL nephalometry flasks and incubated with aeration (60 rpm) at 37° C or 30° C 
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(M. marinum only). Cells for measurements were used when the cultures reached mid-log phase 

(3-7 days). 

Quality assurance.  

For the work reported here, all cultures and suspensions used as inocula were 

uncontaminated and the colonies had the expected morphologies. All viable, uncontaminated 

inocula were stored up to 3 days at 4° C until used, without any differences in susceptibility to the 

antibiotic compounds. This was done for the measurement of minimal inhibitory concentrations 

(MIC) and minimal bactericidal concentrations (MBC).  

MICs and MBCs of compounds dissolved in M7H9 broth medium were measured by broth 

microdilution in 96-well microtiter plates. A 2-fold dilution series of each compound in 50 µL of 

M7H9 was prepared and inoculated with 50 µL of a thousand-fold dilution of each mid-log phase 

mycobacterial culture (final density = 105 CFU/mL). Plates were sealed with plastic film and 

incubated at 37° C (30° C for M. marinum only) and after 7 days turbidity (absorbance at 580 nm) 

in the wells measured and MIC defined as the lowest concentration of compound completely 

inhibiting turbidity. MBC was measured by spreading 10 µL of wells on M7H10 agar, allowing 

colony formation, and MBC was defined as the lowest concentration resulting in 99.9% lower 

CFU/mL compared to the inoculum only well. 

Measurement of Hemolysis.  

Hemolysis measurements were performed as described in Maisuria et al., (21). The same procedure 

was followed as detailed in chapter 2. 
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Cytotoxicity measurements. 

To determine if the complexes were specific for other microbes and not just all cell types, 

the complexes were screen against a series of other microorganisms as well as mammalian cells. 

The complexes were selected for toxicology of mammalian cells based on their activity against 

the previously tested mycobacterial cell lines. Only active complexes were selected. The BacTiter-

Glo™ Microbial Cell Viability Assay was used to determine ATP levels produced by the cell culture 

over a period of 6 hrs. The protocol listed by Promega is listed in supplemental 1.  

Transition metal-α-amino acid complexes. 

As described previously, all 42 compounds were freely soluble in aqueous solution; the 

lowest solubility was that of 1-L-glycine with solubility > 3 mg/mL. Further, all the compounds were 

stable in the bacterial growth media. The 96-well plates were examined to identify any 

solubility/stability incongruities with the growth media. The compounds did not decay or form 

precipitates that could have caused in vitro concentrations to vary. 

 

Table 3.3: 

Minimal Inhibitory Concentration, MIC (mg/L) (Minimal Bactericidal Concentration, MBC, mg/L) 

 
 

     

Compound  
          

M.smegmatis M.avium 
  
M.intracellulare M.abscessus M.marinum   M.bovis M.chelonae 

 
 

       

1 (L-gly) 
 

0.061 >   0.250 >   0.250 0.125 >   0.250 N/A 0.125 

1 (L-pro) 
 

0.010 0.125 0.061 0.015 >   0.250 0.015 0.015 

1 (L-ala) 
 

0.015 >   0.250 0.061 0.031 >   0.250 0.031 0.061 

1 (L-phe) 
 

0.010 >   0.250 0.061 0.061 >   0.250 0.015 0.015 

1 (phengly) 
 

0.005 >   0.250 0.015 0.031 >   0.250 0.010 0.010 

1 (L-val) 
 

0.017 >   0.250 >   0.250 0.061 >   0.250 0.031 0.031 

1 (L-ser) 
 

>   0.250 >   0.250 N/A N/A N/A N/A N/A 

1 (L-gln) 
 

0.061 >   0.250 N/A N/A N/A N/A N/A 

1 (D-val) 
 

>   0.250 >   0.250 N/A N/A N/A N/A N/A 

1 (D-pro) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 
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1 (L-leu) 
 

0.032 >   0.250 0.032 0.032 >   0.250 N/A 0.032 

1 (L-iso) 
 

0.015 >   0.250 0.032 0.032 >   0.250 0.015 0.032 

1 (L-hyp) 
 

>   0.250 >   0.250 N/A N/A N/A N/A N/A 
1 (L-N-
methylgly) 

 
>   0.250 >   0.250 N/A N/A N/A N/A N/A 

1 (L-N-
methylpro) 

 
>   0.250 >   0.250 N/A N/A N/A N/A N/A 

2 (L-gly) 
 

0.061 >   0.250 >   0.250 0.061 >   0.250 N/A 0.125 

2 (L-pro) 
 

