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Abstract

A review of efforts that have provided total syntheses of vancomycin and related glycopeptide 

antibiotics, their agylcons, and key analogues is provided. It is a tribute to developments in organic 

chemistry and the field of organic synthesis that not only can molecules of this complexity be 

prepared today by total synthesis, but that such efforts can be extended to the preparation of 

previously inaccessible key analogues that contain deep-seated structural changes. With the 

increasing prevalence of acquired bacterial resistance to existing classes of antibiotics and with the 

emergence of vancomycin resistant pathogens (VRSA and VRE), the studies pave the way for the 

examination of synthetic analogues rationally designed to not only overcome vancomycin 

resistance, but to provide the foundation for the development of even more powerful and durable 

antibiotics.
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1. Introduction

An important development in the field of glycopeptide antibiotics occurred in the late 1990s 

when three groups independently achieved the total synthesis of vancomycin. Given the 

sheer structural complexity of the natural product, this series of synthetic accomplishments 

was remarkable and at the frontiers of the field of organic synthesis at that time. With reports 

of the rapid increase in resistant bacterial strains by health officials, this effort was driven 

not only by the challenge of developing an effective route to the complex natural product, 

but also to pave the way for biological interrogation of previously inaccessible synthetic 

analogues. Herein, we review only work completing total syntheses of members of the 

vancomycin related glycopeptide antibiotics, their aglycons, and synthetic analogues. Work 

on their semisynthetic modifications1,2 and methodological studies are not reviewed as they 

have been covered elsewhere.

The glycopeptide antibiotics are currently among the leading members of the clinically 

important natural products discovered through the isolation of bacterial metabolites. They 

possess a broad spectrum of antibacterial activity against Gram-positive pathogens with 

manageable side-effects. Since their clinical introduction, the glycopeptide antibiotics 

vancomycin (1) and teicoplanin (6) have become the drugs of ‘last resort’ when resistant 

bacterial infections are encountered (Figure 1). With the emergence of methicillin-resistant 

Staphylococcus aureus (MRSA), vancomycin (1) has been widely used in the clinic as the 

‘go to’ treatment.3,4 Originally restricted to hospitals, today more than 60% of both ICU 

(intensive care unit) and community acquired S. aureus infections are MRSA,5,6 and are 

responsible for upwards of 12,000 deaths in the United States in 2011 alone.7 Moreover, 

infectious diseases (e.g. influenza and pneumonia), complicated by additional bacterial 

infections often requiring treatment with vancomycin, are ranked among the leading causes 

of death in the U.S.. The glycopeptide antibiotics are also recommended for use with 

patients allergic to β-lactam antibiotics, undergoing cancer chemotherapy or ongoing 

dialysis therapy.8 Consequently, the importance and clinical use of vancomycin continues to 

steadily increase since its introduction 60 years ago.9 As vancomycin resistant bacteria have 

been observed in the clinic in both enterococci (VRE, 1987)10 and S. aureus (VRSA, 

2002)11–17 and as the prevalence of antibiotic resistant pathogens has increased, discovery of 

the next generation durable antibiotics capable of addressing such bacterial infections has 

become an increasely urgent problem.18

Since the establishment of the structures of glycopeptide antibiotics, extensive synthetic 

efforts have been made through both semisynthetic and total synthesis means. These studies 

have laid the foundation for ongoing structure–function studies of the antibiotics, aiding in 

the definition of their mechanism(s) of action. They have also elucidated unanticipated new 

roles for added non-naturally occurring functionality that have led to the discovery of 

improved or rationally designed glycopeptide antibiotics.

This review summarizes the total synthesis of the vancomycin related glycopeptide 

antibiotics, along with occasional discussions of their use in key studies to define specific 

mechanisms of action responsible for their continued effective clinical use for decades. 

Lastly, a summary of recent total synthesis efforts aimed at the redesign of vancomycin 
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through rational structural modifications to address vancomycin resistant bacterial infections 

is provided.

2. Glycopeptide Antibiotic Background

2.1 Structure: Isolation and Characterization

Vancomycin was isolated in the early 1950s at Eli Lilly and disclosed in 1956, and other 

glycopeptide antibiotics within this family followed.19 Even though vancomycin was 

approved for clinical use in 1958, its structure was established only 25 years later. Early 

chemical degradation studies,20–22 followed by the subsequent seminal NMR studies of 

Williams,23 and a pioneering X-ray crystal structure by Sheldrick of the degradation product 

CDP-124 provided an initial structure. This was followed by iterative corrections to the 

assigned structure that resulted from an unrecognized atropisomer isomerization25 and an 

asparagine to isoaspartate rearrangement26,27 under conditions of deglycosylation and 

provide a rich history to the full structural assignment of vancomycin by Harris that 

appeared in 1982.26 This was followed by full structural assignments for ristocetin, 

teicoplanin and a series glycopeptide antibiotics. The comprehensive reviews of Perkins,28 

Williams,29,30 Nicolaou,31 Courvalin,32,33 Walsh34,35 and Kahne36 and others37–39 provide 

tabular accounts of the known glycopeptide antibiotics, a summary of the structure 

elucidation studies, and discussions of their biosynthesis, mechanism of action, and 

mechanisms of resistance.

The complex structures, the strained cyclic peptide subunits that contain biaryl and diaryl 

ether linkages interwoven into the intricate bi-, tri- and tetracyclic heptapeptide frameworks 

of their underlying rigid structures, the varied glycosylation patterns, and the unusual centers 

of axial or planar chirality (atropisomers) of the glycopeptide antibiotics present formidable 

synthetic challenges that were addressed in the efforts summarized herein.

2.2 Mechanism of Action

The seminal studies that defined the mechanism of action of the glycopeptide antibiotics 

include: (1) the initial Strominger demonstration that they inhibit bacterial cell wall 

biosynthesis,40 (2) the insightful and comprehensive studies of Perkins that established 

antibiotic binding to the D-Ala-D-Ala terminus of precursor peptidoglycans,28,41,42 (3) the 

pioneering NMR studies of Williams that defined the structures of antibiotic bound 

complexes with model D-Ala-D-Ala ligands,43 (4) the later confirmation of the structures 

and their complexes by X-ray crystallographic studies conducted by Sheldrick44 and (5) the 

beautiful studies of Walsh–Courvalin45 that unraveled the molecular mechanism of 

vancomycin resistance. Each of these developments constitute rich chapters in our 

understanding of the glycopeptide antibiotics today.

The glycopeptides antibiotics are unusual in that they do not target a specific protein or 

nucleic acid within bacteria like most other antibiotic classes (e.g. β-lactams), but instead 

they bind the peptidoglycan precursors necessary for construction of the cell wall. The 

binding to D-Ala-D-Ala sequesters a substrate for the enzyme-catalyzed bacterial cell wall 

cross-linking reaction (transpeptidase) and impacts the transglycosylase catalyzed 
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incorporation of lipid intermediate II into the polysaccharide cell wall backbone (Figure 2). 

It is difficult for bacteria to make single genetic alterations that result in resistant conferring 

changes within these precursors, thus allowing the glycopeptide antibiotics to remain 

effective for nearly 60 years.9

In fact, the only clinically significant resistance to the glycopeptide antibiotics, which first 

emerged in enterococci in 1987 (VanA and VanB VRE),10 was not independently evolved by 

pathogenic bacteria. Rather, it was co-opted from nonpathogenic vancomycin producing 

organisms that use this intricate mechanism of resistance to protect themselves while 

producing the glycopeptide antibiotic.46 In short, it entails detection of a glycopeptide 

challenge and an orchestrated response that results in late stage remodeling of the 

peptidoglycan precursor N-terminus from D-Ala-D-Ala to D-Ala-D-Lac.45,47 This change, 

which represents a single atom exchange in the precursors, reduces glycopeptide antibiotic 

binding 1000-fold, rendering them ineffective.48

Thus, extension of the efforts on the total synthesis of the glycopeptide antibiotics to the 

preparation of analogues that contain compensatory single atom exchanges have been 

disclosed, which now exhibit dual D-Ala-D-Ala/D-Ala-D-Lac binding and activity against 

both vancomycin sensitive and resistant organisms. These efforts, along with peripheral 

modifications to the glycopeptide antibiotics that introduce additional mechanisms of action, 

are summarized in Section 7. These studies have provided extraordinarily potent analogues 

that display especially durable antimicrobial activity.

3. Total Synthesis of Orienticin C Aglycon

3.1 Evans Synthesis

In route to the development of a total synthesis of vancomycin itself, Evans reported the total 

synthesis of the orienticin C aglycon.49,50 This natural product aglycon is nearly identical to 

that found in vancomycin, lacking only the C and E ring aryl chlorides on the aglycon.51 

This difference removes the challenge of controlling two of the three centers of axial or 

planar (atropisomer) chirality found in vancomycin, but addresses the key bonds formed in 

assembling the core structure. Moreover, the late stage intermediates prepared in these 

efforts conceivably could be used to also prepare the vancomycin aglycon.

Key highlights of the route include two biomimetic oxidative cyclization reactions of an 

acyclic tetrapeptide containing the ABCD rings,52–58 a late stage thermal equilibration about 

the AB biaryl center of axial chirality to access the natural atropisomer, along with a final 

stage SNAr diaryl ether macrocyclization reaction for DE ring closure (Figure 3).59,60 They 

additionally utilized the powerful Evans chiral oxazolidone-based imide enolate 

functionalization reactions and aldol methodology to obtain the unnatural amino acid 

subunits with high enantio- and diastereoselectivity.61–64 For details on the preparation of 

the individual unnatural amino acid subunits (e.g. Rings A–E, 7–12), the reader is referred to 

their original reports.49,50

Beginning with the acyclic tetrapeptide 13, thallium(III) nitrate-promoted formation of the 

CD macrocycle with formation of the diaryl ether was accomplished through a modified 
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Yamamura oxidative cyclization55–58 of the CD ring system with subsequent in situ 

reduction of an intermediate p-quinol (Scheme 1). The free phenol of the E ring was 

protected as an acid-stable mesylate, which increased the oxidation potential of ring D 

rendering it unreactive toward the conditions of a subsequent VOF3-mediated oxidative 

biaryl coupling.53,54 Protecting group exchange at the N-terminus, from N-Boc to 

trifluoroacetamide, afforded 14 in 46% overall yield from 13. A second key 

macrocyclization with formation of the AB ring system was accomplished by oxidative 

biaryl coupling of 14 mediated by VOF3 to yield the unnatural atropisomer53,54 15 of the 

bicyclic tetrapeptide that by design also cleaved the B ring benzyl ether. Notably, the 

unnatural AB atropisomer in 15, as well as in the isolated AB ring system, adopts a 

conformation that bears a central trans amide. Conversion of this released phenol to a triflate 

and its reductive cleavage65 was conducted to remove the extraneous B ring phenol 

originally needed for biaryl coupling and that served to control the cyclization 

atropodiastereoselectivity. This latter reaction also unexpectedly debrominated the D ring, 

necessitating re-halogenation in a subsequent step. Next, global demethylation enlisting 

AlBr3–NaI (vs AlCl3, ClCH2CH2Cl) yielded 16 in 88% yield. The natural atropisomer 17 
was obtained by thermal atropisomerization of 16 in MeOH (55 °C) over two days, at which 

time no starting unnatural atropisomer 16 was observed by 1H NMR analysis. The stability 

of the precursor methyl ether towards atropisomerization as well as the thermodynamic 

preference for the (P)-atropisomer of the AB ring system and its preferential adoption of the 

central cis amide were defined both with 16/17 as well as with the isolated AB ring 

system.49,50,53,54 Exhaustive benzylation of the three phenols, reductive removal of the 

trifluoroacetamide with NaBH4, mesylate cleavage with methyl magnesium chloride, and 

Boc protection of the N-terminus amine, followed by regioselective iodination of the D ring 

with NIS afforded 18 in 57% overall yield from 17. Lastly, the ring D free phenol was 

protected as its allyl ether (85%), and the missing D ring phenol required for down-stream 

macrocyclization was installed via lithium–halogen exchange, trapping the resulting anion 

with triethyl borate followed by oxidation (19, 53%).

After Boc deprotection, EDCI-promoted peptide coupling of 21 with the tripeptide 2252 

assembled the heptapeptide framework that contains the E ring in a reaction where 

competitive epimerization has consistently challenged most other efforts (Scheme 2). The 

final DE macrocycle was closed in a SNAr reaction upon treatment with CsF in DMSO at 

room temperature, which provided the product both in high yield (90%) and with a kinetic 

diastereoselection of 7:1 in favor of the natural atropisomer 23. Although this planar 

chirality was removed in subsequent steps for orienticin C, this result demonstrated that, 

unlike the isolated ring system,60 the DE ring system could be closed 

atropodiastereoselectively when attached to the intact ABCD ring system. This had 

important implications for subsequent work on the total synthesis of vancomycin. Reduction 

of the nitro group with Zn and acetic acid followed by formation and in situ reductive 

removal of the diazonium salt yielded 24.66 Notably, initial extensive efforts to implement a 

third biomimetic inspired oxidative cyclization reaction for closure of the DE ring system 

with formation of the diaryl ether, enlisting modifications of the Yamamura protocols, 

provided more modest results (ca. 20% yield). This led Evans to adopt the SNAr 

macrocyclization reaction introduced and developed by Boger60 and Beugelmans.67
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Next, the N-methylamide, which served admirably to prevent C-terminus epimerization 

throughout the total synthesis, was selectively nitrosated with dinitrogen tetraoxide 

(N2O4).68,69 This nitrosated amide could be cleaved under mild conditions with LiOOH, 

unmasking the C-terminus carboxylic acid. The final three steps entailed palladium-

catalyzed deallylation, hydrogenolysis removal of the aryl chlorides as well as the benzyl 

and Ddm groups, and Boc deprotection of the N-terminus amine to afford the orienticin C 

aglycon (27).

