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Abstract
Stable amides and oligopeptides derived from methyl

trans,trans-3-azido-4-hydroxymethyl-L-azetidine carboxylate, prepared in 19% yield from
diacetone allose, is the first example of a 3-amino-azetidine carboxylic acid incorporated into
peptidomimetics and provides a scaffold for investigating secondary structure induced by a
novel B-amino acid. A number of azetidine iminosugars containing a NHAc substituent were
prepared but none of them were 3-N-acetylhexosaminidase inhibitors.

1. Introduction

The predisposition of conformationally restricted cyclic non-proteinogenic amino acids to
induce a wide variety of secondary structural motifs is well established.i In particular, the
different helical structures adopted by short -amino acid oligomersii encouraged interest in
the efficient syntheses of building blocks for alicyclicii and heterocyclicv 3-amino acids.



Oxetane -amino acid oligomers have a predisposition to induce a distinctive range of helical
structures.i The four-membered ring azetidine carboxylic acid (Aze) 1, first isolated from
Convallaria majalisvi but widely distributed in many plants including sugar beetyii can be
mis-incorporated for L-proline 2 in proteins.ix (Figure 1) Aze alters the o-helix of the
polypeptide chain to a smaller angle than that of L-proline and thus leads to changes in
secondary and tertiary structures of proteins compared with their proline analogues.x Aze is a
well-recognized pharmacophore.xi Although 3-toslyamido-Aze derivatives such as 3 have been
described,xi it was not possible to remove the tosyl protecting group to give the free amine 4
[Figure 1] and there are no prior examples of B-amino azetidine carboxylic acids as

peptidomimetics.
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Figure 1: Azetidine structures and monocyclic iminosugar hexNAcase inhibitors

Iminosugars, sugar mimics in which the ring oxygen has been replaced by nitrogen, comprise a
large family of glycosidase inhibitors;xii polyhydroxylated azetidines have been found to inhibit
a number of glycosidasesxv as well as possessing other biological activities.x Naturally
occurring [-N-acetylhexosaminidase (hexNAcase) inhibitors with nanomolar K; include
siastatin, pochonicinexi and nagstatin.xii Many synthetic monocyclic sugar mimics with an
NHAC attached to the ring show potent hexNAcase inhibitionxx including: azepanes such as 5,
piperidinesxi such as DNJNAc 6x:ii and DGJNAc 6xii, and pyrrolidines such as LABNAc 8xiv and
XYLNAc 9.xv Examples of submicromolar inhibition of attached exocyclic NHAc groups include
the pyrrolidine ADMDP 10 together with several stereoisomers,»vi and the homoDMDP analog
11.xvii The azetidine analog 12 is a weak hexNAcase inhibitorxwii The pipecolic acid amide
13xix and the proline amide 14*x have nanomolar K; for HexNAcase inhibition. The ring
contracted azetidine amide 15 was the first reported micromolar azetidine inhibitor of
hexNAcases but was vulnerable to reverse aldol ring cleavage to 16 at pH>8 (Scheme 1).xxxi
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Scheme 1: Synthetic strategy for the synthesis of 3-amino-Aze and related iminosugars

This paper reports the synthesis of the trans-3-azido Aze 19 as the first building block for the
incorporation of B-amino-Aze derivatives into peptides, exemplified by the tripeptide 24
(Scheme 1). The azetidine bisamide 22 was stable to both acid and base in marked contrast to
the oxetane hydroxyAze amide 15; oxygenated azetidine peptides are susceptible to
fragmentation.xxxii The azetidines 20, 21, 22 and 23 containing an NHAc substituent on the
azetidine ring were assayed as potential inhibitors of glycosidases. Treatment of
1,3-ditriflatesxxiii derived from sugars with primary amines is a successful strategy for the
synthesis of highly functionalised azetidines. In particular, the reaction of benzylamine with
2,4-di-O-triflates of pyranosides in which all the substituents are equatorial give excellent yields
of bicyclic azetidines:xxiv the key step in the synthesis of the 3-azido azetidine 19 is the reaction
of the pyranose ditriflate 17 with benzylamine to give the bicyclic azetidine 18.

2. Synthesis

Diacetone allose 25 was esterified with triflic anhydride in dichloromethane in the presence of
pyridine (Scheme 2); the resulting triflate was treated with sodium azide in DMF to give the
gluco-azide 26 on a multigram scale (78% over two steps). Selective hydrolysis of the side chain
acetonide in 26 by aqueous acetic acid gave diol 27 (60%) which, on periodate cleavage and
subsequent borohydride reduction, afforded the xylo-azide 28 (96%). Hydrolysis of 28 by
DOWEX® 50W X8-200resin (H* form) in water gave an anomeric mixture of 3-azidoxylose 29
(100%). Acetylation of 29 in the presence of pyridine gave the triacetate 30 as an anomeric
mixture (o:f3, 10:3) in 98% yield. Treatment of the triacetate 30 with HBr in acetic acid, followed
by reaction of the anomeric bromides with silver carbonate in methanol gave the (-methyl
pyranoside 31 in a poor yield (30%, 2 steps). A higher yield was achieved using an alternative
bromination procedure:xxv 30 was reacted with bismuth(Ill) bromide in the presence of
bromotrimethylsilane to form the crude bromides which, on treatment with silver carbonate in
methanol, gave the 3-methyl azidopyranoside 31 in a yield of 74% (2 steps). Methanolysis of the
acetates in 31 with sodium methoxide in methanol gave the diol 32. Esterification of 32 with
triflic anhydride in the presence of pyridine in DCM gave the crude ditriflate 17; subsequent
reaction of 17 with benzylamine in acetonitrile formed the bicyclic azetidine 18 in 71% over 3
steps. Hydrolysis of 18 in aqueous acid with subsequent oxidation of the lactol by iodine in



methanolxxvi gave the methyl Aze ester 19 (85%, 2 steps). The B-azido Aze 19, the first building
block for the incorporation of B-amino Aze into peptides, was formed in an overall yield of 19%
from diacetone allose 25.

o 0 HOH,C
%A\\@O (i) ;\\Qo (i) O\‘.\\ﬁmo (iii) HOHZC\SE,,,O
° HO' "'o)( l"O)( ’ "‘O)( N3 "'O)(

N3
25 26 27 28

i(iv)

Ng Bn N3

N - N3

A RO OR -
ROMC—>—ctor 0 Ao \(j’ - RO\(IOR

N -~ .