0.009 >   0.250 0.061 0.012 >   0.250 0.012 0.012 

2 (L-ala) 
 

0.015 >   0.250 0.061 0.031 >   0.250 0.025 0.061 

2 (L-phe) 
 

0.009 >   0.250 0.061 0.031 >   0.250 0.012 0.031 
2 (L-
phengly) 

 
0.007 >   0.250 0.015 0.015 >   0.250 0.007 0.015 

2 (L-val) 
 

0.015 >   0.250 >   0.250 0.061 >   0.250 0.031 0.061 

2 (L-ser) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 

2 (L-gln) 
 

0.032 >   0.250 0.032 0.032 >   0.250 N/A 0.032 

2 (D-val) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 

2 (D-pro) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 

2 (L-leu) 
 

0.021 >   0.250 0.061 0.061 >   0.250 N/A 0.031 

2 (L-iso) 
 

0.010 >   0.250 0.061 0.031 >   0.250 N/A 0.031 

2 (L-hyp) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 
2 (L-N-
methylgly) 

 
>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 

2 (L-N-
methylpro) 

 
>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 N/A >   0.250 

3 (L-gly) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (L-phe) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (L-ala) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (L-ser) 
 

>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (en) 
 

0.125 >   0.250 0.061 0.061 >   0.251 N/A 0.061 
3 (N-methyl 
en) 

 
>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (N,N-
methyl en) 

 
>   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 >   0.250 

3 (EMB) 
 

0.061 >   0.250 >   0.250 0.061 >   0.250 N/A 0.061 

4 (L-gly) 
 

0.125 0.061 >   0.250 0.061 N/A N/A 0.125 
4 (L-
phenylgly) 

 
0.061 0.032 >   0.250 0.031 N/A N/A 0.031 

4(L-val) 
 

0.125 0.125 >   0.250 >   0.250 N/A N/A 0.061 

 
 

       

4 (L-ala) 
 

>   0.250 0.125 >   0.250 >   0.250 N/A N/A 0.061 

5-(L-PG) 
 

0.010 0.125 0.061 0.015 >   0.250 0.015 0.015 

5 (L-pro) 
 

0.010 >   0.250 0.061 0.061 >   0.250 0.015 0.015 

 
 

       

Table 3.3: MIC of Ir, Rh, Ru, and Co amino acid complexes. MIC (mg/L) (Minimal Bactericidal 

Concentration, MBC, mg/L) 

Anti-mycobacterial activity of transition metal-amino acid complexes. 
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The MICs for all 42 α-amino acid-transition metal coordinated compounds and ethambutol 

were measured against each mycobacterial strain and the results listed in Table 3.3. Generally 

hydrophobic α-amino acids were more active than hydrophilic (e.g., L-phenylalanine, L-

phenylglycine, and L-proline complexes, Table 3.3). Further, transition metal compounds 

complexed with D-amino acids were substantially less antimycobacterial than complexes of the 

corresponding L-amino acids (e.g., Ir and Rh-L-proline versus Ir-D-proline complexes against M. 

smegmatis, Table 3.3). In contrast to the cyclopentadienyl ring complexes, neither the p-cymene 

with ruthenium, nor cyclooctadiene (COD) complexes with rhodium (Class 4) had anti-

mycobacterial activity, even when containing hydrophobic amino acids such as phenylalanine or 

phenylglycine, respectively. A number of compounds, namely 1 (L-pro), 1 (L-phe), 1 and 2 (L-val), 

and 1, 2, and 4 (L-phengly) were uniformly active against the rapidly growing mycobacteria (Table 

3.3). Further, the data show the relative resistance of M. avium and the relative susceptibility of 

M. intracellulare to the compounds (Table 3.3). That difference requires further exploration with 

more isolates of both species and other members of the M. avium complex (MAC). Ethambutol 

(EMB) susceptibility was measured independently and exhibited anti-mycobacterial activity 

against M. smegmatis (i.e., ≥ 0.061 mg/mL, Table 3.3). As the molecular weights of the transition 

metals are quite different (i.e., Ir = 192.2, Rh = 102.9, and Ru 101.1) the MICs for the most active 

compounds are listed in Table 2 in micromolar concentrations (µM). Bactericidal concentrations 

(MBCs) were essentially equal to the MICs for all the compounds (Table 3.3), indicating that all 

were bactericidal. 

Hemolytic and cytotoxic activities of transition metal-amino acid complexes. 

