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Abstract 
 
 The synthesis of bacterial deoxy-amino sugars has been recognized as a 

significant challenge in carbohydrate chemistry. These sugars are integral to the structure 

and function of various bacterial species but, despite their biological relevance, efficient 

synthetic methods for accessing them remain underdeveloped. Existing methods often 

rely on the stereochemical manipulation of sugar building blocks, while others start with 

commercially available amino acids that undergo late-stage cyclization after installation 

of various chiral centers. Each of these methods rely on synthetic routes that are limited 

in scope and frequently suffer from poor diastereoselectivity in the construction of key 

intermediates. 

In this thesis, we present a more efficient, diastereoselective, and versatile protocol 

for the construction of 2,4-diamino-2,4,6-trideoxyhexoses (DATDHs). This novel 

approach is characterized by its ability to generate these complex monosaccharides in 

high stereochemical control, facilitating the synthesis of biologically relevant compounds 

that are otherwise difficult to access. We also develop protecting group manipulations to 

these molecules, which enables subsequent enzymatic and biologic testing on 

glycosylation-ready sugar donors and/or acceptors. In addition, various improved de novo 

synthetic routes toward complex bacterial 8-epi-legionaminic acid are proposed, inspired 

by the diastereoselective methods developed toward DATDHs in this thesis. 

 Chapter 1 introduces the significance of carbohydrates, with a particular focus on 

deoxy-amino bacterial sugars in the context of glycobiology and the development of novel 

therapeutics. Existing methods toward the synthesis of similarly derived deoxy-amino 

sugars are also highlighted as background for further method development. Chapter 2 
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delves into the importance of Krische allylation chemistry in facilitating highly 

diastereoselective C-C bond-forming reactions. The extension and optimization of this 

chemistry to more sterically encumbering and stereochemically complex substrates by 

our lab is then described. Additionally described is the complete de novo synthesis of four 

bacterial DATDH sugars via a long-chain, chemical elongation followed by late-stage 

cyclization strategy. By this approach, four 2,4-diamino-2,4,6-trideoxypyranosides arise 

from threoninol starting materials in moderate overall yield and excellent 

diastereoselectivity. The stereochemical characterization and purity of these compounds 

is confirmed through extensive analytical techniques, including variable temperature (VT) 

NMR, 1-D NOE NMR, and 13C NMR of acetonide protected compounds.  

Building on the methodology developed in Chapter 2, Chapter 3 demonstrates the 

scalability of this chemistry and extends it to the synthesis of derivatized 2,4-diacetamido- 

and 2-amino-4-acetamido-2,4,6-trideoxyhexoses. These compounds, synthesized in 

larger quantities, are valuable for exploring the enzymatic promiscuity of various 

glycosyltransferases and other enzymes. Through collaborative efforts, these derivatized 

sugars are exposed to said enzymes to assess their ability to recognize and process 

different stereoisomers of deprotected DATDHs. Such studies are crucial for 

understanding the enzymatic pathways that these sugars may undergo once activated, 

providing a deeper understanding of their potential biological roles. We also explore the 

use of aldolase enzymes in the transformation of 2-amino-4-acetamido-2,4,6-

trideoxyhexoeses into 9-carbon nonulosonic acids, a promising direction for the 

biosynthesis of novel sugar-based therapeutics. This work is an ongoing and collaborative 
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effort, which promises to shed light on biochemical transformations involving these 

bacterial sugars. 

 Chapter 4 presents the ongoing efforts toward the de novo synthesis of 8-epi-

legionaminic acid (8epiLeg), a complex bacterial sugar with significant bioactivity. This 

chapter discusses several synthetic routes that have been explored toward constructing 

8epiLeg in a more diastereoselective and efficient manner than previously reported. 

Building on the principles developed in earlier chapters, we propose a strategy that 

employs long-chain chemical elongation followed by late-stage cyclization, which may 

lead to the formation of 8epiLeg. The development of this method could have far-reaching 

implications for the synthesis of novel therapeutic agents derived from bacterial sugars. 
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3 

1.1. The Significance of Bacterial Polysaccharides 

 All cells and many macromolecules contain an array of carbohydrates, making 

carbohydrates among the most abundant and essential biomolecules on earth.1 Located 

on the outer surface of cellular and secreted molecules, carbohydrates are crucial 

components in the mediation and modulation of cell-cell and cell-matrix interactions. This 

includes the assembly of complex multicellular organs and organisms by assisting in 

protein folding1–3 and structural stability.4 

 In addition to their presence on mammalian cells, the cellular wall of bacteria 

contains polysaccharides and glycoconjugates with so-called “unusual” or “rare” sugars 

not found in eukaryotes, which serve both structural and functional roles.5 Notably, the 

capsular polysaccharide (CPS) and lipopolysaccharide (LPS) of bacteria serve as the first 

line of defense against complement proteins and bacteriophages.1,5 Additionally, the 

carbohydrate moieties present in these structures contain major antigenic determinants 

that define bacterial serotypes, which are crucial for the immune system’s ability to 

recognize and respond to different bacterial strains.5–8  

 The LPS consists of a lipid A domain, core domain (consisting of KDO (K), 

heptoses (H), and neutral sugars such as galactose (G)), and the outer O-Antigen 

(consisting of sugar fragments 2-8 units long) (Figure 1.1). Sugars on the O-Antigen 

range from free and amidated uronic acids, amino sugars, methylated and deoxygenated 

derivatives, acetylated sugars, and others containing covalently bound amino acids and 

phosphates.5 Due to the location of prokaryote-specific sugars on the outermost portion 

of the LPS, it is thought that these bacterial sugars play an essential role in bacterial 

fitness and pathogenicity.9,10 To support this, it has been observed that bacteria produce 
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glycoconjugates closely related to those found in mammals. This assembly of eukaryotic-

like glycans by bacteria is thought to be a form of “molecular mimicry,” allowing bacteria 

to evade host immunity or otherwise compromise the immune system of the host.5 

However, the fundamental questions of why bacteria utilize such structurally complex 

sugar moieties and what specific roles they play in pathogenicity are still not fully 

understood.7,11 The variability in these sugars allows bacterial to evade immune 

surveillance and adapt to different host environments, making them prime targets for 

therapeutic intervention. 

 

 

Figure 1.1. (a) Representative structure of the lipopolysaccharide (LPS) of E. coli. (b) Example of a 

core oligosaccharide structure from B. vulgatus. 
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1.1.1.  Deoxy-amino Sugar Prevalence on Pathogenic Bacteria 

Modified prokaryote-specific sugars such as 2,4-diamino-2,4,6-trideoxyhexoses 

(DATDHs) and their derived nonulosonic acids (NulOs) are among those sugars found on 

bacterial glycans.12 These deoxy-amino sugars are found at the reducing end of 

oligosaccharides of N- and O-linked bacterial protein glycosylation pathways of Gram-

negative pathogens.11 In many cases, the presence of these sugars has been related to 

pathogenicity and virulence.6,12,13 

Structurally speaking, NulOs are highly modified monosaccharides consisting of a 

9-carbon backbone, 3-carbon exocyclic side chain, and C5 acetamide substituent. The 

most widely known of these α-keto acidic sugars is sialic acid (N-acetylneuraminic acid, 

Neu5Ac) 1.1, which was first discovered as a product released by acid hydrolysis of brain 

glycolipids or salivary mucins14,15 and later found to be a recognition target by the 

influenza virus.16 Over 90 variants of 3-deoxy sialic acids have subsequently been found 

on mammalian and bacterial cells. A subset of 3,9-dideoxy “sialic acid-like” formed NulOs 

were later discovered, which only present themselves on bacteria and archaea.17 Of this 

class of NulOs, there are six stereoisomer subclasses: pseudaminic acid (Pse) 1.9, 

legionaminic acid (Leg) 1.4, 4-epi-legionaminic acid (4eLeg) 1.5, 8-epi-legionaminic acid 

(8eLeg) 1.6, acinetaminic acid (Aci) 1.7, and 8-epi-acinetaminic acid (8eAci) 1.8.17 

Compounds 1.1-1.9 in Figure 1.2 represent relevant, characterized nonulosonic acids 

present in nature, including various 3-deoxy and all 3,9-dideoxy derivatives. 
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Figure 1.2. Sialic acid in its most common form, N-Acetylneuraminic acid (Neu5Ac), as well as 
structural depictions of relevant 3-deoxy and 3,9-dideoxy nonulosonic acids (NulOs). 
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Figure 1.3. Derivatives of 8epiLeg found on the LPS of various pathogenic bacterial strains. 
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Carbohydrate-based vaccines were first explored as a possible treatment to 

bacterial infection as early as 1929.26,27 The 1930s and 1940s were a period of further 

CPS-based vaccine development, but this momentum was halted by the development of 

penicillin and other antibiotics in the 1950-1970s.28,29 The emergence of antibiotic 

resistant bacteria that followed these discoveries, however, called for a renewal in the 

development of carbohydrate-based vaccines.30 In the 1980s, CPS-based vaccines were 

reintroduced as treatments for tetravalent meningococcal, H. influenza type b, and 

Salmonella typhi Vi. Advancements to immunogenicity were made by coupling the CPS 

to a carrier protein via a linker (glycoconjugate vaccine), which showed generation of a 

more heighted T-cell dependent immune response and long-lasting immunological 

memory in patients.31,32 Figure 1.4 lends a visual depiction to the mechanism of action 

for this heightened immune response.  

More recently, PrevnarTM (PCV7 and later PCV13) became the first licensed 

pneumococcal CPS-based glycoconjugate vaccine, significantly reducing infection rates 

of various strains of S. pneumoniae, notably in children under the age of two and 

immunodeficient patients.33,34 Many countries that routinely include carbohydrate-based 

vaccination in their immunizations have near eliminated strains of S. pneumoniae, N. 

Meningitidis, and H. influenzae based on the aforementioned scientific developments.35 
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Figure 1.4. Schematic for the mechanism of action of glycoconjugate vaccines. Conjugation of 
polysaccharides to protein carriers result in carrier specific T-cell recognition that induce 
polysaccharide-specific B-cell differentiation. This leads to long lasting immunological memory in 
patients. 
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considerable batch-to-batch variability in developed vaccines.32,37,38 This type of cross-

linked lattice vaccine also displays artificial epitopes (and, therefore, production of non-

protective antibodies), which diminishes vaccine quality and may result in a lessened host 

immune response.39 Additionally, the capability to increase the amount of bacterial 

serotypes one vaccine can fight against is heavily limited by the sheer size of the 

extracted polysaccharide(s).  

 

 

Figure 1.5. (a) Traditional polysaccharide-based glycoconjugate vaccine (b) Semisynthetic 
glycoconjugate vaccine, where the oligosaccharide antigen is synthetic and has defined structure, 
while the carrier protein does not (c) Synthetic glycoconjugate vaccine, where both the oligosaccharide 
antigen and carrier molecule are synthetic. 
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A more rational design approach therefore lies in semi-synthetic or totally synthetic 

approaches to generate more well-defined glycoconjugates. Figure 1.5 compares 

makeup of the (a) traditional polysaccharide-based glycoconjugate vaccines, (b) semi-

synthetic glycoconjugate vaccines, and (c) totally synthetic glycoconjugate vaccines. 

Through the utilization of synthetic alternatives, quality control, vaccine efficacy, and 

serotype coverage can potentially all be increased. This will provide a more prudent 

alternative to the current carbohydrate-based vaccines on market.38 Figure 1.6 is an 

example of two recently developed semisynthetic glycoconjugate vaccines, both of which 

have been shown to elicit effective immune responses against N. meningitidis serogroups 

B and C (Figure 1.6a)40 and A. baumannii (Figure 1.6b)41 during conducted in vivo 

studies in mice. In Figure 1.6a, the synthesized species is conjugated to CRM 197, while 

in Figure 1.6b the synthesized sugar is conjugated to both CRM 197 and PorA.40,41 Work 

in 2024, performed by Seeberger and co-workers, showed additional promise for the 

future of glycoconjugates in the clinic.42 Limitations to the translation of these vaccines to 

clinic often still lies in the lack of efficient methodology for synthesis of the bacterial sugars 

present on the potential vaccine candidates, unfortunately. As a result, there is a push to 

further develop routes toward bacterial sugars that may be linked to bacterial virulence 

and pathogenicity.  
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Figure 1.6. (a) Fluorinated sialic acid-based glycoconjugate vaccine shown to elicit an immune 
response against N. meningitidis (b) Pseudaminic acid-based glycoconjugate vaccine shown to elicit 
an immune response against A. baumannii infection. 
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diphosphate 2-acetamido-4-amino-2,4,6-trideoxyhexose (UDP-diNAcBac) 1.18 from 

UDP-GlcNAc 1.15, which is observed to then be further enzymatically transformed into 

the nonulosonic acid, legionaminic acid (Leg).11 The biosynthesis of nonulosonic acids 

(such as the one shown in Scheme 1.1b) has inspired synthetic chemists to synthesize 

DATDHs (such as 2,4-diacetamido-2,4,6-trideoxymannose 1.19) as relevant therapeutic 

targets. Furthermore, biology inspires glycoscientists to view these DATDHs as relevant 

precursors for further chemical/chemoenzymatic elongations to create isolated 

nonulosonic acid products or other glycosylated natural products.44–47 
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Scheme 1.1. (a) The biosynthetic conversion of UDP-GlcNAc into UDP-diNAcBac as seen in C. jejuni, 
N. gonorrhoeae, and A. baumannii (AYE strain). (b) The biosynthetic conversion of UDP-diNAcBac 
into CMP-legionaminic acid in L. pneumophila. 
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C2 and C4 amine substituents, as well as utilized what may be considered relatively 

expensive starting material. These developments did, however, set the stage well for 

future iterations of DATDH sugar synthesis. In 2020, Codeé and co-workers utilized a 

similar route to generate a selenoglycoside from D-fucal 1.21, but with a few alternative 

steps.50 These alterations provided the diamino sugar in a way that allowed for 

differentiation between C2 and C4 amino functionality and was performed in an improved 

47% overall yield (Scheme 1.3). 
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Scheme 1.3. Codeé and co-workers’ synthesis of bacillosamine from D-fucal. 
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method for C4 azide displacement has henceforth inspired other groups to generate 

deoxyamino derivatives in a similar fashion.52,53 

 

Scheme 1.4. Summary of Kulkarni and co-workers’ synthesis of D-bacillosamine and AAT DATDH 
derivatives. 
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1.37. Seeberger and co-workers then demonstrated the utility of this DATDH as a glycosyl 

donor to generate biologically relevant polysaccharide fragments after installation of a 

trichloroacetimidate (TCAI) at the anomeric position. 46,54  

 

 

Scheme 1.5. Seeberger and co-workers’ synthesis of D-galactosamine configured DATDH (AAT) from 
N-Cbz-threonine. 
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Inspired by Kulkarni’s work 57 (described above), a final SN2 displacement of a C3 triflate 

intermediate by azide nucleophiles resulted in the desired D-bacillosamine derivative 1.47 

in a 14% overall yield.  

 

 

Scheme 1.6. Seeberger and co-workers’ synthesis of D-bacillosamine from L-Garner’s aldehyde. 
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target compound 1.53 was synthesized in 17% overall yield and moderate selectivity from 

commercially available amino acid 1.48. 

 

 

Scheme 1.7. Schmid and co-workers’ synthesis of an AAT derivative from starting material L-
threonine.  
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performed and followed by an aldol-type condensation.58 Due to their structural 

complexity, accessing these compounds has proven to be a significant challenge. 

Namely, work toward legionaminic acid, acinetaminic acid, pseudaminic acid and their C4 

/ C8 epimers has been met with low levels of success through both chemical and 

chemoenzymatic methodology. Some of the key developments toward chemical 

synthesis of 3,5,7,9-deoxy-5,7-diamino compounds are herein discussed as a point of 

reference for future developments. Chemoenzymatic 59–61 and Biosynthetic62–66 attempts 

at synthesis of these compounds are not discussed in this chapter.  

Much of the early work toward NulO synthesis was performed by Tsvetkov and co-

workers in 2001.67–69 Tsvetkov’s strategy involved condensation of 2,4-diacetamido-2,4,6-

trideoxyhexoses with oxalacetic acid in the presence of sodium tetraborate under basic 

conditions to generate desired NulOs in a non-stereoselective fashion. Schemes 1.8 - 

1.10 depict various iterations of this approach toward generation of pseudaminic acid, 

legionaminic acid, and acinetaminic acid. The generation of various stereoisomers during 

each NulO synthesis was a major downfall of this approach. In each case, the lack of 

stereocontrol resulted in a low yielding overall synthesis of the target sugar compound (3, 

7, and 8 % overall yield of pseudaminic acid 1.9, legionaminic acid 1.4, and acinetaminic 

acid 1.7). Additionally, complex separation methods to isolate each desired compound 

were necessary. As a first pass at the synthesis of NulOs, as well as the development of 

a route using DATDHs (during a time when these syntheses were also in their infancy), 

Tsvetkov’s work was a tremendous feat.  
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Scheme 1.8. Tsvetkov and co-workers’ synthesis of pseudaminic acid and epimeric byproducts. 
 

 

 

Scheme 1.9. Tsvetkov and co-workers’ synthesis of legionaminic acid and epimeric byproduct. 
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Scheme 1.10. Tsvetkov and co-workers’ synthesis of acinetaminic acid and pseudaminic acid 
epimeric byproducts. 
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successful glycosyl donors (dibenzyl phosphate at the anomeric position) via a TMSOTf-

mediated glycosylation with a methyl glycoside acceptor.  

 

 

Scheme 1.11. Ito and co-workers’ synthesis of pseudaminic acid and epimeric byproduct.  
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diazido compound 1.68 resulted in acetamide 1.69 generation in 80% yield over two 

steps. Final TBS deprotection, acetonide deprotection, and deoxygenation at C9 were 

performed to generate C9 iodinated compound 1.70. Final hydrogenation of C9 generated 

8-epi-pseudaminic acid 1.71 in 12% overall yield, over 11 steps. 

 

 

Scheme 1.12. Kiefel and co-workers’ synthesis of 8-epi-pseudaminic acid. 
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similar synthesis of protected legionaminic acid 1.90 from commercially available sialic 

acid 1.1 in 2017 (Scheme 1.15). This strategy took advantage of the inherent C5 amino 

chirality, allowing for synthesis of the protected product in 17% overall yield and 15 

steps.76 

 

 

Scheme 1.13. Kiefel and co-workers’ synthesis of pseudaminic acid. 
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Scheme 1.14. Crich and Dhakal’s synthesis of pseudaminic acid.  
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Scheme 1.15. Crich and co-workers’ synthesis of a legionaminic acid derivative.  
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Scheme 1.16. Seeberger and co-workers’ synthesis of legionaminic acid.  
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the derived thioglycoside 1.99, synthesis of the protected 8-epi-legionaminic acid 

derivative 1.102 proceeded by C7 N-sulfinyl imine generation (compound 1.100). This 

occurred via condensation with an (S) / (R)-Ellman sulfinamide. The next step was a 

samarium iodide-mediated aza-pinacol reaction of intermediate 1.100 with acetaldehyde 

to generate compound 1.101. In the case of the legionaminic acid targets, this reaction 

proceeded in 54% yield and 3:1 dr (Leg:8epiLeg) about the C8 stereocenter. Poor 

selectivity was attributed to a match-mismatch pair between the chiral auxiliary and chiral 

substrates.80 The final thioglycoside donors were obtained after the acidic removal of 

the N-sulfinyl group, azide installation, and O-benzoylation. In the case of 8-epi-

legionaminic acid 1.102, the product was synthesized in 5% overall yield and in 13 steps. 

