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ABSTRACT 

 Antibiotic resistance has become and will continue to be a major medical issue of 

the 21st century. If not addressed, the potential for a post-antibiotic era could become a 

reality, one that the world has not been familiar with since the early 1900ôs. Multidrug-

resistant hospital-acquired bacterial infections already account for close to 2 million cases 

and 23,000 deaths in the United States, along with 20 billion dollars of additional medical 

spending each year. The CDC released a report in 2013 regarding the seriousness of 

antibiotic resistance and providing a snapshot of costs and mortality rates of the most 

serious antibiotic resistant bacteria, which includes 17 drug resistant bacteria, such as 

carbapenem-resistant Enterobacteriaceae, vancomycin-resistant Enterococcus and 

Staphylococcus aureus, and multidrug-resistant Acinetobacter and Pseudomonas 

aeruginosa. The development of antibiotic resistance is part of bacteriaôs normal 

evolutionary process and thus impossible to completely stop. To ensure a future where 

resistant bacteria do not run rampant throughout society, there is a great need for new 

antibiotics and accordingly, methods to facilitate their discovery 

 Macrolides are a class of antibiotics that target the bacterial ribosome. Since their 

discovery in the 1950ôs medicinal chemistry has created semi-synthetic analogues of 

natural product macrolides to address poor pharmacokinetics and resistance. Modern X-

Ray crystallography has allowed the chemist access to high resolution images of the 

bacterial ribosome bound to antibiotics including macrolides which has ushered in an era 

of structure-based design of novel antibiotics. These crystal structures suggest that the C-

4 methyl group of third generation ketolide antibiotic telithromycin can sterically clash 
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with a mutated rRNA residue causing loss of binding and providing a structural basis for 

resistance. 

 The Andrade lab hypothesized that the replacement of this methyl group with 

hydrogen would alleviate the steric clash and allow the antibiotic to retain activity. To this 

end, the Andrade lab set out on a synthetic program to synthesize four desmethyl analogues 

of telithromycin by total synthesis that would directly test the steric clash hypothesis and 

also provide structure-activity relationships about these methyl groups which have not been 

assessed in the past. Following will contain highlights of the total synthesis of (-)-4,8,10-

didesmethyl telithromycin, (-)-4,10-didesmethyl telithromycin, and (-)-4,8-desmethyl 

telithromycin and my journey toward the total synthesis of (-)-4-desmethyl telithromycin 

 Traditional combinatorial chemistry uses chemical synthesis to make all possible 

molecules from various fragments. These molecules then need to be purified, 

characterized, and tested against the biological target of interest. While high-throughput 

assay technologies (i.e., automation) has streamlined this process to some extent, the 

process remains expensive when considering the costs of labor, reagents, and solvent to 

synthesize, purify, and characterize all library members. Unlike traditional combinatorial 

chemistry, in situ click chemistry directly employs the macromolecular target to template 

and synthesize its own inhibitor. In situ click chemistry makes use of the Huisgen 

cycloaddition of alkyne and azides to form 1,2,3-triazoles, which normally reacts slowly 

at room temperature in the absence of a catalyst. If azide and alkyne pairs can come 

together in a target binding pocket the activation energy of the reaction can be lowered and 

products detected by LC-MS. Compounds found in this way generally show tighter binding 

than the individual fragments. 
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 Described in the second part of this dissertation is the development of the first in 

situ click methodology targeting the bacterial ribosome. Using the triazole containing third 

generation ketolide solithromycin as a template we were able to successfully show that in 

situ click chemistry was able to predict the tightest binding compounds. 
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CHAPTER 1: THIRD -GENERATION MACROLIDE ANTIBIOTICS AND THE 

DESMETHYL HYPOTHESIS TO ADDRESS ANTIBIOTIC RESIST ANCE 

 

1.1 Introduction 

The beginning of our modern antibiotic era is generally associated with Paul 

Ehrlich and his work with organic dyes. The observation that synthetic dyes could stain 

certain microbes but not others led him to the idea that synthetic compounds could be used 

to specifically target disease in the human body, which he described as a ñmagic bulletò. 

In 1904, Ehrlich began the first modern screening and compound optimization program 

where he and his co-workers synthesized hundreds of organoarsenic compounds to find a 

cure for syphilis. This massive undertaking resulted in the discovery of salvarsan (1.1) in 

1909, which remained the main treatment for syphilis until the advent of penicillin in the 

1940s (Figure 1.1).1  

 

Figure 1.1. Structures of salvarsan, prontosil and sulfanilamide. 

 

 

The progression of antibiotics continued with the discovery of sulfonamide or sulfa 

drugs, such as prontosil (1.2) by Gerhard Domagk, which ultimately led to a Nobel Prize 

in 1939 (Figure 1.1).2 This antibiotic was marketed by Bayer and was found to effectively 

treat a wide range of bacterial infections, especially Streptococci.2 Unfortunately for Bayer, 
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it was found that prontosil was not actually the active antibacterial agent, but instead was 

a metabolite thereof, sulfanilamide (1.3), which had been discovered and patented in the 

early 1900s (Figure 1.1). This spawned a wave of synthetic analogues of 1.3 which 

provided a major source of antibiotic treatment until penicillin in the 1940s.3 

 

Figure 1.2. Structure of mold derived Penicillin G and Flemingôs culture plate showing 

the effect of Staphylococci growth in the vicinity of a Penicillium colony.4 

 

 

 The next significant breakthrough in antibiotics came in 1928 when Sir Alexander 

Fleming discovered the effects of penicillin (1.4). He inadvertently discovered penicillin 

when he found that the growth of Staphylococci on a discarded petri dish was inhibited by 

a mold that had contaminated it (Figure 1.2).4 Getting penicillin out of the laboratory 

setting and into the clinic turned out to be much more difficult than the initial discovery. 

Fleming worked until 1940 on methods to isolate and purify penicillin but was never 

successful. Fortunately, two scientists from Oxford, Howard Florey and Ernst Chain, 

published a paper describing a successful purification technique for penicillin that would 
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allow clinical testing and eventual mass production.5 Penicillin would become one of the 

most successful antibiotics in history.  

 On the heels of penicillinôs success came the discovery of streptomycin (1.5) in 

1943 by Selman Waksman at Rutgers University, which was isolated from Streptomyces 

griseus, a soil bacterium from the phylum Actinomycetes.6 Streptomycin was found to be 

active against Gram-negative bacteria, most importantly Mycobacterium tuberculosis, 

which causes tuberculosis. By 1946, streptomycin had passed through enough clinical trials 

to be put into general patient use, becoming the first real cure for tuberculosis. The success 

of both penicillin and streptomycin would turn the focus of antibiotic research from 

synthetic compounds to natural products. Actinomycetes would be found to have a wealth 

of antibiotic compounds and the collection and systematic screening of soil samples from 

across the globe would spawn the golden age of antibiotic research and development.5-8  

 

Figure 1.3. Structure of streptomycin (1.5).  

 

 

1.2 Antibiotic Classes and Their Mechanism of Action 

 From the time of discovery of salvarsan, penicillin, and streptomycin until the 

1960s, hundreds of novel antibiotics comprising of more than 20 distinct classes were 
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discovered. After the 1960s, only four truly unique classes of antibiotics were introduced 

with the majority of new antibiotics being derivatives of known compounds produced by 

medicinal chemistry efforts. Even though bacteria contain over 200 conserved essential 

proteins that could be potential targets for antibiotics, all clinically relevant antibiotics act 

on just four pathways that can be grouped as follows: (1) those affecting transcription, 

which targets RNA polymerase9; (2) DNA replication which targets DNA 

topoisomerase10,11; (3) cell wall synthesis12,13, which targets peptidoglycan; and (4) protein 

synthesis, which targets the bacterial ribosome14. These four unique mechanisms are 

discussed below, along with antibiotic classes that operate accordingly.  

 

1.2.1 Antibiotics Affecting Transcription by T argeting Bacterial RNA Polymerase 

 Bacterial DNA-dependent-RNA polymerases are made up of four subunits with a 

molecular mass of approximately 400 kDa. They are responsible for transcribing RNA 

from DNA in a process consisting of three steps: (1) DNA binding and RNA chain 

initiation; (2) RNA chain elongation; and, (3) termination.9,15 These enzymes represent 

excellent antibacterial targets because they are highly conserved between different species 

of bacteria, and the enzyme and process for transcription differ from that of Eukaryotes.  

 Rifamycins are a class of antibiotics isolated from soil bacterium Steptomyces 

spectabilis from the phylum Actinomycetes, which bind bacterial RNA polymerase and 

block the extension of the nascent RNA chain.16 Rifamycins have a broad spectrum of 

activity against both Gram-positive and Gram-negative bacteria.16 They were first isolated 

in 1959, and the first clinically used rifamycin was rifampicin (1.6) (Figure 1.4), which 

came into use during the late 1960s and has long been the first order of treatment for 
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tuberculosis. Resistance generally develops rapidly and rifampicin is, therefore, paired 

with other antibiotics to reduce resistance.17 Including rifampicin, there are currently four 

rifamycins approved for use in the U.S. rifabutin (1.7) was approved in 1992 for AIDS-

related Mycobacterium infections. Rifapentine (1.8) was approved in 1998 for the 

treatment of tuberculosis. rifamixin (1.9) was approved in 2004 for the treatment of 

travelerôs diarrhea.17 

 

1.2.2 Antibio tics Targeting DNA Topoisomerase II and DNA Topoisomerase IV  

 DNA topoisomerases are essential enzymes used in the replication of DNA.6 DNA 

gets wound tightly during the transcription and replication processes forming positive super 

coils. If positive supercoils are left to form without restriction the DNA strands will be 

under increasing torsion until the DNA and RNA polymerases cannot continue their 

progression down the DNA strand.  Topoisomerases relieve this torsion by catalyzing 

changes in DNA topology by converting positive supercoils, left-handed in the same 

direction of twisting as the DNA helix, into negative supercoils, right-handed in the 

opposite direction of the twist in the DNA helix.10 This is an ATP-driven process wherein 

both strands of the DNA are cut, passed through each other, and reconnected. This is an 

essential enzymatic process in the cell, without alleviating the strain associated with 

positive supercoils the DNA could not be unwound during the transcription process.11 Like 

RNA polymerase, bacterial topoisomerases make excellent antibacterial targets as they are 

highly conserved amongst bacteria, yet completely different than topoisomerases found in 

eukaryotes.  
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Figure 1.4. FDA approved bacterial RNA polymerase inhibitors. 
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Bacterial topoisomerases are targeted by two classes of antibiotics, the quinolones 

and aminocoumarins. The first quinolone antibiotics, nalidixic acid (1.10), was discovered 

in 1962.6 It is a completely synthetic molecule that was found as an impurity in the 

synthesis of chloroquine.18 It was found to have modest activity against Gram-negative 

bacteria and is still on the market today used to treat urinary tract infections. Medicinal 

chemistry has produced three subsequent generations of quinolones, known more 

commonly as fluoroquinolones due to the addition of the fluorine on the aromatic ring 

typically at the C-7 position (Figure 1.5). The second-generation consists of ciprofloxacin 

(1.11) and norfloxacin (1.12), the third-generation consists of levofloxacin (1.13) and 

moxifloxacin (1.14), and the fourth-generation consists of gemifloxacin (1.15).19 These 

later generations of quinolones have a significant increase in potency against both Gram-

positive and Gram-negative bacteria and are approved for a variety of indications. Both 

levofloxacin and ciprofloxacin have long been found on the list of top 100 most frequently 

prescribed drugs.10,20 

 The aminocoumarins are a class of natural product antibiotics produced by several 

Streptomyces species. They are characterized by a core 3-amino-4,7-dihydroxycoumarin 

moiety. The first aminocoumarin, novobiocin (1.16), was isolated in the 1950ôs and 

approved for clinical use in 1964.8 It was used in the treatment of Staphylococcus aureus 

infections and to treat Lyme disease. Later, clorobiocin (1.17) and coumermycin A1 (1.18) 

were discovered and found to have similar activity as 1.16 (Figure 1.6).21 The three 

compounds have been found to act as competitive inhibitors of ATP.22 A fourth compound, 

simocyclinone (1.19), was discovered later. Although it is part of the aminocoumarin 

family, it lacks the deoxy sugar, which is a key binding element for the ATP binding site. 
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Nonetheless, it was found to be approximately 50% more active than the previous three 

compounds affecting a novel binding site on topoisomerase.23 

 

Figure 1.5. Four generations of quinolones. 

