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Ac			acetyl
app.			apparent
aq.			aqueous
Ar			aryl
Boc			t-butoxycarbonyl
BINOL			1,1’-Bi-2-naphthol
Bn			benzyl
br			broad
Bu			butyl
ca.			circa
cat.			catalytic quantity
conc.			concentrated
Da			Dalton
DCE			dichloroethane
DCM			dichloromethane
DIPEA			di-isopropylethylamine
DMAP			4-dimethylaminopyridine
DMF			N,N-dimethylformamide
DMS			dimethylsulfide
DMSO			dimethylsulfoxide
ESI			electrospray ionisation
FT-IR			Fourier-Transform infrared spectroscopy
GC			gas chromatography
HMDS			hexamethyldisilazane
HPLC			high-performance liquid chromatography
i			iso
IR			infrared
lit			literature
LC-MS			liquid chromatography-mass spectrometry
LLB			lanthanum-lithium-binol
LLP			lanthanum-lithium-biphenol
Ph			phenyl
Pr			propyl
m			milli
max			maximum
Me			methyl
mol			moles
mp			melting point
Ms			methanesulfonyl
MS			mass spectroscopy
m/z			mass-to-charge ratio
NMR			nuclear magnetic resonance
PMB			para-methoxybenzyl
PMP			para-methoxyphenyl
SN			nucleophilic substitution
t			tertiary
TBAF			tetrabutylammonium fluoride
TBAI			tetrabutylammonium iodide
THF			tetrahydrofuran
TLC			thin-layer chromatography
Ts			p-toluenesulfonyl
μ			micro
UV			ultraviolet
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[bookmark: _Toc8589728]Abstract
Pseudaminic acid is a carbohydrate glycoside which is found on post-translationally glycosylated bacterial flagella. Disturbance of the biosynthetic pathway for this sugar nullifies the pathogenicity of the bacteria A. caviae, H. pylori & C. jejuni. In order to explore this possibility, attempts were made to develop a novel synthetic route.
Parallel to efforts to synthesis the side chain of pseudaminic acid, L-allo-threonine, N-chiral imines derived from cheap and readily available (2S)-ethyl lactate were prepared and subjected to Lewis acid-mediated trimethylsilylcyanide additions as part of new methodology for robust and facile asymmetric Strecker reactions. 2,3-anti-β-Hydroxy-α-aminonitriles were prepared in excellent yield (77%, 4 steps) and good diastereoselectivity (90 : 10).


L-allo-threonine was accessed and further functionalised to Garner-like cyclic aldehydes which were used as substrates for a doubly diastereoselective nitroaldol reaction to construct the carbon chain of pseudaminic acid. These reactions proceeded with mild selectivity and conversion. Models for the addition to both Garner aldehydes and N-chiral imines were discussed in detail.


1. 
107

[bookmark: _Toc8589729]Introduction
[bookmark: _Toc8589730] The State of Modern Antibiotics
The discovery of antibiotics catalysed a revolution in medicine.  Whilst efforts to continue the development of antibiotics have been ceaseless, the issue of drug resistant microorganisms continues to grow.  There are many ways in which microorganisms can acquire drug resistance and some evidence suggests that drug resistance can be naturally occurring.1 However, a commonly accepted source of resistance is through inappropriate administration of antibiotics, as doses that are too small can allow the surviving bacteria to acquire resistance. Additionally, the symptoms of a viral infection from a common cold are often mistaken for bacterial infection and misdiagnosis can lead to other microorganisms present in the host acquiring resistance to drugs that are having no therapeutic effect.2
[bookmark: _Toc394907497][bookmark: _Toc8589731]Addressing the Problem
Due to the importance of antibiotics, and the nature of bacterial speciation, the evolution of drug design has led to a large number of different antibiotics and antibiotic classes. Antibacterial compounds are classified and categorised based on their chemical structure, which is intrinsically linked to the mechanism of their action against the desired target. More widespread use of an antibiotic is directly linked to more widespread resistance to the compound.3
Modification of existing treatments and compounds is one way in which bacterial resistance has been approached. β-Lactamase inhibitors are molecules that can be used cooperatively with β-lactam antibiotics. They do not have any intrinsic antibiotic effect but they prevent the enzyme β-lactamase from breaking down the antibiotic and therefore enable a therapeutic effect against resistant bacteria.4

[bookmark: _Toc394907498][bookmark: _Toc8589732] Finding New Targets
[bookmark: _Toc394907499]Finding different ways of targeting the bacteria is also a successful approach. There is a large contingent of antibiotic classes that are designed to target the cell wall, including many penicillins, five different generations of cephalosporins, monobactams, carbapenems, and glycopeptides. There are also bacterial protein synthesis inhibitors which target the 50S and 30S ribosomes, such as aminoglycosides, lincosamides, and macrolides.1 Other antibiotics have been created to target DNA gyrase, as well as polymyxins, which target the cell membrane. However, one part of the bacterial cell which has not been targeted by antibiotics is the flagella.
[bookmark: _Toc8589733] The Flagella
[image: http://upload.wikimedia.org/wikipedia/commons/thumb/5/5a/Average_prokaryote_cell-_en.svg/494px-Average_prokaryote_cell-_en.svg.png]
Figure 1: A cross-section of the gram-negative bacterial cell.5 http://commons.wikimedia.org/wiki/File:Average_prokaryote_cell-_en.svg (Accessed on 29/8/18)
Flagella are the microscopic ‘tails’ found on cells, and are a commonly occurring and highly important motility organelle for a number of different microorganisms. Prokaryotes and eukaryotes can both possess flagella, whilst archaea instead possess the structurally (and etymologically) similar archaellum.  Not all microorganisms require flagella to be motile and a single structure is not responsible for motility in different organisms and circumstances.  Myxococcus xanthus exemplifies an alternative approach,6 and uses swarming and gliding translocation modes to locomote outside liquid media.  Motility characteristics are intrinsically linked to the survival and proliferation of each individual microorganism. Swarming and gliding are ideal for soil-dwelling Gram-negative bacteria such as M. xanthus, but flagella are the primary motility organelle for bacteria which inhabit mammals. Whether a bacterial infection is passed on through contaminated food and water, coughing, sneezing, skin contact, or even an insect bite, the dominant motility organelle used by the bacteria will in almost all cases be the flagella. This is the impetus behind the significant amount of research conducted in this area over the past few decades; a better understanding of the function and structure of bacterial flagella allows for the development of new strategies to counteract bacterial motility in humans and animals.
As many as 50 genes are involved in the formation and function of the flagellum for bacteria such as E. coli and C. jejuni.7  However, due to the large amount of energy consumption involved in synthesis and function of the flagella, expression of flagellar genes is highly regulated.  This means that bacterial flagella are simpler than eukaryotic flagella and can be divided into three main substructures: the filament, the hook, and the basal body. The filament is mainly composed of the protein flagellin and extends outwards from the bacterial cell. The hook acts as a universal joint, attaching the filament to the basal body. The basal body traverses the bacterial cell wall and proteins in the basal structure control rotation of the flagellum, which can achieve a rotational frequency of 300 Hz with 100% energy conversion.8 The bacteria then modifies its movement patterns to account for changes in external chemical stimulus through a process known as chemotaxis.9 This eventually allows the bacteria to accumulate in areas that are beneficial to survival, proliferation and infection.
[image: ]
Figure 2: A representation of the 3 major components of the bacterial flagella.
Properties of bacterial flagella vary drastically for different bacterial species. Bacteria can possess a single flagellum (monotrichous) or multiple flagella (peritrichous), which can be classified as polar or lateral, based on location. Flagella also self assemble in response to the environment in which the bacteria are cultivated. Different media result in different flagellar characteristics, even in the same species. Proteus mirabilis expresses more flagella in more viscous media, whereas Vibrio parahaemolyticus are observed to have a monotrichous polar flagellum in liquid media and form peritrichous lateral flagella in solid media.10
Bacterial flagella provide motility towards targeted receptors and cells, and increase the number of host-pathogen interactions.  However, they also play a much deeper role in pathogenesis. Flagella can mediate bacterial cell adhesion directly through motility but can also act as bacterial adhesins by binding to host epithelial cells or even to other bacterial cells which aids in the formation of biofilms. Toll-like receptor 5 (TLR-5) is expressed in epithelial cells found in the intestine and reacts to pathogen-associated molecular patterns (PAMPs) found on the flagella (possessed by the flagellin protein which constitutes the polymeric structure of the filament) and this allows for secretion of cytokines by the host. This can lead to pro-inflammatory reactions and directly contributes to pathogenicity.11 This and other immune responses to flagellin have been used as the basis for vaccines targeting S. enterica, P. aeruginosa and E. coli.12 Non-motile mutants (bacteria that have had flagella biosynthesis genes knocked out) have been shown to be non pathogenic in mice not only due to the lack of motility (non-motile bacteria are unable to adequately colonise the mucosal lining of the stomach and are subsequently found in the faeces) but also due to the chemical composition of the flagella itself.13

Because flagella are so versatile, many genes are involved in their biosynthesis. In Aeromonas hydrophilia 55 genes were identified, spread throughout different regions of the chromosome.14 These genes are required for assembly of the filament, basal body, and rotor. Interrupting the biosynthetic pathway by removing specific genes results in bacteria without flagella and therefore interferes with motility, biofilm formation, and adhesion. This renders the bacteria non-pathogenic. A. hydrophila mutants lacking the pomB gene were unable to assemble polar flagella, but their lateral flagella were unaffected. Conversely, removing the motX gene resulted in non-motile bacteria despite intact polar flagella.14 This demonstrates the extended flagellar role in host-pathogen interactions and virulence.
[image: File:ARS Campylobacter jejuni.jpg]
Figure 3: Campylobacter jejuni, displaying polar flagella
https://upload.wikimedia.org/wikipedia/commons/d/df/ARS_Campylobacter_jejuni.jpg (Accessed on 24/9/18)
One of the ways bacteria can modify their flagella is via posttranslational modification (PTM). This can involve the addition of new functional groups to existing proteins, structural changes, or chemical modification in vivo. Enzymes are often responsible for catalyzing PTM but it can occur in the absence of enzymes. PTM was first investigated in eukaryotes and the ability of prokaryotes to undergo any form of PTM was not discovered until later. Posttranslational glycosylation was also considered a eukaryotic specialty until it was observed in prokaryotes and archaea in the 1970’s.15 The potential mechanisms of posttranslational glycosylation are limited in comparison with posttranslational modifications. Sugars are enzymatically transferred to the hydroxyl group of serine and threonine residues (O-glycosylation) or the amino group of asparagine (N-glycosylation). These two methods account for the vast majority of posttranslational glycosylation but there are exceptions such as the attachment of α-mannose to the C2 carbon atom of the indole portion of a tryptophan residue (C-mannosylation).16
This discovery of and continuing research into posttranslational glycosylation has presented an additional level of complexity to bacteria which can be investigated and exploited. It is well established that flagellin glycosylation allows for flagellar assembly, bacterial motility, colonisation and, therefore, virulence.17 The genes involved in flagellar construction and posttranslational glycosylation of flagella are the subject of widespread ongoing research. Studies targeting Campylobacter jejuni identified that posttranslational glycosylation of the flagellum is so significant that a 6,000 Da discrepancy was identified between the mass of flagellin residues predicted from sequenced DNA and residues isolated from bacteria.18
Posttranslational glycosylation is found to be highly regulated, with specific glycosides – such as sialic acids – being highly prevalent in different roles across multiple bacterial species.
[bookmark: _Toc394907500][bookmark: _Toc8589734]Sialic Acids
Sialic acids are found across a vast array of different organisms including vertebrates, bacteria, fungi, echinoderms, insects and molluscs.  The name of these compounds does not relate to their monosaccharide structure but instead denotes their first isolation from human saliva.  There are over 50 different structurally distinct variants.19
The term sialic acid can be used to refer specifically to N-acetylneuraminic acid (Neu5Ac), which is not found in nature, but functions as the structural foundation which, along with KDN (2-keto-3-deoxy-D-glycero-D-galacto-2-nonulosonic acid), can be modified in a number of ways to reach any of the other sialic acids, and therefore all currently known sialic acids are derivatives of either Neu5Ac (1) or KDN (2).19 KDN, KDO (3, (±)-3-deoxy-D-manno-2-octulopyranosate) and Neu5Ac exist predominantly as the α-anomer. Amongst glycoproteins, sialic acids are often found on the distal end of glycan chains, which means that in the case of the bacterial flagellum, they are often able to interact with multiple environmental factors, including other cells.19 This tendency supports the roles of sialic acids in mediating host-bacteria interactions and, therefore, the possibility of exploitation by novel antibiotics. Sialic acids are also classified as nonulosonic acids.  These are 9-carbon α-keto acids formed from the oxidation of the 1-hydroxyl group of ketose to a carboxylic acid.  The pyranose ring forms autonomously in solution via hemiketal condensation. 
KDN, KDO & Neu5Ac are all components of naturally occurring glycopolymers. Neu5Ac is commonly found in vertebrates, and KDN has been isolated from mammalian tissues. KDO is more heavily involved in bacteria and constitutes part of the lipopolysaccharide of Gram-negative bacteria. Sialic acids are also isolated from bacteria as posttranslational glycosides. The growing understanding of the role of these compounds and their potential exploitation via novel antibiotic strategies has provided the impetus for many de novo and semisynthetic syntheses so that the compounds can be isolated and further understood.20,21,22


Scheme 1: Sialic acids Neu5Ac, KDN & KDO.
[bookmark: _Toc8589735][bookmark: _Toc394907501]Syntheses of Sialic Acids
1. [bookmark: _Toc8589736]Enzymic Syntheses
Whilst sialic acids have been readily obtained from natural products since their discovery, attempts to synthesise this class of molecules did not begin until the early 1980’s. As sialic acids gained more attention, one of the first ways in which they were synthesised was using biocatalysis. In 1984, David and coworkers set about synthesising N-acetylneuraminic acid using the enzyme N-acetylneuraminate pyruvate-lyase.23 The enzyme was used to catalyse the reaction of N-acetylmannosamine (3) with pyruvate (4), which resulted in Neu5Ac after a single reaction step in 40% yield (Scheme 2). N-Acetylneuraminate pyruvate-lyase has also been immobilized on Agarose through an experimentally simple procedure, though the yield of immobilisation was 51% and gave N-acetylneuraminic acid in 40% yield, with the gel-bound enzyme retaining 50% of its activity (described as enough for two further reactions). No details of the anomeric ratio were reported in this paper.


Scheme 2: Formation of N-acetylneuraminic acid (1) from the reaction of N-acetylmannosamine (3) with pyruvate (4) as catalyzed by acylneuraminate pyruvate-lyase.
However, the scale of the biocatalytic synthesis was limited, resulting in a total of 3 mmol of Neu5Ac. This methodology was revisited and expanded a few years later, when David et al. once again used gel-bound N-acetylneuraminate pyruvate-lyase to synthesise a number of sialic acids using derivatives of mannosamine and pyruvate.24 Whilst commercially available, the high price of mannosamine provided a barrier to any larger scale enzymatic production of N-acetylneuraminic acid. Due to this, a new synthetic route was developed for the synthesis of mannosamine. The starting material for this synthetic route, the peracetate derivative of 3-O-benzyl-D-glucose (5), was prepared relatively easily at larger scale, and was converted into a mannosamine derivative in 6 steps (Scheme 3). This was carried out by protection followed by azide displacement at the remaining exposed alcohol. This azide was then hydrogenated and acetylated to give the desired product. No yields were reported for this procedure.


Scheme 3: Improved synthesis of mannosamine, the precursor for enzymic synthesis of Neu5Ac. Reagents and conditions: i. NH3-MeCN then CCl3CN, K2CO3 then PhCH2OH, BF3-OEt2; ii. MeONa-MeOH then PhCHO, ZnCl2; iii. NaH-DMF then N,N’-sulfuryldiimidazole; iv. Bu4N+N3-, PhMe 80 oC; v. LiAlH4; vi. Ac2O, pyridine then AcOH, H2O, 100oC.
In an improved synthesis of Neu5Ac, the need for N-acetylmannosamine was bypassed completely by using glucosamine (6), which was subjected to epimerization in alkaline solution. By removing excess glucosamine by recrystallisation, the solution was eventually enriched up to 1:1 glucosamine:mannosamine. This could be used directly with the enzyme, which reacts preferentially with N-acetylmannosamine (Scheme 4).


Scheme 4: Epimerisation of glucosamine (6) to mannosamine (7). Mannosamine then reacts preferentially with the enzyme to form Neu5Ac.
In 1988, more efforts were put toward the synthesis of Neu5Ac using biosynthetic transformations.25 N-Acetylneuraminic acid aldolase was used to catalyse the reaction of pyruvate (4) and N-acetylmannosamine (3) at scales of between 30 and 50 mmol (Scheme 5). Neu5Ac was isolated in 67% yield and without any notable loss in enzyme activity. To demonstrate the utility of the enzyme for forming C-C bonds on these type of substrates, Neu5,9Ac2 (8) was prepared in 2 steps from the same starting materials. The anomeric ratio of the product was not reported.


[bookmark: _Toc394907502]Scheme 5: 2-step synthesis of Neu5,9Ac2
[bookmark: _Toc8589737]Syntheses from Non-carbohydrate Precursors
In 1985, Danishefsky et al. set out to synthesise the sialic acid (±)-3-deoxy-D-manno-2-octulopyranosate (KDO).26 The main approach of the synthetic plan for this synthesis was to form the pyranose ring via the Diels-Alder condensation of the diene (9) with aldehyde (10), to 


Scheme 6: Danishefsky’s synthesis of KDO. Reagents: i. BF3.OEt2 then TFA; ii. NaBH4, CeCl3 then TMSOTf, 2,6-lutidine, -78oC; iii. BnOH, CSA then K2CO3 then DMAP, Ac2O; iv. H2O2, pyridine; v. OsO4, NMO then Ac2O, DMAP; vi. RuO2.H2O, NaIO4 then CH2N2; vii. HCl(aq) then H2, Pd/C.
give a separable cis-/trans- mixture in a 2.4:1 ratio in favour of the of cis-3-(benzoyloxy)-6-(α-furyl)-2-[(1-phenylseleno)ethyl]-2,3-dihydro-4H-pyran-4-one (11). Luche reduction followed by treatment with TMS-triflate gave the silyl ether (12) in 92% yield (Scheme 6). Treatment with camphorsulfonic acid and benzyl alcohol removed the silyl ether to give the glycoside. The diol was converted to the acetate (13) in 69% yield, which was treated with hydrogen peroxide to yield the corresponding olefin (14), which was treated with osmium tetraoxide and protected to give the tetraacetate (15). Oxidative cleavage of the furan ring and treatment with diazomethane yielded the methyl ester (16). Ester hydrolysis and hydrogenolysis of the benzyloxy groups furnished (+/-)-KDO in 59% yield, though the anomeric ratio was not reported.
[bookmark: _Toc394907503][bookmark: _Toc8589738]Synthesis of Sialic Acids using Indium-mediated Coupling
Synthesis of the sialic acid KDN (2) was undertaken in 1992 by Tak-Hang Chan et al.27 This group had already reported on the scope of aqueous reactions with indium.28  Having additionally identified that D-(+)-mannose (17) already possesses the correct absolute configurations at its four contiguous stereogenic centres, an efficient indium-mediated coupling of D-(+)-mannose and ethyl α-(bromomethyl)acrylate (18) furnished the 9-carbon skeleton in 62% yield (Scheme 7). 


Scheme 7: Reagents and conditions: i. In, H2O; ii. Ac2O, pyridine, DMAP then O3, DCM, -78oC then Me2S; iii. HCl, MeOH then KOH, MeOH.
This was protected as the acetate before being ozonolysed to give the dicarbonyl (20). The acetate groups were then removed and the ester hydrolysed to give KDN in 79% yield over 3 steps. Though the precise anomeric ratio was not reported, KDN exists predominantly as the α-anomer.29 Using this methodology removes the need for time-consuming protection and deprotection of the aldose starting material.
In an earlier publication,30 Whitesides et al. had investigated the scope of this transformation using tin and found that various carbohydrates were successfully allylated. For the nitrogen containing substrates 2-N-acetyl-D-glucose and 2-N-acetyl-D-mannose, no product was found. In a later paper, Whitesides et al. performed the indium coupling in acidic reaction conditions which allowed for the successful synthesis of Neu5Ac from N-acetyl-β-D-mannosamine (21) in 2 steps with 46% overall yield, whilst retaining a 4:1 threo:erythro ratio of inseparable isomers (Scheme 8).31


Scheme 8: Reagents and conditions: i. In, 1N HCl(aq); ii. O3, THF-H2O, -60oC then Ac2O, pyridine, DMAP.
Tak-Hang Chan et al. reported the tolerance of the reaction conditions to the carboxylic acid moiety in 1998,32 reacting α-(bromomethyl)acrylic acid with various carbonyl compounds to give the corresponding γ-hydroxy-α-methylene carboxylic acids. These acids were also found to be crystalline, which simplified the purification and separation of stereoisomers when compared to the esters used in previous examples. KDN (synthesised previously by this group) and Neu5Ac was then synthesised using this improved method (Scheme 9).


Scheme 9: i. In, (b: 1N HCl(aq)); ii. O3, THF-H2O
KDN was obtained from the reaction of α-(bromomethyl)acrylic acid (22) and D-(+)-mannose (17, X = OH). Lyophilisation of the resulting crude mixture of diastereoisomers (83 :17 threo:erythro) followed by recrystallization resulted in the pure threo isomer (23) in 64% overall yield after 2 steps. Neu5Ac was obtained from the reaction of α-(bromomethyl)acrylic acid (22) and N-acetyl-D-mannosamine (21, X = NHAc), with the addition of 0.1N hydrochloric acid. Acquisition of a single diastereoisomer was found to be more difficult, though, after multiple recrystallisations, (+)-Neu5Ac was eventually obtained in 46% yield over 2 steps. 
[bookmark: _Toc394907504][bookmark: _Toc8589739]Metathesis
In addition to the α-(bromomethyl)acrylic acid molecule used in conjunction with indium, other approaches to providing a surrogate to the pyruvate unit from enzymic syntheses have also been presented. Burke et al. introduced a novel ketalization/ring-closing metathesis sequence which they applied to the synthesis of KDN and Neu5Ac (Scheme 10).33,34,35 To synthesise KDN (Scheme 11), the diene (24) was subjected to Sharpless asymmetric dihydroxylation to give the tetraol (25). Selective tosylation of the equatorial vicinal hydroxyl group (as well as the primary alcohol) was achieved by inclusion of catalytic dibutyltin oxide in standard tosylation conditions. The unstable ditosylate was protected as the diacetate (26). SN2 displacement of the equatorial tosylate was achieved using cesium acetate and 18-crown-6 to provide the tetraacetate (27).


Scheme 10: The method of Burke et al. for the synthesis of sialic acids KDN and Neu5Ac.
Treatment of the tetraacetate with catalytic acid at 0oC gave the desired glycoside (28). To complete synthesis of the pentaacetate methyl glycoside (29), the aromatic carboxylic acid surrogate was oxidatively cleaved using ruthenium chloride and sodium metaperiodate. 
For the synthesis of Neu5Ac (Scheme 12), Burke et al. treated tetraol (25) with 1,3-dichlorotetraisopropyl disiloxane. The remaining exo- hydroxyl group was found to be more


Scheme 11: Reagents and conditions: i. (DHQ)2AQN, OsO4, K3Fe(CN)6, K2CO3, tBuOH/H2O; ii. TsCl, Bu2SnO (cat.), Et3N, DCM then Ac2O, Et3N, DMAP; iii. CsOAc, 18-c-6, PhMe, reflux, 81%; iv. MeOH, cat. H2SO4, Ac2O, Et3N, DMAP, 90%; v. RuCl3.3H2O (cat.), NaIO4, CCl4 then TMSCHN2, PhMe/MeOH, rt, 84%.
reactive toward tosylation and allowed for formation of the epoxide (30) in 74% yield after displacement under basic conditions. Opening of the epoxide using sodium azide resulted in a 59% yield of the desired α-hydroxy azide (31), which was the major regioisomer in a 2:1 ratio. Methanolysis under acidic conditions, followed by removal of the silyl group and acetylation, gave the methyl glycoside (32) in 86% yield.


Scheme 12: Synthesis of Neu5Ac as conducted by Burke et al. Reagents and conditions: i. (TIPSCl)2O, DMF/Im.; ii. TsCl, Et3N, DMAP, CH2Cl2 then NaOMe/MeOH; iii. NaN3, MgSO4, DMF; iv. Amberlite, MeOH then TBAF, THF, Ac2O, DMAP, Et3N; v. RuCl3.3H2O (cat.), NaIO4, CCl4 then TMSCHN2, PhH/MeOH; vi. H2, Pd/C, MeOH then Ac2O, Et3N, DMAP, DCM.
Oxidative cleavage of the aromatic ring using ruthenium chloride and sodium metaperiodate followed by trimethylsilyldiazomethane gave the methyl ester (33). To finish the synthesis, the azide was hydrogenated and acetylated to give the pentaacetate methyl glycoside of Neu5Ac.

[bookmark: _Toc8589740]Other Syntheses of Sialic Acids
In 1994, Dondoni et al. reported a method for installing a (2-thiazolylcarbonyl)methylene group as a masked pyruvate unit, and applied this to the synthesis of KDN (Scheme 13).36 To begin the synthesis, the diethyl dithioacetal (34) - readily prepared from mannose - was converted to the silyl ether. Reaction with 2,2-dimethoxypropane and CSA resulted in a 3:7 mixture of possible acetonides in favor of the desired 1,3-diisopropylidene (35). 