The concentrations required for 10% hemolysis of sheep red blood cells and 10% 

cytotoxicity of African Green Monkey (Vero) cells of the most active anti-mycobacterial transition 

metal-α-amino acid complexes were greater than the highest concentration tested (250 µg/mL). 
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Although discrete endpoints were not reached, the cytotoxic and hemolytic concentrations are 

substantially higher (10-fold) than the MIC/MBC values. 

Figures 3.4.1 and 3.4.2 show the levels of ATP produced over 6 hours. These levels are 

compared to a control, where there was no complex administered. Figure 3.4.1 shows similar 

ATP levels as the control until a concentration of 250 µg/mL or greater. While being able to 

produce ATP and spend energy, the human embryonic kidney (HEK) cells were able to carry out 

all necessary cellular processes. 

 

 

Figure 3.4.1: Human Embryonic Kidney cells (HEK) tested against 1-PG for 

cytotoxicity 
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Figure 3.4.2: Murine Macrophages (RAW) were measured for ATP levels in µg/mL. 

Cellular ATP levels were nominal up until 125 µg/mL. 

 

 

Time-kill measurements. 

 For the following time kill studies the M. smegmatis strains were acquired from American Type 

Culture Collection (ATCC). These are laboratory tested and typed strains to ensure their purity. 

Survival of M. smegmatis when exposed to 8 mg 1-PG (i.e., MIC/MBC) after 1, 2, 3, and 6 h 

exposure at 37° C were measured in two independent experiments (Figure 1). 1-PG killed M. 

smegmatis with greater than 99% of the colonies being lysed (Figure 3.5).  
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Figure 3.5: Time kill measurements over 6 hrs. Percent survival of each trial of 

VT307 (M. smegmatis) is listed. 

 

 

3.3.2 Discussion 

Effects of molecular weight 

 Transition metal-α-amino acid complexes with a different metal center had different MIC 

values for the same ligand set. It was expected that the effect of differences in the atomic weight 

of each of the metal centers would be reflected in different MIC (mg/L) values, but MICs would be 

similar, if not identical, when calculated on the basis of molar concentration. Iridium (192.9 atomic 

mass units, AMU) and rhodium (102.9 AMU) with the same α-amino acid ligand yielded similar 
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MICs when expressed in mg/L Table 3.3. From this it can be theorized that the metal centers 

serve similar roles in the anti-mycobacterial activity. 

Organometallic ligand variation 

 The cyclopentadienyl ring appears to be essential for anti-mycobacterial activity as all the 

cyclooctadiene (COD) derivatives complexed with rhodium (4) lacked any substantial anti-

mycobacterial activity regardless of the L-α-amino acid (Table 3.3). The data do not provide 

definitive evidence as to whether the presence of a metal-center-coordinated halogen is required 

for anti-mycobacterial activity (Table 3.3). Our theory of a possible halogen effect is that in the 

absence of a halogen on the metal center there is no potential for the compound to open a 

coordination site between the metal and cellular constituents (e.g., protein, DNA or RNA). 

Hydrophobic vs. hydrophilic α-amino acids 

 Mycobacterial susceptibility showed specificity for certain types of amino acid ligands; 

namely hydrophobic, bulky L-α-amino acids (Table 3.3). For example, broad, strong anti-

mycobacterial activity was demonstrated by the transition metal complexes containing L-

phenylglycine linked to cyclopentadienyl rings with either iridium or rhodium (Table 3.3). Further, 

complexes containing a hydrophilic, polar amino acid, such as in L-serine or L-aspartic acid lacked 

anti-mycobacterial activity. Finally, the anti-mycobacterial activity of Ir- and Rh-complexes with L-

proline was absent in complexes with D-proline (Table 3.3). Clearly, the major factor governing 

anti-mycobacterial activity is the nature of the side chain linked to the transition metal and 

cyclopentadienyl ring. 

Transition metal-α-L-amino acid complexes as anti-mycobacterial agents 

 Demonstration of broad spectrum anti-mycobacterial activity of the transition metal-α-

amino acid complexes in the absence of hemolytic and cytotoxic activity suggests that these 
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compounds offer promise for their use in treating mycobacterial disease. The results are 

particularly encouraging as a number of transition metal-α-amino acid complexes exhibited strong 

bactericidal activity against M. abscessus, one of the more difficult to treat species of 

Mycobacterium 23. Further, activity against M. bovis BCG suggests the possibility of activity 

against Mycobacterium tuberculosis. Finally, we are encouraged by the results and plan to 

continue the structure-activity analysis to identify the key elements responsible for anti-

mycobacterial activity and initiate studies designed to elucidate the mechanism responsible for 

the anti-mycobacterial activity of these transition metal-α-L-amino acid complexes. 
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4.1: Mechanism of Action 

With any new pharmaceutical, the mode of action (MOA) is crucial in understanding how 

not only the drug works against an organism but how it may interact with a desired target. 

