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ABSTRACT

Antibiotic resistance has become and will continue to be a major medical issue of
the 2% century. If not addreed the potential for a posintibiotic era could become a
reality, one that the world has not -been f
resistant hospitadcquired bacterial infections already account for close to 2 million cases
and 23,000 daths in the United Statedong 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
seriows antibiotic resistant bacteria, which includes 17 drug resistant bacecia as
carbapenennesistant Enterobacteriacege vancomyciaresistant Enterococcus and
Staphylococcus aureusand multidrugresistant Acinetobacter and Pseudomonas
aeruginosa Thedevel opment of antibiotic resistar
evolutionary process and thus impossible to completely stop. To ensure a future where
resistant bacteria doot run rampant througiut society, there is a great need for new

antibiotics andaccordingly, methods to facilitate their discovery

Macrolides are a class of antibiotics that target the bacterial ribosome. Since their
di scovery in the 195006s megsythetic mmalogues lofe mi st
natural product macrolides to adds 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 structurebased design of neVantibiotics. These crystal structures suggest thatthe C

4 methyl group of third generation ketolide antibiotic telithromycin can sterically clash



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 analogue
of telithromycin by total synthesis that would directly test the steric clash hypothesis and
also provide structuractivity relationships about these methyl groups which have not been
assessed in the past. Following will contain highlights of the $gtethesis of<)-4,8,10
didesmethyl telithromycin, -(-4,10didesmethyl telithromycin, and )-4,8-desmethyl

telithromycin and my journey toward the total synthesis p#tdesmethyl telithromycin

Traditional combinatorial chemistry uses chemical symshiesmake all possible
molecules from various fragment These molecules then need to be purified,
characterized, and tested against the biological target of intérage high-throughput
assay technologie§.e., automationhas streamlinedhis proces to some extent, the
process remains expensive when considering the costs of labor, reagents, and solvent to
synthesize, purify, and characterize all library membéndike traditional combinatorial
chemistry,in situclick chemistrydirectly employghe macromoleculatarget to template
and synthesize its own inhibitolm situ click chemistry makes use of the Huisgen
cycloaddition of alkyne and azides to form 1;&j8zoles, which normally reacts slowly
at room temperature in the absence of a catalfystizide and alkyne pairs can come
together in a target binding pocket the activation energy of the reaction can be lowered and
products detected by L®1S. Compounds found in this way generally show tighter binding

than the individual fragments.



Describel in the second part of this dissertation is the development of thenfirst
situclick methodology targeting the bacterial ribosome. Using the triazole containing third
generation ketolide solithromycin as a template we were able to successfully shiow that

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 dye$he observation that synthetic dyes could stain
certain microbes but not others led him to the idea that syntmetipounds could be used
to specifically target disease in the human hodywhi ch he descri bed
In 1904, Ehrlich began the first modern screening and compound optimizatgmamro
where he and his emworkers synthesized hundreds of orgaisenic compounds to find a
cure for syphilisThis massive undertaking resulted in the discoversabfarsan(1.1) in
1909 which remained the main treatment for syphilis until theeatl of penicillin in the

1940s(Figure 1.1)!

Figure 1.1 Structuesof salvarsan, prontosil andlfanilamide.

1.1 1.2 1.3

Salvarsan Prontosil Sulfanilamide

The progression of antibiotics continued with the discovery of sulfonaonisidfa
drugs such agrontosil (1.2) by Gehard Domagkwhich ultimately led to a bbel Prize
in 1939 (Figure 11).2 This antibiotic was marketed by Bayer and was found to effectively

treat a wide range of bacterial infectipaspeciallytreptococci Unfortunatey for Bayer,
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it was found thaprontosil was not actually the active antibacterialrigeut instead was
a metabolitehereof,sulfanilamide {.3), which had been discovered and patented in the
early 1900s(Figure 1.1) This spawned a wave a@lynthetic analoguesef 1.3 which

provideda majorsource ofantibiotic treatment until penicillin in the 1949s.

Figure1.2 St ruct ure of mol d derived Penicillin

the effect of Staphylococci growth in the vicinity of a Penicillium colony?

Penicillium colony

Staphylococei under-
going lysis,

Normal staphylococca
colony.

1.4
Penicillin G

The next significant breakthrough in antibiotics came in 1928 when Sir Alexander
Fleming discovered theffects of penicillin(1.4). He inadvertentlydiscoveredpenicillin
when he found that the growth 8aphylococcion a dscarded petri dish was inhibited by
a mold that had contaminated(Rigure 1.2) Getting penicillin out of the ladratory
settingand into the clinidurnedout 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 scientistem Oxford, Howard Florey and Ernst Chain,

published a paper describingisessful purification technique for penicillinat would



allow clinical testhg and eventual mass productioBenicillin would become one of the
most successful antibiotics in history.

Onthe heel s of penicillinds suc(@®sms came
1943by Selman Waksman at Rutgers Universithich was isolateéfom Streptomyces
griseus a soil bacterium from the phylusctinomyetes® Streptomycin was found to be
active againsitGramnegative bacteria, ast importantlyMycobacterium tuérculosis
which causes tuberculosis. By 1946, streptomycin had passed through enough clinical trials
to be put into genergatient use, becoming the first real cure for tuberculosis. The success
of both penicillin and saptomycin would turn the focus of antibiotic research from
synthetic compound® natural productActinomycetesvould be found to have a wealth
of antibiotic compounds and the collection and systematic screening of soil samples from

across the globe walispawn the golden age of antibiotic research and develogthent.

Figure 1.3. Structureof streptomycin 1.5).
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1.2 Antibiotic Classes andrheir Mechanism of Action
From the time of discovery of salvarsan, penicillin, and streptomycin until the

1960s, hundreds of novel antibiotics comprisafgnore than 20 distinct classes were



discovered. After the 1960snly four truly uniqe classes of antibiotics were introduced
with the majority of new antibiotics being derivatives of known compounds produced by
medicinal chemistry effort€€ven though bacteria contain over 200 conserved essential
proteins that could be potential targeds &ntibiotics all clinically relevant antibiotics act

on just four pathwayshat can be groupeds follows:(1) those affecting transcription,
which targes RNA polymerasg (2) DNA replication which targes DNA
topoisomeragé!?; (3) cell wall synthesi€!, which targets peptidoglycaand(4) protein
synthesis,which targes the bacterial ribosom& These four unique mechanisms are

discussed below, along witimibiotic classes that operate accordingly.

1.2.1 Antibiotics Affecting Transcription by T argeting Bacterial RNA Polymerase

BacteriaDNA-dependenRNA polymerass are made up of four subunits with a
molecular mass of approximately 400 kDa. They arpaesible for transcribing RNA
from DNA in a process consisting of three stefl DNA binding and RNA chain
initiation; (2) RNA chain elongatiorand, (3) terminatior®'® These enzymegepresent
excellent antibacterial targdtecause they ateghly conserved between differesgecies
of bacteriaand the enzyme and process for transcriptiffier from that ofEukaryotes

Rifamycins are a class antibioticsisolated from soil bacteriunsteptomyces
spectabilisfrom the phylumActinomyceteswhich bind bacterial RNA polymerase and
block the extension of the nascent RNA chdiRifamycins have a broad spectrum of
activity against botiGrampositive andsram-negative bacterit They were first isolated
in 1959 and the first clinically used rifaycin was rifampicin(1.6) (Figure 1.4, which

came into use during the late 1960s and has long thedirst orderof treatment for



tuberculosis.Resistance generally develops rapidly aif@mpicin is therefore paired
with other antibiotics to reducesistance-’ Including rifampicin, there areurrently four
rifamycinsapproved for use in the U.Stabutin (1.7) was approved in 1992 for AIDS
related Mycobacteriuminfections. Rifapenting(1.8) was approved in 1998 for the
treatment of tuberculosigifamixin (1.9 was approved in 2004 for the ttegent of

travel erlds diarrhea.

1.2.2Antibio tics Targeting DNA Topoisomerase Iland DNA TopoisomerasdV

DNA topoisomerases are essential enzymes used in the replication of DNA.
gets wound tightly during the transcription and replication processes forming positive super
coils. If positive supercoils are left to form withawgstriction 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 torsioatddyZng
changes in DNA topology by comteng positive supercts, lefthanded in the same
direction of twisting as the DNA helixpto negative supercoils, righianded in the
oppositedirection of the twist in the DNA heli¥. This is an ATPdriven pocess 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 thedraati®n process! Like
RNA polymerase, bacterial topoisomerases make excellent antigbtetayets as they are
highly conserved amongst bactegat completely different than topoisomerases found in

eukaryotes.



Figure 1.4.FDA approved bacterial RNA polymerase inhibitors.
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Bacterial topoisomeraseare targeted by two classesaatibiotics the quinolones
and aminooumarins. The first quinolorentibiotics nalidixic acid (L.10), was discovered
in 1962° It is a completely synthetic molecule that was found as an impurity in the
synthesis of chloroquin®.lt was found to have modest activity agai@amnegative
bacteria and is still on the market today used to treat urinary tract infections. Medicinal
chemistry has producedhree subsequent generations of quinolpriesown more
commonly as fluoroquinolones due to the addition of the fluorine on the aromatic ring
typically at the C7 position(Figure 1.5). The secorgeneration consists of ciprofloxacin
(2.17) and norfloxacin 1.12), the thirdgeneration consists of levofloxacid.{3 and
moxifloxacin (L.14), and the fourtrgenerationconsistsof gemifloxacin (.15.!° These
later generations of quinolones have a significacitease in potency against b@&nam
positive andGramnegative 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 drug¥?°

The aminocoumarins are a class of natural product antibiotics produced by several
Streptomycespecies. They are chatarized by a core-@8mino4,7-dihydroxycoumarin
moiety. The first aminocoumarin,onrobiocin (.16 , was i solated in
approved for clinical use in 1964t was used in the treatment $faplylococcus aureus
infections ando treat Lyme disease. Latelpmbiocin (1.17) and oumermycin A (1.18
were discovered and found to have similar activitylaks (Figure 1.6¥! The three
compounds have been found to act as competitive inhibitors ofAX Raurth compound,
simocyclinone (.19, was discovered later. Although it is part of the aminocoumarin

family, it lacks the deoxy sugawhich is a key binding elemefor the ATP binding site.



Nonetheless, it was found to be approximately 50% more active than the previous three

compounds affecting a novel binding site on topoisomerase.

Figure 1.5.Four generations ofuinolones.
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1.2.3Antibiotic s Targeting Cdl Wall Synthesis

The bacterial peptidoglycan cell wall consist of repeating uniipidfil, which is
a disaccharidéGIcNAc and MurNAc)pentapeptide monomer attached to a prenylated
diphosphate anchor. The prenylated sidechain ingeetsinto thelipid bilayerof the cell
membrane The lipid 1 monomers are connected together through glycosylation and
different layers are crodmked togethertirough the aminacid sidechains'he prenylated
sidechairis recycled back to the cytostlAntibiotics target this process through a number

of different pathways.



The genicillins were the first natural product antibiotics discovevét penicillin
G (Figure 1.2) being the most active of the initial compoundsitisdl They are broad
spectrum antibiotics against Gragositive bacterigbut are not very active against Gram
negative strains. The penicillins inhibit bacterial cell wall synthesis by targeting penicillin
binding proteinswhich are responsible for cr®Bnking the amino acid sidechains of the
peptidoglycan layer&The or al bi oavailability of penic
and 700s t hrsotingitthesnyraductior of@apillinr (220 and anoxicillin
(1.2).Thegni ci | I ins al so s uf-fastamasds. Analoguesuche si st ¢
as nethicillin (1.22, were developed with improved stability toward these enzymes.
Further development would spawn molecugesh agiperacillin (1.23, which increased
activity against Graamegative bacteria, especiaPgeudomonas aerugina%a

A related class of molecules, the cephalosporins, containing an unsaturation in the
6-membered ring were found tlactaniages. Medcihal mor e
chemistry was able to pduce many analogues inclog cephalexi® (1.24), which is still
widely used today.

Another class bmolecules similar to penicillin are the carbapenesiech as
thienamycin (.25, are characterized by amembered ring with an exocyclic sulfur
compared to the -fhembered endocyclic sulfur containing ring in penicillins and
cepholosporind’ These compounds ar elactamgses@andadsdargh r e s i

to discover novel carbapenems continues tGd&4y.