Scheme 13: Synthesis of KDN as published by Dondoni et al., making use of a thiazole ylid to install a masked pyruvate unit. Reagents and conditions: i. TBDPSCl then DMP, CSA; ii. Hg(II), MeCN-H2O; iii. 2-TCMP; iv. BnONa, 0oC; v. HCl, MeOH then BnBr, NaH; vi. TfOMe then NaBH4 then CuCl2-CuO-H2O; vii. Ag2O then H2, Pd-C then AcOH, H2O.
The thioacetal was then hydrolysed in the presence of Hg(II) to provide the aldehyde substrate for a Wittig reaction with ((2-thiazolylcarbonyl)methylene)triphenylphosphorane (2-TCMP), which yielded predominantly the E α,β-enone (36) (98:2). 1,4-Addition of a benzyloxide anion to the α,β-enone was a key step in the design of the route, though initially only resulted in a 1:1 mixture of the syn- and anti- addition products. After significant optimisation this step was able to provide a 3:7 mixture in favor of the syn-addition product (37), which could be separated. Dilute hydrochloric and methanol were used to remove the acetonide protecting groups and the crude mixture was benzylated to yield the penta-O-benzyl methyl glycoside (38). To complete the synthesis, the thiazole was converted to the carboxylic acid and the O-benzyl groups removed to yield KDN (2). Dondoni et al. also applied this methodology to the synthesis of 4-epi-KDN, and returned to further demonstrate the scope of this technique a few years later, by synthesising various other ulosonic acids.37


Scheme 14: Preparation of Neu5Ac derivative. Reagents and conditions: i. m-CPBA, DCM; ii. LiBr, ethyl acetoacetate then NaN3, DMF then NaH, BnBr, THF; iii. O3, MeOH then NaBH4, MeOH; iv. H2, Pd/C, MeOH then BnBr, K2CO3, MeCN-H2O; v. Me2CO, TfOH (cat.), 0oC; vi. (COCl)2, DMSO, DCM, -78oC to rt; vii. Zn, NH4Cl(aq), THF, 0oC; viii. (COCl)2, DMSO, DCM, -78oC to rt then NaBH4, EtOH, -10oC then TMSCl, HMDS, pyridine, 0oC; ix. AD-mix-α, t-BuOH, H2O, 18oC then Pb(OAc)4, CaCO3, DCM; x. HCl (cat.), MeOH then Ac2O, DMAP, pyridine; xi. H2, Pd/C, MeOH then Ac2O, DMAP, pyridine.
In 1998, Banwell et al. reported having synthesised Neu5Ac using another unique approach (Scheme 14).38 Protected cis-1,2-dihydrocatechol (39) was used as a starting material as it is easily prepared from the microbial oxidation of chlorobenzene. After regioselective epoxidation of the non-halogenated olefin, the epoxide (40) was opened with LiBr to give the anti-α-bromo alcohol. This was immediately displaced using sodium azide to give the syn-α-azido alcohol (41), according to an established procedure.39 The remaining olefin was ozonolysed to provide the diol (42). After some rearrangement of protecting groups, the remaining alcohol underwent a Swern oxidation to provide an appropriate substrate for a Zn-mediated reaction with ethyl-2(bromomethyl)acrylate. Unfortunately, this reaction gave an 85:15 mixture in favor of the undesired syn-amino alcohol (43), which required a lengthy oxidation-reduction sequence to give the desired silyl ether (44). When ozonolysis of this substrate failed to produce the ketone (45), Sharpless dihydroxylation followed by treatment with lead(IV) acetate was used instead. The ketone (45) was then subjected to hydrochloric acid in methanol and the crude mixture acetylated to give the tetraacetate methyl glycoside (46). To complete the synthesis, hydrogenolysis of the N-benzyl groups was followed by N-acetylation which resulted in Neu5Ac pentaacetate methyl glycoside.
Kang et al. reported a stereoselective synthesis of Neu5Ac in 2000 (Scheme 15). Using a synthesis Kang et al. had already developed for the synthesis of (+)-castanospermine,40 the enantiomerically pure diol (47) was prepared. The diol was regioselectively protected using dibutyltin oxide and 2,4,6-trimethylbenzyl chloride to give the benzyl ether. The remaining hydroxy group was converted to the trichloroacetimide (48) by treatment with trichloroacetonitrile and DBU. This was converted to the trans-oxazoline (49) via phenylselenocyclisation, with none of the cis-oxazoline being isolated. Partial hydrolysis of the oxazoline and elimination of the phenylselenyl moiety provided the E-olefin (50) in a 25:2 ratio. Treatment with DBU followed by hydrolysis of the acetonide yielded the dihydroxy trans-oxazolidinone (51). The mixture was quenched with benzoyl chloride, but a mixture of products resulted due to a suspected migration of the N-benzoyl group. Despite this the dihydroxylation occurred with desired stereoselectivity, and the crude material was completely hydrolysed using barium hydroxide to give the penta-alcohol (52), after N-acylation, as the major diastereoisomer in 81% yield over 4 steps. With all of the stereocentres installed the molecule was protected as the triacetonide (53), which was obtained in 74% yield. The benzyl group underwent hydrogenolysis to give the primary alcohol which was oxidized using sodium metaperiodate in the presence of ruthenium chloride to give the carboxylic acid (54) which was used to form the phosphorane (55). Ozonolysis of this species resulted in the α-keto methyl ester (56) in 71% yield. To complete the synthesis, deprotection and cyclisation under acidic conditions resulted in Neu5Ac (1) in 84% yield.


Scheme 15: Reagents and conditions: i. Bu2SnO, PhMe then 2,4,6-trimethylbenzyl chloride, Bu4NBr, 80oC then Cl3CCN, DBU, MeCN -30 --> -20oC; ii. PhSeBr, MeCN, MeOC(=NH)CCl3, propylene oxide-MeCN (1:4); iii. PPTS, H2O-acetone then H2O2, THF, 20oC; iv. DBU, DCM, 20oC then BzCl, DMAP, Et3N, 0oC then H2O-AcOH (1:4), 20oC; v. OsO4, NMO, H2O-acetone then Ba(OH)2, H2O-EtOH then Ac2O; vi. 2,2-DMP, PPTS, DCM, 70oC --> 80oC; vii. H2, 20% Pd(OH)2-C, NaHCO3, EtOH, 20oC then RuCl3 hydrate, NaIO4, MeCN-CCl4-H2O (2:2:3), 20oC. viii. CH(=PPh3)CN, EDCI, DMAP, DCM, 20oC; ix. O3, MeOH, -78oC; x. AcCl, MeOH, 20oC then K2CO3, H2O, MeOH, 20oC.
This concludes the highlights of sialic acid syntheses since 1991. A comprehensive review of N-acetylneuraminic acid syntheses before 1991 has already been reported.41
[bookmark: _Toc8589741]Pseudaminic Acid
Pseudaminic acid, Pse, (57) is a nonulosonic acid and member of the sialic acid family which has been found to play a significant role in flagellin glycosylation. It has been discovered that, in the case of Aeromonas caviae, Helicobacter pylori and Campylobacter jejuni, the flagellin proteins on the surface of the flagella are post-translationally glycosylated with oligosaccharides which are terminated by Pse.42


Scheme 16: Pseudaminic acid (57).
In this context, the glycosyl acceptor is the nitrogen, oxygen or (rarely) carbon atom of a polypeptide side chain. The exact function of pseudaminic acid is not known, though there is growing evidence that it plays an important role in mediating host-pathogen interactions. 


Figure 4: A cross-sectional representation of the flagellar glycosylation of H. pylori. The flagellar filament core is composed of four structurally distinct domains (D0-D4), which are formed from the polymerisation of flagellin subunits. Pseudaminic acid forms glycosidic bonds to the hydroxyl groups of threonine (pictured) and serine residues of the external D2/D3 domain.43
Interrupting the biosynthetic pathway for the assembly and production of this molecule (through the generation of knock-out mutants) results in non-motile, non-pathogenic bacteria.44 Synthetic Pse exists predominantly as the β-anomer and the NMR and optical rotation data matches that of derivatives isolated from bacterial polysaccharides.45 This indicates that pseudaminic acid adopts the β configuration when glycosidically bonded to bacterial flagella (Figure 4).
A. caviae is known to cause gastroenteritis (inflammation of the stomach and small intestine) and C. jejuni is known to cause enteritis (inflammation of the small intestine). H. pylori is also known to cause enteritis, as well as stomach ulcers and has been associated with increased risk of gastric cancer.46,47 Once present in the stomach, H. pylori uses its flagella to burrow through the mucosal lining of the stomach, reaching the epithelial cells of the stomach wall.48 However, without the flagella, the bacteria are unable to perform this vital activity and they cease to be pathogenic. Therefore, targeting the biosynthetic pathway of Pse can produce non-infectious bacteria. The role of Pse in host-pathogen interaction could also potentially be exploited for the development of a vaccine. 49,50,51 Many facets of the bacterial cell have been used as targets for antibiotics, especially the cell wall. However, bacterial flagella have not yet been the target of any antibiotics. If progress can be made in this area, it will present a new strategy that can be used to battle bacteria.52 Unlike other members of the nonulosonic acids, Pse only occurs in bacteria and can be targeted directly without interfering with the host organism.
Due to the biological relevance of this molecule and the widespread interest in studying it further, numerous methods for the semisynthesis and de novo synthesis of Pse have been published. Inclusion of the N-acetyl group increased the synthetic challenge of forming the carbohydrate skeleton of Neu5Ac compared to KDN. Similarly, the second N-acetyl group on the side chain of pseudaminic acid further increases the synthetic challenge. Twenty years after the first sialic acid synthesis, Tsvetkov et al. reported the synthesis of pseudaminic acid (57).53 


Scheme 17: Reagents and conditions: i. oxalyl chloride, DMSO, DIPEA, DCM then NaBH4, EtOH(aq); ii. Tf2O, pyridine, DCM then NaN3, DMF; iii. AcOH(aq) then Bu2SnO, benzene, reflux then BzCl, benzene; iv. Tf2O, pyridine, DCM then NaN3, DMF; v. LiAlH4, THF, 0oC then Ac2O, MeOH; vi. MsCl, pyridine, DCM, 0oC then AcONa, 2-methoxyethanol(aq), reflux then H2, Pd(OH)2/C, MeOH(aq), 35 0oC.
Synthesis of the hexose (Scheme 17) was initiated with the oxidation-reduction of protected β-L-rhamnopyranoside (58). The inverted hydroxyl group of the alcohol (59) was converted to the triflate and displaced to give the azide (60). Cleavage of the acetal followed by dibutyltin oxide-mediated benzoylation and subsequent treatment with triflic anhydride provided the triflate (61) which was displaced to provide the diazide (62). Treatment with lithium aluminium hydride followed by acetylation provided the diamide (63). Inversion of the hydroxyl stereocenter followed by hydrogenation lead to the desired hexose (65). Pseudaminic acid (57, α/β = 1:7.5) was then obtained from condensation with oxalacetic acid under basic conditions (Scheme 18).


Scheme 18: Reagents and conditions: i. oxalacetic acid, Na2B4O7, pH 10.5.
With this condensation in mind, Tsvetkov et al. had identified that the C-5,6,7,8 centres in 5,7-diacetamido-3,5,7,9-tetradeoxynon-2-ulosonic acids corresponded to the C-2,3,4,5 centres in 2,4-diacetamido-2,4,6-trideoxyhexoses.53 In total, 9 different isomeric ulosonic acids were synthesised as minor products (<10% yield). As well as pseudaminic acid, legionaminic acid (68, another biologically relevant sialic acid) was synthesised from 2,4-diacetamido-2,4,6-trideoxy-D-mannose (67), which was synthesised from benzyl β-D-fucopyranoside (66) in 15 steps.


Scheme 19: Reagents and conditions: i. oxalacetic acid, Na2B4O7, pH 10.5. α/β = 1:18
The second synthesis of pseudaminic acid from carbohydrate precursors was published in 2011, by Lee et al. (Scheme 20).54 


Scheme 20: Reagents and conditions: i. Refer to55; ii. I2, PPh3, imidazole, THF, 0oC; iii. TIPSOTf, 2,6-lutidine, DCM; iv. t-BuOK, THF, 70oC; v. TBAF, THF; vi. H2, RhCl(PPh3)3, benzene, EtOH; vii. DMP, NaHCO3, DCM; viii. MeONH2.HCl, NaHCO3, MeOH, 65oC; ix. SmI2, MeOH, THF then Ac2O, pyridine; x. H2, Pd(OH)2, EtOH; xi. In, 0.1 N HCl-EtOH, 40oC; xii. O3, MeOH, -78oC then H2O2, H2O, HCO2H; xiii. TEA-H2O (1:3), 0oC.
Beginning with N-acetylglucosamine (69), the primary alcohol was iodinated (70) before undergoing eliminated to provide the terminal olefin (71). Hydrogenation with RhCl(PPh3)3 provided the exo-methyl functionality which eventually became the terminal methyl group of the side chain. The remaining unprotected alcohol (72) was oxidised to furnish the ketone (73) which was treated with methoxyamine to provide the oxime (74) which, after treatment with samarium iodide and subsequent acetylation, installed the second N-acetyl group. The final 3 carbon atoms were installed using an indium-mediated coupling reaction with ethyl α-(bromomethyl)acrylate in a manner analogous to multiple sialic acid syntheses mentioned earlier (Section 3.2). This resulted in a 56 : 44 ratio in favour of the desired erythro product (75). Ozonolysis of the olefin allowed for cyclisation and hydrolysis of the ethyl ester furnished pseudaminic acid (57, α:β = 5:1) in a total of 14 steps from N-acetylglucosamine (69).


Scheme 21: Reagents and conditions: i. CH3ONa, MeOH; ii. 2,2-DMP, acetone, TsOH.H2O; iii. TBDMSCl, imidazole, DMF; iv. Tf2O, py, -78oC  rt; v. NaN3, DMF, 4oC; vi. H2, Pd(OH)2-C, TsOH.H2O, MeOH then Ac2O, py; vii. aq. TFA; viii. I2, PPh3, imidazole; ix. Pd(OH)2-C, EtNiPr2, H2, MeOH.
In 2014, Zunk et al. published the synthesis of a pseudaminic acid analogue from a carbohydrate precursor (Scheme 21).56 Using the methyl ester β-methyl glycoside of Neu5Ac as a starting material, 8-epi-pseudaminic acid was synthesised in 10 steps.  Treatment of the starting material with sodium nitrate proffered the methyl ester β-methyl peracetate (76). Removal of the acetates and protection of the relevant hydroxy groups yielded the diol (77) which was treated with triflic anhydride to yield the ditriflate (78). SN2 displacement of the triflate groups with NaN3 installed the nitrogen centres which were subsequently reduced and acetylated. After removal of the acetonide, the primary alcohol (79) was converted to the iodide and hydrogenated to give the terminal methyl group of 8-epi-pseudaminic acid (80). The anomeric ratio of the product was not reported.


Scheme 22: i. TFA, DCM, 0 oC then TBSCl, imidazole, DMF; ii. DMP, DCM then BH3.THF, THF; iii. Ac2O, pyridine, DMAP, iv. p-TsOH.H2O, Pd(OH)2/C, H2, MeOH then Ac2O pyr; v. TFA, THF/H2O then NaOMe, MeOH; vi. I2, PPh3, imidazole, THF then DIPEA, Pd(OH)2/C, H2, MeOH; vii. NaOH(aq) then Dowex-50WX8(H+).
Payne and coworkers published a synthesis of Pse from Neu5Ac (1, Scheme 22).57 The diazide (81) was prepared using Zunk et al.’s procedure from their published synthesis of Pse, and subsequently converted to the silyl ether (82). Oxidation and reduction of the free hydroxyl group furnished the epimeric alcohol (83) which was protected as the acetate (84). Reduction and protection of the azide moieties provided diamide (85), which was converted to the diol (86). The primary alcohol was converted to the intermediate alkyl iodide via an Appel reaction and subsequent hydrogenation revealed the methyl group of the Pse sidechain (87). Basic hydrolysis followed by treatment with a Dowex ion-exchange resin provided Pse (57) in 17 steps and 1% overall yield from Neu5Ac (1 g/£500 – Sigma Aldrich).


Scheme 23: i. SOCl2, MeOH, reflux then AcCl, Et3N, DCM then SOCl2 then 10% HCl(aq), reflux then CbzCl, Na2CO3, H2O then MeI, KHCO3, DMF; ii. 2,2-DMP, BF3.OEt2, DCM; iii. NaBH4, CaCl2, EtOH-THF then BAIB, TEMPO, DCM, 0 oC to rt; iv. CNCH2COSEt, LiOTf, DIPEA, DCE-DMF then THF-H2O reflux; v. Et3SiH, Pd/C, THF; vi. isopropyl bromomethacrylate, In, NH4Cl, EtOH; vii. DMP, DCM; viii. TBAF, AcOH, THF then NaBH(OAc)3, AcOH, MeCN, -40 oC to -20 oC; ix. AcOH, H2O, 50 oC then 3% HCl(aq), MeOH, 0 oC then TrocCl, Na2CO3, MeCN; x. O3, DCM, -78 oC then DMS then Ac2O, pyridine, DMAP.
Li and coworkers completed a de novo synthesis of Pse (57) from L-threonine (88), which was epimerised via the intermediate oxazoline to provide N-Cbz L-allo-threonine methyl ester (89) in 77% yield over 6 steps.58 Conversion to the corresponding oxazolidine (90) followed by reduction to the alcohol and subsequent oxidation provided the aldehyde (91) which was subjected to an aldol reaction to give the corresponding thioester (92) in 67% yield and 83 :17 dr. Fukuyama reduction provided the aldehyde (93) which was subjected to an In-mediate Barbier reaction to provide the undesired syn-alcohol (94). Oxidation to the ketone (95) and substrate controlled reduction provided inverted the hydroxyl stereocenter providing the anti-alcohol (96). Ozonolysis of the α,β-unsaturated ester (97) resulted in formation of Pse derivative (98) which was converted to Pse (51) after reconfiguration of protecting groups in 5% overall yield. Given the availability and low cost of the starting material and the relatively high overall yield, this route arguably provides the most effective access to Pse to date.
[bookmark: _Toc8589742]Summary & Aims
Pseudaminic acid is a carbohydrate glycoside which is found as a surface protein on post-translationally glycosylated bacterial flagella. Disturbance of the biosynthetic pathway for this sugar nullifies the pathogenicity of the bacteria A. caviae, H. pylori & C. jejuni. Due to the recent discovery that flagellal glycosides of this type are immunodominant, and that pseudaminic acid is unique to bacteria, it would make a good target for a potential vaccine. To explore this possibility stocks of Pse are required. Five total syntheses of Pse have been reported to date, with four of these routes proceeding from costly carbohydrate precursors. Synthesis of Pse using these routes is atom uneconomical and costly. The initial focus of this work was to develop a de novo synthesis of Pse in order to provide robust access with the eventual goal of facilitating the development of novel antibiotic therapies. Work published by Li and coworkers58 during the course of this project did provide a de novo route to Pse, though many different approaches are possible and further development of the ensuing chemistry represents a unique challenge. The first milestone on the route to synthesising Pse is the non-proteinogenic amino acid L-allo-threonine which constitutes the side chain.







Retrosynthetic analysis of pseudaminic acid determined that the C2 and C3 centres could be accessed using a starting material based-on the non-proteinogenic amino acid L-allo-Threonine (99).  This compound could then be converted to the Garner-type aldehyde (100) and subjected to a doubly diastereoselective Henry nitro aldol reaction with 2,2-dimethoxy-1-nitroethane (101),59 which would hopefully establish the C4 and C5 centres. The major C-C bond formation steps could then be concluded with an In-mediated coupling31 with bromomethacrylic acid (22) or aldol reaction60 to provide pseudaminic acid after subsequent ozonolysis and/or deprotection of the intermediate (102).  L-allo-Threonine is commercially available, though it is prohibitively expensive – especially for use as a starting material in total synthesis. L-allo-Threonine was therefore selected as the initial target of the total synthesis.

[bookmark: _Toc8589743]Asymmetric Synthesis of anti-β-Hydroxy α-Amino Acids
L-allo-Threonine or (2S,3S)-2-hydroxy-3-amino-butanoic acid, is a non-proteinogenic α-amino-β-hydroxy amino acid and is a diastereoisomer of naturally occurring L-threonine, varying in configuration at the (2S)-hydroxyl bearing stereocenter.  Non-proteinogenic amino acids are not found in the genetic code of organisms, but they do occur elsewhere and there are many biologically relevant examples: components of natural products, intermediates in biosynthetic pathways, and post-translational modifications.61 Naturally occurring β-hydroxy-α-amino acids, as well as their non-proteinogenic analogues, are also components of biologically active compounds such as vancomycin and teicoplanin,62  antibiotics such as lycobactin and accuminatum,63 and are intermediates in the synthesis of other important antibiotics such as β-lactams.64 Possessing three orthogonal functional groups and two chiral centres also makes for a dense and versatile handle with which to access the chiral pool, thus making them ideal starting materials for synthetic routes. Though it can be possible to isolate these compounds from natural sources, new methods for the de novo asymmetric synthesis of β-hydroxy-α-amino acids have been widely reported. Many of these routes were potential candidates for the first steps of this total synthesis.
The optimal route does not necessarily involve direct synthesis of the free acid. A route which generates the correct stereochemistry whilst retaining protecting groups which can be carried further into the synthesis would be beneficial in shortening the overall route and improving the yield. 


Scheme 24: Synthesis of L-allo-threonine from β-hydroxy esters.
Guanti et al. reported the addition of NH2+ electrophiles to beta-hydroxy esters to synthesise L-allo-threonine using an electrophilic amination strategy (Scheme 24).65 Among the substrates used was ethyl (2S)-2-methyl-butanoate (103). Treatment of this substrate with LDA at -50oC followed by addition of t-butylazodicarboxylate provided both diastereoisomers of the di-N-Boc alpha-hydrazino-beta-hydroxyester (104, 104’) in 75% yield and an 84 : 16 ratio of anti:syn. Hydrolysis of the carbamates and ester using TFA followed by LiOH provided the hydrazine (105) in 66% yield, and this was subsequently treated with HCl followed by hydrogenolysis with H2 and PtO2 to give L-allo-threonine (99) in 78% yield. Double deprotonation of the substrate (hydroxyl and α-carbonyl) is required for good diastereoselectivity in this reaction due to a transition state formed between t-butylazodicarboxylate and the substrate. While this methodology provides facile access to L-allo-threonine, the moderately poor overall yield of L-allo-threonine meant that this approach was not considered. 
Methodology for the dynamic kinetic resolution of 2-acylamino-3-oxobutyrates via reduction mediated by chiral rhodium catalysts has also been developed on substrates which lead to the required stereochemistry (Scheme 25).66 Ethyl acetoacetate (106) was converted to the corresponding oxime (107) using sodium nitrite. Catalytic hydrogenation of the oxime and in situ acetylation provided the racemic 2-acylamino-3-oxobutyrate (108) which was subjected to dynamic kinetic resolution using various chiral ruthenium catalysts.


Scheme 25: Dynamic kinetic resolution of 2-acylamino-3-oxobutyrates using chiral biphosphine RuX2 catalysts.
This process was used to provide both syn- and anti- D- and L-threonine ethyl ester (109). The overall yield of the process was 26-34% and also provided a mixture of enantiomers. Providing access to the N-Ac ethyl ester could potentially be incorporated into the intended functionalisation of the anti-β-hydroxy-α-amino acid, but the yield was potentially inefficient for the beginning of a total synthesis. The mixture of enantiomers would also require chiral phase chromatography.


Scheme 26:  Synthesis of L-allo-threonine from L-threonine via cyclic orthoester. i. Fmoc-N-hydroxy-succinimide, Na2CO3/dioxane, 0 oC; ii. 3-methyl-3-hydroxymethyloxetane, DCC, DMAP; iii. BF3.OEt2, DCM, 0 oC; iv. oxalyl chloride, DMSO, DCM, -78 oC then DIPEA; v. LiBH4, -78 oC, DCM/MeOH; vi. piperidine, DCM then TFA, H2O/DCM then Cs2CO3, MeOH/H2O.

Blaskovich and Lajoie reported a procedure to prepare both D- and L-allo-threonine from D- and L-threonine, respectively.67 L-Threonine (88) was treated with Fmoc O-Su ester in basic conditions to provide the 9-fluorenylmethoxycarbonyl amide (110). The carboxylic acid was protected as the cyclic orthoester (111) using a 2-step procedure. The substrate was then oxidised to the ketone and reduced to provide the anti-β-hydroxyl amide (112) in 92% de. The N-Fmoc and orthoester protecting groups were then removed to provide L-allo-threonine (99, Scheme 26). By utilising the orthoester, the acidity of the α-amino proton was reduced, which prevented racemisation of α-amino ketone (112). This produced L-allo-threonine in 8 steps from commercially available (and economically viable) L-threonine (88) in good yield.


Scheme 27: Enantioselective hydrogenation of β-oxy-α-acetamidoacrylates.
Ito and coworkers reported a route for the synthesis of anti-β-hydroxy-α-amino esters using catalytic asymmetric hydrogenation (Scheme 27).68 β-Keto-α-(N-acetylamino)carboxylate (114) was converted to the Z-β-oxy-α-acetamidoacrylate (115) using sodium hydride and TBSCl. A propyl-substituted trans-chelating chiral diphosphine (TRAP) catalyst was found to be most effective to provide the anti-product (116) in up to 94% ee as a single diastereoisomer. The route is facile and has good selectivity, though the publication is conducted on a sub-millimolar scale. Assuming the reaction is amenable to scale-up, preparation of large quantities of catalyst could prove to be an issue.

Jackson et al. used a protected aldehyde derived from ethyl lactate (117) to undergo a nitroaldol reaction with arylthionitromethane to provide arylthionitroalkenes (118) which were subsequently stereoselectively epoxidised to give nitrooxiranes (119, Scheme 28).69 Nitrogen nucleophiles were then used to open the epoxides to provide β-hydroxy-α-amino acid derivatives. The method was used to provide syn- and anti- derivatives and among the examples reported, N-Bz O-TBS L-allo-threonine derivative (120) was synthesised in 88% de and 11% yield over 7 steps. The starting material for this process is inexpensive and provides a protected L-allo-threonine derivative which can be immediately used to continue the synthesis. However, the overall yield of the process is somewhat lower than others reported and this method was not used.


Scheme 28: Jackson’s synthesis of L-allo-threonine via nitrothiooxiranes. i. TolSCH2NO2, n-BuLi, THF then HF-pyridine; ii. tBuOOLi, THF, -100 oC then TBSOTf, 2,6-lutidine, DCM -78 oC; iii. NH3(aq), DCM then BzCl then Hg(OAc)2, MeOH.
Sutherland reported the synthesis of anti-β-hydroxy-α-amino acids using an aza-Claisen rearrangement (Scheme 29).70 (2S)-Methyl lactate (122) was protected as the MOM-ether (123) under standard conditions and reduced to the primary alcohol (124) using DIBAL-H. A one-pot Swern oxidation/Horner-Wadsworth-Emmons reaction was employed to provide the E-allylic ester (125) without isolation of the volatile aldehyde. Reduction of the ester with DIBAL-H provided the alcohol (126) which was converted to the trichloroacetimidate (127). A PdCl2(MeCN)2-catalysed aza-Claisen rearrangement was then used to provide allylic amide (128) in 93:7 dr. L-allo-Threonine (99) was isolated in 67% yield after subsequent oxidation and hydrolysis, in an overall 16% yield across 9 steps. The route has good selectivity and good overall yield so was a strong potential candidate for the route. 


Scheme 29: Synthesis of L-allo-threonine via aza-Claisen rearrangement. i. MOMBr, DIPEA, DCM; ii. DIBAL-H, Et2O, -78 oC to rt; iii. DMSO, (COCl)2, NEt3, DCM, -78 oC to rt then triethyl phosphonoacetate, LiCl, DBU, MeCN; iv. DIBAL-H, Et2O, -78 oC to rt; v. Cl3CCN, DBU, DCM, 0 oC to rt; vi. PdCl2(MeCN)2, THF, rt; vii. RuCl3.H2O, NaIO4, H2O, CCl4, MeCN then 6 N HCl, reflux.
Davies et al. have published a number of articles on their strategy for ‘trading N and O’ (Scheme 30).71–74 In the second instalment of this four paper series, α-hydroxy-β-amino esters were converted to the corresponding anti-β-hydroxy-α-amino acids via the intermediate aziridines. Conjugate addition of dialkyl lithium amide to t-butyl crotonate (129) was followed by oxidation of the enolate intermediate in situ to provide the anti-α-hydroxy-β-amino ester (130) as a single diastereoisomer >99:1 dr, 91%. After hydrogenolysis, the amine was protected as the N-Boc carbamate (131), converted to the mesylate (132), and displaced to form the trans-aziridine (133) in >99:1 dr and 88% yield. The aziridine was treated with TFA followed by aqueous acid to give the trans-β-hydroxy-α-amino acid derivative. Treatment of aziridines of this type with TFA has been reported to proceed regioselectively; attacking the side of the aziridine which is distal to the electron-withdrawing ester. The remaining t-butyl ester, trichloroacetate and carbamate groups were subsequently hydrolysed to give the free acid (99) in 34% yield over 2 steps. This route accesses L-allo-threonine in 6 steps with 11% overall yield. This is slightly lower than other routes discussed but the low yielding hydrolysis steps leading to the free amino acid may not be necessary for a route leading to pseudaminic acid.


