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ABSTRACT 

 

My research involved in two different areas, development of novel glycosylation 

methodology and scope in oligosaccharide synthesis. A new scaffold for antibiotic 

development targeting the bacterial cell wall: Total synthesis of Albocycline and its 

analogs to see the mechanism of action in cell wall biosynthesis. 

Developed novel gem-dimethyl analogs of Fraser-Reidôs NPGs from 3,3-dimethyl 

4-pentenol and 2,2-dimethyl 4-pentenol. These donors are stable toward acidic and basic 

conditions, which makes them step-efficient when compared to other glycosylating agents. 

The scope and reactivity of 3,3-dimethyl 4-pentenyl glycosides of glucose, mannose, 

galactose, and N-acetylglucosamine have been studied extensively for oligosaccharide 

synthesis. The donors are readily prepared from commercial starting materials and both 

glycosylation and hydrolysis yields are in the synthetically useful in oligosaccharide 

synthesis. 

NSMD methodology introduced a key step in albocycline synthesis, where (-)-

albocycline has great biological activity against ñsuperbugò methicillin-resistant 

Staphylococcus aureus (MRSA). We hypothesize that albocycline inhibits the first 

committed step in bacterial cell wall biosynthesis. We have successfully completed two 

generation syntheses of albocycline. Vinylogous aldol on the left-handed fragment, 

aldehyde to get selectively up alcohol at the C-8 position using Davis-Ellman sulfinylimine 

chemistry and then oxidation with Davis oxaziridine to access requisite stereochemistry at 

C-4 alcohol followed by Horner-Wadsworth-Emmons to access seco-acid. Finally, a Keck 

macrolactonization reaction provided access to the 14-membered macrolactone, ( )-

albocycline.  
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CHAPTER 1  

NOVEL GLYCOSYLATION METHODOLOGY  

1.1 Introduction  

1.1.1 Significance of Oligosaccharides 

The field of glycobiology, which studies the structure, biosynthesis, and biology of 

glycans (i.e., carbohydrates or saccharides), has experienced tremendous growth since the 

term was coined in 1988 by Professor Raymond Dwek. The difficulty in isolating pure, 

structurally defined glycans from natural sources has generated the need to synthesize 

numerous biologically relevant carbohydrates and conjugates thereof (i.e., glycoproteins, 

glycolipids, proteoglycans).1 The study of these complex and fascinating biomolecules has 

proven to be limited by the availability or access to structurally defined oligosaccharides.1 

Examples of some of the many roles played by carbohydrates include cell-cell signaling, 

host-pathogen interactions, tumor progression, and adhesion for the attachment of bacteria, 

viruses, and toxins.2  

The biological significance of oligosaccharides and their glycoconjugates, coupled 

with the need for reliable access to structurally defined material for study, continues to 

drive oligosaccharide synthesis.3 Furthermore, carbohydrates are capable of playing an 

important role on the cell surface by displaying the carbohydrate ligands in a specific 

manner through multivalency, which directly affects the overall binding capacity and 

strength of the carbohydrates and their attendant interaction with other biomolecules.4 In 
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2013, the Andrade group in collaboration with the Ratner and Maran groups developed a 

glycopeptide-based systems to functionalize biosensors or other surfaces for studying the 

roles of multivalency in biomolecule recognition.5  

The therapeutic role of carbohydrates is perhaps best demonstrated in the area of 

carbohydrate-based vaccines.6 Historically, vaccines have proven to be the most effective 

means of combating and avoiding infectious diseases. In 1923, Heidelberger and Avery 

demonstrated that bacterial surface polysaccharides were responsible for eliciting an 

immune response.7 This finding led to the development of vaccines against Haemophilus 

influenzae type b (Hib) by Merck, GlaxoSmithKline, and Sanofi Pasteur that are in use 

today. Other examples of commercial vaccines against bacterial pathogens include those 

against Neisseria meningitidis, Salmonella typhi, and Streptococcus pneumoniae.6   

With the success of carbohydrate-based vaccines against bacterial pathogens, many 

research groups have directed efforts toward targeting cancer since a hallmark of this 

disease includes aberrant glycosylation of tumor cell surfaces.3 Without years of advances 

in synthetic organic and carbohydrate chemistries, access to the kinds of investigational 

vaccines that are present today would not be possible. Danishefsky and co-workers have 

been working in this field for over twenty years. The most recent strategy, which includes 

a construct bearing five unique surface carbohydrate antigens, is shown in Figure 1.1. 

Additional features of the experimental construct are the covalent linkage to a ñcarrier 

proteinò that is essential to stimulate the immune system and elicit a sustained response. It 

has been established that carbohydrates are not sufficiently immunogenic, and therefore 

require a protein ñconjugate.ò  In fact, all of the carbohydrate-based vaccines mentioned 

above are conjugated to a protein to confer sustained immunity.  



3 
 

 

 

Figure 0.1 Five-part Weapon: A Tumor antigens with Globo H, Stn, Tn, Lewis, and TF. 

 

1.1.2 Enzyme-Assisted Glycosylation Methods 

Nature has evolved enzymes that catalyze the transfer of glycosyl units to O- and 

N- residues. The harnessing of enzymatic glycosylation is divided into the synthesis of two 

target structures: (1) the iterative assembly of oligosaccharides and (2) the synthesis of 

glycoconjugates (e.g., glycoproteins, carbohydrate-based vaccines, or glycolipids). In the 

first approach, glycosyltransferases utilize eight monosaccharide nucleotide mono- or 

diphosphates as glycosyl donors for glycosidic bond formation.8 Glucosyl- and 

galactosyltransferases employ monosaccharides activated with uridine diphosphate as the 

anomeric leaving group (Ŭ-UDP-Glc, Ŭ-UDP-GlcNAc, Ŭ-UDP-GlcUA, Ŭ-UDP-Gal, Ŭ-

UDP-GalNAc), whereas fucosyl and mannosyltransferases employ guanosine diphosphate 

as the anomeric leaving group (ɓ-GDP-Fuc, Ŭ-UDP-Man). Sialyltransferases are the only 

enzymes that utilize cytidine monophosphate as the anomeric leaving group (ɓ-CMP-

NeuAc).9 Glycosidic bond formation is always regio- and stereospecific within 
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glycosyltransferase enzymes, which eliminates the need for extensive protecting group 

manipulations traditionally employed in chemical synthesis. In addition, these enzymes are 

highly substrate-specific. However, when these transferases are used at high substrate 

concentrations, it is possible to employ both the donor and acceptor components with minor 

chemical modifications. 

N-Linked glycans on glycoproteins can be elaborated using N-

acetylglucosaminyltransferase enzymes (GlcNAcT). Stereo- and regioselectivity can be 

achieved with specific enzymes of GlcNAcT isozymes (I-IV) to access branched tri-

mannosyl core structures, including the evaluation of deoxy substrates Scheme 1.110 

 

Scheme 0.1 Specificity of GlcNAcT Isozymes I and II on a Branched Tri-Mannose Core 

 

 

Nature employs another class of enzymes, glycosidases, whose function is to cleave 

glycosidic linkages. However, under controlled conditions, these enzymes can catalyze 

glycosidic bond formation rather than cleavage. Based on the literature, there are two 

general approaches for glycosidase based synthesis.11  

 

Scheme 0.2 Thermodynamic controlled reactions (A) vs Kinetic controlled reactions (B) 

where R = glycoside 
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A: Thermodynamic Conditions (Reverse Hydrolysis) 

 

B: Kinetic Conditions (Trans-Glycosylation) 

 

Thermodynamically controlled reactions are carried out under higher temperatures, and the 

glycoside products are generally obtained in low yield. However, glycosylation yields can 

be improved by carrying out the reaction at lower temperatures (i.e., kinetic control) 

employing an activated donor (e.g., p-NO2-benzoyl O-glycoside), and an organic co-

solvent. Glycosidases requires oligosaccharides, glycosyl fluorides, and aryl glycosyl 

donors as substrates. Fortuitously, these enzymes are inexpensive, stable, and readily 

available. However, the major disadvantage of using glycosidases is their lack of 

regiospecificity in the reaction that results in the formation of multiple products. In general, 

only simple glycoside products can be prepared with this method. 

1.1.3 Chemical Glycosylation Methods 

Glycans are often found in Nature in the form of oligosaccharides, polysaccharides, 

and glycoconjugates wherein sugar units are attached to one another through O-glycosidic 
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bonds. In the glycosylation reaction, the glycosyl partner bearing the anomeric leaving 

group is termed the ñglycosyl donor.ò The glycosyl partner bearing one or more free 

hydroxyl (or amino group in the case of N-glycosylation) is termed the ñglycosyl acceptor.ò 

To chemically prepare O-glycosidic bonds, two synthetic challenges must be addressed: 

(1) the stereoselective formation of the O-glycosidic bond, which can either be b- or a-

linked; and, (2) the regio- or site-selectivity of the glycosylation. The first challenge is 

typically associated with the glycosyl donor and is directly affected by the nature of 

protecting groups used. The second challenge is typically associated with the glycosyl 

acceptor and is most often addressed by selective protection and deprotection of building 

blocks prior to or after the linkage formation, in addition to orthogonal sets of protecting 

groups. 

The first glycosidic linkage was prepared by Arthur Michael in 1879 by treating 

acetochloroglucose (i.e., per-O-acetylated glucosyl chloride) with phenol, albeit in low 

yield. In 1893, Emil Fischer reported the glycosylation reaction of monosaccharides 

dissolved in simple alcohols (e.g., methanol and ethanol) with catalytic HCl in analogy to 

the Fischer esterification method of acids and alkanols. However, the first successful 

chemical glycosylation methodology was reported by Koenigs and Knorr in 1901 wherein 

glycosyl bromides or chlorides and glycosyl acceptors were reacted under the agency of 

heavy metal salts, particularly Ag(I) and Hg(II), in the presence of a suitable base to 

neutralize the formation of HBr (or HCl).12 Since that time, numerous methodologies have 

been developed and some of those are discussed below.  
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1.1.4 Glycosyl Donors 

The discovery of the KoenigôsïKnorr method (i.e., glycosyl bromides and 

chlorides) was followed by the development orthoesters13, trichloroacetimidates,14 

thioglycosides,15 fluorides,16 glycals,17 sulfoxides,18 4-n-pentenyl glycosides (NPGs),19 

phosphates,20 1-hydroxy glycosides (hemiacetals),21 and thioimidates,22 among others.23 

The labor-intensive, multistep nature of oligosaccharide synthesis is largely derived from 

the high density of functionality decorating the furanose and pyranose scaffolds (e.g., 

hydroxy, and amino groups), mandating the use of protecting groups. Thioglycosides, 4-n-

pentenyl glycosides, and more recently thioimidates distinguish themselves in that they 

serve both as glycosyl donors and anomeric protecting groups, thus minimizing the overall 

number of operations employed in the chemical synthesis. Examples of several glycosyl 

donors and attendant activating conditions with acceptors is shown below in Scheme 1.3. 

 

Scheme 0.3 Examples of various glycosyl donors along with activating conditions 
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1.1.4.1 Thioglycosides 

Thioglycosides are widely employed in oligosaccharide synthesis. A significant 

advantage of using these donors is their chemical stability toward a wide range of reaction 

conditions (i.e., protection and deprotection of blocking groups), orthogonal activation 

conditions for glycosylation (i.e., using thiophilic reagents that donôt affect hydroxyl 

groups), and their use as anomeric protecting groups.24 Scheme 1.4 shows that the general 

synthesis and activation of the thioglycosides. 

 

Scheme 0.4 Thioglycosides synthesis and mechanism of activation 

 

 

Thioglycosides are also useful intermediates for the preparation of the 

corresponding glycosyl fluoride. Various alkyl- and aryl- and heteroarylthio groups have 

been developed with their appropriate activating reagents. Glycosylation with 

thioglycosides is accomplished by activation with mercury salts, typically HgSO4, which 

was first introduced by Ferrier.25 Other stoichiometric metal activators include HgCl2 

(Wiesner),26 PhHgOTf (Garegg),27 Cu(OTf)2 (Mukaiyama),28 and Pd(ClO4)2 

(Woodward)29 among others.23 
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Thioglycosides have also been activated by the use of iodonium species (e.g., N-

iodosuccinimide, iodonium dicollidine perchlorate), thiophilic reagents such as Trostôs 

dimethyl(methy1thio) sulfonium trifluoromethanesulfonate, or strong methylating agents 

such as methyl triflate in the presence of bulky, non-nucleophilic pyridine bases such as 

2,6-di-tert-butylpyridine. 

1.1.4.2 Trichloroacetimidates (Schmidt donors) 

A universal glycosylation method that avoids the use of heavy metal salts as 

promoters altogether was developed by Schmidt in 1980.14 O-Glycosyl 

trichloroacetimidates were introduced as a dependable alternative to the classical Koenigsï

Knorr glycosylation method. Trichloroimidate glycosides are more thermodynamically 

stable glycosyl bromides and can be readily prepared from the corresponding 1-hydroxy 

sugar by treatment with trichloroacetonitrile in the presence of base (e.g., NaH or DBU) or 

Lewis acids (e.g., BF3·OEt2). In the context of complex natural product synthesis, the 

trichloroacetimidate or Schmidt donor is a popular choice of reagent.  