Uncovering this MOA may give some insight on how to tailor new antimicrobials. With the previous 

mentioned complexes synthesized, Ir-phenylglycine (1-PG) exhibited high anti-mycobacterial 

activity with MICs of 5 µg/mL against Mycobacterium smegmatis, 31 µg/mL against 

Mycobacterium abscessus, and 15 µg/mL against Mycobacterium intracellulare, Mycobacterium 

chelonae, and Mycobacterium bovis BCG 12. As 1-PG was shown to lack cytotoxic and hemolytic 

activities 12 it was decided to proceed with the identification of the drug’s target. This mechanism 

of action is focused on the study of 1-PG-resistant mutants of M. smegmatis and the identification 

of at least one target of the drug, the peptidyl transferase domain of the mycobacterial 23S rRNA. 

The following studies were accomplished by isolating resistant mutants and analyzing 

possible genetic mutations. Spontaneous mutants of Mycobacterium smegmatis strain mc2155 

resistant to 1-PG (iridium-L-phenylglycine complex), a strongly antimycobacterial antibiotic, were 

isolated. Based on the discovery that some 1-PG-resistant mutants (1-PGR) were also resistant 

to high concentrations of clarithromycin (≥ 250 µg/mL), but no other anti-mycobacterial antibiotics, 

the 23S rRNA region spanning the peptidyl transferase domain was sequenced and shown to be 

mutated. Mutations were localized in the peptidyl transferase domain of the 23S rRNA gene. 

Measurements showed that 1-PG bound to ribosomes isolated from the parent, 1-PG-sensitive 

strain, but failed to bind to ribosomes from the 1-PGR mutant. This is confirmed by the isolation of 

the bound ribosomes and iridium levels were detected by ICP.  
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4.2: Complexes Studied  

 

 For the development of the mutants, the most active complex against M. smegmatis was 

selected with an active MIC of 5.0 µg /mL (1-PG).  The structure of the transition metal-α-amino 

acid complex 1-PG is illustrated in Figure 4.1. 1-PG is a cyclopentadienyl complex (Cp*) having 

an α-amino acid, here phenylglycine, complexed with iridium (Ir). The synthesis of 1-PG has been 

described previously in Section 3.1.  

  

Figure 4.1: Structure of active complex 1-PG MIC >5.0 µg /mL 

 

1-PG was also selected for its specificity for M. smegmatis. When the activities were compared 

against other microbes, 1-PG had an MIC more than 20 times than the other native non-mutant 

M. smegmatis strains. (Table 4.2). Each trial in the study consisted of 1-PG from the same 

preparation sample.  
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Complex with 

varying R–group 

MRSA 

MIC µg /mL 

E. Coli 

MIC µg /mL 

C. albicans 

MIC µg /mL 

M. smegmatis 

MIC µg /mL 

(1-PG) 125 125 62.5 4.0 

Cp*(hexyl) 

(alanine)Cl 
250 125 62.5 8.0 

Cp*( (hexyl) 

(glycine)Cl 
250 125 62.5 32.5 

 

Table 4.2: Table of 1-PG complex and other active transition metal complexes tested 

against other microbial pathogens. MIC values in µg /mL. 

 

Antimycobacterial antibiotics.  

 

For comparison, each of the mutant and control strains were tested against a standard 

panel of NTM (Non-tuberculosis mycobacteria) drugs. The antimycobacterial antibiotics, 

clarithromycin, ethambutol, ciprofloxacin, and were purchased from Sigma-Chemical Co. (St. 

Louis, MO). Each of the antibiotics used were pharmaceutical grade. For activity comparison each 

of the antibiotics were screened using the standard panel and screening procedure for MICs 

following previously described methods12. Table 4.2.1 lists the antibiotics and their MIC for M. 

smegmatis.  
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Typical MIC of Known 

Antimicrobials 

M. smegmatis 

MIC µg /mL 

S. aureus 

MIC µg /mL 

Ethambutol 6.0 125 

Ciprofloxacin 1.0 NA 

Clarithromycin 16 <2.0 

 

Table 4.2.1: Comparison of standard NTM antibiotics for comparison to 1-PG 

 

4.3: Mycobacterium smegmatis mutant isolation  

 