Scheme 30: Davies’ strategy for ‘trading N- and O-‘; i. (R)-N-benzyl-N-(α-methylbenzyl)amide, THF, -78 oC then (S)-camphorsulfonyloxaziride; ii. Pd(OH)2/C, H2, Boc2O, EtOAc; iii. MsCl, Et3N, DMAP, DCM; iv. NaH, DMF, 50 oC; v. TFA, DCM then 6 N HCl(aq), 90 oC.
Acyl oxazolidinone chiral auxiliaries are a well-known tool for performing diastereoselective aldol reactions (Scheme 31).75 Evans et al. used a 4-benzyl-2-oxazolidinone (134) auxiliary to produce syn- β-hydroxy-α-amino acids in excellent yield and selectivity.76 The auxiliary was first acylated with chloroacetylchloride to provide the α-chloro imide (135) in 82% yield. Displacement of the chloride with sodium azide and subsequent treatment with triphenylphosphine and carbon disulfide provided the α-isothiocyano imide (136) in 82% yield over 2 steps. Tin(II) triflate-mediated aldol reaction provided the syn- aldol adduct (137) in 91 : 9 dr and 75% yield. Cleavage of the auxiliary and thiooxazolidinone provided L-threonine (88) in 68% yield over 2 steps.


Scheme 31: Evans’ asymmetric synthesis of syn-β-hydroxy-α-amino acids via aldol reaction. i. chloroacetyl chloride, n-BuLi, THF, -78 oC; ii. NaN3, DCM/H2O, n-Bu4NHSO4 then PPh3, THF, CS2; iii. Sn(OTf)2, MeCHO; iv. LiOH, THF/H2O, 0 oC, 6 N HCl(aq), reflux.
Evans also applied a similar methodology to the asymmetric synthesis of anti-β-hydroxy-α-amino acids through the use of 3-haloacetyl-2-oxazolidinones (Scheme 32).77 A 4-methyl-5-phenyl-2-oxazolidinone (138) was acylated using chloroacetylchloride to give the α-chloro imide (139) in 80% yield. This substrate underwent a boron-mediated asymmetric aldol to give the corresponding syn-β-hydroxy-α-chloro imide (140) in 67% yield and 95 : 5 dr. A key modification for this adapted methodology was the SN2 displacement of the chloride with sodium azide to give the anti-β-hydroxy-α-azido imide (141) in 70% yield and 88 : 12 dr. Cleavage of the auxiliary and subsequent reduction of the azide (142) provided L-allo-threonine (99) in 82% yield over 2 steps.


Scheme 32: Evans’ asymmetric synthesis of anti-β-hydroxy-α-amino acids via aldol reaction. i. chloroacetyl chloride, n-BuLi, -78 oC; ii. Bu2BOTf, NEt3 then MeCHO; iii. NaN3, DMF; iv. LiOH, dioxane/H2O; H2, Pd/C, TFA.
[bookmark: _Toc8589744]Results and Discussion
1. [bookmark: _Toc8589745]Evans Asymmetric Aldol
The Evans route was identified as a reliable route for the synthesis of allo-threonine; reproduction of this route would grant access to substrates in the later stages of pseudaminic acid synthesis. Since the publication of Evans’ route, Davies et al. iterated upon the 4-benzyl-2-oxazolidinones (143) used by Evans and investigated the use of 5-substituted-3,3-dimethyl-2-pyrrolidinones, also known as ‘Quat’ auxiliaries.78 These ‘Quat’ auxiliaries, such as (4R,5R)-4-phenyl-5-methyl-3,3-dimethyl-2-pyrrolidinone (144),  were shown to be effective for a range of stereoselective reactions, including aldol reactions. Cleavage of the original oxazolidinone auxiliaries could in some cases lead to undesirable endocyclic cleavage, and this can be avoided using ‘Quat’ auxiliaries which possess geminal alkyl groups adjacent to the auxiliary amide.


Scheme 33: Potential auxiliaries for an asymmetric aldol route.
This led to the development of ‘SuperQuat’ auxiliaries,79 which were proven to be highly useful for asymmetric reactions of attached N-acyl enolates, generally providing higher yields and selectivity than the previous generations of auxiliaries. ‘SuperQuat’, such as (4S)-4-methyl-5,5-dimethyl-2-oxazolidinone (145) auxiliaries were are also established to be even less prone to endocyclic cleavage and can be synthesised easily from readily available amino acids to provide auxiliaries with a range of substitution and auxiliaries.
1. [bookmark: _Toc8589746]Evans Aldol Reaction Using ‘SuperQuat’ Oxazolidinone Auxiliary
A potential route to L-allo-threonine using Evans’ asymmetric aldol procedure in tandem with the updated ‘SuperQuat’ auxiliaries was envisioned (Scheme 33). The ‘SuperQuat’ auxiliary derived from D-valine (146) could be synthesised, acylated with chloroacetyl chloride (147), and subjected to an enantioselective aldol reaction with ethanal to provide the syn-β-hydroxy-α-chloro imide (148). The chloride could then be displaced with sodium azide (149) and subsequently reduced and hydrolysed to provide L-allo-threonine (99).


Scheme 34: Planned synthesis of anti-β-hydroxy-α-amino acids using Evans’ aldol chemistry and Davies’ superquat.
Initial synthesis of the ‘SuperQuat’ auxiliary was commenced from L-valine (150). Though literature precedent indicates that the correct auxiliary would be derived from a D- amino acid, inexpensive L-valine was used to investigate the viability of the route before D-valine was used. L-Valine was treated with thionyl chloride and methanol to provide the methyl ester as the hydrochloride salt in 96% yield. Di-tert-butyldicarboxylate used under basic conditions to provide N-Boc L-valine methyl ester (151) in 94% yield. Superstoichiometric methylmagnesium bromide was used to convert the methyl ester to the corresponding tertiary alcohol (152) in 86% yield. Under basic conditions, the alcohol cyclised onto the carbamate to provide the oxazolidinone (153) in 90% yield (Scheme 34).


Scheme 35: Synthetic route followed using L-valine as the starting material.
The geminal diphenyl oxazolidinone was also synthesised with the intention of comparing the selectivity of the bulkier diphenyl auxiliary during the aldol reaction. Treatment of the N-Boc L-valine methyl ester (151) with phenylmagnesium bromide provided the tertiary alcohol (154) in 86% yield and this was cyclised under basic conditions to provide the diphenyl oxazolidinone (155) in 84% yield (Scheme 35).


Scheme 36: Synthesis of diphenyl oxazolidinone auxiliary from N-Boc L-valine methyl ester.
[bookmark: _Toc8589747]Acylation of SuperQuat Auxiliaries
Deprotonation of the dimethyl L-valine oxazolidinone (153) was undertaken using n-BuLi in THF followed by addition of chloroacetyl chloride at varying temperatures and with varying reaction times (Table 1, entry 1). Initial attempts to acylate the dimethyl superquat (Table 1, entry 1) after stirring the auxiliary with n-BuLi for 30 minutes lead to no observable product. The reaction time was increased to 3 hours (Table 1, entry 2) which did not affect conversion and increased again to 24 hours (Table 1, entry 3) which provided the N-acyl dimethyl auxiliary (153) in 11% yield. The deprotonation time was increased to 1 hour (Table 1, entry 4) and this provided the maximum product yield of 24%. Increasing the reaction time further (Table 1, entry 5) provided the product in 13% yield. Attempts to acylate the diphenyl auxiliary (Table 1, entries 6-8) failed to provide any evidence of the product by TLC, NMR and mass spectroscopy.


Table 1: N-acylation of dimethyl and diphenyl 'SuperQuat' auxiliaries using n-BuLi in THF.
	Entry
	R
	Deprotonation Time (h)
	Reaction Time (h)
	Temperature (deg)
	Yield (157/158) (%)

	1
	Me
	0.5
	1
	-78 oC to rt
	0

	2
	Me
	0.5
	3
	-78 oC to rt
	0

	3
	Me
	0.5
	24
	-78 oC to rt
	11

	4
	Me
	1
	24
	-20 oC to rt
	24

	5
	Me
	1
	48
	-78 oC to 0 oC
	13

	6
	Ph
	0.5
	1
	-78 oC to rt
	0

	7
	Ph
	0.5
	3
	-78 oC to rt
	0

	8
	Ph
	0.5
	24
	-78 oC to rt
	0



A procedure for successful N-acylation of the diphenyl auxiliary has not been published, and previous work in the Jones group80 has demonstrated that the bulky geminal diphenyl moiety can have a significant effect on the reactivity of the oxazolidinone. Whilst these characteristics may have made for an interesting substrate during the aldol reaction, failure to acylate was therefore unsurprising. Conversely, N-acylation of the dimethyl ‘SuperQuat’ (153) with chloroacetyl chloride has been reported and failure to reproduce the literature conditions (Table 1, entry 1) was highly disappointing. Further optimisation of the conversion in this reaction was intended but this approach was eventually deprioritised in favour of a different strategy.


[bookmark: _Toc8589748]Asymmetric Strecker Reaction
The Strecker amino acid synthesis was first reported in 1850 and gives access to α-amino nitriles from the reaction of an aldehyde, an amine and cyanide.81 Hydrolysis of these α-amino nitriles furnishes the corresponding α-amino acids and allows for the convenient preparation of a large number of non-proteinogenic α-amino acids. Reduction of the α-aminonitriles also gives access to 1,2-diamines, and α-amino nitriles can be functionalised to give carbonyl compounds, amines and enamines, as well as various heterocycles, depending on the substrate.82 The α-amino acid functional group is present in a number of biologically active natural products and pharmaceuticals, and the importance of obtaining enantiopure materials for such applications has provided the impetus for significant development of the asymmetric Strecker reaction. A vast array of chiral catalysts have been developed in recent decades including cyclic dipeptides,83 chiral urea-based catalysts,84 various metal catalysts85,86,87 and others.88,89 Though the Strecker reaction was originally a three-component reaction between an aldehyde, amine and cyanide, pre-emptive formation of the imine and subsequent addition of a cyanide nucleophile is unanimously favoured when seeking enantioenriched products. This also allows for the use of N-chiral amines. The corresponding chiral imines can facilitate a stereocontrolled cyanide addition to provide diastereoenriched α-aminonitriles.
Ellman et al. have developed methodology for the usage of N-t-butylsulfinylamines as chiral auxiliaries (Scheme 36).90,91 Of particular interest was the reported synthesis of anti-β-hydroxy amines using this auxiliary. 


Scheme 37: Ellman et al.'s Synthesis of anti-β-hydroxy amines using N-sulfinyl auxiliaries.
O-TBS lactaldehyde (117) was converted to the N-sulfinyl imine (159) in 73% yield. Addition of various Grignard reagents provided the corresponding anti-β-hydroxy amine (160) in 93% yield and 90:10 dr. The auxiliaries have also been used in conjunction with cyanide nucleophiles to provide α-aminonitriles enantioselectively, though no published examples possess a hydroxyl stereocenter α- to the imine. N-p-tolylsulfinylimine (161) derived from benzaldehyde was shown to react with diethylaluminium cyanide to give the corresponding α-aminonitrile (162) in 86% yield with 92:8 dr (Scheme 37).92


Scheme 38: Addition of diethylaluminium cyanide to N-sulfinyl imines with good diastereoselectivity.


Scheme 39: Sm(III)-mediated addition of TMSCN to N-sulfinyl imines with good diastereoselectivity.
Mukaiyama et al. demonstrated the addition of TMSCN to N-p-tolylsulfinylimines (163) to give enantioenriched products (164) in 70% yield and 86:14 dr (Scheme 39). TMSCN was first shown to undergo addition to imines by Harada.93 Ojima and Inaba later used α-methylbenzylamine as the amine component of a Strecker synthesis, first forming the α-methylbenzylimine (165), which gave the corresponding enantioenriched α-aminonitrile (166) in up to a 70:30 dr and 99% yield (Scheme 40).94


Scheme 40: Ojima et al.'s use of α-methylbenzyl imines to provide enantiomerically enriched α-aminonitriles.
Selectivity when using TMSCN was shown to outperform similar procedures using HCN as the cyanide source (Scheme 41).95


Scheme 41: Ojima et al.'s use of α-methylbenzyl imines in conjunction with hydrogen cyanide.
The alkyl α-aminonitriles formed in these reactions were shown to be easily derivatised to the corresponding α-amino acids. Hydrolysis of the nitrile (167) with 6 N HCl(aq) followed by hydrogenation of the α-methylbenzyl group (168) using H2 and catalytic Pd(OH)2 provided the corresponding α-amino acids (169) in >80% yield without racemisation (Scheme 42).


Scheme 42: Conversion of α-aminonitriles to the corresponding α-amino acids via hydrolysis and hydrogenation.
For the purpose of synthesizing an L-allo-threonine derivative via the Strecker amino acid synthesis, the optimum strategy would involve the addition of a cyanide nucleophile to an imine possessing a β-hydroxyl stereocenter. The pre-existing stereocenter could then be involved in providing substrate control of the cyanide addition. β-Hydroxy-α-amino acids have been synthesized in this way via the addition of TMSCN to imines derived from (R)-glyceraldehyde acetonide, a substrate well known for undergoing addition reactions with organometallic nucleophiles in good yield and diastereoselectivity (Scheme 43).96


Scheme 43: Cainelli et al.'s addition of TMSCN to (R)-glyceraldehyde acetonide to give the syn-β-hydroxy-α-aminonitrile.

(R)-Glyceraldehyde acetonide (170) was converted to the N-benzyl imine (171) in 85% yield and treated with TMSCN to provide the corresponding syn-β-oxy-α-aminonitrile (172) in 78% yield and 90:10 dr (Scheme 43). Cainelli et al. later reported the Lewis acid catalysed addition of trimethylsilyl cyanide to N-substituted imines derived from (2S)-lactaldehyde (Scheme 44).97 O-TBS aldehyde (117) was converted to the p-methoxyphenyl and diphenylmethyl imines (173, 174). TMSCN was then used in conjunction with various Lewis acids to provide the syn-β-hydroxy-α-aminonitriles (175, 176) in up to 97% conversion and 90 : 10 dr.


Scheme 44: Cainelli et al.'s addition of TMSCN to (S)-α-siloxy imines to give syn-β-silyloxy-α-aminonitriles.
[bookmark: _Toc8589749]Synthesis of anti-β-Hydroxy-α-Amino Acids via Asymmetric Strecker Reaction
It was envisaged that the substrates for this reaction could be tuned to provide anti-β-hydroxy-α-aminonitriles as the major product by replacement of the achiral N-PMP imine with chiral N-α-methylbenzy imines which have been shown to provide selectivity in TMSCN additions to imines (vide supra).This would develop novel methodology to access orthogonally protected anti-β-hydroxy-α-aminonitriles which are solely reported as the minor product in published procedures of this type (Scheme 45).


Scheme 45: Overall synthetic strategy for preparating of L-allo-threonine derivative using the asymmetric Strecker reaction.
In a wider strategic sense, the reaction product would be an orthogonally protected L-allo-threonine derivative which could be converted to the aldehyde via DIBAL-H reduction and hydrolysis, whilst the N-α-methylbenzyl functional group could potentially be preserved to provide stereoselectivity in the subsequent nitroaldol reaction.
[bookmark: _Toc8589750]Synthesis of Imine Substrates
Imine substrates were prepared from commercially available (S)-ethyl lactate (177) which was first protected as the O-benzyl (178) and O-t-butyldimethylsilyl ethers (179). Though the previous work only reported O-silyl examples, O-Benzyl was selected as a complimentary protecting group to compare performance in the Strecker reaction and would also be removable in conjunction with the N-α-methylbenzyl later in the synthesis if relevant.
Benzyl protection of (S)-ethyl lactate was initially carried out using benzyl bromide and sodium hydride. Partial racemisation of the substrate under these conditions was a potential concern due to the acidity of the carbonyl α proton. Racemic ethyl lactate was purchased and protected under the same conditions and used in conjunction with chiral HPLC to determine that the substrate had racemised and contained approximately 10% (2R)-O-benzyl ethyl lactate. To avoid racemisation, benzyl 2,2,2-trichloroacetimidate was used to achieve O-benzylation without any detectable racemisation. Other bases were also explored. Portionwise addition of potassium t-butoxide at 0 oC provided the benzyl ether in 96% yield with no racemisation and provided the additional benefit of avoiding removal of the trichloroacetamide byproduct. Lability of the α-carbonyl proton remained a concern for further steps in the synthesis. However, Gibson et al. recently demonstrated that epimerisation of lactic imines of this type is detectable by 1H NMR spectroscopy.98 N-α-Methylbenzyl imines formed from enantiomerically pure aldehydes possess a single signal for the aldimine proton whereas imines formed from aldehydes that have undergone epimerization at the (2S)-hydroxyl bearing stereocenter have 2 distinct aldimine signals which allows the degree of epimerization to be assessed easily.

This was confirmed for the imines synthesised in this study by comparison of their spectroscopic details with the corresponding analogous lactimines formed from racemic ethyl lactate.
Both O-Bn and O-Si protected derivatives (178, 179) were reduced to the corresponding aldehydes (180, 117) using di-isobutylaluminum hydride in 83% and 92% yield, respectively. The aldehydes were then protected as the N-PMB and N-PMP derivatives (181, 182, 183, 173) in order to subject the N-achiral imines to a Lewis acid screen in the Strecker reaction for comparison with N-chiral imines (Scheme 46). Both aldehydes were found to decompose rapidly at room temperature, though the O-benzyl derivatives were found to degrade much faster than the O-silyl. Sealing the samples under argon and storing them in the fridge (2-3 oC) provided a shelf life of approximately 2-3 days for the O-benzyl aldehyde and 4-5 days for the O-silyl aldehyde.


Scheme 46: Synthesis of lactate aldimines from (S)-ethyl lactate.
The imines were obtained in 85-90% yield and were confirmed to be a single isomer by 1H NMR spectroscopy. This was inferred to be the (E)-isomer in each case due to the well documented exclusive preference for this geometry of aldimines at equilibrium.99 Both N-PMP and N-PMB imines were found to be unstable, degrading rapidly after formation, even at low temperature. Flash column chromatography using silica, neutralized silica, and alumina resulted in significant hydrolysis of the imines, in some cases returning starting materials from the column after observation of >95% conversion in the crude 1H NMR. Strecker reactions with these substrates were therefore carried out immediately after imine formation.
[bookmark: _Toc8589751]Strecker Reaction with N-Achiral Imines


Table 2: Strecker reactions of O-Bn/TBS N-PMP/PMB imines.
	Entry
	Imine
	Lewis acid
	Conversion (%)
	Ratio

	1
	181
	BF3.OEt2
	42%
	45 : 55

	2
	181
	SnCl4
	50%
	42 : 58

	3
	181
	ZnI2
	50%
	45 : 55

	4
	182
	BF3.OEt2
	37%
	20 : 80

	5
	182
	SnCl4
	19%
	24 : 76

	6
	182
	ZnI2
	21%
	22 : 78

	7
	183
	BF3.OEt2
	73%
	43 : 57

	8
	183
	SnCl4
	93%
	42 : 58

	9
	183
	ZnI2
	84%
	42 : 58

	10
	173
	BF3.OEt2
	60%
	25 : 75

	11
	173
	SnCl4
	44%
	40 : 60

	12
	173
	ZnI2
	75%
	45 : 55

	
	
	
	
	


Results of the Strecker reactions to N-achiral imines are summarized in the table above (Table 2). Trimethylsilyl cyanide additions to the imines were carried out for 24 hours at room temperature using trimethylsilyl cyanide (1.2 equiv.) in DCM and 10 mol% Lewis acid. Each reaction was analyzed using 1H NMR spectroscopy, the conversion to product being assessed using an internal mesitylene reference, and the diastereoselectivity from comparison of the integrals from the doublet corresponding to the methine centre adjacent to the newly installed nitrile. This signal occurred between 3.5 and 4.5 ppm for both diastereoisomers of each example. The identity of the two diastereoisomers was not confirmed for this subset of aminonitriles. Comparison of N-PMP O-TBS aminonitriles (Imine 173, Table 2, entries 10, 11 & 12) to the data published by Cainelli et al. was sufficient to identify that the major diastereoisomer in these instances was the syn-β-hydroxy-α-aminonitrile (185, 187, 189, 175).97
Higher conversion was observed for O-silyl imines than O-benzyl imines, whilst N-PMB substrates were broadly better tolerated than N-PMP ones. This result is reflective of the stability of the imine substrates. Of the imines evaluated, the O-TBDMS / N-PMB substrate appeared to consistently deliver the highest conversion to product, albeit with moderate selectivity (Table 2, entries 7–9), the latter being a feature that might be improved through installation of an additional stereocontrol element at the benzyl centre.
[bookmark: _Toc8589752]Strecker Reaction with N-Chiral Imines
Due to the fact that the O-silyl derivatives were easier to synthesise and could be stored for longer, as well as provided better conversion in the Strecker reaction, (+)-α-methylbenzylamine and (-)-α-methylbenzylamine were used to form N-chiral-substituted imines for the O-silyl aldehyde only. The same reaction conditions as with N-PMP/PMB were employed, providing the imines in excellent yield (Scheme 47). These O-silyl N-α-methylbenzyl imines were once again confirmed to be a single isomer and were significantly more stable, being stored at 0 oC under a nitrogen atmosphere for up to 5 days without any noticeable degradation. 


Scheme 47: Formation of N-chiral imines.
Results of the Strecker reactions of N-chiral imines are summarized in the table below (Table 3).The reactions were once again carried out at room temperature for 24 hours in DCM using 10 mol% of the Lewis acid and 1.2 equivalents of TMSCN. The conversion was monitored by 1H NMR using an internal mesitylene reference and the diastereoselectivity was assessed in the same way as the N-achiral imines, by comparison of the integrals corresponding to the methane centre adjacent to the newly installed nitrile which occurred between 3.5 and 4.5 ppm. The identity of the diastereoisomers for this subset of compounds was confirmed by further experiments (vide infra).


Table 3:  Strecker reaction with O-TBS N-chiral imines.
	Entry
	Imine
	Lewis acid
	Conversion (%)
	Anti
	Syn

	1
	191
	no additive
	66%
	31
	69

	2
	191
	TfOH
	84%
	21
	79

	3
	191
	La(OiPr)3
	76%
	29
	71

	4
	191
	TBAI
	99%
	32
	68

	5
	191
	Zn(OAc)2
	89%
	18
	82

	6
	191
	BF3.OEt2
	87%
	21
	79

	7
	191
	ZnI2
	96%
	22
	78

	8
	192
	no additive
	55%
	36
	64

	9
	192
	TfOH
	76%
	29
	71

	10
	192
	La(OiPr)3
	63%
	36
	64

	11
	192
	TBAI
	86%
	34
	66

	12
	192
	Zn(OAc)2
	73%
	31
	69

	13
	192
	BF3.OEt2
	81%
	87
	13

	14
	192
	ZnI2
	89%
	90
	10



The catalyst selection used for further investigation with N-chiral imines (191) and (192) was modified to include TfOH and La(OiPr)3. This was due to the underwhelming performance of SnCl4, and to monitor the effects of a Lewis acid with the larger coordination sphere of La(OiPr)3 in addition to a Brønsted acid. Only O-TBDMS derivatives - which were more stable and provided better results in the initial screening - were taken forward for further evaluation. Strategically, this also provides a more labile protecting group, orthogonal in reactivity to the additional α-methylbenzyl group. (+)-N-Substituted substrates (Table 3, entries 1-7) provided the syn product and were broadly similar in diastereoisomeric ratio. The selectivity of the (-)-N-substituted substrates was found to be dependent on which Lewis acid was used (Table 3, entries 8-14). In particular, the 2,3-anti-β-hydroxy-α-aminonitrile was formed with excellent selectivity (up to 90 : 10) when using the (-)-substrate and either ZnI2 or BF3.OEt2 (Table 3, entries 13 & 14). The reaction was also conducted without an additive (Table 1, entries 13 & 21) which slightly favored the syn- product and resulted in reduced conversion, indicating that a Lewis acid is required for facile addition of trimethylsilylcyanide to these imines. 
The excellent performance of ZnI2 was further investigated by using TBAI, which could determine whether iodide present in, or liberated from, ZnI2 was catalysing the reaction (Table 3, entries 4 & 11). Both diastereoisomers of the imine (191, 192) reacted with excellent conversion (99%, 99%) in the presence of TBAI but the diastereoselectivity proceeded with the same slight preference toward the syn- product as the reaction did with no additive (~35 : 65). This indicated that the presence of iodide may be useful in helping to active TMSCN, potentially helping to liberate the cyanide anion. Similarly, Zn(OAc)2 was used as an alternate Zn(II) source (Table 1, entries 5 & 12). Neither of these additives surpassed ZnI2 in providing access to the anti- isomer. However, Zn(OAc)2 did provide the highest ratio of syn- products (18 : 82, 89%) when used in conjunction with the (+)-N-substituted imine (Table 3, entry 5).

[bookmark: _Toc8589753]Stereochemistry of the Strecker Reaction
Both diastereoisomers of the N-(+)-β-hydroxy-α-aminonitriles (193, 194) and N-(-)-β-hydroxy-α-aminonitriles (195, 196) were separated by flash column chromatography. The O-TBS group of each diastereoisomer was removed using TBAF in THF to provide the alcohols (197, 199, 201, 203) in quantitative yields. The alcohols were treated with triphosgene and triethylamine in DCM to provide the corresponding oxazolidinones (198, 200, 202, 204) in reasonable yield (Scheme 48).


Scheme 48: Formation of oxazolidinones 198, 200, 202 and 204 to determine relative stereochemistry.
The magnitude of the coupling constant for the α-amino proton signal at 4.0–4.5 ppm for each oxazolidinone was then compared with literature values. The 3J value for the trans- oxazolidinones was measured as 4.8–5.1 Hz, whilst the 3J value for cis- oxazolidinones was 7.7–7.8 Hz (Scheme 49). The magnitude of these values is in accordance with what is predicted by the Karplus equation and the values are also in broad agreement with data previously reported for similar cis- and trans-oxazolidinones.100–103 The trans oxazolidinone (198, 200) therefore corresponds to the 2,3-syn-α-aminonitriles (194, 196), and the cis oxazolidinone (202, 204) corresponds to the 2,3-anti-α-aminonitriles (193, 195).


Scheme 49: Elucidation of oxazolidinone stereochemistry.
A chelation model for the cyanide addition predicts the syn- major product (Scheme 50, A) with the anti- product being disfavoured (Scheme 50, B) due to unfavourable steric interactions between the incoming nucleophile and the methyl group of the imine. With ZnI2 proving to be the most effective Lewis acid for formation of both syn- and anti- products, a chelation model was expected. However, a cyclic chelation model for the reactions could not be fully rationalized due to both singly and doubly coordinate Lewis acids (BF3.OEt2 and ZnI2, Table 3, entries 6 & 7, 13 & 14) providing access to syn- and anti-α-aminonitriles as the major product depending on which auxiliary was in place. This indicated that an open transition state was responsible for the selectivity in either case.