Figure 1.6. Aminocoumarin atibiotics.
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Figure 1.7.Representative penicillinsephalosporinsand arbapenems.
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Glycopetidesare a class adugar containing antibiotics that target tha@l@D-ala
portion of lipid 1. With the terminus of the peptide chain blocked, enzymes are unable to
bind and cros$ink peptidoglycan layersffectively, destroying the cell wall and leading
to eventual celideath!? The best knan antibiotic in this class isancomycin (.26
(Figure 1.8)which was discovered in 1955 from an isolatAmfycolatopsis orientali®3!
Vancomycin is restricted to Grapositive bacteria due to its inabilitto cros the
lipopolysaccharide edaining outer membrane of Gramegative bacteria. While it does
have broad spectrum activity against most Gpasitive bacteria, its use is generally
limited to serious infectionsuch as methicillin resistaBtaphylococcusiaeus(MRSA),
which cannot be addressed with other antibiotics. For this re@sistance has develed
slowly to vancomycin although increased reliance has seen an increase in the incidence of
resistancé? Recent FDA approvalsf lipophilic sidechain containing lipoglycopeptides
telavancin {.27), dalbavancin 1.28, andoritavancin (.29 show superior activity to

1.26 andwill allow us to regain lost ground in the battle against resistance.

1.2.4Antibiot ics Targeting Protein Synthesis

The bacterial ribosome is a complex molecular machine responsible for the
translation of mMRNA into proteing34 On the molecular scale it is an enormoushBa
structure consiging of a large 50S subunit amdsmall 30S subunitwhich combine to
make the 70S ribosome. The 50S subunit is made of 23S and 5S rRNA ragioved as
34 proteins. The 30S subunit consistthe 16S rRNA and 20 proteins (Figure £9)he
ribosomeis the target of over half of all antibiotioshich bind several different sites on

the ribosomeacting on different phases of protaiynthesis and rightly described as a
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Figure 1.8 Glycopeptide antibiotic @mcomycin {.26) andlipoglycopeptidesdlavancin
(1.27), dalbavancin 1.28, and eitavancin (.29.
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target of targets. The functional cemstenost targeted by antibiotics are the tRINIRNA
decoding regions of the 30S subunit, the peptidyl transferase center (PTC) and the peptide

exit tunne) bothof which ardocated on the large 50S subulit®

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

subunits, each consisting of rRNA and proteins.

Table | | Ribosome components from the three domains of life
Characteristics Bacteria Archaea  Mitochondria Eukarya
Hibcsome size s ns £58 805
Small subunit

Sice 308 a0s 288 408

Mess MDs] 08 05 12 14
rENAs 168 1685 125 185

Number of rprotens 20 28 33 32

Large subunit

Size 508 05 s B0S

Idess MIDe) 1.6 16 2.4 26

rRNAs 238,58 238,58 183 258,5.88,88

Number of rprotens . 34 40 £2 46

The aminoglycosides are a family of bactericidal antibiotics that target the accuracy
of translation. They Ibid the Asite causing the rRNA to adopt conformatioalowing
non-cognate tRNA to bind and deliver the incorrect amino acid into the seqt/efce.
first aminoglycosidentibiotic was geptomyciri® (1.5 (Figure 1.3)Its success led to the

search for other natural product antibiotieghich led to the discovery of additional
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aminoglycoside antibioticparomomycin {.30), neomycin (.31), and gntamycin {.32
(Figure 1.10¥° The aminoglycosides show potent activity against Gnagative bacteria,
especialj Enterobactey Acinetobacter and Pseudomonaspecies. Due to toxicity and
resistancethe aminoglycosides are used less gftdthough novel clinical uses are being
developedsuch as synergistic treatments with other antibiotics to combat-Goaitive
infections,the use of inhaled aminoglycoside to treat lung infections suffered by cystic

fibrosis patients, andoated oto surgical devices to avoid infectiéh.

Figure 1.10.Common aninoglycosideantibiotics.

OH OH NH, OH

1.30 1.31 1.32
Paromomycin Neomycin Gentamycin

The tetracyclines are a class of antibiotics that ekeit antibacterial properties
by binding the 30S ribosomalbunit in the Asite tRNA binding pocket, thus preventing
protein synthesi&*3%4° The first tetracycline, chlorotetracycling.83 (Figure 1.11)was
first isolated in 1948 frorBteptomyces aureofacief$e structure of.33 was determined
by Woodward in 1953and as a result of chemiaalodifications it was discovered that
the removal of the chlorine atom ©f33 forming tetracycline {.34), produced a more

15



potent antibiotic. Continued optimization efforts led to a new generation of compounds
such as minocyclinel(35 and doxycycline 1.36. These compands possessed better
pharmacokinetic properties and increased potency against bothpesitime and Gram
negative bacteri®. Resistance to tetracyclines through an efflux mechanism would lead to
the development of a new generation of compounds ksvgtycylcyclinesmost notably
tigecycline (1.37), which showed similar digity to both tetracycline susceptible and

resistant strain&

Figure 1.11.Tetracyclineantibiotics.
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The streptgranins are a class of antibiotics firdiscovered in the 1950during

the golden age of antibiotic discovery. These natural product compounds are isolated from
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a variety ofStreptomycespedes® There are two subtypes dfreptayramnins, A and B,
which are isolated together in a 70:30 mixture, respectively. While the tves typ
streptgramns are mildly bacteriostatic by themselvedien usedn combination they
become 10dold more potent and show bacteriocidal actiVfy.he increased activity is
attributed to their binding in adjacent locations. Type A stigatoins bind the PTC and
interfere with tRNA binding in both the-8ite and Fsite, while type B strepgyamns bind
the peptide exit tunmélocking the extension of the growing peptide ch&ii.The first
streptgramins to find widespread useere the combination opristinamycin Il (.38 and
pristinamycin | (L.39), which were first put into use motiean50 years ago to treat a variety
of Grampositive bacteriaincluding some resistant strajrsuch as VRSA and MRSA
(Figure 1.12). Poor aqueows®lubility and increasing resistance would lead medicinal
chemistry to derivatize pristinamycin, resulting in the discoeé8ynercid, a combination
of dalfopristin (L.40 andquinupristin (.41).*3 The combination therapy was approved in
1999 for the treatment of vancomycin resis@nterococcus faeciuinfections?®

The lincosamides are another group of natural product antibiotics that share a
mechanism of action with the stregtanins ® The first lincosamide antibiotic, lincomycin
(1.42 (Figure 1.13)was isdated in 1962 fromSreptomyces lincolnensts A semi
synthetic derivative,lmdamycin (.43, was developed in in 1967. The lincosamides are
generally active against gnGrampositive bacteria, especially aerobic bacteria and are
used to treat skin infections&incomycin shows little activity against Gramegative
bacteria while clindamycin does show some activity although resistance occurs rapidly.

Lincosamides are also potent against some protozoan species.
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Figure 1.12.Clinically relevant sreptayranins.
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Oxazolidinone antibiotics are one of the few synthetically designed artgiati
clinical use, along withujnolones. This class of compounds was first synthesized in 1978
and showed excellent activity against Grpositive bacterid® Due to toxicity issues, the
class of compounds was not pursued again u
1.44 and 1.45 which contain the acetamidomethyl sidechain wiRhgtereochemistry,
which was shown to be necessary for actiffitypjohn would continue this work resurtj
in the 2000 FDA approval ofinezolid (.46 for several different Graspositive
infectiors ** The oxazolidinone antibiotics bind theshte inhibiting accommodation of the

tRNA and compet with the binding site of the lincosamides ahtbcampheniols. 436
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Figure 1.13.Lincosamideantibiotics.
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Figure 1.14.0xizolidinone atibiotics.
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1.3 The Discovey and Development of MacrolideAntibiotics
1.3.1Macrolid e Antibiotics and their Mechanism of Action

Macrolides, a term coined by R. B. Woodwarmd 1953 as an abbreviation for
imacr ol act anieoticg®larg polyketidaliexived natural products consisting of
a 1216 membered lactone ring decorated witleor more carbohydrates. Macrolides are
synthesized by polyketide synthases (PKS) and are peddu two stages. In the first

stage PKS sequentiallgtitchesogether propionyl CoA and methylmalonyl CoA subunits
19



and cyclizes the resulting chain to provide the aglycone ring. The ring iseqaentially
decorated with hydroxyl groups and carbolagdr moieties bythe action ofvarious
hydroxylase and glycosyltransferasgymesrespectively*® Macrolide antibiotics inhibit
protein synthesis breversiblybinding to the bacterial ribosom@pedfically, they inhibit
progression of the nascent peptide chain by binding tpapdyl transferase cent&TC)

of 23S rRNA located in the 50S subutit® Unlike other inhibitors targeting thBTC,
macrolide antibiotics bind slightly lower at the beginning of the peptide exit tunnel. It is
generally accepted that macrolides dot interfere with the ribosomal active site
machinery directlybut instead block the growing peptide as it begimadoe into the exit
tunnel and cause the ribosome to stall, releasing only a small peptide sequence instead of
the full chain encoded by the mRNAChemical footprinting studies have shown that
macrolidesmostly interactwith RNA, not proteinspecifically interaghg with residues
A2058, A2059, and G2505 in domain V and A752 of domait? Macrolides are
commonly isolated frorstreptomycespecies of bacteri@ommon representativestbis

class are the tthembered mthymycin (.47), 16memberedyiosin (1.48, and the most
famous, clinically relevantand commercially successfetythromycinA (1.49 (Figure

1.15).

1.3.2 Discovery of theerythromycin s

ErythromycinA (1.49, commonly referred to as erythromycwas discovered in
1949 by McGuire et al. It was first isolated from thetinomyceteSactaropolyspora
erythraea formerly Streptomyces erythragd It has been used clinically since 1952 and

is an effective treatment for many Grgouositive upper and lowenespiratory 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 disconitdttythromycin (.49 was the

first macrolide antibiotic used clinicall§.

Figure 1.15.Macrolide antibiotics methymycirl(47), tylosin (.48 anderythromycinA

(1.49.

1.47 1.49 OH
Methymycin Erythromycin A Me

1.48
Tylosin

1.3.3Structure of Erythromycin A

The structure oérythromycinA (1.49 was determined by chemical degradation
studies in 1957% The structure wasonfirmed and absolute stereochemistry was
determined by Xay crystallography in 196%.1.49 conséts of a 14membered lactone

ring containing 10 stereocentees well as an aminosuga@esosaming which is located
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at the G5 position and a deoxysugésladinosg, which islocated at the € position

(Figure 1.16)

Figure 1.16. Structure oferythromycinA with carbohydrate residues desosamine and

cladinose.

o) Me
1.49 4" OH

Erythromycin A Me

1.34 Erythromycin A: A History of Structure- Activity Relationships

Extensive work has been done on the modificatioh.4®and the effects of those
modifications on its antibacterial activity, giving us a wealth of struchctvity
relationshipgSAR) about this complex natural product. The presence of the desesamin
sugar is essential for it to maintain antibacterial activity, specificallyptleenceand
stereochemistry of the-2 6 hy dr o x 816 arn dne tt>fivpdifi@ation of éhe
cladinose sugar at-8 showed thatlemethylation of the @ 6 6 met hyl et her
activity. The presence or stereochemistry ofthd 66 was shown to be i
Transformation ofthed 6 6 hydroxyl to the ketone, oxim
activity compared td.49 Studies starting in 1975 produced a number «F @ecladinosyl
derivatives including €3 aromatic esters and the3Cketone analogue. All of these

compounds were deid of activity compared witlerythromycinand it was thought that
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the cladinose sugar was nesay for activity>>*° It wasnot until 1998whenit was found

that thestructure ofC-3 keto1.49repated was incorrect, as it would readily react with the
unprotected € hydroxyl forming the inactive hemiacetal. Protection of th@ I&ydroxyl

as its methyl ether followed by oxidation of theBGydroxyl allowed for the successful

isolation of the €3 ketone.Subsequent MIC analysis showed that this new compound was
indeed active against both witgpe (WT) and resistant strains of bacteria paving the way

for the development of the ketolidesde infrg).>” Esterification of the €1, G4 6 6, and
C206 hydroxyl s resul t eAlkylation of tleesGé hydroxyl wase ¢ 0 my
shown to not affect activityrhe G9 keto was found to beeplaceable witloxime,aming

or hydroxyl functionalities, althouglin the case of the amino and hydroxyl functionality,

the ©-stereochemistry was found to be much more aétive.