Bn 8 OMe v 0~ "OMe i) 0"on

18 =
D, 3 A= (vii) 2; 2 :c 29 R=H @
XI I = -
36 R = Ac ! (il 30 R=Ac
! . L 17 R=0,5CF, <_—J
! (xvi)

l(xiii) (xii) |

NHAc 3 N3 N3 i NHAc

: ! A (xvii) : xviii
ROH,C— >=CH,0R - | HOH,C— >—=COOMe —— HOH,C— >—CONHMe =~ > ROHzC—(N>CONHMe

,,,,,, \ N .
H' Bn Bn R
' 19 33 ) 34 R=Ac R'=Bn
(xiv) 37 R=Ac R'=Bn (o 22 R=H R'=Bn
20 R=H R'=Bn (XL 23 RH R —H

(xv)
21 R=H R'=H

Scheme 2: (i) Tf,0/pyridine, CH:Cl;, -30 °C; then NaNs;, DMF, 78% (2 steps); (ii)
CH3COOH /water (7:3), 60%; (iii) NalO4, water then NaBH4, EtOH, 96% (2 steps); (iv) DOWEX®
50WX8-200, 1,4-dioxane/water (1:1), 80 °C, 100%; (v) Ac.0/pyridine, 98%; (vi) BiBrs, TMSBr,
CH:Cly, then Ag,C03, CaS04, 74%; (vii) NaOMe, MeOH, 40 °C, 100%; (viii) Tf,O/pyridine, CH2Cl,,
-30 °C; (ix) BnNH_, acetonitrile, 70 °C, 71% (2 steps); (x) HCI (2M, aq.)/1,4-dioxane (5:1), 40 °C;
then NaBH4, MeOH; (xi) Ac20/pyridine, 76% (3 steps from 18); (xii) zinc powder, CuSQOs,
THF/AcOH/Ac;0, 24% (3 steps from 18); (xiii) zinc powder, CuSOs, THF/AcOH/Ac;0, 100%;
(xiv) MeONa, MeOH, 60 °C, 79%; (xv) Pd/C, H,, water, 73%; (xvi) HCI (2M, aq.)/1,4-dioxane
(5:1), 40 °C; then I3, K2CO3, 81% (2 steps); (xvii) MeNH, CaClz, 80%; (xviii) Zinc powder, CuSQOs,
THF/AcOH/Ac;0; (xix) then MeONa, MeOH, 85% (2 steps); (xx) Pd/C, H,, water/1,4-dioxane
(1:2), 72%.

Treatment of methylamine and calcium chloride with ester 19 gave methyl amide 33 (80%).xxxvii
Reductive acetylation with zinc powder and copper sulfate in THF /acetic acid/acetic anhydride
formed 34.xxvii Methanolysis of the O-acetyl group in 34 gave 22 (85%, 2 steps from 33);
subsequent hydrogenolysis of the N-benzyl group in 22 afforded the diamide 23 (9% from 25).
22 and 23 are the equivalent of a f-amino Aze fragment in a peptide and establish the stability
of such moieties in peptidomimetics.

The 3-acetamidoazetidine diols 20 and 21 were also prepared as potential hexNAcase inhibitors.
Acidic hydrolysis of 18, followed by the reduction of the lactol with sodium borohydride, gave



the crude diol 35. Purification of diol 35 with DOWEX resin (H* form) column or flash column
chromatography was not effective; reductive acetylation of crude azide 35 with zinc powder in
the presence of copper sulphate in a mixture of THF/acetic acid/acetic anhydride formed
triacetate 37 in a low yield of 24% (3 steps from bicycle 18). In contrast, initial acetylation of
diol 35 gave the easily purified diacetate 36 (76% from bicycle 18). Subsequent reductive
acetylation of 36 by zinc powder gave triacetate 37 (100%). Removal of the O-acetate in 37 by
basic methanol gave 20 (79%) which, on N-benzyl deprotection by hydrogenolysis, formed the
3-acetamidoazetidine diol 21 (10% from 25).

In order to establish the viability of using 19 as a 3-amino Aze scaffold, the dipeptide 41 and the
tripeptide 24 were prepared as peptidomimetics (Scheme 3). The protection of primary
hydroxyl in methyl easter 19 with tert-butyldimethylsilyl chloride (TBDMSCI) in the presence of
imidazole gave 38 in a yield of 96%. Hydrolysis of 38 with potassium carbonate in aqueous
1,4-dioxane afforded free acid 40 used without purification. Hydrogenation of another portion
of 38 for a short time (30 min) generated the primary amine 39 without affecting N-benzyl
group. Then the primary amine 39 and acid 40 were treated with
N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl)Juranium hexafluorophosphate (HBTU) in DMF to
yield the stable dipeptide 41 (78% from 38). An iterative procedure gave the tripeptide 24.
After the hydrogenation of dipeptide 41 for 3 h, the free amine dipeptide 41 was coupled with
free acid 40 in the presence of HBTU in DMF to afford tripeptide 24 in high yield (72% from
dipeptide 41). Heteronuclear multiple-bond correlation relationship (HMBC) confirmed the ring
connections in 24. Unlike 3-hydroxy azetidine carboxylic acid derivatives, the corresponding
amides are not vulnerable to ring fragmentation. It is likely that such moieties will lead to
interesting secondary structural features.
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Scheme 3: (i) TBDMSCI, imidazole, DMF, 96%; (ii) Pd/C, H2, water/1,4-dioxane, 1:1; (iii) K.CO3,
water/1,4-dioxane, 1:1; (iv) 39, 40, HBTU, DMF, 78% from 38; (v) Pd/C, H, water; (iv) 41, 40,

HBTU, DMF, 72% from 41.