Analogous reactions were performed to synthesize acinetaminic acid 1.103, 8-epi-

acinetaminic acid 1.104, and pseudaminic acid 1.105 in varying yield and step count (See 

Scheme 1.17 for further details). Varying levels of diastereoselectivity and low overall 

yield of certain targets were the tradeoff to a more versatile pathway, in this instance. 
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Scheme 1.17. Crich and co-workers’ synthesis of various nonulosonic acid derivatives (including 8-
epi-Leg) starting from N-acetylneuraminic acid (sialic acid).  
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The successful development of an efficient, diastereoselective synthetic route toward 

these sugars marks a critical step forward in the field of therapeutics aimed at combating 

bacterial infection. These sugars are not only integral to bacterial cell wall structures and 

virulence factors, but also are key players in pathogen-host interactions. By providing 

better access to these complex sugars, our work will facilitate deeper insights into how 

they influence the interaction between bacteria and human cells. With this improved 

understanding, there is further capability of developing novel therapeutic strategies to 

combatting bacterial infection. Ultimately, the continued advancement of synthetic 

strategies for bacterial deoxy-amino sugar generation offers a promising future for the 

development of innovative treatments to fight bacterial infections and improve human 

health. 
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2.1. Introduction 

As was described in Chapter 1, with antibiotic resistance on the rise there is a need 

for alternative treatments and preventions of bacterial infection.81 It is known that the 

lipopolysaccharide (LPS) and capsular polysaccharide (CPS) of bacteria are composed 

of so-called “rare” sugar chains that differ from those found in eukaryotes. The LPS and 

CPS are found on the extracellular matrix of bacteria and are known to play important 

roles in cellular recognition.11,82,83 As a result, these glycans make attractive targets for 

carbohydrate-based vaccine development, providing an alternative to traditional 

antibiotics.35,84–86 Among these bacterial sugars are various 2,4-diamino-2,4,6-

trideoxyhexoses (DATDHs), which are found in repeating units on the O-Antigen of many 

Gram-negative pathogenic bacteria including A. baumannii, C. jejuni, S. pneumoniae, P. 

alcaifaciens, N. gonorrheae, N. meningitidis, P. aeruginosa, etc.11,51,86–89 Figure 2.1 

illustrates some of these biologically relevant structures. Because such deoxy-amino 

sugars cannot be easily isolated from their natural sources, they have become attractive 

synthetic targets. Additionally, different stereoisomers of DATDH sugars are present on 

different bacterial serotypes, so there is a need for a widely applicable route to synthesize 

libraries of these compounds. This could allow for high-throughput screening and the 

development of therapeutics tailored to specific bacterial strains. 
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Figure 2.1. (a) C. jejuni N-linked glycan (b) A. baumannii K17 capsular polysaccharide (c) S. 
pneumoniae ST1 capsular polysaccharide. 
 

 

 

 

O
O OH

O
AcHN

O
O OH

HO
AcHN

O
HO OH

HO
AcHN

O
O OH

HO
AcHN

O
O OH

HO
AcHN

O
OAcHN

NHAc
NH

NH CO2

O

OHO
HO

HO

OH

(a) C. jejuni N-linked glycan

O
NH

HO
AcHN

HO

O
O

OH

HO
AcHNO

O

OHO

OAcHN
AcHN

O

(b) A. baumannii K17 CPS

O

O

O

AcHN
O

NH2

O

COOH

HO
HOO

HOCOOH

HOO

(c) S. pneumoniae ST1 CPS

2.1

2.2 2.3



44 

2.2. The Krische Allylation 

2.2.1. History and Expansion of Krische Allylation Chemistry  

 In 2019, the first catalytic enantioselective carbonyl (a-amino) allylation was 

introduced by Krische and co-workers. This method involved a primary alcohol and 

phthalimido allene pronucleophile engaging in a hydrogen auto-transfer-mediated 

carbonyl reductive coupling, resulting in the formation of vicinal amino alcohols (Scheme 

2.1).90 This chemistry displayed high levels of regioselectivity, anti-diastereoselectivity 

and enantioselectivity for a range of aromatic and aliphatic primary alcohol substrates, 

notable examples of which are displayed in Scheme 2.2. In addition to high 

stereoselectivity, this chemistry neither required formation of a preformed carbanion, nor 

a terminal reductant (ex: Mn, Zn, Et3B, Et2Zn), which is standard for carbonyl additions or 

metal-catalyzed carbonyl reductive couplings.91 This is made possible in the Krische 

allylation through the alcohol’s dual role of reductant and carbonyl proelectrophile. Instead 

of the previously mentioned additives, the overall allylation reaction simply required 

catalytic amounts of iridium-H8-BINAP to facilitate H-transfer catalysis, marking a 

significant advancement in the field of allylation chemistry. 

 

 

Scheme 2.1. General schematic for Krische allylation chemistry. 
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Scheme 2.2. Examples of original scope utilized in the iridium-catalyzed carbonyl reductive coupling, 
displaying various aliphatic and aromatic alcohol substrates (blue) and their generated anti-
diastereoselective products (blue and black).90 

 

Regarding scope, it was shown that vicinal alcohols and modified hetereoaryl-

containing alcohols could be generated in good yield and excellent enantio- or 

diastereoselectivity through this method. Additionally, it was shown that free secondary 

alcohols were tolerated (see butane 1,3-syn- and 1,3-anti-diol adducts, 2.9 and 2.10) and 

resulted in high anti-diastereoselectivity. Stereoselectivity could be tailored, in these 

instances, based on which chiral catalyst was utilized ((R) versus (S)). To this end, it was 

preliminarily indicated that the handedness of the catalyst has a direct effect on chirality 

generated at the primary alcohol. Additionally, and in the cases of an additional vicinal 

chiral center, the substrate alcohol-catalyst interaction still dictated anti-

diastereoselectivity (see entries 2.7, 2.9-2.11).90  

Regarding the reaction mechanism and transition state, initial studies utilizing 

reaction progress kinetic analysis (RPKA) via a “different excess” protocol along with DFT 
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labeling studies gave insight into the reaction mechanism (Scheme 2.3).90 High levels of 

diastereoselectivity are thought to be generated through a “closed chair-like transition 

state,” which forms an iridium (III) alkoxide and exchanges with the primary alcohol 

reactant to release the final product (squared off in Scheme 2.3).90 More recent studies, 

however, supported the idea that stereochemistry at the iridium may be more important 

than the chiral phosphine ligand in directing enantiofacial selectivity.92 

 

 

Scheme 2.3. Proposed catalytic cycle for Krische allylation based off KIE and DFT calculations. 

IrO

O

P
P

NO2

NO2

IrO

O

P
P

NO2

NO2

IrO

O

P
P

NO2

NO2 IrO

O

P
P

NO2

NO2

IrO

O

P
P

NO2

NO2

I

II
IIIa

IIIb

IV

O

O

R

H

PhthN

reversible
allene
hydrometalation

Kinetic prod. (Z)

Thermod. prod. (E)

NPhth

O

R

asymmetric
allylation

NPhth

O

H
R

IrO

O

P
P

NO2

NO2

NPhth

O

H
R

OH

R

OH

PhthN

protonolysis

isomerization

R

R



47 

The potential applicability of this work to generate complex deoxy-amino 

monosaccharides in a highly diastereoselective fashion was subsequently explored in our 

lab. In the work discussed in Section 2.3.3, we aimed to push the substrate limits of this 

chemistry by exploring H-transfer on chiral a-amino, β-hydroxy alcohols. Under the right 

conditions, good yield and high levels of diastereoselectivity were observed, which 

corroborated with Krische’s findings. However, anti-diastereoselectivity was not always 

observed. Additionally, with protected β-hydroxyls (TBS), changing catalyst handedness 

did not show a reversal in alcohol chirality of the product. This led us to believe that there 

is a ceiling to the level of catalyst control exerted in this reaction and, in some cases, 

stereoselectivity can be entirely under substrate control. Further mechanistic work must 

be done to probe this, but it was beyond the scope of this chapter. All in all, delving further 

into the results described in Section 2.3.3. would be an interesting future area of study. 

Additionally, the Krische allylation is a wonderful tool for the generation of highly 

diastereoselective 1,2-amino alcohols and has a promising future in the world of 

carbohydrate chemistry. 

 

2.3. Background, Overview, and Total Synthesis of DATDHs 

2.3.1. Background and Retrosynthetic Analysis 

Various methods of synthesis have been reported in the literature for this class of 

deoxy-amino bacterial sugars. Many of these approaches rely on the stereochemical 

manipulations of sugar building blocks.44,47,51,57,93–97 Others start with commercially 

available amino acids that undergo late-stage cyclization after installation of various chiral 

centers.98 While these methods have proven effective, they rely on synthetic routes that 
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are often limited in scope and/or proceed with low diastereoselectivity in the construction 

of key intermediates. Herein, we report an efficient, diastereoselective, and versatile 

protocol for the synthesis of four unique 2,4-diamino-2,4,6-trideoxy sugars. 

Retrosynthetically, we envisioned that all four 2,4-diamino-2,4,6-trideoxypyranosides 

2.20 - 2.23 could arise from threoninols 2.12 – 2.15 via a Krische allylation to set the 

required stereocenters.  In the forward direction, oxidative cleavage of the resulting 

terminal alkenes followed by anomeric TBS protection would afford the protected deoxy-

amino sugars (Scheme 2.4).   
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Scheme 2.4. Retrosynthetic analysis of deoxy-amino sugar synthesis starting from derivatives of L-
threoninol, D-allothreoninol, L-allothreoninol, and D-threoninol. 

 

2.3.2. Threoninol Synthesis 

 Accessing these deoxy-amino sugars first involved synthesis of the threoninol 
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standard conditions with sodium borohydride to yield D-threoninol 2.27 in 80% yield over 

three steps. It was later found that protecting group adjustments would need to be made 

to this substrate. See Section 2.3.5 for further reaction optimizations and protecting group 

manipulations. 

 

Scheme 2.5. Original synthetic pathway toward threoninol compounds for the D-threonine model 
system. 

 

2.3.3. Krische Allylation Optimization and Synthesis 

With 1,3-diol 2.27 in hand, we turned our attention to the key allylation reaction 

(Table 2.1). We recognized that optimization of this reaction would be necessary 

because, to our knowledge, the Krische allylation had never been performed on chiral a-

amino, β-hydroxy alcohols (see Section 2.2.1 for more details).90 Under the originally 

reported conditions, only trace amounts of impure allylation product 2.19 were observed 

(entry 1). Increasing the catalyst loading from 0.05 to 0.1 equivalents led to an increase 

in conversion (entry 2).  The starting material conversion could be further increased by 

increasing the reaction time (entry 3), with the bulk of starting material consumed within 
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the first 96 hours. We then further increased the catalyst loading to 0.2 equivalents entry 

5) and temperature to 110°C in a sealed tube (entry 7).  Pleasingly, these conditions 

provided the desired allylation product 2.19 as a > 20:1 mixture of diastereomers and 

showed 58% conversion.  Attempts to run the same reaction using the (S)-catalyst 

resulted in lower conversion to product 2.28, demonstrating a clear case of 

stereochemical match and mismatch between substrate and catalyst (entries 4 and 6).80  

Additional optimization attempts with alternative chiral catalysts (Figure 2.2) failed to 

provide an improvement (Table 2.2). It is unclear whether changes in reaction yield and 

diastereoselectivity are due to steric or electronic effects of the catalyst used. Alternative 

solvents also failed to provide any improvement (Table 2.3). 
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Table 2.1. Key optimizations of allylation chemistry using D-threoninol as the model substrate. 

 

               [a] >20:1 diastereomeric ratio 

 

 

 

 

 

 

 

 

Entry Catalyst 
Loading (mol eq.)

Percent
Conversiona

1 0.05 trace

Time 
(days)

2

0.1 27%2

Catalyst
Chirality

(R)

(R) 2

3 (R) 41%70.1

4 (S) 0.1 7 27%

5 (R) 0.2 4 51%

6 (S) 0.2 4 37%

7 (R) 0.2 4 58%

Temperature 
(˚C)

100
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100
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2.27 2.19
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Table 2.2. Catalyst screen for allylation optimization. 

 

 

 

Figure 2.2. Catalysts synthesized for catalyst screen in Table 2.2. 
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Table 2.3. Solvent screen for allylation optimization. 

 

 

2.3.4. Stereochemical Determinations via Rychnovsky Analysis 

To determine stereochemistry of the C-4 hydroxyl on compounds 2.19 and 2.28, 

we carried out a Rychnovsky acetonide analysis (Scheme 2.6).99,100 Per this analysis, it 

is known that an acetonide protected syn-1,3-diol will adopt a chair conformation, which 

is expected to possess acetonide methyl-group 13C chemical shifts with a > 9 ppm 

difference (Figure 2.3a). In contrast, the acetonide protected anti-1,3-diol will adopt a 

twist-boat conformation to minimize 1,3-diaxial interactions. This would be identified by 

diagnostic acetonide methyl-group 13C chemical shifts with a < 9 ppm difference, 

respectively (Figure 2.3b). Based off of this analysis, we were able to establish that 
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compound 2.29 possessed a syn-1,3-diol configuration (~19 and 30 ppm 13C shifts) while 

compound 2.30 possessed a trans-1,3-diol configuration (~24 and 25 ppm 13C shifts).  

 

Scheme 2.6. Acetonide protection of 1,3-diols for Rychnovsky analysis. 

 

 

Figure 2.3. Stereochemical determination of 1,3-diols using Rychnovsky analysis. (a) The acetonide 
protected syn-1,3-diol with distinct acetonide methyl groups highlighted in red (b) The acetonide 
protected anti-1,3-diol with acetonide methyl groups highlighted in red. 
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2.3.5. Substrate Modifications 

It was our initial hope that we could carry the crude allylation product 2.19 on to 

the subsequent oxidative cleavage. However, all attempts at ozonolysis led to 

decomposition and trace, impure isolated product. Workups utilizing both PPh3 and Me2S 

were attempted and, due to the difficulties removing triphenylphosphine oxide from the 

product mixture, dimethyl sulfide became the most effective workup reagent. However, 

and noting the coordinating ability of diols, we reasoned that metal contaminants from the 

allylation were still causing problems in subsequent steps. To circumvent this, we decided 

to protect the secondary alcohol prior to allylation.  To this end, we examined different 

silyl protecting groups on the threoninol O3, due to their inability to form a chelate with 

metal centers. 101,102 We also synthesized an oxazolidine protected threoninol to examine 

the effect of conformationally constraining substrates on the reaction (Figure 2.4).103 

 

Figure 2.4. Starting materials explored for use in the allylation of threoninols to vicinal amino alcohols. 

 

Attempts to synthesis more reactive silyl ethers (TES) were unsuccessful due to 

the instability of the triethyl silane to regular phase column chromatography. The 

oxazolidine did not successfully undergo allylation under our optimized conditions, which 

rendered it unusable. Ultimately, the TBS protected threoninol 2.12 was deemed the 
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20:1 mixture of diastereomers (Scheme 2.8). Allylation of TBS protected compound 2.15 

was done in the same fashion, generating compound 2.34 in 43% isolated yield as a 20:1 

mixture of diastereomers (Scheme 2.7). These allylation yields were improved upon after 

scale-up, which is further elaborated on in Chapter 4 of this thesis (vide infra). 

Due to the presence of the Boc protecting group on allylation products such as 

2.34, rotamerization in both 1H and 13C NMR was not surprising and was confirmed using 

1-D NOE experimentation according to the procedure of Ley and co-workers.104 This 

NMR experimentation is used to show chemical-exchange between rotameric peaks, 

allowing for rapid distinction of equilibrating small molecules from non-equilibrating 

diastereomers. This served as a non-destructive, timely way of performing compound 

characterization and affirming compound purity, while circumventing the need for more 

complex VT-NMR experimentation or the addition of complexing agents. Broadening of 

the allylation product 2.34 carbon peaks on 13C NMR was also observed, as is expected 

for carbamate rotamers.105 The stereochemistry of product 2.34 was confirmed using the 

Rychnovsky analysis.99  

 

2.3.6. Oxidative Cleavage and Final Anomeric Protection 

Following allylation, attempts to subject 2.34 directly to oxidative cleavage led to 

complex mixtures resulting from partial loss of the TBS group. To circumvent this, the 

TBS group was removed prior to ozonolysis.  Pleasingly, diol 2.19 then underwent clean 

oxidative cleavage to afford 2.35a and 2.35b, which was directly protected at the 

anomeric position using TBSCl to generate 2.23 as a single diastereomer (Scheme 2.7). 

Product 2.23 was isolated as a mixture of rotamers at room temperature. 104,105 
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Additionally, allylation product 2.19 (Table 2.1) and TBS deprotected product 2.19 

(Scheme 2.6) were found to be the same compound, indicating that the protecting group 

did not alter the stereochemical outcome of the reaction in this case, but did finally allow 

for an isolatable product compound. 

 

Scheme 2.7. Synthesis of protected DATDH from D-threoninol in 43% overall yield, with >20:1 dr. 

 

2.3.7. Scope Expansion 

Having established a route to 2.23, we next turned our attention to the construction 

of other isomers.  To this end, the allylation chemistry was applied to threoninols 2.13 and 

2.14 under match-pair conditions (Schemes 2.8 – 2.10). Yields for each allylation product 

ranged from 48-56%, with a > 20:1 diastereomeric ratio in each case. Some of these 

yields were further improved upon scale-up, which is illustrated in Chapter 4 of this thesis 

(vide infra). The presence of rotamers in both 1H and 13C NMR was observed, in each 

case.104,105 This confirmation via NOE experimentation also reaffirmed the purity and 
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diastereoselectivity of each allylation product. The stereochemical relationship of every 

1,3-diol was again confirmed using the Rychnovsky analysis (Scheme 2.11). 99 For 

compounds 2.17 and 2.18, an alternative acetonide protection procedure106 was utilized 

due to a lack in reactivity of the anti-1,3-diols under standard conditions.100 These harsher 

conditions resulted in loss of the Boc amine protection and led to formation of compounds 

2.43 and 2.44. Luckily, this did not affect the success Rychnovsky analysis, but did require 

exploration of an additional chromatographic separation strategy for the newly 

characterized amino compounds.  

With clean allylation intermediates 2.36, 2.38, and 2.40 in hand, facile TBS 

deprotection under standard conditions yielded the free 1,3-diols 2.16, 2.17, and 2.18 in 

quantitative yield. 104,105 Subsequently, ozonolysis was performed on all substrates. 