4. Total Synthesis of Vancomycin

4.1 Total Synthesis of Vancomycin Aglycon

Vancomycin is a rigid tricyclic heptapeptide with three macrocyclic ring systems embedded 

in the framework, one possessing axial chirality and two containing elements of planar 

chirality. The central phenol of the aglycon is attached to a disaccharide, consisting of 

glucose and vancosamine. Given the complexity of vancomycin, the development of 

synthetic strategies to construct its skeleton attracted many groups, three of which reported 

total syntheses in 1998–1999: David A. Evans, K. C. Nicolaou, and Dale L. Boger. This 

transpired roughly 45 years after its isolation, 40 years after its introduction into the clinic, 

and nearly 25 years after its structure determination. Within this section, the three separate 

reports are discussed and key differences in their strategies are outlined.

4.1.1 Evans Synthesis—The Evans total synthesis of the vancomycin aglycon70,71 was 

based largely on their previous work with orienticin C. The same key disconnections were 

envisioned apart from the disconnection of the CD ring system (Figure 4). Here, the C–O 

bond of the C ring was broken rather than to the D ring C–O bond and its synthetic 

formation now relied on a SNAr diaryl ether bond formation60 rather than a biomimetic 

inspired oxidative cyclization. Major differences are also found within the synthesis of the 

ABCD system where the AB macrocycle was formed first at the tripeptide stage, followed 

by the coupling addition of the D ring and construction of the CD macrocycle. This contrasts 

the efforts on orienticin C,49,50 where the ABCD acyclic tetrapeptide was prepared before 

sequentially closing the macrocycles in the reverse order, forming the CD ring macrocycle 

prior to formation of the AB ring system. Thus, the overarching strategy adopted for the total 

synthesis of the vancomycin aglycon entailed a macrocyclization order in which the AB, CD 

and DE ring systems were sequentially introduced and relied on empirically defined 

substrate control of the kinetic atropodiastereoselectivity of the three key macrocyclization 

reactions. As with orienticin C, the C-terminus carboxylic acid was masked as a N-

methylamide to prevent epimerization at this base-sensitive center.

After Boc deprotection of the ring A precursor 29, attachment of the C ring was achieved by 

EDCI-promoted amide coupling and afforded 31 in 72% yield (Scheme 3). The B ring (30) 

was attached to the AC fragment with EDCI, after a base-mediated ring opening of the 

oxazolidinone and Boc deprotection of the N-terminus amine of 31. After a protecting group 

exchange at the N-terminus amine (trifluoroacetamide for N-Boc), the 12-membered AB 

macrocycle 34 was formed, using VOF3 to mediate an oxidative biaryl coupling of 33 that 

selectively formed the unnatural atropisomer (>95:5). The N-terminus amine of 34 was 
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deprotected with NaHCO3, and the D ring 35 was subsequently attached with HATU–HOAt 

in 65% yield. Silyl ether cleavage of the TBS protected D ring phenol was achieved with 

HF–pyridine to provide 36 in 85% yield. It is noteworthy that the triphenolic D ring was 

orthogonally protected as the O-allyl, O-TBS, and O-Ms derivatives avoiding problematic 

debromination experienced in the total synthesis of orienticin C. The CD ring system and its 

16-membered diaryl ether 37 were formed in a base promoted, room temperature SNAr 

reaction60 between the D ring phenol with the C ring o-nitrofluoroarene in which the 

atropodiastereoselectivity favored the natural atropisomer disposition of the chloro 

substituent in a 5:1 ratio. Remarkably, the cyclization could be achieved even without added 

base at a reasonable rate simply upon dissolution in polar, aprotic solvents (e.g. NMP). Both 

this more reactive chloro substituted C ring precursor 28 as well as the corresponding 

dechloro substrate were examined. The ring closure of the initially examined unsubstituted 

(dechloro) precursor provided a 10:1 atropodiastereoselectivity favoring the unnatural 

disposition of the nitro substituent. That led to the examination of the chloro substituted 

substrate 36 where the nitro group stereochemical disposition still dominated and the 

adoption of a strategy in which the activating nitro group was reductively removed rather 

than additionally serving as a precursor for the chloro substituent. Conversion of the B ring 

phenol to a triflate 37, nitro group reduction, and aniline diazotization/reduction66 followed 

by a Pd-catalyzed hydrogenolysis of the aryl triflate65 and allyl ether cleavage yielded 38 in 

77% over three steps.

Before equilibrating the AB ring system to the natural atropisomer, the D ring phenol was 

converted to a pivalate ester and the N-terminus amine was deprotected and converted to the 

trifluoroacetamide. Lastly, global demethylation of the A and B ring methyl ethers with 

AlBr3–EtSH yielded 41. Upon warming the bicyclic tetrapeptide 41 in MeOH (55 °C), clean 

atropisomerization to the natural P-configuration was achieved, providing 42 in 54% yield 

(in 96 h) from 40.53,54

In preparation for the final peptide coupling, the three phenols were converted to their 

benzyl ethers, the pivalate group was removed and the resulting phenol re-protected as an 

allyl ether, and both the mesylate and trifluoroacetamide protecting groups were removed, 

yielding 43 in 65% over 5 steps.

The final peptide coupling brought together the ABCD tetrapeptide 43 and the acyclic 

tripeptide 44 and was conducted with EDCI, remarkably without detectable epimerization 

(Scheme 4). The final macrocyclization of the 16-membered DE ring system was 

accomplished with a second room temperature SNAr reaction for diaryl ether formation, 

using CsF (DMSO) and providing selective formation of the natural P atropisomer 45 (5:1 

ratio) in high yield (95%).59,60,67 After subsequent reduction of the nitro group to the 

aniline, the diastereomers could be separated by column chromatography. The appropriately 

functionalized E ring 46 was formed through a Sandmeyer substitution reaction upon CuCl 

and CuCl2 treatment of the aniline-derived diazonium tetrafluoroborate salt.72–74 Next, the 

masked C-terminus N-methylamide was nitrosated with dinitrogen tetraoxide (N2O4) and 

subsequently hydrolyzed with LiOOH in 68% yield.68 Despite the potential nitrosation at 

other amide sites, the documented steric effects of such a competitive reaction with amides 

were defined,68,69 aiding in the designed and implemented selectivity first explored in the 
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total synthesis of the orienticin aglycon.49,50 Allyl ether cleavage followed by 

hydrogenolysis cleavage of the benzyl ethers, using transfer hydrogenation conditions (Pd/C 

and 1,4-cyclohexadiene) to avoid dechlorination, afforded 49.75 The final step in the 

conversion to vancomycin aglycon (50) was achieved by acid-catalyzed N-terminus Boc and 

asparagine residue Ddm removal (83%).

The total synthesis of eremomycin aglycon was also disclosed in these efforts although no 

details were reported.70,71 In these efforts, the nitro group of the predominant unnatural 

atropisomer derived from cyclization of the unsubstituted (dechloro) substrate related to 36 
was removed and carried through an analogous synthesis to provide the eremomycin 

aglycon.

4.1.2 Nicolaou Synthesis—Concurrent with the Evans report, Nicolaou published three 

back-to-back papers76–78 describing work culminating in a total synthesis of vancomycin 

aglycon (Figure 5 for retrosynthetic analysis). All three total syntheses are based on 

formation of the linking diaryl ethers in the key CD and DE ring system macrocyclization 

reactions, and Nicolaou developed a new reaction for this bond construction. Through a 

triazene appended to the D ring with o,o’-dibromo substitution, copper bromide successfully 

promoted a metal-activated SNAr reaction for both CD and DE diaryl ether formation.79 An 

additional difference from the Evans approach was the use of the Sharpless asymmetric 

dihydroxylation80 reaction to access the individual subunits with the required absolute 

stereochemistry in the A, D and E rings, along with use of a Sharpless asymmetric 

aminohydroxylation81 reaction for asymmetric synthesis of the the C ring subunit. Details on 

the design and development of the methodology involved in the approach can be found in a 

full account of this work.82–84

The chiral benzooxaborolol 54 was coupled with the B ring aryl iodide 55 under Suzuki 

cross-coupling reaction conditions to obtain 58 with modest atropodiastereoselectivity (2:1), 

favoring the desired atropisomer (Scheme 5). A Mitsunobu reaction was used for the 

introduction of an azido group with stereochemical inversion to provide (S)-59 in high yield. 

Attachment of the C ring 51 mediated by EDCI was achieved in 85% yield after hydrolysis 

of the precursor methyl ester. After N-Boc deprotection to afford 61 in 90% yield, the 

central amino acid 52 was coupled to the tripeptide 61 with EDCI to obtain the tetrapeptide 

62 in good yield. Copper bromide activated formation of the 16-membered diaryl ether 

through triazene chelation and promoted the SNAr reaction (MeCN, reflux, 20 min) to 

provide 63 as a separable 1:1 mixture of atropisomers in a combined yield of 60%.79 With 

the monocyclic tetrapeptide in hand, the TBS ether was cleaved with Bu4NF (80%), the 

azido group was reduced with triethylphosphine (71%), and the ethyl ester was hydrolyzed 

with LiOH (68%). The resulting free amine and carboxylic acid were coupled in a 

macrolactamization reaction mediated by FDPP (71%), affording the bicyclic ABCD ring 

system.85,86 Lastly, the ABCD vancomycin ring system 64 was prepared for subsequent 

peptide attachment by TBS protection of the β-hydroxy group and Boc deprotection of the 

N-terminus amine, providing the bicyclic tetrapeptide 66.

After obtaining 53 in high enantio- and diastereopurity in a 4-step synthetic sequence, 53 
was coupled with N-Boc-N-methylleucine (57, EDCI–HOBt) and was followed by ethyl 
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ester hydrolysis with lithium hydroxide to afford 67 (Scheme 6). Next, attachment of the 

Ddm-protected asparagine methyl ester (EDCI–HOAt) gave the tripeptide in 82% yield. 

Subsequent TBS protection of the free alcohol and cleavage of the benzyl ether yielded 68 in 

80% (2 steps). The desired E ring tripeptide was obtained after phenol o-chlorination with 

sulfuryl chloride and hydrolysis of the methyl ester, affording 69 for peptide coupling with 

the ABCD ring system.

The heptapeptide backbone was assembled by coupling 66 and 69 (EDCI–HOAt). Final ring 

closure mediated by copper bromide provided the 16-membered DE ring system 70 in 74% 

(MeCN, reflux, 2 h) as a 1:3 mixture of atropisomers, providing predominantly the 

undesired isomer (Scheme 7). Following protocols disclosed in and central to the efforts of 

Boger,72–74,87 the major undesired isomer was re-equilibrated to a 1:1 mixture of DE ring 

system atropisomers in 1,2-dichlorobenzene under thermal conditions that do not impact the 

AB or CD atropisomer stereochemistry. Repeating this re-equilibration of the unnatural 

atropisomer led to a >90% recycled and recovered yield. The next challenge was the 

conversion of the triazene group to the corresponding phenol. Although the initial report by 

Nicolaou successfully achieved this transformation,78 the conditions presented in Scheme 7 

represent an improved route disclosed shortly thereafter.84 Conversion of the triazene to the 

aryl iodide (NaI, I2, and TMSCl) was followed by formation of the corresponding aryl 

Grignard reagent, its trap with B(OMe)3 and subsequent oxidation to provide 72 in 32% 

yield from 71.

The final stages of the total synthesis involved reductive cleavage of the C-terminus benzyl 

ether (94%), methylation of the D ring free phenol (94%), and stepwise oxidation of the 

primary alcohol to the corresponding carboxylic acid.88,89 Carboxylic acid esterification 

with diazomethane (84%), and TBS ether deprotection followed by global deprotection 

(62%) with AlBr3–EtSH provided vancomycin agylcon (50).

4.1.3 Boger Synthesis—Shortly after the first two reports of the total synthesis of the 

vancomycin aglycon, Boger disclosed a complementary convergent strategy.87,90 In efforts 

leading up to the total synthesis, Boger established that the CD and DE ring systems were 

most effectively closed through formation of the diaryl ether linkage,91 and explored,92–94 

implemented,60,72–74 and improved95 methodology to be used for ring closure of the CD and 

DE ring systems. An effective macrolactamization for closure of the 12-membered biaryl 

AB ring system was also disclosed by Boger, defining subtle features key to its unusual 

success, and an indirect strategy for controlling the three stereochemical elements of 

atropisomerism.72–74,95–98 Thus, two SNAr macrocyclizations of the 16-membered diaryl 

ethers, enlisting phenol nucleophilic substitution reactions of an o-nitrofluoroaromatic, were 

used for sequential CD and DE ring formations.60,72–74 A key macrolactamization reaction 

was employed for cyclization of the AB ring system, and the defined order of CD, AB and 

DE ring closures permitted selective thermal atropisomerism of the newly formed ring 

systems or their intermediate precursors (Figure 6). In addition to any diastereoselection that 

was achieved in the ring closures, this order permitted the recycling of any undesired 

atropisomer for each ring system and provided predictable control of the stereochemistry, 

dependably funneling all synthetic material into the one of eight atropodiastereomers found 

in the natural product. Key to recognition of this order was the establishment of the disparate 
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thermodynamic parameters of atropisomerism: DE ring system Ea = 18.7 kcal/mol, 1:1 

natural-P:M < AB biaryl precursor90 Ea = 25.1 kcal/mol, 3:1 natural-P:M < CD ring system 

Ea = 30.4 kcal/mol, 1:1.1 natural-P:M (Figure 6).72,95–97 Prior to these studies, the 

assumption was that the barrier to isomerization of either the CD or DE ring system 

atropisomers was too large to permit their observation.25

Similarly, the preference for a cis amide bond in the natural atropisomer of the isolated 12-

membered AB ring system was defined. Prior to this work, the assumption was that the 

surrounding CD ring system in vancomycin induced adoption of this cis amide. Given this 

redefined intrinsic preference, it is now thought that it is the rigid AB ring system that 

dominates the conformational properties of the surrounding CD ring system. In contrast, the 

isolated or imbedded unnatural AB atropisomer adopts a conformation that bears a central 

trans amide.