 

1.2.3 Antibiotic s Targeting Cell Wall Synthesis  

 The bacterial peptidoglycan cell wall consist of repeating units of lipid II , which is 

a disaccharide (GlcNAc and MurNAc) pentapeptide monomer attached to a prenylated 

diphosphate anchor. The prenylated sidechain inserts itself into the lipid bilayer of the cell 

membrane. The lipid II monomers are connected together through glycosylation and 

different layers are cross-linked together through the amino acid sidechains. The prenylated 

sidechain is recycled back to the cytosol.12 Antibiotics target this process through a number 

of different pathways.6  
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The penicillins were the first natural product antibiotics discovered with penicillin 

G (Figure 1.2) being the most active of the initial compounds isolated.  They are broad 

spectrum antibiotics against Gram-positive bacteria, but are not very active against Gram-

negative strains. The penicillins inhibit bacterial cell wall synthesis by targeting penicillin 

binding proteins, which are responsible for cross-linking the amino acid sidechains of the 

peptidoglycan layers.24 The oral bioavailability of penicillin G was improved in the 1960ôs 

and 70ôs through synthesis resulting in the introduction of ampicillin (1.20) and amoxicillin 

(1.21).25 The penicillins also suffered from resistance due to ɓ-lactamases. Analogues, such 

as methicillin (1.22), were developed with improved stability toward these enzymes. 

Further development would spawn molecules, such as piperacillin (1.23), which increased 

activity against Gram-negative bacteria, especially Pseudomonas aeruginosa.6 

A related class of molecules, the cephalosporins, containing an unsaturation in the 

6-membered ring were found to be much more stable against ɓ-lactamases. Medicinal 

chemistry was able to produce many analogues including cephalexin26 (1.24), which is still 

widely used today.6 

 Another class of molecules similar to penicillin are the carbapenems, such as 

thienamycin (1.25), are characterized by a 5-membered ring with an exocyclic sulfur 

compared to the 6-membered endocyclic sulfur containing ring in penicillins and 

cepholosporins.27 These compounds are especially resistant to ɓ-lactamases and research 

to discover novel carbapenems continues today.6,28,29 
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Figure 1.6. Aminocoumarin antibiotics. 
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Figure 1.7. Representative penicillins, cephalosporins, and carbapenems. 
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Glycopetides are a class of sugar containing antibiotics that target the D-ala-D-ala 

portion of lipid II. With the terminus of the peptide chain blocked, enzymes are unable to 

bind and cross-link peptidoglycan layers effectively, destroying the cell wall and leading 

to eventual cell death.12 The best known antibiotic in this class is vancomycin (1.26) 

(Figure 1.8), which was discovered in 1955 from an isolate of Amycolatopsis orientalis.30,31 

Vancomycin is restricted to Gram-positive bacteria due to its inability to cross the 

lipopolysaccharide containing outer membrane of Gram-negative bacteria. While it does 

have broad spectrum activity against most Gram-positive bacteria, its use is generally 

limited to serious infections, such as methicillin resistant Staphylococcus aureus (MRSA), 

which cannot be addressed with other antibiotics. For this reason, resistance has developed 

slowly to vancomycin, although increased reliance has seen an increase in the incidence of 

resistance.32 Recent FDA approvals of lipophilic sidechain containing lipoglycopeptides 

telavancin (1.27), dalbavancin (1.28), and oritavancin (1.29) show superior activity to 

1.2613 and will allow us to regain lost ground in the battle against resistance. 

 

1.2.4 Antibiot ics Targeting Protein Synthesis  

 The bacterial ribosome is a complex molecular machine responsible for the 

translation of mRNA into proteins.33,34 On the molecular scale it is an enormous 2.5 MDa 

structure, consisting of a large 50S subunit and a small 30S subunit, which combine to 

make the 70S ribosome. The 50S subunit is made of 23S and 5S rRNA regions, as well as 

34 proteins. The 30S subunit consists of the 16S rRNA and 20 proteins (Figure 1.9).35 The 

ribosome is the target of over half of all antibiotics, which bind several different sites on 

the ribosome, acting on different phases of protein synthesis and is rightly described as a  
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Figure 1.8. Glycopeptide antibiotic vancomycin (1.26) and lipoglycopeptides telavancin 

(1.27), dalbavancin (1.28), and oritavancin (1.29). 

 

 



14 
 

target of targets. The functional centers most targeted by antibiotics are the tRNAïmRNA 

decoding regions of the 30S subunit, the peptidyl transferase center (PTC) and the peptide 

exit tunnel, both of which are located on the large 50S subunit.14,36 

 

Figure 1.9. The 70S bacterial ribosome is composed of the small 30S and large 50S 

subunits, each consisting of rRNA and proteins. 

 

 

The aminoglycosides are a family of bactericidal antibiotics that target the accuracy 

of translation. They bind the A-site causing the rRNA to adopt conformations, allowing 

non-cognate tRNA to bind and deliver the incorrect amino acid into the sequence.37 The 

first aminoglycoside antibiotic was streptomycin38 (1.5) (Figure 1.3). Its success led to the 

search for other natural product antibiotics, which led to the discovery of additional 
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aminoglycoside antibiotics: paromomycin (1.30), neomycin (1.31), and gentamycin (1.32) 

(Figure 1.10).36 The aminoglycosides show potent activity against Gram-negative bacteria, 

especially Enterobacter, Acinetobacter, and Pseudomonas species. Due to toxicity and 

resistance, the aminoglycosides are used less often, although novel clinical uses are being 

developed, such as synergistic treatments with other antibiotics to combat Gram-positive 

infections, the use of inhaled aminoglycoside to treat lung infections suffered by cystic 

fibrosis patients, and coated onto surgical devices to avoid infection.39 

 

Figure 1.10. Common aminoglycoside antibiotics. 

 

The tetracyclines are a class of antibiotics that exert their antibacterial properties 

by binding the 30S ribosomal subunit in the A-site tRNA binding pocket, thus preventing 

protein synthesis.14,36,40 The first tetracycline, chlorotetracycline (1.33) (Figure 1.11), was 

first isolated in 1948 from Steptomyces aureofaciens. The structure of 1.33 was determined 

by Woodward in 1953, and as a result of chemical modifications, it was discovered that 

the removal of the chlorine atom of 1.33, forming tetracycline (1.34), produced a more 
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potent antibiotic. Continued optimization efforts led to a new generation of compounds 

such as minocycline (1.35) and doxycycline (1.36). These compounds possessed better 

pharmacokinetic properties and increased potency against both Gram-positive and Gram-

negative bacteria.40 Resistance to tetracyclines through an efflux mechanism would lead to 

the development of a new generation of compounds known as glycylcyclines, most notably 

tigecycline (1.37), which showed similar activity to both tetracycline susceptible and 

resistant strains.41 

 

Figure 1.11. Tetracycline antibiotics. 

 

 

The streptogramins are a class of antibiotics first discovered in the 1950s during 

the golden age of antibiotic discovery. These natural product compounds are isolated from 
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a variety of Streptomyces species.6 There are two subtypes of streptogramins, A and B, 

which are isolated together in a 70:30 mixture, respectively. While the two types of 

streptogramins are mildly bacteriostatic by themselves, when used in combination they 

become 100-fold more potent and show bacteriocidal activity.42 The increased activity is 

attributed to their binding in adjacent locations. Type A streptogramins bind the PTC and 

interfere with tRNA binding in both the A-site and P-site, while type B streptogramins bind 

the peptide exit tunnel blocking the extension of the growing peptide chain.14,36 The first 

streptogramins to find widespread use were the combination of pristinamycin II (1.38) and 

pristinamycin I (1.39), which were first put into use more than 50 years ago to treat a variety 

of Gram-positive bacteria, including some resistant strains, such as VRSA and MRSA 

(Figure 1.12). Poor aqueous solubility and increasing resistance would lead medicinal 

chemistry to derivatize pristinamycin, resulting in the discovery of Synercid, a combination 

of dalfopristin (1.40) and quinupristin (1.41).43 The combination therapy was approved in 

1999 for the treatment of vancomycin resistant Enterococcus faecium infections.43 

The lincosamides are another group of natural product antibiotics that share a 

mechanism of action with the streptogramins.8 The first lincosamide antibiotic, lincomycin 

(1.42) (Figure 1.13), was isolated in 1962 from Sreptomyces lincolnensis.44 A semi-

synthetic derivative, clindamycin (1.43), was developed in in 1967. The lincosamides are 

generally active against only Gram-positive bacteria, especially aerobic bacteria and are 

used to treat skin infections. Lincomycin shows little activity against Gram-negative 

bacteria, while clindamycin does show some activity although resistance occurs rapidly. 

Lincosamides are also potent against some protozoan species.45 
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Figure 1.12. Clinically relevant streptogramins. 

 

Oxazolidinone antibiotics are one of the few synthetically designed antibiotics in 

clinical use, along with quinolones. This class of compounds was first synthesized in 1978 

and showed excellent activity against Gram-positive bacteria.46 Due to toxicity issues, the 

class of compounds was not pursued again until the late 1980ôs when DuPont developed 

1.44 and 1.45, which contain the acetamidomethyl sidechain with (R)-stereochemistry, 

which was shown to be necessary for activity.47 Upjohn would continue this work resulting 

in the 2000 FDA approval of linezolid (1.46) for several different Gram-positive 

infections.43 The oxazolidinone antibiotics bind the A-site inhibiting accommodation of the 

tRNA and compete with the binding site of the lincosamides and chloramphenicols.14,36 
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Figure 1.13. Lincosamide antibiotics. 

 

 

Figure 1.14. Oxizolidinone antibiotics. 

 

 

1.3 The Discovery and Development of Macrolide Antibiotics  

1.3.1 Macrolid e Antibiotics and their Mechanism of Action 

 Macrolides, a term coined by R. B. Woodward in 1953 as an abbreviation for 

ñmacrolactone glycoside antibiotics48 are polyketide-derived natural products consisting of 

a 12-16 membered lactone ring decorated with one or more carbohydrates. Macrolides are 

synthesized by polyketide synthases (PKS) and are produced in two stages. In the first 

stage, PKS sequentially stitches together propionyl CoA and methylmalonyl CoA subunits 
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and cyclizes the resulting chain to provide the aglycone ring. The ring is then sequentially 

decorated with hydroxyl groups and carbohydrate moieties by the action of various 

hydroxylase and glycosyltransferase enzymes, respectively.49 Macrolide antibiotics inhibit 

protein synthesis by reversibly binding to the bacterial ribosome. Specifically, they inhibit 

progression of the nascent peptide chain by binding to the peptidyl transferase center (PTC) 

of 23S rRNA located in the 50S subunit.14,36 Unlike other inhibitors targeting the PTC, 

macrolide antibiotics bind slightly lower at the beginning of the peptide exit tunnel. It is 

generally accepted that macrolides do not interfere with the ribosomal active site 

machinery directly, but instead block the growing peptide as it begins to move into the exit 

tunnel and cause the ribosome to stall, releasing only a small peptide sequence instead of 

the full chain encoded by the mRNA.50 Chemical footprinting studies have shown that 

macrolides mostly interact with RNA, not protein, specifically interacting with residues 

A2058, A2059, and G2505 in domain V and A752 of domain II.50 Macrolides are 

commonly isolated from Streptomyces species of bacteria. Common representatives of this 

class are the 12-membered methymycin (1.47), 16-membered tylosin (1.48), and the most 

famous, clinically relevant, and commercially successful erythromycin A (1.49) (Figure 

1.15). 