Similar to 2.34, the L-threoninol allylation product 2.36 successfully underwent oxidative 

cleavage and spontaneous in situ cyclization via ozonolysis.71 Interestingly, the D-allo and 

L-allothreoninol allylation products 2.17 and 2.18 underwent decomposition upon 

exposure to ozone. As an alternative, 2.17 and 2.18 were subject to oxidative cleavage 

via catalytic OsO4 paired with NaIO4.107,108  

Subsequently, the hemiacetals of interest (2.37, 2.39, and 2.41) were TBS 

protected at the anomeric position to facilitate the stereochemical assignment at the C2 

position (Schemes 2.8 – 2.10); This could be carried out with the knowledge that TBS 

protection at the anomeric position strongly favors an equatorial orientation.109 In all 

cases, products 2.20, 2.21, 2.22, and 2.23 were obtained exclusively as the b-anomer, 

as evidenced by J-values > 8.0 Hz at the anomeric position.  This analysis also allowed 

us to establish that the C2 amine substituent was in an equatorial configuration.  Notably, 



60 

an anti-configuration between the C3 and C4 stereocenters was simultaneously 

established for the D- and L- threoninol products 2.20 and 2.23, while a syn-configuration 

was established about these positions for the L-allo and D-allothreoninol products 2.21 

and 2.22. For DATDH 2.21 and 2.22, high temperature V-T NMR experimentation was 

conducted due to the presence of rotamers. Overall, this procedure resulted in a highly 

diastereoselective synthesis of four, protected DATDH products ranging from 22-33% 

overall yield from their corresponding threoninol starting material.  Yields of these total 

syntheses were further improved upon scale up in Chapter 4 of this thesis (vide infra). 

 

 

Scheme 2.8. Synthesis of protected DATDH from L-threoninol in 33% overall yield, with >20:1 dr. 
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Scheme 2.9. Synthesis of protected DATDH from D-allothreoninol in 28% overall yield, with >20:1 dr. 

 

 

Scheme 2.10. Synthesis of protected DATDH from L-allothreoninol in 22% overall yield, with >20:1 
dr. 
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Scheme 2.11. Acetonide protection of 1,3-diols for Rychnovsky analysis. 

 

2.4. Conclusions 

In summary, we developed a highly efficient and versatile route for the synthesis 

of unusual 2,4-diamino-2,4,6-trideoxyhexoses (DATDH) that is both flexible and highly 

diastereoselective. This synthetic strategy represents, to the best of our knowledge, the 

first example which applies Krische allylation chemistry to encumbered a-amino alcohols, 

enabling the establishment of two chiral centers in a single C-C coupling step. The 

efficiency of this approach permits the construction of DATDHs in seven or fewer steps 

with good yields, which is a substantial improvement over previous methodology. 
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biological applications, particularly in the development of carbohydrate-based 

therapeutics and glycoconjugate vaccines.   
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2.5. Materials and Experimental Methods 
 
2.5.1. General Experimental Procedures 
 

Unless otherwise stated, all reactions were carried out under an argon in flame 

dried reaction vessels.  CH2Cl2, THF, and 1,4-dioxane were rendered anhydrous through 

a commercial solvent purification system (Inert). All other solvents were dried over 

activated molecular sieves prior to use. All other chemicals were purchased at the highest 

possible quality and used as received.  

Flash column chromatography was performed on 230−400 mesh silica gel. 

Analytical and preparative thin layer chromatography was carried out on silica gel 60 F-

254 plates. Products were visualized with UV light or by staining with potassium 

permanganate, 5% aqueous sulfuric acid, ninhydrin, or peroxidase stain, followed by 

heating. 

Resealable pressure tubes (Cat. # 50-974-633) were purchased through Fisher 

Scientific and oven dried, flame dried in vacuo with septa and needle, and subsequently 

cooled under a stream of argon prior to use. PTFE pressure tube caps (Cat. # 5846-44) 

and Chemraz O-rings (Cat. # NC9194340) were purchased through Ace Glass and dried 

in a desiccator prior to use. Ozone generator (BMT 803N) ozone analyzer (BMT 965ST) 

were purchased through OSTI. Flow meter to measure gas flow rate for ozonolysis was 

purchased through Cole-Parmer (Cat. # 32005-04).  
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2.5.2. Spectroscopy, Spectrometry, and Data Collection 

NMR spectra were recorded on a Bruker NMR spectrometer at 500 MHz for 1H 

NMR and 125 MHz for 13C NMR. Structural assignments were made with additional 

information from gCOSY and gHSQC experiments. For CDCl3 solvent, chemical shifts 

are reported in ppm relative to TMS (for 1H NMR in CDCl3) or CDCl3 (for 13C NMR in 

CDCl3). For C6D6 solvent, chemical shifts are reported in ppm relative to C6D6 (for 1H and 

13C NMR). For 1H NMR spectra, data are reported as follows: δ shift, multiplicity (s = 

singlet, m = multiplet, t = triplet, d = doublet, q = quartet, qd, quartet of doublets, dd = 

doublet of doublets, ddd = doublet of doublet of doublets), coupling constants are reported 

in Hz. To prove the existence of rotamers, 1-D NOE experiments were conducted 

according to procedure reported by Ley, et al on a 500 MHz Bruker NMR.104 Variable 

temperature (VT) NMR experimentation was carried out on a 500 MHz Varian at Brandeis 

University. High-resolution mass spectra (HRMS) were obtained on an Agilent 6230 TOF 

mass spectrometer in the positive ion mode.  Optical rotations were measured at 589 nm 

in a 10 cm cell at 25-23 °C.  
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2.5.3. Experimental Procedures and Spectral Data 

General Procedure A 

To an oven dried and flame dried pressure tube with a magnetic stir bar under 

argon atmosphere, phthalimido allene (150 mol%), (S) / (R)-Ir-H8-BINAP (20 mol%), and 

KH2PO4 (100 mol%) were added. Threoninol substrate (100 mol%) was weighed out in a 

vial, dissolved in THF, sonicated (~30 seconds) and added to the mixture. The pressure 

vessel was flushed with argon and sealed with a PTFE lined cap. The mixture was allowed 

to stir for 96 hours at 110°C in an oil bath. After 4 days, the mixture was cooled to room 

temperature, transferred to a round bottom flask, and the solvent removed in vacuo. The 

residual solid was dissolved in a minimal amount of CH2Cl2 and loaded onto a column to 

be purified by silica gel chromatography using 20% EtOAc:Hex isocratic to furnish the 

corresponding product as a clear oil/white solid, which bubbled upon initial exposure to 

high vacuum.  
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General Procedure B 

Allylation product was added to a flame dried flask and dissolved in THF to a 

concentration of 0.02 M. TBAF (1M in THF) (100 mol%) was added dropwise over the 

course of 5 minutes to the mixture (reaction turns yellow after addition) and the reaction 

was allowed to stir at room temperature overnight. The mixture was quenched with sat. 

NH4Cl (aq.). The mixture was then diluted with EtOAc and H2O and the aqueous layer 

extracted with EtOAc (5x). The pooled organic layers were washed with sat. NaHCO3 

(1x), and brine (2x), dried over Na2SO4, filtered, and concentrated in vacuo. The residual 

oil was purified by silica gel chromatography using 60% EtOAc:Hex to furnish the 1,3-diol 

compound as a clear oil in quantitative yield. 

 
 
 
Synthesis of (R) / (S)-Ir-H8-BINAP 

 

 

 

 

 

The synthesis of (R) / (S)-Ir-H8-BINAP was prepared according to literature 

procedure. Spectroscopic data was in agreement with previously reported data.90 
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Synthesis of phthalimido allene 

 

The synthesis of phthalimido allene was prepared according to literature 

procedure. Spectroscopic data was in agreement with previously reported data.90 

 

Attempted allylation of oxazolidine (2.33) 

 

The synthesis of the oxazolidine 2.33 was prepared according to literature 

procedure. Spectroscopic data was in agreement with previously reported data.103 The 

allylation reaction (according to General Procedure A) did not proceed.  
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Synthesis of 2.15 

 

MeOH (16.0 mL) was added to a flame dried flask and cooled to 0°C. SOCl2 (1.22 

mL, 0.0168 mol, 100 mol%) was then added dropwise over the course of 5 minutes. The 

resulting mixture was stirred until the temperature re-cooled to 0°C. D-threonine (2.00 g, 

0.0168 mol, 100 mol%) was then added and the reaction was heated to reflux in an oil 

bath. After 1 hour, the mixture was cooled to room temperature and concentrated in 

vacuo. After evaporation, a mixture of SOCl2 (1.22 mL, 0.0168 mol, 100 mol%) and MeOH 

(16.0 mL) prepared in the same way as described above was added to the residual yellow 

oil and the reaction was returned to room temperature. The reaction was then heated to 

reflux in an oil bath. After 1 hour, the reaction was cooled to room temperature and the 

solvent removed in vacuo to afford D-threonine methyl ester hydrochloride as a yellow oil, 

which was carried on without further purification. 

The crude D-threonine methyl ester hydrochloride mixture was dissolved 1,4-

dioxane (8.40 mL) and H2O (8.40 mL). (Boc)2O was gently warmed in a water bath slightly 

above room temperature to be liquified. NaHCO3 (10.4 g, 0.124 mol, 740 mol%) and 

(Boc)2O (4.59 mL, 0.0202 mol, 120 mol%) were sequentially added and the mixture was 

allowed to stir at room temperature for 3 hours. The solution was then partitioned between 

EtOAc and H2O, and the aqueous layer extracted with EtOAc (3x).  The pooled organic 

layers were washed with 1M HCl(aq.) (1x), sat. NaHCO3(aq.) (1x), and brine (2x), dried 

over Na2SO4, filtered, and concentrated in vacuo to afford N-Boc-D-threonine methyl ester  

as a colorless oil, which was carried on without further purification. 

TBSO

NHBoc

OH
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Substrate was added to a flame dried flask, dissolved in CH2Cl2 (55 mL), and 

cooled to 0°C. To this solution, 2,6-lutidine (5.87 mL, 0.0504 mol, 300 mol%) and freshly 

distilled TBSOTf (4.63 mL, 0.0202 mol, 120 mol%) were added dropwise over the course 

of 2 minutes. The reaction was allowed to warm to room temperature over 16 hours then 

was poured into 1M HCl (aq.).  The aqueous layer was extracted with CH2Cl2 (3x), and 

the pooled organic layers washed with sat. NaHCO3 (aq.) (2x) and brine (1x), dried over 

Na2SO4, filtered, and concentrated in vacuo. The residual oil was purified by silica gel 

chromatography using 30% EtOAc:Hex to furnish TBS-protected compound as a 

colorless oil, which was dried overnight and then carried on to the next step. 

Substrate was added to a flame dried flask, dissolved in EtOH (31.0 mL) and 

cooled to 0°C. LiBH4 (1.02 g, 0.0470 mol, 280 mol%) was added slowly and the resulting 

mixture was removed from the ice bath and gently warmed to room temperature for 1 

hour (or until reaction finished vigorous bubbling). Multiple venting needles were placed 

in septa in anticipation of excess generation of H2(g). The reaction was then quenched 

with H2O and the aqueous layer extracted with EtOAc (3x). The pooled organic layers 

were dried over Na2SO4, filtered, and concentrated in vacuo. The residual oil was purified 

by silica gel chromatography using 25% EtOAc:Hex to furnish N-Boc-D-threoninol 2.15 

as a colorless oil (4.34 g, 0.0136 mol, 81% yield over three steps). 

 

1H NMR (500 MHz, CDCl3) δ 4.94 (bd, J = 8.6 Hz, 1H), 4.09 (dq, J = 6.8, 3.4 Hz, 1H), 

3.70 – 3.50 (m, 3H), 2.59 (bs, 1H), 1.46 (s, 9H), 1.18 (d, J = 6.3 Hz, 3H), 0.89 (s, 9H), 

0.08 (s, 6H) 
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 13C NMR (126 MHz, CDCl3) δ 156.8, 79.5, 67.3, 63.6, 57.5, 28.4, 25.9, 20.9, 18.0, -4.2, 

-5.0 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C15H33NO4Si+Na: 342.2077; found: 342.2078. 
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Synthesis of 2.12 

 

MeOH (16.0 mL) was added to a flame dried flask and cooled to 0°C. SOCl2 (1.22 

mL, 0.0168 mol, 100 mol%) was then added dropwise over the course of 5 minutes. The 

resulting mixture was stirred until the temperature re-cooled to 0°C. L-threonine (2.00 g, 

0.0168 mol, 100 mol%) was then added and the reaction was heated to reflux in an oil 

bath. After 1 hour, the mixture was cooled to room temperature and concentrated in 

vacuo. After evaporation, a mixture of SOCl2 (1.22 mL, 0.0168 mol, 100 mol%) and MeOH 

(16.0 mL) prepared in the same way described above was added to the residual yellow 

oil and the reaction returned to room temperature. The reaction was then heated to reflux 

in an oil bath. After 1 hour, the reaction was cooled to room temperature and the solvent 

removed in vacuo to afford L-threonine methyl ester hydrochloride as a yellow oil, which 

was carried on without further purification. 

The crude L-threonine methyl ester hydrochloride was dissolved 1,4-dioxane (8.40 

mL) and H2O (8.40 mL). (Boc)2O was gently warmed in a water bath slightly above room 

temperature to be liquified. NaHCO3 (10.4 g, 0.124 mol, 740 mol%) and (Boc)2O (4.59 

mL, 0.0202 mol, 120 mol%) were sequentially added and the mixture was allowed to stir 

at room temperature for 3 hours. The solution was then partitioned between EtOAc and 

H2O, and the aqueous layer extracted with EtOAc (3x). The pooled organic layers were 

washed with 1M HCl(aq.) (1x), sat. NaHCO3(aq.) (1x), and brine (2x), dried over Na2SO4, 

filtered, and concentrated in vacuo to afford N-Boc-L-threonine methyl ester as a colorless 

oil, which was carried on without further purification. 

TBSO

NHBoc
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Substrate was added to a flame dried flask, dissolved in CH2CL2 (55 mL), and 

cooled to 0°C. To this solution, 2,6-lutidine (5.87 mL, 0.0504 mol, 300 mol%) and freshly 

distilled TBSOTf (4.63 mL, 0.0202 mol, 120 mol%) were added dropwise over the course 

of 2 minutes. The reaction was allowed to warm to room temperature over 16 hours then 

was poured into 1M HCl (aq.). The aqueous layer was extracted with CH2CL2 (3x), and 

the pooled organic layers washed with sat. NaHCO3 (aq.) (2x) and brine (1x), dried over 

Na2SO4, filtered, and concentrated in vacuo. The residual oil was purified by silica gel 

chromatography using 30% EtOAc:Hex to furnish TBS-protected compound as a 

colorless oil, which was dried overnight and then carried on to the next step. 

Substrate was added to a flame dried flask, dissolved in EtOH (31.0 mL), and 

cooled to 0°C. LiBH4 (1.02 g, 0.0470 mol, 280 mol%) was added slowly and the resulting 

solution was stirred at 0°C for 1 hour (or until reaction finished vigorous bubbling). Multiple 

venting needles were placed in septa in anticipation of excess generation of H2(g). The 

reaction was then quenched with H2O and the aqueous layer extracted with EtOAc (3x). 

The pooled organic layers were dried over Na2SO4, filtered, and concentrated in vacuo. 

The residual oil was purified by silica gel chromatography using 25% EtOAc:Hex to 

furnish N-Boc-L-threoninol 2.12 as a colorless oil (4.13g, 0.0129 mol, 77% yield over three 

steps). 

 

1H NMR (500 MHz, CDCl3) δ 4.93 (bd, J = 8.6 Hz, 1H), 4.07 (dq, J = 6.5, 3.9 Hz, 1H), 

3.69 – 3.50 (m, 3H), 2.49 – 2.40 (bd, 1H), 1.45 (s, 9H), 1.17 (d, J = 6.2 Hz, 3H), 0.89 (s, 

9H), 0.09 (s, 6H) 
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13C NMR (126 MHz, CDCl3) δ 157.0, 79.7, 67.7, 64.2, 57.5, 28.5, 25.9, 21.0, 18.1, -4.1, -

4.9 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C15H33NO4Si+Na: 342.2077; found: 342.2076 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

Synthesis of 2.13 

 

N-Boc-D-allothreonine (1.84 g, 0.00840 mol, 100 mol%) was added to a flame 

dried flask and dissolved in DMF (10.0 mL). K2CO3 (1.74 g, 0.0126 mol, 150 mol%) and 

MeI (1.57 mL, 0.0252 mol, 300 mol%) were then added to the mixture. The reaction was 

allowed to stir at room temperature for 4 hours, then the aqueous layer extracted with 

EtOAc (10x). The pooled organic layers were washed with sat. NaHCO3 (aq) (2x), LiCl 

(1M) (2x), and bring (2x), dried over Na2SO4, filtered, and concentrated in vacuo to afford 

the esterified compound as an orange oil, which was carried on without further 

purification.  

The crude ester compound (1.96 g, 0.00840 mol, 100 mol%) was added to a flame 

dried flask and dissolved in DMF (13.0 mL). Imidazole (1.14 g, 0.0168 mol, 200 mol%) 

was then added to the mixture, cooled to 0°C, and TBSCl (2.53 g, 0.0168 mol, 200 mol%) 

added. The reaction was allowed to warm to room temperature over 72 hours, then the 

aqueous layer extracted with EtOAc (5x). The pooled organic layers were washed with 

aq. LiCl (1M) (2x) and brine (2x), dried over Na2SO4, filtered, and concentrated in vacuo 

to afford the TBS-protected compound as a clear-yellow liquid, which was carried on 

without further purification. 

The crude compound was added to a flame dried flask, dissolved in EtOH (8.00 

mL), and cooled to 0°C. NaBH4 (1.59 g, 0.0420 mol, 500 mol%) was added to the cooled 

reaction mixture. The reaction was then warmed in an oil bath to 60°C and allowed to stir 

for 12 hours, then cooled to 0°C and quenched slowly with sat. NH4Cl (aq). The aqueous 

TBSO

NHBoc

OH
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layer was then extracted with EtOAc (3x) and the pooled organic layers washed with aq. 

LiCl (1M) (2x) and brine (2x), dried over Na2SO4, filtered, and concentrated in vacuo. The 

residual oil was purified by silica gel chromatography using 20% EtOAc:Hex to furnish N-

Boc-D-allothreoninol 2.13 as a colorless oil (2.30 g, 0.00720 mol, 86% yield over two 

steps).  

 

1H NMR (500 MHz, CDCl3) δ 5.38 (d, J = 5.9 Hz, 1H), 4.21 – 4.15 (m, 1H), 4.13 – 4.07 

(m, 1H), 3.64 – 3.57 (m, 1H), 3.39 (dt, J = 7.9, 3.8 Hz, 1H), 3.10 (d, J = 10.1 Hz, 1H), 1.45 

(s, 9H), 1.23 (s, 3H), 0.89 (s, 9H), 0.08 (s, 6H) 

 

13C NMR (126 MHz, CDCl3) δ 155.9, 79.6, 71.9, 62.1, 55.4, 28.6, 25.9, 20.8, 18.0, -4.6, -

5.0 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C15H33NO4Si+Na: 342.2077; found: 342.2079 
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Synthesis of 2.14 

 

N-Boc-L-allothreonine (0.460 g, 0.00210 mol, 100 mol%) was added to a flame 

dried flask and dissolved in DMF (2.50 mL). K2CO3 (0.435 g, 0.00315 mol, 150 mol%) 

and MeI (0.392 mL, 0.00630 mol, 300 mol%) were then added to the mixture. The reaction 

was allowed to stir at room temperature for 4 hours, then the aqueous layer extracted 

with EtOAc (10x). The pooled organic layers were washed with sat. NaHCO3 (aq) (2x), 

LiCl (1M) (2x), and bring (2x), dried over Na2SO4, filtered, and concentrated in vacuo to 

afford the esterified compound as an orange oil, which was carried on without further 

purification.  