3. Glycosidase Inhibition assays



The azetidine iminosugars 20, 21, 22 and 23 were evaluated as inhibitors of a number of
hexNAcases and other glycosidases; details of the assays have been described elsewhere.xxxix
There was no significant inhibition of any hexNAcase (Table 1); the azetidine amides 22 and 23
caused weak inhibition of a-galactosidase (48% and 41%, respectively, at 1 mM concentration).

Table 1. Concentration of iminosugars giving 50 % inhibition of various glycosidases

1Cs0 (MM)
l?lHAc l§lHAc l?lHAc lleAc
HOHZCACHZOH HOHZCACHZOH HOHZC$CONHMe HOHZC—(\—CONHMe
N Bn N Bn

Enzyme 20 21 22 23
a-Glucosidase

Rice *NI® (21.8%) NI (1.6%) NI (4.0%) NI (10.1%)
B-Glucosidase

Bovine liver NI (17.2%) NI (3.9%) NI (18.3%) NI (4.4%)
a-Galactosidase

Coffee beans NI (23.5%) NI (3.7%) NI (48.1%) NI (41.4%)
a-Mannosidase

Jack bean NI (1. 9%) NI (0%) NI (0%) NI (0%)
B-Mannosidase

Snail NI (0.368%) NI (0%) NI (0%) NI (0%)
a-L-Fucosidase

Bovine kidney NI (1.5%) NI (0%) NI (0%) NI (10.7%)
a-L-Rhamnosidase

Penicillium decumben: NI (6.1%) NI (6.3%) NI (4.1%) NI (0%)
Amyloglucosidase

A.niger NI (7.1%) NI (3.8%) NI (6.4%) NI (3.4%)
B-N -Acetylglucosaminidase

Human placenta NI (11.7%) NI (26.5%) NI (6.0%) NI (22.6%)

Bovine kidney NI (18.6%) NI (26.5%) NI (9.0%) NI (28.2%)

Jack bean NI (9.5%) NI (0.7%) NI (2.9%) NI (15.2%)

HL60 NI (16.6%) NI (28.4%) NI (3.9%) NI (14.5%)

Asperdgillus oryzae NI (3.9%) NI (3.9%) NI (0%) NI (3.7%)
a-N -Acetylgalactosaminidase

Chicken liver NI (0%) NI (0%) NI (0%) NI (15.5%)
B-N -Acetylgalactosaminidase

HL60 NI (7.7%) NI (11.6%) NI (3.9%) NI (1.1%)

Asperdgillus oryzae NI (2.3%) NI (3.8%) NI (1.3%) NI (1.3%)
B-Glucuronidase

E.coli NI (3.6%) NI (5.2%) NI (30.1%) NI (11.0%)

Bovine liver NI (13.6%) NI (6.9%) NI (11.8%) NI (20.4%)

NI : No inhibition (<50% inhibition at 1000 MM).

Summary

Methyl trans,trans-3-azido-4-hydroxymethyl-L-azetidine carboxylate 19 is the first example of a
scaffold for introduction of B-amino-Aze fragments into peptidomimetics. Although amides of
[-oxetane carboxylic acids fragment by a retroaldol reaction, amides and oligopeptides derived
from 19 are stable. This will enable the potential of B-amino-Aze to induce secondary structures
in oligopeptides to be investigated. A number of azetidine iminosugars containing a NHAc
substituent were prepared but none of them acted as hexNAcase inhibitors.



Experimental

General Experimental

All commercial reagents were used as supplied. Solvents were used as supplied (Analytical or HPLC
grade), without prior purification. Thin layer chromatography (TLC) was performed on aluminium
sheets coated with 60 Fas4 silica. Plates were visualised using a 0.2% wi/v cerium (IV) sulfate and 5%
ammonium molybdate solution in 2 M sulfuric acid. Melting points were recorded on a Kofler hot
block and are uncorrected. Optical rotations of the protected sugars were recorded on a Perkin-Elmer
241 polarimeter with a path length of 1 dm; optical rotation are quoted in 10°® degecm?.g? at
concentrations (c) in g«100 mL™. Infrared spectra were recorded on a Perkin-Elmer 1750 IR Fourier
Transform spectrophotometer using thin films on a diamond ATR surface (thin film). Only the
characteristic peaks are quoted. Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AMX 500 (*H: 500 MHz and **C: 125.7 MHz) or Bruker AVIII 400 HD nanobay and Bruker
DQX 400 (*H: 400 MHz, *C: 100.6 MHz) spectrometers in the deuterated solvent stated. *H and *3C
NMR spectra were assigned by utilizing 2D COSY, HSQC and HMBC spectra. All chemical shifts (3)
are quoted in ppm and coupling constants (J) in Hz. Residual signals from the solvents were used as
an internal reference. For solutions in D,O acetonitrile was used as an internal reference. HRMS
measurements were made using a microTOF mass analyzer using electrospray ionization (ESI).

3-Azido-3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-glucofuranose 26

Triflic anhydride (10.2 mL, 59.0 mmol) was added dropwise to a stirred solution of diacetone allose
25 (11.8 g, 45.4 mmol) and pyridine (0.3 mL) in dichloromethane (40 mL) at -30 °C. The mixture was
stirred at -30 °C for 2 h until TLC analysis (cyclohexane/ethyl acetate, 2:1) indicated the complete
conversion of starting material (Rr 0.40) to product (Rs 0.70). The reaction mixture was diluted with
dichloromethane (10 mL), washed successively with HCI (2M, ag., 10 mL) and sodium bicarbonate
(sat., ag., 50 mL), dried and concentrated in vacuo to afford the crude triflate. Sodium azide (3.9 g,
60.5 mmol) was added to a solution of the crude triflate in DMF (30 mL) at room temperature and
stirred overnight. TLC analysis (cyclohexane/ethyl acetate, 2:1) showed one major product formed (R«
0.75). Reaction mixture was diluted with ethyl acetate (30 mL), washed with brine/water (1:1, 2 x 30
mL). Aqueous layers were combined and extracted with ethyl acetate (2 x 20 mL). The organic
extracts were combined, dried, and concentrated in vacuo. Flash column chromatography
(cyclohexane/ethyl acetate 10:1) gave the azide 26 as a colorless oil. Proton NMR signals showed the
existence of small amount of impurities. Column chromatography in less polar solvents
(toluene/acetone, 100:1) afforded the pure product (10.1 g, 78%) as a colorless syrup.