Unlike the Evans synthesis in which the AB, CD, and DE ring systems were sequentially 

assembled, but like that of Nicolaou, the order of ring closures entailed CD, AB, and DE 

macrocyclizations. Two aromatic nucleophilic substitution reactions were used for formation 

of the CD and DE ring system diaryl ethers,60,72–74 and a distinguishing macrolactamization 

reaction was used to close the AB ring system. Unlike the Nicolaou approach, the stage at 

which the axial chirality of AB ring system was introduced permitted adjustment of 

atropisomer stereochemistry within both the CD and AB ring systems.

The absolute stereochemistry within each unnatural amino acid subunit was installed with 

use of the Sharpless asymmetric aminohydroxylation reaction (phenylglycine rings A, B and 

D99), or a diastereoselective Schöllkopf aldol-like addition reaction (β-

hydroxylphenylalanine rings C and E) (Figure 7). Improvements in the synthesis of the E 

ring β-hydroxylphenylalanine, enlisting an asymmetric aldol reaction of a glycine imine 

bearing an α-hydroxypinanone chiral auxiliary, was also later disclosed.100 For details on 

the synthesis of each subunit, the reader is directed to the original reports.90

Peptide coupling of 76 with 80 (EDCI–HOBt) afforded the dipeptide 83 in 81% yield 

(Scheme 8). Boc deprotection of 83 with TBSOTf proceeded in 99% yield and coupling 

with 77 afforded 85. Using improved reaction conditions discussed in Section 7.1, treatment 

of 85 with K2CO3–CaCO3 closed the 16-membered macrocycle (85%) in a key SNAr 

reaction that proceed with little atropodiastereoselectivity (1:1.1, natural-P:M). In this 

reaction, the added CaCO3 served to scavenge the liberated fluoride as insoluble CaF2, 

preventing inadvertent silyl ether deprotection and competitive retro aldol cleavage of intact 

CD ring system. The isolated unnatural M atropisomer was converted to the natural P 
atropisomer upon heating at 140 °C in a solution of o-dichlorobenzene.95 Although this 

equilibration provides in a 1:1 mixture of M and P atropisomers, each atropisomer can be 

isolated and (M)-86 recycled through this procedure, funneling all material into the total 

synthesis. Conversion of the aryl nitro group to the corresponding chloride, achieved by 

nitro group reduction, aniline diazotization, and Sandmeyer substitution, afforded 88 in 89% 

yield.95 The barrier for atropisomer interconversion of the newly installed chloride is higher 

than that of the aryl nitro intermediate 87, further enhancing its stability toward a later 

atropisomer equilibration. A Suzuki reaction introduced the A ring (88%) and enlisted a 

Okano et al. Page 10

Chem Rev. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



powerful ligand-catalyst combination (Pd2(dba)3 and (o-tolyl)3P) to promote an otherwise 

challenging coupling of a hindered, electron-rich aryl bromide with an especially hindered 

aryl boronic acid.101 The kinetic atropodiastereoselectivity was modest (1:1.3 P:M), but 

thermal equilibration converted the material to a mixture preferentially favoring natural 

(P)-89 (3:1, P:M). Separation of the biaryl atropisomers and thermal re-equilibration and 

recycling of unnatural (M)-90 (Ea = 25.1 kcal/mol) under conditions that do not impact the 

preinstalled CD ring system atropisomers (Ea = 30.4 kcal/mol) funneled all material into the 

synthesis of 50. Removal of the TBS group (87%) facilitated subsequent hydrolysis of the 

methyl ester to the carboxylic acid (99%), and Cbz cleavage (99%) afforded 93. Lastly, to 

complete the ABCD ring system, a key macrolactamization was used to form the second 

macrocycle 94 (EDCI) in 62% yield. The C-terminus carboxylic acid was carried through 

this sequence as a MEM-protected hydroxymethyl group. This not only avoided inadvertent 

epimerization throughout the synthesis, but it also improved the macrolactamization 

reaction, which proceeded at both a faster rate and in higher yields than the corresponding 

methyl ester.

After Boc deprotection of the N-terminus amine, tripeptide 96 was coupled to residue 4 with 

EDCI–HOAt in 61% from 94 (Scheme 9). The final 16-membered macrocycle was formed 

in a room temperature nucleophilic aromatic substitution reaction promoted by CsF 

(DMSO), closing the ring with a kinetic atropodiastereoselectivity (8:1) favoring the natural 

P-isomer 97. Conversion of the nitro group to the corresponding aryl chloride afforded 98 in 

60% yield from 97. Bis-TBS protection of the secondary alcohols under neutral conditions 

was conducted with use of N-TBS-N-methyl-trifluoroacetamide to avoid retro-aldol 

cleavage of the CD and DE ring systems. Cleavage of the MEM ether with B-

bromocatecholborane (BCB), followed by stepwise Dess–Martin and Pinnick oxidation of 

the released primary alcohol and esterification of the carboxylic acid provided the methyl 

ester 101. Finally, stepwise nitrile hydration (H2O2, K2CO3, 85%), TBS ether cleavage 

under conditions that avoid competitive retro-aldol reaction of the released secondary 

alcohols (Bu4NF–HOAt, 81%), and global deprotection of the remaining four methyl ethers, 

the methyl ester, and N-terminus Boc group with AlBr3–EtSH (50%) in a single step 

afforded the vancomycin aglycon (50).

4.2 Carbohydrate Introduction

Carbohydrate introduction on the vancomycin aglycon has been accomplished by two 

complementary approaches: (1) chemical glycosylation102–107; and (2) in vitro enzymatic 

glycosylation.108–115 An advantage of the chemical strategy is the broad substrate scope that 

allows use of a variety of modified carbohydrate coupling partners compared to the 

enzymatic glycosylation. The enzymatic reaction has the advantage that it is not necessary to 

protect nucleophilic functionalities in either the aglycon or the sugar, directly provides 

vancomycin in two steps from the fully deprotected aglycon, and avoids the 

chemoselectivity issues of the non-enzymatic means. The stable expression of the 

recombinate enzymes and the commericial or synthetic availability of the UDP-based 

cosubstrates today make the enzymatic glycosylation as scalable as the chemical 

glycosylation. Over the past few decades, base and acid promoted chemical glycosylation 

methods for selective glycosyl bond formation have been developed. However, base-
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mediated SN2 substitution of an anomeric halide is not suitable for use with vancomycin and 

related derivative due to competitive aglycon epimerization. The use of an acid-promoted 

glycosylation eliminates such issues.

4.2.1 Chemical Glycosylation

4.2.1.1 Kahne Synthesis: Kahne developed an approach in which activated glycosyl donors 

are sequentially coupled with the protected aglycon 104 via the acid promoted glycosylation 

strategy.102–104 A C2 ester functional group was used to assist in the selective formation of 

β-glycosyl bond with neighboring group stabilization of the oxonium ion intermediate 105 
and for stereochemical control of the anomeric nucleophilic substitution with an oxygen 

nucleophile (Figure 8).116

Initial model studies with substrates bearing conventional leaving groups such as acetate did 

not provide promising results. To overcome this issue, Kahne pursued the use of sulfoxide 

derivative 108 which could be activated under milder reaction conditions (Scheme 

10).117–119 The sterically hindered base 2,3-di-tert-butyl-4-methylpyridine (DTBMP) was 

used to suppress formation of undesired orthoester by enhancing the nucleophilicity of the 

phenol.120 Addition of BF3·OEt2 minimized formation of the orthoester by promoting its 

rearrangement to the glycoside 110,121 and it also helped suppress Tf2O-mediated 

dehydration of the vancomycin-derived residue 3 carboxamide. Further improvement was 

made by use of a C2 azidobutyrate introduced by Kusumoto122 in place of a conventional 

acyl protecting group such as acetyl (56%) and pivaloyl (50%). Notably, the 4-azidobutyryl 

group can be selectively removed under neutral reaction conditions by treatment with PPh3 

(64%), unlike acyl group removal.

With protocols for the coupling established, glycosylation of the vancomycin aglycon was 

examined (Scheme 11).103 The protected aglycon 113 was prepared from vancomycin 

aglycon using a 6-step protocol. This sequence includes alloc protection of the N-terminus 

amine (40%), temporary protection of the residue 4 phenol as a PMB ether (70%), global 

allylation of the C-terminus carboxylic acid and remaining three phenols (60%), acetylation 

of the secondary alcohols, and cleavage of the PMB ether under acidic conditions (95%). 

The first glycosylation with 114 afforded the intermediate compound and was followed by 

removal of the azidobutyrate with PPh3 to afford the protected pseudoaglycon 115 in 13% 

over 2 steps. Unlike the first glycosylation, the second glycosylation reaction with the 

vancosamine sulfoxide derivative 116 provided the disaccharide without addition of DTBMP 

(60%). Finally, global deprotection with removal of acetyl groups (63%) followed by the 

allyl and alloc groups with PdCl2(PPh3)4–Bu3SnH (78%) afforded vancomycin (1).

4.2.1.2 Nicolaou Synthesis: Nicolaou pursued two chemical glycosylation strategies: (1) 

single step direct introduction of the disaccharide 117, and (2) sequential glycosylation with 

two functionalized sugar coupling partners (118 and 119), as shown in Scheme 12.106,107

The protected glycosylation precursor 120 was prepared from vancomycin aglycon (50) in 4 

steps (Scheme 13). The protection sequence relied on a global TBS protection with excess 

TBSOTf and 2,6-lutidine (72%) followed by methyl ester formation of the C-terminus 

carboxylic acid (92%), N-terminus free amine protection with a Cbz group (91%), and 
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selective cleavage of the central residue TBS ether with KF–Al2O3 (60%).123 The direct 

coupling of the disaccharide 117 with the aglycon 120 occurred stereoselectively upon 

treatment with BF3·OEt2 without the addition of base to afford the fully protected 

vancomycin 121 solely as the β-isomer (70%). This outstanding stereoselectivity was 

rationalized as arising from steric interactions between the aglycon and the disaccharide, 

favoring equatorial disposition of the large aglycon. In the final deprotection steps of 121, E 

ring dechlorination occurred under the conditions required to cleave four benzyl ethers and 

two Cbz groups (H2, Pd/C), and was not satisfactorily avoided even after optimization of the 

reaction conditions or by use of other methods. In contrast, the stepwise glycosylation was 

successfully implemented. The first glycosylation with the alloc-protected glycosyl donor 

125 proceeded smoothly affording the protected pseudoaglycon 126 in good yield (82%) 

accompanied by a minor side product thought to be the α-anomer.124,125 Subsequent 

removal of the alloc group with Pd(PPh3)4–Bu3SnH126 gave the glycosylated precursor 127 
(85%). For the second glycosylation, choice of sugar protecting groups was key and had a 

significant impact on the glycosyl donor and acceptor reactivities. By switching the 

protecting group from a benzyl ether (5%) to an acetate, the protected disaccharide 129 was 

isolated in good yield and good stereoselectivity (84%, α/β = 8/1). Final deprotection, 

requiring TBS ether deprotection (80%), acetate hydrolysis (95%), N-terminus Cbz 

deprotection followed by hydrolysis of the methyl ester (85%, 2 steps), completed the first 

vancomycin total synthesis.

4.2.2 Enzymatic Glycosylation—In the biosynthesis of vancomycin, the carbohydrate 

introduction is achieved by two sequential glycosyltransferase (GtfD and GtfE) catalyzed 

reactions (Scheme 14).36 The latter enzyme, GtfE, is D-glucosyltransferase responsible for 

introduction of the first sugar on both the vancomycin and teicoplanin aglycons where TDP-

glucose 133 serves as the glycosyl donor. GtfB is an analogous glycosyltransferase found in 

a chloroeremomycin producing strain and is able to perform the same function of installing 

the glucose residue on the vancomycin aglycon.

GtfD catalyzes the second glycosylation with the cosubstrate TDP-vancosamine 136 to 

afford vancomycin (Scheme 14). Early in vitro studies with the enzymes were reported by 

Lilly in 1997.113 The first glycosylation was achieved with a variety of NDP-sugar 

derivatives using Gtf’E (mutant GtfE; single amino acid mutation from serine to proline) and 

GtfB obtained from Amycolatopsis orientalis, which were expressed in E. coli. With use of 

the cell extracts containing the expressed enzymes, it was found that readily accessible and 

commercially available UDP-glucose (134) can be utilized as an alternative cosubstrate, 

displaying an indistinguishable glycosylation ability.