The crude ester compound (0.490 g, 0.00210 mol, 100 mol%) was added to a 

flame dried flask and dissolved in DMF (4.00 mL). Imidazole (0.286 g, 0.00420 mol, 200 

mol%) was then added to the mixture, cooled to 0°C, and TBSCl (0.633 g, 0.00420 mol, 

200 mol%) added. The reaction was allowed to warm to room temperature over 72 hours, 

then the aqueous layer extracted with EtOAc (5x). The pooled organic layers were 

washed with aq. LiCl (1M) (2x), and brine (2x), dried over Na2SO4, filtered, and 

concentrated in vacuo to afford the TBS-protected compound as a clear-yellow liquid, 

which was carried on without further purification. 

The crude compound was added to a flame dried flask, dissolved in EtOH (2.00 

mL), and cooled to 0°C. NaBH4 (0.397 g, 0.0105 mol, 500 mol%) was added to the cooled 

mixture. The reaction was then warmed in an oil bath to 60°C and the reaction was 

allowed to stir for 12 hours, then cooled to 0°C and quenched slowly with sat. NH4Cl (aq). 

TBSO

NHBoc

OH
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The aqueous layer was extracted with EtOAc (3x) and the pooled organic layers washed 

with aq. LiCl (1M) (2x) and brine (2x), dried over Na2SO4, filtered, and concentrated in 

vacuo. The residual oil was purified by silica gel chromatography using 20% EtOAc:Hex 

to furnish N-Boc-L-allothreoninol 2.14 as a colorless oil (0.536 g, 0.00168 mol, 80% yield 

over two steps). 

 

1H NMR (500 MHz, CDCl3) δ 5.38 (d, J = 8.2 Hz, 1H), 4.22 – 4.16 (m, 1H), 4.14 – 4.08 

(m, 1H), 3.61 (td, J = 10.8, 3.4 Hz, 1H), 3.42 – 3.37 (m, 1H), 3.09 (d, J = 10.0 Hz, 1H), 

1.45 (s, 9H), 1.24 (d, J = 6.5 Hz, 3H), 0.89 (s, 9H), 0.09 (s, 6H) 

 

13C NMR (126 MHz, CDCl3) δ 155.9, 79.6, 71.9, 62.1, 55.4, 28.6, 25.9, 20.8, 18.0, -4.6, -

5.0 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C15H33NO4Si+Na: 342.2077; found: 342.2079 
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Synthesis of 2.27 

 

D-threonine (1.00 g, 0.00840 mol, 100 mol%) was added to a flame dried flask and 

dissolved in aq. NaOH (1M) (10.0 mL). (Boc)2O (2.31 mL, 0.0101 mol, 120 mol%) was 

gently warmed in a water bath to a liquid, added to a separate flame dried flask, dissolved 

in 1,4-dioxane (10.0 mL), and cooled to 0°C. The solution was transferred to the 

substrate/NaOH (1M) solution, allowed to stir at room temperature for 24 hours, then 

cooled to 0°C and quenched with aq. KHSO4 (1M). The aqueous layer was extracted with 

EtOAc (6x), dried over Na2SO4, filtered, concentrated in vacuo, dried through azeotropic 

distillation with toluene (3x), and concentrated again in vacuo to afford Boc-protected 

product as a clear oil, which was carried on without further purification.  

The crude compound (1.84 g, 0.00840 mol, 100 mol%) was added to a flame dried 

flask, suspended in DMF (18.0 mL), K2CO3 (1.74 g, 0.0126 mol, 150 mol%) and MeI (1.57 

mL, 0.0252 mol, 300 mol%) added, and the reaction was allowed to stir at room 

temperature for 1 hour. The aqueous layer was then extracted with EtOAc (10x) and the 

pooled organic layers washed with sat. NaHCO3 (aq.) (3x), aq. LiCl (1M) (2x) and brine 

(2x), dried over Na2SO4, filtered, and concentrated in vacuo to afford ester compound as 

a clear-yellow oil, which was carried on without further purification.  

The crude compound (1.96 g, 0.00840 mol, 100 mol%) was added to a flame dried 

flask, dissolved in EtOH (14.3 mL), and cooled to 0°C. NaBH4 (0.636 g, 0.0168 mol, 200 

mol%) was added to the cooled mixture, allowed to stir for 1 hour, then allowed to warm 

to room temperature for 2 hours. The reaction was then cooled down to 0°C, quenched 

OH

NHBoc

OH
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slowly with sat. NH4Cl (aq). and the aqueous layer extracted with EtOAc (5x). The pooled 

organic layers were washed with aq. LiCl (1M) (2x) and brine (2x), dried over Na2SO4, 

filtered, and concentrated in vacuo. The residual oil was purified by silica gel 

chromatography using 90% EtOAc:Hex to furnish compound 2.27 as a white amorphous 

solid (1.38 g, 0.00672 mol, 80% yield over three steps). 

 

1H NMR (500 MHz, CDCl3) δ 5.27 (d, J = 8.7 Hz, 1H), 4.14 (d, J = 6.9 Hz, 1H), 3.81 (s, 

2H), 3.52 (s, 1H), 2.85 (s, 2H), 1.46 (s, 9H), 1.22 (d, J = 6.4 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 156.8, 79.9, 69.2, 65.3, 55.8, 28.5, 20.6 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C9H19NO4+Na: 228.1212; found: 228.1213 
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Synthesis of 2.19 / 2.28 

 

Allylation product 2.19 / 2.28 were prepared according to General Procedure A: 

Starting material 2.27 (41.0 mg, 0.200 mmol, 100 mol%), phthalimido allene (55.0 mg, 

0.300 mmol, 150 mol%), chiral Ir-H8-BINAP (42.8 mg, 0.0400 mmol, 20 mol%), KH2PO4 

(27.2 mg, 0.200 mmol, 100 mol%) and dissolved in THF (1.0 mL). Allylation product 2.19 

(0.0453 g, 0.116 mmol, 58% yield) / 2.28 (0.0289 g, 0.0740 mmol, 37% yield) was 

afforded as a brown solid after silica gel chromatography using 40% EtOAc:Tol.1 The 

resulting crude product was carried on directly to acetonide protection to establish the 

stereochemical relationship of the 1,3 diols. (See S2.21 / S2.22). 

 

 

 

 

 

 

 

 

 

 

 
1 Yield based on percent conversion 

(R) / (S)-Ir-H8-BINAP
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Synthesis of 2.34 

 

According to General Procedure A, allylation product 2.34 was prepared from 

compound 2.15 (150. mg, 0.469 mmol, 100 mol%), phthalimido allene (129. mg, 0.704 

mmol, 150 mol%), (R)-Ir-H8-BINAP (101. mg, 0.0938 mmol, 20 mol%), KH2PO4 (65.2 mg, 

0.469 mmol, 100 mol%) and dissolved in THF (2.30 mL). Allylation product 2.34 was 

afforded as a clear-white amorphous solid (0.101 g, 0.200 mmol, 43% yield, >20:1 

diastereomeric ratio), which was present as a mixture of rotamers in the 1H and 13C NMR 

spectrum.  

 

1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 

6.25 (ddd, J = 16.5, 10.4, 5.9 Hz, 1H), 5.29 – 5.23 (m, 2H), 5.10 (d, J = 10.2 Hz, 1H), 4.77 

– 4.66 (m, 2H), 4.19 – 4.12 (m, 1H), 3.43 (dd, J = 10.5, 4.0 Hz, 1H), 1.43 (s, 9H), 1.12 (d, 

J = 6.3 Hz, 3H), 0.89 (s, 9H), 0.13 (s, 3H), 0.10 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.0, 156.2, 134.1, 133.4, 132.2, 123.4, 118.7, 79.6, 72.9, 

72.5, 55.3, 54.6, 28.5, 26.0, 20.7, -3.7, -4.6 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C26H40N2O6Si+Na: 527.2549; found: 527.2580 

 

[a]23D: +23.3 (CH2Cl2, c = .0107 g/mL) 

 

OH
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Synthesis of 2.36 

 

According to General Procedure A, allylation product 2.36 was prepared from 

compound 2.12 (150. mg, 0.469 mmol, 100 mol%), phthalimido allene (129. mg, 0.704 

mmol, 150 mol%), (S)-Ir-H8-BINAP (101. mg, 0.0938 mmol, 20 mol%), KH2PO4 (65.2 mg, 

0.469 mmol, 100 mol%) and dissolved in THF (2.30 mL). Allylation product 2.36 was 

afforded as a clear-white amorphous solid (0.095 g, 0.188 mmol, 40% yield, >20:1 

diastereomeric ratio), which was present as a mixture of rotamers in the 1H and 13C NMR 

spectrum. 

 

1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 

6.25 (ddd, J = 16.6, 10.3, 6.0 Hz, 1H), 5.29 – 5.23 (m, 2H), 5.10 (d, J = 10.0 Hz, 1H), 4.76 

– 4.70 (m, 2H), 4.18 – 4.13 (m, 1H), 3.43 (dd, J = 10.5, 4.1 Hz, 1H), 1.43 (s, 9H), 1.12 (d, 

J = 6.1 Hz, 3H), 0.89 (s, 9H), 0.13 (s, 3H), 0.10 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.0, 156.2, 134.1, 133.4, 132.2, 123.5, 118.7, 79.6, 72.9, 

72.5, 55.3, 54.5, 28.5, 26.0, 20.7, -3.7, -4.6 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C26H40N2O6Si+Na: 527.2549; found: 527.2560 

 

[a]23D: -20.7 (CH2Cl2, c =.0104 g/mL) 

 

OH
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Synthesis of 2.38 

 

According to General Procedure A, allylation product 2.38 was prepared from 

compound 2.13 (150. mg, 0.469 mmol, 100 mol%), phthalimido allene (129. mg, 0.704 

mmol, 150 mol%), (R)-Ir-H8-BINAP (101. mg, 0.0938 mmol, 20 mol%), KH2PO4 (65.2 mg, 

0.469 mmol, 100 mol%) and dissolved in THF (2.30 mL). Allylation product 2.38 was 

afforded as a clear-white amorphous solid (0.133 g, 0.263 mmol, 56% yield, >20:1 

diastereomeric ratio), which was present as a mixture of rotamers in the 1H and 13C NMR 

spectrum. 

 

1H NMR (500 MHz, CDCl3) δ 7.78 (dd, J = 5.5, 3.0 Hz, 2H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 

6.26 (ddd, J = 17.3, 10.2, 7.3 Hz, 1H), 5.32 – 5.24 (m, 3H), 5.04 (d, J = 9.5 Hz, 1H), 4.76 

– 4.71 (m, 1H), 4.05 (qd, J = 6.6, 2.9 Hz, 1H), 3.30 (dd, J = 9.6, 1.7 Hz, 1H), 1.40 (s, 9H), 

1.24 (d, J = 6.4 Hz, 3H), 0.88 (s, 9H), 0.07 (s, 3H), 0.07 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 167.8, 155.3, 134.1, 133.5, 132.1, 123.4, 118.9, 79.6, 73.0, 

68.8, 54.8, 53.4, 28.5, 25.9, 20.6, -4.6, -5.1 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C26H40N2O6Si+Na: 527.2549; found: 527.2551 

 

[a]23D: +6.9 (CH2Cl2, c = .0105 g/mL) 
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Synthesis of 2.40 

 

According to General Procedure A, allylation product 2.40 was prepared from 

compound 2.14 (150. mg, 0.469 mmol, 100 mol%), phthalimido allene (129. mg, 0.704 

mmol, 150 mol%), (S)-Ir-H8-BINAP (101. mg, 0.0938 mmol, 20 mol%), KH2PO4 (65.2 mg, 

0.469 mmol, 100 mol%) and dissolved in THF (2.30 mL). Allylation product 2.40 was 

afforded as a clear-white amorphous solid (0.113 g, 0.223 mmol, 48% yield, >20:1 

diastereomeric ratio), which was present as a mixture of rotamers in the 1H and 13C NMR 

spectrum. 

 

1H NMR (500 MHz, CDCl3) δ 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 

6.28 (ddd, J = 17.3, 10.3, 7.3 Hz, 1H), 5.33 – 5.26 (m, 3H), 5.05 (d, J = 9.5 Hz, 1H), 4.78 

– 4.72 (m, 1H), 4.07 (qd, J = 6.5, 2.9 Hz, 1H), 3.32 (dd, J = 9.3, 1.4 Hz, 1H), 1.41 (s, 9H), 

1.25 (d, J = 6.4 Hz, 3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 167.8, 155.3, 134.0, 133.5, 132.1, 123.4, 118.8, 79.5, 72.9, 

68.8, 54.8, 53.4, 28.4, 25.9, 20.6, -4.7, -5.1 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C26H40N2O6Si+Na: 527.2549; found: 527.2556 

 

[a]23D:  -1.0 (CH2Cl2, c = .0107g/mL) 
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Synthesis of 2.19 

 

According to General Procedure B, the 1,3-diol compound 2.19 was prepared from 

compound 2.34 (75.4 mg, 0.149 mmol, 100 mol%), TBAF (1M in THF) (0.149 mL, 0.149 

mmol, 100 mol%), and THF (10.0 mL). Product 2.34 was afforded as a white amorphous 

solid (58.0 mg, 0.149 mmol), in quantitative yield, which was present as a mixture of 

rotamers in the 1H and 13C NMR spectrum.  

 

1H NMR (500 MHz, CDCl3) δ 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 

6.21 (ddd, J = 17.5, 10.2, 7.6 Hz, 1H), 5.38 – 5.29 (m, 2H), 5.24 (d, J = 10.2 Hz, 1H), 4.80 

– 4.68 (m, 2H), 4.15 – 4.09 (m, 1H), 3.55 (d, J = 10.2 Hz, 1H), 1.41 (s, 9H), 1.10 (d, J = 

6.3 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.1, 156.5, 134.2, 132.6, 132.1, 123.5, 120.3, 79.7, 74.3, 

71.2, 55.9, 53.7, 28.4, 20.1 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C20H26N2O6+Na: 413.1684; found: 413.1686 

 

[a]23D: +26.9 (CH2Cl2, c = .0104 g/mL) 
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Synthesis of 2.16 

 

According to General Procedure B, the 1,3-diol compound 2.16 was prepared from 

compound 2.36 (50.0 mg, 0.099 mmol, 100 mol%), TBAF (1M in THF) (0.099 mL, 0.099 

mmol, 100 mol%), and THF (6.70 mL). Product 2.16 was afforded as a white amorphous 

solid (38.7 mg, 0.099 mmol) in quantitative yield which was present as a mixture of 

rotamers in the 1H and 13C NMR spectrum.  

 

1H NMR (500 MHz, C6D6) δ 7.52 (dd, J = 5.5, 3.0 Hz, 2H), 6.94 (dd, J = 5.4, 3.0 Hz, 2H), 

6.31 (ddd, J = 17.3, 10.3, 7.1 Hz, 1H), 5.45 (d, J = 10.2 Hz, 1H), 5.22 (d, J = 17.2 Hz, 1H), 

5.08 (d, J = 10.3 Hz, 1H), 5.05 – 5.00 (m, 1H), 4.83 (d, J = 8.8 Hz, 1H), 3.94 – 3.89 (m, 

1H), 3.74 (d, J = 10.2 Hz, 1H), 1.46 (s, 9H), 1.04 (d, J = 6.3 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.1, 156.7, 133.7, 133.6, 132.6, 123.2, 118.8, 79.3, 74.3, 

71.3, 56.0, 54.1, 28.5, 20.3 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C20H26N2O6+Na: 413.1684; found: 413.1701 

 

[a]23D: -30.4 (CH2Cl2, c =.01305g/mL) 
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Synthesis of 2.17 

 

According to General Procedure B, the 1,3-diol compound 2.17 was prepared from 

compound 2.38 (26.6 mg, 0.053 mmol, 100 mol%), TBAF (1M in THF) (0.053 mL, 0.053 

mmol, 100 mol%), and THF (3.50 mL). Product 2.17 was afforded as a white amorphous 

solid in quantitative yield which was present as a mixture of rotamers in the 1H and 13C 

NMR spectrum. 

 

1H NMR (500 MHz, CDCl3) δ 7.81 (dd, J = 5.5, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 

6.24 (ddd, J = 17.5, 10.2, 7.6 Hz, 1H), 5.35 – 5.28 (m, 3H), 4.93 (d, J = 6.7 Hz, 1H), 4.78 

– 4.74 (m, 1H), 3.93 – 3.88 (m, 1H), 3.49 – 3.45 (m, 1H), 1.41 (s, 9H), 1.26 (d, J = 6.6 Hz, 

3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.0, 155.8, 134.2, 132.8, 132.1, 123.5, 120.0, 79.8, 70.8, 

69.4, 55.8, 54.6, 28.5, 20.6 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C20H26N2O6+Na: 413.1684; found: 413.1696 

 

[a]23D: +17.4 (CH2Cl2, c = .0142 g/mL) 
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Synthesis of 2.18 

 

According to General Procedure B, the 1,3-diol compound 2.18 was prepared from 

compound 2.40 (50.0 mg, 0.099 mmol, 100 mol%), TBAF (1M in THF) (0.099 mL, 0.099 

mmol, 100 mol%), and THF (7.1 mL). Product 2.18 was afforded as a white amorphous 

solid (40.2 mg, 0.103 mmol) in quantitative yield, which was present as a mixture of 

rotamers in the 1H and 13C NMR spectrum.  

 

1H NMR (500 MHz, CDCl3) δ 7.81 (dd, J = 5.5, 3.0 Hz, 2H), 7.71 (dd, J = 5.5, 3.1 Hz, 2H), 

6.24 (ddd, J = 17.6, 10.2, 7.7 Hz, 1H), 5.36 – 5.28 (m, 3H), 4.92 (dd, J = 8.2, 1.8 Hz, 1H), 

4.78 – 4.74 (m, 1H), 3.94 – 3.88 (m, 1H), 3.49 – 3.45 (m, 1H), 1.41 (s, 9H), 1.27 (d, J = 

6.5 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 168.0, 155.8, 134.2, 132.9, 132.1, 123.5, 119.7, 79.8, 70.6, 

69.3, 55.6, 54.7, 28.5, 20.6 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C20H26N2O6+Na: 413.1684; found: 413.1695 

 

[a]23D:  -19.1 (CH2Cl2, c = 0.01315 g/mL) 
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Synthesis of 2.23 

 

Compound 2.19 (28.7 mg, 0.0735 mmol, 100 mol%) was added to a flame dried, 

3-neck round bottom secured with glass fittings, dissolved in a mixture of CH2Cl2 (2.50 

mL) and MeOH (0.250 mL), and cooled to -78°C. The mixture was purged with argon, 

followed by O2 (g). Ozone (via ozone generator) was bubbled through the solution for ~10 

minutes, until the solution turned dark purple. [O2/O3 flow controlled by flow meter]. 