  M. smegmatis strain mc2155, was used in the study and its growth and preparation for 

susceptibility measurements are described in Falkinham et al.8 Cultures were grown to mid-

logarithmic phase to obtain uniformity of MIC measurements. For the work reported here, all 

cultures and suspensions used as inocula were uncontaminated and the colonies had the 

expected morphologies (i.e., no colony variants). All viable, uncontaminated inocula were stored 

up to 3 days at 4° C until use, without any consequential differences in susceptibility to the 

antibiotic compounds. May it be noted that even though the 1-PG mutants were isolated, they 

were observed to grow slower under the same conditions as the wild type strain. This shows while 

these mutants exist, their ability to proliferate outside of the lab may be weakened in normal NTM 

hosts. 
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MICs and MBCs of compounds dissolved in M7H9 broth medium containing 0.5 % (vol/vol) 

glycerol and 10 % (vol/vol) oleic acid-albumin were measured by broth microdilution in 96-well 

microtitre plates8. The MIC values for each plate were determined using optical density of the 

organism’s growth at 460 nm.  Cultures (0.1 mL) of M. smegmatis strain mc2155 were spread on 

M7H10 agar medium containing 10 % (vol/vol) oleic acid-albumin and concentrations of 1-PG 

ranging from 10-250 µg 1-PG/mL. Plates were incubated at 37° C and single colonies picked and 

streaked for purification on both 1-PG-containing and 1-PG-free medium (to exclude 1-PG-

dependant mutants). Following isolation, the MICs of the parent and mutants were measured 

against 1-PG and other antimycobacterial antibiotics as described above. 

Isolation of DNA and PCR amplification of the 23S rRNA gene.  

DNA was isolated from the parent and 1-PGR mutants and the 23S rRNA gene was 

amplified by PCR (11, 15), resulting in production of 419 bp (domain V) and 1,423 bp (majority of 

23S rRNA gene) amplicons. 

 

Isolation of M. smegmatis ribosomes.  

Ribosomes were isolated from M. smegmatis strain mc2155 and the 1-PGR mutants 

following the procedure of 5. Cells were harvested from 50 mL cultures by centrifugation (5,000 x 

g for 20 min), supernatant medium discarded, and cells washed twice in 50 mL of Buffer A (10 

mM Tris-HCl, 4 mM MgCl2, 10 mM NH4Cl, 100 mM KCl, pH 7.2). Washed cells were suspended 

in 5 mL of Buffer A, cell suspensions were cooled on ice-water, and cells lysed by sonication. 

DNase (RNase-free) was added to the cooled and broken cell suspensions at a final concentration 

of 5 units/mL and incubated on ice for 15 min. Whole cells were removed from the lysate by 

centrifugation (5,000 x g for 5 min) and the supernatant transferred to an ultracentrifuge tube and 

centrifuged at 30,000 x g for 30 min to form a pellet containing the cell walls and membranes. The 
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supernatant from that centrifugation was transferred to a fresh ultracentrifuge tube and ribosomes 

pelleted at 100,000 x g for 60 min. The pelleted ribosomes were suspended in 2 mL of Buffer A, 

aliquot in 0.5 mL samples, labelled and frozen at -70° C. Frozen ribosomes were thawed in a 

water bath of 37ºC until equilibrium was achieved before performing binding studies. 

 

1-PG-binding to ribosomes. 

  1-PG-binding to ribosomes was measured as described by Doucet-Populaire et al.4 An 

aliquot of each strain’s, mc2155 and 1-PGR mutants, ribosome suspension was defrosted by 

placing each suspension in a water bath at 37° C and 50 µL of ribosomes was mixed with 50 µL 

of 1 mg 1-PG/mL and incubated at 37° C. Immediately and at 10 min intervals up to 30 min, two 

10 µL samples were withdrawn, filtered through 0.45 µm pore size filters, and washed with 5 mL 

of Buffer A. The filters were placed in a tube, 1 mL of 1 M HMO3 added, and the concentration of 

Ir measured by ICP-OES.  

 

ICP-OES measurements of digested ribosomes. 

 Each of the digested ribosome filters were diluted with Nanopure DI water to a total volume 

of 5 mL. Each sample was allowed to sit for 15 minutes. Following standard procedures, each 

sample measurement was evaluated using a Perkin Elmer 4300 DV ICP-OES selected for all 

iridium isotopes. Calibration was performed following procedure from PerkinElmer20. Each 

digested ribosome sample was evaluated for overall iridium concentration. The filtrate and the 

filters were evaluated independently to determine what may have been bound to the ribosome 

and/or washed through the filter paper containing the free complex. A standard curve was 

constructed using samples of iridium prepared for ICP-OES by Inorganic Ventures 

(Christiansburg, VA). 
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4.4: Results and Discussion 

Selection of 1-PG-resistant (1-PGR) mutants. 