 

Scheme 0.5 Trichloroimidate glycoside synthesis and mechanism of activation 
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 Trichloroimidates can be activated in glycosylation reactions with catalytic 

amounts of Lewis acids such as TMSOTf,30 BF3·Et2O
14, Sn(OTf)2, AgOTf,  ZnCl2·Et2O 

and pyridinium p-toluenesulfonate (PPTS)31 (Scheme 1.5). 

 

1.1.4.3 n-Pentenyl Glycosyl (NPG) Donor 

Another useful glycosyl donor in oligosaccharide synthesis is the n-pentenyl 

glycoside (NPG), which was developed by Fraser-Reid in 1988.32 These donors have the 

same advantages as thioglycoside such as anomeric protection and chemospecificity during 

activation.33 n-Pentenyl glycosides (NPGs) were discovered serendipitously during Fraser-

Reidôs synthesis of the ansa chain fragment of streptovaricin A.34 While attempting to 

prepare the bromohydrin of a glycoside bearing a pendant 4-n-pentenyl substituent with 

aqueous NBS, the unexpected bromomethyl tetrahydrofuran product was isolated.35 

Fraser-Reid and co-workers traced the ñproblemò to the intramolecular cyclization of a 4-

pentenyl moiety, generating a tetrahydrofuranyl unit. From this observation came the 

development of NPGs first as anomeric protecting groups, and afterwards, as glycosylating 

agents. The NPGs have the advantages of increased synthetic efficiency, orthogonality to 

protecting group manipulation, and utility as an anomeric protecting group that is resistant 

to acidic and basic conditions.  

n-Pentenyl glycosides can be synthesized using either The Fischer or Koenigs-

Knorr procedure.36 The synthesis and mechanism of activation of n-pentenyl glycosides 

are shown in Scheme 1.6. Activation of NPG 125 is initiated by electrophilic attack of the 

terminal alkene by a halonium ion (e.g., Br+ or I+) from NBS or NIS, which leads to the 

reversible formation of a halonium intermediate 126. Intramolecular cyclization of the 
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exocyclic, glycosidic oxygen in 127 leads to the reversible formation of an oxonium 

species. Irreversible expulsion of a tetrahydrofuranyl species 128 generates the reactive 

oxocarbenium intermediate 129, which depending on the nucleophile can furnish 

glycosylation product 130 or 1-OH derivative lactol 131 in the presence of water. 

 

Scheme 0.6 Synthesis of n-pentenyl glycosides (NPGs) and mechanism of activation 

 

 

The NPG method has been utilized in the synthesis of many glycans since its 

development. In that timeframe, Fraser-Reidôs laboratory has reported two novel donors 

based on the 4-pentenyl paradigm: 4-pentenoyl esters (NPE) 132 and 4-n-pentenyl 

orthoesters (NPOEôs) 133 (Figure 1.2).37  While these donors are effective, they lack the 

broad stability enjoyed by NPGs since NPOEs are stable under basic media but are unstable 

under acidic media. 
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Figure 0.2 NPE 132 and NPOEôs 133 

 

1.2 gem-Dimethyl-n-Pentenyl Glycosyl Donor 

1.2.1 Previous Study: Development of gem-Dimethyl-4-n-Pentenyl Glycosyl Donor 

Inspired by Fraser-Reidôs NPGs, the Andrade lab designed a novel glycosyl donors 

using the NPG paradigm but that explored the role that geminal (gem) dimethyl groups 

have on the cyclization (activation) conditions. Much like the traditional NPGs, these 

donors minimize the need for excessive protecting group manipulation.  

It was hypothesized that the strategic placement of gem-dimethyl groups on the 4-

pentenyl scaffold would elicit a gem-dimethyl effect that would serve to accelerate the ring-

closure as shown in Figure 1.3. One of the earliest examples of rate acceleration in 

cyclization reactions is the Thorpe-Ingold effect, which is observed when substituents are 

added along the acyclic backbone and is due to angle compression.38 In the A series, the 

more stable anti conformer will be more highly populated than the less stable gauche 

conformer required for cyclization. gem-Dimethyl groups in series B render both anti and 

gauche conformers more equal in energy, effectively increasing the concentration of the 

ñreactiveò rotamers. 
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Figure 0.3 Energetic differences between rotamers 

 

In 2009, the Andrade group prepared and studied two series of gem-dimethyl 

analogs: 2,2-dimethyl-4-pentenyl 134 and 3,3-dimethyl-4-pentenyl 135 glycosides based 

on Fraser-Reidôs NPG 125 Figure 1.4.5 The 1,1-dimethyl congener was not considered as 

it would preclude the use of acid, which is often employed during protecting group 

manipulation. The rationale behind additional substitution would be to determine whether 

(a) glycosylation of gem-dimethyl analogues proceeds at an accelerated rate; (b) cheaper 

NBS could be used in lieu of expensive NIS to activate during glycosylation; (c) hydrolysis 

of the gem-dimethyl analogues is more efficient in terms of time and yield of 1-OH 

derivative.   

 

 

Figure 0.4 n-Pentenyl glycoside and gem-dimethyl analogs 
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The synthesis of the C2-gem-dimethyl NPG 134 was pursued first and prepared in 

a straightforward manner from commercially available materials.  The preparation of C2-

gem-dimethyl donor 134 is shown in Scheme 1.7 and began with the synthesis of known 

2,2-dimethyl-4-pentenol (137). Treatment of the lithium enolate of methyl isobutyrate 

(136) with allyl bromide and subsequent LAH reduction of the ester afforded alcohol 137 

in 56% yield.39 

 

Scheme 0.7 Synthesis of 2,2-dimethyl-4-pentenyl donor 134 

 

 

The Andrade lab first employed Danishefskyôs glycal assembly method to rapidly 

access C2-gem-dimethyl donor 134. Not surprisingly, neopentyl acceptor reacted 

sluggishly with the intermediary 1,2-anhydrosugar even in excess (>5 equiv) to furnish 

donor 134 in 30% overall yield from glycal 138, despite the use of excess ZnCl2. Recourse 

to the more reactive glycosyl phosphate donor 139 delivered 134 in an acceptable 70% 

yield under the agency of stoichiometric TMSOTf. With  2,2-dimethyl-4-pentenyl 

glycoside 134 in hand, it was subjected the classical NPG glycosylation conditions. In the 

event, treatment of donor 134 and galactose acceptor 140 with equimolar NBS or NIS and 
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catalytic TESOTf in CH2Cl2 at -78 °C for 1 hr resulted in 86% and 80% yields of 

disaccharide 141, respectively (Scheme 1.8).  

 

Scheme 0.8 Glycosylation reaction with the 2,2-dimethyl-4-pentenyl donor 134 

 

 

Reactions run at higher temperatures resulted in lower yields and more byproducts 

as per TLC analysis. The lower yield under NIS activation and/or higher temperature, 

which are conditions for the activation of 125, suggest that the gem-dimethyl analogs are 

more reactive compared to parent NPGs. Fortified by these initial results, the scope of the 

method was explored. Encouraged by the success of the C2-gem-dimethyl series 134, the 

C3-gem-dimethyl analog 135 was pursued in parallel. The preparation of 3,3-dimethyl-4-

pentenyl donor 135 was achieved in a straightforward manner from cheap, commercially 

available methyl 3,3-dimethylpentenoate (142). Reduction of ester 142 with LAH in Et2O 

yielded alcohol 143 in >97% purity by 1H NMR after workup with no further purification 

(Scheme 1.9). 

 

Scheme 0.9 Synthesis of the 3,3-dimethyl-4-pentenyl donor 135 
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The glycal assembly method was again used to access donor 135 in 70% yield 

overall. gem-Dimethyl 4-pentenyl donors 134 and 135 were both subjected to glycosylation 

condition with various acceptors, including H2O, to assess the scope of the method.  

Table 0.1 Glycosylation and hydrolysis of C2-gem-dimethyl donor 134 and C3-gem-

dimethyl donor 135 
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The results are summarized in Table 1.1 below. In general, both donors favorably 

glycosylated a range of acceptors, including primary alcohols and secondary alcohols with 

synthetically useful yields (74%-87%). Donor hydrolysis (entry 7) afforded known lactol 

157 in high yield, demonstrating the capacity of gem-dimethyl 4-pentenyl moiety to serve 

as anomeric protecting groups. 

Finally, to support the hypothesis that a gem-dimethyl effect is responsible for 

accelerating the reactions of 134 and 135, the Andrade lab conducted side-by-side studies 

of the NBS-mediated hydrolysis of 134, 135, and parent NPG donor 125, which was 

prepared via the glycal assembly method and results are documented in Table 1.2. 

 

Table 0.2 Side-by-side hydrolysis of 4-pentenyl donors 
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The hydrolysis reaction was selected over the glycosylation reaction because of more 

manageable time scales. In other words, glycosylation rates are much faster due to the use 

of catalytic TESOTf, which activates the NBS to rapidly generate Br+. All the donors were 

subjected to oxidative hydrolysis conditions with NBS (2.5 equiv) in 1 % H2O/MeCN 

(0.025 M) at room temperature. LC-MS was used to monitor the progress of each reaction, 

and it was found that C2-gem-dimethyl donor 134 hydrolyzed eleven times faster than the 

parent NPG 125 to furnish 157. The C3-gem-dimethyl variant 135, on the other hand, was 

approximately three times faster than 125. These results were documented by half-li fe 

determination (t1/2). 

In summary, gem-dimethyl analogs of Fraser-Reidôs NPGs prepared from readily 

available 2,2-dimethyl-4-pentenol (137) and 3,3-dimethyl-4-pentenol (143), display 

excellent results in glycosylation and hydrolysis reactions with inexpensive stoichiometric 

activator NBS. However, the scope of the method did not move beyond using glucose. The 

next step in this study was the expansion of the methodology to other monosaccharides 

(e.g., mannose, galactose, glucosamine, and glucose). Those studies are discussed in the 

next section. 

1.2.2 Present Study: Scope of 3,3-gem-dimethyl-n-Pentenyl Glycosyl Donor 

The Andrade lab established that 2- and 3-gem-dimethyl analogs of Fraser-Reidôs 

NPGs proved to be more reactive than parent NPGs by virtue of the gem-dimethyl effect. 

As the synthesis of the 3-gem-dimethyl congener was superior, efforts were directed at 

studying this particular NPG. In this section, the scope and application of 3-gem-dimethyl 

4-pentenyl glycosides toward the synthesis of oligosaccharides derived from glucose, 
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galactose, mannose, and N-acetylglucosamine is discussed. The glycosides were 

synthesized from the corresponding glycosyl bromide in a single step with good yields.  

1.2.2.1 Synthesis of Donors 

In the previous study, the Andrade lab synthesized glucosyl donor 135 to establish 

proof of concept and explore the novel methodology. To expand the scope to other 

monosaccharides, 3-gem-dimethyl glycosyl donors 101-107 derived from glucose, 

galactose, mannose, and glucosamine were synthesized Figure 1.5. 

 

 

 

 

Figure 0.5 3,3-dimethyl 4-pentenyl glycosides 

 

Fraser-Reid reported the synthesis of NPGs from the corresponding bromosugar 

(i.e., anomeric bromide) using the Koenigs-Knorr method and employing AgOTf in 

CH2Cl2 at -20 °C. However, those exact conditions were not successful with 3,3-dimethyl-

4-pentenol (143). Therefore, optimization studies were undertaken to find the best 

conditions for preparing 3,3-gem-dimethyl NPGs of glucose, mannose, galactose, and N-

acetylglucosamine. The parameters that were systematically screened were solvent, Lewis 

acid promoter, temperature, and reaction time shown in Table 1.3. Solvents included 



21 
 

CH2Cl2, acetonitrile, diethyl ether, and CH2Cl2.  It was found that CH2Cl2 was the best 

solvent for preparing the NPGs. Lewis acids surveyed included BF3·OEt2, ZnCl2, Ag2CO3, 

and AgOTf wherein AgOTf emerged as superior. The best conditions (entry 11) featured 

the use of AgOTf and 4Å MS in refluxing CH2Cl2 for 12-24 h to afford 75% yield of donor 

101. Using these optimized conditions, donors 101-107 were prepared in 60 to 90 % overall 

yield. 

 

Table 0.3 Optimization studies 
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1.2.2.2 Synthesis of Acceptors 

With access to the glycosyl donors, attention was directed at preparing the glycosyl 

acceptors. While acceptors 144 and 148 were employed previously, 150 and 158 were 

added to perform glycosylation at C4-OH and C2-OH sites, respectively (Figure 1.6). 