Excess O3 was blown off by O2 until solution lost all purple color (~1min) and the system 

was then purged with argon.   

N.B. Excess O3(g) was quenched immediately via bubbling through two 10% aq. 

KI solutions following exposure to the reaction flask. The first KI solution turned orange, 

while the second remained clear, indicating that all O3 was successfully destroyed. (See 

photo below for setup details). 

Me2S (0.100 mL, 1.36 mmol, 2000% mol) was added to the cooled mixture and 

the reaction was allowed to stir at room temperature for 12 hours. The solution was tested 

via peroxidase stain/peroxidase test strips for complete consumption of hazardous 

intermediates, concentrated in vacuo, diluted with a minimal amount of CH2Cl2, and 

purified via preparatory thin layer chromatography (1000 µm, 60:39:1 EtOAc:Hex:Et3N). 

The products (both 2.35a and 2.35b) were recombined to furnish intermediate 2.35 as a 

white solid, which was immediately carried on to the next step without further purification. 

All equipment used to handle Me2S was handled in the fume hood and subsequently 

washed with bleach, acetone, and disposed of using secondary waste containment. 
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Intermediate 2.35 was added to a flame dried flask, dissolved in CH2Cl2 (1 mL), 

and cooled to 0°C. Imidazole (25.0 mg, 0.0735 mmol, 500 mol%) and TBSCl (55.5 mg, 

0.368 mmol, 500 mol%) were added and the reaction was allowed to warm to room 

temperature for 12 hours. The aqueous layer was extracted with EtOAc (3x), and the 

pooled organic layers washed with sat. NaHCO3 (1x) (aq.), brine (1x), dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting solution was diluted with a minimal 

amount of CH2Cl2, and purified via preparatory thin layer chromatography (1000 µm, 40% 

EtOAc:Hex to furnish compound 2.23 as a clear-white film (0.0287 g, 0.0566 mmol, 77% 

yield over 2 steps).  

 

1H NMR (500 MHz, C6D6) δ 7.38 (dd, J = 5.4, 3.1 Hz, 2H), 6.84 (dd, J = 5.5, 3.0 Hz, 2H), 

5.93 (d, J = 8.5 Hz, 1H), 5.00 (d, J = 9.0 Hz, 1H), 4.75 (s, 1H), 4.62 (dd, J = 8.6, 2.4 Hz, 

1H), 4.50 – 4.46 (m, 2H), 4.12 – 4.07 (m, 1H), 1.40 (s, 9H), 1.03 (d, J = 6.5 Hz, 3H), 0.72 

(s, 9H), 0.12 (s, 3H), -0.04 (s, 3H) 

 

13C NMR (126 MHz, C6D6) δ 155.9, 134.0, 132.1, 123.4, 91.9, 79.4, 72.3, 68.6, 56.8, 55.6, 

28.4, 25.6, 16.5, -3.9, -5.4 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C25H38N2O7Si+Na: 529.2341; found: 529.2345 

 

[a]23D: +6.4 (CH2Cl2, c = 0.0132 g/mL) 
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Ozonolysis General Setup 

 

 

 

 

 

 

 

 

 

 

PFA tubing 
threaded through 
glass joint, sealed 
with PTFE tape. 

Glass joint 
connected 
to argon 
line. 

Glass joint 
connected to 
bubbler #1. 

Bubbler #1 
10% KI 
soln. 

Bubbler #2 
10% KI 
soln. 

PFA tubing 
where ozone is 
bubbled in (after 
oxygen tank, 
regulator, flow 
meter, ozone 
generator and 
ozone analyzer) 
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Synthesis of 2.20 

 

Compound 2.16 (21.1 mg, 0.540 mmol, 100 mol%) was added to a flame dried, 3-

neck round bottom secured with glass fittings, dissolved in a mixture of CH2Cl2 (2.50 mL) 

and MeOH (0.250 mL), and cooled to -78°C. The reaction was purged with argon, 

followed by O2 (g). Ozone (via ozone generator) was bubbled through the solution for ~10 

minutes, until the solution turned purple. [O2/O3 flow was controlled by flow meter.] Excess 

O3 was blown off by O2 until solution lost all purple color (~1min) and the system then 

purged with argon.   

N.B. Excess O3 was quenched immediately via bubbling through two 10% aq. KI 

solutions following exposure to the reaction flask. The first KI solution turned orange, 

while the second remained clear, indicating that all O3 was successfully destroyed. (See 

photo above for setup details) 

Me2S (0.100 mL, 1.36 mol, 2000 mol%) was added to the cooled mixture and was 

allowed to stir at room temperature for 12 hours. The reaction was tested via peroxidase 

stain for complete consumption of hazardous intermediates, concentrated in vacuo, and 

purified via preparatory thin layer chromatography (1000 µm, 60:39:1 EtOAc:Hex:Et3N). 

The products (both 2.37a and 2.37b) were recombined to furnish intermediate 2.37 as a 

white solid, which was immediately carried on to the next step without further purification. 

All equipment used to handle Me2S was handled in the fume hood and subsequently 

washed with bleach, acetone, and disposed of using secondary waste containment. 
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Intermediate 2.37 was added to a flame dried flask, dissolved in CH2CL2 (1.00 mL), 

and cooled to 0°C. Imidazole (18.3 mg, 0.269 mmol, 500 mol%) and TBSCl (40.5 mg, 

0.269 mmol, 500 mol%) were added and the reaction was allowed to warm to room 

temperature for 12 hours. The aqueous layer was extracted with EtOAc (3x) and the 

pooled organic layers washed with sat. NaHCO3 (1x) (aq.), brine (1x), dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting solution was diluted with a minimal 

amount of CH2Cl2 and purified via preparatory thin layer chromatography (1000 µm, 40% 

EtOAc:Hex to furnish compound 2.20 as a clear-white film (0.0227 g, 0.0448 mmol, 83% 

yield over two steps).  

 

1H NMR (500 MHz, C6D6) δ 7.37 (dd, J = 5.4, 3.1 Hz, 2H), 6.83 (dd, J = 5.5, 3.0 Hz, 2H), 

5.90 (d, J = 8.5 Hz, 1H), 5.00 (d, J = 9.1 Hz, 1H), 4.63 (dd, J = 8.6, 2.5 Hz, 1H), 4.49 – 

4.44 (m, 2H), 4.14 – 4.07 (m, 1H), 1.41 (s, 9H), 1.03 (d, J = 6.5 Hz, 3H), 0.72 (s, 9H), 0.12 

(s, 3H), -0.05 (s, 3H) 

 

13C NMR (126 MHz, C6D6) δ 155.9, 134.0, 132.1, 123.4, 91.9, 79.3, 72.3, 68.6, 56.8, 55.5, 

28.4, 25.6, 16.5, -3.9, -5.5 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C25H38N2O7Si+Na: 529.2341; found: 529.2354 

 

[a]23D: -4.8 (CH2Cl2, c = 0.0144g/mL) 
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Synthesis of 2.21 

 

Compound 2.17 (49.8 mg, 0.128 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in a mixture of 1,4-dioxane: H2O (3:1) (1.30 mL). 2,6-lutidine (0.030 

mL 0.256 mmol, 200 mol%), OsO4 (0.700 mg, 0.003 mmol, 2 mol%), and NaIO4 (110. 

mg, 0.512 mmol, 400 mol%) were added and the reaction was allowed to stir at room 

temperature for 16 hours. The mixture was partitioned between CH2Cl2 and H2O, the 

aqueous layer extracted with CH2Cl2 (3x) and the pooled organic layers washed with brine 

(2x), dried over Na2SO4, filtered, and concentrated in vacuo. The resulting solution was 

diluted with a minimal amount of CH2Cl2 and purified via preparatory thin layer 

chromatography (1000 µM, 70:30:1 EtOAc:Hex:Et3N) and the products (both 2.39a and 

2.39b) recombined to furnish intermediate 2.39, which was immediately carried on to the 

next step without further purification. 

N.B. Osmium tetraoxide is a hazardous chemical compound. Extreme caution 

should be taken when handling and the appropriate SDS referred to. All equipment which 

encountered osmium was quenched in a fume hood with corn oil and disposed of in 

secondary containment. 

Intermediate 2.39 was added to a flame dried flask, dissolved in DMF (3.00 mL), 

and cooled to 0°C. Imidazole (43.6 mg, 0.640 mmol, 500 mol%) and TBSCl (96.5 mg, 

0.640 mmol, 500 mol%) were added and the reaction was allowed to warm to room 

temperature for 12 hours. The aqueous layer was extracted with EtOAc (3x), and the 

pooled organic layers washed with sat. NaHCO3 (aq.) (1x), brine (1x), dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting solution was diluted with a minimal 

O
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amount of CH2Cl2 and purified via preparatory thin layer chromatography (1000 µm, 40% 

EtOAc:Hex) to furnish compound 2.21 as a clear-white film (32.4 mg, 0.0639 mmol, 50% 

yield over 2 steps).  

 

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 

5.36 (d, J = 7.8 Hz, 1H), 4.38 (s, 1H), 4.31 – 4.24 (m, 1H), 4.10 (dd, J = 10.7, 8.0 Hz, 1H), 

3.57 – 3.49 (m, 1H), 3.45 – 3.36 (m, 1H), 1.44 (s, 9H), 1.34 (d, J = 6.1 Hz, 3H), 0.70 (s, 

9H), 0.05 (s, 3H), -0.06 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 134.2, 132.0, 123.4, 93.2, 71.3, 60.1, 29.9, 28.4, 25.5, 18.3, 

17.8, -4.1, -5.3 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C25H38N2O7Si+Na: 529.2341; found: 

529.2352/506.5304 

 

[a]23D: +0.35 (CH2Cl2, c = 0.0171 g/mL) 
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Synthesis of 2.22 

 

Compound 2.18 (26.3 mg, 0.0674 mmol, 100 mol%) was added to a flame dired 

flask and dissolved in a mixture of 1,4-dioxane: H2O (3:1) (0.700 mL). 2,6-lutidine (0.0200 

mL 0.135 mmol, 200 mol%), OsO4 (0.300 mg, 0.00135 mmol, 2 mol%) and NaIO4 (57.7 

mg, 0.270 mmol, 400 mol%) were added and the reaction was allowed to stir at room 

temperature for 16 hours. The mixture was partitioned between CH2Cl2 and H2O, the 

aqueous layer extracted with CH2Cl2 (3x) and the pooled organic layers washed with brine 

(2x), dried over Na2SO4, filtered, and concentrated in vacuo. The resulting solution was 

purified via preparatory thin layer chromatography (1000 µM, 70:30:1 EtOAc:Hex:Et3N) 

and the products (both 2.41a and 2.41b) recombined to furnish intermediate 2.41, which 

was immediately carried on to the next step without further purification. 

N.B. Osmium tetraoxide is a hazardous chemical compound. Extreme caution 

should be taken when handling and the appropriate SDS referred to. All equipment which 

encountered osmium was quenched in a fume hood with corn oil and disposed of in 

secondary containment. 

Intermediate 2.41 was added to a flame dried flask, dissolved in DMF (1.60 mL), 

and cooled to 0°C. Imidazole (22.9 mg, 0.337 mmol, 500 mol%) and TBSCl (50.8 mg, 

0.337 mmol, 500 mol%) were added and the reaction was allowed to warm to room 

temperature for 12 hours. The aqueous layer was extracted with EtOAc (3x), and the 

pooled organic layers washed with sat. NaHCO3 (aq.) (1x), brine (1x), dried over Na2SO4, 

filtered, and concentrated in vacuo. The resulting solution was diluted with a minimal 

amount of CH2Cl2 and purified via preparatory thin layer chromatography (1000 µm, 40% 

O OTBSBocHN NPhth
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EtOAc:Hex) to furnish compound 2.22 as a clear-white film (15.4 mg, 0.0304 mmol, 44% 

yield over 2 steps).  

 

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.7, 2.8 Hz, 2H), 7.70 (dd, J = 6.1, 2.4 Hz, 2H), 

5.36 (d, J = 8.0 Hz, 1H), 4.39 (s, 1H), 4.32 – 4.24 (m, 1H), 4.10 (dd, J = 10.6, 8.1 Hz, 1H), 

3.58 – 3.49 (m, 1H), 3.45 – 3.36 (m, 1H), 1.45 (s, 9H), 1.34 (d, J = 6.1 Hz, 3H), 0.70 (s, 

9H), 0.05 (s, 3H), -0.06 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 134.2, 132.0, 123.4, 93.2, 71.3, 60.1, 29.9, 28.4, 25.5, 18.3, 

17.8, -4.1, -5.3 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C25H38N2O7Si+Na: 529.2341; found: 

529.2347/506.5303 

 

[a]23D: - 0.096 (CH2Cl2, c = 0.0125 g/mL) 
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Synthesis of 2.29 

 

Compound 2.19 (100.0 mg, 0.256 mmol, 100 mol%) was added to a flame dried 

flask, dissolved in CH2Cl2 (10 mL), and cooled to 0°C. TsOH (4.40 mg, 0.0256 mmol, 10 

mol%) and 2,2-dimethoxypropane (.0380 mL, 0.307 mmol, 120 mol%) were added and 

the reaction was allowed to warm to room temperature for 12 hours. Afterwards, the 

reaction was concentrated in vacuo, diluted with minimal CH2Cl2, and purified via 

preparatory thin layer chromatography (500µM, 40% EtOAc:Hex) to furnish compound 

2.29 as a clear-white film (59.7 mg, 54% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 

6.13 – 6.05 (m, 1H), 5.21 – 5.14 (m, 2H), 5.04 (d, J = 10.6 Hz, 1H), 4.79 (m, 2H), 4.10 – 

4.05 (m, 1H), 3.35 (d, J = 10.6 Hz, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.36 (s, 9H), 1.26 (d, J 

= 2.3 Hz, 3H), 1.03 (d, J = 6.1 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 155.9, 133.8, 133.1, 123.2, 117.4, 99.8, 79.4, 71.6, 68.0, 

52.7, 47.8, 29.8, 29.7, 28.2, 19.4, 17.1 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C23H30N2O6+Na: 453.2002; found: 453.2012 

 

[a]23D:  +18.2 (CH2Cl2, c = 0.0072 g/mL) 
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Synthesis of 2.30 

 

Compound 2.28 (29.0 mg, .0743 mmol, 100 mol%) was added to a flame dried 

flask, dissolved in CH2Cl2 (2.9 mL), and cooled to 0°C. TsOH (1.28 mg,  .00743 mmol, 10 

mol%) and 2,2-dimethoxypropane ( 0.0110 mL, 0.0891 mmol, 120 mol%) were added 

and the reaction was allowed to warm to room temperature for 12 hours. Afterwards, the 

reaction was concentrated in vacuo, diluted with minimal CH2Cl2, and purified via 

preparatory thin layer chromatography (500µM, 40% EtOAc:Hex) to furnish compound 

2.30 as a clear-white film (18.0 mg, 0.0418 mmol, 56% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 5.5, 3.0 Hz, 2H), 7.67 (dd, J = 5.4, 3.0 Hz, 2H), 

6.28 – 6.20 (m, 1H), 5.26 – 5.23 (m, 1H), 5.23 – 5.21 (m, 1H), 4.92 – 4.88 (m, 1H), 4.61 

(d, J = 10.7 Hz, 1H), 4.13 – 4.07 (m, 2H), 3.72 – 3.66 (m, 1H), 1.38 (s, 3H), 1.36 (s, 3H), 

1.00 (d, 3H), 0.97 (s, 9H) 

 

13C NMR (126 MHz, CDCl3) δ 168.3, 133.9, 133.4, 132.3, 123.4, 118.9, 101.4, 79.1, 71.5, 

66.1, 55.6, 54.8, 29.9, 27.9, 25.1, 23.8 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C23H30N2O6+Na: 453.2002; found: 453.2003 

 

[a]23D: - 2.3 (CH2Cl2, c= 0.009 g/mL) 
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Synthesis of 2.42 

 

Compound 2.16 (20.0 mg, 0.0512 mmol, 100 mol%) was added to a flame dried 

flask, dissolved in CH2Cl2 (2 mL), and cooled to 0°C. TsOH (0.880 mg, 0.00512 mmol, 10 

mol%) and 2,2-dimethoxypropane (.00750 mL, 0.0615 mmol, 120 mol%) were added and 

the reaction was allowed to warm to room temperature for 12 hours. Afterwards, the 

reaction was concentrated in vacuo, diluted with minimal CH2Cl2, and purified via 

preparatory thin layer chromatography (500µM, 40% EtOAc:Hex) to furnish compound 

2.42 as a clear-white film (15.65 mg, 0.0364 mmol, 71% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.4, 3.1 Hz, 2H), 

6.09 (m, 1H), 5.20 – 5.13 (m, 2H), 5.04 (d, J = 10.6 Hz, 1H), 4.79 (m, 2H), 4.07 (m, 1H), 

3.35 (d, J = 10.6 Hz, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.36 (s, 9H), 1.03 (d, J = 6.2 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 156.0, 134.0, 133.2, 123.3, 117.6, 99.9, 79.5, 71.8, 68.2, 

52.9, 48.0, 30.0, 29.9, 28.4, 19.6, 17.2 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C23H30N2O6+Na: 453.2002; found: 453.2004 

 

[a]23D: -29.4 (CH2Cl2, c = 0.0051 g/mL) 
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Synthesis of 2.43 

 

Compound 2.17 (10.0 mg, 0.0256 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in acetone (1 mL). Iodine (1.96 mg, 0.00768 mmol, 30 mol%) was 

added, allowed to stir in an oil bath at 40°C for 1 hour, and quenched with a 10% solution 

of Na2S2O3 (aq.) until the solution turned from brown to clear. The aqueous layer was 

extracted with EtOAc (3x) and the pooled organic layers washed with H2O (2x), brine (1x), 

dried over Na2SO4, filtered, concentrated in vacuo, and purified via preparatory thin layer 

chromatography (500 µM, 40% EtOAc:Hex) to furnish compound 2.43 as a clear-white 

film (5.07 mg, 0.0153 mmol, 62% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 25.6, 7.3 Hz, 2H), 7.65 (m, 2H), 5.83 (m, 1H), 

5.23 (dd, J = 10.5, 1.6 Hz, 1H), 5.03 (dd, J = 17.1, 1.7 Hz, 1H), 4.83 (m, 1H), 4.12 (m, 

1H), 3.81 (m, 1H), 3.53 (m, 1H), 1.53 (d, J = 6.4 Hz, 3H), 1.41 (s, 3H), 1.29 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 132.7, 131.9, 123.4, 121.8, 117.6, 71.2, 63.8, 60.7, 52.7, 

32.1, 29.9, 25.6, 23.8, 20.4 

 

HRMS (ESI) m/z: [M – H2O]+ calcd for C18H23N2O4: 313.1552; found: 313.1547 

 

[a]23D: -0.26 CH2Cl2, c = 0.0116 g/mL) 

O

NH2

O

NPhth
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Synthesis of 2.44 

 

Compound 2.18 (20.0 mg, 0.0512 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in acetone (2 mL). Iodine (3.90 mg, 0.0154 mmol, 30 mol%) was 

added, allowed to stir in an oil bath at 40°C for 1 hour, and quenched with a 10% solution 

of Na2S2O3 (aq) until the solution turned from brown to clear. The aqueous layer was 

extracted with EtOAc (3x) and the pooled organic layers washed with H2O (2x), brine (1x), 

dried over Na2SO4, filtered, concentrated in vacuo, and purified via preparatory thin layer 

chromatography (500 µM, 40% EtOAc:Hex) to furnish compound 2.44 as a clear-white 

film (11.7 mg, 0.0354 mmol, 69% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.94 – 7.85 (m, 2H), 7.65 (m, 2H), 5.83 (ddd, J = 17.1, 10.4, 

5.1 Hz, 1H), 5.23 (dd, J = 10.4, 1.6 Hz, 1H), 5.03 (dd, J = 17.1, 1.8 Hz, 1H), 4.84 – 4.81 

(m, 1H), 4.12 (dd, J = 3.8, 1.9 Hz, 1H), 3.83 – 3.77 (m, 1H), 3.54 (dd, J = 6.9, 3.9 Hz, 1H), 

1.53 (d, J = 6.3 Hz, 3H), 1.41 (s, 3H), 1.29 (s, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 133.1, 132.7, 131.9, 123.4, 121.8, 117.5, 101.4, 71.2, 63.8, 

60.7, 52.7, 29.9, 25.6, 23.8, 20.4 

 

HRMS (ESI) m/z: [M – H2O]+ calcd for C18H23N2O4: 313.1552; found: 313.1547 
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[a]23D: +0.62 (CH2Cl2, c = 0.0081 g/mL) 
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Chapter 3: The Derivatization and Characterization of 2,4,6-Trideoxy-
2-Amino-4-Acetamidohexoses and 2,4,6-Trideoxy-2,4-

Diacetamidohexoses for Enzymatic Testing and Biologic Studies 
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3.1. Introduction 

 Due to the presence of rare, prokaryote-specific sugars on the O-Antigen of Gram-

negative pathogens, there is an interest in exploring how they interact with and affect 

cells.1,6,11–13,110 It has been suggested that these sugars protect bacteria from cell 

death,1,9,10 but it is generally unclear how 6-deoxy sugars specifically play a role in this 

phenomenon.7,11 To better understand this, among other functions, testing that explores 

what biologic pathways some 6-deoxy-containing bacterial glycans undergo has been 

pursued.111 However, the biosynthesis of DATDH containing bacterial glycans, 

specifically,  has not yet been explored. This is mainly attributed to the lack of access 

scientists have to DATDH-containing moieties. To circumvent this issue, we first 

developed an efficient synthesis of two enantiomeric pairs of DATDHs (see Chapter 2). 