4.2.2.1 Walsh Synthesis: Walsh characterized the enzymatic activity of GtfB, D, and E that 

were obtained through subcloning from Amycolatopsis orientalis, heterologous expression 

and purification to homogeneity from E. coli.108,109 The GtfE reaction with vancomycin 

aglycon (50) and UDP-glucose 134 was carried out through incubation with 75 mM tricine 

(pH 9), 2.5 mM tris-(2-carboxyethyl)-phosphine (TCEP), and 1 mg/mL BSA to afford the 

pseudoaglycon 135 on an analytical scale in which the product formation was established 

and quantified by HPLC analysis.127 Consistent with previous results disclosed by Lilly with 
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cell extracts, GtfB displayed the same level of the enzymatic reactivity in this first 

glycosylation. It was also demonstrated that both UDP-glucose and TDP-glucose can be 

used as a cosubstrate.127

The second GtfD-catalyzed glycosylation of vancomycin pseudoaglycon 135 with synthetic 

TDP-vancosamine 136 was carried out in 75 mM tricine (pH 9), 2.5 mM tris-(2-

carboxyethyl)-phosphine (TCEP), 2 mM MgCl2, 1 mg/mL BSA to afford vancomycin (1). 

Unlike the first GtfE-catalyzed reaction, the second glycosylation is rapid and complete 

within 1.5 h.

After Walsh disclosed the enzymatic synthesis of vancomycin from the aglycon, Wong 

reported a one-pot glycosylation for introduction of the first sugar by using D-

glucopyranosyl-1-phosphate 138 as a UDP-glucose precursor (Scheme 15).111 This method 

allows in situ generation of the UDP-glucose 134 from the glucose monophosphate 138. The 

one-pot sequence starts with coupling uridine 5′-triphosphate (UTP) and glucose phosphate 

138 catalyzed by thymidyltransferase (Ep) to afford UDP-glucose 134. This UDP-glucose 

can be then utilized as a cosubstrate for the glycosylation of vancomycin aglycon (50) to 

produce the pseudoaglycon 135 with release of uridine 5′-diphosphate (UDP). Finally, the 

catalytic cycle is completed by transforming UDP to UTP catalyzed by pyruvate kinase (PK) 

in the presence of phosphoenolpyruvate (PEP).

4.2.2.2 Boger Synthesis: Recently, Boger disclosed elegant total syntheses of two pocket 

modified vancomycin aglycons designed to address the threat of vancomycin resistance to 

glycopeptide antibiotics, which are detailed in Sections 7.2 and 7.3. In the course of these 

studies, the use of enzymatic glycosylations was pursued to install the carbohydrate on the 

redesigned vancomycin aglycons. Although GtfE and GtfD catalyzed glycosylations with a 

variety of modified sugar derivatives had been reported, there was no report at the time that 

utilized an aglycon containing deep-seated changes and none that used the approach on a 

preparative scale.

Conditions for both glycosylation reactions were established for use on a preparative scale 

and key elements of the aglycon scope for participation in the reactions were examined.128 

The first GtfE catalyzed glycosylation was achieved by a blend of conditions detailed by 

Walsh and Wong and provided the pseudoaglycon 135 in good yield (92%, 2.0 mg scale); 

0.5 mM aglycon, commercial 2 mM UDP-glucose, 5 μM GtfE, 75 mM tricine (pH 9.0), 2.0 

mM TCEP, 1 mM MgCl2, 0.2 mg/mL BSA, glycerol (5% v/v), 37 °C, 42 h. The GtfD 

catalyzed glycosylation was performed with synthetic UDP-vancosamine, which was 

prepared by adapting a previously reported synthetic procedure disclosed by Kahne.129 This 

GtfD reaction did not require significant changes to the Walsh reaction conditions108,109 and 

afforded vancomycin (1) in good yield (87%, 1.5 mg scale); 0.5 mM pseudoaglycon, 2.0 

mM UDP-vancosamine, 5.0 μM GtfD, 75 mM tricine (pH 9.0), 2.0 mM TCEP, BSA (0.2 

mg/mL) 1.0 mM MgCl2, glycerol (10% v/v), 37 °C, 2 h. Importantly, although the 

endogenous glycosyl donors for both enzymes are the TDP-sugars, the commercially 

available (134) or synthetic (137) UDP-sugars displayed the same level of reactivity. The 

availability of the recombinant enzymes and the synthetic UDP-sugars are such that this 

two-step introduction of the carbohydrate can be scaled by as much as 100-fold over that 
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reported for use in academic labs and even larger for production purposes. Its 

implementation by Boger completed a second total synthesis of vancomycin,128 culminating 

with a two-step, sequential enzymatic catalyzed glycosylation of the fully functionalized and 

unprotected vancomycin aglycon (Scheme 16).

5. Total Synthesis of Teicoplanin Aglycon

Isolated from Actinoplanes teicomyceticus (ATCC 31121) in 1978,130,131 teicoplanin132,133 

is one of the more complex glycopeptide antibiotics related to vancomycin.3,4,29,30,134 Like 

vancomycin, it is a drug utilized in the clinic when resistant bacterial infections are 

encountered or for patients allergic to β-lactam antibiotics. Additional attributes compared to 

vancomycin include a 2–8 fold increased potency, a lower toxicological profile,135–137 a 

longer half-life in patients (40 vs 6 h),135–137 lower patient pharmacokinetic variability, and 

it may be administered as a single daily dose either IV or intramuscularly, making it suitable 

for outpatient therapy.138,139 Although teicoplanin is an approved drug in Europe, Japan, and 

several other countries sold under the name Targocid,140–142 it is not approved for use in the 

U.S..

The first total synthesis of the teicoplanin aglycon was reported in 2000 by Boger143 and 

shortly thereafter, a second generation strategy144 was disclosed (Figure 9). The teicoplanin 

ABCD ring system is identical in structure and stereochemistry to vancomycin. 

Additionally, the CDE atropisomer stereochemistry is identical. Key differences include the 

lack of a β-hydroxy group on the teicoplanin E ring phenylalanine and the presence of an 

additional FG ring system. As such, it represents a structurally and stereochemically more 

complex tetracyclic glycopeptide antibiotic aglycon than vancomycin. Both Boger and 

Evans disclosed total syntheses and enlisted approaches in which the teicoplanin EFG ring 

system was appended onto their preexisting (vancomycin) ABCD ring systems, permitting 

the late stage divergent total synthesis of both natural products from a common intermediate. 

The discussion that follows summarizes the first and second generation total synthesis 

reported by the Boger, followed by a summary of the later Evans total synthesis.

5.1 Boger Synthesis

The first and second generation total synthesis disclosed by Boger both enlisted synthesis of 

the same E, F and G ring subunits. The absolute stereochemistry found in the E ring (139) 

subunit was obtained through use of a cuprate-mediated Schöllkopf asymmetric 

alkylation145 of the respective 4-fluoro-3-nitrobenzyl bromide. For rings F (140) and G 

(141), the absolute stereochemistry of the phenylglycines was introduced through Sharpless 

asymmetric aminohydroxylation of their respective styrene precursors.146 The distinction in 

the two approaches was the order and timing of the closure of the DE and FG ring systems. 

Because of the facile residue 3 (F ring) phenylglycine epimerization observed within the 

confines of the teicoplanin FG ring system that provides the unnatural diastereomer (1% aq. 

NaHCO3, 80 °C; >95:5 unnatural R:S),147 the more conservative first generation total 

synthesis closed this ring system last. In addition, the FG diaryl ether was formed with 

acyclic phenylglycinol substrates incapable of epimerization. Thus, the F and G rings were 

coupled via a room temperature intermolecular SNAr reaction to provide 142 (70%), and 
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was followed by conversion of the activating nitro group to the requisite aryl methyl ether 

145 (Scheme 17). After benzyl ether protection of the primary alcohol (91%), MEM ether 

cleavage, and hydrolysis of the trifluoroacetamide (96%), the linear EFG fragment 147 was 

obtained by peptide coupling of 141 and 146 (89%). Sequential Dess–Martin and Pinnick 

oxidation of the primary alcohol yielded 148 (86%), completing the synthesis of the 

precursor EFG fragment and allowing attachment of the free carboxylic acid to the ABCD 

ring system.

The coupling of the ABCD ring system 96 and EFG tripeptide precursor 148 was effected 

by DEPBT148 (83%) without competitive epimerization (Scheme 18). In contrast to DEPBT, 

typical coupling reagents provided near 1:1 mixtures of epimers in this especially 

challenging coupling reaction. Room temperature macrocyclization upon treatment with CsF 

(DMSO) provided 149 in excellent yield (80%) and good atropodiastereoselecitivity (3:1), 

favoring the natural P-atropisomer. The second generation total synthesis improved this 

atropodiastereoselectivity (18:1).

Concurrent with cyclization, the N-terminus Teoc group was also cleaved. Subsequent TBS 

ether protection of the secondary alcohol (89%) followed by Troc protection of the primary 

amine (93%) proceeded smoothly to afford 151. Single step, O-debenzylation and reduction 

of the aryl nitro group to the aniline was affected by treatment with H2 and Pd/C. This was 

conducted under specially designed conditions (1% Cl3CCO2H–MeOH) that accelerated the 

sluggish benzyl ether hydrogenolysis and avoided competitive Troc dechlorination. Aniline 

diazotization and Sandmeyer substitution with CuCl2–CuCl yielded the fully functionalized 

E ring and set the stage for FG ring closure. Stepwise oxidation of the primary alcohol 152 
to the carboxylic acid 153 (74%), N-Troc deprotection (89%), and macrolactamization with 

PyBop provided 155 (66%) with closure of the 14-membered FG ring system. Lastly, the C-

terminus was converted to the free carboxylic acid, and a global deprotection (48%) effected 

by treatment of 157 with AlBr3–EtSH served to cleave the six methyl ethers, the TBS ether, 

and the N-Boc group and completed the first total synthesis of the teicoplanin aglycon (158).

Shortly following the initial disclosure, a second generation total synthesis of teicoplanin 

aglycon was published by Boger144 that proved to be more convergent, eliminating 4 steps 

from the longest linear sequence, and proceeded with a much higher kinetic 

atropodiastereoselectivity (18:1 vs 3:1) for closure of the DE ring system. This was 

accomplished by altering the order of the ring closures such that the FG macrolactamization 

(95%) preceded coupling of EFG tripeptide to the ABCD ring system and subsequent DE 

ring closure. This latter SNAr macrocyclization with diaryl ether formation proceed with 

high diastereoselection (18:1, 76%) without competitive racemization, provided tempered 

reaction conditions were used.

From intermediate 145, PyBop promoted coupling of the E ring subunit 139 with 159 after 

deprotection of the trifluoroacetamide provided 160 (Scheme 19). Stepwise oxidation of the 

primary alcohol to the carboxylic acid 161 (81%) followed by Teoc deprotection afforded 

162 (87%). Macrolactamization of the 14-membered FG ring system with PyBop afforded 

163 in excellent yield (95%). In preparation for the attachment to the ABCD ring system, 
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MEM ether cleavage, followed by stepwise oxidation of the released primary alcohol 

afforded the necessary carboxylic acid 165 of the EFG fragment.

With the two major subunits of the structural framework of teicoplanin in hand, amide bond 

coupling promoted by DEPBT148 afforded the heptapeptide backbone of teicoplanin in 72% 

yield without competitive epimerization even for this challenging reaction (Scheme 20). This 

set the stage for the key SNAr reaction with formation of the last macrocycle. While the first 

generation total synthesis of teicoplanin aglycon was designed to avoid epimerization by not 

incorporating a rigid FG macrocycle prior to formation of the DE ring system, suppression 

of competitive epimerization proved possible. Although CsF-promoted macrocyclization 

under conventional reaction conditions (25 °C, DMSO) was not especially productive, 

affording 160 in low yields (23–37%) along with numerous epimeric or degradation 

products, the use of tempered reaction conditions (10 °C, DMF) provided 160 in high yield 

(76%) as essentially a single diastereomer (>10:1, ca. 18:1) with little or no competitive 

epimerization. The key macrocyclization proceeded with greater ease and with a much 

higher atropodiastereoselectivity with the intact FG ring system installed in the cyclization 

substrate. This contrasts with the more modest diastereoselectivity observed with 149, 

bearing the intact ABCD ring system without the intact FG ring system (3:1) and the 

nonselective closure of the isolated teicoplanin DE ring system (1:1–3). Conversion of the 

nitro group to the corresponding chloride by reduction, aniline diazotization, and Sandmeyer 

substitution, followed by protection of the secondary alcohol as its TBS ether provided 168, 

junctioning with a late stage intermediate in the first generation total synthesis. During these 

studies, the fully functionalized monocyclic FG and DEF ring systems and the bicyclic 

DEFG ring systems were prepared.143,144,149 The isolated FG ring systems was found to 

adopt a single rigid solution conformation consistent with that found in teicoplanin. 