1.3.5Erythromycin Acid Instability and Its Impact on Pharmacokinetics

Erythromycin (.49 has poor oral bioavailability, and its major side effect is
gastrointestinal discomfort. As paf the ongoing chemical modification and SAR studies
with 1.49 chemists at Abbott showed that under acidic conditibd® converts to
hemiketal 1.50, then reacts further to form enol ethkebl1, which can be isolated by
crystallization (Scheme 1.1)uRher treatment under acidic conditions forms the%12
spiroketal1.52 which is also isolabl®’. Both 1.51and1.52 are bereft of antibacterial
activity. This finding would explairthe 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 1.1Acid-mediated degradation of erytimngcin (1.49 to hemiacetal .50, enol

etherl.51, and spiroketal .52

1.3.6Developmentof SecondGeneration Macrolides

With the structural cause of poor bioavailability known and a wealtiA&f Gata
on chemically modifiederythromycins it wbe Uohgdhbeféré chemists would
synthesize a number of analogues that would increase acid stability. Medicinal chemists
would concentrate on modifications to theés@ydroxyl as well as the @ ketone, both of
which had already been shown to be modifiatitbout loss of activity®° From this work

would emergelarithromycirf! (1.53, azithromyci§?®2 (1.54 androxithromycin® (1.55),
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which would become some of the most commercially successful antibiotics in the post
antibiotic golden age (fure 1.17.

Clarithromycin (1.53 was first bought to market in Japan by Taisho
Pharmaceuticals in 1991 and later gained FDA approval for use in the United States under
Abbott® 1.53is the G6 methyl ether analogue &f49 The addition of the methyl group
successfully blocks formation tte 6,9-acetal formationDue tothe removal of the acid
instability, 1.53 shows excellent bioavailability compared 1¢19 and has a decreased
incidence of gastroingtinal problems1.53 shows slightly bettein vitro activity when

compared td..49 while clinical efficacyis equivalent!

Figure 1.17.Seconegeneration macrolide antibiotics clarithromycing3), azithromycin

(1.54), and roxithromyin 1.54).

1.53 1.54 1.55
Clarithromycin Azithromycin Roxithromycin

Azithromycin(1.54) was di scovered by Pliva in th
brought to market in Europe in the | ate 19¢
in 1991 andwas marketed by Pfizet*®® 1.54 is a 15membered macrolide analogue of

1.49 commonly referred to an azalidehich is formed from the Beckman rearrangement
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of 1.49C-9 oxime. Removal of the electrophilic@ketone removed the possily of 6,9-
hemiacetal formation. Liké&.53, 1.4 has excellent bioavailability compared@l9 1.54
maintains similar activity against Grapositive bacteria compared 1049 Due to the
addition of the basic nitrogefi,%4 also shows exceptional adtiwagainst Grarmegative
bacteria, such a4. influenzab?

Roxithromyin (1.55 wasfirst developed by the Frengharmaeutical company
Roussel Uclaf, now part of Sanofi Aventis, in 198@.is a G9 oxime ether derivative of
1.49 and much likel.53 and 1.54 possessestability under acidic conditionsl.55 was
shown to have an excellent bioavailability in mifZ72%). It has a very similar clinical
profile to 1.49 but is characterized by a much higher Hiédf, plasma and tissue

concentrationsl.55 has only a 4% incidence of gastrointestinal side effécts.

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 2F' century. If not addressethe potential for a posantibiotic era could become a
reality, one that the world has not -been
resistant hospitahcquired bacterial infections already account for close to 2 million cases
and 23,000 deaths the United Stateslong 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 antilwtic resistant bacteria, which includes 17 drug resistant bacseich as
carbapenennesistant Enterobacteriaceae vancomycirresistant Enterococcus and

Staphylococcus aureusand multidrugresistant Acinetobacter and Pseudomonas
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aeruginosa The developma n t of antibiotic resi stance
evolutionary process and thus impossible to completely stop. To ensure a future where
resistant bacteria doot run rampant throughut society, there is a great need for new

antibiotics and accordgty, methods to facilitate their discovery.

1.4.1Resstance to Macrolide Antibiotics

Bacterial Resistance tonacrolides has been known sineg/thromycin A was
released in 1952, While only a smh percentage of bacteria showed resistance to
macrolides in the 19500s, the continued r el
years has caused a dramatic increase in resistéineenost common types of resistance
to macrolide antibiotics arug efflux, ribosomal modification, and ribosomal mutafién.

Efflux of macrolides out of the bacterial cell to reduce cellular concentrations of
the antibiotic are encoded by either thefof msrgenesMefgenes have been found in a
variety of bacteria including. pyogeneandS. pneumoniaeStudies have showhatthe
cladinose sugar df.49is a recognition element fonefinduced efflux.Msr genes have
been found irs.pneumoniadut are most common B. aureusMsr encoded effly pumps
have been shown to efficiently remove first and second generation macrolides from the
cell®

Post translational methylation of bacterial ribosomss accomplished by
methyltransferasenzymes utilizing $adenosylmethioninewhich are encoded byerm
genes. Thermgenesare commaly found inS. pneumoniges. pyognesandS. aureus®
Theermenzyme specifically target and monor dimethylate the M exocyclic nitrogen

of the adenine base at position 2058. (A2058). This modification causes resistance by
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sterically bl ock-+iygdgriox tydimetmyanhineBobs yo hr oimg c2 &
desoamine sugar with A2058. Monomethylation provides only low levels of resistance

while dimethylation confers high levels of resistaritgn enzymeslso confers resistance

to lincosamides and stregr@amin B antibiotics and are commonlseferred to as
Macrolide-LincosamideStreptgramin (MLSg) resistance®

RibosomalRNA mutation is also a common form of Mg &gstance.The most
common mutation is the switdi A2058 to G2058 (A2058G).his mutation has a similar
effect aserm methylation causing the desosamine sugareoythromycinto lose key
binding interactions. Other common mutations are A2059G, A2058U5%20and
C2611T. rRNA mutations conferring resistanceracrolides are not ggevalentto erm
resistance, but have, nonddss been found inS. pneumonigeS. aureus and H.
influenza’

Mutations of ribosomal proteins L4 and L22 have been shown to give resistance to
bacteria. These prates are located near the macrolide binding site butaionake 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 eliminatadindi

interactions with the drutf.

1.4.2 Discovery of the Ketolides

During the years after the discovery efythromycin(vide suprg, the extensive
work to determine the SAR anldetdevelopmenof a generation of acid stable macrolides
led to many ompounds that never reached fruition as drbgswould ultimately, have a

role in the discovery of a new generation of macrolide antibjotigbed ketolidesthat
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maintained activity to resistant strains of bacteria. One such discovery was of the
erythromycin 11,12-carbonate .56 and clarithromycinl1,12-carbonate 1.57), which

were reported in 198@igure 1.18) These compoundsad increased acid stability and
improvedin vivo potency and halfife compared tcerythromycin Unfortunately these
compounds had incread hepatotoxicity comparedeoythromycinand were not explored

further®4°8

Figure 1.18. Structures oferythromycinll,12carbonate 1.56), clarithromycin 11, 12

carbonag (1.57), and A66321%.58

OMe
NM82 NMez
e
Hﬂ?j Me O -Me
‘0
OMe
(0] Me 0 Me
M OH M OH
1.56 ° 1.57 ¢
Erythromycin 11, 12 carbonate Clarithromycin 11, 12 carbonate

1.58 Me
A66321
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In 1989, Baker and eworkers out of Abbott Laboratories synthesizeskaes of
clarithromycinanaloguesvhere the carbonate was replaced with a carbamate linked to a
side chain inthe hope hat they could maintain the novel activity tife carbonate
analogues, while eliminating the increase in hepatotoxicity. One compound to come out of
this work was A663211(58), containing a butylphenyl sidechain (Figure 1.£8).58was
8-fold more potent again§. pyogenewith an inducible MLS resistance and 23fold
more potent agains. pyogenewith a constitutive ML$ resistance. Due to the initial
reports suggesting thatk&toerythromycin(1.59 was inactive®® the functionality was not
explored again until 1998 when Agouridas andaarkers with Hoechst Marion Roussel
(HMR) decided to explore the synthesis of this ketolide derivafiTdey found that the
structure ofL..59was not the ketdut instead the hemiacetdl.§0, which is formed fran

the free G6 hydroxylunderacidic conditions (Schente?2).

Scheme 1.2Conversion of &eto erythromycin(1.59 to 3,6hemiketalerythromycin

(2.60 under acidic conditions.

1.59 1.60
3-keto Erythromycin 3,6-hemiketal Erythromycin

Starting with clarithromycirf1.53, which features a-©-methyl ether as opposed

to a free hydroyl as in erythromycin X.49, Agouridas and cavorkers wereable to
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synthesize &eto-11,12carbonate clarithromycin (1.61).>” It was found that this
compound was slightly active against both inducible and constitutive resistant atrdins
was explord further. TheHMRt eam t ur n e d workavAbbott wiBlaSBaed 0 s
synthesized a number of cyclic carbamataevédgives with various sidechaingtimately

leading to HMR3004 (.62, which is shown ifFigure 1.19

Figure 1.19.Structures of novel ketolidesk®to-11,12carbonate clarithromycinl(61)

and HMR3004 (1.62.

1.61
3-keto Clarithromycin

1.62
HMR-3004

Further work by HMR would lead to thastovery oftelithromycin(1.63), which
showed excellent antibacterial activity against resistant strains and a good pharmacokinetic
profile (Figure 1.20Y* The new ketolide antibiotic was approved for use in Europe in 2001
andapproved by the FDA in thdg.S in 2004 for the treatment of acute bacterial sinusitis,
chronic bronchitis, and communigcquired pneumonia (CAP).

While 1.63 was the first marketed ketolide antibiotic able to combat bacterial
resistance, #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 suggé3ted
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was more hepatotoxic than would be allowed for an antibf®tit2007, the FDA isued

a Abl ack box war randmegnoved aoute bdcterialisibubitis anth ghconin
bronchitis from its approved indicationBhe next ketolide antibiotic to arrive would be
Abbottds cethromycin L.64), which underwent Phase dlinical trials until 2009. The FDA

did not approve the drugiting the need for more clinical data proving efficacy. Work with
theDOD, Advanced Life Sciencdsas shown thet.64can be used toure an inhaled lethal
dose of athrax with a 100% succesate in norRhuman primates. In response, the FDA
classified1.64 as an orphan drug for the treatment of anthrax exposure. Advanced Life
Sciences is still awaiting approval for CAP and antif&olithromycin(1.65, which was
discovered by Optimer Pharmaceuticals and further developed atCempra
Pharmaceutical§ is simila to telithromycin(1.63. It possessean aniline ring in place

of pyridine, a triazole in place ahidazole, and contains aZfluoro group. The FDA has
accept e dNDAdonsplitherdysin backed by two separate Phaselihical trials.

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

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

In 2009, Thomas A. Steitz, Ada E. Yonath, and Venatakatraman Ramakrishnan
were jointly awarded the NobeliPe 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 oéritfeaebacterium

Haloarcula marismortuyi®’® while Yonatf¥®®! and Ramakrishn&fsolved the structures
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of the small 30S subuniin eubacteriaDeinococcus radiodurans and Thermus

thermophilusrespectively.

Figure 1.20.Structures of FDA approved ketolide antibiotic telithromydir68 and

ketolide antibiotics awaiting FDA approval, cethromycir6d) and solithromycin.65

1.63 1.64
Telithromycin Cethromycin

1.65
Solithromycin
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Figure 1.21 X-ray crystal structures of (A) 50S subunit frétnmarismortui(Steitz et al.,
PDB = 1FFK; (B) 30S subunit from. thermophilus(Yonath et al., PDB = 1FKA); (C)
30S subunit fronT. thermophilugRamakrishna et al., PDB = 1FJF); (D) 70S ribosome

from E. coli(Cate et al. PDB = 4V40).

While Steitz did report a low resolution structure of the 70S ribosome irf2000

Jamie H. Doudn&ate, Harry F. Noller, and Marat Yusupov would solve the first high
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resolution crystal structure of the entire 70S bactebalsome (Figure 1.2F}All of these
sciertists would play a key role in the crystallization of antibiotics in the bacterial
ribosome.