Subsequently, we developed various protecting group modifications to the originally 

synthesized DATDHs (Figure 3.1). By providing DATDHs in their deprotected and/or 

acetylated form, we open the door to possible enzymatic transformations that would allow 

us to better study the role(s) these compounds play in nature. Furthermore, a better 

understanding of the biosynthesis of complex bacterial glycans may allow for the potential 

development of novel strategies to combat bacterial infection.6 
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Figure 3.1. Deoxy-amino sugars synthesized for enzymatic testing and biologic studies.  

 

 In addition to sugar derivatization for biological testing, it was hypothesized that 

deprotected 6-carbon DATDHs could be chemoenzymatically elongated to 9-carbon 

nonulosonic acids (NulOs) when exposed to the appropriate aldolase enzyme (Scheme 

3.1).112,113 In collaboration with the Pohl lab at Indiana University, various aldolase 

enzymes were expressed, with the intent of testing them on 2,4-diacetamido-derived 

hexoses to determine whether the enzyme’s promiscuity would be sufficient to facilitate 

the elongation process. Successful enzymatic transformation through this method would 

provide a more accessible and efficient route to nonulosonic acids than was previously 

thought possible. Additionally, the ability to generate nonulosonic acids through this 

strategy could have significant implications for understanding their role in bacterial 

pathogenicity and fitness.43 Chapter 1 includes additional details on previous syntheses 

of NulOs and potential therapeutic applications (vide supra). 
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Scheme 3.1.  Proposed chemoenzymatic route to 8epiLeg via chemoenzymatic elongation with an 
aldolase enzyme. 
 

3.1.1. Enzymatic Transformations of 6-Deoxy Sugars 

 After the synthesis of DATDH 3.18, a series of deprotections were developed 

toward generation of derivatized compound 3.23 (see Section 3.2.3). This involved the 

synthetic installation of an acetamide at C4, a free amino substituent at C2, and the 

removal of a silyl group at C1. The resulting deoxy-amino sugar could then be primed for 

further enzymatic modification.114 To this end, and through a collaborative effort, the 

deprotected sugar would be exposed to sugar-1-kinase or related phosphorylating 

enzyme to install a phosphate group at C1, generating a sugar-1-phosphate 

intermediate.115–117 Once formed, the sugar-1-phosphate would be transformed into 

nucleoside diphosphate sugar (NDP-sugar) using a sugar-1-phosphate 

nucleotidyltransferase enzyme.118,119 This transformation is an essential step in the 

activation of the sugar for downstream biosynthetic processes.119 Whether the NDP-2,4-

diamino-2,4,6-trideoxy sugar can be successfully synthesized using the techniques 

described by Lupoli and co-workers is yet to be discovered. In previously reported 

methodology, the enzymatic synthesis of activated 6-deoxy sugars was performed on 

simpler, commercially available substrates.6 

If successfully made, the NDP-6-deoxy sugars, could then undergo various 

biosynthetic pathways, which may be studied to explore their biological functions and 
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roles in pathogen-host interactions. By investigating these biosynthetic routes, we may 

then gain deeper insight into the metabolic processes that control the production of key 

sugar-based molecules involved in bacterial virulence. These studies have the potential 

to reveal new targets for therapeutic intervention and improve our understanding of the 

complex roles theses sugars plan in microbial pathogenesis (vide supra). 

 

3.2. Synthetic Manipulations Toward Deprotected DATDHs 

3.2.1. Scale-up of D-threonine Derived DATDH Synthesis 

 To provide “enzyme ready” sugars for further biologic studies, scale-up and 

improved overall yield to the synthesis of compound 3.18, first discussed in Chapter 2, 

was imperative (Scheme 3.2). It was discovered that gram-scale synthesis of the D-

threonine allylation could successfully be performed, with the only real hindrance to 

further scaleup being the amount of iridium-H8-BINAP on hand. On gram scale, up to 53% 

isolated yield of the desired allylation product 3.15 was observed. Following generation 

of this alkene intermediate, ozonolysis followed by TBS protection of the anomeric 

position resulted in generation of compound 3.18 in 98% yield over two steps, as 

compared to the 77% two-step yield previously reported.120 Further details regarding 

synthesis of compounds 3.12 though 3.16 are detailed in Chapter 2 of this thesis (vide 

supra). In sum, scale-up led to an improvement of 33% overall yield to 52% overall yield 

for this synthetic pathway, starting from D-threoninol.  
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Scheme 3.2. Scaled up de novo synthesis of derivatized DATDHs from threonine starting material, 
using D-threonine as the model substrate.  
 

3.2.2. Exploration of Conditions for Boc and Phthalimide Removal 

 Following generation of compound 3.18, protecting group manipulations were 

explored to synthesize various acetamido and free amine derivatives of the DATDH, to 

use as both probes for studying their biosynthesis and precursors for enzymatic 

elongation.  Both phthalimide removal and Boc removal of compound 3.18 were first 

explored. Phthalimide removal was attempted under standard conditions with sodium 

borohydride121 followed by acetylation.121 No product was observed in this instance, and 

decomposition of the starting material was additionally seen (Scheme 3.3). Conversely, 

Boc removal under standard TFA conditions 121 followed by acetylation of compound 3.18 

delightfully provided the diacetylated product 3.19 in quantitative yield (Scheme 3.4). 
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Scheme 3.3. Attempted phthalimide removal of DATDH.  

 

 

Scheme 3.4. Boc removal of DATDH under standard TFA conditions.  

 

 After Boc removal of 3.18, various conditions for phthalimide removal of newly 

synthesized compound 3.19 were explored (Table 3.1). Under standard conditions 

utilizing sodium borohydride, trace amounts of product 3.20 were observed.121 Utilizing 

an alternative procedure with ethylene diamine, there was no conversion to the desired 

compound.121 However, utilization of hydrazine monohydrate followed by acetylation 

resulted in a 91% isolated yield of compound 3.20 and full consumption of starting 

material.121 Content with these results, deacetylation of the C3 hydroxyl was next 

explored. It was observed that Zemplen deacetylation utilizing catalytic amounts of 

sodium methoxide in methanol resulted in the desired diacetamide, compound 3.21.121 

Scheme 3.5 depicts the pathway from protected DATDH 3.18 to derivatized 2,4-

diacetamide, hexose 3.21. The temporary anomeric protecting group was left on for 

stability purposes and is thought to be easily removed with TBAF once ready for further 

enzymatic testing.120,121  
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Table 3.1. Conditions screened for phthalimide removal of DATDH.  

 

 

 

Scheme 3.5. Optimized pathway from protected DATDH to 2,4-diacetamido-2,4,6-trideoxyhexose. 

 

3.2.3. Expansion of Derivatization to C2 Free Amines  

 In addition to the -2,4-diacetamido-2,4,6-trideoxyhexose 3.21, a C2 free amino 

derivative of 3.18 was also desired for subsequent enzymatic testing. Due to the strategic 

differentiation in protection at the C2 and C4 position of DATDH 3.18, this was possible 

after optimization of reaction conditions. To this end, the conditions for a one-pot Boc 
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removal and acetylation were revisited. It was found that careful addition of 1.0 equivalent 

of acetic anhydride (as opposed to 10.0 molar eq., excess) could generate high amounts 

of C4 acetamide while retaining a free hydroxyl at C3, which can be attributed to nitrogen’s 

higher nucleophilicity when compared to the competing C3 nucleophile. Overall, this 

resulted in a 40% isolated yield of compound 3.22. The temporary anomeric protecting 

group was left on for stability purposes and is thought to be easily removed with TBAF 

once ready for further enzymatic testing.120,121 

Following generation of the C4 acetamide, phthalimide removal utilizing hydrazine 

monohydrate was performed. Under standard conditions, only trace amounts of 

compound 3.23 were observed. Generation of white precipitate (the phthalhydrazide 

byproduct) is expected when the reaction proceeds successfully, which was not 

visualized. As a result, excess amounts of hydrazine were additionally added to the 

reaction. Upon addition, the reaction was observed via TLC to go to completion and 

significant amounts of precipitate were visually observed. After purification, an isolated 

80% yield of the desired 2-amino-4-acetamido compound 3.23 was obtained. Scheme 

3.6 represents the optimized pathway from compound 3.18 to the desired 2-amino-4-

diacetamide, hexose 3.23. Again, the temporary anomeric protecting group was left on 

for stability purposes and is thought to be easily removed with TBAF once ready for further 

enzymatic testing. Due to the previous variability in success of phthalimide removal under 

standard conditions, all subsequent reactions were performed in an excess of hydrazine 

monohydrate and run until precipitate generation was visually observed.  
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Scheme 3.6. Optimized pathway from D-threonine derived DATDH to the 2-amino-4-acetamido-
2,4,6-trideoxyhexose. 
 

3.2.4. Scope Expansion 

After an establishing a route to D-threonine derivatized compounds 3.21 and 3.23, 

scope expansion was performed to access other isomeric 2-amino-4-acetamido-2,4,6-

trideoxyhexoses. Regarding the L-threonine derived compound 3.24, a one-pot, two step 

Boc removal and acetylation to generate sugar 3.25 was performed in 42% yield in the 

same manner as was done for generation of compound 3.21.  A one-pot, two step 

phthalimide removal and acetylation of 3.25 followed, which successfully generated the 

desired compound 3.26 in 20% yield (Scheme 3.7). Though yields could be improved for 

this pathway through additional optimization and more careful handling of material, it was 

more imperative that biological studies go underway in a timely manner. As a result, this 

route was not further optimized. 

 

 

Scheme 3.7. Route from L-threonine derived DATDH toward the 2-amino-4-acetamido-2,4,6-
trideoxyhexose. 
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 Additional work on the D-allo and L-allothreonine derived sugars, to access their 

2-amino-4-acetamido-2,4,6-trideoxyhexose derivatives, was done. Along the way, 

improved yield of the allylation chemistry from L-allothreoninol can be noted. A 70% 

isolated yield of the allylation product 2.40 was reported, which is compared to the 

previously reported 48% yield in Chapter 2 (vide supra). While scale up of the L-allo and 

D-allo derived allylations and subsequent TBS removal to access compound 2.18 and 

2.17 was straightforward, oxidative cleavage of these species was not. Various attempts 

at isolation of the oxidatively cleaved products 2.41 and 2.39 was attempted with no 

success. All starting material was consumed, but product could not be collected in any 

attempts. Decomposition in high amounts can be reported. Due to these difficulties, as 

well as the inherent safety concerns that come with working with OsO4, this pathway was 

temporarily tabled. Alternative oxidative conditions for scale-up of this pathway should be 

pursued in the future, to avoid inherent scalability and safety issues. However, this fell 

beyond the scope of work deemed necessary for this project, as it stands. 
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3.3. Conclusions  

 Conclusively, seven routes to newly derivatized deoxy-amino compounds were 

developed and characterized. These compounds are now ready for various methods of 

enzymatic testing and/or for the potential of further chemical transformations. It is 

envisioned that access to these kinds of deoxy-amino compounds will shed light on their 

mechanisms of action in biologic systems and could be further utilized for the 

development of novel therapeutics. Additionally, small modifications to these sugars at 

the anomeric position could allow for glycosylation ready donors, opening the door for 

even more complex oligosaccharide syntheses. 
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3.4. Materials and Experimental Methods 
 
3.4.1. General Experimental Procedures 
 

Unless otherwise stated, all reactions were carried out under an argon in flame 

dried reaction vessels.  CH2Cl2, THF, and 1,4-dioxane were rendered anhydrous through 

a commercial solvent purification system (Inert). All other solvents were dried over 

activated molecular sieves prior to use. All other chemicals were purchased at the highest 

possible quality and used as received.  

Flash column chromatography was performed on 230−400 mesh silica gel. 

Analytical and preparative thin layer chromatography was carried out on silica gel 60 F-

254 plates. Products were visualized with UV light or by staining with potassium 

permanganate, 5% aqueous sulfuric acid, or ninhydrin followed by heating. 
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3.4.2. Spectroscopy, Spectrometry, and Data Collection 

NMR spectra were recorded on a Bruker NMR spectrometer at 500 MHz for 1H 

NMR and 125 MHz for 13C NMR. Structural assignments were made with additional 

information from gCOSY and gHSQC experiments. For CDCl3 solvent, chemical shifts 

are reported in ppm relative to TMS (for 1H NMR in CDCl3) or CDCl3 (for 13C NMR in 

CDCl3). For C6D6 solvent, chemical shifts are reported in ppm relative to C6D6 (for 1H and 

13C NMR). For 1H NMR spectra, data are reported as follows: δ shift, multiplicity (s = 

singlet, m = multiplet, t = triplet, d = doublet, q = quartet, qd, quartet of doublets, dd = 

doublet of doublets, ddd = doublet of doublet of doublets), coupling constants are reported 

in Hz. To prove the existence of rotamers, 1-D NOE experiments were conducted 

according to procedure reported by Ley, et al on a 500 MHz Bruker NMR.104 High-

resolution mass spectra (HRMS) were obtained on an Agilent 6230 TOF mass 

spectrometer in the positive ion mode.  Optical rotations were measured at 589 nm in a 

10 cm cell at 23 °C.  
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3.4.3. Experimental Procedures and Spectral Data 

Synthesis of 3.19 

 

 Compound 3.18 (20.0 mg, 0.0395 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in in CH2Cl2 (0.40 mL). TFA (0.07 mL, .0998 mmol, 250 mol%) was 

added dropwise and the reaction allowed to run at room temperature for 1 hour, in which 

time the reaction mixture was observed to turn pink in color. The resulting mixture was 

then concentrated in vacuo. Ten minutes after drying, the resulting solid was dissolved in 

pyridine (2 mL). DMAP (5 mol%) and acetic anhydride (2 mL) were added, and the 

reaction was allowed to run at room temperature for 12 hours, then concentrated in vacuo 

to remove excess pyridine. The mixture was partitioned between EtOAc and H2O and the 

organic layer washed with an aqueous Cu(II)SO4 x 5H2O solution (1x), H2O (3x), brine 

(1x), dried over Na2SO4, filtered, and concentrated in vacuo. The resulting solution was 

diluted with minimal CH2Cl2, and purified via preparatory plate chromatography (50% 

EtOAc:Hex) to furnish compound 3.19 as a clear-white film (20.1 mg, 0.0410 mmol, quant. 

yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.86 – 7.74 (m, 2H), 7.73 – 7.68 (m, 2H), 6.09 (d, J = 9.1 

Hz, 1H), 5.99 (d, J = 8.4 Hz, 1H), 5.30 – 5.25 (m, 1H), 4.35 (qd, J = 6.5, 1.9 Hz, 1H), 4.22 

(dd, J = 8.5, 2.9 Hz, 1H), 4.09 – 4.04 (m, 1H), 2.14 (s, 3H), 2.03 (s, 3H), 1.23 (d, J = 6.6 

Hz, 3H), 0.70 (s, 9H), 0.11 (s, 3H), 0.04 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 170.2, 170.1, 168.3, 134.3, 132.0, 131.5, 123.6, 123.1, 

92.0, 71.4, 69.0, 84.5, 51.7, 25.5, 23.4, 21.0, 16.7, -3.9, -5.5. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C24H34N2O7Si+Na: 513.2032; found: 513.2033 

 

[a]23D:  +12.5 (CH2Cl2, c = 0.01153 g/mL) 
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Synthesis of 3.22 

 

Compound 3.18 (371.8 mg, 0.734 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in in CH2Cl2 (7.5 mL). TFA (0.56 mL, 7.34 mmol, 1000 mol%) was 

added dropwise and the reaction allowed to run at room temperature for 2 hours, in which 

time the reaction mixture was observed to turn red in color. The resulting mixture was 

then concentrated in vacuo. Ten minutes after drying, the resulting solid was dissolved in 

pyridine (10.9 mL). DMAP (4.12 mg, 0.03367 mmol, 5 mol%) and acetic anhydride (0.14 

mL, 1.47 mmol, 200 mol%) were added, and the reaction was allowed to run at room 

temperature for 12 hours, then concentrated in vacuo to remove excess pyridine. The 

mixture was partitioned between EtOAc and H2O and the organic layer washed with an 

aqueous Cu(II)SO4 x 5H2O solution (1x), H2O (3x), brine (1x), dried over Na2SO4, filtered, 

and concentrated in vacuo. The resulting solution was diluted with minimal CH2Cl2, and 

purified via column chromatography (60-80% EtOAc:Hex) to furnish a mixture of desired 

compound 3.22 as a white solid (131.6 mg, 0.294 mmol, 40% yield). Peracetylated 

compound 3.19 was also generated, which was to be expected. 