Benzyl alcohol (154), menthol (146), and propargyl alcohol (159) were also selected for 

scope. While alcohols 144, 146, 159 and 164 were commercially available, acceptors 152, 

160 and 161 are known and were prepared using literature procedures.40, 41  

 

 

                       Figure 0.6 Targeted acceptors for study of glycosylation 

 

The synthesis of acceptors 148 and 150 started with commercially available methyl-

ɓ-D-glucosopyranoside (160), which was reacted with benzaldehyde dimethyl acetal 161 

in presence of catalytic p-TsOH to deliver 4,6-O-benzylidene-protected methyl-ɓ-D-

glucose 162 in 92%. Benzylation of the remaining C-2 and C-3 alcohols was accomplished 

with NaH and BnBr to give 163 in 86% yield.42  
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Scheme 0.10 Synthesis of acceptor 148 and acceptor 150 

 

 

The regioselective reductive ring-opening of benzylidene acetals can be conducted 

with various reagents including LiA lH4-A1C13, NaCNBH3-HCI, and DIBAL. However, to 

access the desired C4-OH acceptor 150, trifluoroacetic acid (TFA) and triethylsilane (TES-

H) in CH2Cl2 were employed in 90% yield. Alternatively, the C6-OH acceptor 148 was 

prepared using CoCl2 with BH3ÅTHF in 86% yield. 
43  

Acceptor 158 was prepared in six steps from per-O-acetylated glucose (164). 

Treatment with HBr in AcOH afforded acetobromo glucose (165), which was treated with 

methanol, collidine and tetrabutylammonium bromide (TBAB) to deliver orthoester 166 

(Scheme 1.11). Removal of the acetates and benzylation of the hydroxyl groups with NaH 

and BnBr afforded 168. Glycosylation of the orthoester with methanol under the agency of 

TMSOTf and acetate saponification delivered acceptor 158.40 
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Scheme 0.11 Synthesis of acceptor 158 

 

 

1.2.2.3 Glycosylation using 3-gem-Dimethyl-n-Pentenyl Glycosyl Donors 

Glycosylation reactions are synthetically challenging transformations in 

oligosaccharide synthesis. Product selectivity depends on various factors including 

reaction temperature, time, solvent, concentration, and the nature of the coupling partners. 

Prior to carrying out glycosylation reactions, it was important to reinvestigate optimized 

reaction conditions. To this end, the solvents CH2Cl2, acetonitrile, diethyl ether and 

tetrahydrofuran were evaluated wherein CH2Cl2 was the best solvent for glycosylation and 

proceeded for the glycosylation to make disaccharides. Halonium sources were also 

screened including NBS, NIS, and I2 in CH2Cl2, in addition to catalytic amount of Lewis 

acids. 
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Table 0.4 Optimization studies for 3,3-dimethyl-4-pentenyl glycosides 
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Table 1.4 (entry 12) shows that the combination of NBS and catalytic TESOTf in 

CH2Cl2 at low temperature was the best. The use of the more reactive NIS had slightly 

inferior yields (entry 11). Based on the similarity in yield, both NIS and NBS were 

employed in the glycosylation studies. 

Table 1.5 shows the results from the glycosylation reaction between novel NPG 

donors 101-107 with the acceptors at C2-OH and C6-OH.  Conditions feature the use of 

NBS or NIS with catalytic TESOTf and CH2Cl2 as solvent at two different temperature 

regimes. Yields range from 60% to 93%. The presence of an acyl group on the C2-position 

of the glycosyl donors ensures complete 1,2-trans selectivity in the glycosylation reaction. 

By having handful of donors 101 to 107 and with a variety of acceptors to evaluate 

the scope of 3,3-dimethyl NPGôs with the optimized condition. The glycosylation 

experimental results are summarized in Table 1.6, Table 1.7 and Table 1.8. In general, all 

the donors undergo glycosylation with wide variety of acceptors in oligosaccharide 

synthesis. 
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Table 0.5 Glycosylation of 3,3-dimethyl 4-pentenyl glycosides derived from glucose, 

mannose, galactose, and N-acetylglucosamine 
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In Table 1.6, 2,3,4,6-tetra benzoyl 3,3-dimethyl 4-pentenyl glucoside donor (101) 

and 2,3,4,6-benzyl 3,3-dimethyl 4-pentenyl glucoside donor (104) with glycosyl acceptors 

144, 150, 152 and 158 undertook glycosylation condition to access wide variety of 

disaccharides 101A to 101D and 104A to 104D. In particular, the neighbouring group 

participation of the benzoate group at C-2 position results in predominantly b-glycosides 

101A through 101D as products, In contrast of a benzyl group does not influence the 

oxonium carbocation and does not control the stereo selectivity. Glycosylation with 

menthol 146 and propargyl alcohol 170 with the donors 101 and 104, gave very similar 

results with the glycosyl acceptors.  

2,3,4,6-tetrabenzoyl 3,3-dimethyl-4-pentenyl galactoside donor (103) and 2,3,4,6-

benzyl 3,3-dimethyl-4-pentenyl galactoside donor (106) underwent smooth glycosylation 

with the acceptors, shown in Table 1.7, providing disaccharides in yields ranging from 62-

80%. The products in entries 1 to 6 were isolated as exclusively ɓ-glycosides whereas 

entries 7 to 12 were isolated as Ŭ/ɓ mixtures by virtue of the non-participating C2-O-benzyl 

ether. 

Compared to glucose and galactose, mannose substrates were quite different. 

2,3,4,6-Tetrabenzoyl 3,3-dimethyl-4-pentenyl mannoside 102 and 2,3,4,6-benzyl 3,3-

dimethyl 4-pentenyl mannoside 105 underwent glycosylation condition with the acceptors 

showed in Table 1.8 to produce disaccharides in reasonable yields with great selectivity. 

Thus, as shown in entries 1 to 6 refers disarmed products, observed only Ŭ and 7 to 12 

refers products with 3Ŭ:1ɓ ratio as shown in Table 1.8. 
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Table 0.6 3,3-Dimethyl-4-pentenyl glucoside glycosylation 
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Table 0.7 3,3-Dimethyl-4-pentenyl galactoside glycosylation 
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Table 0.8 3,3-Dimethyl-4-pentenyl mannoside glycosylation data 
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To study the 3-gem-dimethyl NPG of glucosamine, 2-phthalimido-3,4,6-tri-O-

benzoyl 3,3-dimethyl 4-pentenyl glucosamine (107) was treated with the acceptors shown 

in Table 1.9 in presence of NBS and TESOTf to give the disaccharides in good yields with 

suitable rates (15-30 mins). Entries 1 to 5 refers to disarmed products, observed only ɓ 

isomer except for 107A, results are captured in Table 1.9. 

 

Table 0.9 3,3-Dimethyl-4-pentenyl glucosaminoside glycosylation data 

 

 

Overall, gem-dimethyl analogs of Fraser-Reidôs NPGs showed greater reactivity 

with various glycosides of glucose, glucosamine, galactose and mannose. 
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1.2.2.4 Fraser-Reidôs vs 3,3-dimethyl 4-Pentenyl Glycosyl Donor 

We performed a comparative study of Fraser Reidôs glycosides vs 3,3-dimethyl 4-

pentenyl glycosides of glucose. To check the reactivity did competitive glycosylation 

reactions, which clearly showed gem-dimethyl glycosides are more reactive than NPGs. 

Our glycosides have very similar results with both the promoters, NBS and NIS but in the 

case of Fraser Reidôs NPGs NIS has better profile comparatively NBS. the reactivity 

pattern shown in Table 1.10. 

 

Table 0.10 Fraser-Reid Donor vs. 3,3-gem-dimethyl-n-Pentenyl Glycosyl Donor 

 

1.3 Conclusion 

The Andrade group has developed novel gem-dimethyl analogs of Fraser-Reidôs 

NPGs from 3,3-dimethyl-4-pentenol and 2,2-dimethyl-4-pentenol. These donors are stable 

toward acidic and basic conditions, which makes them step-efficient when compared to 

other glycosylating agents. In this chapter, the scope and reactivity of 3,3-dimethyl-4-
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pentenyl glycosides of glucose, mannose, galactose, and N-acetylglucosamine have been 

studied extensively for oligosaccharide synthesis. The donors are readily prepared from 

commercial starting materials and both glycosylation and hydrolysis yields are in the 

synthetically useful range. 
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CHAPTER 2  

DEVELOPMENT AND SCOPE OF N-SULFINYL METALLODIE NAMINES  

2.1 Introduction and Background 

2.1.1 Metalloenamines and Metallodienamines 

The tactical formation of C-C bonds in organic synthesis is most often achieved by 

reacting a nucleophilic carbon with an electrophilic carbon. The most widely employed 

nucleophilic carbon source is the enolate, which is generated by deprotonation of carbonyl-

containing compounds possessing a-hydrogen with a strong, non-nucleophilic. Two major 

drawbacks associated with enolates, particularly those derived from aldehydes, include 

self-condensation and proton transfer. To address these issues, Stork introduced the use 

enamines in 1954, which are less reactive than enolates and obviate the need for strong 

base chemistry altogether.1 

In 1963, metalloenamines were discovered independently by Stork and Wittig.2, 3 

Stork and Dowd reported that the treatment of N-cyclohexyl imines derived from 

cyclohexanone with ethyl magnesium bromides to generate metalloenamines and not the 

nucleophilic addition product. Furthermore, these intermediates could be efficiently 

trapped with primary and secondary alkyl halides to selectively furnish the monoalkylated 

product (Scheme 2.1A).2 Hydrolysis of the resulting imine gives the corresponding 

carbonyl compound. As the monoalkylation of enolates derived from aldehydes and 

ketones is notoriously difficult to control, the advent of enamines and the more reactive 

metalloenamines represented a solution to this problem.  
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In 1971, Stork and Benaim reported the monoalkylation of a,b-unsaturated ketones 

via the corresponding N-cyclohexyl metallodienamine derivative (Scheme 2.1B). 

Treatment of the imine with slightly less than one equivalent of LDA allowed equilibration 

to the thermodynamic dienamine, followed by trapping with MeI. Acidic hydrolysis both 

removed the imine and isomerized the trisubstituted alkene to the stable 2-octalone product 

in 90% isolated yield.4 

 

Scheme 0.1. Metalloenamine and metallodienamine alkylation reactions 

 

 

Th reactions of metalloenamines with numerous electrophiles have been studied, 

and an overview of the classes of compounds that can be prepared is shown in Figure 2.1.  

Sterics and electronics play a key role in these reactions. The scope of electrophiles 

includes chlorotrialkylsilanes, epoxides, oxetanes, aldehydes, Michael acceptors, nitriles, 

and dienes amongst others. The utility of Michael acceptors, aldehydes, and dienes forms 

the basis of precedent for the domino Michael/Mannich reaction and the novel chemistry 

of N-sulfinyl metallodienamines discussed later in this Chapter. 
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Figure 0.1 Alkylation reactions using metalloenamines 

 

2.1.2 Previous work in the Andrade laboratory 

In 2003, Ellman elegantly showed that N-sulfinyl lithioenamines, derived from the 

metalation of enolizable N-sulfinylimines5, 6 with LDA, efficiently and stereoselectively 

add to aldehydes in a 1,2-fashion.7 In 2005, he further demonstrated that these species add 

to a,b-unsaturated ketones in a 1,4-fashion.8 These findings laid the foundation for the 

study of N-sulfinyl metallodienamines in the Andrade laboratory. 

In 2013, Dr. Senzhi Zhao developed a novel asymmetric domino Michael/Mannich 

reaction for the rapid assembly of the tetrahydrocarbazole (ABE) framework of the 

Aspidosperma alkaloids. In order to realize a short, asymmetric synthesis of the 

tetrahydrocarbazole framework, the strategic use of chiral sulfinimine chemistry first 

developed by Davis9-12 and then Ellman, was pursued as this methodology is arguably the 
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most efficient in the asymmetric synthesis of amine-containing compounds, including 

alkaloids.5, 13 Furthermore, it is well established the electron withdrawing sulfinyl group 

increases the electrophilicity of the imine, thus favoring nucleophilic addition over 

metalation, which is the case of enolizable N-alkyl imines as demonstrated by Stork and 

Wittig (see above). 

(-)-Aspidospermidine was synthesized by utilizing tetrahydrocarbazole, which was 

obtained in a single operation by utilizing a domino Michael/Mannich sequence from the 

reaction of N-sulfinyl metallodienamine and methyl ethacrylate as a Michael acceptor 

(Figure 2.2). Specifically, treatment of N-sulfinimine with a strong base, such as LiHMDS, 

generated the N-sulfinyl metallodienamine 201 via deprotonation of the acidic C2-methyl 

group. The addition of methyl ethacrylate triggers a Michael reaction, which in turn is 

followed by stereoselective cyclization of the enolate onto C3 N-sulfinylimine moiety in a 

Mannich fashion to furnish tetrahydrocarbazole 203. The absolute stereochemistry of 203 

is rationalized by considering transition state 202 wherein the tert-butyl group blocks attack 

of the intermediary enolate from the Re-face of the N-sulfinylimine. 