Shortly after these groups published the first fngolution crystal structures of
the bacterial ribosome, publications showingdhstal structures of the biacial ribosome
bound to antibioticsvere reported®2°8>8 Today, alvances in technology have allowed
the acquisition of crystal structuressdvendifferent species of bacteria containing more
than 47 different antibiotic¥. These cecrystal strutures would allow visualation ofthe
exact nature of antibiotic bindingroviding direct evidence for the wealth of biochemical
experiments that have been used to determine the location of binding and which residues
are involvedBiochemical footprintig assays have shown that residues A2058 and G2505
aredirectlyi nvol ved in binding and SAR studies
hydr ox y-dimethylachine3nioietiefvide suprd. Examning the crystal structure of
erythromycinbound to theE. coliribosome shows us the exact nature of this important
interaction(Figure 1.22). T hhgdroybmakes a hydrogen bond with ti& nitrogen
of A2058 Removal of this hydroxyl or change in stereochemistry greatly effects the ability
of the macrolide to buh . T {dimeth@lanine exists in its protonated form under
physiological conditions and is in place to form an ionic interaction with the phosphate
backbone of G2508Comparing the binding mode efythromycinA in three different
bacterial species;. cdi, D. radiodurans andH. marismortuishows a high degree of
overlap of both the macrolactone core, desosamine, and cladinose strEigues
1.22B). This provides evidence that despite differences in sequence, the active sites of

bacterial ribosomesra highly conserved among speci&ébe dructure oferythromycin
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and secondjeneration macrolideszithromycin clarithromycin androxithromycin again
shows the importance of the binding of desosamine to A2058 (Figure 1.22C). The
macrolactone cores of éhmolecules adopt different conformatiorezithromycird s
macrolactone backbone maimtaia binding mode identical ®rythromycin while the
clarithromycin andoxithromyinring adopts a slightly different binding orientation. Even
with these differencas binding the desosamine ring of all four compounds remains highly
conserved.

Crystal structures of telithromycinave also been reported for several bacterial
specie$®8%92 Unlike the desosamine moiety, thenidlazolepryidyl side chain of
telithromycin does not show a conserved binding mode among all bacterial species. In
E.coliandT. thermophils, reside A752 in domain Il and U2609 of domain IV come
together to form a base pair (Figure 1.23A & B). These two aromaticfoasethe binding
region of the telithromycis i dec hai n wh er estatkbwith A7$Zanddhien e r |
i mi da z o istacksrwithv2609. 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® It has been shown that the deletion of AB62 U2609C mutatiorconfers
resistance to ketolide antibiotitsit not to macrolide® The binding orientation of the
telithromycinsideclain in bothH. marismortui(Figure 1.23C) an®. radiodurangFigure
1.23D) supports this hypothesi$. marismortuilacks the A752 residue while retaining the

U2609 r esi du e-stacKshith U26D9bat ado@si adifferent conformation
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Figure 1.22. (A) ErythromycinA bound to 50E. coli (PDB = 4V7U) (B) Overlap of
Erythromycin A bound toE. coli (red, PDB = 4V7U)D. radiodurans(green, PDB =
1JZY), andH. marismortui(yellow, PDB = 1Y12). (C) Overlap aérythromycinA bound
to E. coli (red, PDB= 47VU), Azithromycin bound tdl. thermophilugblue, PDB =
4V7Y), Clarithromycin bound t®. radioduranggreen, PDB = 1KO1), and roxithromyin

bound toD. radiodurang(yellow, PDB = 1JZZ).

A.
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in the absence of the U26@¥52 base paiD. radioduranscortains a cytosine residue in
pl ace of u2609. A g a i-stacking ihteraction wdtle this msenbutf o r ms

adopts a different conformation in the absence of A752.

Figure 1.23 Telithromycinbound to bacteriallvosomes from (AE. coli (PDB = 3QAT),
(B) T. thermophils (PDB = 30I5), (C)H. marismortui (PDB = 1YIJ), and (D)D.

radiodurans(PDB = 1P9X).

A. B.
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The structure of solithromycitbound to theE. coli ribosome hasalso been
reportecf® Compared to telithromycin, solithromycaontains an aniline in the place of
pyridine,a 1,2,3triazole in place of imidazoJ@and a G2 fluoro moiety(Figure 1.20). The

binding orientation o$olithromycincorrelates almost pettly with that oftelithromycin
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(Figure 1.248). Solithromycinis dightly more active than telithromyciagainst resistant
strains ofS. pneumaiae andS. pyogene® Thisincrease in activity can be attributed to an
additional Hbond interaction between tlselithromycinaniline nitrogen and either N6 of
G748 or the ribose sugar of A752 addition to the GRluoro that forms a hydrophobic

interaction with the aromatic febcycle of C261% (Figure 1.24A).

Figure 1.24 (A) Solithromycin bound to E. coli ribosome (PDB = 30RB) (B)
Solithromycin(red, PDB = 30RB) rad telithromycin(green, PIB = 30AT) bound tcE.

coli ribosome

!' U2609

)

1.6 DesmethylTelithromycin Analoguesi Combating Bacterial Resistance

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

maintaining strong binding interactions with the desosamine sugaraofolides.H.
marismortui belongs to the domain Archgeand as such naturally contains a G2058
residue, like Eukaryotes, in place of the A2058 residue that is present in bacteatoi

of bacterial rRNA (A2058G) confers retgace to macrolide aniiitics and is common in
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S. pneumoniges. aureusandH. influenzab®? Steitz, in his work crystalizing neeolides

and other anfiiotics in ribosomes isolated froH. marismortuj had to first isolate
G2058A mutants of the ribosom&8>8¢ After analysis of the highesolution crystal
structure of macrolides bound to the G2038Amarismortuiribosomes, Steitz suggested

that a steric clash between thel@ethyl of nacrolides and the exocyclic guanine nitrogen

in A2058G bacterial mutant8 Examinaton of the crysdl structure of telithromycibound

to E.coli (Figure 1.25A) shows there is a AHistance betweethe G4 methyland residue
A2058. In comparison, a computational mutation of adenine to guanine shows oaly a 2.
A distance from the exocyclic nitrogeri guanine to the @ 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 ofelithromycinbound toE. coli (PDB = 30AT). (B)

Computationallymodified A2058G mutant of telithromycibhound toE. col..
A. C4 Methyl B. Cc4 Methyl
oot .
U2609 . U25°9 A2059
3558 "%
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1.6.1Design of DesmethyTelithromycin Analogues

While the SARand development of new generations of macrolides has been
extensively explored by manipulating reactive functidresi(i.e. hydroxyls, carbonyls,
amines) on both the macrolactone and carbohgsydittle to no modification othe
hydrocarbon skeleton has beancomplished due to the need for multists novo

synthesiswhich has generally been avoided in the phasuical industry.

Figure 1.26. Structure of 4,8,1@ridesmethyl telithromycin 1.66), 4,10didesmethyl

telithromycin (L.67), 4,8didesmethyl telithromycinl(68, and 4desmethyl telithromycin

(1.69.

NMe2
(0] Me
1.66 1.67
4,8,10-tridesmethyl telithromycin 4,10-didesmethyl telithromycin
7\
N=
NMez
o} Me
1.68 1.69
4,8-didesmethyl telithromycin 4-desmethyl telithromycin
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As part of a plarto show that 4desmethyltelithromycin (.63 could improve
activity to A2058G mutantshe Andrade lab embarked on a plan to create four desmethyl
analogues that would test the steric clash hypothesis and also provide some medh need
SARregardinghe inportance of the methgroups decorating theacrolactone core. The
plan entailed the total synthesis of 4,8tfiflesmethyltelithromycin (1.66%%, 4,16
didesmethyl telithromycin (1.67)%, 4,8-didesmethyl telithromycin (1.68°%, and 4
desmethytelithromycin(1.69% (Figure 1.26)Described belovare the major challenges
encountered during the synthesis of the first three desmethyl analb@ée$.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€., desmethylationyvill havesomeeffect
on the possible conformations the desmethyl analogues could achieve, which in turn could
affect the binding othe compound to the ribosomal target. To test the consequence of
desmethylation on the conformational flexibilitye entered into a collaboration with Dr.
Alexander MacKerelt theDirector of the Computer Aided Design Center at the University
of Maryland, School of Pharmaewho 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 simulains were used to sample the conformational spate68f

1.66 1.67,1.68 and1.69 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
1.63bound tothe 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 rbosome.

Figure 1.27.Comparison of CSP probability distributions1o063 1.66 1.67, 1.68 1.69
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1.7 Highlights, Synthetic Challenges and Solutions Toward the Synthesis of-)-

4,8,10Tridesmthyl Telithromycin (1.66)

1.7.1 Retrosynhetic Analysis ofDesmethylTelithromycin Analogues
The retrosynthetic analysis dfidesmethyl analogud.66 b e gi ns -Owi t h 2
methylcarbonatgrotectedtelithromycin (1.69 and represents the general plan that was
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followed for all four analogues. Installation of theryl, butylaminosidechainl.70was
chosen to be the last major synthetic operation in the synthesis being formed from
glycosylatednacroketolacton#.71 Stereoselective glycosylation would be accomplished
utilizing the Woodward thiopyrimidine dondr.72and macrolactond..73. The rationale

f or -O-methyl2adbonate (Mc) protecting group was to ensure a highly stereoselective,
1,2trans glycosylation event by means of webtablished neighboring group
participation®® The macrolactone was envisioned to be formed through reactions such as
the Yamaguchi macrolactonizatiSh to close the €-0-14 bond, Ring Closing
Metathesi&! (RCM) to access the-CO- C-11 double bond, or NozakliyamaKishil9103

(NHK) coupling to form the &@- C-10 single bondMacrolactonel.73would be formed

by joiningfragmens 1.74and1.75 The former would bderivedfrom akinetic resolution

of racemic allylic alcohausing theSharpless Asymmetrigpoxidatiort®* (SAE) reaction

to set both the @2 and C13 stereocenters The latter would be prepared withet
Sharpless Asymeatric Dihydroxylation® (SAD) reaction to set vicinal 6 and G6
stereocenters, in addition to the John&iaisen rearrangeméftto establish the G- C-

9 framework

1.7.2 An Unexpected 1&ilyl Migration

The first major challenge in the synthesis 1066 came after SAD and TBS
protection to form tertiary alcohdl.80 Methylation with Mel and NaH did not result in
the expected tertiary methyl etlieB1 Alternatively, the alkoxidé.82attacked the silicon
of the TBS ether transferring to the@hydroxy. The resulting reactive intermediat83

was quenched with Mel to form isolated prodi@&4

44



Scheme. 1.3Retrosynthetic Analysis of Desmethilithromycin Analogues.
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Scheme 1.41,4-Silyl Migration to form undesired produtt84

OTBS
1. SAD
BnO/\/WOTBS ——» BnO OTBS
Ve 2. TBSCI HO Me
1.79 1.80
TBSO TBSO
Mel
6
BnO 5 -
MeO Me
Mechanism: l
By, Me 1.81
Si\/‘\'
Me# 40 TBSO 1,4 sily/ SJe) TBSO MeO TBSO
<) @ 0-0 Mel 6
BnO A BnO A BnO 5
©01Me migration TBSO Me TBSO Me
1.82 1.83 1.84

Ultimately, the problem was rectified through a swap of tHe @otecting group

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

would avoid the generation of

trimethyl oxonium

the

reactive alkoxide

tetrafluoroborate

(i

successfully eployed on intermediat®.85to provide the desired produti87over1.86

(Scheme 1.5)

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

One of the biggest challengasthe chemicalsynthesis of erythromycinand is
congenersis a successfulmacrayclization approach, which have provided many
challenges for thosamiliar with the historyoé r y t h r dotaysgnithesi§vale infrg).
Two separate cyclization methods, the NHK couplinglRE6#1 reactionswere attempted.
To the delight of the Andrade lab, both conditionsvited a successful cyclization.
Intermediate1.89 was cyclized with Grubbs Iby Dr. Venkata Velvadaputo give
macrolactonel.90in 60% yield whereasntermediatel.91was subjected to Crghwith
catalytic NiCbto providel.90in 40% yieldby Drs. Tapas Paul and Bharat W¢§kcheme
1.6). While the RCM approactesulted ina higher yieldit was advantageous to have an

alternate cyclization method for future desmethyl agaés.