 

1.3.2 Discovery of the Erythromycin s 

 Erythromycin A (1.49), commonly referred to as erythromycin, was discovered in 

1949 by McGuire et al. It was first isolated from the Actinomycete Saccharopolyspora 

erythraea, formerly Streptomyces erythraea.7,8 It has been used clinically since 1952 and 

is an effective treatment for many Gram-positive upper and lower respiratory bacterial 
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infections, as well as skin and soft tissue infections. It has an excellent safety profile with 

the only major side effect being gastrointestinal discomfort.51 Erythromycin (1.49) was the 

first macrolide antibiotic used clinically. 6 

 

Figure 1.15. Macrolide antibiotics methymycin (1.47), tylosin (1.48) and erythromycin A 

(1.49). 

 

 

1.3.3 Structure of Erythromycin  A  

 The structure of erythromycin A (1.49) was determined by chemical degradation 

studies in 1957.52 The structure was confirmed and absolute stereochemistry was 

determined by X-ray crystallography in 1965.53 1.49 consists of a 14-membered lactone 

ring containing 10 stereocenters, as well as an aminosugar (desosamine), which is located 
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at the C-5 position and a deoxysugar (cladinose), which is located at the C-3 position 

(Figure 1.16).  

 

Figure 1.16. Structure of erythromycin A with carbohydrate residues desosamine and 

cladinose. 

 

 

1.3.4 Erythromycin  A: A History of Structure-Activity Relationships 

 Extensive work has been done on the modification of 1.49 and the effects of those 

modifications on its antibacterial activity, giving us a wealth of structure-activity 

relationships (SAR) about this complex natural product. The presence of the desosamine 

sugar is essential for it to maintain antibacterial activity, specifically the presence and 

stereochemistry of the C-2ô hydroxyl and the C-3ô dimethylamine.54 Modification of the 

cladinose sugar at C-3 showed that demethylation of the C-3ôô methyl ether reduced 

activity. The presence or stereochemistry of the C-4ôô was shown to be inconsequential. 

Transformation of the C-4ôô hydroxyl to the ketone, oxime, or amino analogue did reduce 

activity compared to 1.49. Studies starting in 1975 produced a number of C-3 decladinosyl 

derivatives including C-3 aromatic esters and the C-3 ketone analogue. All of these 

compounds were devoid of activity compared with erythromycin and it was thought that 
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the cladinose sugar was necessary for activity.55,56 It was not until 1998 when it was found 

that the structure of C-3 keto-1.49 reported was incorrect, as it would readily react with the 

unprotected C-6 hydroxyl forming the inactive hemiacetal. Protection of the C-6 hydroxyl 

as its methyl ether followed by oxidation of the C-3 hydroxyl allowed for the successful 

isolation of the C-3 ketone. Subsequent MIC analysis showed that this new compound was 

indeed active against both wild-type (WT) and resistant strains of bacteria paving the way 

for the development of the ketolides (vide infra).57  Esterification of the C-11, C-4ôô, and 

C-2ô hydroxyls resulted in less active compounds. Alkylation of the C-6 hydroxyl was 

shown to not affect activity. The C-9 keto was found to be replaceable with oxime, amino, 

or hydroxyl functionalities, although, in the case of the amino and hydroxyl functionality, 

the (S)-stereochemistry was found to be much more active.58  

 

1.3.5 Erythromycin  Acid Instability and Its Impact on Pharmacokinetics 

 Erythromycin (1.49) has poor oral bioavailability, and its major side effect is 

gastrointestinal discomfort. As part of the ongoing chemical modification and SAR studies 

with 1.49, chemists at Abbott showed that under acidic conditions 1.49 converts to 

hemiketal 1.50, then reacts further to form enol ether 1.51, which can be isolated by 

crystallization (Scheme 1.1). Further treatment under acidic conditions forms the 6,9-9,12-

spiroketal 1.52, which is also isolable.59  Both 1.51 and 1.52 are bereft of antibacterial 

activity. This finding would explain the poor bioavailability and side effects. Efforts to 

improve acid stability, such as different salt forms and enteric coated capsules stable at low 

pH, would provide limited improvement in bioavailability. 
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Scheme 1.1. Acid-mediated degradation of erythromycin (1.49) to hemiacetal 1.50, enol 

ether 1.51, and spiroketal 1.52. 

 

 

1.3.6 Development of Second-Generation Macrolides 

 With the structural cause of poor bioavailability known and a wealth of SAR data 

on chemically modified erythromycins, it wouldnôt be long before chemists would 

synthesize a number of analogues that would increase acid stability. Medicinal chemists 

would concentrate on modifications to the C-6 hydroxyl, as well as the C-9 ketone, both of 

which had already been shown to be modifiable without loss of activity.58,60 From this work 

would emerge clarithromycin61 (1.53), azithromycin62,63 (1.54) and roxithromycin64 (1.55), 
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which would become some of the most commercially successful antibiotics in the post 

antibiotic golden age (Figure 1.17).  

Clarithromycin (1.53) was first brought to market in Japan by Taisho  

Pharmaceuticals in 1991 and later gained FDA approval for use in the United States under 

Abbott.6 1.53 is the C-6 methyl ether analogue of 1.49. The addition of the methyl group 

successfully blocks formation of the 6,9-acetal formation. Due to the removal of the acid 

instability, 1.53 shows excellent bioavailability compared to 1.49, and has a decreased 

incidence of gastrointestinal problems. 1.53 shows slightly better in vitro activity when 

compared to 1.49, while clinical efficacy is equivalent.61  

 

Figure 1.17. Second-generation macrolide antibiotics clarithromycin (1.53), azithromycin 

(1.54), and roxithromyin (1.54). 

 

 

Azithromycin (1.54) was discovered by Pliva in the 1980ôs and was successfully 

brought to market in Europe in the late 1980ôs. It gained FDA approval in the United States 

in 1991 and was marketed by Pfizer.63,65 1.54 is a 15-membered macrolide analogue of 

1.49, commonly referred to an azalide, which is formed from the Beckman rearrangement 
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of 1.49 C-9 oxime. Removal of the electrophilic C-9 ketone removed the possibility of 6,9-

hemiacetal formation. Like 1.53, 1.54 has excellent bioavailability compared to 1.49. 1.54 

maintains similar activity against Gram-positive bacteria compared to 1.49. Due to the 

addition of the basic nitrogen, 1.54 also shows exceptional activity against Gram-negative 

bacteria, such as H. influenza.62 

Roxithromyin (1.55) was first developed by the French pharmaceutical company 

Roussel Uclaf, now part of Sanofi Aventis, in 1986.66 It is a C-9 oxime ether derivative of 

1.49 and much like 1.53 and 1.54 possesses stability under acidic conditions. 1.55 was 

shown to have an excellent bioavailability in mice (72%). It has a very similar clinical 

profile to 1.49, but is characterized by a much higher half-life, plasma, and tissue 

concentrations. 1.55 has only a 4% incidence of gastrointestinal side effects.64 

 

1.4 Development of Third-Generation Macrolides to Combat Antibiotic Resistance. 

 Antibiotic resistance has become and will continue to be a major medical issue of 

the 21st century. If not addressed, the potential for a post-antibiotic era could become a 

reality, one that the world has not been familiar with since the early 1900ôs. Multidrug-

resistant hospital-acquired bacterial infections already account for close to 2 million cases 

and 23,000 deaths in the United States, along with 20 billion dollars of additional medical 

spending each year. The CDC released a report in 2013 regarding the seriousness of 

antibiotic resistance and providing a snapshot of costs and mortality rates of the most 

serious antibiotic resistant bacteria, which includes 17 drug resistant bacteria, such as 

carbapenem-resistant Enterobacteriaceae, vancomycin-resistant Enterococcus and 

Staphylococcus aureus, and multidrug-resistant Acinetobacter and Pseudomonas 
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aeruginosa. The development of antibiotic resistance is part of bacteriaôs normal 

evolutionary process and thus impossible to completely stop. To ensure a future where 

resistant bacteria do not run rampant throughout society, there is a great need for new 

antibiotics and accordingly, methods to facilitate their discovery. 

 

1.4.1 Resistance to Macrolide Antibiotics 

 Bacterial Resistance to macrolides has been known since erythromycin A was 

released in 1952.67 While only a small percentage of bacteria showed resistance to 

macrolides in the 1950ôs, the continued reliance and overuse of macrolides over the last 60 

years has caused a dramatic increase in resistance. The most common types of resistance 

to macrolide antibiotics are drug efflux, ribosomal modification, and ribosomal mutation.68 

 Efflux of macrolides out of the bacterial cell to reduce cellular concentrations of 

the antibiotic are encoded by either the mef of msr genes. Mef genes have been found in a 

variety of bacteria including S. pyogenes and S. pneumoniae. Studies have shown that the 

cladinose sugar of 1.49 is a recognition element for mef induced efflux. Msr genes have 

been found in S. pneumoniae but are most common in S. aureus. Msr encoded efflux pumps 

have been shown to efficiently remove first and second generation macrolides from the 

cell.6 

 Post translational methylation of bacterial ribosomes is accomplished by 

methyltransferase enzymes utilizing S-adenosylmethionine, which are encoded by erm 

genes. The erm genes are commonly found in S. pneumoniae, S. pyognes, and S. aureus.69 

The erm enzymes specifically target and mono- or dimethylate the N-6 exocyclic nitrogen 

of the adenine base at position 2058. (A2058). This modification causes resistance by 
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sterically blocking interactions of the 2ô-hydroxyl and 3ô-dimethylamine of erythromycinôs 

desosamine sugar with A2058. Monomethylation provides only low levels of resistance 

while dimethylation confers high levels of resistance. Erm enzymes also confers resistance 

to lincosamides and streptogramin B antibiotics and are commonly referred to as 

Macrolide-Lincosamide-Streptogramin (MLSB) resistance.70 

Ribosomal RNA mutation is also a common form of MLSB resistance. The most 

common mutation is the switch of A2058 to G2058 (A2058G). This mutation has a similar 

effect as erm methylation, causing the desosamine sugar of erythromycin to lose key 

binding interactions. Other common mutations are A2059G, A2058U, A2059U, and 

C2611T. rRNA mutations conferring resistance to macrolides are not as prevalent to erm 

resistance, but have, nonetheless, been found in S. pneumoniae, S. aureus, and H. 

influenza.71 

 Mutations of ribosomal proteins L4 and L22 have been shown to give resistance to 

bacteria. These proteins are located near the macrolide binding site but do not make any 

direct binding interactions with the antibiotics. Instead, it is thought that these single amino 

acid mutations alter the peptide exit tunnel binding pocket sufficiently to eliminate binding 

interactions with the drug.72 

 

1.4.2 Discovery of the Ketolides 

 During the years after the discovery of erythromycin (vide supra), the extensive 

work to determine the SAR and the development of a generation of acid stable macrolides, 

led to many compounds that never reached fruition as drugs, but would, ultimately, have a 

role in the discovery of a new generation of macrolide antibiotics, called ketolides, that 
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maintained activity to resistant strains of bacteria. One such discovery was of the 

erythromycin 11,12-carbonate (1.56) and clarithromycin 11,12-carbonate (1.57), which 

were reported in 1983 (Figure 1.18). These compounds had increased acid stability and 

improved in vivo potency and half-life compared to erythromycin. Unfortunately, these 

compounds had increased hepatotoxicity compared to erythromycin and were not explored 

further.54,58  

 

Figure 1.18. Structures of erythromycin 11,12-carbonate (1.56), clarithromycin 11, 12-

carbonate (1.57), and A66321 (1.58) 
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In 1989, Baker and co-workers out of Abbott Laboratories synthesized a series of 

clarithromycin analogues where the carbonate was replaced with a carbamate linked to a 

side chain in the hope that they could maintain the novel activity of the carbonate 

analogues, while eliminating the increase in hepatotoxicity. One compound to come out of 

this work was A66321 (1.58), containing a butylphenyl sidechain (Figure 1.18).73 1.58 was 

8-fold more potent against S. pyogenes with an inducible MLSB resistance and >32-fold 

more potent against S. pyogenes with a constitutive MLSB resistance. Due to the initial 

reports suggesting that 3-keto erythromycin (1.59) was inactive,56 the functionality was not 

explored again until 1998 when Agouridas and co-workers with Hoechst Marion Roussel 

(HMR) decided to explore the synthesis of this ketolide derivative.57 They found that the 

structure of 1.59 was not the keto, but instead the hemiacetal (1.60), which is formed from 

the free C-6 hydroxyl under acidic conditions (Scheme 1.2). 