HRMS (ESI+ve): found 308.1214 [M + Na*]; Ci2H19N3sNaOs* requires 308.1217; [a]o® -47.5 (¢ 1.2,
CHCly); [litX [a]o? -36 (C 0.65, CHCI3)]; vmax (thin film): 2105 (s, N3); 8y (CDCls, 400 MHz): 1.33 -
1.58 (12H, 4 x s, CH3); 3.99 (1H, dd, H6, Js5 4.8, Jgem 8.8), 4.09 - 4.11 (2H, m, H3 H4), 4.15 (1H, dd,



H6’, Jss 6.0, Jyem 8.8), 4.25 (1H, m, H5), 4.64(1H, d, H2, J1 3.6), 5.87 (1H, d, H1, Ji» 3.6); 8¢
(CDCls, 100 MHz): 25.1 (CH3), 26.2 (CHs), 26.6 (CHs), 26.9 (CH3), 66.3 (C4), 67.6 (C6), 73.0 (C5),
80.4 (C3), 83.4 (C2), 105.0 (C1), 109.6 (C(CHs),), 112.3 (C(CHs)); m/z (ESI+ve): 308 ( [M + Na*],
100%).

3-Azido-3-deoxy-1,2-O-isopropylidene-a-D-glucofuranose 27

The diacetonide 26 (10.1 g, 35.3 mmol) was dissolved in 7:3 acetic acid/water (30 mL) and stirred for
40 h at room temperature. TLC analysis (cyclohexane/ethyl acetate, 2:1) indicated the formation of a
major product (Rs 0.35) and the complete disappearance of starting material (R¢ 0.75). The reaction
mixture was concentrated in vacuo and purified by column chromatography (cyclohexane/ethyl
acetate 2:1) to afford the monoacetonide 27 (5.2 g, 60%) as a white solid.

HRMS (ESI+ve): found 268.0903 [M + Na']; CoH1sN3sNaOs" requires 268.0904; m.p.: 80 - 82 °C;
[litX" m.p. 86 °C]; [a]p?® -32.7 (¢ 0.47 in CHCI3); [litX" [a]p® -41.8 (c 4.3 in CHCIs)]; Vmax (thin
film): 3396 (br, OH), 2106 (s, N3); 6y (CDCls, 400 MHz): 1.34 - 1.52 (6H, 2 x s, CH3); 3.76 (1H, dd,
H6, Js5 5.0, Jgem 11.1), 3.90 (1H, dd, H6’, J¢ 5 3.3, Jgem 11.1), 3.95 (1H, m, H5), 4.17 (1H, d, H3, J34 2.8),
4.20 (1H, dd, H4, J43 3.0, Jas 8.1), 4.66 (1H, d, H2, J,1 3.7), 5.89 (1H, d, H1, J123.7); 8. (CDCls,
100 MHz): 26.2 (CHs), 26.6 (CHs), 64.2 (C6), 66.4 (C3), 69.6 (C5), 78.9 (C4), 83.2 (C2), 104.9 (C1),
112.3 (C(CHz3)2); m/z (ESI+ve): 268 ([M + Na*], 59%), 513 ([2M+Na*], 100%);

3-Azido-3-deoxy-1,2-O-isopropylidene-a-D-xylofuranose 28

Sodium periodate (5.4 g, 25.4 mmol) was added to the diol 27 (5.2 g, 21.2 mmol) in water (30 mL).
The reaction mixture was stirred at room temperature for 4 h when TLC analysis (cyclohexane/ethyl
acetate, 2:1) showed the complete conversion of starting material (R¢ 0.25) to a single product (Rt
0.50). Ethanol (20 mL) was added to the mixture and a white suspension was formed after 20 min
stirring. The reaction mixture was filtered and the filter pad washed with ethanol (25 mL). NaBH4
(801 mg, 21.2 mmol) was added portionwise to the filtrate and the mixture was stirred again for 1.5 h.
Analysis by mass spectrometry indicated the completion of the reaction ([M + Na]* 238). Acetic acid
was added to adjust the solution to pH 7. The mixture was then concentrated in vacuo and
co-evaporated with ethanol to afford a yellow solid that was purified by flash column chromatography
(cyclohexane/ethyl acetate 3:1) to afford the azide 28 as a white crystalline solid (4.38 g, 96%).
HRMS (ESI+ve): found 238.0796 [M + Na*]; CsHi3NsNaO4* requires 238.0798; m.p. 68 - 70°C;
[0]o® -57.8 (c 0.38, CHCIg); [lit.¥ (no melting point in report) [«]o? -36.6 (¢ 1.6, CHCI3)]; Vmax (thin
film): 3448 (br, OH), 2103 (s, N3); 6y (CDCls, 400 MHz): 1.27 - 1.45 (6H, 2 x s, CH3); 3.78 (1H, dd,
H5, Js.4 6.1, Jgem 11.5), 3.86 (1H, dd, H5’, Js 4 6.4, Jgem 11.5), 3.96(1H, d, H3, J34 3.4), 4.30 (1H, ddd,
H4, J43 3.4, J45 6.1, J45 6.4), 4.62 (1H, d, H2, J213.8), 5.87 (1H, d, H1, Ji> 3.8); &¢ (CDCls, 100
MHz): 26.3 (CHs), 26.6 (CHs), 60.9 (C5), 66.1 (C3), 79.4 (C4), 83.6 (C2), 104.7 (C1), 112.3
(C(CHsa)2); m/z (ESI+ve): 238 ([M + Na*], 100%).