 Independent mutants (7) of M. smegmatis strain mc2155 resistant to 20 µg 1-PG/mL were 

isolated (frequency = 3.5 x 10-7) and their susceptibility to anti-mycobacterial antibiotics 

measured. All seven were also resistant to clarithromycin (MIC = 2-16-fold higher than parent), 

but their susceptibility to other anti-mycobacterial drugs was not changed (Table 4.5). 

 

Isolation of DNA, PCR amplification of the 23S rRNA gene, and sequence of the 23S rRNA 

gene. 

As clarithromycin-resistant mutants have mutations in the peptidyl transferase domain (V) 

of the 23S rRNA gene (15), DNA was isolated from the parent and each mutant and the 23S rRNA 

gene was amplified by PCR (11, 15), resulting in production of 419 bp (domain V) and 1,423 bp 

(majority of 23S rRNA gene) amplicons. Analysis of the amplicon sequences in two 1-PGR/ ClaR 

mutants revealed deletion mutations within domain V (bases 2057-2058), whereas other 

mutations were found in the 2057-2611 bp region of the peptidyl transferase loop. We surmise 

that those mutations may have rendered the M. smegmatis strain resistant to 1-PG and 

clarithromycin because of alterations in the conformation of that loop 4. 

 

Binding of 1-PG to ribosomes. 

After each ribosome sample was evaluated to determine iridium concentration using ICP-

OES, the mutants were compared to the wildtype strain. Filter and filtrates of each sample were 

measured independently. This showed that iridium concentrations were both bound and free or 

allowed to pass through without being bound. Table 4.4 lists the total iridium concentration per 

sample including both filtrate and bound ribosomes held on the sample filter paper. Each sample 

was evaluated a total of 5 times and the average was recorded.  
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Table 4.4: The total iridium concentration in the ribosome sample of both the mutant 

isolates and wildtype isolates.  

 

The data (table 4.4) establishes a clear trend showing the mutant sample ribosomes bound less 

iridium than the wildtype by comparison was observed. The mutant ribosomes allowed for more 

iridium to pass through the filter paper and end in the filtrate. This data suggests that the mutant 

ribosomes were not binding the iridium as effectively as the wildtype. The wildtype ribosomes bind 

more than three times the amount of iridium in comparison to the mutants.  This is significant by 

showing that the mutants have developed in a way to prevent binding of certain protein inhibiting 

antimicrobials.  

Isolation and characterization of Clarithromycin-resistant mutants.  

Independent ClaR-mutants of mc2155 were also isolated, but only 4/7 were 1-PGR, 

suggesting the two antibiotics do not share exactly the same range of activity. This separation of 

targets is consistent with observations that clarithromycin inhibits peptidyl transferase activity, 

ribosome assembly, and outer membrane assembly in mycobacteria. The discovery that a 

substantial fraction (43 %) of clarithromycin-resistant M. smegmatis mutants (ClaR) were still 

susceptible to Ir-phenylglycine (1-PGS) encourages us that 1-PG will prove to be a useful anti-

mycobacterial drug.  

 

ICP-OES Ir sample Ribosome bound (ppm) Filtrate (ppm) 

Mutant 1 0.5 1.5 

Wild-type 2 1.2 0.6 

Mutant 2 0.6 1.1 

Wild-type 2 1.6 >0.5 
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Organism Clarithromycin 1-PG Ethambutol 

ClaR 125 8.0 2.0 

Wildtype 16 8.0 2.0 

1-PGR 125 250 1.0 

 

Table 4.5: MIC values of each of the organisms mutant and wildtype. 1-PG mutants show 

resistance to both clarithromycin and 1-PG. 

 

Table 4.5 lists the different mutants observed and their potential cross resistance with different 

NTM drugs. As noted previously the 1-PG mutants have resistance to both clarithromycin and 

that of 1-PG. The clarithromycin mutants however, were still susceptible to 1-PG.  