 

Scheme 1.2. Conversion of 3-keto erythromycin (1.59) to 3,6-hemiketal erythromycin 

(1.60) under acidic conditions. 

 

 

Starting with clarithromycin (1.53), which features a 6-O-methyl ether as opposed 

to a free hydroxyl as in erythromycin (1.49), Agouridas and co-workers were able to 



31 
 

synthesize 3-keto-11,12-carbonate clarithromycin (1.61).57 It was found that this 

compound was slightly active against both inducible and constitutive resistant strains and 

was explored further. The HMR team turned toward Bakerôs work at Abbott with 1.58 and 

synthesized a number of cyclic carbamate derivatives with various sidechains ultimately 

leading to HMR-3004 (1.62), which is shown in Figure 1.19.  

 

Figure 1.19. Structures of novel ketolides 3-keto-11,12-carbonate clarithromycin (1.61) 

and HMR-3004 (1.62). 

 

 

Further work by HMR would lead to the discovery of telithromycin (1.63), which 

showed excellent antibacterial activity against resistant strains and a good pharmacokinetic 

profile (Figure 1.20).74 The new ketolide antibiotic was approved for use in Europe in 2001 

and approved by the FDA in the U.S in 2004 for the treatment of acute bacterial sinusitis, 

chronic bronchitis, and community-acquired pneumonia (CAP). 

While 1.63 was the first marketed ketolide antibiotic able to combat bacterial 

resistance, its release was marred in controversy due to fraudulent data reporting during 

the clinical trials by a single physician who attempted to cover up data that suggested 1.63 
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was more hepatotoxic than would be allowed for an antibiotic.75 In 2007, the FDA issued 

a ñblack box warningò for telithromycin and removed acute bacterial sinusitis and chronic 

bronchitis from its approved indications. The next ketolide antibiotic to arrive would be 

Abbottôs cethromycin (1.64), which underwent Phase III clinical trials until 2009. The FDA 

did not approve the drug, citing the need for more clinical data proving efficacy. Work with 

the DOD, Advanced Life Sciences has shown that 1.64 can be used to cure an inhaled lethal 

dose of anthrax with a 100% success rate in non-human primates. In response, the FDA 

classified 1.64 as an orphan drug for the treatment of anthrax exposure. Advanced Life 

Sciences is still awaiting approval for CAP and anthrax.76 Solithromycin (1.65), which was 

discovered by Optimer Pharmaceuticals and further developed at Cempra 

Pharmaceuticals,77 is similar to telithromycin (1.63). It possesses an aniline ring in place 

of pyridine, a triazole in place of imidazole, and contains a C-2 fluoro group. The FDA has 

accepted Cempraôs NDA for solithromycin, backed by two separate Phase III clinical trials. 

The company hopes to gain approval for CAP before the end of 2016.  

 

1.5 Ushering in an Era of Structure-Based Drug Design of Ribosome Targeting 

Antibiotics  

In 2009, Thomas A. Steitz, Ada E. Yonath, and Venatakatraman Ramakrishnan 

were jointly awarded the Nobel Prize in Chemistry for their contributions to solving the 

crystal structure of the bacterial ribosome and understanding its function. Steitz was 

responsible for solving the structure of the large 50S subunit of the archaebacterium 

Haloarcula marismortui,78,79 while Yonath80,81 and Ramakrishnan82 solved the structures 
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of the small 30S subunit in eubacteria Deinococcus radiodurans and Thermus 

thermophilus, respectively. 

 

Figure 1.20. Structures of FDA approved ketolide antibiotic telithromycin (1.63) and 

ketolide antibiotics awaiting FDA approval, cethromycin (1.64) and solithromycin (1.65) 

.  
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Figure 1.21. X-ray crystal structures of (A) 50S subunit from H. marismortui (Steitz et al., 

PDB = 1FFK; (B) 30S subunit from T. thermophilus (Yonath et al., PDB = 1FKA); (C) 

30S subunit from T. thermophilus (Ramakrishnan et al., PDB = 1FJF); (D) 70S ribosome 

from E. coli (Cate et al. PDB = 4V4O). 

 

 

 

While Steitz did report a low resolution structure of the 70S ribosome in 200083, 

Jamie H. Doudna-Cate, Harry F. Noller, and Marat Yusupov would solve the first high 
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resolution crystal structure of the entire 70S bacterial ribosome (Figure 1.21).84 All of these 

scientists would play a key role in the crystallization of antibiotics in the bacterial 

ribosome. 

Shortly after these groups published the first high-resolution crystal structures of 

the bacterial ribosome, publications showing the crystal structures of the bacterial ribosome 

bound to antibiotics were reported.78,80,85-89 Today, advances in technology have allowed 

the acquisition of crystal structures of seven different species of bacteria containing more 

than 47 different antibiotics.14 These co-crystal structures would allow visualization of the 

exact nature of antibiotic binding, providing direct evidence for the wealth of biochemical 

experiments that have been used to determine the location of binding and which residues 

are involved. Biochemical footprinting assays have shown that residues A2058 and G2505 

are directly involved in binding and SAR studies have shown the importance of the 2ô-

hydroxyl and 3ô-dimethylamine moieties (vide supra). Examining the crystal structure of 

erythromycin bound to the E. coli ribosome shows us the exact nature of this important 

interaction (Figure 1.22A). The 2ô-hydroxyl makes a hydrogen bond with the N1 nitrogen 

of A2058. Removal of this hydroxyl or change in stereochemistry greatly effects the ability 

of the macrolide to bind. The 3ô-dimethylamine exists in its protonated form under 

physiological conditions and is in place to form an ionic interaction with the phosphate 

backbone of G2505. Comparing the binding mode of erythromycin A in three different 

bacterial species, E. coli , D. radiodurans, and H. marismortui shows a high degree of 

overlap of both the macrolactone core, desosamine, and cladinose structures (Figure 

1.22B). This provides evidence that despite differences in sequence, the active sites of 

bacterial ribosomes are highly conserved among species. The structure of erythromycin 
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and second-generation macrolides azithromycin, clarithromycin, and roxithromycin, again 

shows the importance of the binding of desosamine to A2058 (Figure 1.22C). The 

macrolactone cores of the molecules adopt different conformations; azithromycinôs 

macrolactone backbone maintains a binding mode identical to erythromycin, while the 

clarithromycin and roxithromyin ring adopts a slightly different binding orientation. Even 

with these differences in binding the desosamine ring of all four compounds remains highly 

conserved. 

Crystal structures of telithromycin have also been reported for several bacterial 

species.85,89-92 Unlike the desosamine moiety, the imidazole-pryidyl side chain of 

telithromycin does not show a conserved binding mode among all bacterial species. In 

E.coli and T. thermophilus, residue A752 in domain II and U2609 of domain IV come 

together to form a base pair (Figure 1.23A & B). These two aromatic bases form the binding 

region of the telithromycin sidechain where the pyridine ring ˊ-stacks with A752 and the 

imidazole ring ˊ-stacks with U2609. Biochemical experiments with clinically relevant 

bacteria have shown that this binding interaction most closely matches that of pathogenic 

bacteria and is seen as the best model system for design of novel macrolide and ketolide 

antibiotics.90 It has been shown that the deletion of A752 or a U2609C mutation confers 

resistance to ketolide antibiotics but not to macrolides.93 The binding orientation of the 

telithromycin sidechain in both H. marismortui (Figure 1.23C) and D. radiodurans (Figure 

1.23D) supports this hypothesis. H. marismortui lacks the A752 residue while retaining the 

U2609 residue. The sidechain ˊ-stacks with U2609 but adopts a different conformation  
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Figure 1.22. (A) Erythromycin A bound to 50S E. coli (PDB = 4V7U) (B) Overlap of 

Erythromycin A bound to E. coli (red, PDB = 4V7U), D. radiodurans (green, PDB = 

1JZY), and H. marismortui (yellow, PDB = 1YI2). (C) Overlap of erythromycin A bound 

to E. coli (red, PDB = 47VU), Azithromycin bound to T. thermophilus (blue, PDB = 

4V7Y), Clarithromycin bound to D. radiodurans (green, PDB = 1KO1), and roxithromyin 

bound to D. radiodurans (yellow, PDB = 1JZZ). 
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in the absence of the U2609-A752 base pair. D. radiodurans contains a cytosine residue in 

place of U2609. Again, the sidechain forms a ˊ-stacking interaction with this base, but 

adopts a different conformation in the absence of A752.  

 

Figure 1.23. Telithromycin bound to bacterial ribosomes from (A) E. coli (PDB = 3OAT), 

(B) T. thermophilus (PDB = 3OI5), (C) H. marismortui (PDB = 1YIJ), and (D) D. 

radiodurans (PDB = 1P9X).  

 

 

The structure of solithromycin bound to the E. coli ribosome has also been 

reported.89 Compared to telithromycin, solithromycin contains an aniline in the place of 

pyridine, a 1,2,3-triazole in place of imidazole, and a C-2 fluoro moiety (Figure 1.20). The 

binding orientation of solithromycin correlates almost perfectly with that of telithromycin 
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(Figure 1.24B). Solithromycin is slightly more active than telithromycin against resistant 

strains of S. pneumoniae and S. pyogenes.89 This increase in activity can be attributed to an 

additional H-bond interaction between the solithromycin aniline nitrogen and either N6 of 

G748 or the ribose sugar of A752, in addition to the C2-fluoro that forms a hydrophobic 

interaction with the aromatic heterocycle of C261189 (Figure 1.24A).  

 

Figure 1.24. (A) Solithromycin bound to E. coli ribosome (PDB = 3ORB) (B) 

Solithromycin (red, PDB = 3ORB) and telithromycin (green, PDB = 3OAT) bound to E. 

coli ribosome.  

 

 

1.6 Desmethyl Telithromycin  Analogues ï Combating Bacterial Resistance 

 As previously mentioned, the A2058 residue is of the upmost importance for 

maintaining strong binding interactions with the desosamine sugar of macrolides. H. 

marismortui belongs to the domain Archaea, and as such naturally contains a G2058 

residue, like Eukaryotes, in place of the A2058 residue that is present in bacteria. Mutation 

of bacterial rRNA (A2058G) confers resistance to macrolide antibiotics and is common in 
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S. pneumoniae, S. aureus, and H. influenza.61,62 Steitz, in his work crystalizing macrolides 

and other antibiotics in ribosomes isolated from H. marismortui, had to first isolate 

G2058A mutants of the ribosomes.78,85,86 After analysis of the high-resolution crystal 

structure of macrolides bound to the G2058A H. marismortui ribosomes, Steitz suggested 

that a steric clash between the C-4 methyl of macrolides and the exocyclic guanine nitrogen 

in A2058G bacterial mutants.85 Examination of the crystal structure of telithromycin bound 

to E.coli (Figure 1.25A) shows there is a 4.1 Å distance between the C-4 methyl and residue 

A2058. In comparison, a computational mutation of adenine to guanine shows only a 2.9 

Å distance from the exocyclic nitrogen of guanine to the C-4 methyl of telithromycin, 

which could sterically push the macrolactone away from the 2058 residue disrupting the 

binding interaction (Figure 1.25B).  

 

Figure 1.25. (A) Crystal structure of telithromycin bound to E. coli (PDB = 3OAT). (B) 

Computationally modified A2058G mutant of telithromycin bound to E. coli. 
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1.6.1 Design of Desmethyl Telithromycin  Analogues 

While the SAR and development of new generations of macrolides has been 

extensively explored by manipulating reactive functionalities (i.e. hydroxyls, carbonyls, 

amines) on both the macrolactone and carbohydrates, little to no modification of the 

hydrocarbon skeleton has been accomplished due to the need for multistep de novo 

synthesis, which has generally been avoided in the pharmaceutical industry. 