Atropisomerization of the teicoplanin DE ring system proved nearly identical to that of the 

vancomycin DE ring system, proceeding at comparable rates and with no thermodynamic 

atropisomer preference (P vs M). Most remarkable was the observation that the 16-

membered vancomycin and teicoplanin DE ring systems isomerize at similar rates regardless 

of the presence of the FG ring system. Both equilibrate much more readily than the 16-

membered CD ring system even in the absence of the confines of the AB ring system and 

both can be preferentially equilibrated in the presence of the ABCD ring system.96,97,150

5.2 Evans Synthesis

Shortly after the disclosure of both the first and second generation total synthesis of 

teicoplanin aglycon by Boger, Evans disclosed a route similar to the Boger second 

generation total synthesis with notable distinctions (Figure 10).151 The EFG subunit 

outfitted with an E ring 4-fluoro-3-nitrophenylalanine for SNAr DE ring closure and 

complete with the macrocyclic FG ring system intact also served as the key advanced 

intermediate. In the Evans approach, the FG biaryl ether was installed by a Cu(II)-mediated 

phenol coupling with an aryl boronic acid152,153 and the macrolactamization with closure of 

the FG ring system was conducted at a different amide site. An additional important 

difference was that the amino acid subunits were incorporated at the correct carboxylic acid 

oxidation state during the entirety of the synthesis of the EFG fragment, enlisting N-
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methylamide protection from competitive epimerization that was subject to selective 

cleavage to the corresponding carboxylic acid when and as needed.

The construction of the E ring 169 was achieved through an asymmetric rhodium-catalyzed 

hydrogenation of methyl (Z)-2-acetamido-3-(4-fluoro-3-nitrophenyl) acrylate,154 whereas 

the F ring 170 was prepared as an aryl boronic acid from the respective aryl bromide.

The appropriately protected E and G amino acid subunits were coupled with EDCI. After 

amine protecting group exchange (N-Boc to trifluoroacetamide),155 the FG diaryl ether was 

formed through a Cu(OAc)2-mediated coupling of phenol 175 with the arylboronic acid 170, 

affording 176 in 80% yield (Scheme 21). The 14-membered macrocycle was formed upon 

macrolactamization with HATU after hydrolysis of the methyl ester and Boc removal. 

Lastly, the C-terminus N-methylamide was hydrolyzed to the corresponding carboxylic acid 

180 upon selective nitrosation (N2O4, 0 °C) and mild nitrosamide hydrolysis (2:1 DMF–

H2O, 60 °C) in the absence of added base.

With the EFG ring system in hand, this fragment was coupled to the ABCD ring system with 

adoption of the DEPBT-mediated reaction conditions143,144 used by Boger to provide the 

product in good yield without epimerization (Scheme 22). Closure of the DE ring system 

with 16-membered diaryl ether formation was effected by treatment with CsF to promote the 

intramolecular nucleophilic aromatic substitution reaction, using the tempered reaction 

conditions (DMF, 10 °C) disclosed by Boger and providing 182 in 75% yield with high 

(>15:1) atropodiastereoselectivity. Reduction of the E ring nitro group to the aniline, 

diazotization, and Sandmeyer reaction with CuCl and CuCl2 installed the E ring chloro 

substituent (183). Lastly, hydrolysis of the C-terminus N-methylamide upon successive 

nitrosation (N2O4, 0 °C) and a pH neutral hydrolysis, followed by global demethylation and 

trifluoroacetamide cleavage provided teicoplanin aglycon (158).

6. Total Synthesis of Ristocetin A Aglycon

A ristocetin complex, Spontin containing both ristocetin A and B, was reported in 1956. It 

was isolated from Amycolatopsis orientalis subs. Lurida, collected in 1951 in Colorado 

Springs, CO, by Abbott Laboratories.156 Shortly following this initial disclosure, the 

complex was introduced into the clinic in 1957. Reports of incidents of patient mortality 

forced this antibiotic to be pulled from the market after two years of clinical use.157,158 A 

common link was identified where patients missing a platelet factor, those with von 

Willebrand’s disease, suffered platelet aggregation, attributing to the deaths.159–161 As a 

result, ristocetin A aggregation of patient platelet in drawn blood samples is used today to 

diagnosis this disease and to detect abnormalities in this protein.162–164 Later, studies 

identified an aspect of the ristocetin structure that could be easily removed through selective 

enzymatic cleavage of rhamnose, which eliminated the induced platelet aggregation in 
vivo.165

Nearly 30 years after its isolation and based largely on the spectroscopic studies of Williams, 

the structure of ristocetin A (4) was elucidated by Harris in 1982 and confirmed by 

others.166–168 Among the family of vancomycin related glycopeptides, ristocetin A uniquely 
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contains a tetrasaccharide bound to the central aryl subunit that is composed of arabinose, 

mannose, glucose, and rhamnose. Due to the presence of this tetrasaccharide, ristocetin A 

has the weakest dimerization constant compared to other glycopeptides when bound to a cell 

wall precursor substrate.169 Like vancomycin, ristocetin A also was the only other 

glycopeptide within this family to receive FDA approval in the U.S. without further 

modification of the natural product. Since then, and with the clinical withdrawal of ristocetin 

A, focus shifted to semisynthetic means for its antimicrobial improvement. Notably, 

ristocetin A aglycon is slightly more active than ristocetin A itself, free of platelet 

aggregation activity, and emerged as an entry point for such semisynthetic antibiotic 

development.

6.1 Boger Synthesis

Given the importance of the glycopeptides, the total synthesis of ristocetin A aglycon was 

undertaken by Boger and reported in 2004.100 The total synthesis of the ristocetin A 

aglycon, which constitutes a tetracyclic aglycon similar to teicoplanin, was heavily 

influenced by the second generation teicoplanin total synthesis previously discussed 

(Scheme 17–20).144 In contrast to teicoplanin, (1) both the CD and DE rings of ristocetin no 

longer possess elements of planar chirality, lacking the aryl chlorides and simplifying the 

synthetic challenges. Ristocetin also incorporates (2) a β-hydroxy group on the E ring 

phenylalanine, (3) a methyl substituent on the F ring, and (4) a C-terminus capped as the 

methyl ester in place of a free carboxylic acid. Thus, the aglycon was prepared in a highly 

convergent approach from 185 and 186 representing the intact ABCD ring system and the 

EFG subunit complete with the preformed FG ring system (Figure 11). DE ring closure by a 

nucleophilic aromatic substitution reaction would not only introduce the diaryl ether linkage 

but also complete the assemblage of the tetracyclic ring system. The key DE ring closure 

was anticipated to benefit from preorganization of the substrate, resulting in closure under 

conditions much milder than those required of vancomycin and with a higher 

atropodiastereoselectivity. Offsetting this advantage is the propensity for epimerization 

under even mildly basic conditions which might have precluded implementation of this 

approach.

In turn, the ABCD ring system was prepared through sequential CD and AB ring closures 

analogous to the efforts on vancomycin. Control of the CD atropisomer stereochemistry is 

not an issue with ristocetin by virtue of its lack of a C ring aryl chloride rendering the 

diastereoselectivity of the diaryl ether macrocyclization unimportant. Thus, the 

stereochemical issue associated with this approach simplified to the control of the AB 

atropisomer stereochemistry. This could be effectively addressed with an anticipated 

thermodynamic preference for the natural stereochemistry (ca. 3:1) and easily adjusted on 

the biaryl precursor preceding AB macrolactamization.

Given the similarity between the total synthesis of ristocetin aglycon and the second 

generation total synthesis of teicoplanin aglycon, the reader can refer to both Section 5.1 and 

the disclosed report by Boger for full details.100 The diaryl ether that links the FG ring of the 

EFG macrocycle was prepared from the appropriately substituted F ring 187 and G ring 141 
through an intermolecular SNAr reaction, using NaH and affording 188 in 69% yield 
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(Scheme 23). Although this substitution reaction could be effected with K2CO3 in the total 

synthesis of teicoplanin, its use resulted in low yields for 188 (20–30%) due to the increased 

steric hindrance of the F ring methyl substituent. The nitro group on the G ring was 

transformed to the corresponding methoxy group, yielding 191. After deprotection of the 

amine, the peptide bond between the FG fragment and the E ring was formed with HATU, 

which suppressed epimerization observed with other peptide coupling reagents. Notably, the 

synthesis of the E ring subunit was improved relative to that originally introduced with 

vancomycin through use of a diastereoselective anti-aldol reaction (94% de) of a glycine 

imine bearing an α-hydroxypinanone chiral auxiliary (94% ee).170 Stepwise oxidation 

(Dess–Martin and Pinnick) of the primary alcohol and Teoc deprotection primed 

intermediate 196 for subsequent macrolactamization with PyBop, closing the 14-membered 

EFG ring system and providing 197 in superb yield (92%). Silyl ether protection of the β-

hydroxy group (96%), followed by MEM ether cleavage and reintroduction of the N-Boc 

group (86%), and finally Jones oxidation of the primary alcohol (79%) completed synthesis 

of the EFG ring fragment 186.

The cyclic tripeptide 86, representing the CD ring system, was synthesized as previously 

discussed in Section 4.1.3. However, it is worth highlighting that the preparation of the C 

ring subunit was improved through use of a Schöllkopf171 aldol-type addition of the 

transmetalated Zr anion,95 leading to excellent control of not only the α-amino acid 

stereochemistry (>99:1), but also the β-hydroxy diastereoselectivity (5:1). Removal of the 

nitro group over two steps afforded 200 (77%), and Suzuki–Miyaura cross-coupling with the 

A ring provided 201 with nonselective formation of the biaryl axial chirality (Scheme 24). 

Thermal equilibration of the post-coupling mixture afforded a 3:1 (P:M) ratio in favor of the 

natural atropisomer (P)-201. The minor unnatural atropisomer was recycled by subjection to 

thermal equilibration in o-dichlorobenzene at 130 °C, regenerating the 3:1 (P:M) mixture 

and funneling all material into the synthesis. TBS deprotection of the natural atropisomer 

(P)-201 with Bu4NF (95%), methyl ester hydrolysis with LiOH (96%), and Cbz 

hydrogenolysis with H2–Pd/C yielded 204 (98%). Macrolactamization with EDCI closed the 

12-membered AB macrocycle in 51% yield. Lastly, removal of the Boc group without 

affecting the MEM ether afforded the ristocetin A ABCD ring system 206.

The EFG and ABCD ring systems were coupled with DEPBT148 (Scheme 25), which after 

extensive exploration was determined to be the reagent of choice for minimizing 

epimerization, affording the product in excellent diastereoselectivity (>10:1). The DE ring 

closure was promoted by CsF in DMF, yielding the desired product 207 in exceptional yield 

(>95%) and excellent atropodiastereoselectivity (>15:1). Additionally, like teicoplanin, no 

epimerization was observed. The remaining steps and conditions are nearly identical to those 

developed in the second generation total synthesis of teicoplanin. Reduction of the nitro 

group, aniline diazotization, and in situ reduction provided 208 (79%). Protection of the 

secondary alcohols, MEM deprotection, and oxidation of the released C-terminus alcohol to 

the carboxylic acid followed by esterification afforded 211. Next, global deprotection with 

AlBr3–EtSH with removal of the six methyl ethers and cleavage of the methyl ester, two 

TBS ethers, and the terminal N-Boc group (10 protecting groups) provided 212 in 

remarkably high yield (78%). Finally, the Boc group was reintroduced on the N-terminus 
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(91%), and was followed by selective methylation of the carboxylic acid (93%), and acid-

catalyzed Boc removal (98%) to afford ristocetin A aglycon (215).

7. Total Syntheses of Residue 4 Modified Vancomycins and Key Derivatives

7.1 [Φ[CH2NH]Tpg4]Vancomycin Aglycon

Boger extended his group’s efforts to the total synthesis of novel redesigned vancomycin 

analogues with the ambitious goal of addressing vancomycin resistant bacterial infections. 

The elaborate mechanism of resistance orchestrates a simple one atom change in bacteria 

cell wall precursors that significantly reduces both the binding affinity of vancomycin for its 

target and its antimicrobial activity 1000-fold.48 Boger began the studies by defining the 

origin of this loss in binding affinity by partitioning it into: (1) the loss of a H-bond, and (2) 

introduction of a destabilizing lone pair/lone pair repulsion between the vancomycin residue 

4 amide carbonyl oxygen and the lactate ester oxygen (Figure 12).172

The binding studies were carried out with vancomycin and the model ligands 216–218. This 

included the ketone ligand 217, containing a linking methylene which lacks a lone pair and 

is incapable of H-bonding. These studies revealed that it is the destabilizing electrostatic 

repulsion (100-fold), more so than the H-bond (10-fold), that is responsible for the 1000-fold 

loss in binding affinity. This has significant ramifications on the redesign of vancomycin for 

treatment of vancomycin resistant bacteria, indicating that simply removing the destabilizing 

lone pair/lone pair interaction without reengineering a reverse H-bond could improve affinity 

and activity by as much as 100-fold. As a result and in initial studies, a binding pocket 

modification in the vancomycin core that replaced the residue 4/5 amide carbonyl with an 

aminomethylene linkage was targeted to remove the destabilizing lone pair interactions.173 

More subtly, such a modification provides the antibiotic with balanced dual ligand binding 

capabilities needed for vancomycin resistant organisms (D-Ala-D-Ala and D-Ala-D-Lac), 

while maintaining its ability to bind D-Ala-D-Ala required for vancomycin sensitive 

bacteria.

The plan for the synthesis the aminomethylene analogue 219 was based largely on the route 

implemented in the vancomycin aglycon total synthesis,90 albeit with improvements as 

shown in Figure 13.173 Key elements of the approach include synthesis of the modified 

vancomycin ABCD ring system featuring a reductive amination for installation of the amide 

modification, the first of two diaryl ether closures for formation of the modified CD ring 

system (76%, 2.5–3.1 kinetic atropodiastereoselectivity), a Suzuki coupling for installation 

of the hindered AB biaryl bond (90%) on which the atropisomer stereochemistry could be 

thermally adjusted, and a macrolactamization closure of the AB ring system (70%). 