 

4.5 Conclusion and further work 

 With the development of a new type of antimicrobial drug, it is crucial to understand the 

mode of action (MOA). These transitional metal complexes have a unique mode of action. From 

the ribosome binding studies and the cross resistance towards clarithromycin isolated mutants, it 

can be determined that the transitional metal complexes bind to the 23s rRNA subunit. While 

these complexes may interact with ribosomes related to the 23s rRNA subunit like other 

antimicrobials (i.e. clarithromycin), they show activity against other clarithromycin resistant 

mutants. This suggests that the target of the 1-PG complexes may be related to this 23s subunit 

and yet has a different binding site on that same 23s subunit. This is also further explained by the 

resistance of the 1-PG mutants to clarithromycin but the lack of resistance to 1-PG in the 

clarithromycin mutants.  
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While this data narrows a specific subunit it does not determine the exact site of binding 

to the ribosome. Further work on going to determine the exact area or areas of binding via 

crystallographic determination of the 1-PG bound to the 23s subunit. This could help determine if 

these complexes aid in a conformational change and how that may play into the normal cellular 

function of the ribosome.   
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5. Conclusions 

 

A number of organometallic half sandwich complexes (Cp*R)M(L)X, where L is an amino-

acid (aa) or an ethylenediamine (en) and (X) is either Cl or I, were synthesized. The synthesis to 

produce each of the complexes (Figure 5.1) was successfully utilized with several different metal 

centers. The synthesis of the transition metal precursor [(Cp*R)2M2X4] used was successful in 

serving as a general scaffold to tailor more than 50 complexes.  Each of these complexes were 

completely characterized by 1H NMR, 13C NMR, high-res mass spectroscopy, and elemental 

analysis; several were examined via X-ray crystallography. Each of the fully characterized 

complexes were studied for their antimicrobial activity. Ruthenium complexes (η6-arene)Ru(L)Cl 

were formed using the same conditions as their iridium and rhodium counterparts. Reactions with 

Co and Cp*R ligands formed a dark black/purple complex in the form [Cp*RCo(CO)I2]. Reaction 

with the ligands (aa or en) yielded dark blue or purple products.  

 

 

 

 

(1) Ethylenediamine Complex   (2) Amino-acid Complex 

Figure 5.1:  Basic structure of 2 class of complexes synthesized and studied for 

antimicrobial development 
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It was determined that the ethylenediamine complexes [(Cp*R)Ir(en)Cl] showed activity 

against gram positive organisms including S. aureus and MRSA (Figure 5.1). This activity is 

unique to the diamine complexes. When tested against gram negative and specific mycobacteria 

no visible or recordable MIC levels were observed. MIC values were as low as 4 µg/mL for several 

of the (Cp*R)Ir(en)Cl, complexes where –R in the (Cp*R) were hexyl or octyl aliphatic sidechains. 

It was discovered that activity of several of the ethylenediamine complexes were dependent on 

the the specific ethylenediamine. The diamine complexes formed with trans and cis-1,2-

diaminocyclohexane showed very stark contrasting MIC values, >125 µg/mL as compared to 4 

µg/mL respectively. X-ray crystallographic data obtained showed several significant differences 

in their structures. One possibility is the interaction between the metal center and the active site 

within the microorganism. When the metal centers of each complexes were substituted with 

rhodium, identical MIC results were observed.  Furthermore, time kill measurement studies 

showed that within 6 hr. of inoculation with the active complexes, over 99% the cells were killed. 

Such rapid cell death suggests that the mechanism must be affecting a critical piece of the cellular 

machinery. Due to the cell lysis observed and the rapid cell death, it is most likely affecting a 

process involving the synthesis or make-up of the cell wall. The fact that these complexes were 

active against only gram positive bacteria, proves that even transition metal complexes can be 

“tailored” to be active against a specific set of microorganisms.   

For the amino acid complexes, activity was seen specifically for mycobacteria.This 

included but was not limited to M. smegmatis, M. bovis, and M. tuberculosis. MIC values were as 

low as 4 µg/mL for several of the (Cp*R)M(aa)X complexes where –R in the (Cp*R) were hexyl or 

octyl aliphatic sidechains. This increase in activity and hydrophobicity follows a trend similar to 

the ethylenediamine complexes. In all tested complexes, the D-amino acid variants lacked activity 

against all microorganisms that were susceptible to the L-amino acid variants. This difference is 

exemplified in the ring containing amino acids, specifically D and L-proline. MIC values were >125 
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µg/mL for the D-proline and 8 µg/mL for the L-proline complex. As previously stated, the 3D 

structure may determine whether or not the complex has an open coordination site for the iridium 

to interact.  This opening for coordination has proven to play a critical role as to whether or not 

the compound shows activity. Complexes that contained a hydrophilic, polar amino acid, such as 

L-serine or L-aspartic acid, lacked anti-mycobacterial activity.  