 

Figure 1.26. Structure of 4,8,10-tridesmethyl telithromycin (1.66), 4,10-didesmethyl 

telithromycin (1.67), 4,8-didesmethyl telithromycin (1.68), and 4-desmethyl telithromycin 

(1.69). 
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As part of a plan to show that 4-desmethyl telithromycin (1.63) could improve 

activity to A2058G mutants, the Andrade lab embarked on a plan to create four desmethyl 

analogues that would test the steric clash hypothesis and also provide some much needed 

SAR regarding the importance of the methyl groups decorating the macrolactone core. The 

plan entailed the total synthesis of 4,8,10-tridesmethyl telithromycin (1.66)94,95, 4,10-

didesmethyl telithromycin (1.67)96, 4,8-didesmethyl telithromycin (1.68)97, and 4-

desmethyl telithromycin (1.69)98 (Figure 1.26). Described below are the major challenges 

encountered during the synthesis of the first three desmethyl analogues 1.66, 1.67, and 

1.68. These syntheses have been thoroughly discussed in the Ph. D. theses of Dr. Venkata 

Velvadapu and Dr. Bharat Wagh. 

 

1.6.2 Computer Aided Drug Design: Conformationally Sampled Pharmacophores 

(CSP) 

 A priori, the removal of methyl groups (i.e., desmethylation) will  have some effect 

on the possible conformations the desmethyl analogues could achieve, which in turn could 

affect the binding of the compound to the ribosomal target. To test the consequence of 

desmethylation on the conformational flexibility, we entered into a collaboration with Dr. 

Alexander MacKerell-the Director of the Computer Aided Design Center at the University 

of Maryland, School of Pharmacy-who conducted a Conformationally Sampled 

Pharmacophore (CSP) analysis to test the conformational space of the four desmethyl 

analogues targeted for chemical synthesis. To this end, Hamiltonian Replica Exchange 

Molecular Dynamics simulations were used to sample the conformational space of 1.63, 

1.66, 1.67, 1.68, and 1.69. Next, probability distributions were plotted for the four distances 
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(A-D) shown in Figure 1.27. The data generated was compared to the crystal structure of 

1.63 bound to the ribosome (solid red line). While the probability distributions of the four 

desmethyl telithromycin analogues sample a much greater chemical space than 

telithromycin, there is significant overlap to suggest that the desmethyl analogues could 

bind the ribosome. 

 

Figure 1.27. Comparison of CSP probability distributions of 1.63, 1.66, 1.67, 1.68, 1.69. 

 

 

1.7 Highlights, Synthetic Challenges, and Solutions Toward the Synthesis of (-)-

4,8,10-Tridesmthyl Telithromycin  (1.66) 

 

1.7.1 Retrosynthetic Analysis of Desmethyl Telithromycin  Analogues 

 The retrosynthetic analysis of tridesmethyl analogue 1.66 begins with 2ô-O-

methylcarbonate-protected telithromycin (1.69) and represents the general plan that was 
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followed for all four analogues. Installation of the biaryl, butylamino sidechain 1.70 was 

chosen to be the last major synthetic operation in the synthesis being formed from 

glycosylated macroketolactone 1.71. Stereoselective glycosylation would be accomplished 

utilizing the Woodward thiopyrimidine donor 1.72 and macrolactone 1.73. The rationale 

for the 2ô-O-methylcarbonate (Mc) protecting group was to ensure a highly stereoselective, 

1,2-trans glycosylation event by means of well-established neighboring group 

participation.99 The macrolactone was envisioned to be formed through reactions such as 

the Yamaguchi macrolactonization100 to close the C-1-O-14 bond, Ring Closing 

Metathesis101 (RCM) to access the C-10-C-11 double bond, or Nozaki-Hiyama-Kishi102,103 

(NHK) coupling to form the C-9-C-10 single bond. Macrolactone 1.73 would be formed 

by joining fragments 1.74 and 1.75. The former would be derived from a kinetic resolution 

of racemic allylic alcohols using the Sharpless Asymmetric Epoxidation104 (SAE) reaction 

to set both the C-12 and C-13 stereocenters.  The latter would be prepared with the 

Sharpless Asymmetric Dihydroxylation105 (SAD) reaction to set vicinal C-5 and C-6 

stereocenters, in addition to the Johnson-Claisen rearrangement106 to establish the C-3-C-

9 framework. 

 

1.7.2 An Unexpected 1,4-Silyl Migration  

 The first major challenge in the synthesis of 1.66 came after SAD and TBS 

protection to form tertiary alcohol 1.80. Methylation with MeI and NaH did not result in 

the expected tertiary methyl ether 1.81. Alternatively, the alkoxide 1.82 attacked the silicon 

of the TBS ether transferring to the C-6 hydroxy. The resulting reactive intermediate 1.83 

was quenched with MeI to form isolated product 1.84. 
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Scheme. 1.3. Retrosynthetic Analysis of Desmethyl Telithromycin Analogues. 
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Scheme 1.4. 1,4-Silyl Migration to form undesired product 1.84. 

 

 

Ultimately, the problem was rectified through a swap of the C-5 protecting group 

to a triethylsilyl (TES) ether and particularly the use a more active alkylating agent, which 

would avoid the generation of the reactive alkoxide intermediate. As such, 

trimethyloxonium tetrafluoroborate (i.e., Meerweinôs salt) with Proton Sponge were 

successfully employed on intermediate 1.85 to provide the desired product 1.87 over 1.86 

(Scheme 1.5). 

 

Scheme 1.5. Avoidance of 1,4-Silyl Migration. 
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1.7.3 Successful Macrolactone Cyclization with NHK or RCM  Tactics 

 One of the biggest challenges in the chemical synthesis of erythromycin and its 

congeners is a successful macrocyclization approach, which have provided many 

challenges for those familiar with the history of erythromycinôs total synthesis (vide infra). 

Two separate cyclization methods, the NHK coupling and RCM reactions, were attempted. 

To the delight of the Andrade lab, both conditions provided a successful cyclization. 

Intermediate 1.89 was cyclized with Grubbs II by Dr. Venkata Velvadapu to give 

macrolactone 1.90 in 60% yield, whereas intermediate 1.91 was subjected to CrCl2 with 

catalytic NiCl2 to provide 1.90 in 40% yield by Drs. Tapas Paul and Bharat Wagh (Scheme 

1.6). While the RCM approach resulted in a higher yield, it was advantageous to have an 

alternate cyclization method for future desmethyl analogues. 

 

1.7.4 Deprotection of C-5 TES Ether 

 Initial attempts to deprotect the C-5 TES ether of 1.90 under acidic conditions with 

either p-TsOH or pyridinium p-toluenesulfonate (PPTS) resulted in the formation of 

hemiketal 1.91. Use of the fluoride source n-tetrabutylammonium fluoride (TBAF) 

successfully removed the C-5 TES group; however, the C-3 TBS was also removed. To 

avoid the ketalization, the C-9 keto functionality was reduced under Luche conditions. The 

TES ether could then be safely removed with p-TsOH, followed by chemoselective TES 

protection of the allylic C-9 alcohol to give 1.92 while also setting the stage for 

glycosylation (Scheme 1.7). 
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Scheme 1.6. Successful RCM and NHK cyclization reactions. 

 

 

1.7.5 Route to Glycosylation 

 With 1.92 in hand, glycosylation was fully expected to react selectively at 

the secondary C-5 hydroxyl. Much to the dismay of the team, the reaction proceeded to 

form only one product which unfortunately was the C-12 glycosylated product 1.93. The 

structure of 1.93 was rigorously established by 2D NMR experiments.95 In the end, 

recourse to a fully protected acceptor would be needed. To this end, 1.90 was first reduced 

to the allylic alcohol then bis-TES protected at C-9 and C-12 positions with TESOTf. 

Removal of C-9 and C-5 TES groups with TsOH followed by reprotection of the allylic C-

9 hydroxyl with TESCl gave glycosyl acceptor 1.94. Glycosylation under standard 

conditions with 1.72 was successful. Bis-TES deprotection with TBAF followed by DMP 

oxidation provided 1.95. 
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Scheme 1.7. Deprotection of the C-5 TES ether. 

 

 

Scheme 1.8. Unwanted glycosylation of C-12 hydroxyl over C-5 hydroxyl. 
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Scheme 1.9. Successful route to glycosylation. 

 

 

1.7.6 Baker Cyclization and Successful Synthesis of (-)-4,8,10-Tridesmethyl 

Telithromycin  

The end game to reach 4,8,10-tridesmethyl telithromycin (1.66) was accomplished 

without incident through the Baker cyclization to give 1.97 in 35% yield (Scheme 1.10). 

The three step sequence beginning with mild fluorine source tris(dimethylamino)sulfonium 

difluorotrimethylsilicate (TAS-F) to remove the C-3 TBS group in 70% yield107, Corey-

Kim oxidation to provide the C-3 ketone, and room temperature methanolysis of the 2ô-

methylcarbonate furnished 4,8,10-tridesmethyl telithromycin (1.66).95 
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Scheme 1.10. Endgame for 4,8,10-tridesmethyl telithromycin (1.66).  

 

 

1.8. Highlights, Synthetic Challenges, and Solutions Toward the Synthesis of 4,10-

Didesmthyl Telithromycin  (1.67) 

1.8.1. Stereoselective Installation of the C-8 Methyl Group 

 The first goal towards the total synthesis of 4,10-didesmethyl telithromycin (1.67) 

was to stereoselectively install the C-8 methyl group.  This was accomplished in a two-step 

fashion by first alkylating the LDA-generated enolate of 1.98 with MeI. The resultant 

stereochemistry would be controlled by the bulky C-5 TES moiety and tertiary center at C-

6 providing the unwanted diastereomer in greater yield. Re-enolization with LDA followed 

by kinetic protonation with PivOH quench gave the desired diastereomer 1.99 in a 6:1 dr 
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in 80% yield. Alternatively, use of the bulkier Ph3CCO2H in the kinetic protonation step 

furnished an even better dr of 14:1. 

 

Scheme 1.11. Stereoselective Installation of C-8 Methyl. 

 

 

1.8.2. Completion of the Total Synthesis of (-)-4,10-Didesmethyl Telithromycin  (1.67) 

 The synthesis of 4,10-didesmethyl telithromycin (1.67) proceeded according to the 

procedures used in the synthesis of 1.66. The RCM approach was successfully used to 

cyclize 1.100 to 1.101. Hydroxyl protection conditions used earlier with 1.66 were 

employed again to allow regioselective glycosylation. The endgame of Baker cyclization, 

C-3 oxidation, and 2ô-OH deprotection worked as described for 1.66 to yield 4,10-

didesmethyl telithromycin (1.67) (Scheme 1.12).96 

 

1.9 Highlights, Synthetic Challenges, and Solutions Toward the Synthesis of 4,8-

Didesmthyl Telithromycin  (1.68) 

1.9.1 Cyclization Problems 

 The first challenge in the synthesis of 4,8-didesmethyl telithromycin (1.68) 

manifested in the macrocyclization key step. Attempts to utilize the RCM tactic on a,w-

diene 1.102 to access macrolactone 1.103 were unsuccessful, presumably due to the added 

bulk of the C-10 methyl. Recourse to the NHK tactic, which was initially developed in the 

synthesis of tridesmethyl analogue (1.66), successfully converted vinyl iodide 1.104 to 
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1.103 after DMP oxidation. Unfortunately, the synthesis of macrolactone 1.103 came at 

the expense of yield, delivering a painful 20% yield (Scheme 1.13). 

 

Scheme 1.12. Endgame for 4,10-didesmethyl telithromycin. 

 

 

1.9.2 NHK  Cyclization Post Glycosylation 

 The low yield of the NHK cyclization event made the completion of 1.68 on scale 

a very difficult task. Fortunately, inspiration from Stephen Martinôs synthesis of 

erythromycin B (i.e., 12-deoxyerythromycin A) would provide the solution.108 Unlike 

Woodwardôs synthesis of erythromycin A, which installed the desosamine sugar after 

cyclization, Martin strategically chose to install desosamine prior to macrolactonization in 

a distinctly abiotic fashion that also benefited from increased convergency.109 The current 
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glycosylation procedure called for a number of protection-deprotection steps to set the 

stage for glycosylation which would utilize too much material after a 20% yield NHK 

cyclization. If the glycosylation step could be performed prior to cyclization, then only the 

endgame consisting of Baker cyclization, C-3 oxidation, and 2ô-carbonate deprotection 

would remain. This would ultimately serve to ameliorate the modest NHK yield help 

realize the synthesis of 4,8-didesmethyl telithromycin (1.68). To this end, 1.105 was 

successfully glycosylated with 1.72 furnishing 1.106 in 72% yield. 