1.7.4Deprotection of G5 TES Ether

Initial attempts to deprotect the CTES ether o1.90under acidic conditionith
either p-TsOH or pyridinium p-toluenesulfonate RPTS resulted inthe formation of
hemketal 1.91 Use of the fluoride sourcen-tetrabutylammonium fluoride TBAF)
successfully removed thee® TES group howeverthe G3 TBS was also removed. To
avoid theketalization, he G9 keto functionality was reduced under Luche conditions. The
TES ether could then be safely remowéth p-TsOH followed by chemoselective TES
protection of the allylicC-9 alcohol to give1.92 while also seting the stage for

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

Grubbs Il
_—

60%

1. CrCly, cat. NiCl,,
DMSO, r.t., 50%;

2. DMP, CH,Cly, r.t.,
80%

1.7.5Route to Glycosylation

With 1.92in hand, glycosylation wakilly expected to readelectivelyat
the secondary G hydroxyl Much to the dismay of the team, the reaction proceeded to
form only one product which unfortunately was thd Zglycosylated produd.93 The
structure of1.93 was rigorously established by 2D NMR experimefitdn the end,
recourse to a fully protected acceptor would be needed. To thi.80das first reduced
to the allylic alcohol then biSES protected at © and G12 positions with TESOTT.
Removal of C9 and G5 TES groups with TsOH fiowed by reprotection of the allylic-C
9 hydroxyl with TESCI gave glycosyl accept@r94 Glycosylation under standard
conditions withl.72was successfuBis-TES deprotection with TBAF followed by DMP

oxidation provided..95
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Scheme 1.7Deprotection othe G5 TES ether.
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Scheme 1.9Successful route tdyrosylation.

TES

0
9

1. NaBH4, CEC|3
2. TESOTH{,
2,6-lutidine

3. TsOH
4. TESCI

1.1.72, AgOTH,

DTBMP, 50% NMe;
0,

2.TBAF, 95% 5 Ve

3. DMP, 88%

1.95

1.7.6 Baker Cyclization and Successful Synthesis of (-)-4,810-Tridesmethyl
Telithromycin

The end game to reach 4,8ttlllesmethykelithromycin(1.66 was accomplished
without incident through the Baker cyclization to gi¥®7in 35% yield(Scheme 1.10)
The three step sequence beginning with mild fllesourceris(dimethylamino)sulfonium
difluorotrimethylsilicate(TAS-F) to remove the € TBS group in 70% yiefd’, Corey
Kim oxidation to provide the @ ketone, and roomiiep er at ur e met hanol ys

methylcarbonatéurnished4,8,16tridesmethytelithromycin(1.66).%°
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Scheme 1.10Endgame fo#4,8,10tridesmethykelithromycin(1.66).

NMe

2 NaH,
MO T SET e

CDI

NMe, | 1.70

(0] Me 35%

1.96
— not isolated —
N N
7\ N 7 N\ =
N 0 \ N o
N N=—
[¢)
N—N 1. TAS-F (70%) Y—N
Me 2 C Me
(0} S orey-Kim s
\ —OMe 3. MeOH =-OMe
Me™ NMe, 2 VISP e NMe,
et "”Moco\m Me 45% over 2 steps gy~ ”'ugm Me
“oTBS
Me Me
1.97 : . .
(-)-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. Stereosettive Installation of the C-8 Methyl Group

The first goal towards the total synthesis of 4didesmethytelithromycin(1.67)
was to stereoselectively install theBGnethylgroup This was accomplished in a tvatep
fashion by first alkylatinghe LDA-generated molate of1.98 with Mel. The resultant
stereochemistry would be controlled by the bulk$ TES moietyand tertiary center at-C
6 providing the unwantediastereomer in greater yielde-enolization with LDA followed

by kinetic protonation wittPivOH quend gavethe desiredliastereomef.99in a 6:1 dr
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in 80% yield Alternatively, wse of the buller PneRCCO:H in the kinetic protonation step

furnishedan even better dr of 14:1.

Scheme 1.11Stereoselective Installation of&Methyl

SOTES 1. LDA. Mel ] OTES
- < 2.LDA, PhsCCOM_ o M
Me o dr 14:1 Me o

198 O 199 O

1.8.2 Completion of the Total Synthesis of- )-4,10-DidesmethylTelithromycin (1.67)
The synthesis of 4,1@idesmethytelithromycin(1.67) proceeded according to the
procedures used in the synthesisld@6 The RCM approach wasuccessfullyused to
cyclize 1.100 to 1.101 Hydroxyl protection condions usedearlier with 1.66 were
employed again to allonegioselective glycosylation.HE endgme of Baker cyclization,
C-3 oxidation a n d-OR deprotection worked as described 66 to yield 4,10

didesmethytelithromycin(1.67) (Scheme 1.12%¢

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 4j&lesmethyltelithromycin (1.69
manifested irthe macrayclizationkey step.Attempts to utilize thdRCM tacticon a , -w
dienel.102to accessnacrolactond.103wereunsuccessful, presumably due to the added
bulk of the G10 methyl.Recourse to the NHkactic, which was initiall\developed in the

synthesis otridesmethyl analoguel (66), successfully converted vinyl dide 1.104to
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1.103after DMP oxidation Unfortunately, the synthesis of macrolactdn&#03came at

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

Scheme 1.12Endgame for 4,1@lidesmethyl telithromycin.

Grubbs I

—_—

60%

Glycosylation
Baker Cyclization

(—)-4,10-didesmethyl telithromycin (1.67)

1.9.2NHK Cyclization Post Glycosylation

The low yield of the NHK cyclizatioeventmade the completion df.68on scale
a very difficult task Fortunately, inspiration from StephenMar t i nd s synt he
erythromycinB (i.e., 12deoxyerythromycin A)would provide the solutiof® Unlike
Woodwar dés ewhromytiels which iostalled thedesosaminesuga after
cyclization, Martinstrategicallychoseto installdesosamin@rior to macrolactonizatiom

a distinctly abiotic fashion that also benefited from increased converd®ridye current
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glycosylation procedure calledrf@ numberof protectiondeprotection 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 ofaBer cyclization, € o0 x i d a t icasbonate @eprotectidro
would remain. This would ultimately serve to ameliorate the modest NHK yield help
realize the synthesis of 4¢Bdesmethyl telithromycin1(68. To this end,1.105 was

successfully glycosylatedith 1.72furnishing1.106in 72% vyield.

Scheme 1.13Failed RCM attempt and Low Yielding NHK cyclization1dl03

Ring-closing metathesis approach: 20 mol% Grubbs-I,

Grubbs-II or
Et O OTBS OTES 0 Hoveyda-Grubbs Il
/%O)J\I/l\/ly\g/\k( >
HO Me Me MeO Me R!' Me CH,Cly, 45 °C.
1.102

Intramolecular NHK approach:

Me
Et O  OTBS OTES
1.) CrCly, NiCl, (cat.) OMe
| CHO .
= % 0 %, w
Me HO Me Me  MeO Me DMSO Et OTES
2.) DMP, Pyr., CH,Cl, ,
1.104 “0TBS
20% over two steps Me
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Scheme 1.14Glycosylation ofl.105to form key intermediaté.106

NMe2
McO,,,/I
OTBS OH
BnO,C
nO, A N otes 172, AgOTf, OTBS O 0" "Me
% DTBMP BnO.,C
Me MeO Me —_— 2 3 5y, OTBS
1.105 72% over 2 steps Me MeO Me
1.106

1.9.3Intramolecular NHK Tactic in the Presence of Desosamine and Completion of
(-)-4,8-Didesmethyl Telithromycin (1.68

The intramolecular NHK reactioaf vinyl iodide 1.109in the presence of -6
desosamindollowed by DMP oxidatiorof the diastereomeric allylic alcohofsoceeded
in 18% vyield over two steps (Scheme 1.15). The efficiency of this procedure was nearly
identical to the €& TES ether1.104 (20% vyield) By employing the same endgame
approach used for desmethyl analogLié§ 1.67, and1.68 4,8-didesmethytelithromydn
(1.69 was completed without incidefit.

At this stage, the completion of three of the desmethyl analogues was complete.
The proceeding chapter will describe this total synthesig-@ddesmethyl 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 egbent chapter.
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Scheme 1.15Endgame for 4 ®idesmethyl Telithromycin1(.68).

1.CrClp, NiCl, 145 °
OMe

(cat.), DMSO Me™ NMe,
_—— -
2.DMP, Pyr,  Et" ‘0 © Me
CH,Cl,
18% over 2 steps OoTBS

Me

1.108

Baker Cylization
Oxidation
Deprotection

NMe2

(—)-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 synthesi,8,10tridesmethyl telithromycin
(1.66), 4,10didesmethyl telithromycii(l.67), and 4,8didesmethyl telithromyciil.68
we felt confidenthat the final compound in the seriesjdsmethyl telithromycii1.69),
could be synthesized utilizing the kniedge gained to this point. The powerful Nozaki
HiyamaKishi (NHK) coupling used to cyclize the macrolactone ofdigesmethyl
telithromycin(1.68 could provide us witla viableroute tocompletethe final analogue

in the serie¢Scheme 2).102103

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

(1.68.
NMe2
Me
Moo ;.hlclzsrglz, NiCl,,  HO .
Et O OTBSO T o Me" NMe
| 2. DMP, DCM SO Me
N ,
= %, o % O 18% over 2 steps
MeHO Me Me MeO Me

1.109

However much like the failure of translating the RCM approach to cyclization for
4,8-didesmethyl telithromycin due to the additional-1C methyl, 4desmethyl
telithromyci nds addi ti onal -8wadldsgverelysimibtrsatility of the n t

NHK cyclization as shown in Scheme 2.2 where NHK cyclization of macrolactone
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precursor 2.1 ¢ o nt a i 4metmylg cartibidate protected desosamine ab @Was

unsuccessful (Scheme 2.2).

Scheme 2.2Unsuccessful NHK cyclization of intermedidd..

NMe2

Recourse to a GBES protected cyclization precurshB only provided 5% yield
of the desired macrolacto@et (Scheme 2.3). As with the previous analogues, a new route

and method of cyclization would be needed.

Schene 2.3 Cyclization of C5TES protected macrolactone precurd&

Et O  OTBS OTES 1.DMP
| 2. CrCly, NiCl,
~ ; 0 ; v o >
MeHO Me Me MeO Me Me 3. DMP

5% over 3 steps
23

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

the synthesis of erythronolides and erythromycins, starting withyCore el egant sy
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of erythronolide Aand B!, it wasno6t unti |l Weyhbmandods 1 ¢
A that an intensive structureactivity study wagerformedon the macrolactonization

step!!? The cyclization was attempted on 15 different saciol substratesand it was

found that efficient macrolactonization would only occur when certain structural motifs

were in place. The sterdmamistry at €9 must be th&configuration and cyclic protecting

groups must be employed at the3(C-5 and C9/C-1 1 positions. Wo o
macrolactonization was effected with a CoMigolaou macrolactonization of seeaid

2.5to form macrolacton2.6in 70% yield (Scheme 2.4).

Scheme 24Woodwar ddés successf ul -aqd2.6bearihngaXSt oni z af

stereochemistry and cyclic protecting groups-&/G5 and GC9/C-11.

Me

Since completion of this synthesis, thehave been many notable syntheses of
erythromycint® congenersandits aglycone precursoerythronolidé****8 all of which
have utilized macrolactonization and all which have followed the stringent preorganization
requirement®Voodward established (Figure 2.1

The observation can be miadamizatiomasedtvehi | e

CoreyNi col aou met hodol ogy, al | syntheses aft
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deoxyerythronolide B utilized the Yamaguchi protocol, getailedstructurereactivity
relationships were never-explored. The persistent use ofghestringent requirements for
cyclization exhibits t he col ossal i mpact
erythromycin A. Fortunately, in 201X hristina Whiteexploredthese requirements and

found that preorganization was not neces$&ryHydroxyl groups of a 6
deoxyerythronolide B seeacid were protected as their methyl ethers and cyclization of

2.13 under Yamaguchi conditionsesulted in2.14 in 70% vyield (Scheme 2)5This
encouragingstudy provided the inspirationfor what would ultimatelybecome the

successful total synthesis ef){4-desmethytelithromycin (.69.