Based on these results a structure activity relationship was constructed. A distinctive 

pattern emerged. Complexes became more active against a set of microorganisms based on the 

length of the aliphatic sidechains in the Cp*-R.  As the length of the aliphatic sidechain increased 

the activity for a particular ligand increased. This is evident until the sidechain length is increased 

beyond the -R octyl group. The increased hydrophobicity of each of the complexes allows for 

easier cellular permeability. However, the exact amount of each complex inside the cell was not 

able to be calculated. These hydrophobicity trends were also shown when comparing ligand side 

chain length. For each ligand, increased activity is observed upon increasing the hydrophobicity 

of the amino acid side chain or the hydrophobicity of the ethylenediamine.  This is critical data.  

Each piece of the half-sandwich compound functions in concert together to form an active 

antimicrobial agent.  While each ligand modification can show different activity, there is a clear 

pattern to what elicits higher antimicrobial activity.    

In order for these complexes to provide any therapeutic benefit safety and toxicology tests 

were performed. Increasing the hydrophobic side chain on both the ligands and cyclopentadienyl 

ring showed increased red blood cell lysis. While there was lysis of red blood cells, it was at 

concentrations 10X higher than that of the MICs. This is within an acceptable ratio for a possible 

drug candidate. It was determined that cellular function and ATP levels were uninhibited when 

compared to a control at concentrations of >250 µg/mL. These levels were 75X higher than the 

MIC values tested for the same complexes.  The ethylenediamine complex (Cp*)Ir (cis-1,2-

diaminocyclohexane)Cl was tested for toxicity in mice. No detrimental side effects were observed 
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after 14 days at an IV dosage of 5 µg/kg. It was also determined that the blood and organs had 

little no residual iridium. Most of the iridium was seen in the urine collected after 14 days. The 

safety studies show that these drug candidates can be metabolized and are excreted. This further 

proves as a preliminary study that these complexes could lead to viable drug candidates.  

The mechanism of action (MOA) was studied by the isolation of mutants resistant to the 

most active complexes. These mutants had MIC values greater than >62.5 µg/mL as compared 

to the 4 µg/mL of the wildtype. Mutants of a gram positive bacteria were unable to be isolated. It 

was determined that these mutants had a drug cross resistance with clarithromycin. These 

mutants were both resistant to the amino acid complexes as well as clarithromycin.  This lead to 

the discovery of a genetic mutation in the 23s ribosome domain that gives rise to clarithromycin 

resistance. More specifically the peptidyl transferase domain of the mycobacterial 23S rRNA. 

Mutants revealed deletion mutations within domain V (bases 2057-2058), whereas other 

mutations were found in the 2057-2611 bp region of the peptidyl transferase loop. While these 

region is similar to that of the MOA of clarithromycin it does not act in the same way. Since 

clarithromycin resistant mutants were still susceptible to the transitional metal complexes, this 

may suggest a new way to combat microbes resistant to currently used antimicrobials.  

Previously, transition metal complexes have been only examined as anti-cancer 

pharmaceuticals. Many have discounted transition metals simply because of label as a broad 

biocide, damaging to all organisms. This has stifled the research in this area. This body of work 

shows that transition metal complexes can have a future as possible non-traditional antibiotics. 

The data shows that transition metal complexes can be designed, modified and tailored to create 

antimicrobial agents. Furthermore, this shows that not all transition metal complexes are toxic to 

mammalian cells. With so little advancements made in the field of antimicrobials over the past 15 

years, it is time to start looking at this relatively unexplored field. These easily tailored modular 

complexes could lead to a new line of antimicrobials. With the rise in resistant microbes and 



86 

decreasing availability of treatments, these transition metal complexes could provide hope for 

preventing the next microbiological pandemic.  
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Decamethylcobaltacinium  
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Mouse Iridium Calibration Data -ICP-OES 

 

Mouse Samples           

Blood DAY 1   Day 4   Day 14 

  ppm   ppm   ppm 

  1.12   0.12   0.00 

  2.75   0.25   0.00 

  1.65   0.17   0.00 

  2.01   0.25   0.00 
Concentration of iridium in blood for each 14 day mouse studied 

Urine (avg) DAY14 ONLY 

  ppm 

  0.198 

  0.221 

  0.220 

  0.219 

  0.255 

  0.219 

  0.185 

  0.185 
Iridium concentration excreted at the end of each 14 day mouse studied 
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DNA Profile of Mutants in Mechanism of Action study 

 

Revealed mutations within domain V (bases 2057-2058), whereas other mutations were 

found in the 2057-2611 bp region of the peptidyl transferase loop 

 

Mutant growth after exposure to 1-PG for 48hrs 