 

Figure 0.2 Domino Michael/Mannich reaction 
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2.2 Reactions of N-Sulfinyl Metalloenamines with Aldehydes: An Aldol Surrogate 

As discussed above, Ellman and his group explored the asymmetric additions of N-

t-butanesulfinyl metalloenamines to aldehydes to furnish N-sulfinyl imine aldols.14 In 

addition to stereoselectively forming C-C bonds, the 1,2-addition of N-sulfinyl 

metalloenamines to aldehydes also allows access either to syn- or anti-1,3-amino alcohols 

with high yields and diastereomeric ratios, depending on the reducing agent.7 

Ellman put forward a stereochemical model of asymmetric induction wherein the 

reaction proceeds via a closed, Zimmerman-Traxler-type transition state (Figure 2.3).7 The 

bulky tert-butyl group plays a vital role during the 1,2-addition, in addition to the Lewis 

basic sulfinyl oxygen that helps to coordinate. Thus, the diastereoselectivity is derived from 

approach of the aldehyde, sterically hindered face blocked the approach of the aldehyde 

from one face and the 1,3-diaxial interaction between R1 and R2 to control the product as 

shown in Figure 2.3. 

 

 

Figure 0.3. Stereochemical rationale for 1,2-addition of NSMD to aldehydes 

 

2.2.1 The Vinylogous Aldol Reactions of Mukaiyama and Kobayashi 

The aldol reaction is a powerful tool to make C-C bonds in organic synthesis, 

particularly in the synthesis of polyketide-based natural products. Based on Fusonôs 

vinylogy principle,15 which is grounded in resonance theory, Mukaiyama reported the first 
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vinylogous aldol reactions (VMAR) in 1973 with the silyl dienol ether of crotonaldehyde 

and cinnamaldehyde dimethyl acetal in presence of TiCl4 (Scheme 2.2).16 

 

Scheme 0.2 The first vinylogous Mukaiyama aldol reaction (VMAR) 

 

 

A hallmark of the vinylogous Mukaiyama aldol reaction is the regioselectivity 

wherein attack occurs at the g-position. This result stands in contrast to the corresponding 

metal dienolate variant that favors attack at the a-position.17 Paterson utilized a vinylogous 

Mukaiyama aldol reaction in his synthesis of swinholide A (Scheme 2.3).18 Typical Lewis 

acids for the VMAR include TiCl4 and BF3·OEt2. The Paterson19  and Kalesse20 groups 

have made many contributions to vinylogous Mukaiyama aldol chemistry under the 

auspices of natural products syntheses.  

 

Scheme 0.3 VMAR used in the total synthesis of swinholide A 

 

 

In 2004, Kobayashi developed the highly stereoselective vinylogous Mukaiyama 

aldol reaction using the vinylketene silyl N,O-acetals bearing the Evans oxazolidinone 

auxiliary (Scheme 2.4).21 These reactions proceed with high degrees of remote 1,7-

asymmetric induction. 
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Scheme 0.4 Remote 1,6,7-Asymmetric Induction by Vinylogous Mukaiyama Aldol 

Reaction by Kobayashi 

 

 

 To rationalize the stereochemical course of this reaction and formation of the major 

anti-diastereomer, Kobayashi invoked the open-transition state model 204A (Figure 2.4). 

The bulky isopropyl group of the Evans auxiliary blocked approach from the top (Re). The 

relative anti-stereochemistry was rationalized by considering the alternate 204B transition 

state that suffers from two additional gauche interactions.  

  

 

Figure 0.4 Stereochemical rationale for the Kobayashi VMAR 

 

In conclusion, it has been shown that the chiral vinylketene silyl N,O-acetal 4 and 

10 underwent a highly regio- and diastereoselective vinylogous Mukaiyama aldol reaction, 

which provides a unique and effective means of controlling remote asymmetric induction. 
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2.2.2 Present Study  

A novel asymmetric vinylogous aldol reaction using N-sulfinyl metallodienamines 

(NSMDs) as nucleophiles has been developed. The inspiration behind this method and 

reaction scope using various aldehyde substrates will be discussed in this section.  

2.2.2.1 Discovery of the Vinylogous Aldol Reaction with NSMDs 

In 2013, Tomoda and co-workers reported that the 14-membered macrolactone 

natural product (-)-albocycline (Figure 2.5) was equipotent with vancomycinðthe 

antibiotic of last resortðagainst methicillin resistant Staphylococcus aureus (MRSA).22 

Moreover, the structural complexity of the natural product prompted the Andrade  

 

Figure 0.5: (-)-Albocycline  

 

laboratory to devise a total synthesis. It was envisioned that left-hand fragment (enal 205) 

and N-sulfinyl imine 209 could be efficiently coupled by metalating 209 to access the 

corresponding NSMD. Conceptually, this represents a combination of Dr. Zhaoôs NSMD 

approach to (ï)-aspidospermidine and Kobayashi VMAR strategy.21 It was also critical to 

find conditions that favor 1,2- over 1,4-addition to enal 205. In other words, conditions 

favoring an open transition state were necessary. To test this hypothesis, the N-sulfinyl 

imine 209 derived from tilgic aldehyde enal 209 were prepared. The individual steps 

involved in the synthesis of these fragments are discussed in Chapter 3.  
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Precedent for accessing an open transition state with high levels of 1,7-asymmetric 

induction came from Kobayashi, who demonstrated that TiCl4-promoted Mukaiyama aldol 

reactions of vinylketene silyl N,O-acetals bearing the Evans oxazolidinone auxiliary with 

aldehydes proceed with high yields and diastereoselectivies.21 The reaction of N-sulfinyl 

imine 205 with LiHMDS furnished the requisite N-sulfinyl metallodienamine. Analogy to 

Kobayashiôs conditions, treatment of enal 209 with SnCl4 at -78 °C avoided the undesired 

1,4-addition to the enal and secured the C6-C7 bond in 208 with high regio- and 

diastereoselectivity (dr >20:1) shown in Scheme 2.5. 

 

Scheme 0.5 N-Sulfinyl metallodienamine vinylogous aldol reactions 

  

 

2.2.2.2 Scope of the Vinylogous Aldol Reaction with NSMDs 

Based on the success of the first NSMD-vinylogous aldol reaction in Scheme 2.5, 

efforts were directed toward other substrates to determine the scope. Figure 2.6 represents 

an overview of the parameters targeted in the optimization of this reaction.  
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Figure 0.6 Overview for the optimization of the NSMD vinylogous aldol reaction 

 

The first step toward the study of scope was to prepare various imine substrates. 

The standard synthesis of N-tert-butanesulfinyl imines features the condensation of N-tert-

butanesulfinamide with commercially available aldehydes in the presence of the Ti(OEt)4, 

which acts as a Lewis acid and an effective water scavenger, in THF for 24 h at room 

temperature. Using this protocol, the N-tert-butanesulfinyl imines 209-211 were prepared 

from tiglic aldehyde, 2-methyl-2-pentenal, and crotonaldehyde, respectively (Scheme 2.6). 

 

Scheme 0.6 Synthesis N-sulfinyl imines 209-211 

 

 

The N-sulfinyl imine derived from tiglic aldehyde 206 was studied extensively 

during the development of the vinylogous aldol reaction toward the synthesis of 
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albocycline. The choice of crotonaldehyde was to understand the role (if any) of the methyl 

group on C2 as compared to tiglic aldehyde. The rationale behind the choice of pentenal 

sulfinylimines 210 was to study the role of a stereocenter Ŭ to the hydroxy product, which 

could lead to either syn- or anti-diastereomers. 

With N-sulfinyl imines in hand, attention was turned to the metalation reaction. To 

this end, three strong bases (i.e., LHMDS, NaHMDS, and KHMDS) were screened (Table 

2.1). While LHMDS and NaHMDS provided similar results, KHMDS gave poor results 

due to the formation of impurities. The use of the stronger base, LDA, also led to multiple 

products by TLC analysis. Of the bases screened, LHMDS gave the best results. 

 

Table 0.1 Optimization of the base in NSMD vinylogous aldol reaction 

 

 

The next parameter to be examined in the vinylogous aldol reactions of NSMDs 

was solvent and temperature. As depicted in Table 2.2, the 1:1 mixture of THF and CH2Cl2 

(entry 5) gave the best yields. Interestingly, Kobayashi reported the same solvent system 
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in his vinylogous aldol reactions. The best temperature for this reaction was -78 °C since 

warming the reaction to -40 °C, 0 °C and 25 °C led to diminished yields (entries 6-8). 

 

Table 0.2 Optimization of conditions in NSMD vinylogous aldol reactions 

 

. 

The role of Lewis acids in NSMD vinylogous aldol reactions essential to get 

activate an aldehyde to make a Lewis acid complex to avoid Michael attack on Ŭ, ɓ-

unsaturated aldehydes. Another reason could be the nucleophilicity of the 

metallodienamine is not enough to react with aldehydes, whereas aldehydes need to be 

activated to make them more electrophilic. Lewis acids TiCl4, SnCl4, BF3·OEt2, Ti(OEt)4, 

and Ti(O-iPr)4 were screened. Among these, TiCl4 and SnCl4 worked best. Weak Lewis 

acids failed to promote the reaction, and reactions with BF3·OEt2 (entries 3 and 4) needed 
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higher temperatures, which eroded stereoselectivity, and the results are captured in Table 

2.3. Interestingly, when we treated with TESOTf, observed TES protected the vinylogous 

aldol product.  

 

Table 0.3 Optimization of Lewis acid in vinylogous aldol reactions with NSMD of 206 

 

 

The stereochemical model of the Kobayashi aldol reaction was consistent with the 

minimization of steric interactions in the open transition state, as described earlier. By 

analogy, Figure 2.7 shows the analysis of the vinylogous aldol reaction with NSMDs. The 

reaction proceeds via an open transition states with tert-butanesulfinyl group blocking 

approach from the Re face by the aldehyde. Of the four transition states 212A and 212B, 

212A will be favored by minimizing gauche and allylic (A1,3) strain found in transition 

states C and D. 
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Figure 0.7 Proposed Transition states in NSMD Vinylogous Aldol Reactions 

 

Aldehyde substrates for the vinylogous aldol reaction included aliphatic, Ŭ, ɓ-

unsaturated, and aromatic aldehydes to demonstrate scope. Tables 2.4 and 2.5 show the 

reactions of the N-sulfinyl metallodienamines derived from tiglic aldehyde and 

crotonaldehyde, respectively. In order to confirm the absolute stereochemistry of the aldol 

product, attempts were made to obtain single crystal x-ray analysis of vinylogous products. 

Unfortunately, all attempts failed. Recourse to chemical correlation with known products, 

such as aldehyde 216 derived from the reaction with benzaldehyde, proved successful and 

forms the basis for assigning other stereocenters (see below).  

As shown in Tables 2.4 and 2.5, the respective N-sulfinyl imines were treated with 

LiHMDS to generate the N-lithiodienamines then transferred y cannula into solutions of 

aldehydes that have been precomplexed with SnCl4. Yields ranged from 70% (Table 2.4, 

entry 3) to 85% (Table 2.4, entry 7) and uniformly gave a single diastereomer as per 1H 

NMR analysis of the downfield imine Csp2-H of the crude reaction mixtures. 

 

 



53 
 

Table 0.4 Scope of vinylogous aldol reactions with NSMD from 209 
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Table 0.5 Scope of vinylogous aldol reactions with NSMD from 211 
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 Finally, preliminary experiments have shown that the use of 2-methyl pentenal-

derived sulfinimines 210 gave a modest 3:1 diastereoselectivity when reacted with Tiglic 

aldehyde 213. Efforts are underway to understand this transformation better. The 

stereochemical model for this transformation is shown below in Figure 2.8 wherein the 

additional methyl group can experience a gauche interaction with the aldehyde alkyl or 

aryl group (R) in 240A leading to the major product or with the Lewis acid complex in 

240B leading to the minor product. 

 

 

Figure 0.8 Proposed transition states in NSMD vinylogous aldol reactions derived from 2-

methyl-2-pentenal 

 

2.2.2.3 Conclusion/Future Direction of NSMD Vinylogous Aldol Reactions 

The vinylogous aldol reaction of N-sulfinyl metallodienamines (NSMDs) and 

aldehydes for the construction of C-C bond was inspired by the natural product, 

albocycline. The scope of this methodology was explored using N-sulfinyl imines derived 

from tiglic aldehyde and crotonaldehyde. Future studies include (1) expanding the list of 

aldehydes; (2) the vinylgous aldol reaction of N-sulfinyl imine 210 derived from 2-methyl-

2-pentenal to explore the relative syn- or anti- stereochemistry; and (3) other electrophiles 
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such as imines (i.e., vinylogous Mannich reaction), which will be a useful tool in the 

context of complex alkaloid total synthesis.23, 24  

2.3 Reactions of NSMDs with Michael acceptors  

Ellman and his group reported the first example for the conjugate additions of N-tert-

butanesulfinyl metalloenamines to the a,b-unsaturated ketones.8 Reactions proceed with 

excellent diastereoselectivity; moreover, the methodology has been used in the rapid 

syntheisis of 2,4,6-trisubstituted piperidines (Scheme 2.7). 