2.2 Retrosynthetic Analysis

Retrosynthetic analysis 0f.69 reveals late stage reactions to functionalihe t
macrolactone core (Scheme R.&he formation of the €1- C-12 oxazolidinone ring
bearing the butyl imidazolpyridyl side chainwould be derived frontJ , -unbaturated
ketone2.15and primary amind.70Q which was successful in the synthesis of previous
desmethyl analog3his onepot carbamoylation/intramolecular akichael reaction was
first developed by Baker and-cavorkerd?® at Abbot Laboratories during their search for
acid stableerythromycin A analoguesand latestageexecutionof this methodology was
eventially adopted by Hoechst Marion Roussel iritBgnthesis of telithromycit?® Next,
stereoselective glycosylation of the C5 hy
1.72resuls from suitably protected macrolactoRd 6 Formation of the I4nemberd
lactone can be accomplished wramolecular Yamaguchi macrolactonization of seco

acid2.17.
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Figure 2.1.Preorganization of seeacids of some notable Erythromycin and Erythratel

syntheses.

HO .
Me MeHO Me Me MeHO Me
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Scheme 25Whi t eds successf ul-deamgegthronblidecBiseeacidz at i o n

2.13containingno cyclic biasing elements.

OMe

O  OMe OMe OMe OMe =
H Cl3CgH,COCI

HO 1:2 dr

Secoeacid 2.18 can be formed by intarolecular NozakHiyamaKishi coupling
between aldehyd2.19and vinyl iodide2.2Q Aldehyde2.21can be prepared anEvans
asymmetric propionate aldol with aldehy®®2 which is prepared from lactor231%!
Stereocenters at-& and C6 can be set with a Sharpless asymmetric dihydroxylation of
1.76 and the stereocenter at-8 can beestablishedwith a substratecontolled,
diastereselective alkylation. The 6-C-6 double bond formation can be created from
JohnsorClaisen Rearrangement of Grignard product formed fion7 and1.78 Vinyl
iodide 2.24 can be synthesized froalkyne2.25 which can be synthesized fromdumn
aldehyde?2.26by a CoreyFuchs alkynylation (Scheme 2.7).

The coupling of aldehyd2.27 and vinyl iodide2.20 by a NozakiHiyamaKishi
(NHK) reaction was a key transformation whose success was dependent on protecting
groups used at-C2 and G13 of 2.20 as well as the moieties located ab®f aldehyde

2.27. The group implemented at%also had major consequences for later stage chemistry
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Scheme %. Retrosynthetic analysis ¢f )-4-desmethyl telithromyci1.69).
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Scheme 2.7Retrosynthetic analysis of seagid2.18
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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 orotipeagplied at &

(Scheme 2.8

Scheme 2.8Three majorapproaches towartthe synthesis of-dlesmethyitelithromycin

(1.69.

CrCly, NiCl,
DMSO, rt
Et 13’:~IOPG 2-3 days
Vinyl lodide YN Me
2.20 Bn NHK Aldehyde O\)““’ Bn 2.28
2.27
Triethyl Silyl (TES) Route  Desosamine (DES) Route para-Methoxybenzyl (PMB) Route
Et
N NMe, xy
- Et-Si-g- MeO,C
R= g § R= _%_m Me  R=
OMe
2.27a 2.27b 2.27c
1st Generation 2nd Generation 3rd Generation

2.3 Current Study
2.3.1First-generation approach
2.3.1.1 Synthesis of vinyl iodid2.24
Thesynthesis of vinyl iodid@.24(Scheme 2.pbegins with known racemic allylic
alcohol 1.78 where a Sharpless asymmetric epoxidation provides a kinetic resolution

resulting in a32% yield of enantiopure epoxid2.29??> Lewis acidmediated epoxide
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opening with pivalic acid, protection ofghesultant diol as a dimethyl acetal, and cleavage

of the ester with MeLi gave primary alcotibB0in 63% ovetthreesteps. Swern oxidation

furnishedaldehyde2.26in 85% vyield. CoreyFuchs alkynylation provided a one carbon

homologation to give dibromolefin 2.31in 67% yield!?? Elimination of bromine with 2

equivalents oh-BuLi formed a lithum acetylde, which wassubsequentlyrapped with

methyl iodide. Acidcatalyzedhydrolysis of the acetoniddgfordedalkyne diol2.25in 75%

over two steps. Palladiurcatalyzed hydrostannylation furnished the requisE- (

trisubstituted vinyl stannanevhich underwent facile tiodide exchange to give vinyl

iodide 2.24in 45% yieldovertwo steps:?*

Scheme 2.9Synthesis of vinyl iodid@.24for the NHK coupling reactian

1. PivOH, Ti(i-OPr), Me
Me  (-)}-DIPT, Ti(i-OPr),, Me o bCMm, OZC to RT Me7LO "
Et t-BuOOH, Et\/%q 40 h, 90% N °
> _— (0] N OH
2.DMP, PPTS, it, 72 h
32%, 92% ee ’ b
OH OH 3. MeLi, Et,0, 0°C, Et
1.78 2.29 30min, 59% over 3 steps 2.30
(COCl),, DMSO, Me Me
Et3N, DCM, Me"\o Me CBry , PPhg, CHyCl MeA’\o Me Br
> s -18°Ctort o N
78°C to rt, 85% © CHO 2
67%
Et Et
2.26 2.31
1. n-BuLi, Mel, THF, 1. Pdy(dba)s, BuzSnH Me
1.5h, -78 °Ctort Me  OH THF, 1.5h, rt Mea,, OH
2. 1 N HCI, MeOH, X 2.1, DCM, THF
;2[,‘/ 0°C t2° ftt OH Me -78°Ctort, th OH
o over Z sieps 2.25 2.24

45% over 2 steps
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2.3.1.2 Synthesis of Aldehyde for NHK Coupling
The synthesis ofldehyde2.27a starts with the synthesis of en@pure lactone
2.34 (Scheme 2.10 To begin, Swern oxidatidf? of commercially available -3
benzyloxypropanoll.77 followed by Grignard reactidf® with 2-propenylmagnesium
bromide (1.78 provided racemic allylic alcohd®.32 which was taken to the next step
without purification. Subjection to a JohnsGtaisen rearrangeméAtpr ovi ded 9,
unsaturated estér76in 48% over three stepBhe Sharpless Asymmetric Dihydroxylation
(SAD) would then be used to set the stereochemistry-ata@d CG6. Following the
empirical model for the Sharpless Asymmetric DihydroxyldfigmrAD-Mi x b was us
to oxidize tosyndiol 2.33 which spontaneously cyclized to lacto284in 91% vyield.
Mosher analysis showed enantiomeric excess (ee) greater than T9&oabsolute

stereochemistrwas confirmed after subsequent stepdd infra).

2.3.13 Synthesis of Alkylated Lactone and Determination of Absolute
Stereochemistry of Alkylated Lactonel.99

In order to methylate the-8 carbon of lacton@.34 it was first protected as its
triethyl silyl ether which resulted inL.98in 86% yield(Scheme2.11) Alkylation with
LDA and trapping with Mel gave a 2:1 mixture of undesired diastere@r8&rThis can
be rationalized by considering the transition state wherein methyl iodide approaches the
less hindered enolate diastereoface @ynywith respetC-6). Regeneration of the enolate
and kinetic protonationwith bulky pivalic acid successfullydelivered the desired
diastereomefl..99as a 6:1 mixturevith the appropriate stereochemistry aBXinetic

protonationwas further optimized by utilizing ¢heven bulkier triphenyl acetic acidhich
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providedl1.99as a 14:1 mixture of separable diastereomers. At this stage, the TES group
was removed with tetra-butylammonium fluoride (TBAF) and the resultant alcohol
coupled to R)-methoxy(trifluoromethyl)pheylacetic acid ®)-MTPA) with N, N O
dicyclohexylcarbodiimide (DCC) to give Mosher Es&eB6!?® X-Ray crystallographic
analysis oR.36confirmed both the absolute stereochemistry of tf&rethyl as welas

the G5 and CG6 stereocenterderivedfrom the Sharpless Asymmetric Dihydroxylation

(vide supra.

Scheme 2.10Synthesis of lacton2.34via Sharplesssymmetricdihydroxylation.

(MeO)3CCH,
1. COCl,,DMSO, OH EtCOOH,
B O/\/\OH Et3N. B OW Toluene, reflux
n »> Bn »
2. 2-propenylMgBr Me 48% over three steps
1.77 THF. 2.32
OBn o) AD-Mix B, OH o)
5 6 t-butanol/water(1/1), 6
AN OMe » (BnO 5 OMe
0, N
Ve 91%, Me OH
1.76 2.33
HO OH
B-face AD-mix B

[T

Empirical model (mnemonic device)
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Scheme 2.11Methylation of G8 and determination oftesolutestereochemistry by -Ray

crystallography.

OTES
Imidazole, TESCI LDA, Mel
BnO > BnO R _
DMF Me O THF, -78°C
(o]
0°C to RT, 1.5h 1.98 0 2.5h
86%
OTES LDA, PivOH (dr = 6:1) OTES 1. TBAF, THF
or PhyCCO,H (dr = 14:1) 2. DCC, (R)-MTPA,
BnO > BnO DMAP R
THF, -45°C 60% over 2 steps o
25h dr=14:1 O
80% yield over 2 steps 1.99

2.3.1.4 Synthesis of NHK precursoR.42

Lactonel.99 was reduced with LiAll and the resultant primary alcohol was
chemoselectively protected as tert-butyldimethylsilyl (TBS) ether with TBSCI and
imidazole to provide tertiary alcohol2.37 in 75% vyield overtwo steps. Utilizing
methylation conditions optimized in the synthesis of 4id@smethyltelithromyci(l.67),
MeOTf and 2,&di-tert-butyl-4-methylpyridine (DTBMP) were utilized to obtain methyl
ether 2.38 in 76% yield'?® Hydrogenolysis of the benzyl ether with 10% Pd/C was
accomplished in 80% vyield. Swern oxidatithyave aldehyd@.39thatwas taken directly
to the next step without purificatioAn Evansasymmetricaldol reactiort?* with (R)-4-

benzyl3-propionyt2-oxazolidinone(2.40 set the configuration of the-Z and G3
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carbons to furniseynaldol 2.41in 76% yield (dr > 20:1)Protection of the €3 alcoholas
its tert-butyldimethylsilyl ether usingTBSOTf and 2,dutidine proceeded without
incident Protecting group manipulation involving themo\al of the primary TBS and
secondary TES ether®llowed by reprotection of both as TES ethgave2.42in 74%

overthreesteps(Scheme 2.12).

2.3.1.5Nozaki-Hiyama-Kishi (NHK) Coupling

The NozakiHiyamaKishi (NHK) coupling to provide.44was accomplished via
a fourstep sequence. The primary triethylsilyl etberG-9 was cleave@hemaelectively
in the presence of the secondary triethylsilyl etbarC-5 and the secondartert-
butyldimethylsilyl etheron G6. The acquiredalcohol was oxidized with Degddartin
periodinané3! The resultant aldehydéen underwent NHK coupling with vinyl iodide
2.43, which was synthesized frotn24in 87% vyield, in the presence of an excess of £rCl
and catalytic NiGl in degassed DMS(DMP oxidation of the resultardiastereomeric
mi xture of al | yunsawrated keta@vaein 50% yetdvwer fdusteph
The acetate group .43 played a crucial role in the successful coupling. Coupling
attempts with the free diol andskacetate 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 (IIl) nucleophile by the unprotected secondary
alcohol The failre of the bisacetate protected diol was attributed to sterics or possibly
reduced activity of thenucleophile bystabilizatiorideactivationof the nucleophile by

coordination with the t¢iary acetat¢Scheme 2.13%*?
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Scheme 2.12Synthesis of NHK precurs@:48

OTES

BnO

OTES

BnO

N

MeO Me |\E/|e

2.38

Bu,BOT, EtzN

DCM, 3h-78 °C to 0 °C
76%, de >20:1

1. 2,6-lutidine, TBSOTT,
DCM, 0 °C, 15 min

2. CSA, MeOH, 0 °C to
10 °C, 15 min.

1. LiAH,, THF OTES 2,6-DTBMP
.45 °C, 4h 8 MeOTf
> BnO . > SotBs ——m—>
2. Imidazole, TBSCI HO Me Me DCM, RT
DCM, 2h 2.37 65h, 76%
75% over 2 steps
o] 0
1.Hp, 10% PIC, EtOH. it res
10h, 80% |
oTBS > , 00N
-~ " >oTBS
2. (COCI), DMSO, EtsN, = \—/ Me
DCM, -78 °C, 2h MeO Me Me N
2.39 2.40

(0] OTBS OTES

3. 2,6-lutidine, TESOTT,
DCM, -78 °C, 30 min.