Scheme 50: Chelation model for the addition of TMSCN to N-chiral-(2S)-silyloxy imines. Syn-product favored, anti-product disfavored.
An acyclic Felkin-Anh model (Scheme 51) predicts anti- selectivity due to favoured Re- face addition of the nucleophile (Scheme 51, B), whilst Si- face addition is disfavoured once again due to steric interference from the methyl group of the imine (Scheme 51, A). Unfortunately, this does not provide an adequate explanation for the majority of syn- selective reactions.


Scheme 51: Felkin-Anh model for the addition of TMSCN to N-chiral-(2S)-silyloxy imines. Syn-product disfavored, anti-product favored.
Previous work on the addition of TMSCN to aldehydes has established that coordination of the Lewis basic N atom of the imine to form a pentavalent silicate intermediate allows for facile formation of both cyanohydrins and α-aminonitriles.104 This may account for the reduced reactivity of the N-PMP derivatives due to the lower Lewis basicity of the nitrogen atom in those compounds. Cainelli et al. postulated a Felkin-Anh transition state in which the silyl group is coordinated to the imine N atom as cyanide is added to the C=N bond (Scheme 52, B). This effectively inverts the prediction of the standard model as the larger TMS group clashes with methyl group during Re- face addition, therefore favouring formation of the syn- product.


Scheme 52: TMS-coordination model for TMSCN addition to imines.
One possible explanation for the observed anti- selectivity (Table 3, entries 13 & 14) is if the (S)-α-methylbenzyl auxiliary favours a coordinated addition of TMSCN from the Re- face (Scheme 53, A) and this is a large enough influence to overcome the negative steric interactions of the imine methyl group (Scheme 53, B). Conversely, the (R)-α-methylbenzyl auxiliary is configured such that it further inhibits Re- addition therefore reinforcing the syn- selectivity in an example of double stereodifferentiation.


Scheme 53: Effect of the α-methylbenzyl auxiliary during Re- face addition in a 'coordinated addition' model.

[bookmark: _Toc8589754]Hydrolysis of anti-β-Hydroxy-α-Aminonitriles
Having developed a method of proving anti- selectivity in these reactions, it was now possible to access anti-β-hydroxy-α-aminonitriles in 4 steps and 77% overall yield with 90 : 10 dr. The substrate could now be functionalised to prepare for a nitroaldol reaction.


Scheme 54: Planned functionalisation of β-hydroxy-α-aminonitriles for subsequent nitroaldol reaction.
A planned hydrolysis of the aminonitrile (195) would furnish the carboxylic acid (205) whilst also removing the TBS group (Scheme 54). One potential strategy would then involve protection of the 2o amine and hydroxyl groups (206) followed by borane reduction of the carboxylic acid and subsequent oxidation to provide the aldehyde (207) still bearing the N-α-methylbenzyl auxiliary, which may or may not be beneficial during the nitroaldol reaction. Alternatively, the hydrolysis product (195) could be hydrogenated to remove the auxiliary, providing L-allo-threonine (99) which could be protected using Garner’s protocol105 which would provide L-allo-threonine Garner aldehyde (100).
To begin this process, anti-β-hydroxy-α-aminonitrile (195) was subject to acidic hydrolysis using 6 N HCl(aq) under reflux. Under these conditions the α-aminonitrile remained intact, with only the silyl ether being hydrolysed providing alcohol (203) in 88% yield. Attempts to hydrolyse the acid using stronger acids, 6 M H2SO4(aq) and 12 N HCl(aq) resulted in a complex mixture indicating decomposition of the substrate (Scheme 55).


Scheme 55: Attempted aqueous hydrolysis of anti-β-hydroxy-α-aminonitrile.
Attempts to hydrolyse the nitrile under basic conditions resulted in no reaction at room temperature but caused racemisation of the α-amino stereocenter when performed at elevated temperatures, resulting in a mixture of syn- and anti-α-aminonitriles (199, 195, Scheme 55).


Scheme 56: Attempted basic hydrolysis of anti-β-hydroxy-α-aminonitrile.
The next option was a DIBAL-H reduction of the nitrile which proceeds via the imine which is hydrolysed in situ during acidic aqueous workup to provide the aldehyde.


Scheme 57: Attempted DIBAL-H reduction of TBS protected and deprotected anti-α-aminonitriles.
Multiple attempts to reduce the nitrile (195) using DIBAL-H at -78 oC showed no evidence of reduction (Scheme 57). 1H NMR spectra showed no evidence of imine or aldehyde (207) formation. The free alcohol (203) was also used as a substrate for this reaction but did not react differently. When performed at room temperature the reaction provided a 12% yield of the primary amine (209) – resulting from over-reduction of the nitrile but still in abysmal yield. This demonstrated that the nitrile was highly unreactive, which was attributed to the basicity of the neighbouring α-methylbenzylamine. With this adjacent atom being a stronger Lewis base than the nitrile, it is possible that the amine coordinates to the DIBAL-H and prevents reaction at the nitrile.
The next option for reduction of the α-aminonitrile was a Stephen reduction (Scheme 58). Gaseous HCl and tin(II) chloride were used to reduce the nitrile (195) under acidic conditions in which reduction is reported to take place via a single electron transfer from tin. Expectedly this reaction removed the TBS group and resulted in partial recovery of the deprotected alcohol, with the remaining material having degraded under the harsh conditions.


Scheme 58: Attempted Stephen reduction of anti-α-aminonitrile.


[bookmark: _Toc8589755]Conclusion
2,3-anti-β-Hydroxy-α-aminonitriles have typically been reported as the minor product during the asymmetric reaction of imines with trimethylsilyl cyanide. Addition to similar substrates such as methyl ketimines derived from (R)-glyceraldehyde acetonide provided 2,3-syn-β-hydroxy-α-aminonitriles in excellent ratio (up to syn:anti = 98:2), but a far lower ratio for the 2,3-anti-β-hydroxy-α-aminonitriles (up to syn:anti = 34:66).106 Addition to aldimines derived from (R)-glyceraldehyde have also been shown to proceed with syn diastereoselectivity.107 However, this methodology provides unique access to the anti- products. The hypothesis that the diastereoselectivity of trimethylsilyl cyanide addition to imines derived from (S)-ethyl lactate could be improved with the use of N-α-methylbenzyl auxiliaries has been shown to be valid. Addition of TMSCN to N-(+)-α-methylbenzyl imines derived from (S)-ethyl lactate in the presence of Zn(OAc)2 provided the corresponding 2,3-syn-β-hydroxy-α-aminonitrile in 89% conversion and 82 : 18 dr. The opposite enantiomer of the auxiliary was shown to provide anti- selectivity with the addition of TMSCN to N-(-)-α-methylbenzyl imines in the presence of ZnI2, providing the corresponding 2,3-anti-β-hydroxy-α-aminonitrile with 89% conversion and 90 : 10 dr. This method therefore provides access to orthogonally protected L-threonine and, importantly, L-allo-threonine derivatives. Unfortunately, further functionalisation of the α-aminonitriles generated from this route was found to be difficult. Hydrolysis or reduction of the nitrile moiety using the conditions above was not achieved – though the attempted conditions were not exhaustive. Due to the suspected interference of the 2o amine, a possible solution would be protection a second N-protecting group. The tertiary amine may provide a more suitable substrate for further reaction. While further hydrolysis attempts were under way, it was decided that a different route could be used to provide direct access to L-allo-threonine.
[bookmark: _Toc8589756]Alternate Synthesis of L-allo-Threonine
1. [bookmark: _Toc8589757]Epimerisation of L-Threonine
Liang et al. published a synthesis of L-allo-threonine from L-threonine as part of their synthesis of LpxC inhibitors.108 This route was used as a source of L-allo-threonine by Li in the 2017 synthesis of Pseudaminic acid.58 An analogous route was also utilized by Seeberger during the 2015 synthesis of legionaminic acid (Scheme 59).109


Scheme 59: i. SOCl2, MeOH then BzCl, NEt3, DCM; ii. SOCl2 (10 equiv.); iii. 6N HCl(aq), reflux.
L-Threonine (88) is first protected as the methyl ester and converted to the N-benzoyl amide (210), and cyclised in the presence of excess thionyl chloride to epimerise the hydroxyl stereocenter, forming the oxazoline (211, Scheme 59). Subsequent acid hydrolysis provides L-allo-threonine as the hydrochloride salt (99'). In order to synthesise the D-allo-threonine side chain of legionaminic acid, Seeberger et al. used D-threonine (212) as a starting material to provide the desired stereochemical outcome. This synthetic method produces the non-proteinogenic anti-β-hydroxy-α-amino acid (215), which must then be functionalised before elongation of the carbon skeleton. Though the route provides the correct stereochemistry for the side chain, this route was initially undesirable due to the fact that it furnishes the unprotected amino acid, which must then be further functionalised and protected. Despite this, the procedure is well reported, robust, and presented a dependable means of acquiring L-allo-threonine synthetically.


L-Threonine (88) provided a cheap starting material (Fluorochem, £ 46.00/500 g) and was protected using thionyl chloride in methanol to provide the methyl ester as the hydrochloride salt (216) in 99% yield (Scheme 60). Treatment of the hydrochloride salt with triethylamine followed by benzoyl chloride produced the N-benzoyl methyl ester (210) in quantitative yield. The N-benzoyl amide was then treated with excess thionyl chloride to form the oxazoline (211) in 83% yield.  In order to form the oxazoline, N-benzoyl L-threonine methyl ester (210) was added slowly to a stirred solution of 10 equivalents of thionyl chloride. The temperature was measured internally to ensure that the mixture was kept under 5 oC. After complete addition and dissolution of the methyl ester, the mixture was transferred to the fridge where it was kept at 3.5 oC for 5 days. This provided a bottleneck in the synthesis due to the large amount of thionyl chloride required and slow reaction time and modifications of the literature conditions were attempted to optimise throughput of this step. Due to this reaction being difficult to follow by TLC, aliquots of the reaction mixture were quenched at 24, 48, 72 & 96 hours but were only partially complete. Performing the reaction at room temperature resulted in degradation of the product. Careful monitoring of the pH during workup was essential in ensuring that the oxazoline was not partially hydrolysed during isolation. The cyclization was therefore carried out in a number of smaller batches to avoid using the 250 mL of thionyl chloride that the 50 g scale would require. All data for the oxazoline was in accordance with those reported in the literature but it is noteworthy that the optical rotation was found to have a large discrepancy from the literature value { +42.6 (c 8.50 in EtOH) [lit.110 +69.4 (c 8.50 in EtOH)]}. There is only one literature source for the optical rotation of the oxazoline and no comparable literature values to compare the following to compounds in the sequence [L-allo-threonine hydrochloride salt (99') and the methyl ester hydrochloride salt (226)]. The optical rotation of the N-Boc L-allo-threonine methyl ester (227) is consistent with the literature values and indicates that disagreement in the optical rotation of the oxazoline does not indicate a lack of diastereoisomeric or enantiomeric purity. The oxazoline was hydrolysed in 6N HCl to provide L-allo-threonine as the hydrochloride salt (99') in 78 % overall yield from L-threonine.


Scheme 60: i. SOCl2, MeOH; ii. BzCl, NEt3, MeOH; iii. SOCl2 (10 equiv.), 3.5 oC; iv. 6N HCl(aq), reflux.
 This procedure epimerizes the hydroxyl center and proceeds by a mechanism (Scheme 61) in which the alcohol (210) first reacts with thionyl chloride to form the thiochloridic ester (217). Intramolecular SN2 displacement by the N-benzoyl amide inverts this center and forms the oxazoline (211). Acidic hydrolysis of the oxazoline globally deprotects the molecule. Neutral hydrolysis of the oxazoline was considered as an alternative to the acidic hydrolysis in order to provide more facile isolation of the water-soluble L-allo-threonine via freeze drying. Treatment of the oxazoline with water at reflux proved too sluggish to pose a viable alternative.


Scheme 61: Mechanism for the inversion of the (2S)-hydroxyl center of L-threonine and formation of the oxazoline. 
[bookmark: _Toc8589758]Synthesis of L-allo-Threonine Garner Aldehyde Substrates
With L-allo-threonine in hand, it was then required to be converted to the corresponding aldehyde in order to undergo further reaction to elongate the carbon chain. This required protection of the amine and hydroxyl functional groups. Similarly to the strategy discussed in the previous chapter, orthogonal protecting groups such as N-Bn and O-TBS would provide greater control over deprotection further into the synthesis. Non-orthogonal protecting groups also presented an interesting possibility due to the ease of global deprotection which may also be necessary. A cyclic protecting group was identified as being able to protect both heteroatoms as well as aid the molecules’ configurational stability for addition to the aldehyde. Garner et al.’s procedure for the synthesis of protected aldehydes  from L-serine (218, Scheme 62) and L-threonine (Scheme 63) was employed to convert L-allo-threonine to the corresponding N-Boc oxazolidinecarboxaldehyde (100).105


Scheme 62: Garner et al.'s synthesis of L-serine Garner aldehyde.



Scheme 63: Garner et al.'s synthesis of L-threonine Garner aldehyde.
L-allo-Threonine hydrochloride (99') was treated with thionyl chloride in methanol at reflux to provide the methyl ester hydrochloride (226). Heating the reaction was found to be necessary to ensure good conversion as the hydrochloride salt was found to be less reactive when compared to the methyl esterification of the free amine of L-threonine. The methyl ester hydrochloride was protected as the N-Boc derivative (227) and protected as the oxazolidine methyl ester (228) with a modified procedure using BF3.OEt2, acetone & 2,2-DMP. The methyl ester was then reduced using a temperature controlled DIBAL-H reduction to provide the corresponding oxazolidine carboxaldehyde (100, Scheme 64).


Scheme 64: i. SOCl2, MeOH, reflux; ii. Boc2O, NEt3, DCM; iii. 2,2-DMP, BF3.OEt2, acetone; iv. DIBAL-H, DCM, -78oC.
In their original preparation, Garner et al. made use of a steady distillation of the N-Boc methyl esters in the presence of 2,2-DMP in benzene with the reaction being catalysed by p-toluenesulfonic acid. This provided the desired L-serine and L-threonine derived oxazolidine methyl esters in 70-85 % yield. This procedure was initially modified to use toluene rather than benzene and was found to proceed with 60-70 % conversion, with the remaining mass constituting returned starting material. After heating the reaction for 24 hours and collecting roughly half of the total solution volume as distillate, addition of a second equivalent of 2,2-DMP and further reaction for 24 hours provided up to 92 % yield of the oxazolidine. The procedure was further modified to use a catalytic Lewis acid rather than catalytic Brønsted acid and to include both 2,2-DMP and acetone as electrophilic sources for oxazolidine formation. This modification ameliorated issues with both reaction time and conversion whilst also avoiding the time-consuming removal of large amounts of toluene during workup. The problems encountered with this reaction are likely attributable to the use of toluene over benzene however the waning use and availability of benzene since the original publication made a complete change to the reaction conditions a more favourable alternative.
N-Boc L-allo-Threonine oxazolidine methyl ester (228) was acquired in 96% yield as a mixture two rotameric structures. Difficulties with configurational stability of compounds of this type are well known. Garner et al. confirmed by HPLC analysis that their L-serine and L-threonine derived oxazolidine carboxaldehydes had epimerised 3-5 %. In the absence of data to compare the novel L-allo-threonine derivative to, potential epimerisation of the compound was a significant concern. In order to determine the presence of rotamers, samples of the oxazolidine methyl ester (228) in d6-DMSO were subjected to high temperature 1H NMR analysis (Figure 5). A room temperature spectrum was compared with spectra collected at 333 K and 393 K. Signals for the t-butyl protons of the N-Boc group, geminal methyl groups, methyl ester, and α-amino/α-hydroxyl protons began to coalesce at 333 K, but did not fully merge until heated to 373 K. This data is in agreement with the findings of Garner et al. who reported that L-serine derived oxazolidine methyl esters and aldehydes reached equilibrium between rotameric structures at roughly 350 K. At room temperature the compound exists as a 1.6:1 mixture of rotamers.
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Figure 5: 1H NMR data showing the coalescence at higher temperatures of signals for the α-amino (RHS) & α-hydroxyl (LHS) protons in N-Boc L-allo-threonine methyl ester aminal (189). 
The rotational barrier for Garner’s L-serine oxazolidine was reported to be 10 kcal mol-1 higher than ‘regular’ carbamates,111 owing to the lack of conformational freedom imparted by the N-Boc group and geminal methyl groups. It is possible that the slightly higher temperature required for equilibration of the rotameric structure in this compound is due to a more restricted conformation imparted by the difference in configuration of this diastereoisomer.
Temperature controlled reduction of the methyl ester (228, Scheme 65) was first carried out in toluene as reported by Garner and others using the procedure and was quenched with methanol. The quenched reaction mixture was then diluted with aqueous potassium sodium tartrate (Rochelle salt) and stirred vigorously before extraction to remove aluminium salts. The N-Boc aldehyde (100) was prone to epimerisation (100') under these conditions. 


Scheme 65: Products of DIBAL-H reduction of the methyl ester oxazolidine using original workup conditions.
Crude samples were found to have undergone minor epimerisation (5-10 %) as assessed by comparison of the aldehyde signal in 1H NMR (Figure 6), though in some cases more significant epimerisation was observed. Under these conditions, the alcohol by-product (229) arising from over-reduction of the methyl ester was also observed. This was the case even with careful monitoring of the internal temperature during the reaction. TLC analysis showed that the primary alcohol (Rf = 0.15 EtOAc/hexane 1:9) would appear in the crude 1H NMR spectra even when not present in the reaction mixture prior to workup. This indicated that the over-reduction was occurring while the reaction was quenched with methanol.
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Figure 6: 1H NMR spectrum of crude reduction products showing the aldehyde proton signals for N-Boc L-allo-threonine aldehyde oxazolidine (100, LHS) and N-Boc D-threonine aldehyde oxazolidine (100’, RHS) which arises from epimerisation of the α-amino stereocenter.
Epimerisation of the aldehyde may be attributed to the generation of methoxide and basic aluminium salts during the workup procedure. Addition of methanol results in a non-insignificant exotherm which may allow for over-reduction of the aldehyde. The quench procedure was therefore modified and methanol was added dropwise by cannula whilst carefully maintaining the reaction temperature. This was found to drastically reduce the extent of epimerisation and – in some cases – avoid it entirely, though it was still unclear whether degradation of the aldehyde was occurring during later stages of the workup where the aldehyde was exposed to basic aqueous solutions for long periods of time (emulsions would persist after 3-4 hours of exposure to Rochelle salt solution on larger scales). As an alternative, the Fieser method112 was employed. This allowed for the reaction to be quenched with 0.18 mL of 10 % aqueous sodium hydroxide per mmol of DIBAL-H and did not result in epimerisation or over-reduction if the aldehyde was isolated promptly. The reaction conditions were also modified to include DCM as the solvent. The N-Boc aldehyde was also found to racemise to a small extent (5-10 %) when purified by flash chromatography on silica, basic and neutral alumina, and florisil. As a result of significant trial and error, neutralised silica which had been washed sequentially with 1 % solutions of triethylamine and acetic acid in petroleum ether was found to allow consistent isolation of the N-Boc aldehyde without any racemisation. 
As with the methyl ester, the oxazolidine aldehyde also had rotameric signals in the 1H NMR spectra at a ratio of 1.3:1. Samples were submitted for high temperature 1H NMR experiments in d6-DMSO to confirm the existence of rotamers and exclude the possibility of distinct chemical entities present in the purified samples (Figure 7). The rotamers equilibrated upon heating to 323 K. This is much lower than the methyl ester (373 K), and lower than the temperatures reported by Garner et al. for the diastereoisomeric N-Boc L-threonine oxazolidine aldehyde (355 K) and and L-threonine oxazolidine aldehydes (350 K).
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Figure 7: 1H NMR data showing the coalescence at higher temperatures of signals for the CHO protons in N-Boc L-allo-threonine aldehyde aminal (100).

The DIBAL-H reduction of the N-Boc methyl ester oxazolidine (228) encountered enough difficulties that an alternate route to the aldehyde was investigated. DIBAL-H was initially employed to fully reduce the methyl ester to the alcohol (229) at room temperature, but was later replaced by lithium aluminium hydride due to much shorter reaction times and a more easily manageable workup. The primary alcohol (229) was then oxidised to give the aldehyde (100) using IBX in DCM (Scheme 66).


Scheme 66: Alternate synthesis of the L-allo-threonine Garner aldehyde via complete reduction followed by IBX oxidation.
This provided the aldehyde in 65% yield over 2 steps. Despite foregoing the potential for racemisation during the DIBAL-H reaction workup, column chromatography of the aldehyde was found to be the main issue and circumventing the DIBAL-H reduction was deemed unnecessary given the lower overall yield and requirement for additional purification steps.
L-allo-Threonine was protected as the N-tosyl derivative to provide a comparison for the performance of the N-Boc derivative in the nitro aldol reaction (Scheme 67). L-allo-Threonine methyl ester hydrochloride (216) was converted to the N-Ts derivative (230) using tosyl chloride and triethylamine in methanol. This was protected as the aminal (231) using the original procedure which did not encounter any difficulties and reaching full conversion within 16 hours.


Scheme 67: i. TsCl, NEt3, MeOH; ii. p-TsOH.H2O, 2,2-DMP, toluene, reflux; iii. DIBAL-H, DCM, -78oC.
Temperature controlled DIBAL-H reduction yielded the N-Ts oxazolidine carboxaldehyde (232) in 86 % yield. After initial N-Ts protection, the compounds in this series were white solids which could be purified easily by recrystallisation in DCM/hexane. No rotamers of the sulfonamide were observed once protected as the oxazolidine. Synthesis of the N-Ts aldehyde (232) therefore proved more facile and presented fewer difficulties with purification and racemisation than synthesis of the N-Boc derivative, though it presented potential difficulty when removing the N-Ts group in later steps.
[bookmark: _Toc8589759]Addition to L-allo-Threonine Garner Aldehydes
Having synthesised L-allo-threonine and with the side chain of pseudaminic acid complete, 2,4-bis(acetylamino)-2,4,6-trideoxy-L-altopyranose (L-AltdiNAc, 233) constitutes the next target en route to pseudaminic acid. L-AltdiNAc is a logical intermediate in the synthesis of pseudaminic acid, and is also a valuable synthetic target in its own right. It is closely related to a family of sugars knows as teichoic acids and is the epimer of 2,4-diacetamido-2,4,6-trideoxy-D-galactose (6-deoxyGaldiNAc) discussed below. L-AltdiNAc is a potential substrate for an indium-mediated Barbier reaction with α-(bromomethyl)methylacrylate (18) to complete the 9-carbon chain of Pse (57), then requiring ozonolysis to finish the synthesis (57, Scheme 68). It is also a potential substrate for other chain elongation reactions and, being a cyclic intermediate, can elucidate and confirm the stereochemistry of the molecule at that stage of the synthesis.


Scheme 68: Barbier-allylation of L-AltdiNAc (233) and subsequent ozonolysis to procure pseudaminic acid (57).
The biosynthetic pathway for pseudaminic acid in C. jejuni proceeds via an enzyme catalysed phosphoenolpyruvate (235) condensation in the final step (Scheme 69). The enzyme NeuB3 has been isolated and used to produce pseudaminic acid as part of an assay.113 This makes 6-deoxy-L-altdiNAc a valuable target for completing a semisynthetic route to pseudaminic acid.


Scheme 69: Biosynthesis of Pse in C. jejuni. Enzyme catalysed condensation of 6-deoxy-L-altdiNAc (233) with phosphoenolpyruvate (235).


Scheme 70: Overall synthetic plan for pseudaminic acid.
[bookmark: _Toc8589760]Asymmetric Nitroaldol Reaction
The primary choice for elongation of the carbon chain was a nitro aldol reaction. Nitroalkanes with a β-acetonide are readily preparable and were first shown to undergo nitroaldol reactions with aldehydes in 1993.114 In a 1992 publication, Shibasaki and coworkers predicted that rare earth metal alkoxides would outperform previously established group 4 metal alkoxides [in this case Zr(OtBu)4] for the catalysis of nitro aldol reactions.115 La3(OtBu)9 was used to catalyse the addition of nitromethane to 3-phenylpropanal (236) in 96% yield (Scheme 71). 


Scheme 71: Rare earth metal-catalysed nitroaldol reaction of 3-phenylpropanal.
A La-Li-BINOL complex was also shown to catalyse the same reaction, providing enantiomerically enriched β-nitro alcohols (237') up to 73% ee and demonstrating the first catalytic asymmetric nitro aldol reaction using a rare earth alkoxide (Scheme 72).


Scheme 72: The first usage of chiral lanthanum-lithium-binol heterobimetallic catalysts for nitroaldol reactions.
The same catalyst was later employed to synthesise Norstatine (a HIV protease inhibitor component) by catalysing the addition of nitromethane to N-phthaloyl-L-phenylalanal (238) to give the corresponding anti-γ-amino-β-hydroxynitroalkane (239) in 92% yield and 99% de. This demonstrated that the catalyst worked well with α-chiral branched aldehydes as well as α-amino aldehydes (Scheme 73).


Scheme 73: Asymmetric nitroaldol reaction of N-Phth-L-phenylalanine using (R)-LLB.
Shibasaki continued to expand the scope of possible nitroalkanes for this reaction in a further publication, reacting 2-hydroxy-1-nitroethane, nitroethane and nitropropane with various linear aliphatic aldehydes.116 Coincidentally, Shibasaki’s rare earth BINOL catalysts were also used to catalyse the addition of trimethylsilylcyanide to aldehydes in catalytic asymmetric Strecker reactions.117
The addition of more complex nitroalkanes to α-amino aldehydes was published in 2008 (Scheme 74). The (R)-LLB  catalysed addition of 2,2-dimethoxy-1-nitroethane (101) to N-Boc-L-phenylalanal (240) was shown to proceed in 97% yield with only 2 diastereoisomers (corresponding to a syn- configuration of the two newly established stereocentres, 241, 241') being isolated in a 20:1 ratio.59


Scheme 74: Use of chiral lanthanum-lithium-binol heterobimetallic catalyst for double stereodifferentiation in nitroaldol reaction. N-Boc L-phenylalanine substrate yielding anti-syn nitroaldol adduct in excellent diastereoselectivity.
The optimised conditions were applied and shown to work well with a wide array of α-branched chiral aldehydes. The most noteworthy example was the nitroalkane (101) addition to L-serine-derived Garner aldehyde oxazolidine (222) which yielded the syn-anti adduct (242) at >20:1 dr in 98% yield (Scheme 75). 