 

Scheme 0.7 Ellmanôs conjugate additions of N-tert-butanesulfinyl metallodienamines 

 

 

2.3.1 Background on the Domino Michael Mannich Reactions 

The domino Michael/Mannich/N-allylation methodology developed by Dr. Senzhi 

Zhao in 2013 was inspired by Ellmanôs clever use of N-sulfinyl metalloenamines.9 As 

previously discussed, this reaction proceeds via Michael addition of a metallodienamine 

intermediate to a substituted acrylate, followed by a Mannich cyclization to access a 

substituted tetrahydrocarbazole (Figure 2.9).  
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Figure 0.9 Michael addition followed by Mannich addition 

 

2.4 Present Study 

2.4.1.1 Discovery of the acyclic NSMD Domino Michael/Mannich Reaction 

The development of the domino Michael/Mannich (DMM) reaction by Dr. Senzhi 

Zhao, which represented the first use of an N-sulfinyl metallodienamine (NSMD), enabled 

the first vinylogous aldol reaction with NSMD. However, to steer the regiochemical course 

of the reaction (i.e., promote 1,2-addition versus 1,4-addition) it was necessary to employ 

Lewis acids. During the optimization of this reaction, it was observed that no vinylogous 

aldol reaction occurred in the absence of Lewis acid at -78 °C. However, if the reaction 

was warmed to-40 °C, the Michael/Mannich cycloadduct was observed over the course of 

2 h (Scheme 2.8). 

 

Scheme 0.8 Discovery of Acyclic Domino Michael/Mannich reaction 

 

 



58 
 

 Significantly, the scope of the Domino Michael/Mannich reaction has been 

restricted to the aromatic heterocyclic systems of indole and pyrrole, with the former 

system being vastly superior.25 When implementing Dr. Senzhi Zhao's condition on an 

acyclic, aliphatic system, the cycloadduct was not formed and only starting materials were 

recovered. However, when the same reaction was performed at elevated temperatures of -

40 °C, -20 °C, and 0 °C, the cycloadduct 242 was isolated in 84% yield as a single 

diastereomer.  

 

Scheme 0.9 The first Acyclic Domino Michael/Mannich Reactions 

 

 

Synthesis of the cyclized adduct can be obtained in a one-pot reaction via the 

Domino Michael/Mannich sequence between the N-sulfinyl metallodienamine and a 

suitable Michael acceptor. More specifically, treatment of N-sulfinyl imines 209 with a 

strong base will generate N-sulfinyl metallodienamine via deprotonation of the acidic ɔ-

proton, subsequent addition of tiglic aldehyde (213) will trigger a Michael reaction, 

followed by a stereoselective cyclization, in which the enolate will coordinate with the 

metallodienamine to form a cyclic six-membered transition state that will attack the N-

sulfinylimine moiety in a Mannich fashion to direct the aldehyde onto the opposite face of 

the tert-butyl group.  The rationale for the relative and absolute stereochemistry of this 

reaction comes from invoking Zimmermann-Traxler transition state 241. As shown in 
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Scheme 2.9, the tert-butanesulfinyl group directs the aldehyde on the same face as the 

sulfinylimine.  

Using Heathcockôs closed transition state model,26 one can understand the role of 

sterics in dictating the stereoselectivity during Michael addition, as shown in the transition-

state structures represented in Figure 2.10 (243A and 243B). Arguably, the 

metallodienamine prefers to react on the diastereofacial represented in structure 243A, 

where the Ŭ-methyl on tiglic aldehyde and imine hydrogen are aligned on the same face, 

which is a favored transition state on steric grounds. Alternatively, in structure 243B the 

sterics between the methyl group on the metallodienamine and a-methyl on tiglic aldehyde 

results disfavored.  

 

  

Figure 0.10 Proposed Transition states for DMM adduct 

 

2.4.1.2 Scope of NSMD in Domino Michael/Mannich Reactions 

To determine the substrate scope and limitations of the acyclic domino 

Michael/Mannich (DMM) reaction, several Michael acceptors were evaluated. As depicted 

in Table 2.6, under the optimized conditions, the acyclic domino Michael/Mannich reaction 

was tolerant towards a different functionality such as esters and aldehydes.  
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Table 0.6 Scope of tiglic aldehyde-derived DMM reactions 

 

 

Cycloadducts were isolated in high chemical yields and with good to excellent 

diastereoselectivity. However, the selectivity and yield vary with an alkyl group a to the 

aldehydes. The use of the tiglic aldehyde led to the formation of the cyclized product, with 

three new contiguous stereogenic centers in excellent yield (82%) and excellent 
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diastereoselectivity (20:1). The structure of the cyclized product was rigorously established 

by single crystal X-ray analysis, thus confirming the stereochemical course of the domino 

Michael/Mannich reaction. 

 

Table 0.7 Scope of crotonaldehyde-derived DMM reactions 
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The data in Tables 2.6 and 2.7, reveal that cycloadducts derived from aldehydes 

have greater diastereoselectivities with compared to esters, to address the difference in 

selectivity, we assume that the temperature is key to generate metalloenamine to do DMM 

reactions. When imines get metallated in acyclic systems, usually syn selectivity is favored 

over anti.27 Myers and his group showed acyclic imines usually form kinetically favored 

E-enolates and it will undergo isomerization to the more stable Z-enolates at higher 

temperatures.28 In Figure 2.10, it is shown that the same analogy can explain the selectivity 

of DMM reactions with kinetically favored metallo dienamines vs thermodynamically 

favored DMM reactions. 

 

 

Figure 0.11 Isomerization of metallodienamines 

 

When domino Michael/Mannich reactions are performed at -78 °C, no product is 

obtained. However, if the reaction temperature is warmed to -40 °C, aldehydes (acroleinôs) 

engage the NSMDôs to form cycloadducts whereas esters (acrylates) do not. For esters to 

participate as Michael acceptors, reactions must be warmed to carried out at -20 °C, then 0 

°C, and rt, which smoothly delivered DMM adduct with poor diastereoselectivity. We 

assume that the higher temperature allows less albeit syn vs anti nucleophilic attack on the 

metallodienamines, lowering the diastereoselectivity. 
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Scheme 0.10 DMM reactions with 2-methyl pentenal derivative of N-sulfinylimine 

 

 

In Scheme 2.10, it is shown that reactions of another interesting substrate, 2-methyl-

pentenal derivative of N-sulfinylimine 210, with Michael acceptors to give DMM product, 

which contains four contiguous stereocenters. N-Sulfinyl imine 210 was treated with 

LiHMDS to generate a metallodienamine followed by Michael addition with tiglic 

aldehyde to give DMM product in good yield 73% and good diastereoselectivity (10:1). 

However, the diastereoselectivity and yield vary compared to other substrates 209 and 211, 

which explains the sterics with a methyl group at new stereocenter. The structure of the 

cyclized major product was further confirmed by X-ray analysis. 

2.4.2 Conclusion/Future Directions 

The domino Michael/Mannich reaction between acyclic NSMDs and Michael 

acceptors has been developed. The scope of this novel method was explored using N-

sulfinyl imines derived from tiglic aldehyde and crotonaldehyde, and then addition to 

acrylates and acroleins. The DMM reaction of N-sulfinyl metallodienamines derived from 
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2-methyl-2-pentenal enables access to cycloadducts bearing four contiguous stereocenters, 

in analogy to the venerable Diels-Alder reaction.  

Future directions include (1) optimization of the yield and stereoselectivity of the 

acyclic DMM reaction with additives; (2) usage of additional NSMDs and Michael 

acceptors to probe the scope; and, (3) application of this method in the total synthesis of 

natural products, particularly alkaloids.  

2.5 Oxidation of NSMDs with the Davis Oxaziridine: Synthesis of Ŭ-hydroxy N-

Sulfinyl imines 

Oxaziridines have found widespread use in the oxidation of enolates to achieve a-

hydroxy carbonyl compounds.29 In this section, the reactions of NSMDs with the Davis 

oxaziridines to give a-hydroxy N-sulfinyl imines will be described.  These substrates can 

be hydrolyzed to achieve a-hydroxy carbonyl compounds or subjected to imine reduction 

to give 1,2-amino alcohols.30-32 

2.5.1 Background on the Davis Oxaziridines 

 

 

 

Oxaziridines have unique reactivity owing to the strained three-membered ring and 

a relatively weak N-O bond, which leads to diminished basicity of the oxaziridine nitrogen. 
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In 1978, Davis reported the first example of N-sulfonyloxaziridines (i.e., Davis reagents), 

which have emerged as the most widely employed oxaziridines in synthesis.33 These 

oxaziridines are quite stable and readily prepared from biphasic-buffered oxidation of N-

sulfonyl imines with m-CPBA or potassium peroxymonosulfate (Oxone). The parent N-

sulfonyl imines are prepared from the condensation of an arenesulfonamides with aromatic 

aldehydes in the presence of a Lewis acid. The Davis group has investigated the rich 

chemistry of this reagent, in addition to a chiral, camphor-derived oxaziridine (Figure 

2.12). These reagents allow for the oxidation of functional groups under neutral conditions, 

as contrasted with m-CPBA that proceed under acidic conditions.32  

 

 

 

Figure 0.12 Oxygen-transfer reactions of N-sulfonyloxaziridines 
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2.5.2 Reactions of enamines with Davis Oxaziridines 

Oxidation of enamines is well known with various reagents to afford a-hydroxy 

ketones with acceptable yield. In 1988, Davis reported the oxidation of enamines with N-

sulfonyloxaziridines. Trisubstituted and disubstituted enamines are rapidly oxidized to Ŭ-

amino and Ŭ-hydroxy ketones, respectively.30  

 

Scheme 0.11 Reactions of enamines with Davis oxaziridines 

 

 

2.5.3 Present Study 

2.5.3.1 Discovery of Ŭ-hydroxy N-Sulfinyl imines with the Davis Oxaziridine 

The synthetic challenge posed by albocycline inspired the development of the 

vinylogous aldol reaction wherein the stereochemistry at the C7 was achieved. Moreover, 

it was hypothesized that the regio- and stereoselective installation of oxygen at C4 could 

be achieved by reacting the N-sulfinyl metallodienamine derived from 259 with the Davis 

oxaziridine (Figure 2.13). In the event, treatment of 259 with a strong base to generate the 

N-sulfinyl metallodienamine followed by reaction with the Davis oxaziridine delivered Ŭ-

hydroxy N-sulfinylimine 260 with dr: 4:1. Significantly, no elimination of the C7 methoxy 

group through a possible E1cb pathway was observed.  
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Figure 0.13 Discovery of Ŭ-hydroxy N-Sulfinylimines with Davis Oxaziridines 

 

A plausible explanation for the selectivity is derived from coordination of the Lewis 

acidic lithium with the Lewis basic sulfinyl oxygen. The bulky t-butyl group blocks the 

attack from Si-face and favors the Re-face attack, which leads to the major product. It was 

not clear what the absolute stereochemistry of the C4-alcohol was, and the material was 

carried on to the natural product. The desired (R) stereochemistry was confirmed by 

matching the synthetic material with natural albocycline.  

The highly regioselective nature (i.e., a- over g-attack) of this reaction is analogous 

to lithium dienolates chemistry.17 Deprotonation of the most acidic ɔ- proton to give a 

metallodienamine followed by addition of an electrophilic oxygen source can oxidize two 

possible positions, the Ŭ-position or the ɔ-position. Fortuitously, the oxygenation occurred 

at the Ŭ-position and with the desired stereochemistry to access the C-4 alcohol in 

albocycline.  

While the absolute stereochemistry was proved by correlating with albocycline, a 

simple substrate was prepared as well to study this novel transformation. To this end, the 

N-sulfinyl imine derived from tiglic aldehydes was prepared, subjected to LHMDS, and 

reacted with the Davis oxaziridine (Scheme 2.12). Hydrolysis of the N-sulfinyl imine 

revealed the aldehyde, which was subsequently reduced with DIBAL to afford a known 
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diol. Correlation with the optical rotation of the diol enabled the assignment of the a-

hydroxyl N-sulfinyl imine intermediate. A discussion of the mechanism is found in the 

following section. 

 

Scheme 0.12 Correlation with known compound 

 

 

2.5.3.2 Optimization of NSMD Ŭ-oxidation using the Davis Oxaziridine 

The oxidation of the N-sulfinyl imine derived from tiglic aldehyde 206 with the 

Davis oxaziridine proceeded with modest 4:1 diastereoselectivity (Scheme 2.13).  

 

Scheme 0.13 Stereochemical rationale of Ŭ-hydroxy N-Sulfinylimines 
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A reasonable stereochemical model for this transformation includes the 

preorganization of the NSMD of the Lewis acidic lithium and the Lewis basic sulfinyl 

oxygen. Attack opposite the t-butyl group leads to the major product. 

To improve the diastereoselectivity of the oxidation process, recourse to chiral 

camphor-based Davis oxaziridine was made.31 It was anticipated that using double 

asymmetric synthesis, the chiral reagent could enhance (matched) the stereoselectivity of 

the process, as reported by Davis in 1987.29 To test this hypothesis, tiglic aldehyde was 

condensed with both enantiomers of N-tert-butanesulfinamide. 