3-Azido-3-deoxy-D-xylopyranose 29



DOWEX® 50WX8-200 (1.00 g) was added to a solution of monoacetonide 28 (4.38 g, 20.4 mmol) in
1,4-dioxane/water (1:1, 40 mL). The reaction mixture was stirred at 80 °C for 20 h after which TLC
analysis (cyclohexane/ethyl acetate, 2:1) indicated the disappearance of starting material (R 0.50) and
the formation of a single product (R 0.10). The reaction mixture was filtered and the solvent removed
in vacuo to give a residue that was purified by column chromatography (cyclohexane/ethyl acetate,
1:1 to 10% methanol in ethyl acetate) to give a mixture of pyranoside 29 (3.57 g, 100%) as a white
solid.

HRMS (ESI+ve): found 198.0479 [M + Na*]; Ci12H19N3NaOs* requires 198.0485; m.p. 72 — 74 °C;
Vmax (thin film): 3336 (br, OH), 2107 (s, N3); 6y (CDCls, 400 MHz): 3.38 (1H, dd, H5p, Js,49.0, Jgem
11.9), 3.55 (1H, t, H50, Jgem = J5411.0), 3.67 (1H, t, H3B, J32= J349.4), 3.87 (1H, dd, H50’, J5 4 5.9,
Jgem 11.0), 3.92 (1H, d, H3a, J3210.2), 4.09 (1H, dd, H5B’, J545.1, Jgem 11.9), 4.78 - 4.82 (3H, m, H2a,
H4a, H4p), 4.89 (1H, dd, H2B, J21 7.4, J239.6), 5.57 (1H, d, H1B, J127.3), 6.16 - 6.17(1H, d, Hla, J12
3.7); 8¢ (CDCls, 100 MHz): 60.4 (C3a), 60.6 (C5a), 62.9 (C3p), 63.8 (C5P), 69.1, 69.2, 69.8, 70.0
(C2a, C4a, C2B, C4P), 88.7 (Cla), 92.4 (C1B) ; m/z (ESl+ve): 198 ([M + Na*], 100%,).

3-Azido-3-deoxy-1,2,4-tri-O-acetyl-D-xylopyranose 30

A solution of the azide 29 (3.78 g, 21.6 mmol) in acetic anhydride/pyridine (1:1, 20 mL) was stirred at
room temperature overnight. TLC analysis (cyclohexane/ethyl acetate, 1:1) indicated the complete
conversion of starting material (R 0.05) to product (R 0.90). Removal of the solvent in vacuo gave a
residue that was purified by flash column chromatography (cyclohexane/ethyl acetate, 4:1) to afford
an a:f3 mixture of the anomers 30 (6.38 g, 98%) in a ratio of 10:3 as indicated by NMR.

HRMS (ESI+ve): found 324.0804 [M + Na'*]; Ci11HisNsNaO7* requires 324.0802; m.p. 46 — 48 °C;
Vmax (thin film): 2106 (s, N3), 1752 (s, C=0); B anomer: &y (CDCls, 400 MHz): 3.44 (1H, dd, H5’,
J54 9.1 Jgem 11.9); 3.74(1H, t, H3, J32 = J349.3); 4.14 (1H, dd, H5, J54 5.0 Jgem 11.9); 4.83 (1H, m, H4);
4.96 (1H, dd, H2, J,17.3 J239.6); 5.64 (1H, d, H1, J1,7.3); 8. (CDCls, 100 MHz): 62.8 (C3), 63.7
(C5), 69.2 (C4), 69.7 (C2), 92.3 (C1), 170.4 (C=0), 170.8 (C=0), 171.2 (C=0); m/z (ESl+ve): 324
(M + Na*], 100%).

Methyl 3-azido-3-deoxy-2,4-di-O-acetyl-f-D-xylopyranoside 31

Method 1:

HBr (33% in acetic acid, 1.23 mL, 7.1 mmol) was added dropwise to a solution of triacetate 30 (789
mg, 2.62 mmol) in acetic acid/dichloromethane (7:3, 20 mL) at 10 °C. The reaction mixture was
stirred under 5 °C for 4 h when TLC analysis (cyclohexane/ethyl acetate 2:1) showed complete
conversion of starting material (R 0.53) to a product (R¢ 0.62). The reaction mixture was then diluted
with dichloromethane (20 mL) and poured into ice-water (40 mL). The organic layer was firstly
washed with cold sodium bicarbonate (sat., ag., 2 x 40 mL) and then with ice-water (20 mL). The
organic phase was dried (MgSQa), filtered and concentrated in vacuo to afford crude bromide. The
crude bromide was dissolved in anhydrous methanol (10 mL) in a foil-wrapped flask. Silver carbonate
was added and reaction stirred at room temperature overnight. TLC (cyclohexane/ethyl acetate, 2:1)



showed the complete conversion of starting material (Rt 0.62) to product (Rr 0.26). The reaction
mixture was then filtered through celite and the filter-pad washed with dichloromethane (10 mL) and
finally concentrated to dryness in vacuo. Flash chromatography (cyclohexane/ethyl acetate, 4:1) gave
the B-pyranoside 31 as a colorless oil (230 mg, 30%).