Scheme 75: Shibasaki's synthesis of anti-syn nitro aldol adduct (242) from L-serine Garner aldehyde (222) and 2,2-dimethoxy-1-nitroethane (101).
With this in mind, 2,2-dimethoxy-1-nitroethane (101) was synthesised from trimethyl orthoformate (243) and nitromethane in the presence of zinc(II) chloride as a catalyst (Scheme 76). The desired nitroalkane was isolated in a poor yield of 34%, though this is comparable with literature values for this reaction.118


Scheme 76: Synthesis of 2,2-dimethoxy-1-nitroethane (101) from trimethyl orthoformate (243) and nitromethane.
[bookmark: _Toc8589761]Asymmetric Nitroaldol with L-allo-Threonine Garner Aldehyde
The LaLi3tris(binaphthoxide) [(R)-LLB] catalyst was prepared using a slightly modified version of Shibasaki’s protocol (Scheme 77). The reported procedure begins with the dropwise addition of lanthanum(III) isopropoxide in THF to a solution of (R)-BINOL in THF. However, when attempting this procedure the solubility of lanthanum(III) isopropoxide in THF was found to be limited. The solution was left for extended periods (18 hours) but did not achieve complete dissolution. Solutions of the resulting suspension were filtered and the insoluble solids analysed by melting point and IR spectroscopy. IR spectra were similar to those found in the literature for lanthanum(III) isopropoxide but possessed a smaller OH stretch at 3400 cm-1 which is consistent with the literature spectra for La2O3. Analysis of the melting point indicated that some of the material would melt at 120-125 oC, which is consistent with the literature values of 120-128 oC for lanthanum(III) isopropoxide. The majority of the insoluble material showed no signs of melting at upwards of 250 oC which may be consistent with the melting point of lanthanum(III) oxide which is 2,315 oC, though it was not possible to analyse the melting point at those temperatures. These impurities were present in newly purchased lanthanum(III) isopropoxide samples acquired from multiple sources. Lanthanum(III) isopropoxide was therefore dissolved in dry THF and filtered before being gently concentrated to provide an accurate mass of soluble lanthanum(III) isopropoxide which was then added as a solution in THF to a solution of (R)-BINOL to begin the catalyst synthesis. After stirring the BINOL/lanthanum solution and gently concentrating a heterogeneous crystalline solid was acquired. After further reaction with n-BuLi and subsequent drying a crystalline white/yellow solid was obtained.
Dissolution of the (R)-LLB catalyst in THF before use in the nitro aldol reaction provided a clear solution with freshly prepared samples. If left for more than one day, the solution would become cloudy, indicating the precipitation of insoluble impurities. This was also the case if the catalyst was concentrated and stored under vacuum; redissolution would result in precipitation.


Scheme 77: Synthesis of (R)-LLB catalyst (245).
Results obtained from these older catalyst samples were uniformly lower in yield and selectivity than those using freshly prepared catalyst (and have been excluded from Table 4). The LLB catalysed reactions were therefore undertaken within 1-2 hours of completion of the catalyst synthesis (Table 4).


Table 4: Catalytic asymmetric nitroaldol reaction of L-allo-threonine Garner aldehydes (100/232) with 2,2-dimethoxy-1-nitroethane (101) with (R)-LLB under different reaction conditions.
	
	Loading (mol %)
	Time (h)
	Temperature (deg)
	NO2 equiv.
	Conversion (%)
	dr (%)

	1
	5
	48
	-40 oC to -20 oC
	1.1
	60a
	82 : 18

	2
	5
	48
	-40 oC to -20 oC
	2.0
	40
	81 : 19

	3
	5
	48
	-40 oC to -20 oC
	5
	64
	69 : 21

	4
	5
	24
	-40 oC to -20 oC
	1.1
	52
	76 : 24

	5
	10
	48
	-40 oC to -20 oC
	1.1
	57
	71 : 29

	6
	5
	48
	rt
	1.1
	14
	71 : 29

	7
	5
	48
	-40 oC to -20 oC
	1.1
	60b
	79 : 21

	8
	5
	48
	-40 oC to -20 oC
	1.1
	75c
	71 : 29

	9d
	5
	48
	-40 oC to -20 oC
	1.1
	36
	51 : 49


a1 mmol scale. b (S)-LLB used. c  > 5 mmol scale. dN-Ts aldehyde used.
The ratio of diastereoisomers was assessed by comparison of the acetal OMe signals occurring at 3.54 and 3.47 ppm for the major isomer and 3.50 and 3.46 ppm for the minor isomer. The reaction produced the same two diastereoisomers each time and the major isomer was the same in every case. Conversion was assessed by comparing the integral for the combined diastereoisomers against the CHO signal at 9.56 ppm. The reaction was initially run with 5 mol% (R)-LLB catalyst being added to a stirred solution of the aldehyde (100) and nitroalkane (101) in THF at -40 oC. After addition, the reaction mixture was then allowed to warm to -20 oC and stirred for 24-48 hours. Unfortunately, under the conditions specified for the reaction using an L-serine derived Garner aldehyde in the original publication (Table 4, Entry 1), the nitro aldol adduct was obtained in 60% conversion with a ratio of 82% prevalence of the major isomer. At this stage in the synthesis, it was assumed that the major isomer produced was the desired anti-syn product though it was not confirmed at this time. This was disappointing for such a vital step in the total synthesis, so optimisation of the reaction conditions for this substrate was explored. 
A higher equivalence of the nitroalkane (101) was used to push the reaction toward higher conversion but this reduced the overall yield of the nitro aldol adduct (Table 4, Entry 2). This broadly correlates with Shibasaki’s original optimisation attempts in which yield was slightly reduced when using 3 equivalents.59 However, similar nitro aldol reactions published elsewhere (see below) often use superstoichiometric equivalents of the nitro compound to ensure full conversion, so the equivalents were further increased (Table 4, Entry 3). Under these conditions the conversion improved only slightly and the diastereoselectivity decreased. Both decreasing the reaction time (Table 4, Entry 4) and increasing the catalyst loading (Table 4, Entry 5) resulted in worse conversion and selectivity. Conducting the reaction at room temperature vastly reduced the yield (Table 4, Entry 6). Using the N-Ts aldehyde derivative (232, Table 4, entry 9) gave 2 diastereoisomers in a 51 : 49 dr and 36% yield. 
[bookmark: _Toc8589762]Stereochemistry of the Nitroaldol Reaction
Shibasaki et al. reported a vast reduction in yield and selectivity when (S)-LLB (246) was used in conjunction with their model compound N-Boc-L-phenylalanal (240).59 This produced the anti-syn adduct, syn-syn adduct and other diastereoisomers in a ratio of 44 : 16 : 40 and only 24% yield (Scheme 78). These conditions were intended to provide the anti-syn adduct but were identified as being a mismatch between catalyst and substrate.


Scheme 78: Shibasaki et al.'s catalytic asymmetric nitroaldol reaction of N-Boc L-phenylalanine derivative using mismatched (S)-LLB catalyst
It therefore became apparent that the (R)-LLB catalyst may be mismatched with the L-allo-threonine Garner aldehyde substrate (100) and that the opposite enantiomer of the catalyst may perform better. The (S)-LLB catalyst was synthesised and applied to the reaction whereupon it performed almost identically to the (R)-LLB catalyst, providing the same two diastereoisomers in 80 : 20 ratio (Table 4, entry 7, Scheme 79). 


Scheme 79: Comparison of diastereoselectivity for nitroaldol reaction of L-allo-threonine Garner aldehyde (100) with (S)- and (R)-LLB catalysts
An 82 : 18 ratio of diastereoisomers was disappointing when compared with the >95 : 5 reported in the original publication (Scheme 80) for L-serine Garner aldehyde (222) but the ratio is comparable to other additions to L-allo-threonine Garner aldehyde (100) such as the aldol procedure used by Li et al. in their 2017 total synthesis of pseudaminic acid (Scheme 81).58 Additionally, when scaling up the reaction (Table 4, entry 8) the conversion improved but the selectivity was reduced.


Scheme 80: Comparison of yield and selectivity for L-serine Garner aldehyde (225) and L-allo-threonine Garner aldehyde (100) asymmetric nitro aldol reactions with (R)-LLB.


Scheme 81: Li et al.'s isonitrile aldol procedure for the formation of N-formyl adduct.
The result was also comparable to Schmid et al.’s reported synthesis of 2,4-diacetamido-2,4,6-trideoxy-D-galactose (6-deoxyGaldiNAc, 251, Scheme 82) in which 2,2-diethoxy-1-nitroethane (252) was added to L-threonine Garner aldehyde (225) in the presence of LiOH.30 6-DeoxyGaldiNAc (251) is a surface glycopolymer found in Gram-positive Streptococcus pneumoniae and is part of a family of teichoic and lipoteichoic acids, which perform various functions such as colonisation and modulation of immune responses in much the same way as pseudaminic acid does for other bacterial species. 


Scheme 82: 6-deoxy-L-altdiNAc (233) & 6-deoxy-D-galdiNAc (251)
Structurally, 6-deoxy-GaldiNAc (195) is an epimer of 6-deoxyAltdiNAc (194); with the stereochemistry of the pyranose in each instance being derived from the anti-syn selective nitro aldol addition to L-threonine and L-allo-threonine-derived compounds respectively. Schmid et al. did not employ a chiral catalyst and instead used lithium hydroxide to mediated the reaction between L-threonine aldehyde (225) and 2,2-diethoxy-1-nitroethane (252). The nitro aldol reaction was attempted with N-Cbz, N-carboxylphenyl and N-Boc derivatives of the aldehyde. TBAF, triethylamine, n-BuLi, and LiOH were tested as bases, with only the combination of LiOH and N-Boc providing the product in reasonable yield. DCM and THF were tested as solvents and a 3:2 mixture of THF:H2O provided the galacto-(anti-syn)-adduct in 83 : 17 diastereoisomeric ratio and 74% yield which was found to be the optimum (Scheme 83).


Scheme 83: Schmid's optimum conditions for the asymmetric nitroaldol reaction of L-threonine Garner aldehyde (225) and 2,2-diethoxy-1-nitroethane (252).
Schmid’s reaction conditions were applied to the nitro aldol reaction with L-allo-threonine Garner aldehyde and 2,2-dimethoxy-1-nitroethane to determine if the results with (R)-LLB could be improved upon (Table 5). As specified in the original publication, the reactions were carried out with 10 mol% LiOH, and a large excess of the nitroalkane (7 equiv., 252). No product was observed when performing the reaction at room temperature or 0 oC in THF/H2O for 24 hours (Table 5, entry 1 & 2). Longer reaction times provided the same two diastereoisomers of the adduct as seen in the LLB reactions with poor conversion. At 0 oC the reaction proceeded with poor conversion and very mild diastereoselectivity (Table 5, entry 3), whereas at room temperature the conversion improved slightly but provided the two diastereoisomers in essentially 50 : 50 ratio (Table 5, entry 4). The best results were obtained by performing the reaction in neat THF which provided a 66 : 33 ratio with 58% conversion (Table 5, entry 5).

 
Table 5: Conditions investigated for LiOH catalysed nitroaldol reaction.
	Entry
	Time (h)
	T (oC)
	Solvent
	Conversion (%)
	dr

	1
	24
	0
	THF/H2O (3:2)
	nd
	n/a

	2
	24
	0 to rt
	THF/H2O (3:2)
	nd
	n/a

	3
	48
	0
	THF/H2O (3:2)
	18
	61 : 39

	4
	48
	0 to rt
	THF/H2O (3:2)
	25
	51 : 49

	5
	48
	rt
	THF
	58
	67 : 33


With the LiOH catalysed nitroaldol reactions proving inadequate, an alternate catalyst was sought. Given the most successful results had employed a ligated lithium catalyst, the achiral lanthanum-lithium-tris-biphenol catalyst (254, LLP) was synthesised. This would allow for further investigation into the role of substrate and catalyst. LLP was synthesised using the same procedure as for (R/S)-LLB.  


Scheme 84: Nitroaldol reaction with achiral LLP catalyst (200).
The reaction proceeded with 46% conversion and a 80 : 20 ratio of the same 2 diastereoisomers as observed with (R/S)-LLB & LiOH over 96 hours (Scheme 84). The selectivity was comparable to (R/S)-LLB, though the conversion was lower. During the synthesis of LLP, the compound noticeably precipitated to a greater extent than the LLB catalysts which may indicate that it was less stable. The reaction was also far slower than with the other catalysts which could be accounted for by the reaction running at lower catalyst loading due to decomposition.
The diastereoselectivity in nitro aldol reactions using α-chiral aldehydes and 2,2-dialkoxy-1-nitroethanes is well reported. The work by Shibasaki and Schmid (above) are the only examples of addition to Garner-type aldehydes, but similar methods proceed with the same major product, 2 diastereoisomers of the possible 4, and comparable diastereoisomeric ratio. In fact, all published examples of the nitroaldol reaction between an α-chiral aldehyde and a β-dialkoxynitroethane proceed to give the same major product (anti-syn). In addition to the above examples, Gómez-Sánchez used 2,2-diethoxy-1-nitroethane (252) in the presence of triethylamine, TBAF and TBSCl to form anti-syn nitro aldol adducts (256) from a protected D-galacto-pyranose (255).114 The reaction proceeded in 75% yield to give a 4:1 mixture of 2 diastereoisomers with the anti-syn nitroaldol adduct as the major product and the anti-anti nitroaldol adduct as the minor product (Scheme 85).


Scheme 85: 2,2-Dimethoxy-1-nitroethane addition to D-galacto-pyranose proceeding with anti-syn selectivity
Jäger and Wehrer also made use of TBAF to produce undergo a syn-anti-selective nitroaldol reaction with 2,2-diethoxy-1-nitroethane (Scheme 86).119 The product was obtained in 89% yield with a 82 : 18 mixture of 2 diastereoisomers in favour of the anti-syn adduct (259), with the anti-anti adduct (260) once again composing the minor product.


Scheme 86: 2,2-Dimethoxy-1-nitroethane addition of O-Bn aldehyde with anti-syn selectivity
To explain the consistent stereochemical outcomes in these reactions, both aspects of the addition must be examined. The addition of nucleophiles to Garner-type aldehydes is reported extensively.120 Under conditions in which no chelation takes place, the reaction proceeds via a Felkin-Anh transition state and reliably gives the anti- product arising from Re- face addition of the nucleophile (Scheme 87).


Scheme 87: Felkin-Anh model for Re- and Si- addition to L-serine Garner aldehyde (222)
When reacting under chelation control, the chelating metal can form a constrained intermediate with the N-Boc carbonyl or nitrogen, both of which favour Si- addition, or with the β-alkoxy group, which favors Re- addition (Scheme 88 & 89). Which atom the metal coordinates to depends on exact characteristics but in the majority of examples the anti- product is favoured, indicating that, if there is chelation controlled reaction, coordination most often occurs between the aldehyde and alkoxy moiety for metals commonly involved with nucelophilic addition such as magnesium, zinc and lithium. In the earlier examples therefore, an anti- relationship should be established whether a lithium or non-chelating fluoride base is employed. 


Scheme 88: Chelation to N-Boc results in Si- face addition.


Scheme 89: Chelation to β-alkoxy results in Re- face addition
Computational modelling has found that nitronate addition to aldehydes takes place with the dipoles of the carbonyl and nitronate arranged antiparallel in an antiperiplanar transition state which favors the formation of anti- nitroalcohols due to steric repulsion of substituents.121


Scheme 90: Antiparallel transition state for nitroaldol reaction. Steric repulsion disfavors syn- selectivity.
However, in the presence of metalated nitronates (such as with (R)-LLB or LiOH), a chair-like transition state is adopted, and this leads to preferential formation of the syn- isomer. With unhindered nitroalkanes and aldehydes, the lowering of energy from adopting this transition state is minor and this results in low/no diastereoselectivity. With bulkier substituents and ligands on the chelating metal the R substituents of the nitroalkane and aldehyde have increased steric pressure to maintain an equatorial configuration and the energy of this transition state is lowered, which leads to better stereocontrol in favour of the syn- adduct (Scheme 90).121  In the absence of metal ligands, solvation effects stabilise the lithium chelate intermediates and lower the energy, allowing for greater syn- selectivity. The stabilising effect of water coordinating to the lithium atom in this transition state was postulated to be beneficial for the optimum conditions reported by Schmid (3:2 THF/H2O), though in the LiOH-mediated nitroaldol reactions of L-allo-threonine utilization of the bulkier diethoxynitroalkane rather than dimethoxynitroalkane may provide an incremental stabilisation to this chair-like intermediate and account for the superior selectivity observed by Schmid. 


Scheme 91: 6-Membered Li-chelate transition state leads to the formation of syn- nitroalcohols.
The consistent stereoselectivity in these reactions is likely due to a combination of these transition states (Scheme 91). Orientation of the nitronate must be controlled by chelation to give the syn- nitroalcohol whereas the α-amino alcohol portion can proceed by a Felkin-Anh model or a chelation model and still provide anti- configuration.  The external methyl group may play a significant role in providing steric hindrance for a chelated model with (R/S)-LLB. Given that this is the only difference in the substrate compared to Shibasaki’s et al.’s work it is highly probable that it plays a role in disrupting the action of the catalyst.
Schmid et al. reported their minor diastereoisomer to be the anti-anti adduct, which was also the case for the fluoride-mediated anti-syn-selective nitroaldol reactions.30 Shibasaki et al. reported their minor isomer to be the syn-syn adduct. This indicates that the bulky LLB catalyst exerts better control over syn- nitroalcohol formation, but may interfere with the native selectivity of the L-serine Garner aldehyde whereas LiOH is less effective at stabilising the chelated chair transition state, but does not interfere with the substrate selectivity. By analogy to the exclusive preference for the anti-syn adduct to be the major isomer, it was inferred that the product obtained from asymmetric nitroaldol reactions with L-allo-threonine Garner aldehyde (100) was the anti-syn product. However, it was hoped that derivatisation to the corresponding sugar, L-AltDiNAc (233) would confirm the stereochemistry.
[bookmark: _Toc8589763]Organocatalytic Nitroaldol Reaction
To compare with the above results, some organocatalytic methods were also attempted. A growing number of organocatalysed nitroaldol procedures have been published; enantio- and diastereoselective nitroaldol reactions have been performed with axially chiral guanidines, thioureas, cinchona alkaloids, and tertiary amine catalysts.122,123 These reactions are almost exclusively carried out on aromatic aldehyde substrates and make use of simple nitroalkanes, but provide good enough enantio- and diastereoselectivity that they warranted investigation. (+)-Quinidine (261), 1-[3,5-bis(trifluoromethyl)phenyl]-3-[(1S,2S)-(+)-2-(dimethylamino)cyclohexyl]thiourea (262), and 1-[3,5-bis(trifluoromethyl)phenyl]-3-[(1R,2R)-(+)-2-(dimethylamino)cyclohexyl]thiourea (263) were readily available and have been reported with success in asymmetric nitroaldol reactions. Triethylamine was also assessed.


Scheme 92: Organocatalysts used for asymmetric nitroaldol.


Table 6: Organocatalytic nitroaldol reaction of L-allo-threonine Garner aldehyde.
	Entry
	Time (h)
	T (oC)
	Catalyst
	Conversion (%)
	dr

	1
	48
	rt
	NEt3
	10
	49 : 51

	2
	48
	rt
	(+)-Quinidine 261
	13
	54 : 46

	4
	48
	rt
	(S,S)-262
	54
	58 : 42

	3
	48
	rt
	(R,R)-263
	41
	60 : 40



The organocatalysed reactions were carried out in THF at room temperature using 10 mol% catalyst. The reactions were carried out with excess 2,2-dimethoxy-1-nitroethane (101) as is the standard for reported reactions using these catalysts. All yielded 2 diastereoisomers of the nitroaldol adduct with acetal OMe signals occurring at 3.54 and 3.47 ppm for the major isomer and 3.50 and 3.46 ppm for the minor isomer – consistent with previous nitroaldol reactions. Triethylamine gave a poor yield and no selectivity (Table 6, entry 1), as did (+)-Quinidine (Table 6, entry 2). The (R,R)-thiourea catalyst proceeded with 41% conversion and 60:40 selectivity, while the (S,S)-thiourea catalyst performed the best with 54% conversion and 58:42 selectivity. It is possible that an organocatalyst specifically designed for this reaction would be able to achieve better conversion and selectivity.
Upon purifying the crude products of the (R)- and (S)-LLB catalysed reactions by flash column chromatography, it was found that the product co-eluted with BINOL which was produced from the catalyst during the aqueous quench with ammonium chloride. The Rf of the reaction product and BINOL are completely indistinguishable by TLC which made assessing the progress of the reactions difficult. Though the diastereoisomers of the nitro aldol adduct could be separated by column chromatography, in all cases the spectra of both isomers would still possess BINOL impurities. The catalyst also contains three equivalents of BINOL; 5 mol% of (R)-LLB results in 15 mol% BINOL in the crude product. The supplementary information provided by Shibasaki et al. for the L-serine nitro aldol adduct also contains visible BINOL impurities, though they are contaminated to a lesser extent (which may be accounted for in the slight Rf difference between L-allo- & L-threonine). Preparative HPLC was explored as an alternate means of purification and similarly found to be unable to remove the BINOL impurities. The persistence of these impurities led to the possibility that the BINOL had reacted with the adduct during the nitro aldol reaction though this was inconsistent with 1H/13C NMR and mass spectrometry data.
The anti-syn product of the nitroaldol reaction (246) was reduced using NaBH4 and NiCl2 in MeOH and protected in situ with dilution of the reaction mixture with DCM and Ac2O. This provided the amide (264) in quantitative yield. It was hoped that hydrolysis of the amide with DCM and TFA would remove the acetal, aminal and N-Boc group simultaneously to provide the mono-acetylated 6-deoxy-L-altdiNAc as the TFA salt (265, Scheme 93).


Scheme 93: Reduction/acetylation of the nitroaldol adduct followed by unsuccessful hydrolysis in DCM/TFA.
TLC analysis showed that the starting material became a complex mixture of products after <10 minutes. The reaction was followed by 1H NMR to determine if this could be due to uneven removal of the protecting groups. NMR data showed almost immediate decomposition of the compound. A milder hydrolysis was attempted with 2M HCl(aq) in THF. This reaction also proceeded quickly and produced multiple products by TLC in <10 minutes (Scheme 94).


Scheme 94: Unsuccessful hydrolysis using 2M HCl.
[bookmark: _Toc8589764]Conclusions
L-allo-Threonine was synthesised in excellent yield using a robust and reproducible procedure. Further functionalisation of this substrate to N-Boc and N-Ts protected Garner-type aldehydes was shown to be facile, though the N-Boc derivative encountered multiple issues with epimerisation. This was postulated to be due to conformational strain in the cyclic structure of the molecule and this hypothesis was investigated using high temperature 1H NMR.
 The doubly diastereoselective nitroaldol reaction of L-allo-threonine Garner aldehydes with 2,2-dimethoxy-1-nitroethane was explored in detail. Chiral heterobimetallic catalysts, basic catalysts, and organocatalysts were assessed using a variety of conditions. The major product of the reaction was found to be constant throughout. Comparison of similar reactions published in the literature was also shown to proceed with the same major product. Analysis of models for the reaction supported these observations.
The discrepancy in performance of L-serine and L-threonine Garner aldehydes with (R)-LLB was explored. A potential model for the activity of the catalyst demonstrated that the additional methyl group present in L-threonine potentially has a large effect on the ability of the catalyst to effectively control the geometry of the substrate during the reaction.
Hydrolysis of the major N-Boc L-allo-threonine nitroaldol product (inferred to be the desired anti-syn diastereoisomer) was unsuccessful. Unfortunately, time constraints meant that further exploration of reaction conditions was not possible. A potential neutral hydrolysis may be able to furnish the desired 6-deoxy-L-AltdiNAc (233, Scheme 95).


Scheme 95: Conditions for neutral hydrolysis of N-Ac nitroaldol adduct.


[bookmark: _Toc8589765]Experimental
Unless otherwise stated, all reactions were carried out using: dry solvents obtained either from the Grubbs dry solvent system or by distillation; reagents as supplied without purification; flame dried vacuum cooled glassware; inert argon or nitrogen atmosphere. Reactions at 0 oC were carried out using an ice bath, at -78 oC using acetone/dry ice, at -41 oC using acetonitrile/dry ice, at -20 oC using ice/sodium chloride. Reactions kept at 0 oC or below for more than 16 hours were cooled using a cryostatic cooling arm submerged in ethanol. 1H were recorded at 250 or 400 MHz and 13C NMR spectra were recorded at 100 MHz on a Bruker AV-250 or AV-400 MHz machine with an automated sample changer. Chemical shifts are reported in ppm (relative to the residual signals for the solvents used: CDCl3 (7.26 ppm), D2O (4.79 ppm), CD3OD (3.31 ppm), (CD3)2SO (2.50 ppm) for 1H NMR; CDCl3 (77.2 ppm), CD3OD (49.0 ppm), (CD3)2SO (39.5 ppm) fo3 13C NMR. Coupling constants are reported in Hertz (Hz).
 Thin layer chromatography was performed on aluminium backed plates pre-coated with silica (Merck SiO2 polymer supported F254 indicator) or alumina (Al2O3 neutral) and visualised using UV light at 254 nm or using potassium permanganate, or phosphomolybdic acid dipping solutions. Flash column chromatography was undertaken using aluminium oxide (Brockmann 1, neutral, SLR) or silica gel (60 SLR). Specific rotations were measured at the 589 nm using an Optical Activity Ltd. AA-10. Optical rotation values are listed in 10-1 deg cm2 g-1. IR spectra were recorded on a Perkin-Elmer 100 using KBr plates. Mass spectra were recorded on a micromass autospec (ESI+) or Waters LCT Classic (TOF ES+). HPLC was carried out on a Gilson analytical system using Kromasil Chiral HPLC columns (4.8 mm × 250 mm) using hexane/isopropanol or Accucore(tm) C30 LC columns (2.1 mm x 250 mm) using acetonitrile/H2O. Melting points were collected on a Gallenkamp apparatus and were uncorrected. 