Subsequent DE ring system introduction enlisted a room temperature aromatic nucleophilic 

substitution reaction for formation of the remaining diaryl ether (86%, 6–7:1 kinetic 

atropodiastereoselectivity), completing the carbon skeleton of 219. The methyl carbamate 

was selected as the protecting group for the aminomethylene group, which was tolerant of 

all chemical transformations throughout the total synthesis, yet capable of removal in the 

final global deprotection step with AlBr3–EtSH. Moreover, the relatively small carbamate 

protecting group minimized any undesired steric features that might have effected the CD 

and AB ring closures. Finally, and despite the apparent flexibility introduced into the CD 
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ring system by removal of the amide, the recognition that the rigid AB ring system complete 

with its cis amide controls the conformation of the surrounding CD ring system insured that 

the ABCD ring system as well as the final analogue 219 would adopt an overall 

conformation analogous to that of vancomycin.

The synthesis started with a reductive amination of aldehyde 222 with free amine 221 to 

produce 223 in good yield (75%) and in excellent diastereoselectivity (12:1) in spite of ease 

of epimerization of 222 or the intermediate imine (Scheme 26). Subsequent methyl 

carbamate protection of the secondary amine (85%), followed by benzyl ether deprotection 

upon treatment with Raney Ni (98%), and hydrolysis of the methyl ester afforded 224 
(>99%). Peptide coupling of 76 with 224 effected by DEPBT148 (70%, dr = 14:1) preceded 

a base-mediated (K2CO3–CaCO3) SNAr cyclization to provide the CD ring system 226 in 

good yield (76%) and in good kinetic atropodiastereoselectivity (2.5–3:1, P:M). Reduction 

of the nitro group followed by aniline diazotization and Sandmeyer substitution afforded the 

aryl chloride 227 (70%). The same key aryl chloride 227 was also prepared in later efforts 

from thioamide 246, which was synthesized in studies culminating in the total synthesis of 

the residue 4 thioamide of vancomycin aglycon (see Section 7.2). Reduction of the 

thioamide with H2, Ra–Ni in the presence of formamidine acetate gave 228 while 

suppressing aryl dechlorination (60%). Methyl carbamate protection of the amine (91%) and 

selective cleavage of the phenol TBS ether also gave 227 in good yield (95%).

Suzuki coupling of 227 with the boronic acid 79 provided the biaryl atropisomers in a 

separable 1:1.3 ratio (90%) (Scheme 27). Thermal re-equilibration of the unnatural M-

atropisomer upon simple heating provided a 1:1.1 separable atropisomer mixture, permitting 

the recycling of all material into the synthesis. TBS ether deprotection (80%), Cbz 

deprotection (95%), followed by methyl ester saponification (96%), and macrolactamization 

closure of the AB ring system with PyBop (70%) completed the synthesis of the modified 

ABCD ring system. Deprotection of the N-terminus Boc group by treatment with HCO2H 

provided the free amine 235 in good yield (84%).

The final peptide coupling of the ABCD ring system 235 and the E ring tripeptide 96 was 

carried out with DEPBT148 to afford the heptapeptide in good yield (73%) with excellent 

diastereoselectivity (12:1), suffering little competitive racemization (Scheme 28). 

Subsequent ring closure of the DE ring system was achieved by SNAr cyclization that 

proceeded under milder reaction conditions (CsF–CaCO3, 25 °C, DMF) than those disclosed 

for vancomycin and provided 236 in good yield (74%) and good atropodiastereoselectivity 

(6–7:1). To further improve the efficiency of the approach, focused efforts were made to 

optimize the E ring chloride introduction and the final global deprotection steps. Reduction 

of the aryl nitro group with zinc nanoparticles resulted in a rapid conversion (30 min) to the 

aniline compared to the previously reported conditions (H2, Pd/C, 12 h). The subsequent 

diazonium salt formation and Sandmeyer substitution reaction for chloride introduction were 

carried out under improved conditions minimizing reduction (dechlorination) by changing 

the solvent ratio (CH3CN/H2O) and lowering the reaction temperature (–35 °C) to afford the 

aryl chloride 237. Next, 237 was subjected to TBS ether protection of both secondary 

alcohols with CF3CONMeTBS to produce the TBS protected aryl chloride 238 in improved 

overall conversions (55–60% over 3 steps). MEM ether deprotection (80%) and a two-step 
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oxidation of the released primary alcohol provided the C-terminus carboxylic acid (80%), 

and was followed by hydration of the nitrile to afford the primary carboxamide 241 (87%). 

The final global deprotection, promoting the removal of four aryl methyl ethers, two TBS 

ethers, the N-Boc group, and the methyl carbamate, was carried out with AlBr3–EtSH at a 

defined reaction concentration (0.1 M) to produce [Φ[CH2NH]Tpg4]vancomycin aglycon 

(242) in excellent yield (80%). When the global deprotection was conducted at more dilute 

reaction concentrations (0.01 M vs 0.1 M), only partial cleavage of the E ring TBS ether was 

observed.

7.2 [Φ[C(=S)NH]Tpg4]Vancomycin and [Φ[C(=NH)NH]Tpg4] Vancomycin Aglycons

Based on the initial success of a binding pocket modification of vancomycin aglycon, Boger 

explored additional vancomycin analogues with the potential of displaying greater activity 

by introduction of a residue 4 amidine (Figure 14).174,175 Importantly, the amidine 243 was 

found to display dual binding affinity toward both the wild type dipeptide (D-Ala-D-Ala) 

and the modified resistant dipeptide (D-Ala-D-Lac), where the amidine serves as both a H-

bond donor to reinstate the lost H-bond with the altered ligand, while maintaining the ability 

to serve as a H-bond acceptor toward the wild type cell wall peptidoglycan dipeptide.

At the time of the work, there was no precedent on which to base the expected results and, 

even today, reports of the use of an amidine as an amide isostere in cyclic peptides are 

limited.176–178 Thus, the binding behavior of the amidine in 243 was not clear and it was not 

evident whether the ester oxygen of D-Ala-D-Lac could serve as a H-bond acceptor, or 

whether the amidine,179 typically protonated under physiological conditions, could act as the 

H-bond acceptor for binding D-Ala-D-Ala. As a result, and even though it was perhaps the 

most important modification to examine, it was not the first binding pocket modified 

vancomycin analogue pursued by Boger.

The overall synthetic strategy envisioned for 243 relied on the synthetic route developed for 

the total synthesis of vancomycin aglycon (50)90 and subsequently adopted for the 

aminomethylene vancomycin aglycon 242 (Figure 15).173 Key to its synthesis, a residue 4 

thioamide was chosen to serve as a masked precursor to be converted to the amidine in a 

final step and conducted on a fully functionalized and deprotected vancomycin aglycon. By 

design, this approach permits the divergent synthesis of additional pocket modified 

vancomycin analogs from a common late stage intermediate, including substituted 

amidines180 and the aminomethylene derivative 242. Its implementation required 

development of a new reaction for such a direct single step amidine formation on substrates 

only soluble in protic solvents. At the time of the work, it was established empirically that 

introduction of the residue 4 thioamide could only be introduced effectively on the early 

stage synthetic intermediate 88, introducing a host of challenges for the ensuing total 

synthesis and requiring notable alterations in the approach.

The total synthesis started with preparation of cyclic tetrapeptide 88 as shown in Scheme 29. 

TBS protection of the phenol in 88 afforded 245 (100%), preventing competitive reaction 

with a thionation reagent. Subsequent thionation with Lawesson’s reagent selectively 

generated the thioamide 246 in excellent yield (92%). Although the thioamide could be 
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subjected to Suzuki coupling with the Ring A boronic acid 79, the reaction was not 

dependably reproducible. Even after careful removal of sulfur byproducts from the 

thionation reaction, which were thought to be poisoning the reaction, the coupling reaction 

remained capricious. It was suspected that the residue 4 thioamide itself might be affecting 

the coupling reaction. Thus, the residue 4 thioamide was masked as its less nucleophilic 

methyl thioimidate 247 by treatment of 246 with MeI/K2CO3 (92%). The thioimidate proved 

to be an effective and reproducible coupling partner for the Suzuki reaction with 79 and 

afforded the corresponding biaryl product as a separable mixture of atropisomers (1:1.2) in 

good yield (65–80%), displaying a reactivity similar to the corresponding amide substrate. 

Reintroduction of the thioamide upon treatment of the methyl thioimidate with H2S in the 

presence of collidine provided the thioamide (P)-249 and its separable unnatural isomer 

(M)-249 in good yield (95%). Recycling the unnatural atropisomer (M)-249 was carried out 

by thermal equilibration, affording a 2.6–1.8:1 (P:M) separable mixture of atropisomers with 

83–99% overall recovery. Completion of the synthesis of the modified ABCD ring system 

required alteration of the order of deprotections. Removal of Cbz group under ionic 

hydrogenolysis conditions with Pd(OAc)2–Et3SiH (97%)181,182 to avoid competitive 

thioamide reduction was carried out prior to TBS deprotection (95%). Hydrolysis of the 

methyl ester (95%), followed by macrolactamization of the AB ring system with DEPBT 

afforded thioamide 253 in good yield (71%, dr 7:1). Finally, Boc deprotection by treatment 

with HCO2H completed the synthesis of the modified ABCD ring system 254 in good yield 

(98%).

Introduction of the E ring tripeptide was effected by coupling 254 with 96 mediated by 

DEPBT or T3P to afford the product (56%) as shown in Scheme 30. The final DE diaryl 

ether macrocyclization was achieved upon treatment with Cs2CO3, promoting a room 

temperature SNAr cyclization to produce 255 in superb yield (74–78%) and good 

atropodiastereoselectivity (5–8:1), favoring the natural P-atropisomer. The minor unnatural 

isomer was recycled and funneled into the total synthesis by selective thermal atropisomer 

equilibration, generating additional amounts of the natural isomer as a separable mixture 

(1:1). Subsequent conversion of the E ring aryl nitro group to the chloride and the final 

global deprotection was further refined. In addition to adopting the Zn nanoparticle 

conditions for the nitro group reduction, a decrease in amounts of the diazotization reagent 

(1.0 vs 1.1 equiv of HBF4/t-BuONO) in the chloride substitution process minimized 

competitive oxidative formation of the residue 4 amide. TBS protection of both secondary 

alcohols with CF3CONMeTBS afforded 257 (50–59%, over 3 steps). Subsequent MEM 

deprotection upon treatment with BCB followed by Boc reprotection of the N-terminus 

amine provided the primary alcohol 258 in good yield (75%). Complicated by the presence 

of the oxidation prone thioamide, the C-terminus oxidation with Dess–Martin periodinane, 

Swern oxidation, SO3–Pyr, Bu4NRuO4 (TPAP), pyridinium dichromate (PDC),183 

pyridinium chlorochromate (PCC),184,185 or 2-iodoxybenzoic acid (IBX) resulted in little 

formation of the desired carboxylic acid or resulted in a complex mixture. Remarkably, it 

was found that Jones oxidation (CrO3, aq. H2SO4–acetone)186,187 selectively oxidized the 

primary alcohol directly to the carboxylic acid (70%) in single step while generating the 

amide only as a minor byproduct (>10:1). It was additionally demonstrated that formation of 

the amide could be further minimized by conversion of an unusually stable contaminant 
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thioamide S-oxide (<10%) back to the thioamide in the subsequent global deprotection 

steps. After Jones oxidation, a purified mixture of the thioamide and the minor S-oxide 

(<10%) was treated with TFA to convert the nitrile to the primary carboxamide,188 followed 

by global deprotection using AlBr3–EtSH to afford the [Φ[C(=S)NH]Tpg4]vancomycin 

aglycon (244, 44–52%, over 3 steps). Remarkably, the minor thioamide S-oxide tolerated the 

mild TFA-mediated hydration step without change, and was converted back to the thioamide 

in the global deprotection step. Finally, the residue 4 thioamide was transformed directly to 

the amidine 243 (50%) through use of a newly developed method (AgOAc–NH3, MeOH) for 

the direct conversion. This reaction could be conducted on the fully deprotected and fully 

functionalized aglycon 244, bearing both the C-terminus carboxylic acid and N-terminus 

free amine, in protic solvents where such substrates are soluble.

Full details of the development of this reaction and its use in the divergent synthesis of 

substituted amidine derivatives (=NMe and =NCN vs =NH) that clarified the protonation 

state of the amidine upon binding D-Ala-D-Ala and D-Ala-D-Lac were disclosed in a 

separate account.180

The three residue 4 modified vancomycin aglycons were examined for their ability to bind 

model D-Ala-D-Ala and D-Ala-D-Lac ligands and for their in vitro antimicrobial activity 

against vancomycin resistant enterococci (VanA VRE, Figure 16).