 

1H NMR (500 MHz, CDCl3) δ 7.87 (dd, J = 5.4, 3.0 Hz, 2H), 7.76 (dd, J = 5.5, 3.0 Hz, 2H), 

6.04 (d, J = 8.9 Hz, 1H), 5.71 (d, J = 8.5 Hz, 1H), 4.83 (d, J = 1.9 Hz, 1H), 4.51 (qd, J = 

6.5, 1.8 Hz, 1H), 4.22 (dd, J = 8.6, 2.5 Hz, 1H), 4.17 – 4.12 (m, 1H), 4.08 – 4.04 (m, 1H), 

2.07 (s, 3H), 1.21 (d, J = 6.6 Hz, 3H), 0.65 (s, 9H), 0.05 (s, 3H), -0.06 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 170.39, 134.59, 131.63, 123.67, 91.48, 71.44, 68.01, 56.25, 

53.85, 25.39, 23.45, 17.56, 16.68, -4.01, -5.61. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C22H32N2O6Si+Na: 471.1928; found: 471.1931 

 

[a]24D:  +24.2 (CH2Cl2, c = 0.009912 g/mL) 
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Synthesis of 3.20 

 

 Compound 3.19 (100.0 mg, 0.204 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in EtOH (8.0 mL). Hydrazine monohydrate (0.013 mL, 0.265 mmol, 

130 mol%) was added dropwise and the reaction was allowed to reflux for 12 hours. Upon 

completion of the reaction, a white solid is observed at the bottom of the reaction flask. 

(If this byproduct is not observed, an additional 130 mol% of hydrazine is additionally 

added and the reaction is allowed to continue refluxing until ppt. formation is visibly 

observed.) Upon completion, the solid byproduct was filtered, and the mother liquor was 

concentrated in vacuo. Two hours after drying, the resulting solid was dissolved in 

pyridine (1 mL). DMAP (1.14 mg, .0102 mmol, 5 mol%) and acetic anhydride (1 mL) were 

added, and the reaction was allowed to run at room temperature for 12 hours, then 

concentrated in vacuo to remove excess pyridine. The mixture was partitioned between 

EtOAc  and H2O and the organic layer washed with an aqueous Cu(II)SO4x5H2O solution 

(1x), H2O (3x), brine (1x), dried over Na2SO4, filtered, and concentrated in vacuo. The 

resulting solution was diluted with minimal CH2Cl2, and purified via preparatory thin layer 

chromatography (1000µM, 60% EtOAc:Hex) to furnish compound 3.20 as a clear-white 

film (74.7 mg, 0.186 mmol, 91% yield). 

 

1H NMR (500 MHz, CDCl3) δ 5.89 (d, J = 9.5 Hz, 1H), 5.34 (d, J = 9.4 Hz, 1H), 5.09 – 

5.06 (m, 1H), 4.74 (d, J = 8.2 Hz, 1H), 4.18 – 4.11 (m, 2H), 4.04 – 4.00 (m, 1H), 2.16 (s, 
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3H), 2.07 (s, 3H), 1.97 (s, 3H), 1.15 (d, J = 6.5 Hz, 3H), 0.89 (s, 9H), 0.12 (s, 3H), 0.11 

(s, 3H). 

 

13C NMR (126 MHz, CDCl3) δ 170.02, 169.57, 95.56, 72.44, 68.67, 50.30, 50.10, 25.69, 

23.58, 23.45, 21.23, 18.03, 16.64, -3.73, -5.29. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C18H34N2O6Si+Na: 425.2084; found: 425.2082 

 

[a]23D:  +1.96 (CH2Cl2, c = 0.0143 g/mL) 
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Synthesis of 3.21 

 

 Compound 3.20 (15.8 mg, 0.0392 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in MeOH (2.0 mL). NaOMe (0.42 mg, 0.0078 mmol, 20 mol%) was 

added and the reaction was allowed to stir and room temperature for 12 hours. Upon 

completion, the reaction mixture was concentrated in vacuo. The resulting solution was 

diluted with minimal CH2Cl2 and purified via preparatory thin layer chromatography 

(500µM, 5% MeOH: CH2Cl2) to furnish compound 3.21 as a clear-white film (9.8 mg, 

0.0272 mmol, 69% yield). 

 

1H NMR (400 MHz, CDCl3) δ 6.00 (d, J = 8.8 Hz, 1H), 5.90 (d, J = 9.2 Hz, 1H), 4.82 (d, J 

= 8.3 Hz, 1H), 4.29 – 4.23 (m, 1H), 4.03 – 3.98 (m, 1H), 3.98 – 3.92 (m, 2H), 3.38 (s, 1H), 

2.06 (s, 3H), 2.03 (s, 3H), 1.19 (d, J = 6.6 Hz, 3H), 0.92 (s, 10H), 0.14 (s, 3H), 0.12 (s, 

3H). 

 

13C NMR (101 MHz, CDCl3) δ 171.85, 166.07, 95.28, 77.36, 70.43, 67.28, 56.14, 53.78, 

51.59, 29.85, 25.70, 23.77, 23.49, 16.73, -5.36. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C16H32N2O5Si+Na: 383.1978; found: 383.1977 

[a]24D:  +2.80 (CH2Cl2, c = 0.0075 g/mL) 
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Synthesis of 3.23 

 

Compound 3.22 (79.3 mg, 0.162 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in EtOH (6.35 mL). Hydrazine monohydrate (0.013 mL, 0.259 mmol, 

160 mol%) was added dropwise and the reaction was allowed to reflux for 12 hours. Upon 

completion of the reaction, a white solid is observed at the bottom of the reaction flask. 

(If this byproduct is not observed, an additional 130 mol% of hydrazine is additionally 

added and the reaction is allowed to continue refluxing until ppt. formation is visibly 

observed.) Upon completion, the solid byproduct was filtered, and the mother liquor was 

concentrated in vacuo. The resulting solution was diluted with minimal CH2Cl2 and purified 

via preparatory thin layer chromatography (1000µM, 20% MeOH: CH2Cl2,1% Et3N) to 

furnish compound 3.23 as a clear-white film (41.3 mg, 0.106 mmol, 80% yield). 

 

1H NMR (500 MHz, CDCl3) δ 5.92 (d, J = 8.7 Hz, 1H), 4.68 (d, J = 8.0 Hz, 1H), 4.20 (qd, 

J = 6.6, 1.6 Hz, 1H), 3.98 – 3.93 (m, 2H), 3.49 (s, 1H), 2.77 (s, 1H), 2.64 – 2.61 (m, 1H), 

2.02 (s, 3H), 1.16 (d, J = 6.5 Hz, 3H), 0.93 (s, 9H), 0.14 (s, 3H), 0.14 (s, 3H). 

 

13C NMR (126 MHz, CDCl3) δ 170.60, 97.83, 70.08, 68.04, 54.07, 53.85, 45.62, 26.18, 

23.67, 18.50, 16.98, -3.62, -4.78. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C14H30N2O4Si+Na: 341.1873; found: 341.1884; 

319.2039 
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[a]24D:  +13.5(CH2Cl2, c = 0.011 g/mL) 
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Synthesis of 3.25 

 

Compound 3.24 (146.0 mg, 0.288 mmol, 100 mol%) was added to a flame dried 

flask and dissolved in in CH2Cl2 (2.9 mL). TFA (0.22 mL, 2.88 mmol, 1000 mol%) was 

added dropwise and the reaction allowed to run at room temperature for 1 hour, in which 

time the reaction mixture was observed to turn dark pink in color. The resulting mixture 

was then concentrated in vacuo. Five minutes after drying, the resulting solid was 

dissolved in pyridine (4.27 mL). DMAP (1.62 mg, 0.0144 mmol, 5 mol%) and acetic 

anhydride (0.027 mL, 0.288 mmol, 100 mol%) were added, and the reaction was allowed 

to run at room temperature for 12 hours, then concentrated in vacuo to remove excess 

pyridine. The mixture was partitioned between EtOAc and H2O and the organic layer 

washed with an aqueous Cu(II)SO4 x 5H2O solution (1x), H2O (2x), brine (1x), dried over 

Na2SO4, filtered, and concentrated in vacuo. The resulting solution was diluted with 

minimal CH2Cl2, and purified via preparatory plate chromatography (1000µM, 70% 

EtOAc:Hex) to furnish a mixture of desired compound 3.25 as a white amorphous solid 

(54.8 mg, 0.122 mmol, 42% yield). Peracetylated compound was also generated in 

appreciable amounts, which was to be expected. 

 

1H NMR (500 MHz, CDCl3) δ 7.87 (dd, J = 5.5, 3.1 Hz, 2H), 7.76 (dd, J = 5.5, 3.0 Hz, 2H), 

6.01 (d, J = 8.9 Hz, 1H), 5.69 (d, J = 8.5 Hz, 1H), 4.80 (d, J = 1.8 Hz, 1H), 4.51 (qd, J = 

6.4, 1.7 Hz, 1H), 4.24 – 4.21 (m, 1H), 4.17 – 4.14 (m, 1H), 4.08 – 4.05 (m, 1H), 1.21 (d, J 

= 6.4 Hz, 3H), 0.65 (s, 9H), 0.05 (s, 3H), -0.06 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 170.37, 134.62, 131.63, 123.70, 91.48, 71.48, 68.02, 56.25, 

53.85, 25.39, 23.47, 17.57, 16.68, -4.00, -5.60. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C22H32N2O6Si+Na: 471.1928; found: 471.1929 

 

[a]24D:  -21.9 (CH2Cl2, c = 0.011 g/mL) 
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Chapter 4: Toward the Synthesis of 8-epi-Legionaminic Acid (8epiLeg) 
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4.1 Introduction 

4.1.1. Overview and Retrosynthetic Analysis 

 As was discussed in Chapter 1 (vide supra), nonulosonic acids (NulOs) play a 

significant role in bacterial pathogenicity and fitness. However, their structural complexity 

(resulting difficult chemical synthesis) as well as their inability to be isolated from their 

native CPS/LPS, prevents access to significant amounts of these sugars to be studied 

and, consequently, better understood. Previous syntheses of these compounds have 

been performed either semi-synthetically or synthetically, but with varying levels of 

diastereoselectivity and low overall yield (see Section 1.2). Herein, we propose and 

attempt various de novo synthetic approaches toward 8-epi-legionaminic acid (8epiLeg) 

that could result in a higher yielding, more efficient, and more diastereoselective route 

toward this NulO than was previously available.   

 Retrosynthetically, we envision 8epiLeg arising via a late stage 6-member ring 

cyclization from long-chain intermediate 4.2. Intermediate 4.2 is to be generated via a 

diastereoselective C4 hydroxyl insertion using conditions and starting material 4.3. 

Compound 4.3 will arise from a Krische allylation of D-threoninol 4.4. Scheme 4.1 depicts 

the retrosynthetic analysis of 8epiLeg from threoninol 4.4. In the forward direction, from 

compound 4.3 to compound 4.2, various sets of conditions are explored. Sections 4.2.1 

– 4.2.3 describes three different hypothesized routes toward the generation of 8epiLeg 

from allylation intermediate 4.3, each of which are met with varying levels of success thus 

far.  
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Scheme 4.1. Retrosynthetic analysis of 8-epi-Legionaminic acid from protected D-threoninol starting 
material. 
 

4.2 Chemical Elongation Strategies Toward 8-epi-Leg 

4.2.1. Olefin Cross Metathesis Strategy 

 Originally, it was envisioned that an olefin cross metathesis of allylation product 

4.3 with a 4- or 5-carbon enone facilitated by the Grubbs II ruthenium catalyst could give 

rise to a cross-coupling product 4.5 in a key C-C bond forming step (Scheme 4.2).122 In 

the forward direction, a substrate controlled, NHC-catalyzed, stereoselective conjugate 

addition utilizing an NHC-ligand (Figure 4.1) could generate the C4 stereocenter needed 

to complete the synthesis of a 9-carbon 8epiLeg derivative 4.6.123–127 With TBS protection 

at the C8 position, differentiation between both secondary hydroxyls is given, which would 

allow for selectivity between C8 and C4, should that be desired.  For the purposes of this 

work, however, the alcohol protection is proposed to be removed to generate the 

deprotected sugar target 4.7. Additional differentiation between amino sites arises via a 

Boc and phthalimide protection at C7 and C5, which could subsequently be removed 

under the right deprotection conditions, if desired. Scheme 4.2 demonstrates the 

theorized pathway toward 8epiLeg. Figure 4.1 depicts the potential catalyst candidates, 

boron source, and NHC-ligand for the proposed route. 
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Scheme 4.2. Proposed synthetic route to 8epiLeg using an olefin cross metathesis strategy followed 
by stereoselective conjugate addition. 
 

 

Figure 4.1. Chemical structure of catalysts and additives in the proposed synthesis of 8epiLeg using 
olefin cross metathesis followed by stereoselective conjugate addition.  
 

 To screen Grubbs cross-metathesis conditions, 4- and 5-carbon enones were first 

generated as cross coupling partners. As a prerequisite for olefin cross metathesis, 

enones of a certain Grubbs “type” had to be selected.122 Which enones were chosen was 

based on their predicted reactivity with olefin cross-coupling partner 4.3 under Grubbs II 

catalyst, cross metathesis conditions, and their inability to quickly homodimerize.122 

Additional factors, such as high volatility of these low molecular weight enones, had to 

also be considered. To this end, a variety of conditions were explored and optimized to 

successfully synthesis two desired enone cross-coupling partners. 
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Toward desired enone 4.9, cis-propenyl magnesium bromide was first 

synthesized, and its molarity subsequently determined.128 To generate the cis-propenyl 

magnesium bromide, a reaction between cis-1-bromopropene, magnesium turnings, and 

iodine was performed under varying solvent concentrations (Table 4.1). 128 Due to 

concerns pertaining the generated exotherm of the Grignard reaction (loss in THF due to 

aggressive boiling), reaction concentration was incrementally increased until a 0.69 M 

concentration in THF was obtained, and the product concentration determined to be 

sufficient for the following reaction. Upon completion of each reaction, a titration with 

iodine was performed to determine molarity of the Grignard reagent (see Section 4.4.3 

for experimental details). 

 

Table 4.1. Generation of desired Grignard reagent from cis-propenyl bromide. 

 

 

 

 

Br Mg(s), I2(s)

THF
MgBr

Entry Reaction 
Conc (M) % yield Prod. Conc

 in THF (M)

1 —0.5
assumed 

quant.

2 0.5 42 0.21

3 0.5 34 0.17

4 1.0 39 0.39

5 2.0 34 0.69



141 

Immediately following generation of the Grignard reagent, a Grignard reaction 

utilizing the cis-propenyl magnesium bromide and commercially available diethyl oxalate 

4.8 was performed. This generated the desired enone compound 4.9. Various sets of 

conditions were explored toward synthesis of this compound (Table 4.2).129,130 Molarity 

of the Grignard, solvent choice, reaction temperature, and reaction time were all 

optimized. Additionally, development of a gas chromatography (GC) method was required 

to monitor product formation, since the product was too unstable and volatile for formation 

monitoring via thin-layer chromatography (TLC). Entry 4 of Table 4.2 shows the optimized 

conditions,129 which resulted in a 30% product yield (mixture of (E) / (Z) isomers) and, 

additionally, a small amount of overreacted starting material byproduct. Due to the nature 

of the next reaction, it was not imperative that this be purified further before moving on to 

olefin cross metathesis. In addition to the generation of enone 4.9, enone 4.11 was also 

synthesized. Starting with methyl vinyl glycolate (MVG) 4.10, an oxidation utilizing Dess-

Martin periodinane generated the desired methyl 2-oxobut-3-enoate 4.11.131 As a result 

of product volatility, compound 4.11 was obtained as a solution in dichloromethane. 

 

Table 4.2. Optimization of conditions for the generation of enone 4.9.  
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Scheme 4.3. Synthesis of methyl 2-oxobut-3-enoate. 

 

 The resulting enones were then tested for viability as coupling partners for olefin 

cross metathesis with substrate 4.3. Variables for optimization included reaction time, 

Lewis acid additive, solvent, and bath temperature, in attempts to push the reaction 

forward (Table 4.3). Because previous reports suggested allylamines could be 

challenging cross-coupling partners in OCM, the use of chlorodicyclohexylborane was 

deemed necessary to attempt improved substrate reactivity.122,132,133 It was observed, 

however, that compound 4.3 acted as a “spectator,” even with additional Lewis acid 

additive. This raised concerns over the C4 hydroxyl potentially causing deactivation of the 

ruthenium catalyst, the enones not being a reactive enough coupling partner, or the 

allylamine species not being a reactive enough species in general for this kind of olefin 

cross-metathesis.122  
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Table 4.3. Optimization of olefin cross metathesis.  

 

* No reaction. Starting material (4.3) recollected in all cases. 

 

 To disprove some of these theories, additional optimization under altered 

conditions was performed (Table 4.4). First, acetonide protected species 4.12 was 

generated from 4.14 (procedural details in Chapter 2, vide supra). Compound 4.12 was 

used to disprove substrate deactivation of the catalyst via the C4 hydroxyl. Additionally, 

allyl alcohol, a “type I” olefin known to be extremely reactive in OCM was utilized as a 

cross coupling partner.122 With and without the addition of a titanium (IV) isopropoxide 

(TTIP) co-catalyst,132,134,135 compound 4.12 remained a spectator in the reaction. As a 

result, and even with a variety of altered variables, it was concluded that the lack of 

reactivity of compound 4.3 / 4.12 was the problem with this chemistry.  
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Table 4.4. Additional optimizations to attempt chemical elongation via OCM.  

 

* No reaction. Starting material (4.12) recollected in all cases. 

 

The low reactivity of 4.3 / 4.12 in OCM is attributed to the electron withdrawing 

nature of the phthalimido amine, which removes electron density from the alkene moiety. 

The same difficulties have been faced for Boc protected secondary amines during olefin 

cross metathesis. Additionally, protecting group removal was not a modification that could 

be made to overcome the electron withdrawing effect of amino-protecting groups and 

increase substrate reactivity. This is because free amines have been reported to 

deactivate Grubbs catalysts.136 Alternative amine protecting groups could, however, 

provide a more reactive alternative. As a result, these were to be explored. Unfortunately, 

phthalimide removal of the allylation product 4.12 was relatively unsuccessful (Table 4.6 

vide infra) because of its existing terminal alkene substituent. As a result, alternative 

strategies were pursued toward synthesis of the target 8epiLeg compound.  
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4.2.2. Mukaiyama Aldol Strategy 

 Given the lability of substrate 4.3 in olefin cross metathesis, a stereoselective 

Mukaiyama aldol reaction was proposed as an alternative. Hypothetically, this reaction 

would allow for a stereoselective aldol addition to generate desired 8epiLeg 4.1 from 

substrate 4.15. Scheme 4.4 depicts the proposed route. In the forward direction, an 

acetonide protection of allylation product 4.14 generates the isopropylidene 4.12. 

Following this, oxidative cleavage via ozonolysis generates compound 4.15. After 

generation of aldehyde 4.15, a Mukaiyama aldol reaction with a silyl enol ether and lewis 

acid is theorized to generate compound 4.2 with high levels of stereocontrol. Standard 

acetonide removal would then generate the target compound 4.1 in its protected form.  