L-Valine methyl ester hydrochloride (267) 


Thionyl chloride (31.1 mL, 0.427 mol) was added dropwise to a solution of L-valine (150, 25.0 g, 0.213 mol) in methanol (430 mL) at 0 oC. The mixture was stirred at room temperature for 6 hours, and concentrated under reduced pressure to give the title compound as a white solid (33.7 g, 0.201 mol, 96%) which did not require further purification;  +22.0 (c 2.01 in MeOH) [lit. +22.3 (c 2.00 in MeOH)]; δH (400 MHz, d6-DMSO, Me4Si) 8.71 (3H, br s, NH3), 3.80 (1H, d, J 4.8, CHN), 3.76 (3H, s, CO2CH3), 2.19-2.22 [1H, m, CH(CH3)2], 1.00 [3H, d, J 7.0, CH(CH3)2], 0.98 [3H, d, J 7.0, CH(CH3)2]; δC (100 MHz, d6-DMSO, Me4Si) 169.2 (CO2CH3), 57.1 (CHN), 52.2 (CO2CH3), 29.2 [CH(CH3)2], 18.4 [CH(CH3)2], 17.3 [CH(CH3)2]. All data in accordance with literature values.124


N-[(1,1-dimethylethoxy)carbonyl]-L-valine methyl ester (151) 


Sodium hydrogen carbonate (53.7 g, 0.640 mol) was added to a solution of L-valine methyl ester hydrochloride (267, 33 g, 0.196 mol) in methanol (560 mL) and cooled to 0 oC. Di-tert-butyldicarbonate (51.5 g, 0.236 mol) was added and the mixture was allowed to warm to room temperature and stirred for 4 hours before being quenched with water (250 mL) and extracted with diethyl ether (3 x 300 mL). The organic extracts were washed with sodium bicarbonate (300 mL) and brine (300 mL), and dried with magnesium sulfate before being concentrated under reduced pressure to give the title compound as a yellow oil (40.0 g, 0.169 mol, 86%) which did not require any further purification;  -22.2 (c 1.00 in MeOH) [lit. -22.2 (c 1.00 in MeOH)]; δH (400 MHz, CDCl3, Me4Si) δ 5.03 (1H, br d, J 8.5 Hz, NH), 4.22 (1H, dd, J 8.5, 4.7, CHN) , 3.72 (3H, s, CO2CH3), 2.14-2.04 (1H, m, CH3CHCH3), 1.43 [9H, s, C(CH3)3], 0.94 (3H, d, J 7.0 (CH(CH3)2], 0.87 [3H, d, J 7.0, CH(CH3)]; δC (100 MHz, CDCl3, Me4Si) 173.3 (CO2CH3), 156.0 [CO2C(CH3)], 80.0 [C(CH3)3], 58.8 (CHN), 52.0 (CO2CH3), 31.6 [CH(CH3)2], 28.6 [C(CH3)3], 20.0 [CH(CH3)2], 17.8 [CH(CH3)2]. All data in accordance with literature values.125


N-​[(1S)​-​2-​hydroxy-​2-​methyl-​1-​(1-​methylethyl)​propyl]​-carbamic acid 1,1-dimethylethyl ester (152) 


Methylmagnesium bromide (2.5 M, 158.0 mL, 0.394 mol) was added dropwise to the methyl ester (151, 38.0 g, 0.164 mol) in THF (400 mL) at 0 oC. The reaction mixture was allowed to warm to room temperature and was stirred for 30 hours before being cooled to 0 oC and quenched with saturated ammonium chloride. The aqueous layer was extracted with ethyl acetate (3 x 200 mL) and washed with brine (200 mL), dried with MgSO4, and concentrated under reduced pressure to give the crude title compound which purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 : 1) to give the title compound (31.9 g, 0.138 mol, 86%)  as a yellow oil;  +9.5 (c 1.05 in DCM) [lit. +9.1 (c 1.00 in DCM)]; δH (400 MHz, CDCl3, Me4Si) 4.85 (1H, br d, J 10.2, NH), 3.36 (1H, m, CHN), 2.12-2.03 [1H, m, CH(CH3)2], 1.42 [s, 9H, C(CH3)3], 1.24 [3H, s, C(CH3)2OH], 1.20 [3H, s, C(CH3)2OH], 0.95 [3H, d, J 6.8, CH(CH3)2], 0.91 [3H, d, J 6.8, CH(CH3)2]; δC (100 MHz, CDCl3, Me4Si) 157.3 [CO2C(CH3)3], 79.4 [C(CH3)], 74.1 [C(CH3)2OH], 62.1 (CHN), 29.4 [CH(CH3)2], 28.7 [C(CH3)3], 23.0 [C(CH3)2OH], 22.7 [C(CH3)2OH], 17.2 [CH(CH3)2], 17.0 [CH(CH3)2]. All data in accordance with literature values.125


 (4S)-4-Isopropyl-5,5-dimethyloxazolidin-2-one (153) 


Potassium tert-butoxide (12.8 g, 0.13 mol) was added to a solution of the alcohol (152, 30.1 g, 0.13 mol) in THF (400 mL) at 0 oC. The reaction mixture was warmed to room temperature and stirred for 3 hours, quenched with saturated aqueous ammonium chloride, extracted with ethyl acetate (3 x 200 mL), washed with brine (200 mL), dried with magnesium sulfate and concentrated under reduced pressure to give the crude title compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 : 1) to give the title compound (15.7 g, 0.10 mol, 77%) as yellow crystals; m.p. 87 oC (lit.126 87 oC);  = +23.5 (c 1.0, CHCl3) [lit.: [α]D20 +24.1 (c 1.0, CHCl3)]; δH (400 MHz, CDCl3, Me4Si) 6.06 (1H, br s, NH), 3.18 (1H, app. d, J 8.5, CHN), 1.90-1.76 [1H, m, CH(CH3)2], 1.50 (3H, s, CH3), 1.41 (3H, s, CH3), 1.05 [3H, d, J 6.5, CH(CH3)2], 0.95 [3H, d, J 6.5, CH(CH3)2]; δC (100 MHz, CDCl3, Me4Si) 159.6 (CO2), 84.1 [C(CH3)2], 68.7 (CHN), 28.8 (CH3), 28.7 (CH3), 21.5 [CH(CH3)2], 20.0 (CH3), 19.9 (CH3). All data in accordance with literature values.126


(4S)-3-(2-Chloroacetyl)-4-isopropyl-5,5-dimethyloxazolidin-2-one (157) 


n-BuLi (1.6 M in hexane, 0.69 mL, 1.1 mmol) was added to a solution of the oxazolidinone (153, 157 mg, 1.0 mmol) in diethyl ether (5 mL) at −78 °C. After stirring for 30 minutes at 0 oC, chloroacetyl chloride (136 mg, 1.2 mmol) was added dropwise to the reaction mixture at -78 oC. The reaction solution was warmed to rt and stirred for 24h before being quenched with NH4Cl(aq), extracted with EtOAc (3 x 20 mL), washed with brine, dried over sodium sulphate and concentrated under reduced pressure to give the crude title compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 : 1, 3 : 1) to give the title compound (56 mg, 0.24 mmol, 24%) as a yellow oil;  = +40.2 (c 1.4, CHCl3) [lit.: [α]D27 +39.6 (c 1.0, CHCl3)]; δH (400 MHz, CDCl3, Me4Si) 4.76-4.72 (2H, m, CH2), 4.16 (1H, d, J 3.2 CHN), 2.24-2.15 [1H, m, CH(CH3)2], 1.54 (3H, s, CH3), 1.42 (3H, s, CH3), 1.06 (3H, d, J 7.0, CHCH3), 0.97 (3H, d, J 7.0, CHCH3); δC 166.6 (CO2), 153.0 (C(O)CH2Cl), 83.8 (CH2), 66.8 (CHN), 29.5 (CH3), 28.4 (CH3), 21.3 [(CH(CH3)2], 21.2 [(CH(CH3)2], 16.7 [(CH(CH3)2]. All data in accordance with literature values.125


(S)-[1-(Hydroxydiphenylmethyl)-2-methylpropyl]carbamic acid t-butyl ester (154) 


Bromobenzene (1.57 g, 10 mmol) was added dropwise to magnesium turnings (1.25 g, 52 mmol) in THF (13 mL) and stirred for 20 minutes. The reaction mixture was diluted with THF (13 mL) and the methyl ester (151, 1.16 g, 4.8 mmol) was added as a solution in THF (3 mL) at 0 oC. The reaction mixture was warmed to room temperature, stirred for 24 hours, quenched with NH4Cl(aq), extracted with ethyl acetate (3 x 25 mL), washed with NaHCO3(aq) and brine, dried with MgSO4, filtered and concentrated under reduced pressure to provide the crude title compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 : 1) to give the title compound (1.41 g, 3.98 mmol, 86%) as a white solid; mp 192-194 oC (lit. 189 oC);   = -58 (c 1.0, DCM) [lit.: [α]D25 -60 (c 1.0, DCM)]; δH (400 MHz, CDCl3, Me4Si) 7.49-7.39 (2H, m, ArH), 7.38-7.25 (6H, m, ArH), 5.00 (1H, d J 10.2, NH), 4.48-4.42 (1H, m, CHN), 2.63 (1H, br s, OH), 1.83-1.76 [1H, m, CH(CH3)2], 1.30 [9H, s, C(CH3)3], 0.89 [3H, d, J 6.8, CH(CH3)2], 0.86 [3H, d, J 6.8, CH(CH3)2]; δC (100 MHz, CDCl3, Me4Si) 156.3 [CO2C(CH3)3], 146.3 (ArC), 145.6 (ArC), 128.3 (2 x ArCH), 128.2 (ArCH), 126.8 (2 x ArCH), 126.7 (ArCH), 125.7 (ArCH), 125.3 (ArCH), 82.4 [C(CH3)3], 79.0 (CHO), 59.1 (CHN), 28.8 [C(CH3)3], 28.3 [CH(CH3)2], 22.7 [CH(CH3)2], 17.4 [CH(CH3)2]. All data in accordance with literature values.125


(4S)-4-(1-Methylethyl)-5,5-diphenyloxazolidin-2-one (155) 


Potassium tert-butoxide (245 mg, 2.5 mmol) was added to a solution of the alcohol (154, 783 mg, 2.5 mmol) in THF (15 mL) at 0 oC. The reaction mixture was warmed to room temperature and stirred for 3 hours, quenched with saturated aqueous ammonium chloride, extracted with ethyl acetate (3 x 10 mL), washed with brine (20 mL), dried with magnesium sulfate and concentrated under reduced pressure to give the crude title compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 : 1) to give the title compound (529 mg, 1.88 mmol, 84%) as white crystals; mp 253-254 oC (lit.125 255 oC);  = -240 (c 0.51, DCM) [lit.: [α]D27 -248 (c 0.60, DCM)]; δH (400 MHz, CDCl3, Me4Si) 7.58-7.53 (2H, m, ArH), 7.40-7.27 (8H, m, ArH), 6.60 (1H, br s, NH), 4.33 [1H, d, J 3.5, CH(CH3)2], 1.90-1.80 [1H, m, CH(CH3)2], 0.91 [3H, d, J 6.8, CH(CH3)2], 0.86 [3H, d, J 6.8, CH(CH3)2]; δC 158.8 [CO2],  143.7 (ArC), 139.2 (2 x ArCH), 128.5 (ArC), 128.2 (ArCH), 128.1 (2 x ArCH), 127.7 (ArCH), 126.3 (ArCH), 125.7 (ArCH), 89.4 [C(CH3)3], 65.9 (CHN), 29.6 [C(CH3)3], 20.8 [CH(CH3)2], 15.6 [CH(CH3)2]. All data in accordance with literature values.125


 (2S)-2-(Phenylmethoxy)-propanoic acid ethyl ester  (178) 


A solution of (2S)-ethyl lactate (1.00 g, 8.47 mmol) in DCM (10 mL) was cooled to 0 oC and t-BuOK (0.95 g, 8.47 mmol) was added portion-wise over 10 min. After complete dissolution of the t-BuOK, BnBr (1.45 g, 8.47 mmol) was added dropwise over 10 min. The reaction was then warmed to room temperature and stirred for 14 hours before being quenched with sat. NH4Cl(aq) (10 mL) and extracted with DCM (3 × 10 mL). The combined organic extracts were dried over MgSO4 filtered and concentrated under reduced pressure to give a yellow oil which was purified by flash column chromatography on silica gel using petroleum ether 40/60 and ethyl acetate (4:1) as the eluent to give the benzyl ether (1.74 g, 96%) as a colourless oil;  -68.9 (c 1.01, CHCl3), [lit.127 -69.3 (c 1.00, CHCl3)]; δH (400 MHz; CDCl3) 7.41–7.30 (5H, m, PhH), 4.72 (1H, d, J 11.6, CHHPh), 4.48 (1H, d, J 11.6, CHHPh), 4.25–4.22 (2H, m, OCH2CH3), 4.08 (1H, q, J 6.8, CHO), 1.46 (3H, d, J 6.8, CH3CHO), 1.32 (3H, t, J 7.1, OCH2CH3); δC (100 MHz, CDCl3) 173.3 (C), 137.6 (ArC), 128.4 (2 × ArCH), 128.0 (2 × ArCH), 127.9 (ArCH), 74.1 (CHO), 72.0 (CH3CH2O), 60.9 (PhCH2), 18.7 (CH3CH2O), 14.3 (CH3CHO); m/z (ESI+) 226 (100%, [M+NH4]+), 209.1171 (66, [M+H]+ C12H17O3 requires 209.1172), 181 (13), 117 (6). All data in accordance with literature values.127


 Ethyl (2S)-2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]-propanoate (179) 


Imidazole (6.00 g, 87.5 mmol) was added in a single portion to a solution of (2S)-ethyl lactate (8.62 g, 72.9 mmol) in DCM (50 mL). After complete dissolution of the imidazole, TBDMSCl (11.0 g, 72.9 mmol) was added and the reaction mixture was stirred at room temperature for 16 hours before being quenched with H2O (60 mL) and extracted with DCM (3 × 20 mL). The combined organic extracts were washed with brine (30 mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give the silyl ether  (15.8 g, 67.8 mmol, 94%) as a colourless oil which did not require any further purification;  -31.3 (c 1.98 in CHCl3) [lit.127 -32.0 (c 1.98 in CHCl3)]; δH (400 MHz; CDCl3; Me4Si) 4.32 (1H, q, J 6.7, CHO), 4.22-4.15 (2H, m, OCH2CH3), 1.40 (3H, d, J 6.7, CH3CHO), 1.28 (3H, t, J 7.1, OCH2CH3), 0.91 (9H, s, t-Bu), 0.09 (3H, s, SiCH3), 0.08 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 174.2 (C), 68.4 (CHO), 60.7 (OCH2CH3), 25.7 [(CH3)3CSi], 21.3 (OCH2CH3), 18.3 (t-Bu), 14.2 (CH3CHO), -5.0 (SiCH3), -5.3 (SiCH3); m/z (ESI+) 233.1569 (13%, MH+.C11H25O3Si requires 233.1567), 217 (100), 189 (6), 173 (1), 156 (39). All data in accordance with literature values.127


(2S)-2-(Phenylmethoxy)-propanal (180) 


A solution of the ethyl ester (178, 2.9 g, 14.0 mmol) in diethyl ether (30 mL) was cooled to -78 oC. DIBAL-H (1M in hexane, 19.6 mmol, 19.6 mL) was added cautiously dropwise over 1h. The solution was stirred for a further 4h at -78OC before being quenched with MeOH (20 mL) and warmed to room temperature.  Saturated aqueous potassium sodium tartrate solution (50 mL) was then added and the mixture left to stir for 12 hours before being extracted with diethyl ether (3 × 10 mL). The organic extracts were dried with MgSO4, and concentrated under reduced pressure to give the crude aldehyde as a clear oil (2.18 g, 95%) which was used without further purification:  -52.6 (c 1.00 in CHCl3) [lit.128 -50.2 (c 1.00 in CHCl3)]; δH (400 MHz; CDCl3; Me4Si) 9.69 (1H, d, J 1.8, CHO), 7.40-7.31 (5H, m, PhH), 4.68 (1H, d, J 11.7, CHHPh), 4.63 (1H, d, J 11.7, CHHPh), 3.92 (1H, qd, J 6.9, 1.8, CHOBn), 1.36 (3H, d, J 6.9, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 203.4 (CHO), 137.4 (ArC), 128.6 (2 × ArCH), 128.1 (ArCH), 128.0 (ArCH), 79.5 (CH3CHO), 72.0 (CH2Ph), 15.3 (CH3CHO). All data in accordance with the literature.129
 


(2S)-2-[(1,1-Dimethylethyl)dimethylsilyl]oxy-propanal (117) 


A solution of the ethyl ester (179, 4.00 g, 17.2 mmol) in diethyl ether (70 mL) and cooled to -78oC. DIBAL-H (1M in hexane, 20 mmol, 20 mL) was added cautiously dropwise over 1 h. The solution was stirred for a further 4 h at -78 oC before being quenched with MeOH (40 mL) and warmed to room temperature. Saturated potassium sodium tartrate solution (60 mL) was then added and the mixture left to stir for 12 hours before being extracted with diethyl ether (3 × 15 mL). The organic extracts were dried with MgSO4, filtered, and concentrated under reduced pressure to give the crude aldehyde which was purified by flash column chromatography on silica gel using petroleum ether and ethyl acetate (19 : 1) to give the title compound (3.22 g, 92%) as a colourless oil;  -12.0 (c 1.00 in CHCl3) [lit. -12.6 (c 1.1 in CHCl3)]; vmax/cm-1 2954 (C-H), 2858 (C-H), 1750 (CO); δH (400 MHz; CDCl3; Me4Si) 9.64 (1H, d, J 1.2, CHO), 4.12 (1H, qd, J 6.9, 1.2, CHOSi), 1.30 (3H, d, J 6.9 Hz, CH3), 0.94 (9H, s, t-Bu), 0.12 (3H, s, SiCH3), 0.11 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 204.2 (CHO), 73.8 (CH3CHO), 25.7 (CH3CHO), 18.5 [SiC(CH3)3], 18.2 [SiC(CH3)3], -4.8 (SiCH3), -4.8(SiCH3); m/z (ESI+) 217 (100 %, MK+), 211.1131 (67, MNa+ C9H20O2SiNa+ requires 211.1130). All data in accordance with literature values.130


(αR)-N-[(2S)-2-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]propylidene-α-methyl-benzenemethanamine (191) 


(R)-(+)-α-Methylbenzylamine (0.46 g, 3.76 mmol) was added to a stirred solution of the aldehyde (117, 0.71 g, 3.76 mmol) in diethyl ether (5 mL) at 0 oC, followed by MgSO4 (reagent grade, 0.50 g). After 16 hours, the reaction mixture was filtered and concentrated to give the title compound as a light brown oil (0.88 g, 99%) which was used without further purification:  +47.0 (c 1.18 in CHCl3) [lit.131 +46.2 (c 1.20 in CHCl3); vmax/cm-1 1671 (CN); δH (400 MHz; CDCl3; Me4Si) 7.62 (1H, d, J 5.2, HC=N), 7.36-7.23 (5H, m, PhH), 4.38-4.35 (1H, m, CHO), 4.33-4.31 (1H, m, CH3CHN), 1.51 (3H, d, J 6.6, CH3CHN), 1.32 (3H, d, J 6.5, CH3CO), 0.86 (9H, s, t-Bu), 0.04 (3H, s, SiCH3), -0.01 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 166.3 (HC=N), 144.6 (ArC), 128.4 (2 × ArCH), 126.9 (ArCH), 126.6 (2 × ArCH), 70.7 (CH3CHN), 69.0 (CHO), 25.8 [SiC(CH3)3], 24.2 (CH3CHN), 21.7 (CH3CHO), 18.2 [SiC(CH3)3], -4.7 (SiCH3), -4.8 (SiCH3); m/z (ESI) 306 (14%), 305 (100), 293 (17, M+2H+), 292.2093 (69, MH+ [C17H30NOSi]H+ requires 292.2097), 290 (4). All data in accordance with literature values.131


(αS)-N-[(2S)-2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]propylidene-α-methyl-benzenemethanamine (192)


(S)-(-)-α-methylbenzylamine (0.46 g, 3.76 mmol) was added to a stirred solution of the aldehyde (117, 0.71 g, 3.76 mmol) in diethyl ether (5 mL) at 0 oC, followed by MgSO4 (reagent grade, 0.50 g). After 16 hours, the reaction mixture was filtered and concentrated to give the title compound as a light brown oil (0.93 g, 99 %) which was used without further purification:  -54.8 (c 1.18 in CHCl3) [lit.131 -55.2 (c 1.20 in CHCl3); vmax/cm-1 1673 (CN); δH (400 MHz; CDCl3; Me4Si) 7.64 (1H, d, J 5.2, HC=N), 7.37-7.23 (5H, m, PhH), 4.40 (1H, qd, J 6.5, 5.2, CHO), 4.33 (1H, q, J 6.6, CH3CHN), 1.52 (3H, d, J 6.6, CH3CHN), 1.28 (3H, d, J 6.5, CH3CO), 0.93 (9H, s, t-Bu), 0.11 (6H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 166.5 (HC=N), 144.6 (ArC), 128.4 (2 × ArCH), 126.8 (ArCH), 126.5 (2 × ArCH), 70.7 (CH3CHN), 69.0 (CHO), 25.8 [SiC(CH3)3], 24.2 (CH3CHN), 21.8 (CH3CHO), 18.5 [SiC(CH3)3], -4.5 Si(CH3), -4.7 Si(CH)3; m/z (ESI) 305 (63%), 293 (7), 292.2094 (100, MH+ [C17H30NOSi]H+ requires 292.2097). All data in accordance with literature values.131


(3S)-3-(Benzyloxy)-2-N-[(p-methoxybenzyl)amino]butanenitrile (184, 185)


MgSO4 (1.00 g) was added in a single portion to a solution of the aldehyde (180, 110 mg, 0.66 mmol) in DCM (1.0 mL). p-Methoxybenzyl amine (80 mg, 0.60 mmol) was added and the mixture was stirred at room temperature for 16 hours before being filtered and concentrated to give the crude imine which was immediately dissolved in DCM (1.0 mL). ZnI2 (20 mg, 0.06 mmol) was added, followed by TMSCN (0.11 mL, 0.79 mmol), and the mixture was left to stir for 24 hours. The reaction mixture was quenched with NH4Cl(aq) (1 mL), extracted with DCM (4 × 2 mL), dried with MgSO4, filtered and concentrated to give the crude α-aminonitrile as a dark brown oil (102 mg, 50 %, 1 : 1.2) which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) to give an analytically pure mixture of diastereoisomers as a clear oil:  +8.8 (c 2.40 in CHCl3); vmax (cm-1) 2111 (CN); δH (400 MHz; CDCl3; Me4Si) 7.40-7.28 (2H, m, ArH), 6.92-6.88 (2H, m, ArH), 4.76-4.49 (2H, m, ArCH2N), 4.11-4.06 (1H, m, ArCH2O), 3.87-3.76 (1H, m, ArCH2O), 3.83 (3H, s, ArOCH3), 3.53 (0.6H, d, J 4.0, CHCN), 3.46 (0.4H, d, J 4.0, CHCN), 1.37-1.35 (3H, m, CH3); δC (100 MHz; CDCl3; Me4Si) 159.1 (ArC), 137.7 (ArC), 137.7 (ArC), 130.3 (ArC), 130.3 (ArC), 129.7 (ArCH), 129.6 (ArCH), 128.5 (ArCH), 127.9 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 127.8 (ArCH), 119.0 (CN), 118.2 (CN), 114.0 (OCH3), 74.5 (CHCN), 71.5 (ArCH2O), 71.2 (ArCH2O), 55.3 (CHO), 54.3 (CHCN), 50.9 (ArCH2N), 50.8 (ArCH2N), 16.8 (CH3), 16.2 (CH3); m/z (ESI+) 311.1751 (100 %, MH+.C19H23N2O2 requires 311.17).


(3S)-3-(Benzyloxy)-2-N-[(p-methoxyphenyl)amino]butanenitrile  (186, 187)


MgSO4 (1.00 g) was added in a single portion to a solution of the aldehyde (180, 110 mg, 0.66 mmol) in DCM (1.0 mL). p-Methoxyphenyl amine (74 mg, 0.66 mmol) was added and the mixture was stirred at room temperature for 16 hours before being filtered and concentrated to give the crude imine which was immediately dissolved in DCM (1.0 mL). ZnI2 (21 mg, 0.06 mmol) was added, followed by TMSCN (78 mg, 0.79 mmol), and the mixture was left to stir for 24 hours. The reaction mixture was quenched with NH4Cl(aq) (1.0 mL), extracted with DCM (4 × 2 mL), dried with MgSO4, filtered and concentrated to give the crude α-aminonitrile as a brown oil (41 mg, 0.14 mmol, 21 %, 1 : 3.3) which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (19:1) to give an analytically pure mixture of diastereoisomers as a clear oil:  -17.6 (c 2.30), v-max(cm-1) 2089 (CN); δH (400 MHz; CDCl3; Me4Si) 7.45-7.34 (5H, m, ArH), 6.88-6.83 (2H, m, ArH), 6.73-6.66 (2H, m, ArH), 4.82-4.53 (2H, m, ArCH2O), 4.15-4.12 (1H, m, CHCN), 4.08-4.03 (1H, m, CHO), 3.98-3.93 (1H, m, NH), 3.79-3.78 (3H, m, OCH3), 1.49-1.42 (3H, m, CH3); δC (100 MHz; CDCl3; Me4Si) 153.9 (ArC), 138.9 (ArC), 137.3 (ArC), 128.6 (ArCH), 128.2 (ArCH), 128.0 (ArCH), 128.0 (ArCH), 118.9 (CN), 117.7 (CN), 116.4 (ArCH), 116.1 (ArCH), 115.0 (OCH3), 73.8 (CHCN), 71.8 (ArCH2O), 71.2 (ArCH2O), 55.7 (CHCN), 53.1 (CHO), 51.9 (CHO), 16.7 (CH3), 16.6 (CH3); m/z (ESI+) 297.1597 (100 %, MH+.C18H21N2O2 requires 296.15), 297 (23), 214 (34).


(3S)-3-[(t-Butyldimethylsilyl)oxy]-2-N-[(p-methoxybenzyl)amino]butanenitrile (188, 189)


MgSO4 (1.00 g) was added in a single portion to a solution of the aldehyde (117, 294 mg, 1.56 mmol) in DCM (2.5 mL). p-Methoxybenzyl amine (206 mg, 1.50 mmol) was added and the mixture was stirred at room temperature for 16 hours before being filtered and concentrated to give the crude imine which was immediately dissolved in DCM (2.5 mL). ZnI2 (51 mg, 0.16 mmol) was added, followed by TMSCN (0.23 mL, 1.87 mmol), and the mixture was left to stir for 24 hours. The reaction mixture was quenched with NH4Cl(aq) (2.5 mL), extracted with DCM (4 × 2 mL), dried with MgSO4, filtered and concentrated to give the crude α-aminonitriles as a brown oil (438 mg, 84 %, 1 : 1.4) which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) to give analytically pure diastereoisomers  as clear oils:  +78.0 (c 2.00 in CHCl3); vmax (cm-1) 2241 (CN); δH (400 MHz; CDCl3; Me4Si) A: 7.30 (2H, d, J 8.6 Hz, ArH), 6.90 (2H, d, J 8.6 Hz, ArH), 4.14-4.07 (2H, m, PhCH2NH/CHOSi), 3.83 (3H, s, ArOMe), 3.77 (1H, d, J 12.8 Hz, ArCHNH), 3.38 (1H, d, J 3.4 Hz, CHCN), 1.81 (1H, s (br), NH), 1.30 [3H, d, J 6.2 Hz, CH3], 0.92 [9H, s, (CH3)3C], 0.14 [3H, s, Si(CH3)2], 0.11 [3H, s, Si(CH3)2]; B: 7.33-7.28 (2H, m, ArH), 6.92 (2H, m, ArH), 4.11-4.05 (2H, m, PhCH2NH/CHOSi), 3.85 (2H, m, PhCH2), 3.82 (3H, s, PhOMe), 3.40 (1H, d, J 3.0 Hz, CHCN), 1.32 (3H, d, J 6.2, CH3), 0.92 [9H, s, (CH3)3C], 0.13 [3H, s, Si(CH3)2], 0.12 [3H, s, Si(CH3)2]; δC (100 MHz; CDCl3; Me4Si) A: 159.0 (ArC), 130.0 (C≡N), 129.5 (2 × ArCH), 119.3 (ArC), 113.9 (2 × ArCH), 68.8 (CHOSi), 56.1 (ArOCH3), 55.3 (CHCN), 50.9 (ArCH2), 25.7 [C(CH3)3], 20.1 (CH3), 18.0 [C(CH3)3], -4.5 (SiCH3), -4.9 (SiCH3); B: 161.3 (ArC), 139.4 (C≡N), 129.8 (2 × ArCH), 122.9 (ArC), 114.0 (2 × ArCH), 68.8 (CHOSi), 56.8 (ArOCH3), 55.3 (CHCN), 50.8 (ArCH2), 25.7 [C(CH3)3], 21.0 (CH3), 17.2 [C(CH3)3], -4.3 (SiCH3), -4.7 (SiCH3); m/z (ESI+) 335.2174 (100 %, MH+.C18H31N2O2Si requires 335.22), 336 (25), 308 (22).
(3S)-3-(t-Butyldimethylsilyloxy)-2-N-[(p-methoxyphenyl)amino]butanenitrile (175, 190)


MgSO4 (1.00 g) was added in a single portion to a solution of the aldehyde (117, 294 mg, 1.56 mmol) in DCM (2.5 mL). p-Methoxyphenyl amine (185 mg, 1.50 mmol) was added and the mixture was stirred at room temperature for 16 hours before being filtered and concentrated to give the crude imine which was immediately dissolved in DCM (2.5 mL). ZnI2 (51 mg, 0.16 mmol) was added, followed by TMSCN (2.3 mL, 1.87 mmol), and the mixture was left to stir for 24 hours. The reaction mixture was quenched with NH4Cl(aq) (1.0 mL), extracted with DCM (4 × 2.0 mL), dried with MgSO4, filtered, and concentrated to give the crude major and minor diastereoisomers of the α-aminonitrile as a pink oil (375 mg, 1.17 mmol, 75 %, 1 : 1.2) which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (19:1) to give an analytically pure mixture of diastereoisomers as a clear oil:  +46.1 (c 3.40 in CHCl3); vmax(cm-1) 2241 (CN); δH (400 MHz; CDCl3; Me4Si) 6.88-6.84 (2H, m, ArCH), 6.75-6.70 (2H, m ArCH), 4.36-4.15 (1H, m, CHCN), 4.08-4.02 (1H, m, CHO), 3.97-3.91 (1H, m, NH), 3.79 (3H, s, OCH3), 1.44-1.37 (3H, m, CH3), 0.97 [9H, s, C(CH3)3], 0.21-0.18 [6H, m, Si(CH3)2]; δC (100 MHz; CDCl3; Me4Si) 153.9 (ArC), 139.0 (ArC), 119.1 (CN), 118.7 (CN), 116.4 (2 × ArCH), 116.1 (2 × ArCH), 115.0 (2 × ArCH), 115.0 (2 × ArCH), 68.8 (CHO), 68.6 (CHO), 55.7 (ArOCH3), 54.7 (CHCN), 53.5 (CHCN), 25.8 [C(CH3)3], 21.0 (CH3), 20.5 (CH3), 18.0 [C(CH3)3], -4.4 (SiCH3), -4.9 (SiCH3); m/z (ESI+) 321.1993 (100 % MH+.C17H29N2O2Si requires 321.19).