 

Scheme 1.13. Failed RCM attempt and Low Yielding NHK cyclization to 1.103.  

 

 

 



55 
 

Scheme 1.14. Glycosylation of 1.105 to form key intermediate 1.106. 

 

 

 

1.9.3 Intramolecular NHK Tactic in the Presence of Desosamine and Completion of 

(-)-4,8-Didesmethyl Telithromycin  (1.68) 

The intramolecular NHK reaction of vinyl iodide 1.109 in the presence of C-5 

desosamine, followed by DMP oxidation of the diastereomeric allylic alcohols, proceeded 

in 18% yield over two steps (Scheme 1.15).  The efficiency of this procedure was nearly 

identical to the C-5 TES ether 1.104 (20% yield). By employing the same endgame 

approach used for desmethyl analogues 1.66, 1.67, and 1.68, 4,8-didesmethyl telithromycin 

(1.68) was completed without incident.97 

At this stage, the completion of three of the desmethyl analogues was complete. 

The proceeding chapter will describe this total synthesis of (-)-4-desmethyl telithromycin 

and the challenges associated with it. While a comparison of biological evaluation results 

of the three previously described analogues could be placed here, it seems most appropriate 

to present all of the data at the end of the subsequent chapter. 
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Scheme 1.15. Endgame for 4,8-Didesmethyl Telithromycin (1.68). 
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CHAPTER 2: TOTAL SYNTHESIS AND BIOLOGICAL EVALUATION OF ( -)-

4-DESMETHYL TELITHROMYCIN  

 

2.1 Introduction 

 

With the successful completion of the total synthesis of 4,8,10-tridesmethyl telithromycin 

(1.66), 4,10-didesmethyl telithromycin (1.67), and 4,8-didesmethyl telithromycin (1.68) 

we felt confident that the final compound in the series, 4-desmethyl telithromycin (1.69), 

could be synthesized utilizing the knowledge gained to this point. The powerful Nozaki-

Hiyama-Kishi (NHK) coupling used to cyclize the macrolactone of 4,8-didesmethyl 

telithromycin (1.68) could provide us with a viable route to complete the final analogue 

in the series (Scheme 2.1).102,103 

 

Scheme 2.1. Successful NHK cyclization en route to (-)-4,8-didesmethyl telithromycin 

(1.68). 

 

 

 However, much like the failure of translating the RCM approach to cyclization for 

4,8-didesmethyl telithromycin due to the additional C-10 methyl, 4-desmethyl 

telithromycinôs additional methyl substituent at C-8 would severely limit the utility of the 

NHK cyclization as shown in Scheme 2.2 where NHK cyclization of macrolactone 
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precursor 2.1 containing 2ô-methyl carbonate protected desosamine at C-5 was 

unsuccessful (Scheme 2.2). 

 

Scheme 2.2. Unsuccessful NHK cyclization of intermediate 2.1. 

 

 

Recourse to a C5-TES protected cyclization precursor 2.3 only provided 5% yield 

of the desired macrolactone 2.4 (Scheme 2.3). As with the previous analogues, a new route 

and method of cyclization would be needed. 

 

Scheme 2.3. Cyclization of C5-TES protected macrolactone precursor 2.3. 

 

 

While historically macrolactonization has been by far the most popular approach to 

the synthesis of erythronolides and erythromycins, starting with Coreyôs elegant syntheses 
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of erythronolide A110 and B111, it wasnôt until Woodwardôs 1981 synthesis of erythromycin 

A that an intensive structure-reactivity study was performed on the macrolactonization 

step.112  The cyclization was attempted on 15 different seco-acid substrates, and it was 

found that efficient macrolactonization would only occur when certain structural motifs 

were in place. The stereochemistry at C-9 must be the S configuration and cyclic protecting 

groups must be employed at the C-3/C-5 and C-9/C-11 positions. Woodwardôs 

macrolactonization was effected with a Corey-Nicolaou macrolactonization of seco-acid 

2.5 to form macrolactone 2.6 in 70% yield (Scheme 2.4).  

 

Scheme 2.4. Woodwardôs successful macrolactonization of seco-acid 2.5 bearing 9-(S) 

stereochemistry and cyclic protecting groups at C-3/C-5 and C-9/C-11. 

 

Since completion of this synthesis, there have been many notable syntheses of 

erythromycin108 congeners and its aglycone precursor, erythronolide113-118, all of which 

have utilized macrolactonization and all which have followed the stringent preorganization 

requirements Woodward established (Figure 2.1).  

The observation can be made that while Woodwardôs macrolactonization used the 

Corey-Nicolaou methodology, all syntheses after Danishefskyôs 1990 synthesis of 6-
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deoxyerythronolide B utilized the Yamaguchi protocol, yet detailed structure-reactivity 

relationships were never re-explored. The persistent use of these stringent requirements for 

cyclization exhibits the colossal impact of Woodwardôs historical synthesis of 

erythromycin A. Fortunately, in 2011, Christina White explored these requirements and 

found that preorganization was not necessary.119 Hydroxyl groups of a 6-

deoxyerythronolide B seco-acid were protected as their methyl ethers and cyclization of 

2.13 under Yamaguchi conditions resulted in 2.14 in 70% yield (Scheme 2.5). This 

encouraging study provided the inspiration for what would ultimately become the 

successful total synthesis of (-)-4-desmethyl telithromycin (1.69).  

 

2.2 Retrosynthetic Analysis 

Retrosynthetic analysis of 1.69 reveals late stage reactions to functionalize the 

macrolactone core (Scheme 2.6). The formation of the C-11-C-12 oxazolidinone ring 

bearing the butyl imidazole-pyridyl side chain would be derived from Ŭ, ɓ-unsaturated 

ketone 2.15 and primary amine 1.70, which was successful in the synthesis of previous 

desmethyl analogs. This one-pot carbamoylation/intramolecular aza-Michael reaction was 

first developed by Baker and co- workers73 at Abbot Laboratories during their search for 

acid stable erythromycin A analogues, and late-stage execution of this methodology was 

eventually adopted by Hoechst Marion Roussel in their synthesis of telithromycin.120 Next, 

stereoselective glycosylation of the C5 hydroxyl with Woodwardôs thiopyrimidine donor 

1.72 results from suitably protected macrolactone 2.16. Formation of the 14-membered 

lactone can be accomplished via intramolecular Yamaguchi macrolactonization of seco-

acid 2.17. 
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Figure 2.1. Preorganization of seco-acids of some notable Erythromycin and Erythronolide 

syntheses. 
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Scheme 2.5. Whiteôs successful macrolactonization of 6-deoxyerythronolide B seco-acid 

2.13 containing no cyclic biasing elements. 

 

 

Seco-acid 2.18 can be formed by intermolecular Nozaki-Hiyama-Kishi coupling 

between aldehyde 2.19 and vinyl iodide 2.20. Aldehyde 2.21 can be prepared by an Evans 

asymmetric propionate aldol with aldehyde 2.22, which is prepared from lactone 2.23.121 

Stereocenters at C-5 and C-6 can be set with a Sharpless asymmetric dihydroxylation of 

1.76, and the stereocenter at C-8 can be established with a substrate-controlled, 

diastereoselective alkylation. The C-5-C-6 double bond formation can be created from 

Johnson-Claisen Rearrangement of Grignard product formed from 1.77 and 1.78. Vinyl 

iodide 2.24 can be synthesized from alkyne 2.25, which can be synthesized from known 

aldehyde 2.26 by a Corey-Fuchs alkynylation (Scheme 2.7). 

The coupling of aldehyde 2.27 and vinyl iodide 2.20 by a Nozaki-Hiyama-Kishi 

(NHK) reaction was a key transformation whose success was dependent on protecting 

groups used at C-12 and C-13 of 2.20 as well as the moieties located at C-5 of aldehyde 

2.27. The group implemented at C-5 also had major consequences for later stage chemistry  
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Scheme 2.6. Retrosynthetic analysis of (-)-4-desmethyl telithromycin (1.69). 
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Scheme 2.7. Retrosynthetic analysis of seco-acid 2.18. 
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performed after macrolactonization and as such several modifications to the synthesis were 

made and can be organized into three generations based on the group applied at C-5 

(Scheme 2.8). 

 

Scheme 2.8. Three major approaches toward the synthesis of 4-desmethyl telithromycin 

(1.69). 

 

 

2.3 Current Study  

2.3.1 First -generation approach 

2.3.1.1 Synthesis of vinyl iodide 2.24 

 The synthesis of vinyl iodide 2.24 (Scheme 2.9) begins with known racemic allylic 

alcohol 1.78 where a Sharpless asymmetric epoxidation provides a kinetic resolution 

resulting in a 32% yield of enantiopure epoxide 2.29122 Lewis acid-mediated epoxide 
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opening with pivalic acid, protection of the resultant diol as a dimethyl acetal, and cleavage 

of the ester with MeLi gave primary alcohol 2.30 in 63% over three steps. Swern oxidation 

furnished aldehyde 2.26 in 85% yield. Corey-Fuchs alkynylation provided a one carbon 

homologation to give dibromo olefin 2.31 in 67% yield.123 Elimination of bromine with 2 

equivalents of n-BuLi formed a lithium acetylide, which was subsequently trapped with 

methyl iodide. Acid-catalyzed hydrolysis of the acetonide afforded alkyne diol 2.25 in 75% 

over two steps. Palladium-catalyzed hydrostannylation furnished the requisite (E)-

trisubstituted vinyl stannane, which underwent facile tin-iodide exchange to give vinyl 

iodide 2.24 in 45% yield over two steps.124 

 

Scheme 2.9. Synthesis of vinyl iodide 2.24 for the NHK coupling reaction. 

 



67 
 

2.3.1.2 Synthesis of Aldehyde for NHK Coupling 

 The synthesis of aldehyde 2.27a starts with the synthesis of enantiopure lactone 

2.34 (Scheme 2.10). To begin, Swern oxidation125 of commercially available 3-

benzyloxypropanol 1.77 followed by Grignard reaction126 with 2-propenylmagnesium 

bromide (1.78) provided racemic allylic alcohol 2.32 which was taken to the next step 

without purification. Subjection to a Johnson-Claisen rearrangement127 provided ɔ,ŭ-

unsaturated ester 1.76 in 48% over three steps. The Sharpless Asymmetric Dihydroxylation 

(SAD) would then be used to set the stereochemistry at C-5 and C-6. Following the 

empirical model for the Sharpless Asymmetric Dihydroxylation105, AD-Mix ɓ  was used 

to oxidize to syn-diol 2.33 which spontaneously cyclized to lactone 2.34 in 91% yield. 

Mosher analysis showed enantiomeric excess (ee) greater than 95%. The absolute 

stereochemistry was confirmed after subsequent steps (vide infra). 

 

2.3.1.3 Synthesis of Alkylated Lactone and Determination of Absolute 

Stereochemistry of Alkylated Lactone 1.99 

In order to methylate the C-8 carbon of lactone 2.34, it was first protected as its 

triethyl silyl ether, which resulted in 1.98 in 86% yield (Scheme 2.11). Alkylation with 

LDA and trapping with MeI gave a 2:1 mixture of undesired diastereomer 2.35. This can 

be rationalized by considering the transition state wherein methyl iodide approaches the 

less hindered enolate diastereoface (i.e., syn with respect C-6). Regeneration of the enolate 

and kinetic protonation with bulky pivalic acid successfully delivered the desired 

diastereomer 1.99 as a 6:1 mixture with the appropriate stereochemistry at C-8. Kinetic 

protonation was further optimized by utilizing the even bulkier triphenyl acetic acid, which 
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provided 1.99 as a 14:1 mixture of separable diastereomers. At this stage, the TES group 

was removed with tetra-n-butylammonium fluoride (TBAF) and the resultant alcohol 

coupled to (R)-methoxy(trifluoromethyl)phenylacetic acid ((R)-MTPA) with N,Nô-

dicyclohexylcarbodiimide (DCC) to give Mosher Ester 2.36.128 X-Ray crystallographic 

analysis of 2.36 confirmed both the absolute stereochemistry of the C-8 methyl as well as 

the C-5 and C-6 stereocenters derived from the Sharpless Asymmetric Dihydroxylation 

(vide supra). 