As designed, both 243 and 242 were found to exhibit dual ligand binding properties, each 

displaying equal affinities for D-Ala-D-Ala or D-Ala-D-Lac. The amidine exhibited the 

greater affinity for both ligands, establishing its productive behavior even though its success 

was not obvious at the onset of the studies. Moreover, the amidine 243 bound both ligands 

with an affinity nearly equivalent to that found for vancomycin and its binding to D-Ala-D-

Ala, effectively mimicking this latter behavior. However, the amidine 243 also binds the D-

Ala-D-Lac ligand 600-fold better than vancomycin. Beautifully, both 243 and 242 exhibited 

activity against VanA VRE, displaying potencies that perfectly mirror their relative binding 

affinities. Most notable, amidine 243 was found to be equipotent to vancomycin but also 

now displays this activity against vancomycin resistant organisms. Just as remarkable and 

initially surprising, the thioamide 244 failed to bind either D-Ala-D-Ala or D-Ala-D-Lac and 

displayed no antimicrobial activity against either vancomycin sensitive or resistant bacteria. 

This was attributed to the increased size of a sulfur atom and the longer thiocarbonyl bond 

length that serve to displace the ligand from the binding pocket. This behavior, which 

contrasts that of both 243 and 242, highlight just how remarkable the successful behaviors of 

243 and 242 are. It also provides an attractive target for preparation by coersed biosynthesis, 

providing a vancomycin analogue capable of semisynthetic conversion to the active pocket 

modified vancomycins that will not impede the growth of producing organisms.

7.3 [Φ[C(=S)NH]Tpg4]Vancomycin, [Φ [C(=NH)NH]Tpg4]Vancomycin, and [Φ 
[CH2NH]Tpg4]Vancomycin and Their (4-Chlorobiphenyl)methyl Derivatives

With the stunning results of the pocket modified vancomycin aglycon analogues in hand, 

Boger initiated efforts to install the disaccharide in preparation for their more comprehensive 

examination.189 The results of these studies, enlisting two enzyme-catalyzed glycosylation 
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reactions on the fully deprotected aglycon and culminating in the completion of a total 

synthesis of vancomycin,128 are summarized in part in Section 4.2.2. The use of this 

methodology for the total synthesis of three pocket modified analogues, each bearing a 

single atom change in the structure of vancomycin, is summarized below. With the residue 4 

modified vancomycins in hand, Boger additionally pursued the development of analogues 

that would display even greater potency. The approach focused on the combined use of a 

binding pocket modification and an added peripheral modification. One of the most widely 

recognized peripheral modifications of glycopeptide antibiotics is the hydrophobic 

substitution of the vancosamine free amine first discovered at Eli Lilly and inspired by the 

lipophilic acyl groups found in teicoplanin.190–192 To date, three semi-synthetic analogues; 

oritavancin (259, 2014, The Medicines Company),193 telavancin (260, 2009, 

Theravance),194,195 and dalbavancin (261, 2014, Vicuron Pharmaceuticals Inc.)196–198 that 

bear such substitution have been approved for clinical use (Figure 17). Importantly, the 

hydrophobic substituent enhances the antibiotic potency against both vancomycin sensitive 

and resistant pathogens.199–203 Boger examined the (4-chlorobiphenyl)methyl (CBP) group 

substitution of vancosamine on the residue 4 modified vancomycin derivatives (Figure 

18).189,204 The synthetic approach relied on a 3- or 4-step route from the fully functionalized 

and protecting group free pocket modified vancomycin aglycons. This sequence involved 

two sequential enzymatic glycosylations, primary amine N-alkylation via a reductive 

amination, and, in the case of the amidine, AgOAc–NH3 promoted amidine formation from 

the residue 4 thioamide. By following the glycosylation procedure established for 

vancomycin (Section 4.2.2.2), the first GtfE catalyzed glycosylation of the residue 4 

modified aglycons was examined by reverse phase HPLC, following product formation 

(Figure 18).

The thioamide (244) and aminomethylene vancomycin aglycons (242) displayed sufficient 

reactivity under the glycosylation conditions to preparatively provide the pseudoaglycons 

263 (75%, HPLC conversion 86–92%), 264 (72%, HPLC conversion 85–95%), with only 

slightly reduced isolated yields compared to the parent vancomycin aglycon (135, 92%, 

HPLC conversion 100%). In contrast, the amidine substituted vancomycin aglycon (243) 

was not successfully glycosylated and only a trace amount of product 262 was detected.

The GtfD catalyzed second glycosylation of the pseudoaglycons with UDP-vancosamine 

was rapid and complete within 2 h to afford the disaccharides 265 (87%, HPLC conversion 

>95%) and 267 (76%, HPLC conversion >95%) in good yields (Scheme 31). Finally, the 

residue 4 thioamide was converted to 266 via AgOAc-promoted amidine formation (10 

equiv of AgOAc, NH3/MeOH, 25 °C, 6 h) without competitive deglycosylation.

Subsequent introduction of the (4-chlorobiphenyl)methyl group via reductive amination, 

using reported reaction conditions for the synthesis of CBP-vancomycin (268, 61–74%) 

disclosed by Kahne205,206 (1.5 equiv of 4-(4-chlorophenyl)benzaldehyde, 5 equiv of i-
Pr2NEt, DMF, 50–70 °C; 100 equiv of NaCNBH3, 70 °C, 5 h), provided the chlorobiphenyl 

derivatives 269 (57%) and 271 (41%). The reductive amination was conducted without 

competing alkylation of the N-terminus or residue 4 secondary amine. Finally, conversion of 

the residue 4 thioamide to the amidine was carried out with use of the AgOAc–NH3 
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promoted amidine formation (10 equiv of AgOAc, NH3/MeOH, 25 °C, 6 h) to afford 270 in 

45% yield.

A summary of the in vitro antimicrobial activity of the pocket modified vancomycin 

analogues is presented in Figure 19. As expected, introduction of the disaccharide on the 

residue 4 modified vancomycin aglycons did not alter their antimicrobial potency. Like the 

aglycons, sequential improvements in activity against vancomycin resistant bacteria (VanA 

VRE) were observed with 267 and 266 that mirrored their dual ligand binding affinities and 

where the activity of amidine 266 matched the potency of vancomycin observed against 

sensitive bacteria. The CBP introduction on vancomycin enhanced the potency against both 

vancomycin sensitive and resistant strains (VSSA and MRSA) by 20-fold and 100-fold, 

respectively, but 268 still remains nearly 100-fold less active against vancomycin resistant 

bacteria. Both CBP-amidine 270 and CBP-aminomethylene 271 displayed 100-fold 

increases in antibiotic potency against VRE (VanA) and exhibited this same level of potency 

against vancomycin sensitive bacteria (e.g. VSSA and MRSA), reinstating potent 

antimicrobial activity against vancomycin resistant bacteria. Importantly, introduction of the 

CBP substituent on the thioamide vancomycin, lacking the ability to bind D-Ala-D-Ala/D-

Ala-D-Lac, provided an analogue 269 that displayed less active, but equally potent activity 

against vancomycin sensitive and resistant strains. This reflects antibacterial activity derived 

from a second mechanism of action independent of D-Ala-D-Ala/D-Ala-D-Lac binding, one 

that is responsible for the improved activity of all CBP analogues in Figure 19. This second 

mechanism of action entails direct inhibition of transglycosylase also resulting in inhibition 

of bacterial cell wall biosynthesis.199–203

7.4 Development of Durable Antibiotics by Design

In a remarkable extension of these latter studies, Boger incorporated a second peripheral 

modification into the pocket modified vancomycin analogues that provided a different 

second mechanism of action independent of D-Ala-D-Ala/D-Ala-D-Lac binding and 

demonstrated that the antimicrobial activity similarly increased 200-fold against VanA 

VRE.207 Further, this C-terminus modification could be combined with the peripheral CBP 

modification to provide even more potent antimicrobial agents whose activity can be 

attributed to three independent mechanisms of action, only one of which requires D-Ala-D-

Ala/D-Ala-D-Lac binding. Importantly, such peripherally and binding pocket modified 

vancomycins display little propensity for acquired resistance and they display a durability as 

well as increased potency that follow now predictable trends: 3 > 2 > 1 mechanisms of 

action.

In these studies, an additional peripheral modification on the C-terminus was explored, 

introducing an amide bearing a permanent cationic charge.207 A variety of commercially 

available quaternary ammonium salts are used as antimicrobial agents and many cationic 

naturally occurring antimicrobial peptides are known,208–210 which serve to disrupt the cell 

membrane integrity and increase cell wall permeability.

Recently, Haldar disclosed that such functionalization of vancomycin provided compounds 

active against vancomycin resistant bacteria,211,212 albeit without inhibiting the bacteria cell 

wall biosynthesis and displaying an independent mode of action. Thus, Boger envisioned 
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modifications first focused on combining the binding pocket modification and C-terminus 

quaternary ammonium salt functionalization. This study was conducted with 

[Φ[CH2NH]Tpg4]vancomycin (267), the most readily available pocket modified 

vancomycin analogue available through total synthesis (Figure 20).173 It also represents the 

least potent of the two pocket modified analogues, permitting the most accurate assessment 

of the impact of sequential peripheral modifications. Several amines bearing a variety of 

quaternary ammonium salts were attached to the C-terminus carboxylic acid of vancomycin 

under modified reaction conditions with HBTU and NMM to afford the coupling products 

272–276 in good yield (58–68%). Subsequent antimicrobial assessments indicated that the 

tetradecyl substituted ammonium salt was the most potent derivative, enhancing the 

antibacterial activity 125-fold against VanA VRE. Thus, the tetradecyl ammonium salt was 

introduced to the aminomethylene vancomycin 267 under the same coupling conditions to 

afford 276 in 64% yield. This peripherally modified pocket analogue 276 displayed more 

potent antimicrobial activity, further increasing the activity 200-fold, and it inhibited VanA 

VRE bacterial cell growth by two independent mechanisms of action, only one of which 

relied on dual D-Ala-D-Ala/D-Ala-D-Lac binding.

Next, the combination of the C-terminus quaternary ammonium salt modification with the 

vancomycin analogue that contained both a binding pocket modification and the peripheral 

CBP substituent was examined (Figure 21). Coupling CBP-vancomycin 268 with the same 

set of functionalized amines generated the products 277–281 in good yield (55–76%). 

Interestingly, the introduction a C14 ammonium salt did not alter the antibiotic activity 

against vancomycin resistant bacteria, but the simpler trimethyl ammonium salt proved 

enhance the potency against VRE 10-fold. When combined with CBP-

[Φ[CH2NH]Tpg4]vancomycin, this C-terminus peripheral modification similarly improved 

the MIC values to the remarkable levels of 0.01–0.005 μg/mL. This molecule was shown to 

exert its impressive potency through three independent mechanisms of action, only one of 

which is dependent upon the dual D-Ala-D-Ala/D-Ala-D-Lac binding. The pocket 

modification reinstates inhibition of transpeptidase via D-Ala-D-Ala/D-Ala-D-Lac binding, 

the CBP modification results in direct inhibition of transglycosylase, and the C-terminus 

trimethyl ammonium salt induces cell wall permeability. Even more importantly, it was 

demonstrated that such peripherally and binding pocket modified vancomycins display little 

propensity for acquired resistance by VRE and that their durability against such challenges 

as well as their antimicrobial potency follow now predictable trends (3 > 2 > 1 mechanisms 

of action).

8. Total Synthesis of Chloropeptins and Complestatins

Complestatin (282, chloropeptin II) was first disclosed as an inhibitor of an alternate 

pathway of human complement in 1980 (Figure 22).213–215 Its original isolation216 from 

Streptomyces lavendulae and partial structure elucidation217 were reported in 1989. Four 

years later, Omura reported the isolation218–220 of chloropeptin I (283) and chloropeptin II 

(282, completstatin) from Streptomyces sp. along with details of their structure 

elucidation221 and disclosed their biological activity against HIV infectivity and their 

cytopathic effect.222 Because they inhibit HIV through two independent mechanisms of 

action, it is expected that resistance would develop only slowly. Singh and Patane later 

Okano et al. Page 28

Chem Rev. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrated that complestatin (chloropeptin II) (282) can be converted to the less strained 

chloropeptin I (283) through a remarkable TFA-catalyzed rearrangement that proceeds with 

retention of the atropisomer stereochemistry.223 Singh also isolated and characterized 

isocomplestatin, bearing the unnatural (S)-indole tryptophan-derived biaryl ether linkage.222 

Later in 2006, Hoveyda reported that the compound thought to be isocomplestatin was in 

fact complestatin (282).224 The related complestatin A (284) and B (285), bearing a 2-

oxindole or a 3-hydroxy-2-oxiindole, were isolated by Merck from Streptomyces sp. 

MA7234.222 At the same time, these compounds were independently disclosed as 

neuroprotection A and B and were isolated from Streptomyces sp. Q27107.225,226 Although 

they are not strictly members of the glycopeptide antibiotics, the natural products in this 

group contain structural features that place them in discussions of the class.

Although the complestatins and chloropeptins contain many of the same structural features 

and the overall complexity of glycopeptide antibiotics, the significant difference is the 

replacement of a central diaryl ether linkage with a tryptophan indole embedded in the 

macrocyclic core as part of a biaryl linkage that adopts a single (R)-atropisomer 

configuration incapable of thermal interconversion.