As shown in Scheme 2.14, (R)-tiglic-N-sulfinylimine reacted with (1R)-(ï)-(10-

camphorsulfonyloxaziridine) 268, allowed lower diastereoselectivity whereas the same R 

substrate with (1S)-(+)-(10-camphorsulfonyoxaziridine) was observed with greater 

diastereoselectivity. 

 

Scheme 0.14 Double asymmetric oxidation reactions with chiral oxaziridines 

 

 

 



70 
 

 A stereochemical rationale that explains the matched nature of the reaction of 270 

and the R-sulfinimine versus 269 entails non-bonded interactions between the R-

oxaziridine and the NSMD that are absent in approach by the S-oxaziridine. Those non-

bonded interactions include repulsive n-n interactions, (i.e., lone pairs on sulfinyl sulfur 

and proximal sulfinyl oxygen). Moreover, there are attractive interactions in 270 between 

the Lewis acidic lithium and Lewis basic sulfinyl oxygens. 

 

Scheme 0.15 Double asymmetric oxidation reactions and stereochemical rationale. 

 

 

 

2.5.4 Conclusion/Future Directions 

The site and stereoselective oxidation of NSMDs using the Davis oxaziridine has 

allowed access to Ŭ-hydroxy N-sulfinyl imines. To improve the diastereoselectivity of this 

reaction, double asymmetric synthesis was pursued using chiral Davis reagents. The scope 

of this methodology was limited to the N-sulfinyl imine derived from tiglic aldehyde. 

Future work includes the application of this reaction to different substrates, in addition to 

reacting NSMDs with electrophilic nitrogen sources. Lastly, it would be useful to bring 

DFT calculations to bear on all the reactions of NSMDs described in this chapter to assist 

in understanding the mechanisms. 
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CHAPTER 3  

TOTAL SYNTHESIS OF (ï)-ALBOCYCLINE  

 

3.1 Introduction and Motivation  

As early as 1945, Sir Alexander Fleming warned about antibiotic overuse stating 

ñthe public will demand the drug and then will begin an era of abuses.ò1 The current 

antibiotic resistance crisis has been attributed to the overuse and misuse of antibiotics. 

Antibiotic resistant is a worldwide phenomenon that has rapidly emerged and continues to 

spread. Simply put, antibiotic resistance needs to be addressed with new antibiotics in order 

to save millions of lives and reduce the economic burden. In response, the Infectious 

Diseases Society of America has called for drugs against multidrug-resistant óESKAPEô 

organisms (Enterococcus spp., Staphylococcus aureus, Klebsiella spp., Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter spp.).2 

Staphylococcus aureus (S. aureus) is arguably the most problematic ESKAPE 

pathogen that physicians encounter. Additionally, the organism has already surpassed 

HIV/AIDS as an annual cause of death in the U.S.3 Moreover, the situation is predicted to 

worsen, given the mass downsizing/reprioritization of pharmaceutical antibiotic drug 

discovery coupled to organismôs development of resistance to all currently available 

antibiotics, including the newly approved ceftaroline fosamil.4 In this regard, new 

antimicrobials are urgently needed for the treatment of S. aureus. To address this need, S. 

aureus will be employed as a model organism for antimicrobial development and 

subsequently extend our efforts to other Gram-positive bacterial species that are of 
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significant health concern. Successful campaigns will solve the immediate problem of 

providing agents for the therapeutic intervention of S. aureus infections and have the 

potential to provide broad-spectrum agents for the treatment of other bacterial infections. 

To address S. aureus infections, knowledge of bacterial cell wall biosynthesis and 

the ability of small molecules to inhibit this process would be of great use. In 2013, Tomoda 

and co-workers reported that albocycline (301) specifically inhibits bacterial cell wall 

biosynthesis, similar to vancomycin (302), and not other mechanisms of action (Figure 

3.1).5  

 

Figure 3.1 Structures of vancomycin (302) and albocycline (301) 

 

Despite this knowledge, the compoundôs molecular target has not been identified. 

Determination of the molecular target of albocycline will shed light on the cell wall 

biosynthesis as well as aid in the development of more potent/therapeutically desirable 

analogs. Current interest in the Andrade laboratory include the identification of 
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albocyclineôs target within the pathway, defining its SAR, and discovering more potent 

analogs to be developed for the therapeutic intervention of S. aureus infections. From a 

statistical perspective, over 75% of all FDA-approved antibiotics are derived from natural 

products, hence albocycline (301) has potential to be a novel antibiotic. 

 

3.2 Background on Albocycline 

This section describes the albocyclineôs background, which includes discovery, 

structural identification, biosynthesis, biological significance and previous synthesis of 

albocycline reported by Tanner.  

 

3.2.1 Background 

The macrolactone antibiotic albocycline (301), which lacks sugar moieties yet is 

bioactive, was first discovered in the 1960s by Okuda in Japan6 7 and the Upjohn company 

in the United States, who called it ingramycin. Albocyclineôs name originated from its 

white color and cyclic nature.8 The Okuda group proposed a gross chemical structure from 

an elemental analysis that yielded the formula as C18H28O4. Furthermore, this group also 

analyzed its physical properties: albocycline appears as a white crystalline powder with a 

melting point ~83-84 ÁC and a levorotatory optical rotation with [Ŭ]D -90 (c 1, methanol), 

-110 (c 1, chloroform). Albocycline (301) is readily soluble in lower alcohols, esters, 

ketones, benzene, chloroform, hexane, cyclohexane, and ether, but hardly soluble in water. 

Albocycline is also stable at neutral pH, but labile in acidic or basic solutions. On the 

contrary, it decomposes gradually at room temperature and turns yellow. Lastly, its 

physicochemical properties resemble those of cineromycin B reported by Miyairi9 et al. 
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and the structural features are very similar to other classical antibiotics such as 

erythronolide B. 

 

Figure 3.2 First proposed structure A 301 and Structure B 303 for the albocycline  

 

The partial planar structure B 303 of albocycline as seen in Figure 3.2 was proposed 

by a Japanese group in 196810. Structure B was accessed by degradative reactions, 

ozonolysis, and hydrogenation11, which correctly determined the location of the 

substituents on the macrocyclic ring. The group assigned the E-stereochemistry to the C2-

C3 and C5-C6 double bonds based on proton NMR coupling constants; but lacking such a 

spectral handle, they arbitrarily assigned the wrong stereochemistry to the C8-C9 double 

bond and were unable to assign the relative or absolute stereochemistry of the four 

asymmetric centers. Shortly afterward in 1972, a research group from the USA discovered 

the actual structure of albocycline, structure A, by performing crystallographic studies.   

The X-ray studies were conducted under two independent investigations performed 

by Thomas12 and Chidester along with Furusaki13 et al. The research group from the United 

States prepared a derivative of albocycline by esterification of tertiary alcohol at C-4 to 

minimize changes in the structure, thereby synthesizing the p-bromobenzoate derivative of 

albocycline 304. Lastly, the relative and absolute stereochemistry of albocycline was 

determined using single crystal X-ray analysis on 304 as shown in Figure 3.3. 
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Figure 3.3  X-ray crystallographic structure of albocycline derivative 304 

 

3.2.2 Isolation and Biological Significance of Albocycline 

Albocycline (301) was isolated from various strains of Streptomyces including S. 

bruneogriseus, S. roseocinereus, and S. roseochromogenes by the Tanabe Seiyaku 

Company6 in Japan and S. maizeus from The Upjohn company in the United States. 

Albocycline features a 14-membered macrolactone lacking sugars characteristic of the 

macrolide antibiotics.  Although it does not possess any carbohydrate moiety, it is active 

against Staphylococcus aureus through inhibition of nicotinate biosynthesis Figure 3.4. 

 

 

Figure 3.4 Nicotinate and Nicotinamide Pathways 

 

Reusser and co-workers claimed that albocycline inhibits a variety of gram-positive 

and gram-negative bacteria and fungi in vitro, but infections caused by bacteria in mice 
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were ineffective during the treatment with the tolerated dose of >320 mg/kg.14 Its 

antimicrobial activity was completely reversed in Bacillus subtilis cells by addition of 

nicotinate, nicotinamide, and quinolinate since it did not affect other macromolecular 

biosynthetic processes (nucleic acid, protein synthesis). Recently, Tomoda and co-workers 

showed that albocycline specifically inhibits bacterial cell wall biosynthesis, without 

affecting other macromolecular processes. Based on his experimental results, it appears 

that albocycline interferes with the biosynthesis of the peptidoglycan (i.e., bacterial cell 

well) of MRSA and showed no antimicrobial activity against B. subtilis. This ambiguity 

from both authors needs to be reconciled experimentally in order to flesh out the 

mechanism of action. 

3.2.3 Biosynthesis of Albocycline 

 Zeeck and co-workers investigated the polyketide biosynthesis of albocycline, and 

the results are shown in Scheme 3.1.15 Specifically, the biosynthesis of albocycline was 

investigated by feeding 13C-enriched sodium acetate and sodium propionate to growing 

cultures of Streptomyces sp. (strain Lu 7285), followed by isolation of the natural product 

using published procedures. The carbon skeleton was confirmed by 13C NMR 

spectroscopic analysis; moreover, several stereocenters were correlated with known 

macrolide skeletons while the remainder were unanswered. 
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\Scheme 3.1 Biosynthesis of the carbon skeleton of albocycline related macrolides. 

 

 

Khosla and co-workers have identified an orphan assembly polyketide synthase by 

means of computational studies (Figure 3.5).16 His group investigated to produce a 

polyketide of similar structure to albocycline and found five PKSs met these criteria. Of 

these, an orphan assembly line found in the genome of Mycobacterium marinum had the 

most plausible sequence and AT domain specificity. There are some unusual things, in 

order to cyclize into a 14-membered macrolide, the dehydratase domain of module 1 would 

need to be inactive to provide the requisite hydroxyl group at C2. The second difference 

between albocycline and the predicted orphan polyketide from M. marinum is the C10ï

C11 double bond isomerization. Following the activity of module 5, this would have to 

undergo isomerization to form a skipped diene. 
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Figure 3.5 Proposed biosynthesis of albocycline by modular polyketide synthases. 
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3.2.4 Previous Synthesis of Albocycline by Tanner and Somfai (1987) 

The only reported total synthesis of ingramycin (i.e., albocycline, 301) was first 

published in 1987 by Tanner and Somfai,17 and it was accomplished in 40 total steps (21 

in the longest linear sequence). Tannerôs retrosynthetic analysis is shown in Scheme 3.2, 

the four asymmetric centers of the molecule being entrenched using the three chiral 

fragments A 313, B 318 and C 323. Fragment A was synthesized from the amino acid, L-

serine, while a Sharpless asymmetric epoxidation reaction was utilized to synthesize the 

second and third fragments, sulfones B and C, to introduce the chirality. Coupling of A and 

B via the Julia-Lythgoe procedure allowed access to the final fragment using anion 

chemistry, followed by a suitable adjustment of functionality. Lastly, Tanner strategically 

utilized Keck macrolactonization to close the 14-membered ring.  

 

Scheme 3.2 Tannerôs retrosynthetic analysis of ( )-albocycline 

 

 

 The forward synthesis of albocycline includes the synthesis of three chiral 

fragments (Scheme 3.3). Chiral fragment A 313 was accessed by utilizing the natural amino 

acid L-serine (307).  Ketone 309 was readily prepared using a known procedure and 
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subjected to a Horner-Wadsworth-Emmons (HWE) reaction to afford 310. Acidic 

hydrolysis to remove the acetonide, protection of the primary alcohol as its t-

butyldimethylsilyl (TBS) ether, and methylation of the secondary alcohol with MeI/Ag2O 

gave 311. Reduction of ester 311 with DIBAL -H furnished alcohol 312, which upon 

subjecting to the Appel reaction gave fragment A 313 with 32% yield over 6 steps. 

 

Scheme 3.3 Synthesis of chiral fragment A 313 

  

 

Fragment B 318 was synthesized from the commercially available epoxy alcohol 

315, which was then treated with LiCuMe2 to regioselectively open the epoxide in high 

yield. The primary alcohol was protected with TBSCl to furnish the compound 316. Next, 

selective debenzylation was accomplished by hydrogenolysis to give the primary alcohol, 

which was then tosylated and reduced with LiB(Et)3H to furnish secondary alcohol 317. 

The alcohol was then protected as its benzyloxy methyl (BOM) ether. Finally, the TBS 

ether was treated with TBAF to access the primary alcohol, which was then subjected to 

Apple conditions to yield the corresponding bromide. Nucleophilic displacement of 

bromide with sodium para-toluenesulfinate gave fragment B 318 in 30% overall yield. 
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Scheme 3.4 Synthesis of chiral fragment B 318 and fragment C 323 

 

 

Sulfone C 323 was synthesized from the allylic alcohol 319, which under Sharpless 

asymmetric epoxidation conditions afforded enantiopure diol 320 (Scheme 3.4). Silylation 

of the primary alcohol with TBSCl gave 321. Hydrogenolysis to remove the benzyl ether 

and a Swern/Wittig protocol furnished 322. The resulting tertiary alcohol was protected as 

its THP ether to prepare 322. The introduction of the requisite sulfone was problematic 

when employing previous conditions (i.e., for fragment B) due to the steric issues. Tanner 

resolved this by simply converting the primary alcohol to the highly reactive triflate with 

triflic anhydride and Et3N, followed by nucleophilic displacement with NaO2S-p-Tol to 

furnish fragment C 323 in 55% yield over 6 steps. 