Method 2:

BiBrz (475 mg, 1.06 mmol) and MesSiBr (11.2 mL, 84.4 mmol) were added portionwise to a stirred
solution of triacetate compound 30 (6.38 g, 21.1 mmol) in dichloromethane (30 mL). The reaction
mixture was stirred at room temperature for 4 h until TLC analysis (cyclohexane/ethyl acetate, 2:1)
showed the complete conversion of starting material (Rr 0.53) to product (Rr 0.62). Reaction mixture
was poured into cold sodium bicarbonate (sat., ag., 30 mL) and extracted twice with dichloromethane
(2 x 30 mL). The organics were combined, dried (MgSQOs) and concentrated in vacuo. Crude bromide
was dissolved in dichloromethane /MeOH (1:1, 30 mL) in a foil-wrapped flask. Silver carbonate (9.79
g, 42.2 mmol) and CaSO. (5.74 g, 42.2 mmol) were added. The reaction was stirred at room
temperature for 1 hour and mixture filtered through Celite and washed with dichloromethane (30 mL).
Column chromatography (cyclohexane/ethyl acetate, 6:1) afforded the B-pyranoside 31 (4.25 g, 74%)
as a colorless oil.

HRMS (ESI+ve): found 296.0848 [M + Na*]; C10H1sN3NaOs* requires 296.0853; [a]p?° -65.0 (c, 0.72
CHCIs); Vimax (thin film): 2105 (s, N3), 1743 (C=0); 8y (CDCls, 400 MHz): 2.12-2.14 (6H, 2 x s, CH3),
3.31 (1H, dd, H5, J54 9.1 Jgem 11.9), 3.33 (3H, s, OCHj3), 3.67 (1H, t, H3, J32 = J349.3), 4.14 (1H, dd,
H5’, J5:4 5.3 Jgem 11.9), 4.81-4.85 (2H, m, H2, H4). §. (CDCls, 100 MHz): 20.7 (2 x CHs), 56.6
(OCHs), 62.8 (C5), 63.0 (C3), 69.6 (C4), 70.7 (C2), 101.8 (C1), 169.3 (C=0), 169.7 (C=0); m/z
(ESlI+ve): 296 ([M + Na*], 70%), 569 ([2M + Na*], 100%);

Methyl 3-azido-3-deoxy-f-D-xylopyranoside 32

Sodium methoxide (84.2 mg, 1.56 mmol) was added to a solution of diacetate 31 (4.25 g, 15.6 mmol)
in anhydrous methanol (40 mL) at 40 °C and stirred for 15 h until TLC (cyclohexane/ethyl acetate,
1:3) analysis indicated the complete conversion of starting material (Rr 0.2) to product (Rs 0.4). The
reaction mixture was neutralized with 2M HCI, diluted with ethyl acetate (40 mL), washed with water
(2 x 40 mL) and the combined aqueous layers extracted with ethyl acetate (2 x 40 mL). The combined
organics were washed with brine (2 x 40 mL) and dried (MgSO.), filtered and concentrated in vacuo
to obtain a residue that was purified by flash column chromatography (cyclohexane/ethyl acetate, 3:1)
yielding the azide 32 (2.95 g, 100%) as a pale yellow solid.

HRMS (ESI+ve): found 212.0638 [M + Na]*; CeHoN3sNaOs* requires 212.0642; [a]o®® -31.1 (c, 0.55
CHCls); Vmax (thin film): 2106 (s, N3); m.p. 48 - 50°C; &y (CDsOD, 400 MHz): 3.14 (1H, dd, H2, J1
7.6, J23 9.8), 3.23 (1H, dd, H3, J3210.3 J349.3), 3.26 (1H, dd, H5’, Js4 7.8, Jgem 10.9), 3.34 (3H, s,
OCHg), 3.46 (1H, m, H4), 3.88 (1H, dd, H5, J54 5.3 Jgem 10.9); 4.15 (1H, d, H1, J127.6). 6 (CD30D,
100 MHz): 56.3 (OCHs), 66.7 (C4), 69.0 (C5), 70.0 (C3), 72.7 (C2), 105.0 (C1); m/z (ESl+ve): 212
(100%, [M + Na]");



Methyl 3-azido-N-benzyl-2,4-imino-2,3,4-trideoxy-g-L-riboside 18

Triflic anhydride (7.1 mL, 63.2 mmol) was added dropwise to a stirred solution of diol 32 (3.0 g, 15.8
mmol) and pyridine (5.6 mL, 94.8 mmol) in anhydrous dichloromethane (30 mL). The mixture was
stirred at -30 °C for 2h until TLC (cyclohexane/ethyl acetate, 2:1) analysis indicated the
disappearance of starting material (Rr 0.1). Then the mixture was diluted with dichloromethane (10
mL) and successively washed with HCI (ag., 2M., 2 x 40 mL) and sodium bicarbonate (sat., aq., 40
mL). The organic layer was dried (MgSO,), filtered and concentrated in vacuo to afford the crude
ditriflate 17 which was used without further purification. Benzylamine (6.6 ml, 79.0 mmol) was added
to a solution of crude triflate in acetonitrile (30 mL). The reaction mixture was stirred at 70 °C with a
condenser attached for 2 h until mass spectrometry analysis showed the formation of desired product
(IM + H]* 261). Then the reaction mixture was cooled and concentrated in vacuo to give a residue that
was purified by flash column chromatography (cyclohexane/ethyl acetate, 7:1) to afford the bicyclic
azetidine 18 as a yellow oil (2.90 g, 71% (2 steps)).

HRMS (ESI+ve): found 261.1344 [M + H]*; CisH17N4O;" requires 261.1346; [o]p?® -47.4 (¢ 0.72,
CHCIs); Vmax (thin film): 2099 (s, N3); 8y (CDsCN, 400 MHz): 3.32 (3H, s, OCHs), 3.41 (1H, s, H3),
3.52 (2H, m, H4, H2), 3.69 (1H, dd, H5, J54 1.2, Jgem 11.2), 3.93 (1H, d, CH2Ph, Jgem 14.2), 4.02 (1H, d,
CH2Ph, Jgem 14.2); 4.26 (1H, dd, H5’, Js-4 1.5, Jgem 11.2); 4.61 (1H, s, H1); 7.12 - 7.30 (5H, m, Ar);8¢
(CDsCN, 100 MHz): 51.1 (CH2Ph), 55.6 (OCHs), 61.0 (C3), 61.1 (C5), 65.3 (C4), 67.4 (C2), 100.3
(C1), 126.8, 128.3, 128.4, 138.8 (Ar); m/z (ESI+ve): 261 (100%, [M + H]").