 

Scheme 2.10. Synthesis of lactone 2.34 via Sharpless asymmetric dihydroxylation. 
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Scheme 2.11. Methylation of C-8 and determination of absolute stereochemistry by X-Ray 

crystallography. 

 

2.3.1.4 Synthesis of NHK precursor 2.42 

Lactone 1.99 was reduced with LiAlH4, and the resultant primary alcohol was 

chemoselectively protected as its tert-butyldimethylsilyl (TBS) ether with TBSCl and 

imidazole to provide tertiary alcohol 2.37 in 75% yield over two steps. Utilizing 

methylation conditions optimized in the synthesis of 4,10-didesmethyltelithromycin (1.67), 

MeOTf and 2,6-di-tert-butyl-4-methylpyridine (DTBMP) were utilized to obtain methyl 

ether 2.38 in 76% yield.129 Hydrogenolysis of the benzyl ether with 10% Pd/C was 

accomplished in 80% yield. Swern oxidation130 gave aldehyde 2.39 that was taken directly 

to the next step without purification. An Evans asymmetric aldol reaction121 with (R)-4-

benzyl-3-propionyl-2-oxazolidinone (2.40) set the  configuration of the C-2 and C-3 
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carbons to furnish syn aldol 2.41 in 76% yield (dr > 20:1). Protection of the C-3 alcohol as 

its tert-butyldimethylsilyl ether using TBSOTf and 2,6-lutidine proceeded without 

incident. Protecting group manipulation involving the removal of the primary TBS and 

secondary TES ethers, followed by reprotection of both as TES ethers, gave 2.42 in 74% 

over three steps (Scheme 2.12). 

 

2.3.1.5 Nozaki-Hiyama-Kishi (NHK) Coupling  

The Nozaki-Hiyama-Kishi (NHK) coupling to provide 2.44 was accomplished via 

a four-step sequence. The primary triethylsilyl ether on C-9 was cleaved chemoselectively 

in the presence of the secondary triethylsilyl ether on C-5 and the secondary tert-

butyldimethylsilyl ether on C-6. The acquired alcohol was oxidized with Dess-Martin 

periodinane.131 The resultant aldehyde then underwent NHK coupling with vinyl iodide 

2.43, which was synthesized from 2.24 in 87% yield, in the presence of an excess of CrCl2 

and catalytic NiCl2 in degassed DMSO. DMP oxidation of the resultant diastereomeric 

mixture of allylic alcohols gave Ŭ, ɓ-unsaturated ketone 2.44 in 50% yield over four steps. 

The acetate group of 2.43 played a crucial role in the successful coupling. Coupling 

attempts with the free diol and bis-acetate protected vinyl iodide resulted in no isolatable 

product. Failure of the NHK reaction with diol containing vinyl iodide was attributed to an 

intramolecular quenching of the chromium (III) nucleophile by the unprotected secondary 

alcohol. The failure of the bis-acetate protected diol was attributed to sterics or possibly 

reduced activity of the nucleophile by stabilization/deactivation of the nucleophile by 

coordination with the tertiary acetate (Scheme 2.13).132  
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Scheme 2.12. Synthesis of NHK precursor 2.48. 
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Scheme 2.13. Synthesis of NHK Product 2.44. 

 

 

2.3.1.6 Seco-acid formation and macrolactonization 

Seco-acid formation (Scheme 2.14) was accomplished in a single step utilizing 

lithium hydroperoxide generated from hydrogen peroxide and lithium hydroxide in a 4:1.5 

ratio to avoid epimerization. While we were confident that macrolactonization could be 

accomplished with our seco-acid (vide supra), two conditions were attempted. The 

Yamaguchi macrolactonization employed pre-generation of the mixed anhydride with 

2,4,6-trichlorobenzoyl chloride (2.46) in dilute benzene (0.01 M) followed by addition of 

a large excess of DMAP (40 equiv).119 The second condition used Shiinaôs catalyst 

(MNBA) (2.47) and utilized the slow addition of seco-acid to a dilute solution of DMAP 

in toluene (0.005 M).133 Surprisingly, both conditions were successful yielding 

macroketolactone 2.48 in 70% yield. The synthesis was ultimately taken forward using the 

Yamaguchi macrolactonization due to an easier protocol. 
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Scheme 2.14. Bis-deprotection of seco-acid 2.44 and macrolactonization to form 

macroketolactone 2.48. 

 

2.3.1.7. Failed Protection-Deprotection Scheme for Glycosylation 

In order to successfully glycosylate macroketolactone 2.48, we followed the 

protocol developed for the synthesis of 4,10-didesmethyl telithromycin (1.68), which is 

shown in Scheme 2.15.129 Luche reduction provided a 2:1 mixture of separable 

diastereomers. TES protection was first attempted with TESCl; however, the additional 

methyl group at C-8 provided enough steric hindrance to prevent the reaction from going 

to completion. Recourse to TESOTf achieved bis-TES protection of the C-9 and C-12 

hydroxyls. While glycosylation employing Woodwardôs thiopyrimidine donor 1.72 was 

able to provide bis-TES protected intermediate 2.56, deprotection conditions with HF to 

give 2.50 were unsuccessful. 
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Scheme 2.15. Failed Protection-Deprotection Scheme for Glycosylation. 

 

 

2.3.2. Second-Generation Approach: NHK Coupling with Desosamine Installed 

Our next approach would remove the need for deprotection altogether by installing 

the desosamine prior to the Nozaki-Hiyama-Kishi Coupling. This strategy was employed 

first by Martin in his synthesis of erythromycin B108, and later adopted by our group for 

the synthesis of 4,8-didesmethyl telithromycin.97 With a methyl carbonate (Mc) protecting 

group for the C-2ô hydroxyl of desosamine needed to ensure stereoselective b-

glycosylation, we would require an orthogonal protecting group at C-1. Accordingly, we 

converted the Evans auxiliary to a benzyl ester with lithium benzyloxide and recruited three 

different protecting groups for vinyl iodide 2.24 that would not require saponification to 

remove. To this end, we began with aldol product 2.41 (Scheme 2.16). Protection of the 
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secondary alcohol as a TBS ether followed by transesterification of the Evans auxiliary 

with LiOBn provided 2.51 in 50% yield. Removal of the TES ether at C-5 and TBS ether 

at C-9 with CSA in MeOH was successful in the presence of the secondary TBS ether at 

C-3, giving 2.52 in 70% yield. Chemoselective protection of the primary C-9 alcohol and 

glycosylation with Woodwardôs thiopyrimidine donor 1.72 resulted in glycosylated 

product 2.53 in 74% over two steps. Three vinyl iodide coupling partners were synthesized 

from diol 2.24. TES protected partner 2.55 was made in 75% yield utilizing TESCl. Diol 

protected partner 2.56 was prepared using 4-methoxybenzaldehyde dimethyl acetal in 70% 

yield. Coupling partner 2.57 was then fashioned in 95% from 2.62 by reductive cleavage 

using DIBAL-H.134,135 After removal of the primary TBS ether with HF and oxidation to 

the aldehyde with Dess-Martin Periodinane, the coupling partners and aldehyde were 

subjected to Nozaki-Hiyama-Kishi conditions. To our disappointment, the reaction did not 

proceed with any of the protected vinyl iodides (2.55-2.57). Thus, a new protecting group 

scheme was needed. 

 

2.3.3. Third -generation: C-5 para-methoxybenzyl (PMB) route. 

To access our target, a new C-5 protecting group was needed. This group needed 

to be labile in the presence of silyl ethers and also had to withstand conditions used to 

deprotect a benzyl ether. We found inspiration from work done by Yonemitsu.136 Many are 

familiar with the selective removal of para-methoxybenzyl (PMB) ethers with 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the presence of benzyl ethers, but 

Yonemitsu showed the dual orthogonality of these groups when he demonstrated that 
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Raney-Ni allowed for the quantitative removal of benzyl ethers in the presence of the more 

electron rich PMB ethers (Scheme 2.17).   

2.3.3.1 Routes to C-5 PMB protected Intermediates  

In order to test this deprotection method in our synthesis, the C-5 PMB protected 

intermediate 2.60 was synthesized from 2.38 by (1) bis-deprotection of both silyl ethers 

with camphor sulfonic acid (CSA), (2) chemoselective reprotection of the primary 

hydroxyl as its tert-butyldimethylsilyl (TBS) ether, and finally, protection of the C-5 

secondary hydroxyl with the use of PMBCl to furnish 2.60 in 50% yield over three steps. 

Successful hydrogenolysis with Raney-Ni as described by Yonemitsu then provided 

primary alcohol 2.61 cleanly in 75% yield (Scheme 2.18)  

The above route provided intermediate 2.61 in 19% yield over nine steps from 

lactone 1.98. A more efficient route was developed in which the secondary hydroxyl of 

2.34 was directly protected as its PMB ether in 65% yield to furnish 2.62 (Scheme 2.19). 

The alkylation and epimerization step provided only a 5:1 mixture of separable 

diastereomers leading to a 45% yield of 2.63 over two steps, compared to the 14:1 dr and 

80% yield over two steps with TES installed on the C-5 hydroxyl. This result underscored 

the importance of the bulky TES group for high levels of diastereoselctivity in the kinetic 

protonation step. Fortunately, the unwanted diastereomer could be separated by flash 

column chromatography and recycled into future epimerization reactions. Although the dr 

and yield for these steps was lower, reductive opening of the lactone ring proceeded in 92% 

yield, chemoselective protection of the resultant primary alcohol as a TBS ether, and 

methylation of the tertiary alcohol with methyl triflate (72% over two steps) gave 2.60 in 

19% over six steps, resulting in the same yield with three less steps. 
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Scheme 2.16. Attempted Nozaki-Hiyama-Kishi coupling with desosamine installed. 
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Scheme 2.17. Deprotection of a benzyl ether in the presence of a para-methoxybenzyl 

ether. 

 

 

Scheme 2.18. Synthesis of 2.61 by chemoselective hydrogenation of benzyl ether 2.60. 

 

 

2.3.3.2 Synthesis of NHK Precursor  

Hydrogenolysis of benzyl ether 2.60 was accomplished in 75% yield with Raney-

Ni resulting in 2.61. The aldehyde was generated via the Swern oxidation, which was then 

reacted under Evans asymmetric aldol conditions to give 2.64 in 74% yield over two steps 

with a dr > 20:1. The resultant secondary alcohol was protected as TBS ether 2.65 with 

TBSOTf and 2,6-lutidine in 95% yield. The primary TBS ether was then unmasked with 
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camphor sulphonic acid (CSA) providing 2.66 in 88% yield to set the stage for the Nozaki-

Hiyama-Kishi coupling (Scheme 2.20).  

 

Scheme 2.19. Alternate route to 2.61. 

 

Scheme 2.20. Synthesis of NHK precursor 2.67. 
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2.3.3.3 NHK Coupling and Yamaguchi Macrolactonization 

The crucial Nozaki-Hiyama-Kishi coupling was now attempted with the C-5 PMB 

group in place. The three step sequence began with oxidation of 2.66 to the aldehyde with 

Dess-Martin periodinane, followed by NHK coupling with 2.43, and finally oxidation of 

the resultant allylic alcohol to enone 2.67 in 45% over three steps (Scheme 2.21).  

Deprotection conditions developed previously employing lithium hydroperoxide 

gave seco-acid 2.68 in 87% yield. Yamaguchi macrolactonization then furnished 

macroketolactone 2.69 in 65% yield (Scheme 2.22). The stage was now set for 

glycosylation. 

 

Scheme 2.21. Nozaki-Hiyama-Kishi Coupling. 
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Scheme 2.22. Yamaguchi Macrolactonization. 