(2R,3S)-3-[(t-Butyldimethylsilyl)oxy]-2-{[(1R)-1-phenylethyl]amino}butanenitrile 193 & (2S,3S) 194


TMSCN (0.26 mL, 2.06 mmol) was added to a solution of the imine (191, 0.50 g, 1.71 mmol) in DCM (3 mL) followed by ZnI2 (0.054 g, 0.17 mmol). The reaction mixture was quenched after 24 hours with NH4Cl(aq) (10 mL) and extracted with DCM (3 × 5 mL). The combined organic extracts were dried and concentrated under reduced pressure to give the crude α-aminonitrile (0.53 g, 96%) as a mixture of diastereoisomers (syn:anti 3.6:1) which was purified by column chromatography on silica using toluene as the eluent to give the title compounds as clear oils: 193:  +45.9 (c 0.98 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.40-7.21 (5H, m, ArH), 4.11 (1H, q, J 6.5, CH3CHN), 3.95 (1H, qd, J 6.2, 3.8, CHO), 3.07 (d, 1H, J 3.8 Hz, CHCN), 1.40 (3H, d, J 6.5, CH3CHN), 1.26 (3H, d, J 6.2, CH3CHO), 0.96 (s, 9H, t-Bu), 0.17 (s, 3H, SiCH3), 0.14 (s, 3H, SiCH3); δC (100 MHz; CDCl3; Me4Si) 143.1 (ArC), 128.6 (2 × ArCH), 127.6 (ArCH), 126.6 (2 × ArCH), 119.6 (CN), 68.6 (CH3CHN), 55.9 (CHCN), 55.8 (CHOSi), 25.7 [SiC(CH3)3], 22.2 (CH3CHN), 21.1 (CH3CHO) 18.0 [SiC(CH3)3], -4.3 (SiCH3), -4.9 (SiCH3); m/z (ESI+) 319.2196 (100 %, MH+.C18H31N2OSi requires 319.2200), 292 (3), 215 (1), 188 (50). 194:  +142.0 (c 0.98 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.39-7.30 (5H, m, ArH), 4.10 (1H, q, J 6.5, CH3CHN), 4.03 (1H, qd, J 6.2, 3.6, CHO), 3.13 (1H, d, J 3.6, CHCN), 1.58 (1H, s (br), NH), 1.44 [3H, d, J 6.5, CH3CHN], 1.28 (3H, d, J 6.2, CH3CHO), 0.92 (9H, s, t-Bu), 0.11 (3H, s, SiCH3), 0.09 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 143.6 (ArC), 128.7 (2 × ArCH), 127.5 (ArCH), 126.8 (2 × ArCH), 119.6 (CN), 68.8 (CH3CHN), 56.1 (CHCN), 54.9 (CHO), 25.8 [SiC(CH3)3], 25.1 (CH3CHN) 20.0 [SiC(CH3)3], 18.0 (CH3CHO), -4.5 (SiCH3), -5.0 (SiCH3); m/z (ESI+) 319.2230 (100 %, MH+. C18H31N2OSi requires 319.2200), 188 (36).
(2R,3S)-3-[(t-Butyldimethylsilyl)oxy]-2-{[(1S)-1-phenylethyl]amino}butanenitrile 195 & (2S,3S) 196


[bookmark: _GoBack]TMSCN (0.26 mL, 2.06 mmol) was added to a solution of the imine (192, 0.50 g, 1.71 mmol) in DCM (3 mL) followed by ZnI2 (0.054 g, 0.17 mmol). The reaction mixture was quenched after 24 hours with NH4Cl(aq) (10 mL) and extracted with DCM (3 × 5 mL). The combined organic extracts were dried and concentrated under reduced pressure to give the crude α-aminonitrile (0.51 g, 93 %) as a mixture of diastereoisomers (syn:anti 1:7.0) which was purified by column chromatography on silica using toluene as the eluent to give the title compounds as clear oils: 195:  -5.1 (c 1.20 in CHCl3); vmax/cm-1 2933 (C-H), 2860 (C-H), 1467 (C=C), 1254 (C-N); δH (400 MHz; CDCl3; Me4Si) 7.42-7.28 (5H, m, ArH), 4.14 (1H, qd, J 6.2, 3.9, CHO), 4.05 (1H, q, J 6.4, CH3CHN), 3.60 (d, 1H, J 3.9, CHCN), 1.37 (3H, d, J 6.4, CH3CHN), 1.34 (3H, d, J 6.2, CH3CHO), 0.91 (9H, s, t-Bu), 0.14 (3H, s, SiCH3), 0.12 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 144.6 (ArC), 128.7 (ArCH × 2), 127.6 (ArCH), 126.7 (ArCH × 2), 119.2 (CN), 68.9 (CH3CHN), 56.2 (CHCN), 55.1 (CHO), 25.7 [SiC(CH3)3], 22.1 (CH3CHN), 20.0 (CH3CHO), 18.0 [SiC(CH3)3], -4.5 (SiCH3), -4.9 (SiCH3); m/z (ESI+) 319.2196 (100 %, MH+ C18H31N2OSi requires 319.2225), 188 (48). 196:  -24.0 (c 1.20 in CHCl3); vmax/cm-1 2933 (C-H), 2860 (C-H), 1467 (C=C), 1254 (C-N); δH (400 MHz; CDCl3; Me4Si) 7.42-7.28 (5H, m, ArCH), 4.14 (1H, qd, J 6.2, 3.9, CHO), 4.05 (1H, q, J 6.4, CH3CHN), 3.60 (1H, d, J 3.9, CHCN), 1.37 (3H, d, J 6.4, CH3CHN), 1.34 (3H, d, J 6.2, CH3CHO), 0.91 (9H, s, t-Bu), 0.14 (3H, s, SiCH3), 0.12 (3H, s, SiCH3); δC (100 MHz; CDCl3; Me4Si) 144.6 (ArC), 128.7 (ArCH × 2), 127.6 (ArCH), 126.7 (ArCH × 2), 119.2 (CN), 68.9 (CH3CHN), 56.2 (CHCN), 55.1 (CHO), 25.7 [SiC(CH3)3], 22.06 (CH3CHN), 20.02 (CH3CHO), 18.0 [SiC(CH3)3], -4.5 (SiCH3), -4.9 (SiCH3); m/z (ESI+) 319.2196 (100 %, MH+ C18H31N2OSi requires 319.2225), 188 (48).
(2S,3S)-3-Hydroxy-2-{[(1R)-1-phenylethyl]amino}-butanenitrile (197)


A solution of the silyl ether (194, 798 mg, 2.5 mmol) in THF was cooled to 0oC and TBAF (1M in THF, 2.5 mL, 2.5 mmol) was added dropwise. The reaction mixture was stirred for 3 hours before being concentrated, dissolved in DCM (5 mL), quenched with H2O (10 mL), and extracted with DCM (3 × 5 mL). The combined organic extracts were washed with K2CO3(aq) (10 mL) and extracted with DCM (3 × 5 mL), dried, and concentrated under reduced pressure to give a yellow oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) as the eluent to give the alcohol (426 mg, 83 %) as a colourless oil:  +29.0 (c 0.30 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.39-7.28 (5H, m, ArH), 4.13 (1H, q, J 6.5 CH3CHN), 3.89 (1H, m, CH3CHO), 3.04 (1H, d, J 7.1, CHCN), 1.45 (3H, d, J 6.5, CH3CHN), 1.31 (3H, d, J 6.2, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 142.9 (ArC), 128.8 (2 × ArCH), 127.8 (ArCH), 127.0 (2 × ArCH), 116.4 (CN), 68.1 (CH3CHN), 56.4 (CHCN), 55.3 (CHO), 25.0 (CH3CHN), 20.3 (CH3CHO); m/z (ESI+) 205.1336 (100 %, MH+. C12H16N2O requires 205.1335), 105 (68), 101 (33).


(4S,5S)-5-Methyl-2-oxo-3-[(1R)-1-phenylethyl]-1,3-oxazolidine-4-carbonitrile (198)


Triphosgene (98 mg, 0.29 mmol) and Et3N (132 mg, 1.31 mmol) were added sequentially to a solution of the alcohol (197, 178 mg, 0.87 mmol) in DCM (3 mL) at 0 oC. The reaction mixture was stirred at room temperature for 48 hours before being quenched with NH4Cl(aq) (4 mL) and extracted with DCM (5 × 4 mL). The combined organic extracts were dried with MgSO4 and concentrated under reduced pressure to give a brown oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (3:1) as the eluent to give the title compound (171 mg, 85 %) as a white solid: m.p. 114-117 oC;  +26.4 (c 0.35 in CHCl3); νmax/cm-1 3058 (C-H), 2987 (C-H), 2306 (C≡N), 1763 (C=O); δH (400 MHz; CDCl3; Me4Si); 7.47-7.36 (5H, m, ArH), 5.15 (1H, q, J 7.1, CH3CHN), 4.72 (1H, qd, J 6.2, 5.1, CH3CHO), 4.05 (1H, d, J 5.1, CHCN), 1.75 (3H, d, J 7.1, CH3CHN), 1.50 (3H, d, J 6.2, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 155.4 (ArC), 138.3 (C≡N), 129.0 (2 × ArCH), 128.9 (ArCH), 127.5 (2 × ArCH), 115.2 [NC(O)O], 73.5 (CHPh), 53.3 (CHC≡N), 50.2 [CH(O)], 20.1 (CH3CHPh), 16.8 (CH3CO); m/z (ESI+) 231.1126 (100 %, MH+.C13H14N2O2 requires 231.1128), 127 (20), 106 (4), 105 (56). 


(2S,3S)-3-Hydroxy-2-{[(1S)-1-phenylethyl]amino}-butanenitrile (199)


A solution of the silyl ether (196, 890 mg, 2.8 mmol) in THF was cooled to 0oC and TBAF (1M in THF, 2.8 mL, 2.8 mmol) was added dropwise. The reaction mixture was stirred for 3 hours before being concentrated, dissolved in DCM (5 mL), quenched with H2O (10 mL), and extracted with DCM (3 × 5 mL). The combined organic extracts were washed with K2CO3(aq) (10 mL) and eⅹtracted with DCM (3 × 5 mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give a yellow oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) as the eluent to give the title compound (486 mg, 85 %) as a colourless oil:  -3.6 (c 0.35 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.39-7.28 (5H, m, ArH), 4.11 (1H, q, J 6.5, CH3CHN), 3.96 (1H, qd, J 6.4, 3.6, CH3CHO), 3.17 (1H, d, J 3.6, CHCN), 2.30 (2H, br s, OH/NH), 1.44 (3H, d, J 6.5, CH3CHN), 1.32 (3H, d, J 6.4, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 143.0 (ArC), 128.8 (2 × ArCH), 127.8 (ArCH), 127.0 (2 × ArCH), 118.3 (CN), 68.1 (CH3CHN), 56.4 (CHCN), 55.4 (CHO), 24.9 (CH3CHN), 20.3 (CH3CHO); m/z (ESI+) 205.1336 (100%, MH+.C12H16N2O requires 205.1335) 105 (46), 101 (38).


(4S,5S)-5-Methyl-2-oxo-3-[(1S)-1-phenylethyl]-1,3-oxazolidine-4-carbonitrile (200)


Triphosgene (98 mg, 0.29 mmol) and Et3N (132 mg, 1.31 mmol) were added sequentially to a solution of the alcohol (199, 178 mg, 0.87 mmol) in DCM (3 mL) at 0 oC. The reaction mixture was stirred at room temperature for 48 hours before being quenched with NH4Cl(aq) (4 mL) and extracted with DCM (5 × 4 mL). The combined organic extracts were dried with MgSO4 and concentrated under reduced pressure to give a brown oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (3:1) as the eluent to give the title compound (180 mg, 90%) as a white solid: m.p. 113–116 oC;  +22.1 (c 0.30 in CHCl3); νmax/cm-1 3055 (C-H), 2987 (C-H), 2306 (C≡N), 1765 (C=O), 1266 (C-N); δH (400 MHz; CDCl3; Me4Si) 7.58-7.48 (5H, m, ArH), 5.37 (1H, q, J 7.3, CH3CHN), 4.73 (1H, qd, J 6.3, 4.8, CH3CHO), 3.55 (1H, d, J 4.8, CHCN), 1.83 (3H, d, J 7.3, CH3CHN), 1.31 (3H, d, J 6.3, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 163.7 (ArC), 137.7 (CN), 129.3 (2 × ArCH), 128.9 (ArCH), 127.4 (2 × ArCH), 117.2 [NC(O)O], 73.5 (CH3CHN), 53.2 (CHCN), 48.9 (CHO), 20.1 (CH3CHN), 16.4 CH3CHO); m/z (ESI+) 231.1127 (100 %, MH+.C13H14N2O2 requires 231.1128), 127 (18), 105 (50).


(2S,3R)-3-Hydroxy-2-{[(1R)-1-phenylethyl]amino}-butanenitrile (201)


A solution of the silyl ether (193, 890 mg, 2.8 mmol) in THF was cooled to 0 oC and TBAF (1M in THF, 2.8 mL, 2.8 mmol) was added dropwise. The reaction mixture was stirred for 3 hours before being concentrated, dissolved in DCM (5 mL), quenched with H2O (10 mL), and extracted with DCM (3 × 5 mL). The combined organic extracts were washed with K2CO3(aq) (10 mL) and extracted with DCM (3 × 5 mL), dried, and concentrated under reduced pressure to give a yellow oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) as the eluent to give the title compound (486 mg, 85 %) as a colourless oil:  +4.5 (c 0.30 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.40-7.28 (5H, m, ArH), 4.07-4.02 (2H, m, CH3CHN/CH3CHO), 3.61 (1H, d, J 3.2, CHCN), 1.42 (3H, d, J 6.5 CH3CHN), 1.40 (3H, d, J 6.3, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 142.8 (ArC), 128.8 (2 × ArCH), 127.7 (ArCH), 127.0 (2 × ArCH), 118.3 (CN), 61.3 (CH3CHN), 56.4 (CHCN), 55.3 (CHO), 22.5 (CH3CHN), 22.2 (CH3CHO); m/z (ESI+) 205.1336 (100 %, MH+. C12H16N2O requires 205.1335), 105 (44), 101 (41).


(4R,5S)-5-Methyl-2-oxo-3-[(1R)-1-phenylethyl]-1,3-oxazolidine-4-carbonitrile (202)


Triphosgene (98 mg, 0.29 mmol) and Et3N (132 mg, 1.31 mmol) were added sequentially to a solution of the alcohol (201, 178 mg, 0.87 mmol) in DCM (3 mL) at 0 oC. The reaction mixture was stirred at room temperature for 48 hours before being quenched with NH4Cl(aq) (4 mL) and extracted with DCM (5 × 4 mL). The combined organic extracts were dried with MgSO4 and concentrated under reduced pressure to give a brown oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (3:1) as the eluent to give the title compound (162 mg, 80%) as a white solid: m.p. 111–114 oC;  +4.2 (c 0.38 in CHCl3); νmax/cm-1 3058 (C-H), 2987 (C-H), 2306 (C≡N), 1763 (C=O); δH (400 MHz; CDCl3; Me4Si) 7.46-7.36 (5H, m, ArCH), 5.30 (1H, q, J 7.2, CH3CHN), 4.58 (1H, dq, J 7.8, 6.4, CH3CHO), 4.08 (1H, d, J 7.8, CHCN), 1.82 (3H, d, J 7.2,CH3CHN), 1.60 (3H, d, J 6.4, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 155.6 (ArC), 137.8 (CN), 129.3 (2 × ArCH), 128.8 (ArCH), 127.4 (2 × ArCH), 115.4 [NC(O)O], 70.8 (CH3CHN), 53.3 (CHCN), 48.8 (CHO), 17.2 (CH3CHN), 16.2 (CH3CHO); m/z (ESI+) 231.1127 (100 %, MH+.C13H14N2O2 requires 231.1128), 127 (19), 105 (43).


(2R,3S)-3-Hydroxy-2-{[(1S)-1-phenylethyl]amino}-butanenitrile (203)


A solution of the silyl ether (195, 893 mg, 2.8 mmol) in THF was cooled to 0oC and TBAF (1M in THF, 2.8 mL, 2.8 mmol) was added dropwise. The reaction mixture was stirred for 3 hours before being concentrated, dissolved in DCM (5 mL), quenched with H2O (10 mL), and extracted with DCM (3 × 5 mL). The combined organic extracts were washed with K2CO3(aq) (10 mL) and extracted with DCM (3 × 5 mL), dried with MgSO4, filtered, and concentrated under reduced pressure to give a yellow oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (4:1) as the eluent to give the title compound (503 mg, 88 %) as a colourless oil:  -18.0 (c 0.30 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.39-7.29 (5H, m, ArCH), 4.11 (1H, q, J 6.5, CH3CHN), 3.99-3.93 (1H, m, CH3CHO), 3.18 (1H, d, J 3.6, CHCN), 2.01 (2H, s (br), OH/NH), 1.44 (3H, d, J 6.5, CH3CHN), 1.33 (3H, d, J 6.4, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 143.0 (ArC), 128.8 (2 × ArCH), 127.8 (ArCH), 127.0 (2 × ArCH), 118.3 (CN), 68.2 (CH3CHN), 56.4 (CHCN), 55.3 (CHO), 24.9 (CH3CHN), 20.3 (CH3CHO); m/z (ESI+) 205.1336 (100 %, MH+. C12H16N2O requires 205.1335), 105 (55), 101 (41).


(4R,5S)-5-Methyl-2-oxo-3-[(1S)-1-phenylethyl]-1,3-oxazolidine-4-carbonitrile (204)


Triphosgene (98 mg, 0.29 mmol) and Et3N (132 mg, 1.31 mmol) were added sequentially to a solution of the alcohol (203, 178 mg, 0.87 mmol) in DCM (3 mL) at 0 oC. The reaction mixture was stirred at room temperature for 48 hours before being quenched with NH4Cl(aq) (4 mL) and extracted with DCM (5 × 4 mL). The combined organic extracts were dried with MgSO4 and concentrated under reduced pressure to give a brown oil which was purified by column chromatography on silica using petroleum ether 40/60 and ethyl acetate (3:1) as the eluent to give the title compound (183 mg, 92%) as a white solid: m.p. 112-113 oC;  +13.0 (c 0.40 in CHCl3); vmax/cm-1 3055 (C-H), 2987 (C-H), 2306 (C≡N), 1765 (C=O), 1266 (C-N); δH (400 MHz; CDCl3; Me4Si) 7.47-7.37 (5H, m, ArCH), 5.12 (1H, q, J 7.1, CH3CHN), 4.72 [1H, dq, J 7.7, 6.4, CH3CHO], 4.50 (1H, d, J 7.7, CHCN), 1.77 [3H, d, J 7.1, CH3CHN], 1.60 (3H, d, J 6.4, CH3CHO); δC (100 MHz; CDCl3; Me4Si) 155.6 (ArC), 138.4 [NC(O)O], 129.0 (2 × ArCH), 128.9 (ArCH), 127.5 (2 × ArCH), 113.4 (CN), 70.6 (CH3CHN), 53.6 (CHCN), 50.1 (CHO), 17.6 (CH3CHN), 17.3 [CH3CHO]; m/z (ESI+) 231.1128 (100 %, MH+.C13H14N2O2 requires 231.1128), 127 (19), 121 (14), 105 (44).


L-Threonine methyl ester hydrochloride (216) 


SOCl2 (41.4 mL, 0.57 mol) was added dropwise to a 0oC solution of L-threonine (88, 56.7 g, 0.48 mol) in methanol (333 mL). The solution was allowed to warm to room temperature and stirred for 16 hours before being concentrated under reduced pressure. The crude compound was redissolved in MeOH and concentrated a further 2 times to remove excess HCl, giving the title compound as a pale yellow gum (81.0 g, >99 %) which did not require further purification:  -9.3 (c 2.00 in MeOH) [lit.132 -9.4 (c 2.00 in MeOH)]; δH (400 MHz; DMSO; Me4Si) 8.52 (3H, s, NH3Cl), 5.68 (1H, d, J 5.4, CHCO2CH3), 4.15-4.11 (1H, m, CHOH), 3.91 (1H, d, J 3.9, OH), 3.74 (3H, s, CO2CH3), 1.21 (3H, d, J 6.6, CH3); δC (100 MHz; DMSO; Me4Si) 169.1 (CO2CH3), 65.6 (CHNH3Cl), 58.4 (CO2CH3), 53.2 (CHOH), 20.4 (CH3); m/z (ESI) 137 (8), 135 (10), 134.0806 (100 %, MH+.C5H11NO3 requires 134.0812), 116 (12). All data in accordance with literature values.132


N-Benzoyl L-threonine methyl ester (210) 


NEt3 (94 mL, 0.76 mol) and BzCl (39.0 g, 0.28 mol) were added at 0 oC to a solution of L-threonine methyl ester hydrochloride (216, 42.7 g, 252 mmol) in MeOH (200 mL). The reaction mixture was stirred at room temperature for 18 hours, diluted with H2O (200 mL) and EtOAc (200 mL), and extracted with EtOAc (3 x 200 mL). The combined organics were washed with brine (200 mL), dried with MgSO4, filtered and concentrated to give the title compound (56.2 g, 237 mmol, 95 %) as white crystals which did not require any further purification: m.p. 96-98 oC (lit.108 97-98 oC);  +23.0 (c 1.00 in CHCl3) [lit.133 +22.6 (c 1.00 in CHCl3)]; δH (400 MHz; CDCl3; Me4Si) 7.87-7.84 (2H, m, ArCH), 7.55-7.51 (1H, m, ArCH), 7.46-7.42 (2H, m, ArCH), 7.07 (1H, d, J 8.6, NH), 4.83 (1H, dd, J 8.6, 2.4, CHN), 4.46 (1H, qd, J 6.4, 2.4, CHO), 3.80 (3H, s, CO2CH3), 2.88 (1H, br s, OH), 1.29 (3H, d, J 6.4, CH3); δC (100 MHz; CDCl3; Me4Si) 171.6 (CO2CH3), 168.0 (CONH), 133.7 (ArC), 131.9 (ArCH), 128.6 (2 x ArCH), 127.2 (2 x ArCH), 68.2 (CHN), 57.7 (CHO), 52.6 (CO2CH3), 20.1 (CH3); m/z (ESI) 276 (3 %), 249 (5), 238 (78, MH+), 260.0893 (100, MNa+.C12H15NO4 requires 260.0893). All data in accordance with literature values.108


(4S,5S)-4,5-Dihydro-5-methyl-2-phenyl-4-oxazolecarboxylic acid methyl ester (211) 


The methyl ester (210, 5.00 g, 21.1 mmol) was added slowly to a stirred solution of SOCl2 (15.3 mL, 211 mmol) at 0 oC while the internal temperature was monitored to ensure no rise above 3 oC. The reaction vessel was then sealed under N2 and transferred to a 4 oC fridge for 5 days. The reaction mixture was then concentrated under reduced pressure and redissolved in CHCl3 (30 mL) and poured slowly into sat. K2CO3(aq) (150 mL). The aqueous phase was extracted with CHCl3 (3 x 20 mL) and the combined organics were washed with H2O (50 mL) and brine (50 mL), dried with Na2SO4, filtered, and concentrated to give the title compound (3.84 g, 1.75 mmol, 83 %) as an orange oil which did not require any further purification:  +42.6 (c 8.50 in EtOH) [lit. +69.4 (c 8.50 in EtOH)]; δH (400 MHz; MeOH; Me4Si) 8.01-7.99 (2H, m, ArCH), 7.54-7.41 (3H, m, ArCH), 5.13-5.00 (2H, m, CHN & CHO), 3.80 (3H, s, CO2CH3), 1.40 (3H, d, J 6.3, CH3); δC (100 MHz; MeOH; Me4Si) 170.5 (CO2CH3), 166.2 (ArCC), 131.9 (ArCH), 128.6 (2 x ArCH), 128.4 (2 x ArCH), 127.2 (ArC), 77.7 (CO2CH3), 71.8 (CHN), 52.2 (CHO), 16.3 (CH3). Data in accordance with literature values except , see page 60 for discussion.110


L-allo-Threonine hydrochloride (99’)


The oxazoline methyl ester (211, 28.9 g, 133 mmol) was dissolved in 6 N HCl(aq) (325 mL) and heated at reflux for 12 hours. After cooling to room temperature, the solution was washed with Et2O (3 x 100 mL) and concentrated under reduced pressure to provide the title compound as a pink wax (19.2 g, 123 mmol, 93%) which did not require further purification;  +18.1 (c 1.00 in MeOH); νmax (KBr plates)/cm-1 3122, 1635, 1490, 1465; δH (400 MHz, MeOD, Me4Si) 4.91 (3H, br s, NH3Cl), 4.32 (1H, qd, J 6.6, 3.6, CHO), 4.03 (1H, d, J 3.6, CHN), 1.29 (3H, d, J 6.6, CH3); δC (100 MHz, MeOD, Me4Si) 168.2 (CO2H), 64.8 (CHO), 57.9 (CHN), 16.7 (CH3); m/z (ESI) 134 (14%), 120.0655 (100, MH+.C4H10NO3 requires 120.0700), 102 (22), 84 (3), 74 (6).