Methyl 3-azido-N-benzyl-2,4-imino-2,3,4-trideoxy-L-ribonate [methyl
trans,trans-3-azido-4-hydroxymethyl-L-azetidine carboxylate] 19

The bicycle 18 (250 mg, 0.96 mmol) was dissolved in 1,4-dioxane/HCI (2M, aq.) (1:5, 10 mL) at
40 °C overnight. TLC analysis (cyclohexane/ethyl acetate, 2:1) indicated the complete conversion of
starting material (Rf 0.70) to product (Rf 0.05). The mixture was diluted with ethyl acetate (15 mL)
and washed with sodium bicarbonate (sat., aqg., 2 x 10 mL). The aqueous layers were combined and
extracted with ethyl acetate (2 x 10 mL). The organics were combined, dried (MgSQO,) and
concentrated in vacuo to afford the crude lactol which was dissolved in anhydrous MeOH (10 mL) at
0 °C and K,CO;z (265 mg, 1.92 mmol). A solution of iodine (291 mg, 1.15 mmol, dissolved by
sonication) in anhydrous methanol (5 mL) was then added dropwise to the reaction mixture which
was stirred at 0 °C for 1 hour when mass spectrometry showed the formation of desired product
(IM+H]* 277) and TLC (cyclohexane/ethyl acetate, 2:1) showed the formation of one major spot (Rs
0.50). Excess iodine was quenched with sodium sulfite (sat., ag.) until a white precipitate appeared.
The reaction mixture was diluted with excess water to dissolve all the precipitate and extracted with
diethyl ether (4 x 20 mL). The organics were combined, dried and concentrated in vacuo to give a
crude product which was purified by flash column chromatography (cyclohexane/ethyl acetate, 3:1 to
1:1) to afford the ester 19 as a yellow oil (214 mg, 81%).

HRMS (ESI+ve): found 277.1299 [M + H]*; C13H17N4O3* requires 277.1301; [a]o? -39.6 (c, 0.50 in
CHCIs); Vmax (thin film): 2106 (s, N3), 1715 (s, C=0); 8y (CDCls, 400 MHz): 3.14 (1H, dd, H5, Js4 2.0,



Jgem 12.1), 3.18-3.21(1H, m, H4), 3.35 (1H, dd, H5’, J54 2.5, Jgem 12.1), 3.64 (1H, d, H2, J236.3), 3.67
(1H, d, CH2Ph, Jgem 12.4), 3.98 (1H, d, CH2Ph, Jgem12.6), 4.15 (1H, t, H3, J3» = J34 6.3), 7.27 - 7.34
(5H, m, Ar); 8¢ (CDCls, 100 MHz): 52.3 (CHs), 54.0 (C3), 60.3 (C5, CH»Ph), 67.2 (C2), 69.1 (C4),
171.5 (C=0); m/z (ESl+ve): 277 ([M + H]*, 100%);

Methyl 3-azido-N-benzyl-2,4-imino-2,3,4-trideoxy-L-ribonamide 33

Methylamine (0.45 mL, 3.62 mmol) and calcium chloride (20 mg, 0.18 mmol) were added to a
solution of ester 19 (50 mg, 0.181 mmol) in methanol (2 mL) under a nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 4 h until mass spectrometry showed the
completion of the reaction ([M + H]® 276). The reaction mixture was filtered and concentrated to
dryness in vacuo to give the amide 33 as a yellow oil (40 mg, 80%).

HRMS (ESI+ve): found 276.1450 [M + H*]; C13H1sNsO," requires 276.1455; [a]o® -10.5 (c, 0.50 in
CHCls); Vimax (thin film): 3338 (br, OH), 2105 (s, N3), 1654 (s, C=0); 6y (CDCls, 400 MHz): 2.61 - 2.63
(3H, d, NHCHs, J 5.1), 3.22 (1H, dt, H4, J43 6.1, Ja5 = J45 3.0), 3.39 (1H, dd, H5, Js4 3.3, Jgem 12.4),
3.46 (1H, dd, H5’, Js 4 3.3, Jgem 12.4), 3.55 (1H, d, H2, J23 6.3), 3.71 (1H, d, CH2Ph, Jgem 12.4), 3.75
(1H, d, CH2Ph, Jgem 12.4), 3.87 (1H, t, H3, J32 = J34 6.6), 6.72 (1H, d, NHCH3, J 5.0), 7.27 - 7.36 (5H, m,
Ar); 8¢ (CDCls, 100 MHz): 25.7 (CHs3), 55.7 (C3), 61.2 (C6), 61.3 (C5), 69.7 (C4), 69.8 (C2), 128.2,
128.8, 129.3, 136.2 (Ar), 170.8 (C=0); m/z (ESI+ve): 276 ([M + H]*, 100%).

Methyl 3-acetamido-N-benzyl-2,4-imino-2,3,4-trideoxy-L-ribonamide 22

The azide 33 (20 mg, 0.073 mmol) was suspended in a mixture of THF/AcOH/Ac.0 (3:2:1, 1.2 mL).
Zinc powder (95 mg, 1.45 mmol) was added and the mixture was stirred to give a mixture. Then
copper sulfate (sat, ag., 0.25 mL) was added dropwise and the reaction mixture was stirred for 1 hour
at room temperature until TLC analysis (cyclohexane/ethyl acetate, 2:1) showed the complete
conversion of starting material (Rr 0.1) to a single product (R¢ 0.6). Reaction mixture was filtered,
concentrated to dryness to give acetate 34 which was dissolved in methanol (1 mL) and treated with
sodium methoxide (2 mg, 0.037 mmol). The reaction mixture was stirred at 40 °C overnight until
mass spectrometry showed the formation of desired product ([M + H]® 292). The mixture was then
filtered and concentrated in vacuo to give product 22 as a yellow gum (18 mg, 85%, 2 steps).