 

 

2.3.3.4 Glycosylation of macroketolactone C-5 hydroxyl acceptor 2.70 

Luche reduction of the C-9 ketone of 2.69 provided a 4.6:1 mixture of separable 

diastereomers (Scheme 2.23). Although the stereochemistry would be inconsequential, the 

major isomer was isolated and taken forward to ease characterization of the complex 

intermediates. Protection of the C-9 and C-12 hydroxyls was deemed necessary due to the 

problems experienced with glycosylation of prior analogues.95 The employment of a TES 

ether at C-9 made the protection and deprotection difficult. Instead, bis-TMS protection of 

the C-9 hydroxyl and the C-12 hydroxyl was employed.95 DDQ was then used to 

oxidatively cleave the PMB group on the C-5 hydroxyl furnishing 2.70 in 76% over two 

steps. AgOTf mediated glycosylation with Woodward donor 7.72 then gave glycosylated 

macrolactone 2.71. Selective deprotection of both TMS ethers in the presence of the C-3 

TBS group with HF and oxidation of the C-9 hydroxyl with DMP supplied glycosylated 

macroketolactone 2.72 in 67% yield over two steps. 
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2.3.3.5 Baker Cyclization and Completion of (-)-4-Desmethyl Telithromycin 

At this stage, the next step in the synthesis of 4-desmethyl telithromycin (1.69) was 

to install the pyridyl-imidazole side chain through the use of the Baker cyclization.73 The 

C-12 tertiary hydroxyl of 2.72 was first activated with NaH and carbonyldiimidazole (CDI) 

to form an activated imidazole carbamate, which was then reacted with butyl amine 1.70 

and underwent a sequential carbamoylation/intramolecular aza-Michael reaction to form 

oxazolidinone 2.73 in 61% yield over two steps (Scheme 2.24). With 2.73 in hand, all that 

was left to achieve the total synthesis was to deprotect the C-3 hydroxyl, oxidize to the 

ketone, and free the desosamine 2ô hydroxyl. To this end, the TBS ether was removed using 

the mild TAS-F reagent107 followed by Corey-Kim oxidation137 to provide the C-3 ketone 

2.74 in 53% yield over two steps. Methanolysis of the methyl carbonate at room 

temperature then gave (-)-4-desmethyl telithromycin 1.69 in 67% yield.  

In summary, the synthesis of (-)-4-desmethyl telithromycin was accomplished 

utilizing a key intermolecular NHK coupling and Yamaguchi macrolactonization in 43 

total steps with a longest linear sequence of 31 steps.  

 

2.4 Minimum Inhibito ry Concentration (MIC) Analysis  

With (-)-4-desmethyl telithromycin (1.69) in hand, we could now directly test the 

desmethyl hypothesis. Minimum inhibitory concentrations (MICôs) were run against two 

S. aureus (entries 4-5) and three E. coli strains (entries 1-3) (Table 2.1). All desmethyl 

analogues including telithromycin were inactive against the two resistant S. aureus strains, 

which included UCN14 containing an A2058T mutation and ATCC33581 containing an 

ermA enzyme. One notable exception was the MIC of 1.66 against UCN14 which  



83 
 

 

 

Scheme 2.23. Glycosylation of macroketolactone C-5 hydroxyl acceptor 2.70. 
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Scheme 2.24. Baker Cyclization and Completion of (-)-4-desmethyl telithromycin (1.69). 
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maintained activity compared to the other compounds. All compounds were also inactive 

against E. coli strain SQ171/2058G containing the A2058G mutation we wanted to test. 

All desmethyl analogues and telithromycin did however show activity against E. coli DK 

strains, which were engineered to lack the membrane transporter tolC, which effluxes 

macrolides such as erythromycin, telithromycin and desmethyl analogues. Notably, unlike 

any of the previous desmethyl analogues, (-)-4-desmethyl telithromycin (1.69) matched 

telithromycinôs (1.63) MIC of 0.5 ɛg/mL against the DK wild type strain (entry 2). 

Unfortunately, (-)-4-desmethyl telithromycin (1.69) was 4-fold less potent than 

telithromycin against the DK A2058 mutant (entry 3).  

 

Table 2.1. Minimum Inhibitory Concentration of (-)-4-desmethyl telithromycin (1.69) and 

comparison to telithromycin (1.63) and desmethyl analogues 1.66, 1.67, and 1.68. 

 

 

While we were unable to validate the desmethyl hypothesis, there was a noticeable 

structure-activity relationship in these data that may be useful for future antibiotic 

development. Against both the wild type and mutant DK strains, MIC values decrease as 

the number of backbone methyls increases. This clearly shows the importance of these 

methyl groups to provide (1) potential hydrophobic interactions with the side wall of the 

ribosomal exit tunnel. From X-ray structures it can be seen that all of the methyl 
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substituents are arranged on the side of the ring which faces the wall of peptide exit tunnel. 

We have clearly shown that elimination of these interactions has negative effects on 

binding. (2) Conformational rigidity of the 14-membered macrolactone allows for tighter 

binding. Both the in solution and bound structures of macrolides have been solved and 

surprisingly, in-solution, macrolides adopt a very rigid conformation for a 14-membered 

ring due to syn-pentane interactions of the various methyl substituents. This in-solution 

conformation aligns exactly with the macrolide bound to the ribosome. It has long been 

practice in the pharmaceutical industry to restrict degrees of freedom to enhance binding 

of small molecules used as drugs. While macrolide antibiotics seem vastly different in size 

and flexibility than the small planar molecules this approach is generally adopted for, it 

seems to hold true nonetheless. Further optimizing of ring rigidity in macrolides could lead 

to more potent antibiotics. From this work, it cannot be determined which of these factors 

is more important, but it is clear that total synthesis will be necessary to the future 

understanding of macrolide antibiotics and their interactions with the bacterial ribosome. 
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CHAPTER 3: THE DEVELOPMENT OF A RIBOSOME -TEMPLATED IN SITU 

CLICK METHODOLOGY FOR THE DISCOVER Y OF ANTIBIOTICS 

TARGETING THE BACTERIAL RIBOSOME  

 

3.1 Click Chemistry 

 The philosophy of click chemistry, as first imagined by Sharpless, was to design a 

set of powerful reactions and building blocks that can be used to build both simple and 

complex molecules. A stringent set of criteria was defined for these reactions. The reaction 

had to be modular, wide in scope, give very high yields, generate only inoffensive 

byproducts that can be removed by nonchromatographic methods, and be stereospecific.138 

Reactions that fit these criteria included 1,3-dipolar cycloadditions, ring-opening of 

strained heterocycles such as epoxides and aziridines, and ñnon-aldolò type carbonyl 

condensations to form oxime ethers and hydrazones.  

 

Scheme 3.1. Huisgen thermal 1,3-dipolar cycloaddition. 

 

 

Of these reaction types, Sharpless emphasized the importance that the 1,3-dipolar 

cycloadditions would have, particularly the Huisgen dipolar cycloaddition of azides and 

alkynes to form 1,2,3-triazoles, which was first described in 1971.139 While Sharpless 

described this transformation as the ñcream of the cropò for click reactions, it did have its 

limitations, most notably the high reaction temperatures needed to overcome the activation 

energy (25 kcal/mol for methyl azide and propyne)140 and the mixtures of regioisomers 

(anti- and syn-triazoles) that were obtained with unsymmetrical alkynes (Scheme 3.1). The 
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Huisgen cycloaddition would also have a huge impact in biology due to the limited 

reactivity of azides and alkynes with biological functionalities and compatibility with 

water. This would eventually lead Bertozzi and others to allow precise chemical 

modification of biomolecules in vitro.141 The azide-alkyne cycloaddition has also found 

use by the Cravatt lab to discover new proteins involved in human disease using activity-

based protein profiling.142 

Sharplessôs foresight into the importance of the Huisgen cycloaddition would be 

realized less than one year later when Sharpless and Fokin reported the Cu(I) catalyzed 

Huisgen cycloaddition of terminal alkynes and organic azides which formed exclusively 

the anti-triazole (Scheme 3.2A).143 The ñcopper effectò was also independently reported 

by Meldal.144 Not only did this reaction solve the regioselectivity problem of the thermal 

cycloaddition, but it now could be run at room temperature and in aqueous solvent. The 

selectivity for the anti-triazole was first explained mechanistically by the formation of a 

copper (I) acetylide and then the stepwise reaction with the azide proceeding through a six-

membered copper containing intermediate shown in Scheme 3.2B. Density functional 

theory calculations showed this pathway to be thermodynamically more favorable 

compared to the direct cycloaddition mechanism.  

More recently, through the use of heat-flow reaction calorimetry, it was shown 

copper acetylides were not reactive toward azides unless additional copper catalyst is 

added, suggesting a mechanism involving two Cu centers. Also, crossover experiments 

utilizing isotopically enriched copper catalysts were carried out which showed the stepwise 

nature of the nitrogen-carbon bond forming events as well as the equivalence of the two 

copper atoms involved due to rapid interconversion.145 With these data an updated 
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mechanism involving a ˊ, ů-bis (copper) acetylide was proposed (Scheme 3.3A). Further 

evidence for a bis(copper) intermediate came in mid-2015 when Bertrand was able to 

isolate the postulated ˊ,ů-bis(copper) acetylide with the use of strong ů-donating and ˊ-

accepting cyclic (alkyl)(amino) carbenes as ligands allowing the stabilization and isolation 

of this highly reactive intermediate once thought to be nonisolable.146 Also isolated was a 

previously unimagined bis (copper) triazole (Scheme 3.3B). 

 

Scheme 3.2. A) Copper (I) catalyzed azide alkyne cycloaddition. B) Original proposed 

mechanism.143 
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Scheme 3.3. A) Updated Bis(copper) Mechanism.145 B) Isolated ˊ,ů-Bis(copper) Acetylide 

and Bis(Copper) Triazole.146  

 

 

While the majority of click chemistry applications utilize the anti-triazole forming 

copper catalyzed reaction, it is possible to selectively synthesize syn-triazoles, although the 

chemistry is not as robust and still in development (Scheme 3.4). Ruthenium-catalyzed syn-

triazole formation has become a powerful method, but typically works well with only 

aromatic azides and alkynes and performs poorly with sterically bulky substituents.147 

Despite its difficulties, the Ru-catalyzed azide alkyne cycloaddition has great potential for 

future applications. Other methods for syn-triazole formation include the use of magnesium 

acetylides148 and silyl protected acetylides.149 

 

Scheme 3.4. Methods for the synthesis of syn-triazoles.  
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While the original definition of click chemistry was meant to encompass a broad 

set of reactions (vide supra), today it is synonymous with azide alkyne cycloadditions, 

especially the copper catalyzed version (CuAAC). Since its initial discovery in 2002, the 

applications of click chemistry have grown exponentially and have found a welcome place 

in drug development. 

 The 1,2,3-triazole formed from the azide alkyne click reaction are not just 

spectators. It is able to form hydrogen bonds and being aromatic can participate in ˊ-

stacking interactions. The 1,2,3-triazole is also considered as an isostere of an amide, 

having a similar dipole moment. This has allowed the targeting of pharmaceutically 

relevant enzymes with triazole containing compounds such as protein tyrosine 

phosphatase,150 protein kinase inhibitors,151 transferase inhibitors,152 glycogen 

phosphorylase,153 serine hydrolase,154 cysteine and serine protease inhibitors,155,156 and 

aspartic protease inhibitors157 (Figure 3.1). More examples of pharmaceutically relevant 

enzymes targeted by molecules can be found in a recent review by Krzysztof Jozwiak.158 

 

3.2 In Situ Click Chemistry 

In situ click chemistry falls under the general category of kinetic target-guided 

synthesis because the cycloaddition reaction is irreversible. In contrast, dynamic 

combinatorial chemistry operates thermodynamically wherein fragments reversibly 

combine and shift the equilibrium when incubated with a target protein.159 Although the 

Huisgen cycloaddition is extremely slow at room temperature due to the high activation 

energy, Mock and co-workers first showed that the rate of the reaction could be enhanced 

up to 105 when the azide and alkyne coupling partners were held in place near each other  
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Figure 3.1. Some examples of enzyme inhibitors synthesized via CuAAC. 

 

 
























































































































































































































