74% over 3 steps
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Scheme 2.13Synthesis of NHK Produ@.44.

Me OH Me Ac,0, EtsN, Me OH Me O O OTBS OTES OTES
Et\M DMAP Etw\ L
1271071 12 AN+ o7 N
(_)H CH20|2, 87% 6AC \ _)/’,/
2.24 2.43

1. PPTS, MeOH:DCM
-25°C.
1. DMP, pyridine

0
DCM, rt. )L

2. CI'C|2¥ NIC|2
DMSO, rt, 2-3 days.
3. DMP, pyridine
DCM, rt.

O OTBS OTES O OAc

50% over 4 steps

2.3.1.6 Sec@cid formation and macrolactonization

Secoeacid formation $cheme 2.14was 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 macrolazatan could be
accomplished with our seexid {ide suprd, two conditions were attempted. The
Yamaguchi macrolactonization employed qgeneration of the mixed anhydride with
2,4,6trichlorobenzoyl chlorid¢2.46) in dilute benzene (0.0M) followed byaddition of
a large excess of DMAP (40 wg).!*® The second condition used Bhia 6 s cat al vy
(MNBA) (2.47) and utilized the slowddition of seceacid to a dilute solution of DMAP
in toluene (0.005 M3} Surprisingly both conditions were successful yielding
macroketolacton2.48in 70% yield. The synthesis wasinoiately taken forward using the

Yamaguchi macrolactonization due to an easier protocol.
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Scheme 2.14 Bis-deprotection ofseccacid 2.44 and macrolactonization to form
macroketolacton@.48

O  OTBS OTES 0 OAc LiOH (3 eq.),
: H202 (8 eq.)

THF/H,0 (4:1)
rt, 48 h, 85%

CeH,ClCOCI,
i-Pr,NEt, DMAP,
PhH, 12 h, 70%

or
MNBA, DMAP,
EtsN, PhMe,
12h, 70%

Cl O
N02 o) (0] NO2
Cl
o}
Cl Cl
Me Me
Yamaguchi )
2,4,6-trichlorobenzoyl Shiina
chloride MNBA
2.46 2.47

2.3.1.7 Failed Protection-Deprotection Scheme for Glycosylation

In order to successfully glycosylate macroketolact@#8 we followed the
protocol developed for the synthesis of 4di@esmethyl telithromycinl(68, which is
shown in Scheme 2.1%%° Luche reduction providk a 2:1 mixture of separable
diastereomers. TES protection wésst attempted with TESClhowever,the additional
methyl group at € provided enough steric hindrance to prevent the reafroon going
to completion.Recourse toTESOTf achievel bis-TES protection of the © and G12
hydroxyls. While dycosylation employingVoodward shiopyrimidine donor1.72 was
able to providebis-TES protected intermedia56 deprotection conditions Wi HF to

give 2.50were unsuccessful

73



Scheme 2.15Failed ProtectiorDeprotection Scheme for Glycosylation.

1. CeCly7H,0, NaBH,
2. TESOTY, 2,6-lutidine
3. PTSA, MeOH, 0 °C

4. TESOTf, 2,6-lutidine
5. AgOTf, 2,6-DTBMP

HF pyridine

—_— X
or

EtzN-3HF

2.3.2.SecondGeneration Approach: NHK Coupling with Desosamine Installed

Our next approach would remove the shé@r deprotection altogether by installing
the desosamine prior to the Noz&ékiyamaKishi Coupling.This strategy was employed
first by Martin in his synthesis of erythromycin® and later adopted by our group for
the synthesis of 4;8idesmethyl telithromycif’ With a methyl carbonat@c) protecting
group for the & Ohydroxyl of desosamine needed to ensure stereoselettive
glycosylation, wewould require @ orthogonal protecting group atXC Accordingly, we
converted th&vansauxiliary to a benzyl estewith lithium benzyloxideandrecruited three
different protecting groug for vinyl iodide 2.24 that would not requireaponificationto

remove To this end, we began with aldol prod@cil (Scheme 2.16 Protection of the

74



secondary alcohol as a TBS ether followedtdfayssterification of the Evans auxiliary

with LiOBn provided2.51in 50% yield. Removal of the TES etharG5 and TBS ether

at G9 with CSA in MeOH was successful in the presence of the secondary TBS ether at
C-3, giving 2.52in 70% yield. Chemoselective protection of the primar9 @lcohol and

gl ycosylation with WoodWwmreduied in tgliicosglaged r i mi d
product2.53in 74% ovettwo steps. Three vinyl iodideoupling partners were synthesized
from diol 2.24 TES protected partn@:55was made in 75% yield utilizing TESCI. Diol
protected partnez.56was prepared usingmethoxybenzaldefue dimethyl acetal in 70%
yield. Coupling partne.57was then fashioned in 95% fro262by reductive cleavage
using DIBAL-H.134135 After removal of the primary TBS ether with HF and oxidation to
the aldehyde with Degdlartin Periodinane, the coupling partners and aldehyde were
subjected to NozakiiyamaKishi conditions To our disappointmenthe reaction did not
proceedwith any of the protected vinyl iodide2.652.57). Thus, anew protecting group

scheme was needed.

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

To access our target,new C-5 protecting group was needed.iggroup 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 Yonet#itgiany are
familiar with the selective removal gfaramethoxybenzyl (PMB) ethers witR,3
dichloro-5,6-dicyanal,4-benzoquinone BDQ) in the presence of benzyl ethers, but

Yonemitsu showed the dual orthavglity of these groups when he demortsulathat
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RaneyNi allowed for the quantitative removal of benzyl ethers in the presence of the more
electron rich PMB ethers (Scher2d.7).
2.3.3.1 Routes to €& PMB protected Intermediates

In order to test this deprotectiomethod inour synthesis, th€-5 PMB protected
intermediate2.60was synthesized frorR.38 by (1) bisdeprotection of both silyl ethers
with camphor sudbnic acid (CSA), (2) chemoselective reprotection of the primary
hydroxyl as itstert-butyldimethylsilyl (TBS) ether, and finally,rptection of the &
secondary hydroxyl with the use of PMBCI to furnisB0in 50% yield over three steps.
Successful hydrogenolysis with Randy as described by Yonemitsithen provided
primary alcohoR.61cleanlyin 75% yield (Scheme 2.18)

The aboveroute provided intermediat2.61in 19% yield ovemine steps from
lactonel.98 A more efficient route was developed in which the secondary hydroxyl of
2.34was directly protected as its PMB ether in 65% ytelfurnish2.62 (Scheme 2.19)

The alkylation and epimerization step provided only a 5:1 mixture of separable
diastereomers leading to a 45% yield2d@3over two steps, compared to the 14:1 dr and
80% yield overtwo steps with TES installed on theZhydroxyl. This result underscored

the importane of the bulky TES group for high levels of diastereoselctivitthe kinetic
protonation step. Fortunately, the unwanted diastereomer could be separated by flash
column chromatography and recycled into future epimerization reacfittheugh the dr
andyield for these steps was lower, reductive opening of the lactongrongededh 92%

yield, chemoselective protection of the resultant primary alcohol as a TBS ether, and
methylation of the tertiary alcohalith methyl triflate(72% over two steps) ga60in

19% over six steps, resulting in the same yield with three less steps.
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Scheme 2.16Attempted NozakHiyamaKishi coupling with desosaminastalled.

1. TBSOTf,
2,6-lutidine,

OTBS

THF, -78 °C

50% over 2 steps

0} OTBS OH
CSA, MeOH,
R

0°C, 70%

1. HFpy, pyridine,
THF
2. DMP, CH,Cl,.

BnO
2.57, CrCly, NiCly,

CH,Cl,, -78 °C

2. n-BuLi, BnOH,

3. 2.55, 2.56, or BnO

O OTBS OTES

BnO

8
Me MeO Me Me
2.51

1. TBSCI, imdazole, DCM.
2.1.72, AgOTf, 2,6-DTBMP,
DCM/Toluene

74% over 2 steps

NM82
Me

DMSO, rt
Me Me
Me OH Me Me OH Me Et\/g‘\)\ DIBAL-H
B TESCI, imdazole %
Et\A)\ : ; Et\A)\ = :
> = |\ > ~ = | = 0 Toluene, 0 °C
H DMF, 75% B (6] 95%
OH OTES
2.24 2.55 2.56 PMP
Me OH Me
EtMI
PMB(OMe), PPTS
CH,Cly, rt, 70% OPMB
2.57
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Scheme 2.17Deprotection of a benzyl ether in the pregent aparamethoxybenzyl

ether

Me Me
Q)\Me Q/LMe
X Me Raney-Ni, H, X Me

1| - 1|

EtOH, rt

PMBO 24h 100% PMBO
Me '\/OBn Me '\/OH

2.58 2.59

Scheme 2.18Synthesis 0R.61by chemoselective hydrogenation of benzyl ethé,

1. CSA, MeOH, 0 °C
OTES ’ ’ OPMB
2. TBSCI, imidazole,
8 DMF 8
BnO 5 < OTBS » BnO 5 7 z OTBS
MeO Me Me 3. NaH, PMBCI, DMF HO Me Me
2.38 50% over 3 steps 2.60
19% over 9 steps
OPMB
Raney Ni, H, 8
> HO 5 Y ~otss
75%
2.61

2.3.3.2 Synthesis of NHK Precursor

Hydrogenolysis of benzyl eth@60was accomplished in 75% yield with Raney
Ni resulting in2.61 The aldehyde was generated via the Swern oxidation, which was then
reacted under Evans asymmetric aldol conditions to2)64in 74% yield over two steps
with a dr > 20:1. The resultasecondry alcohol was protected a8S ether2.65with

TBSOTf and 2,dutidine in 95% yield. The primary TBS ether was then unmasked with
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camphor sulphonic acid (CSA) providi@dg6in 88% yield to set the stage for the Nozaki

HiyamaKishi coupling(Scheme2.20)

Scheme 2.19Alternate route t@.61

1. LDA, Mel,THF, -78 °C
2. LDA, PhyCCO,H,
THF, -78 °C (dr = 5:1)

NaH, PMBCI, DMF,
BnO

>  BnO
0°Ctort, 65%

45% over two steps

1. LiAlHy4, THF, -45 °C to rt,

OPMB
3h, 92% 8
BnO 2. TBSCI, imidazole, CH,Cl,, BnO 5 ., : OTBS
0°Ctort,2h MeO Me pe
3.2,6-DTBMP, MeOTf, CH,Cl,, 2.60
48 h, 72% over two steps; 19% over 6 streps
Scheme 2.20Synthesis of NHK precurs@.67.
OPMB Raney-Ni, OPMB
8 EtOH, Hy, 6 h, 8
BnO 5 Y OTBS _— HO 5 X OTBS
MeO Me wMe 75% MeO Me Me
2.60 2.61

1. DMSO, (COCl);, EtsN, O O OH OPMB OTBS

CH,Cly, -78 °C )k TBSOTY, 2,6-lutidine,

> s - — - 0 N 3 5N, 5_3 CH,Cly, 0 °C, 30min .

. (R)-4-benzyl-3-propionyl- \ / 2 H

2-oxazolidinone, n-Bu,BOTF, >~ Me  MeO Me Me 95%

Et;N,CH,Cly, 2 h, Bn 264

74% over two steps (dr >20:1)

O O OTBS OPMB OTBS O O  OTBS OPMB OH

CSA, MeOH, )k .
0°C,2h 0 N 3 5y,
88% \_4’ Me MeO Me Me
Bn
2.66
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2.3.3.3 NHK Coupling and Yanaguchi Macrolactonization
The crucial NozakHiyamaKishi couplig was now attempted with the SCPMB
group in place. The three step sequence began with oxidat®66ib the aldehyde with
DessMartin periodinane, followed by NHK couplingith 2.43 and finally oxidation of
the resultant allylic alcohol to eno@e57in 45% over three stegScheme 2.21)
Deprotection conditions developed previously employing lithium hydroperoxide
gave secacid 2.68 in 87% yield. Yamaguchi macrolactonization then furnished

macroketolactone2.69 in 65% yield (Scheme 2.22) The stagewas now set for

glycosylation

Scheme 2.21NozakiHiyamaKishi Coupling.