 

 

Scheme 4.4. Proposed forward synthesis of 8epiLeg from D-threoninol utilizing a stereoselective 
Mukaiyama aldol reaction. 
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To predict and tune stereochemical control over the aldol reaction, a Felkin or 

chelate control model was implemented to theorize over steric preferences during 

nucleophilic addition to the carbonyl. Under b-chelate control, it is hypothesized that 

orientation of the carbonyl would favor the desired product. Through Felkin control, it is 

theorized that sterics would allow preferential nucleophilic attack to generate the 

undesired product stereochemistry. However, and due to the complexity of the aldehyde 

4.15, it was possible that secondary steric interactions and/or, in the presence of chelation 

agents, secondary chelation effects could interfere with the proposed model for 

stereocontrol. As a result, we turned to experimental data to attempt to elucidate 

stereoselectivity outcome.  

 First, a Mukaiyama aldol reaction with free 1,3-diol 4.16, silyl enol ether, and BF3 

etherate was carried out (Scheme 4.5). Under these conditions, no product formation 

was observed. It was reasoned that free alcohols could interfere with the reactivity, so 

further reactions were carried out with an isopropylidene-protected 1,3-diol substrate 

4.15.  

 

 

Scheme 4.5. Attempted Mukaiyama aldol reaction on 1,3-diol substrate. 
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dimethoxypropane, synthesizing compound 4.12 in excellent yield.  Following this, 

ozonolysis of the protected diol 4.12 was successfully performed, resulting in generation 

of compound 4.15 in quantitative yield. Formation of both acetonide protected compounds 

4.12 and 4.15 resulted in observable rotamers on 1H and 13C NMR. As a result, standard 

NOE experimentation utilizing the Ley procedure was carried out as proof of 

rotamerization and as additional support of compound purity after chromatographic 

purification.104 Following the generation of compound 4.15, multiple aldol reactions with 

additives of varying levels of Lewis acidity and chelation potential were performed (see 

Table 4.5).137,138 In all cases, no product was formed. In the case of entries 1 and 2, 

starting material 4.15 was fully recovered. In the case of entry 3, it was theorized that the 

high levels of acidity caused starting material 4.15 decomposition as well as a lack of 

product formation.  

 Regarding future directions, a broader scope of Lewis acids and solvent conditions 

should be explored to draw definitive conclusions about substrate reactivity. However, 

and in the interest of exploring an exciting new strategy, we turned our attention 

temporarily away from the Mukaiyama aldol route.  
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Table 4.5. Attempted optimization of Mukaiyama aldol chemistry on acetonide, exploring different 
Lewis acid additives. 
 

 

* No reaction. Starting material (4.15) recollected. 

 

4.2.3. Diborylation Strategy 

 A third route toward 8epiLeg was proposed because of the lack in substrate 

reactivity for both the Mukaiyama aldol chemistry and olefin cross metathesis. Scheme 

4.6 illustrates this route in the forward direction from D-threoninol. Again, adapted Krische 

allylation chemistry allows for generation of a diastereoselective late-stage intermediate 

4.3.90 After removal of the TBS group, acetonide protection of compound 4.14 is 

performed to generate isopropylidene 4.12.121 Afterward, it is hypothesized that a 

stereoselective diborylation of alkene 4.12 will generate dipinacol boron species  4.16.139–

142 Subsequently, a Suzuki-Miyaura coupling of the generated organoborane species with 

methyl oxalyl chloride followed by oxidation would result in late stage intermediate 4.2.139 

Upon removal of the acetonide protection under standard conditions, target 8epiLeg 4.1 
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would be synthesized in a highly stereoselective fashion. Figure 4.2 displays the 

chemical structures of the commercially available ligand, boron species, and electrophile 

required to execute this chemistry. 

 

 

Scheme 4.6. Proposed forward synthesis of 8epiLeg from D-threoninol utilizing a diborylation, 
Suzuki-Miyaura coupling, oxidation strategy. 
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Figure 4.2. Chemical structure of catalysts and additives proposed for the forward synthesis of 
8epiLeg using a diborylation followed by Suzuki-Miyaura coupling and oxidation.  
 

 From the OCM route (vide supra), synthesis and characterization of compound 

4.12 was already established. Toward generation of the diboron species from 4.12, we 

were inspired by Morken and co-workers, who developed a stereoselective diborylation 

of terminal alkenes utilizing Pt(dba)3, B2(pin)2, and a chiral dioxaphosphepin ligand 

(Figure 4.2).139,142 To establish that a diastereoselective diborylation of substrate 4.12 

using the Morken chemistry was feasible, a diborylation-oxidation procedure (also by 

Morken and co-workers) was first attempted.140,141 Should this have worked on our 
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was the only reaction that proceeded. Because neither diborylation nor dihydroxylation 

product was observed, we reasoned that steric and/or electron withdrawing effects of the 

phthalimide led to a lack in alkene 4.12 reactivity. This was supported after a model 

reaction with 1-hexene showed quantitative yield of the dihydroxylation product under 

Morken’s proposed conditions, proving the viability of the chemistry in our hands with an 

adequate substrate. 

 

 

Scheme 4.7. One-pot, two step diborylation-oxidation inspired by work from Morken and co-workers, 
which did not yield the desired dihydroxylation product. See Figure 4.2 for structure of chiral ligand. 
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scavenger resulted in 15% yield of the desired acetamide 4.18 (entry 2). However, this 

required various preparatory plate purifications due to the complex mixtures formed 

throughout the reaction. To try and circumvent purification challenges in the next attempt, 

a crude preparatory plate purification after phthalimide removal was performed. It was our 

hope that by removing excess pentanol and hydrazine byproducts from the reaction 

mixture, it would make the acetylation product easier to abstract. When carrying the 

isolated free amine intermediate on to the acetamide protection, however, significant 

amounts of diimide reduction product were still observed (entries 3 and 4). We attributed 

this to small amounts of diimide being carried through after the crude purification 

(observed via NMR), which proceeded to react with the desired free amine and/or 

acetamide 4.18 once the scavenger was removed from the reaction. Since phthalimide 

removal proved to be significantly more challenging than was expected, we suggest 

further route development in the area of the Krische allylation with an alternative allene 

pronucleophile. This would circumvent the need for tedious phthalimide protecting group 

removal strategies in later reactions and may reduce step count of the overall synthetic 

route. Additionally, access to a compound like 4.18 could be the key to successful long 

chain elongation to 8epiLeg, since preliminary evidence points to a lack in protected 

allylamine reactivity being the main issue for route development. 
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Table 4.6. One-pot, two-step acetamide formation optimizations, attempting to avoid undesired 
diimide reduction byproduct. 
 
 

 

  

4.3. Conclusions 

In this chapter, we explored and evaluated several synthetic strategies toward the 

efficient and diastereoselective synthesis of 8-epi-legionaminic acid (8epiLeg), a 

compound of significant interest in bacterial pathogenicity and fitness. Despite the 

inherent challenges posed by the structural complexity of nonulosonic acids (NulOs), we 

proposed and investigated multiple synthetic routes that could potentially overcome these 

obstacles. The retrosynthetic analysis of 8epiLeg led to the identification of three distinct 

synthetic approaches: the olefin cross-metathesis strategy, the Mukaiyama aldol strategy, 

and the diborylation strategy. Each route was preliminarily optimized and tested; however, 

we encountered significant difficulties in all three approaches. The olefin cross metathesis 

strategy suffered from low reactivity of the allylamine intermediate, while the Mukaiyama 
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aldol approach was hindered by poor reactivity of the aldehyde substrate with the silyl 

enol ether of interest. The diborylation strategy, despite initial promise, was limited by 

issues related to the phthalimide protecting group and the low reactivity of key 

intermediates. 

Although these strategies did not lead to the successful synthesis of 8epiLeg under 

the conditions explored, the challenges faced in each approach have provided valuable 

insights into the limitations and potential pitfalls of working with NulO-based compounds. 

These setbacks have highlighted the need for further method development of reactive 

intermediates and/or alternative protection-deprotection strategies, particularly 

concerning the phthalimide group. As such, the failure of these synthetic routes does not 

mark the end of this endeavor, but rather lays the groundwork for future efforts in 

overcoming these barriers. Moving forward, exploring alternative reaction conditions, 

different protecting group strategies, and more reactive intermediates may be essential 

in achieving a successful and scalable synthesis of 8epiLeg through one of our proposed 

approaches. 
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4.4. Materials and Experimental Methods 
 
4.4.1. General Experimental Procedures 
 

Unless otherwise stated, all reactions were carried out under an argon in flame 

dried reaction vessels.  CH2Cl2, THF, and 1,4-dioxane were rendered anhydrous through 

a commercial solvent purification system (Inert). All other solvents were dried over 

activated molecular sieves prior to use. All other chemicals were purchased at the highest 

possible quality and used as received.  

Flash column chromatography was performed on 230−400 mesh silica gel. 

Analytical and preparative thin layer chromatography was carried out on silica gel 60 F-

254 plates. Products were visualized with UV light or by staining with potassium 

permanganate, 5% aqueous sulfuric acid, or ninhydrin followed by heating. 
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4.4.2. Spectroscopy, Spectrometry, and Data Collection 

NMR spectra were recorded on a Bruker NMR spectrometer at 500 MHz for 1H 

NMR and 125 MHz for 13C NMR. Structural assignments were made with additional 

information from gCOSY and gHSQC experiments. For CDCl3 solvent, chemical shifts 

are reported in ppm relative to TMS (for 1H NMR in CDCl3) or CDCl3 (for 13C NMR in 

CDCl3). For C6D6 solvent, chemical shifts are reported in ppm relative to C6D6 (for 1H and 

13C NMR). For 1H NMR spectra, data are reported as follows: δ shift, multiplicity (s = 

singlet, m = multiplet, t = triplet, d = doublet, q = quartet, qd, quartet of doublets, dd = 

doublet of doublets, ddd = doublet of doublet of doublets), coupling constants are reported 

in Hz. To prove the existence of rotamers, 1-D NOE experiments were conducted 

according to procedure reported by Ley, et al on a 500 MHz Bruker NMR.104 High-

resolution mass spectra (HRMS) were obtained on an Agilent 6230 TOF mass 

spectrometer in the positive ion mode.  Optical rotations were measured at 589 nm in a 

10 cm cell at 23 °C.  
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4.4.3. Experimental Procedures and Spectral Data 

Synthesis of cis-propenyl magnesium bromide 

 

Magnesium turnings (1.81 g, 0.0744 mol, 150 mol%) were activated with a mortar 

and pestle and added to a flame dried 2-neck flask set up with a reflux condenser. Iodine 

(125.4 mg, 0.496 mmol, 10 mol%) was then added and the mixture stirred vigorously for 

ten minutes. Cis-1-bromo-propene (4.26 mL, .0496 mol, 100 mol%) was added to a 

separate flame dried flask and dissolved in THF (25 mL). 2 mL of the propene/THF 

mixture was added dropwise to the Mg/I2 which, upon addition, began bubbling/heating 

and a color change from brown to grey was observed. (Depending on reaction 

concentration, this color change may need to be facilitated by gentle heating with a heat 

gun. Under these conditions, it was not deemed necessary.). The remainder of the 

propene/THF mixture was added slowly via canula and the reaction stirred at room 

temperature for three hours. The dark brown reaction mixture was then titrated to 

determine Molar concentration of the generated Grignard reagent. 

 

Titration: Iodine (0.0140 g) was dissolved in THF (0.5 mL) to generate a 0.110 M 

solution. Grignard reagent was added dropwise to the I2 solution until a color change from 

brown to clear was visibly observed. 0.08 mL of Grignard was required to titrate the 

solution, meaning a 0.69 M concentration of Grignard reagent (M1V1=M2V2) was 

generated in this instance. 

 

 

MgBr
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Synthesis of 4.9 a/b 

 

The synthesis of (E)/(Z) enone 4.9 was prepared according to literature procedure. 

Spectroscopic data was in agreement with previously reported data. 129 

 

Synthesis of 4.11 

 

The synthesis of enone 4.11 was prepared according to literature procedure. 

Spectroscopic data was in agreement with previously reported data. 131 

 

GC Method: Compound 14.11 (20 µL) was dissolved in LCMS grade hexanes (1.5 mL). 

An Agilent GC method was run, 60°C isocratic for 5 minutes, then incrementally 

increasing at a gradient of 10°C/minute until reaching 200°C. Starting material diethyl 

oxalate was observed to elute at the 4–5-minute mark, which was confirmed by utilizing 

an external standard for comparison. Once the reaction was complete, no starting 

material was observed at this time stamp. 

 

 

 

 

O
OEt

O

O

O

O
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Synthesis of 4.12 

 

Compound 4.14 (100.0 mg, 0.256 mmol, 100 mol%) was added to a flame dried 

flask, dissolved in CH2Cl2 (10 mL), and cooled to 0°C. TsOH (4.40 mg, 0.0256 mmol, 10 

mol%) and 2,2-dimethoxypropane (.0380 mL, 0.307 mmol, 120 mol%) were added and 

the reaction was allowed to warm to room temperature for 12 hours. Afterwards, the 

reaction was concentrated in vacuo, diluted with minimal CH2Cl2, and purified via 

preparatory thin layer chromatography (500µM, 40% EtOAc:Hex) to furnish compound 

4.12 as a clear-white film (59.7 mg, 54% yield). 

 

1H NMR (500 MHz, CDCl3) δ 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.1 Hz, 2H), 

6.13 – 6.05 (m, 1H), 5.21 – 5.14 (m, 2H), 5.04 (d, J = 10.6 Hz, 1H), 4.79 (m, 2H), 4.10 – 

4.05 (m, 1H), 3.35 (d, J = 10.6 Hz, 1H), 1.51 (s, 3H), 1.43 (s, 3H), 1.36 (s, 9H), 1.26 (d, J 

= 2.3 Hz, 3H), 1.03 (d, J = 6.1 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3) δ 155.9, 133.8, 133.1, 123.2, 117.4, 99.8, 79.4, 71.6, 68.0, 

52.7, 47.8, 29.8, 29.7, 28.2, 19.4, 17.1 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C23H30N2O6+Na: 453.2002; found: 453.2012 

 

[a]23D:  +18.2 (CH2Cl2, c = 0.0072 g/mL) 

O

BocHN

O

NPhth
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Synthesis of 4.15 

 

Compound 4.12 (7.4 mg, 0.0172 mmol, 100 mol%) was added to a flame dried, 3-

neck round bottom secured with glass fittings, dissolved in a mixture of CH2Cl2 and MeOH 

and cooled to -78°C. The reaction was purged with argon, followed by O2 (g). Ozone (via 

ozone generator) was bubbled through the solution for ~10 minutes, until the solution 

turned purple. [O2/O3 flow was controlled by flow meter.] Excess O3 was blown off by O2 

until solution lost all purple color (~1min) and the system then purged with argon.   

N.B. Excess O3 was quenched immediately via bubbling through two 10% aq. KI 

solutions following exposure to the reaction flask. The first KI solution turned orange, 

while the second remained clear, indicating that all O3 was successfully destructed. (See 

photo in Section 2.5.3 for further experimental detail). 

Me2S (0.100 mL, excess) was added to the cooled mixture and was allowed to stir 

at room temperature for 12 hours. The reaction was tested via peroxidase stain for 

complete consumption of hazardous intermediates, concentrated in vacuo, and purified 

via preparatory thin layer chromatography (500 µm, 40:59:1 EtOAc:Hex:Et3N) to furnish 

compound 4.15 as a clear-white film (7.4 mg, quant. yield). All equipment used to handle 

Me2S was handled in the fume hood and subsequently washed with bleach, acetone, and 

disposed of using secondary waste containment. 

 

O

BocHN

O O

NPhth
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1H NMR (500 MHz, CDCl3) δ 9.77 (s, 1H), 7.80 (dd, J = 8.1, 3.9 Hz, 2H), 7.71 (dd, J = 

5.7, 3.0 Hz, 2H), 5.12 – 5.07 (m, 2H), 4.86 (d, J = 10.2 Hz, 1H), 4.15 (q, J = 6.4 Hz, 1H), 

3.36 (d, J = 10.9 Hz, 1H), 1.58 (s, 3H), 1.49 (s, 3H), 1.37 (s, 10H), 1.06 (d, J = 6.2 Hz, 

3H). 

 

13C NMR (126 MHz, CDCl3) δ 195.69, 167.67, 155.95, 134.22, 132.06, 123.63, 100.36, 

79.93, 69.19, 68.14, 58.51, 47.96, 29.87, 28.31, 19.74, 17.25. 

 

HRMS (ESI) m/z: [M + Na]+ calcd for C22H28N2O7+Na: 455.1795; found: 455.1992 

 

[a]23D:  + 9.9 (CH2Cl2, c = 0.0106 g/mL) 
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Synthesis of 4.17 

 

 Pt (dba)3 (0.723 mg, 0.0008 mmol, 10 mol%), (R,R)-ligand (0.862 mg, 

0.0095 mmol, 12 mol%), and B2(pin)2 (21.06 mg, 0.0820 mmol, 105 mol%) were added 

to a flame dried pressure vessel dissolved in THF (0.079 mL). The reaction was heated 

to 80°C for 30 minutes, then cooled to room temperature. Compound 4.12 (34.00 mg, 

0.0790 mmol, 100 mol%) was added to the reaction mixture, flushed with argon, and 

allowed to stir at 60°C for 3 hours. Then the reaction was cooled to 0°C and 3M NaOH 

(0.21 mL) and 30% H2O2 (0.103 mL) were added dropwise. The reaction was allowed to 

warm to room temperature overnight, then cooled to 0°C and sodium thiosulfate (1 mL) 

was added dropwise. The aqueous layer was extracted with EtOAc (3x), dried over 

Na2SO4, filtered, and concentrated in vacuo. The resulting mixture was diluted with a 

minimal amount of CH2Cl2 and purified via preparatory thin layer chromatography 

(1000µM, 15% MeOH:CH2Cl2) to furnish byproduct 4.17 as an off-white film. 

 

1H NMR (500 MHz, MeOD) δ 7.67 (dd, J = 33.4, 7.2 Hz, 2H), 7.41 – 7.34 (m, 3H), 6.04 – 

5.97 (m, 1H), 5.45 (d, J = 17.4 Hz, 1H), 5.10 (d, J = 10.6 Hz, 1H), 4.58 (t, J = 6.8 Hz, 1H), 

4.13 – 4.05 (m, 1H), 4.01 (d, J = 9.6 Hz, 1H), 3.67 (s, 1H), 3.32 (d, J = 2.3 Hz, 2H), 1.42 

O O

BocHN NH
O

OH

O
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(s, 4H), 1.40 (d, J = 2.3 Hz, 9H), 1.38 (s, 5H), 1.24 (s, 2H), 1.18 (d, J = 2.4 Hz, 1H), 1.06 

(dd, J = 6.4, 2.4 Hz, 3H). 
 

13C NMR (126 MHz, MeOD) δ 156.65, 135.01, 134.88, 130.14, 129.17, 128.27, 128.23, 

128.08, 127.71, 115.06, 99.45, 78.99, 73.60, 68.55, 68.43, 51.58, 48.36, 46.09, 28.57, 

27.50, 27.47, 27.17, 23.67, 18.21, 16.84, 16.47, 8.41. 

 

LRMS (ESI) m/z: [M + Na]+ calcd for C23H32N2O7+Na: 471.22; found: 472.02 
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Appendix A: NMR Spectra of Novel Compounds 
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