With all three fragments in hand, coupling was performed by generating a sulfone 

anion on fragment B 318, followed by addition of fragment A 313, to generate a separable 

mixture of diastereomers. The mixture was then treated with Na-Hg to furnish product 324. 

Next, deprotection of the TBS ether unmasked the primary alcohol, which underwent a 

Swern oxidation to produce aldehyde 325. The Julia-Lythgoe coupling of an aldehyde with 

fragment sulfone C 323 resulted in an unexpected elimination. 
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Scheme 3.5 Endgame to access (ï)-albocycline (301) 

 

 

Tanner resolved this issue by simply conducting the reaction at lower temperature. 

The anion of the sulfone in Fragment C was added slowly at lower temperature to avoid 

byproducts. Subsequently, the resultant ɓ-hydroxy sulfone was then acetylated using acetic 

anhydride and then the product was treated with Na-Hg to obtain the isomerically pure 

ester product 326. The ester was hydrolyzed with LiOH, and the BOM group was removed 

by catalytic hydrogenation over the Pearlman catalyst to access the seco-acid. The authors 

screened various macrolactonization conditions and ultimately applied Keckôs 

macrolactonization condition in the end game of albocycline. Thus, the seco acid was 

reacted with DCC, DMAP and DMAPÅHCl to afford THP-protected albocycline in 82% 

yield. Lastly, albocycline (301) was synthesized by deprotection of the THP ether with 

PTSA in 87% yield.  
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3.3 Present Study 

This section describes the biological significance and synthetic approach, which 

includes the first-generation and second-generation synthesis of albocycline. 

3.3.1 Biological Significance of Albocycline 

3.3.1.1 Albocycline Biological Approach 

As mentioned in the introduction, the Andrade group began investigating albocycline 

following the article published by Tomoda and co-workers in 2013. Therein, Tomoda 

showed that albocycline potently inhibited the growth of S. aureus including clinically 

isolated MRSA with a MIC value of 0.5ï1.0 mg/ml in a microdilution assay, which reveals 

a similar potency as compared to vancomycin, despite the fact that other gram-positive, 

gram-negative bacteria and fungi were not affected. Albocycline inhibited the growth of 

MRSA by targeting bacterial cell wall biosynthesis as opposed to other macromolecular 

processes5. 

 

 

Figure 3.6 Whole-cell labeling experiments of albocycline 
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As shown in Figure 3.6, whole-cell labeling experiments were performed to 

understand the mechanism of action by incorporating radioactive precursors 

([3H]thymidine, [3H]uracil, [3H]leucine and [3H]GlcNAc) into corresponding 

macromolecules using intact MRSA.18 The experimental data suggesting that albocycline 

blocked the biosynthesis of cell wall peptidoglycan with an IC50 value of 34.5 mg/mL. 

Albocyclineôs molecular target had not been identified yet, which is the motivation behind 

developing a series of albocycline analogs to study the mechanism of action and fully 

explore its therapeutic potential. Through a collaboration with Prof. Catherine Grimes of 

the University of Delaware (Department of Chemistry and Biochemistry) and Prof. Paul 

Dunman of the University of Rochester (School of Medicine), MIC studies with isolated 

and purified albocycline (from Streptomyces maizeus) have been conducted.7 Its inhibitory 

effect against Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis), Escherichia 

coli (E. coli), and Pseudomonas putida (P. putida) was confirmed by a bacterial cell growth 

curve study, liquid MIC, and agar diffusion assays.  

Prof. Dunmanôs lab measured the antimicrobial properties of albocycline in the using 

CSLI defined methodologies against a panel of the most notoriously difficult to treat 

clinically isolated and genetically divergent S. aureus strains. In Table 3.1, it is shown that 

including VISA, MRSA, and VRSA isolates. Studies of various strains indicated that 

albocycline displayed impressive antimicrobial properties, allowing it to be a potential lead 

for the antibiotic drug candidate. 
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Table 3.1 Inhibition effect of albocycline and vancomycin against S. aureus strains. 

S. aureus Strain ALB  

(mg/mL) 

VAN 

(mg/mL) 

MSSA 2 1 

MRSA 2 1 

VISA 2 4 

VRSA1 4 >64 

VRSA10 1 >64 

 

To further compare the antibacterial activity of synthetic (-)-albocycline (301) 

versus the isolated 301 obtained from the producing organism S. maizeus, MIC assays were 

performed with synthetic (-)-albocycline (301) against S. aureus and monitored over 6 and 

12 hours. The data reveal that the MIC values are matching with the isolated version from 

S. maizeus. Having established reproducible biological activity from both synthetic and 

isolated albocycline 301 trigger us to proceed further and investigate the mechanism of 

action. 
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3.3.1.2 Mechanistic Studies of Inhibition 

 

 

Figure 3.7 A) model of S. aureus MurA (left) and MurZ (right) with UDCGlcNAc. B) H-

bonding of UDPGlcNAc with MurA and MurZ 

 

 Albocycline (301) is a 14-membered macrolactone, a structural motif traditionally 

associated with targeting the bacterial ribosome and inhibiting translation (e.g., 

erythromycin).19 However, initial studies by Tomoda suggested that albocycline inhibits 

the biosynthesis of peptidoglycan (PG), the protective polymer that surrounds bacterial 

cells, which is also the target of vancomycin and penicillin. The mode of action prevents 

the incorporation of radiolabeled N-Acetylglucosamine ([3H]GlcNAc) into the PG of 

MRSA.20 We hypothesized that the conserved MurA and MurB enzymes, which catalyze 

the first committed step in PG biosynthesis by converting UDP-GlcNAc to UDP-

MurNAc21, could be the potential targets of albocycline. We can eliminate MurB as a 
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possible target due to the fact Staphylococcus aureus organisms harbor two genes for the 

synthesis of MurA and MurZ where albocycline can be able to inhibit that. These enzymes 

are biochemically similar in vitro and structurally alike as predicted by molecular modeling 

(Figure 3.7). MurA expression is approximately five times greater than that of MurZ during 

the exponential growth phase.22 Our hypothesis is that albocycline likely inhibits the first 

committed step of cell wall biosynthesis by covalently binding with MurA in a similar 

fashion to Fosfomycin,23 a known antibiotic compound that inhibits MurA.21 

 

  

Figure 3.8 A schematic diagram of the antibioticôs inhibition on cell wall biosynthesis 

 

In Figure 3.8, the currently available microbial antibiotic drugs that inhibit cell wall 

biosynthesis and their targets are shown. As mentioned previously, albocycline shows the 

same potency as vancomycin, however, its mechanism of action is unknown and called for 

further studies. 
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Figure 3.9 Structure of fosfomycin 327 and Cnicin 328 

 

Fosfomycin (327) and Cnicin (328) (Figure 3.9) have been extensively studied and 

shown to inhibit the first step in cell wall biosynthesis. Based on the literature analysis,5  

albocycline showed inhibition on the first committed step in the cell wall biosynthesis.  

 

Scheme 3.6 Proposed adducts by covalent modification of MurA Cysteine residue with 

albocycline 329 and MurA-catalyzed UNAG with albocycline adduct 331  

 

 

Thus two possible scenarios can be considered: 1) albocycline binds MurA and 

follows the same mechanistic pathway similar to fosfomycin; or 2) albocycline undergoes 

MurA catalyzed glycosylation with UDPGlcNAc to give the glycosylated product 

identically to the cnicin pathway24 as shown in Scheme 3.6. In order to identify the 

mechanism of action, we collaborated with Prof. Catherine, who is an expert in Mur 

enzyme studies during cell wall biosynthesis. 
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3.3.1.3 Computational Modeling 

Computational calculations were performed by Prof. Voelz at Temple University 

wherein conformational populations of albocycline in solution were modeled using the 

BICePs algorithm25 and incorporated experimental NOEs and J-coupling constants, 

combined with QM/REMD calculations. The results suggest roughly equal populations of 

two main conformations, corresponding closely to the two isoforms seen in the X-ray 

crystal structure of albocycline shown in Figure 3.10.26 

 

 

 

 

 

 

Figure 3.10 Albocycline conformers in solution calculated by BICePs and 1H NMR 

 

3.3.2 Culturing from Streptomyces maizeus 

3.3.2.1 Bacterial strains and culture conditions 

These strains were grown in liquid or solid Luria broth mediums. S. maizeus (NRL-

3558) was obtained from United States Department of Agriculture (USDA) and cultured 

with Bennett's medium or Yeast Extract-Malt Extract agar. S. aureus strain was purchased 

from Carolina Biological Supply Company. Liquid or solid tryptic soy broths were used to 

culture this bacterial strain. B. subtilis was also purchased from Carolina Biological Supply 

Conformer A (50%)                                Conformer B (50%) 
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Company, and the P. putida strain KT2440 was purchased from ATCC. Both cell strains 

were grown in liquid or solid LB mediums.  

3.3.2.2 Isolation of albocycline from S. maizeus cell culture  

Albocycline was isolated from different strains, Streptomyces bruneogriseus, S. 

roseocinereus, S. roseochromogenes of Streptomyces at The Tanabe Seiyaku Company in 

Japan and S. maizeus at The Upjohn Company, USA. A soil stock of Streptomyces Maizeus 

NRRL 3508 was obtained from the USDA. With the help of Prof. Ann Valentine, 

Streptomyces maizeus was suspending the pellet from the ampoule in 10 mL of sterile 

Bennetôs medium near the flame and then transferring aliquots into 2 L baffled flask filled 

with 500 mL Yeast-Malt Extract agar. 

 

Table 3.2 Bennettôs Medium: (ATC Medium No. 174) 

Material Per Liter (grams) Per 100 mL 

Yeast Extract 1.0 gram 0.1 gram 

Beef Extract 1.0 gram 0.1 gram 

N-Z amine type A 2.0 gram 0.2 gram 

Glucose 10.0 gram 1.0 gram 

Distilled Water 1.0 liter 100 mL 

 

To make Yeast-Malt agar plates, yeast extract, malt extract, and agar were dissolved into 

water, Table 3.2; the mixture was autoclaved, then cooled down to 40 °C, poured halfway 

into the sterile plates that were kept aside for 1 day. Afterward, the plates were incubated 
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at 28 °C. After one week, sporulation growth was observed as a powdery gray color. To 

obtain healthy cells, sporulation was continued for three generations.  

 

Table 3.3 Production Seed Medium: ATCC Medium No 172 

Material Per Liter Per 100Ml 

Glucose 1.0 gram 0.1 gram 

Soluble Starch 1.0 gram 0.1 gram 

Yeast Extract 2.0 gram 0.2 gram 

N-Z amine type A 10.0 gram 1.0 gram 

CaCO3 15.0 gram 1.5 gram 

Distilled Water 1.0 liter 100 Ml 

 

The healthy cell spores were inoculated into a small amount of Bennett's medium 

(around 10 mL medium in 25 mm diameter culture tube) and then incubated on a rotary 

shaker at 28 °C, 250 rpm for 48 to 72 hrs. The resulting cell culture was added into a 2 L 

flask containing 0.5 L of Bennett's medium as a production medium which is showed in 

Table 3.3 Lastly, the production flask was incubated at 28 °C, 250 rpm for 4-5 days.  

After incubation, an equal amount of ethyl acetate (0.5 L) was used to extract 

albocycline. Ethyl acetate was added into the flask and mixed with the cell culture by 

shaking vigorously. Upon settling, the ethyl acetate layer, containing albocycline, was 

transferred into a round bottom flask and evaporated under reduced pressure. Albocycline 

was then purified by flash column chromatography. The production of albocycline can be 

analyzed by TLC (ethyl acetate: hexanes, 3:7, KMNO4 stain solution), had a retention 
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factor (Rf) is 0.3. From culturing, 30-40 mg of albocycline was isolated from 1 L of S. 

maizeus cell culture. A schematic diagram illustrating the culturing process is shown in 

Figure 3.11. 

 

 

Figure 3.11 Schematic diagram of albocycline culturing from S. maizeus. 

 

3.3.3 First -Generation Total Synthesis of Albocycline 

3.3.3.1 Retrosynthetic Strategy 

Tanner and Somfai reported the first total synthesis of albocycline  (i.e., 

ingramycin, 301) in 40 total steps (21 in the longest linear sequence) in 198717. The first-

generation retrosynthetic analysis of albocycline (301) is shown in Scheme 3.7. The Keck 

macrolactonization was chosen to access albocycline, which follows Tannerôs endgame 

strategy. To synthesize the requisite seco acid in a convergent manner, the left-hand C6-

C13 fragment 340 and right-hand C1-C5 fragment 351 was coupled with the Horner-

Wadsworth-Emmons (HWE) reaction, followed by a Luche reduction. 