L-allo-Threonine methyl ester hydrochloride (226)


L-allo-Threonine hydrochloride (99’, 18.77 g, 121 mmol) was dissolved in MeOH (125 mL) and added dropwise to a stirred solution of SOCl2 (9.61 mL, 133 mmol) in MeOH (50 mL) at 0 oC. The mixture was then heated at reflux for 18 hours, cooled to room temperature, and concentrated to provide the title compound (2.643 g, 15.6 mmol, 94 %) as a waxy red oil which did not require any further purification;  +10.0 (c 1.00 in MeOD); vmax (KBr plates)/cm-1 3463, 1723, 1218; δH (400 MHz, MeOD, Me4Si) 5.04 (3H, br s, NH3Cl), 4.28 (1H, qd, J 6.6, 3.5, CHO), 4.11 (1H, d, J 3.5, CHN), 3.87 (3H, s, CO2CH3), 1.29 (3H, d, J 6.6, CH3); δC (100 MHz, MeOD, Me4Si) 167.4 (CO2CH3), 65.1 (CHO), 58.0 (CHN), 52.2 (CO2CH3), 17.3 (CH3); m/z (ESI) 134.0806 (100%, MH+.C5H13NO3 requires 134.0812), 116 (15), 84 (2), 74 (1).


N-[(1,1-Dimethylethoxy)carbonyl]-L-allo-threonine methyl ester (227) 


Boc2O (9.28 g, 42.5 mmol) and NEt3 (8.60 g, 85.0 mmol) were added to a solution of the hydrochloride salt (226, 7.23 g, 42.6 mmol) in DCM (32.8 mL). The solution was stirred at room temperature for 18 hours then quenched with H2O (64 mL) and extracted with DCM (3 x 50 mL). The combined organic layers were washed with brine (60 mL), dried with Na2SO4, filtered, and concentrated to give the title compound (9.64 g, 41.3 mmol, 97 %) as a brown oil which did not require any further purification:  -18.0 (c 1.10 in MeOH) [lit. -18.0 (c 1.10 in MeOH)]; δH (400 MHz; CDCl3; Me4Si) 5.50 (1H, d, J 4.8, OH), 4.41 (1H, br s, NH), 4.16 (1H, br s, CHNH), 3.80 (3H, s, CO2CH3), 1.75 (1H, br s, CHOH), 1.47 [9H, s, C(CH3)3], 1.20 (3H, d, J 6.3, CH3); δC (100 MHz; CDCl3; Me4Si) 171.1 (CO2CH3), 156.2 (CONH), 80.6 [C(CH3)3], 69.1 (CHN), 59.0 (CHO), 52.6 (CO2CH3), 28.3 [C(CH3)3], 18.8 (CH3); m/z (ESI) 256.1157 (23 %, MNa+.C10H19NO5 requires 256.1155), 178 (100). All data in accordance with literature values.134


(4S,5S)-3-(1,1-dimethylethyl)-2,2,5-trimethyl-3,4-oxazolidinedicarboxylic acid 4-methyl ester (228)


BF3.OEt2 (1.94 g, 13.7 mmol) was added at 0 oC  to a solution of 2,2-DMP (170 mL), acetone (25 mL) and alcohol (227, 16.0 g, 68.4 mmol) in DCM (100 mL). The reaction mixture was stirred for 16 hours, poured into NaHCO3(aq) (250 mL), extracted with DCM (5 x 100 mL), washed with brine (250 mL), dried with MgSO4, filtered and concentrated to provide the crude title compound as a brown oil which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (9 : 1) to give the title compound (18.6 g, 68.0 mmol, 99%) as a 1.5 : 1 mixture of rotamers as a yellow oil;  -8.1 (c 1.00 in CHCl3) [lit.135 -16.1 (c 2.10 in CHCl3)]; δH (400 MHz; CDCl3; Me4Si) 4.40-4.26 (2H, m, CH3CHO, CHCO2CH3), 3.73 (3H, s, CO2CH3), 1.71 [1.8H, s, C(CH3)2 major rotamer], 1.68 [1.2H, s, C(CH3)2 minor rotamer], 1.51 [1.8H, s, C(CH3)2 major rotamer], 1.49 [1.2H, s, C(CH3)2 minor rotamer], 1.47 [3.6H, s, C(CH3)3 minor rotamer], 1.38 [5.4H, s, C(CH3)3 major rotamer], 1.23-1.21 (3H, m, CH3); δC (100 MHz; CDCl3; Me4Si) 170.7 (CO2CH3 major rotamer), 170.4 (CO2CH3 minor rotamer), 152.1 [CO2C(CH3)3 minor rotamer], 151.11 [CO2C(CH3)3 major rotamer], 94.4 [C(CH3)2 major rotamer], 93.9 [C(CH3)2 minor rotamer], 80.8 [CO2C(CH3)3 minor rotamer], 80.3 [CO2C(CH3)3 major rotamer], 71.4 (CHO major rotamer), 71.2 (CHO minor rotamer), 63.6 (CHN major rotamer), 63.3 (CHN minor rotamer), 51.9 (CO2CH3 minor rotamer), 51.8 (CO2CH3 minor rotamer), 28.4 [C(CH3)3 minor rotamer], 28.3 [C(CH3)3 major rotamer], 26.5 [C(CH3)2 minor rotamer], 25.5[C(CH3)2 major rotamer], 25.2 [C(CH3)2 minor rotamer], 24.4 [C(CH3)2 major rotamer], 15.5 (CH3 major rotamer), 15.5 (CH3 minor rotamer); m/z (ESI) 296.1470 (100 %, MNa+.C13H23NO5 requires 296.1468). All data in accordance with literature values.135
(4S,5S)-3-(1,1-dimethylethyl)-2,2,5-trimethyl-3,4-oxazolidinedicarboxaldehyde (100) 


DIBAL-H (1M in hexanes, 24 mL, 24 mmol) was added dropwise to the methyl ester (228, 3.28 g, 12 mmol) in DCM (48 mL) at -78 oC, with the internal temperature monitored to ensure it did not rise above -75 oC. After complete addition, the reaction mixture was stirred for 3 hours at constant temperature, then quenched with H2O (0.33 mL) followed by 10% NaOH(aq) (0.33 mL) and H2O (3.4 mL). The mixture was allowed to warm to room temperature and stirred for 30 minutes. The reaction mixture was dried with MgSO4 and stirred for a further 30 minutes, filtered, and concentrated under reduced pressure to provide the crude title compound which was purified using flash column chromatography on silica with petroleum ether and ethyl acetate, with additional triethylamine and acetic acid (9 : 1 : 0.1 : 0.1) to give the title compound (2.28 g, 9.23 mmol, 78%) as a 1.5 : 1 mixture of rotamers as a pale yellow oil;  +35.0 (c 0.67 in DCM); δH (400 MHz, CDCl3, Me4Si) 9.59 (0.4H, d, J 2.7, CHO minor rotamer), 9.54 (0.6H, d, J 2.7, CHO major rotamer), 4.41 (1H, quint, J 6.6, CHCH3), 4.21 (0.4H, dd, J 6.6, 2.7, CHN, minor), 4.05 (0.6H, dd, J 6.6, 2.7, major), 1.74 [1.8H, s, C(CH3)2 major], 1.68 [1.2H, s, C(CH3)2 minor], 1.58 [1.8H, s, C(CH3)2 major], 1.54 [1.2H, s, C(CH3)2 minor], 1.50 [3.6H, s, C(CH3)3 minor], 1.41 [5.4H, s, C(CH3)3 major], 1.31 (3H, app. t, J 6.6, CH3); δC 200.6 (CHO major), 200.5 (CHO minor), 94.5 [C(CH3)3 major], 94.3 [C(CH3)3 minor], 80.8 (CHN major), 80.7 (CHN minor), 72.3 (CHO major), 71.9 (CHO minor), 68.0 [C(CH3)2 major], 67.9 [C(CH3)2 minor], 28.3 [C(CH3)3 minor], 28.2 [C(CH3)3 major], 27.6 [C(CH3)2 minor], 26.7 [C(CH3)2 major], 24.8 [C(CH3)2 minor], 23.8 [C(CH3)2 major], 15.2 (CH3); m/z (ESI) 267 (10%, MNa+H+), 266.1358 (100, C12H21NO4.MNa+ requires 266.2368), 261 (65, M.NH3).


(4R,5S)-4-(hydroxymethyl)-2,2,5-trimethyloxazolidine-3-carboxylate 1,1-dimethylethyl ester (229)


The methyl ester (228, 273 mg, 1.0 mmol) in THF (5 mL) was added dropwise to a solution of LiAlH4 (1.5 mL, 1M in THF, 1.5 mmol) at 0 oC and stirred for 4 hours before being slowly quenched by dropwise addition of NH4Cl(aq) (5 mL). The reaction mixture was extracted with ethyl acetate (3 x 20 mL), washed with brine (10 mL), dried over MgSO4, filtered, and concentrated under reduced pressure to provide the crude title compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (4 :1, 2 : 1) to provide the title compound (245 mg, 0.78 mmol, 78%) as a yellow oil (rotamers);  -4.0 (c 0.1 in MeOH); δH (400 MHz, d6-DMSO, Me4Si) 4.64 (1H, br s, OH), 4.18 (1H, app. quint, J 6.0, CHN), 3.74-3.56 (1H, m, CHO), 3.50-3.35 (2H, m, CH2), 1.43-1.37 [15H, m, C(CH3)2/C(CH3)3 major/minor rotamers], 1.22 (3H, br d, J 6.0, CH3); δC (100 MHz, d6-DMSO, Me4Si) 151.3 (CO2 major), 151.0 (CO2 minor), 91.4 [C(CH3)3 major], 91.3 [C(CH3)3 minor], 79.1 [C(CH3)2 major], 78.6 [C(CH3)2 minor], 71.4 (CHN major), 71.9 (CHN minor), 60.6 (CH2OH major), 60.5 (CH2OH minor), 58.7 (CHO major), 58.0 (CHO minor), 28.1 [C(CH3)2 major], 28.0 [C(CH3)2 minor], 27.7 [C(CH3)2 major], 26.9 [C(CH3)2 minor], 24.5 [C(CH3)3 major], 23.2 [C(CH3)3 minor], 14.3 (CH3). All data in accordance with literature values.135


N-[(4-methylphenyl)sulfonyl]-L-allo-threonine methyl ester (230) 


Et3N (1.52 mL, 11.0 mmol) and TsCl (0.84 g, 4.44 mmol) were added to the hydrochloride salt (226, 0.75 g, 4.40 mmol) in DCM (7.25 mL) at 0 oC. The reaction mixture was stirred at 0 oC for 20 hours, quenched with ice-cold H2O (30 mL) and extracted with DCM (3 x 10 mL). The combined organics were washed with NaHCO3(aq) (50 mL), 1M HCl (30 mL), H2O (30 mL), brine (30 mL), dried with MgSO4, filtered and concentrated to provide the title compound (1.18 g, 4.09 mmol, 93 %) as a white solid which did not require any further purification; mp 62-63 oC (lit. 59-60 oC);  +40.0 (c 2.0 in MeOH) [lit. +40.4 (c 2.1 in MeOH)]; δH (400 MHz, CDCl3, Me4Si) 7.75-7.73 (2H, d, J 8.2, ArH), 7.32-7.30 (2H, d, J 8.2, ArH), 5.81 (1H, br d, J 9.2, NH), 4.08 (1H, qd, J 6.4, 4.2, CHO), 3.96 (1H, dd, J 9.2, 4.2, CHN), 3.52 (3H, s CO2CH3), 2.43 (3H, s, ArCH3), 1.19 (3H, d, J 6.4, CH3); δH (100 MHz, CDCl3, Me4Si) 143.9 (CO2CH3), 136.3 (ArC), 129.7 (2 x ArCH), 127.3 (2 x ArCH), 68.6 (CHO), 61.0 (CHN), 52.6 (CO2CH3), 21.6 (ArCH3), 19.0 (CH3). All data in accordance with literature values.135


(4S,5S)-2,2,5-Trimethyl-3-[(4-methylphenyl)sulfonyl]-4-oxazolidinecarboxaldehyde (231)


2,2-DMP (580 mg, 5.56 mmol) and p-TsOH.H2O (7.9 mg, 0.042 mmol) were added to a solution of the alcohol (230, 800 mg, 2.78 mmol) in PhMe (8.4 mL) and heated at reflux for 18 hours. The reaction mixture was cooled, quenched with NaHCO3(aq) (10 mL), diluted with Et2O (10 mL), washed with NaHCO3(aq) (10 mL), brine (10 mL), dried with Na2SO4, filtered, and concentrated to give the crude aminal (650 mg, 1.99 mmol, 72 %) as a brown oil which was recrystallised (DCM:Et2O 1:10) to give the title compound (812 mg, 2.56, mmol, 90 %) as white crystals: mp 116-118 oC;  -40.0 (c 1.00 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 7.76 (2H, d, J 8.2, ArH), 7.31 (2H, d, J 8.2, ArH), 4.39-4.29 (2H, m, CHO/CHN), 3.55 (3H, s, CO2CH3), 2.44 (3H, s, ArCH3), 1.82 [3H, s, C(CH3)2], 1.66 [3H, s, C(CH3)2], 1.21 (3H, d, J 6.2, CH3); δC (100 MHz; CDCl3; Me4Si) 169.4 (CO2CH3), 143.6 (ArC), 137.5 (ArCCH3), 129.5 (2 x ArCH), 127.6 (2 x ArCH), 98.6 [C(CH3)2], 72.7 (CHO), 63.8 (CHN), 51.9 (CO2CH3), 27.8 [C(CH3)2], 26.2 [C(CH3)2], 21.5 (ArCH3), 15.0 (CH3); m/z (ESI) 328.1211 (16 %, MH+.C15H21NO5S requires 328.1213), 271 (15), 270 (100).


(4S,5S)-2,2,5-Trimethyl-3-[(4-methylphenyl)sulfonyl]-4-oxazolidinecarboxaldehyde (232)


A solution of the methyl ester (231, 1.88 g, 5.75 mmol) in PhMe (12 mL) was cooled to -78 OC. DIBAL-H (1M in hexanes, 12 mL, 12 mmol) was added cautiously dropwise over 1 h. The solution was stirred for a further 4 h at -78 OC before being quenched with MeOH (1 mL). The reaction mixture was warmed to rt, diluted with Et2O (20 mL) and saturated aqueous Rochelle salt solution (100 mL). After stirring for 30 minutes, the mixture was extracted with EtOAc (3 x 40 mL) and the combined organic extracts were washed with H2O (50 mL), brine (50 mL), dried with MgSO4, filtered and concentrated to give the crude title compound as a white solid which was purified by hot filtration using Et2O and hexane (1 : 1) to give the title compound (1.28 g, 4.21 mmol, 75 %) as white crystals: m.p. 76-79 oC;  -50.0 (c 1.00 in CHCl3); δH (400 MHz; CDCl3; Me4Si) 9.45 (1H, d, J 4.5, CHO), 7.74 (2H, d, J 8.2, ArH), 7.3 (2H, d, J 8.2, ArH), 4.3 (1H, quin, J 6.5, CHO), 3.85 (1H, dd, J 6.5, 4.5, CHN), 2.44 (3H, s, ArCH3), 1.87 [3H, s, C(CH3)2], 1.62 [3H, s, C(CH3)2], 1.24 (3H, d, J 6.5, CH3); δC (100 MHz; CDCl3; Me4Si) 200.5 (CHO), 144.2 (ArC), 137.0 (ArC), 129.9 (ArCH), 127.6 (ArCH), 98.5 [C(CH3)2], 73.5 (CHOH), 68.2 (CHN), 29.4 (ArCH3), 25.3 [C(CH3)2], 21.6 [C(CH3)2], 15.0 (CH3); m/z (ESI) 298.1109 (27 %, MH+.C14H19NO4S requires 298.1108).


2,2-Dimethoxy-1-nitroethane


Trimethyl orthoformate (21.22 g, 200 mmol), zinc(II) chloride (1.00 g, 7.34 mmol) and nitromethane (61.04 g, 1.00 mol) were added to a flask fitted with a 10 cm fractionating column and heated at 110 oC for 18 hours. The reaction mixture was then cooled, vacuum filtrated and concentrated under reduced pressure to give the crude title compound (5.57 g, 41.2 mmol, 21 %) which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (3 : 1) to give the title compound as a yellow oil: δH (400 MHz; CDCl3; Me4Si) 5.04 [1H, t, J 5.7, CH(OCH3)2], 4.52 (2H, d, J 5.8, CH2NO2), 3.45 [6H, s, CH(OCH3)2]; δC (100 MHz; CDCl3; Me4Si) 100.4 [CH(OCH3)2], 76.0 (CH2NO2), 54.6 [CH(OCH3)2]; m/z (ESI) 158.0429 (100 %, MNa+.C4H9NO4Na requires 158.0434), 173 (M+HCl, 39). All data in accordance with literature values.118


(R)-LaLi3tris(binaphthoxide) (245)


(R)-BINOL (244, 859 mg, 3.00 mmol) in THF (8 mL) was added dropwise to a solution of La(OiPr)3 (316 mg, 1.00 mmol) in THF (5 mL) at 0 oC and stirred at room temperature for 30 minutes. The reaction mixture was gently concentrated and dried for 1 hour. The solid was redissolved in THF (8 mL) and n-BuLi (2.3 M in hexanes, 3 mmol, 1.3 mL) was added dropwise at 0 oC. The reaction mixture was stirred for 1 hour at room temperature, concentrated gently and dried for 3 hours before being diluted with THF (7.52 mL) at 0 oC to provide (R)-LLB (0.133 M in THF).


(S)-LaLi3tris(binaphthoxide) (248)


(S)-BINOL (286 mg, 1.00 mmol) in THF (3.5 mL) was added dropwise to a solution of La(OiPr)3 (105 mg, 0.33 mmol) in THF (1.7 mL) at 0 oC and stirred at room temperature for 30 minutes. The reaction mixture was gently concentrated and dried for 1 hour. The solid was redissolved in THF (2.6 mL) and n-BuLi (2.3 M in hexanes, 1 mmol, 0.41 mL) was added dropwise at 0 oC. The reaction mixture was stirred for 1 hour at room temperature, concentrated gently and dried for 3 hours before being diluted with THF (2.51 mL) at 0 oC to provide (S)-LLB (0.133 M in THF).


 LaLi3tris(biphenoxide) (254)


Biphenol (186 mg, 1.00 mmol) in THF (3.5 mL) was added dropwise to a solution of La(OiPr)3 (105 mg, 0.33 mmol) in THF (1.7 mL) at 0 oC and stirred at room temperature for 30 minutes. The reaction mixture was gently concentrated and dried for 1 hour. The solid was redissolved in THF (2.6 mL) and n-BuLi (2.3 M in hexanes, 1 mmol, 0.41 mL) was added dropwise at 0 oC. The reaction mixture was stirred for 1 hour at room temperature, concentrated gently and dried for 3 hours before being diluted with THF (2.51 mL) at 0 oC to provide “LLP” ʚ (0.133 M in THF).


4-​[(1S,​2R)​-​3,​3-​dimethoxy-​1-​hydroxy-​2-​nitropropyl]​-​2,​2,​5-​trimethyl-​(4R,​5S)​- 3- ​Oxazolidinecarboxyli​c acid 1,​1-​dimethylethyl ester (246)


(R)-LLB (245, 0.38 mL, 0.133 M in THF, 50 μmol) was added to a solution of 2,2-dimethoxy-1-nitroethane (101, 148 mg, 1.1 mmol) and N-Boc L-allo-threonine Garner aldehyde (100, 432 mg, 1 mmol) in THF (4.62 mL) at -40 oC. The reaction mixture was warmed to -20 oC and stirred for 24 hours, quenched with NH4Cl(aq), extracted with ethyl acetate (3 x 10 mL), dried with MgSO4, filtered and concentrated to provide the crude compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (9 :1, 4 : 1, 3 : 1, 2 : 1) to give the title compound (227 mg, 60%, 82 : 18 dr) as a colourless oil; Major diastereoisomer:  -36.6 (c 0.81 in CHCl3); δH (400 MHz, CDCl3, Me4Si) 5.14-5.11 (1H, m, CHNO2), 4.74-4.71 [1H, m, CH(OMe)2], 4.32-4.23 (2H, m, CHCH3/CHN), 4.00-3.93 (1H, m, CHOH), 3.54 (3H, br s,OCH3), 3.47 (3H, br s, OCH3), 1.62 (1H, s, OH), 1.61 (3H, br s, C(CH3)2], 1.57 [3H, br s, C(CH3)2], 1.50 [9H, s, C(CH3)3], 1.38 (3H, br d, J 6.0, CH3); δC 152.7 (CO2), 87.7 [CH(OCH3)2], 81.6 [C(CH3)3], 71.4 [CH(CH3)2], 68.6 (CHNO2), 59.3 (CHOH), 56.8 (CHCH3), 56.5 [CH(OCH3)], 55.3 [CH(OCH3)], 28.3 [C(CH3)3], 27.2 [C(CH3)2], 24.7 [C(CH3)2], 14.9 (CH3); m/z  401.2630 (68%, C16H30N2O8.Na+ requires 401.2635), 270 (100, 169 (23).


3,3-Dimethoxy-2-nitro-1-[(4R,5S)-2,2,5-trimethyl-3-(4-methylbenzenesulfonyl)-1,3-oxazolidin-4-yl]propan-1-ol (268)


(R)-LLB (245, 0.38 mL, 0.133 M in THF, 50 μmol) was added to a solution of 2,2-dimethoxy-1-nitroethane (101, 148 mg, 1.1 mmol) and N-Ts L-allo-threonine Garner aldehyde (100, 432 mg, 1 mmol) in THF (4.62 mL) at -40 oC. The reaction mixture was warmed to -20 oC and stirred for 24 hours, quenched with NH4Cl(aq), extracted with ethyl acetate (3 x 10 mL), dried with MgSO4, filtered and concentrated to provide the crude compound which was purified by flash column chromatography on silica using petroleum ether and ethyl acetate (9 :1, 4 : 1, 3 : 1, 2 : 1) to give the title compound (156 mg, 36%, 51 : 49 dr) as a colourless oil; Diastereoisomer A:  -6.0 (c 0.20 in CHCl3); δH (400 MHz, CDCl3, Me4Si) 7.72 (2H, d, J 8.2, ArCH), 7.35 (2H, d, J 8.2, ArCH), 5.15 [1H, d, J 7.9, CH(OCH3)2], 4.56 (1H, dd, J 7.9, 2.5, CHNO2), 4.25-4.20 (1H, m, CHO), 4.08 (1H, d, J, 9.7 CHN), 3.89-3.80 (2H, m, CHCH3), 3.62 [3H, s, CH(OCH3)2], 3.55 [3H, s, CH(OCH3)2], 2.46 (3H, s, ArCH3), 1.71 [3H, s, C(CH3)2], 1.53 [3H, s, C(CH3)2], 1.29 (3H, d, J 6.5, CH3); δC (100 MHz, CDCl3, Me4Si) 144.0 (ArC), 123.0 (2 x ArCH), 127.6 (2 x ArCH), 103.1 (ArC), 97.1 [C(CH3)2], 87.1 (CHNO2), 73.0 (CHNH), 65.2 (CHOH), 60.2 (CHCH3), 57.4 [CH(OCH3)], 57.2 [CH(OCH3)], 24.1 [C(CH3)2], 23.9 [C(CH3)2], 21.6  (ArCH3), 14.3 (CH3); m/z (ESI) 455.1590 (100%, C18H28N2O8S.Na+ requires 455.1600). Diastereoisomer B:  -13.0 (c 0.21 in CHCl3); δH (400 MHz, CDCl3, Me4Si) 7.80 (2H, d, J 8.2, ArCH), 7.33 (2H, d, J 8.2, ArCH), 5.21 (1H, app. t, J 4.3, CHNO2), 5.09 [1H, d, J 4.6, CH(OCH3)2], 4.56 (1H, dd, J 6.9, 4.3, CHOH), 4.20 (1H, dd, J 6.9, 4.8, CHN), 3.86 (1H, qd, J 6.6, 4.8, CHCH3), 3.58 [3H, s, CH(OCH3)2], 3.55 [3H, s, CH(OCH3)2], 2.45 (3H, s, CH3), 1.66 [3H, s, C(CH3)2], 1.55 [3H, s, C(CH3)2], 1.43 (3H, d, J 6.6, CH3); δC (100 MHz, CDCl3, Me4Si)  144.0 (ArC), 129.7 (2 x ArCH), 127.8 (2 x ArCH), 104.5 (ArC), 96.7 [C(CH3)2], 85.2 (CHNO2), 74.3 (CHNH), 68.3 (CHOH), 62.0 (CHCH3), 57.6 [CH(OCH3)], 56.7 [CH(OCH3)], 24.3 [C(CH3)2], 23.9 [C(CH3)2], 21.6 (ArCH3), 15.2 (CH3); m/z (ESI) 433.1602 (100%, C18H28N2O8S.Na+ requires 455.1600).


tert-butyl (4R,5S)-4-[(1S,2R)-1-hydroxy-3,3-dimethoxy-2-nitropropyl]-2,2,5-trimethyl-1,3-oxazolidine-3-carboxylate (264)


NiCl2 (223 mg, 1.72 mmol) was added to a solution of the N-Boc nitroaldol adduct (246, 287 mg, 0.76 mmol) in MeOH (4.3 mL) at 0 oC. NaBH4 (324 mg, 8.6 mmol) was added cautiously and the reaction mixture was stirred for 2 hours at room temperature before being diluted with H2O (8 mL) and DCM (8 mL) followed by Ac2O (187 μL, 1.98 mmol). The reaction mixture was stirred overnight, filtered, extracted with DCM (3 x 5 mL), washed with brine (10 mL), dried with MgSO4, filtered, and concentrated to give the crude compound which was purified by flash column chromatography on silica using ethyl acetate and DCM (1 : 4) to give the title compound (246 mg, 83%) as a yellow oil;  -16.1 (c 0.78 in CHCl3); δH (400 MHz, CDCl3, Me4Si) 6.12 (1H, d, J 9.1, NH), 4.53 [1H, d, J 6.4, CHNBoc], 4.21-4.00 (2H, m, CHOH, CHCH3), 3.86 (1H, d, J 9.1, 4.5, CHNH), 3.40 [3H, s, CH(OCH3)2], 3.28 [3H, s, CH(OCH3)2], 2.07 (3H, s, CH3C(O)N], 1.56 [3H, s, C(CH3)2], 1.51 [3H, s, C(CH3)2], 1.46 [9H, s, C(CH3)2], 1.38 (3H, d, J 6.4, CH3); δC 171.1 [C(O)NH], [155.5 (CO2C(CH3)3], 92.4 [C(CH3)2], 81.3 [C(CH3)3], 71.9 [CH(OCH3)2], 69.4 (CHNH), 59.6 (CHOH), 56.1 (CHN), 51.7 (CHO), 28.4 (OCH3), 27.3 (OCH3), 24.8 [C(CH3)2], 23.9 [C(O)CH3], 23.5 [C(CH3)2], 14.7 (CH3); m/z (ESI) 414 (15%), 413.2253 (100, MNa+.C16H30N2O8 requires 413.2258), 360 (5), 359 (10).
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