O O OTBS OPMB OH
)k Me OH Me
Et_ 7
O\ (N + 12 10 "1
% OAc
2.43

1. DMP, pyridine, CH,Cl, ] O OTBS OPMB 0] OAc
2. CrCIy NiCly, DMSO, 48 h H

>

3. DMP, pyridine, CH,Cly, 3 h,

45% over three steps;
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Scheme 2.22Yamaguchi Macrolactonization.

H,0,, LiOH, THF/H,O
(4:1),0°Ctort, 48 h

¢ o) OTBS OPMB o) OAc

87%

CgH,CI3COCI,
i-Pr,NEt, DMAP, HO
PhH, 12 h,
Me*
65% SO

2.3.3.4Glycosylation of macroketolactone G5 hydroxyl acceptor2.70

Luche reduction of the © ketoneof 2.69 provided a 4.6:1 mixture of separable
diastereomeréScheme 2.23)Although the stereochemistry would be inconsequential, the
major isomer was isolated and taken forward to ease characterization of the complex
intermediatesProtection of the @ and G12 hydroxyls was deemed necessary due to the
problems experienced with glycosylation of prior analode@he employment of a TES
ether at @ made the protection and deprotection difficult. Insteadl bIS protection of
the C-9 hydroxyl and the G12 hydroxyl was employed® DDQ was then used to
oxidatively cleave the PMB group on the5thydroxyl furnishing2.70in 76% over two
steps. AgOTf mediated glycosylation with Woodward don@2then gave glycosylated
macrolacton€.71 Selective deprotection of both TM&hers in the presence thie G3
TBS group with HF anaxidation of the € hydroxylwith DMP suppliedglycosylated

macroketolacton2.72 in 67% yield over two steps.
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2.3.3.5Baker Cyclization and Completion of ¢)-4-Desmethyl Telithromycin

At this stagethe next stem the synthesis of-desmethyl telithromycinl(69 was
to install the pyridyimidazole side chain through the use of the Baker cyclizati®he
C-12 tertiary hydroxybf 2.72was first activated withNhaH and carbongiimidazole(CDI)
to form an activated imidazole carbamathich was then reactaslith butyl aminel.70
andunderwent asequential carbamoylatianframolecular azMichael reaction to form
oxazolidinone2.73in 61% yield over two stegScheme 2.24)Nith 2.73in hand, 8 that
was left to achieve the total synthesis was to deprtitecG3 hydroxyl, oxidize to the
ketone, and free t McethiskerddteT8a ethernwas reindvecugigr o x y |
the mild TASF reagenf” followed by CoreyKim oxidation’ to provide the €3 ketone
2.74 in 53% vyield over two steps. Methanolysis of the methyl carbonate at room
temperature then gave){4-desmethyl telithromycii.69in 67% vyield.

In summary, the synthesis of){4-desmethyl ¢lithromycin 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-desmethytelithromycin(1.69 in hand we could now directly test the
desmethyl hypothesigdi ni mum i nhi bitory concentrations
S. aureudentries 45) and threee. coli strains (entes t 3) (Table 2.1). All desmethyl
analogues including telithromycin were inactive against the two resi&tantreustrains,
which included UCN14 containing an A2058T mutation and ATCC33581 containing an

ermA enzyme. One notable exception was the MIQ.66against UCN14 which

82



Scheme 2.23Glycosylationof macroketolactone -6 hydroxyl accepto?.7Q

)

1. CeCl3-7H,0, NaBH,4, MeOH,
-15°C tor.t., 45 min, 96% (dr 4.6:1)
2. 2,6-lutidine, TMSOTf, CH,Cl,,
—78 °C, 30 min

3. DDQ, H,0, CH,Cl,, 0 °C, 30 min,
76% over two steps;

NMe,
McONm Me
+ S 1.72 AgOTf, DTBMP, 4-A MS, _
N)\N PhMe—CH,Cl,, 12 h, 70%

1. HF-py, THF—py, 0 to 15 °C, 3 h
2. DMP, CH,Cl,, 3 h,

67% over two steps
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Scheme 2.2. Baker Cyclization and Completion of)4-desmethytelithromycin (.69.

7\
—
N
N= \_N NH,
170 %

1. NaH, CDI, DMF-THF,
—20to 0 °C, 45 min.

Y

2.9, MeCN-H20, 72 h

61% over two steps

1. TAS-F, DMF=H,0, 14 h
2. Me,S, NCS, EtgN, CH,Cly,
-20°C MeOH, r.t., 14 h
_—

67%

53% over two steps

(-)-4-desmethyl telithromycin (1.69)
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maintained activity compared to the other compounds. All compounds were also inactive
againstE. coli strain SQ171/2058G containing the A2058G mutation we wanted to test.
All desmethyl analogues and telithromycin did however show activity agairestli 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 analogue$;4cdesmethyl telithromycinl(69 matched
telithrd6dycMhGsof 0.5 eg/ mL against t he
Unfortunately, {)-4-desmethyl telithromycin 1(69 was 4fold less potent than

telithromycin against the DK A2058 mutant (enB)y

Table 2.1. Minimum Inhibitory Concentration of (-4-desmethyl telithromgin (1.69 and

comparisorto telithromycin(1.63)and desmethydnalogued.66 1.67, and1.68

Entry Strain Bacteria wt/mutant | 1.66 167 1.68 1.69 ! TEL(1.63)
1 5Q171/2058G  E. coli A2058G >512 >»256 >256 >256 >256
2 DK/pKK3535 E. coli wt 32 8 4 0.5 0.5
3 DK/2058G E. coli A2058G 64 16 32 4 1
4 UCN14 S. aureus A2058T 32 >256 >256 >256 >128
5 ATCC33591  S.aureus ermA >128 >128 >64 >128 >128

While we were unable to validate the desmethyl hypothesis, there was alpletice
structureactivity 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 importaheseof
methyl groups to provide (1) potential hydrophobic interactions with the side wall of the

ribosomal exit tunnel. From Xay 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 wadtidepexit tunnel.

We have clearly shown that elimination of these interactions has negative effects on
binding. (2) Conformational rigidity of the Isiembered macrolactone allows for tighter
binding. Both the in solution and bound structures of macrohdee been solved and
surprisingly, insolution, macrolides adopt a very rigid conformation for ariembered

ring due tosynpentane interactions of the various methyl substituents. Ttgelinion
conformation aligns exactly with the macrolide boundh® 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 moldes 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, buttiis 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

Thephilosophyof click chemistry, as first imagined by Sharpless, was to design a
set of powerful reactions and building blocks that can be used tobmthdsimple and
complex moleales. A stringent set of criteria was defined for these reacfidme 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 stered¥pecific.
Reactions that fit these criteria included -#@ljBolar cycloadditions, ringpening of

strained heterocycles such as epoxides and aziridinea n da Ifidnoolnd t ype <c al

condensations to formxime ethers and hydrazones.

Scheme 3.1Huisgenthermal 1,3dipolar cycloaddition.

Rl

heat R ! ~
RN, + =R %, NAROLR N)\
N=N N=N
anti-triazole syn-triazole

Of these reaction types, Sharpless emphasized the importance thatdipoihB
cycloadditions would havearticularlythe Huisgen dipolar cycloaddition of azides and
alkynes to form 1,2;&iazoles which was first described in 1973 While Sharpless
described this teamsdfortmae i ©mo mitedidhamedats dilcir c k
limitations, most notably the high reaction temperatures needed to overcome the activation
energy (25 kcal/mol for methyl azide and propyffeand the mixturs of regioisomers

(anti- and syntriazoles) that were obtained with unsymmetrical alkynes (Schem&Bel).
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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 biomolecule vitro.}*! The azidealkyne cycloaddition haalso found

use by the Cravatt lab to discover new proteins involved in human disease using- activity
based protein profilingf?

Sharplessodos foresight into the i1importan
realized less than one year later when Sharpless and Fokin reported the Cu(l) catalyzed
Huisgen cycloaddition of terminal alkynes anganic azides which formed exclusively
the anti-triazole (Scheme 38.1*The fcopper effectodo was al s«
by Meldall** Not only did this reaction solve the regioselectivity problem of the thermal
cycloaddition but it now could be run at room temperature and in agueous solvent. The
selectivty for the anti-triazole was first explained mechanistically by the formratd a
copper(l) acetylide and then the stepwise reaction wWithazide proceeding througksia-
membered copper containing intermediate shown in Schenie Bensity functional
theory cé&ulatiors showed this pathway to bthermodynamically more favorkb
compared to the direct cycloaddition mechanism.

More recently, through the use of hdélatw reaction calorimetryit was shown
copper acetylides were not reactive toward azides unless additional copper catalyst is
added, suggesting a mechanism invajvimwo Cu centers. Also, crossover experiments
utilizing isotopically enriched copper catalystere carried out which showed the stepwise
nature of the nitrogenarbon bond forming events as well as the equivalence of the two

copper atoms involved due t@pid interconversiok®® With these data an updated
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mechani sm i nbisdcbppdr)maaptylide was progosed (Scheme 3.3A). Further
evidence for a bis(copper) intermediate came in-20d5 when Bertrand was able to

i sol ate thebipostowlpetregd ac,elt yl i-denavi it g t hed |
accepting cyclic (alkyl)(amino) carbenes as ligands allowing the stabilization arttbisola

of this highly reactive intermediate once thought to be nonisot&bidso isolated was a

previously unimagiad bis(copper) triazole (Scheme 3.3B).

Scheme 3.2A) Copper(l) catalyzed aide alkyne gcloaddition. B Original proposed

mechanisnt*?

A
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Scheme 3.3A) Updated Bis(copper) MechanisttB) | s o I-Bis{capper) Acetulide

and Bis(Copper) Triazol&®
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While the majority of click chemtry applicatons utilizethe anti-triazole forming
copper catalyzed reaction, it is possible to selectively synthegiteazoles, although the
chemistry is not as robust and still in development (Scheme 3.4). Rutheaialyzedsyn
triazole formation has becomepawerful method, but typically works well with only
aromatic azides and alkynes and performs poorly with sterically bulky substittfents.
Despite its difficulties, the Ruoatalyzed azide alkyne cycloaddition has grea¢mitdl for
future applicationgOther methods fayntriazole brmation include the use of magnesium

acetylide$*® and silyl protected acetylidé$’

Scheme 3.4Methods for the ynthesis oyntriazoles.

Rl

Ru or M
RN, + =—R 9 R\l\!& syn-triazole
N=N
R'
heat
RN, +TMS——R' > R\N/S syn-triazole
N=N
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While the original definition of click chemistry was meant to encompass a broad
set of reactionsv{de supa), today it is synonymous wWitazide alkyne cycloadditions
especially the copper catalyzed vers{QuAAC). Since its initial discovery in 2002, the
applications of click chemistry have grown exponentially and have found a welcome place
in drug development.

The 1,2,3triazole formedfrom the azide alkyne click reaction are not just
Spectators. It I's able to form hydrogen
stacking interactions. The 1,2t8azole is also considered as an isostere of an amide,
having a similar dipole momen®his has allowed the targeting of pharmaceutically
relevant enzymes with triazole containing compounds such as protein tyrosine
phosphatas®® protein kinase inhibitor$! transferase inhibitof$? glycogen
phosphorylasé® serine hydrolas&* cysteine and serine protease inhibifré>® and
aspartic protease inhibitdp$ (Figure 3.}. More examples of pharmaceutically relevant

enzymes targeted by molecules can be found in a reméatw by Krzysztof Jozwiak®

3.2In Situ Click Chemistry

In situ click chemistryfalls under the gemal category ofkinetic targetguided
synthesis because the cycloaddition reaction is irreversidle contrast, dynamic
combinatorial chemistry operates thermodynamically wherein fragments reversibly
combine and shift the equilibrium when incubated witlarget proteirt®>® Although the
Huisgen cycloaddition is extremely slow at room temperature due to the high activation
energy, Mock and cavorkers first showedat the rate of the reaction could be enhanced

up to 1dwhen the azide and alkyne coupling partners were held in place neatleach
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Figure 3.1 Some examples of enzyme inhibitors synthesized via CuAAC.
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