8.1. Snapper–Hoveyda Total Synthesis of Chloropeptin I

Snapper and Hoveyda reported the first total synthesis of chloropeptin I (283), the least 

strained of the two chloropeptins.227 Their synthetic strategy enlisted a late stage 

intramolecular Stille coupling for biaryl formation on a substrate that contains the left-hand 

macrocycle and exclusively afforded the natural (R)-atropisomer (38–42%, 3 steps) (Figure 

23). They also examined the extension of this strategy for the preparation of complestatin 

(282, chloropeptin II). It was found that the Suzuki coupling reaction exclusively provided 

isocomplestatin, bearing the unnatural biaryl (S)-atropisomer in 63% yield, whereas closure 

of the isolated ring system proceeded in a non-atropodiastereoselective manner (52%, 1:1 

R:S).224 The atropodiastereoselectivity of these macrocyclization reactions was also later 

confirmed by Zhu.228 The first ring closure was carried out with use of a Cu(II)-mediated 

coupling reaction of a phenol with an aryl boronic acid for diaryl ether formation analogous 

to the reaction employed in the total synthesis of teicoplanin disclosed by Evans.151

8.2 Boger Total Synthesis of Chloropeptin I and II, and Complestatins A and B

By virtue of single step acid-catalyzed conversion of chloropeptin II (282) to chloropeptin I 

(283), Boger envisioned a total synthesis of both natural products by first preparing the more 

strained chloropeptin II and conducting its subsequent single step acid catalyzed 

rearrangement to chloropeptin I (283).229–231 The key elements of their synthetic strategy 

were an intramolecular SNAr cyclization and Larock indole annulation for the ring closure 

of the BCD and DEF ring systems, respectively. The latter intramolecular Larock indole 

synthesis232,233 utilized a 2-bromoaniline234 and its reaction with an alkyne that 

incorporates a removable large terminal substituent (−SiEt3) to sterically dictate the indole 

cyclization regioselectivity.235,236 Importantly, the aniline acetamide not only served to 

deactivate the strained indole toward subsequent electrophilic reactions, but also favorably 

influenced the cyclization atropodiastereoselectivity.237 They pursued two synthetic 

approaches, which are distinct in the order and timing of the key ring closures. In the first 
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generation total synthesis, the DEF ring system macrocyclization was first conducted via the 

Larock annulation to afford the functionalized right hand subunit in superb isolated yield 

(89%) and in good atropodiastereoselectivity (4:1). This represented the first reported 

example of an intramolecular Larock macrocyclization strategy (Figure 24). Later studies 

further improved on this atropodiastereoselectivity (20:1) by subtle alteration of the aniline 

acyl group (eq. 1).229–231,237 The second macrocyclization via SNAr diaryl ether formation 

with closure of the BCD ring system afforded the cyclized compound in good yield (81%) 

and in superb atropodiastereoselectivity (>10:1). The first generation approach provided the 

first total synthesis of complestatin (chloropeptin II) and completion of an approach in 

which both chloropeptin I and II were prepared in a common route.

(1)

The second generation synthesis was conducted by reversing the order of the 

macrocyclization reactions (Figure 25). Notably, the late stage Larock annulation provided 

the macrocycle exclusively as a single atropisomer (>20:1), possessing the natural (R)-

configuration. Thus, the reverse macrocyclization order increased the Larock indole 
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annulation atropodiastereoselectivity, and further improved on their first generation 

approach. Most notable, it uniquely gives the (R)-atropisomer in high 

atropodiastereoselectivity, and represents a complete reversal of the 

atropodiastereoselectivity observed by Hoveyda224 and Zhu228 with the similar 

macrocyclization performed using a Suzuki–Miyaura coupling.

With the total synthesis of the chloropeptins completed, Boger also achieved the first 

divergent total syntheses of complestatin A (284) and B (285) (neuroprotectin A and 

B)229–231 (Scheme 32). Mild reaction conditions were developed for two unique indole 

oxidations that take advantage of the strain in 16-membered macrocycle. The reactions 

selectively provide either a 2-oxindole or 3-hydroxy-2-oxindole by late stage treatment of 

282 with concentrated aqueous HCl in DMSO238,239 or stoichiometric NBS or NCS in 

aqueous THF,240–246 respectively.

9. Conclusions

A series of total syntheses of members of the vancomycin related glycopeptide antibiotics, 

their aglycons, and key analogues have been completed as summarized herein. Key to their 

success was the development or advancement of new synthetic methodology that was 

enlisted for the preparation of the unnatural amino acid subunits. Powerful macrocyclization 

methodology was developed or adopted for closure of the imbedded biaryl or diaryl ether 

cross-linked 12-membered, 14-membered, and 16-membered ring systems, using kinetic, 

thermodynamic, or ordered adjustments for introduction of the non-conventional elements of 

axial or planar chirality (atropisomers) found in the individual ring systems. Finally, 

chemical or enzymatic methods were developed for the carbohydrate introductions. Beyond 

the total synthesis of the natural products themselves, this has provided a foundation on 

which previously inaccessible but important synthetic analogues that contain deep-seated 

modifications may be prepared. Already such efforts have not only provided key, rationally 

designed analogues of vancomycin that address the underlying molecular basis of 

vancomycin resistance, but they have even provided further modified derivatives that display 

remarkable antimicrobial potencies, multiple independent mechanisms of action, and 

antimicrobial durabilities that extend well beyond those of the natural products.

Finally, the studies detailed herein complement those conducted on other glycopeptide 

antibiotic classes including ramoplanin,247–252 the total synthesis of other classes of 

naturally occurring antibiotics253,254 and reviews that chronicle the role of organic synthesis 

in the exploration and development of antibiotics.255
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Abbreviations

BCB B-bromocatecholborane

Boc tert-butyloxycarbonyl
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Bop (1-benzotriazolyloxy)tris(dimethylamino) phosphonium hexafluoride

BSA bovine serum albumin

dba dibenzylideneacetone

DEAD diethyl azodicarboxylate

DEPBT (3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one)

Ddm 4,4′-dimethoxydiphenylmethyl

DPPA diphenyl phosphorazidate

dppf 1,1′-bis(diphenylphosphino)ferrocene

DTBMP 2,6-di-tert-butyl-4-methylpyridine

EDCI 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide

FDPP pentafluorophenyl diphenylphosphinate

HATU 2-(1H-7-azabenzotriazol)-1-yl-1,1,3,3-tetramethyluronium 

hexafluorophosphate

HBTU N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxybenzotriazole

MEM 2-methoxyethoxymethyl ether

NIS N-iodosuccinimide

NMM N-methylmorpholine

NMP N-methyl-2-pyrrolidone

Piv pivalate

PMP p-methoxybenzyl

PyBop benztriazol-1-yl-oxy-tris(pyrrolidino)phosphonium hexafluorophosphate

PyBrop bromo-tris(pyrrolidino)phosphonium hexafluorophosphate

MRSA methicillin-resistant Staphylococcus aureus

Ms methanesulfonyl

T3P propylphosphonic anhydride

TBS tert-butyldimethylsilyl

TCEP tris(2-carboxyethyl)phosphine
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Teoc 2-trimethylsilylethoxycarbonyl

Tf trifluoromethylsulfonyl

TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride

TFFH fluoro-N,N,N′,N′-tetramethylformamidinium hexafluorophosphate

TMS trimethylsilyl

TMSE 2-(trimethylsilyl)ethyl

Troc 2,2,2-trichloroethyl carbonyl

VRE vancomycin resistant enterococcus

VRSA vancomycin resistant Staphylococcus aureus
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Figure 1. 
Structures of Vancomycin and Representative Related Glycopeptide Antibiotics.
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Figure 2. 
Bacterial Cell Wall Precursors of Gram-positive Bacteria, and Vancomycin Binding to D-

Ala-D-Ala.
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Figure 3. 
Evans Retrosynthetic Analysis of Orienticin C Aglycon.
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Figure 4. 
Evans Retrosynthetic Analysis of Vancomycin Aglycon.
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Figure 5. 
Nicolaou Retrosynthetic Analysis of Vancomycin Aglycon.
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Figure 6. 
Atropisomer Equilibration and Experimental Ea of the Individual Vancomycin Ring Systems 

and Defined Order of Ring System Introductions.
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Figure 7. 
Boger Retrosynthetic Analysis of Vancomycin Aglycon.
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Figure 8. 
Selective β-Glycoside Formation with Neighboring Group Participation.
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Figure 9. 
Boger First and Second Generation Retrosynthetic Analysis of Teicoplanin Aglycon.
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Figure 10. 
Evans Retrosynthetic Analysis of Teicoplanin Aglycon.
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Figure 11. 
Boger Retrosynthetic Analysis of Ristocetin A Aglycon.
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Figure 12. 
Evaluation of Binding Affinity of Vancomycin with Model Ligands.
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Figure 13. 
Boger Retrosynthetic Analysis of [Φ[CH2NH]Tpg4]Vancomycin Aglycon.
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Figure 14. 
Structures of [Φ[C(=NH)NH]Tpg4]Vancomycin Aglycon (243), [Φ[C(=S)NH]Tpg4] 

Vancomycin Aglycon (244), and the Dual Binding Behavior of the Amidine in 243.
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Figure 15. 
Boger Retrosynthetic Analysis of [Φ[C(=NH)NH]Tpg4]Vancomycin Aglycon.
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Figure 16. 
Biological Evaluation of Residue 4 Modified Vancomycin Aglycons.
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Figure 17. 
Clinically Approved Semisynthetic Glycopeptide Antibiotics.
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Figure 18. 
Comparison of the Relative Rates and Efficiency of the GtfE-catalyzed Glycosylation 

Reaction of 50, and 242–244.

Okano et al. Page 63

Chem Rev. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 19. 
In vitro Antimicrobial Activity.
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Figure 20. 
Peripheral C-terminus Modifications of Vancomycin and the Binding Pocket Modified 

Vancomycin Analogue 267.
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Figure 21. 
Combined CBP and C-terminus Peripheral Modifications of Vancomycin and the Binding 

Pocket Modified Vancomycin Analogue 267.
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Figure 22. 
Structure of Chloropeptins and Complestatins (Neuroprotectins).
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Figure 23. 
Snapper and Hoveyda Retrosynthetic Analysis of Chloropeptin I.
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Figure 24. 
Boger First Generation Total Synthesis of Complestatin (Chloropeptin II) and Chloropeptin 

I.
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Figure 25. 
Boger Second Generation Total Synthesis of Complestatin (Chloropeptin II) and 

Chloropeptin I.
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Scheme 1. 
Evans Synthesis of the ABCD Ring System of Orienticin C Aglycon.
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Scheme 2. 
Final Stages of the Evans Total Synthesis of Orienticin C Aglycon.
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Scheme 3. 
Evans Synthesis of the Vancomycin ABCD Ring System.
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Scheme 4. 
Final Stages of the Evans Total Synthesis of Vancomycin Aglycon.
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Scheme 5. 
Nicolaou Synthesis of the Vancomycin ABCD Ring System.
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Scheme 6. 
Nicolaou Synthesis of the E Ring Tripeptide.
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Scheme 7. 
Final Stages of the Nicolaou Total Synthesis of Vancomycin Aglycon.
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Scheme 8. 
Boger Synthesis of the Vancomycin ABCD Ring System.
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Scheme 9. 
Final Stages of the Boger Total Synthesis of Vancomycin Aglycon.
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Scheme 10. 
Examination of Impact of C2 Ester Functionality with Model Substrate 109.
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Scheme 11. 
Kahne Synthesis of Vancomycin (1) from the Aglycon 50.
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Scheme 12. 
Complementary Synthetic Approaches for Chemical Glycosylation.
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Scheme 13. 
Direct and Sequential Glycosylations of a Protected Vancomycin Aglycon, Nicolaou 

Completion of the Total Synthesis of Vancomycin.

Okano et al. Page 83

Chem Rev. Author manuscript; available in PMC 2018 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 14. 
Enzymatic Carbohydrate Introduction on the Vancomycin Aglycon (50).
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Scheme 15. 
Wong One-pot Initial Glycosylation of Vancomycin Aglycon (50).
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Scheme 16. 
Boger Enzymatic Carbohydrate Introduction on the Vancomycin Aglycon (50), Completion 

of a Second Total Synthesis of Vancomycin.
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Scheme 17. 
Boger First Generation Synthesis of the Acyclic EFG Tripeptide.
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Scheme 18. 
Final Stages of the Boger First Generation Total Synthesis of Teicoplanin Aglycon.
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Scheme 19. 
Boger Second Generation Synthesis of the Teicoplanin Aglycon FG Ring System.
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Scheme 20. 
Final Stages of the Boger Second Generation Total Synthesis of Teicoplanin Aglycon.
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Scheme 21. 
Evans Synthesis of the Teicoplanin EFG Fragment.
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Scheme 22. 
Final Stages of the Evans Total Synthesis of Teicoplanin Aglycon.
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Scheme 23. 
Boger Synthesis of the Ristocetin A EFG Fragment.
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Scheme 24. 
Boger Synthesis of the Ristocetin A ABCD Ring System.
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Scheme 25. 
Final Stages of the Boger Total Synthesis of Ristocetin A Aglycon.
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Scheme 26. 
Synthesis of the Modified CD Ring System 227.
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Scheme 27. 
Synthesis of Modified ABCD Ring System 235.
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Scheme 28. 
Completion of the Boger Total Synthesis of [Φ[CH2NH]Tpg4]Vancomycin Aglycon.
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Scheme 29. 
Synthesis of the ABCD Ring System Bearing a Residue 4 Thioamide.
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Scheme 30. 
Completion of the Boger Total Synthesis of [Φ[C(=S)NH]Tpg4]Vancomycin Aglycon and 

[Φ[C(=NH)NH]Tpg4]Vancomycin Aglycon.
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Scheme 31. 
Synthesis of Residue 4 Modified Vancomycins and their CBP Derivatives.
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Scheme 32. 
Boger Synthesis of Complestatin A and B (Neuroprotectin A and B).
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