95 
 

 

Scheme 3.7 Retrosynthetic Analysis of Albocycline (301) 

 

 

The left-handed fragment 340 employed three key C-C bond-forming reactions: (1) 

olefin cross-metathesis to access the (E)-trisubstituted C8-C9 alkene, (2) allylation (SN2 

displacement) of a tosylate using an allyl magnesium reagent to form the C10-C11 bond, 

and finally (3) the Frater-Seebach alkylation to install the anti-stereochemistry at the C12 

and C13 positions. The resident stereochemistry at C13 was derived from commercially 

available (R)-methyl 3-hydroxybutyrate. Likewise, the right-hand fragment 351 was built 

from a methallyl unit (i.e., C3-C5 segment). The Sharpless asymmetric dihydroxylation 

(SAD) reaction installed the required stereochemistry at the C4 position. Finally, the 

TCICA/TEMPO oxidation followed by Horner-Wadsworth-Emmons (HWE) reaction 

furnished the C5-C6 alkene, while the Swern oxidation which then Wittig olefination 

accessed the C2-C3 alkene. 

3.3.3.2 Forward Synthesis of Albocycline 

Prior to the Frater-Seebach allylation approach, initial attempts at preparing the 

anti-aldol employed Heathcockôs strategy,27 which is shown in Scheme 3.8 were 

successful. This method employs the Evans auxiliary to introduce the C-12 and C-13 

stereocenters by first precomplexing the aldehyde with a Lewis acid to access an open 
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transition state. The lack of a UV chromophore complicated TLC analysis. Recourse to 

Brownôs crotylation28 was made. Thus, (E)-crotyl potassium 383 was prepared and reacted 

with (+)-B-methoxydiisopinocampheylborane (Ipc2BOMe) at -78 °C. The product was 

treated with BF3·OEt2, and the resulting Brown reagent was reacted with acetaldehyde at 

-78 °C. Standard oxidative workup furnished threo-3-methyl-4-penten-2-ol (384). 

 

Scheme 3.8 Brown crotylation and Heathcock anti-aldol approach 

 

 

 Scaling up this reaction proved problematic; moreover, the byproduct (IpcOH) had 

the same Rf value as that of the product. Attempts to separate the product from IpcOH were 

unsuccessful. 

At this stage, the Frater-Seebach alkylation was recruited to synthesize 340. The 

synthesis began with commercially available (R)-methyl 3-hydroxybutyrate (332). 

Subjection of 332 to Frater-Seebach reaction conditions (>2 equiv LDA, MeI in 

THF/HMPA) furnished anti-aldol 333 in 82% yield (>95:5 dr), thus stereoselectively 

installing the C-12 methyl group.29   
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Scheme 3.9 Synthesis of left-hand fragment 340 

 

 

The resultant alcohol 333 was protected with TES using TES-Cl and imidazole. 

The use of Et3N as a base was later employed to give TES ether 334. Reduction of 334 

with LAH reduction to obtain the primary alcohol 335 was accompanied by TES 

deprotection. The use of DIBAL -H resolved the issue and provided a satisfactory 86% 

yield of 335.  

Tosylation of the primary alcohol in 335 with TsCl and Et3N afforded 336 in 72% 

yield over three steps. As discussed during retrosynthetic analysis, it was envisioned that 

the C10-C11 bond could be made by the reaction of an allylmetal species with a suitable 

electrophile. After screening a variety of Cu-catalyzed cross-coupling reactions of allyl 

magnesium halides with tosylate 336, it was found that copper salts were not required. 

Optimally, the use of TMEDA and allyl magnesium bromide in Et2O delivered the desired 

product 337 in 82% yield. Curiously, lower yields were observed in the presence of copper 

sources.30 
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With the terminal olefin in hand, olefin cross-metathesis was investigated. After 

screening various catalysts, additives, and conditions, it was observed that the best results 

were obtained when 337 was reacted with methacrolein (5 equiv) and 5 mol% of Hoveyda-

Grubbs 2nd generation catalyst. In the event, a satisfactory 72% yield of left-handed 

fragment 339 was obtained (Scheme 3.9).31 

The synthesis of right-hand fragment 348 is detailed in Scheme 3.10. To install the 

requisite C-4 stereochemistry, Coreyôs modification of the Sharpless asymmetric 

dihydroxylation (SAD) of allylic alcohols employing p-anisyl esters was recruited.32 

Treatment of methallyl alcohol (342) with p-anisic acid (341), EDCÅHCl, and DMAP 

furnished substrate 343. Subjection of 343 to SAD conditions delivered diol 344 in 74% 

yield (>93% ee by correlation with known material).33 At this stage, Irelandôs one-pot 

Swern/Wittig olefination protocol was used to stereoselectively install the trans-enoate at 

C2-C3 of 345 in 72% yield.34 Tanner also employed this highly efficient tactic in his 

synthesis of albocycline. 

Homologation at C5 was realized in three steps. First, saponification of the p-anisic 

ester with NaOMe in MeOH gave alcohol in 95%. Oxidation of the C5 carbinol proved 

challenging, and numerous conditions were screened to access Ŭ-hydroxyaldehyde 347 

including the following: Swern, Corey-Kim, Parikh-Doering, Ley, Dess-Martin, and IBX. 

All  proved ineffective, and most of the oxidations gave the elimination byproduct. Success 

was ultimately achieved by employing trichlorocyanuric acid and TEMPO to afford 

aldehyde 349 in 56% yield.35 Takai olefination of aldehyde afforded (E)-vinyl iodide 348 

in 62% yield.36  
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Scheme 3.10 Synthesis of the Right-hand fragment 

 

 

 

With both the fragments in hand, a Nozaki-Hiayama-Kishi (NHK) NHK reaction 

was selected to prepare the critical C-C bond and effect the fragment-fragment coupling 

(Scheme 3.11). Unfortunately, when fragments 339 and 348 were treated with 

stoichiometric CrCl2 and catalytic NiCl2 in degassed DMSO at rt for 24 h, an inseparable 

mixture of diastereomeric allylic alcohols (R/S) 351 (dr=1:1.3) was isolated in a meager 

15% yield. Many attempts were made to increase the yield, but none were successful. 

While the yield of the NHK coupling was low, material was carried forward. 

Methylation of the alcohol in 351 with MeOTf and 2,6-di-t-butyl-pyridine (DTBMP) 

proceeded in 45% yield. Various fluoride sources (e.g., TBAF, HF·pyridine, TAS-F) were 

tested to site selectively remove the secondary TES ether in the presence of the tertiary 

TES group and furnish secondary alcohol 353. Ultimately, HF·pyridine proved superior. 
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Saponification with LiOH proceeded without incident. During TES deprotection, diol 354 

was isolated in small quantities 

 

Scheme 3.11 NHK approach toward albocycline (301) 

 

 

. Attempts at effecting a macrolactonization reaction with 354 under dilute 

conditions led to the formation of butenolide 356 instead of the desired 14-membered 

macrolactone. In the Tanner synthesis, the Keck macrolactonization was realized on a 4-

O-THP-protected seco acid. Accordingly, seco acid 353 was subjected to both the 

Yamaguchi and Keck macrolactonization conditions, but during the course of the reaction, 

the TES ether was being removed, and butenolide 356 was isolated as the sole product.  

Frustrations encountered with poor fragment-fragment coupling necessitated an 

alternative approach. It was envisioned that a Horner-Wadsworth-Emmons (HWE) 

reaction could be used to join the two fragments. Stereoselective reduction of the C7 ketone 

and O-methylation would access the natural product.  
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To perform the HWE reaction, keto phosphonate 340 was required. The synthesis 

is shown in Scheme 3.9. Cross-metathesis of 337 with methylmethacrylate furnished 

enoate 338. Treatment of 338 with lithio methyl phosphonate in THF afforded left-hand 

fragment 340.37  

 

Scheme 3.12 Endgame to access albocycline (301) 

 

 

Right-hand fragment 350 was prepared by protecting the C-4 alcohol as its THP 

ether with dihydropyran (DHP) and catalytic p-TsOH at rt to yield 346 (Scheme 3.10). 

Saponification of the p-anisyl ester 346 gave the C-5 primary alcohol. Oxidation with the 

Dess-Martin periodinane proceeded in 86% yield to afford 350.  

With both fragments in hand, the HWE reaction was evaluated. Specifically, keto 

phosphonate 340 was treated with 60% NaH in THF to generate phosphonoacetate 

followed by addition of aldehyde 350 in THF at 0 °C in 85% yield. Enone 357 was reacted 
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with NaBH4 in MeOH to afford a 1:1 mixture of diastereomers at the C-7 alcohol 358. 

Methylation of the carbinols with Proton Sponge and Me3OBF4 gave a satisfactory 84% 

yield of 359. Next, the TES ether was deprotected with TBAF at 0 °C, providing 360.  

The next step in the synthesis was the macrolactonization event. To this end, enoate 

360 was treated with LiOH in THF: H2O (1:1) to access the seco acid 361. Tanner has 

already shown in his synthesis that a THP protected macrolactonization is possible. 

Therefore, Keck macrolactonization with DCC, DMAP, DMAPÅHCl in CHCl3 produced 

THP-protected albocycline 362. The crude macrolactone was reacted with p-TsOH to 

deliver albocycline (301) in 80% yield over two steps. 

3.3.4 Second-Generation Total Synthesis of Albocycline 

3.3.4.1 Retrosynthetic Analysis of Albocycline 

To realize a step-efficient total synthesis of 301, a convergent approach featuring 

robust asymmetric methodology was needed.38, 39 In 2013, the Andrade lab demonstrated 

that chiral 2,3-indole fused N-sulfinyl metallodienamines (NSMDs) efficiently couple with 

acrylates to afford tricyclic adducts, which were elaborated into Aspdiosperma alkaloids as 

shown in (Scheme 3.13).40 This method was discussed in depth in Chapter 2. 

 

Scheme 3.13 Fused indole N-sulfinyl metallodienamines (NSMD) reacting with acrylates  

 

 



103 
 

It was reasoned that acyclic variants thereof could also be competent chiral, 

nucleophilic synthons for fragment-fragment coupling reactions with aldehydes. In 

addition, the N-sulfinyl moiety in the product could be used productively in a regio- and 

stereocontrolled oxidation with N-sulfonyloxaziridines (i.e., Davis reagents) to access the 

tertiary C-4 alcohol in 301. Previously, this was realized using Sharpless (SAD) chemistry. 

While powerful, the first-generation approach was not step-efficient. 

In a retrosynthetic sense, it was envisioned that (-)-albocycline (301) could be 

assembled from left-hand C7-C13 fragment 369, N-(S)-tert-butanesulfinylimine 371, and 

trimethyl phosphonoacetate 377 shown in Scheme 3.14. Keck macrolactonization of an 

appropriately protected seco-acid, a tactic used by Tanner and Somfai in their synthesis of 

301, would access the 14-membered ring.17, 41  N-Sulfinyl metalloenamines, studied by 

Ellman and derived from the metalation of enolizable N-sulfinyl imines,42, 43 efficiently 

add to Michael acceptors in a 1,4-fashion44 and aldehydes in a 1,2-fashion.45 

 

Scheme 3.14 Retrosynthetic analysis of (-)-albocycline (301) 

 

 

 Accordingly, it was hypothesized a vinylogous variant i.e., NSMD derived from 

371, could react at its C6 terminus with the C7 aldehyde of 369 in a regio- and 

stereoselective manner to prepare the C7 carbinol in a convergent fashion. Subsequent 
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metalation and reaction with the Davis oxaziridine (375)46 could serve to regio- and 

stereoselectively access the tertiary carbinol at C4. Horner-Wadsworth-Emmons 

olefination would stereoselectively deliver the (E)-enoate precursor to then prepare the 

requisite seco acid. 

 

3.3.4.2 Forward Synthesis of Albocycline 

The synthesis of (-)-albocycline 301 started with the preparation of left-hand 

fragment 369 (Scheme 3.15). To this end, commercially available (R)-methyl 3-hydroxy-

butyrate (363) was subjected to the Frater alkylation (>2 equiv LDA, MeI in THF/HMPA) 

to furnish anti-aldol 364 in 82% yield (>95:5 dr) and establish C12 and C13 stereocenters.29  

After screening, various protecting groups for the C-13 alcohol, the p-

methoxybenzyl (PMB) ether emerged as the best. Silyl ethers (e.g., TES) were not 

compatible with the vinylogous aldol reaction of NSMDs due the use of stoichiometric 

Lewis acid during pre-complexation to the aldehyde. 

The synthesis of PMB ether 365 was realized with PMB trichloroacetimidate and 

catalytic La(OTf)3 in 80% yield (Scheme 3.15).47 Ester reduction with DIBAL-H gave 

primary alcohol 366, which was then tosylated with TsCl and Et3N in 81% yield over two 

steps. Allylation of tosylate 367 was accomplished with TMEDA and allyl magnesium 

bromide to deliver 368 in 84% yield.30 Cross-metathesis of 368 with methacrolein (5 equiv) 

and 5 mol% of the Hoveyda-Grubbs 2nd generation catalyst (HG-II) furnished left-hand 

fragment 369 in 90% yield.31 

 

 
