HRMS (ESI+ve): found 276.1458 [M + H]*; C15H2N30s" requires 292.1661; [a]p?® +56.4 (¢, 0.90 in
CHCls); [a]p?® +9.7 (c 0.35, MeOH); vmax 3294 (br, OH), 1650 (s, C=0); §4;(CDCls, 400 MHz): 2.59 -
2.61 (3H, d, CHs, J4.8), 3.14 (1H, dt, H4, J45 = J45 3.8, J43 6.8), 3.39 - 3.44 (2H, m, H5, H5”), 3.52 (1H,
d, H2, J.5 7.6), 3.64 (1H, d, CH.Ph, Jgem 12.4), 3.67 (1H, m, H3), 3.74 (1H, d, CH2Ph, Jgem 12.1);
5c(CDCls, 100 MHz): 25.7 (CHs), 50.6 (C3), 61.5 (C6), 63.6 (C5), 67.8 (C2), 72.3 (C4), 170.7 (C=0),
172.1 (C=0); m/z (ESl+ve): 292 ([M + H]*, 100%).

Methyl 3-acetamido-2,4-imino-2,3,4-trideoxy-L-ribonamide 23
10% Palladium on charcoal (10% wt., 5 mg) was added to a solution of azetidine 22 (12 mg, 0.04 mmol)
in water/1,4-dioxane (2:1, 1.5 mL). The reaction mixture was flushed sequentially with argon and



hydrogen. The mixture was stirred for 20 h after which mass spectrometry showed the reaction had
gone to completion ([M + H]* 202). The reaction mixture was filtered and concentrated in vacuo to
afford the debenzylated amide 23 (6 mg, 72%) as colorless gum.

HRMS (ESI+ve): found 202.1186 [M + H]*; CsH1sN3Os" requires 202.1186; [a]p?® +112.5 (c 0.30,
CHCl3); vmax 3303 (br, OH), 1645 (s, C=0); 84(CD30D, 400 MHz): 2.78 (3H, d, CHs, J 4.8), 3.53-3.56
(2H, m, H5 and H5”), 3.73 (1H, dt, H4, Js5 = J45 3.6, Js43 7.6), 4.01 (1H, d, H2, J21 6.4), 4.24 (1H, m,
H3); 8:(CDs0OD, 100 MHz): 24.9 (CHs), 49.9 (C3), 62.1 (C2), 62.9 (C4), 63.4 (C5), 170.1 (C=0);
m/z (ESl+ve): 202 ([M + H]*, 100%).

3-Azido-N-benzyl-2,4-imino-2,3,4-trideoxy-meso-ribitol 35

A solution of the bicyclic azetidine 18 (200 mg, 0.76 mmol) in 2 M ag. HCI/1,4-dioxane (5:1, 6 mL)
was stirred at 40 °C for 18 h after which the consumption of starting material and the formation of
product was confirmed by mass spectrometry ([M + MeOH + Na]* 301). The solvent was removed in
vacuo to give a residue that was dissolved in methanol (4 mL) and sodium borohydride (115 mg, 3.04
mmol) was added. The reaction mixture was stirred at room temperature for 2 h when mass
spectrometry showed the completion of reaction ([M + Na]* 271). The solvent was concentrated in
vacuo to obtain a polar residue (320 mg). Purification with a short column of DOWEX® 50WX8-200
or flash column chromatography was not successful. The crude diol 35 was used for the following
steps without further purification.

3-Azido-N-benzyl-1,5-di-O-acetyl-2,4-imino-2,3,4-trideoxy-meso-ribitol 36

A solution of the diol 35 (320 mg) in acetic anhydride/pyridine (1:1, 4 mL) was stirred at room
temperature for 16 h when TLC (cyclohexane/ethyl acetate, 1:1) indicated the formation of the only
product (Rf 0.72). The mixture was concentrated in vacuo and the residue purified by flash column
chromatography (cyclohexane/ethyl acetate/triethylamine, 6:1:0.01) to obtain the diacetate 36 (191
mg, 76% 3 steps from 18) as a light yellow oil.

HRMS m/z (ESI+ve): found 355.1372 [M + Na]*; CisH20NsNaO4* requires 355.1377; [a]o® 0 (c
0.81, CHCI3); vimax (thin film): 2104 (s, Na3), 1742 (s, C=0); 1 (CDCls, 400 MHz): 2.03 (6H, s, 2 X
CHa), 3.20 (2H, m, H2, H4), 3.67 (1H, t, H3, J32 = J34 6.1), 3.71 (2H, br-s, CH:Ph), 3.82 (2H, dd, H1,
H5, Jis) 2@ 4.29, Jgem 11.4), 4.03 (2H, dd, H1’, H5"), Ji:¢5y2:4) 4.29, Jgem 11.4), 7.25 — 7.34 (5H, m,
Ar); 8¢ (CDCls,100 MHz): 20.8 (2 x CH3), 56.7 (C1, C5), 61.0 (CH.Ph), 64.4 (C3), 67.2 (C2, C4),
128.5, 129.2, 136.6 (Ar), 170.7 (2 x C=0); m/z (ESI+ve): 355 ([M + Na]*, 100%).

3-Acetamido-N-benzyl-1,5-di-O-acetyl-2,4-imino-2,3,4-trideoxy-meso-ribitol 37

Method 1 (reductive acetylation of 35):

Zinc powder (494 mg, 7.6 mmol) and copper sulfate (sat, ag., 0.95 mL) were added to a solution of
crude diol 35 (from 18 (100 mg, 0.38 mmol)) in THF/acetic acid/acetic anhydride (3:2:1, 6 mL). The
mixture was stirred at room temperature for 1 hour until mass spectrometry showed the formation of
desired product ([M + Na]* 371). Then the mixture was filtered with Celite and solvent was removed



in vacuo to give a residue that was purified by flash column chromatography (ethyl
acetate/methanol/triethylamine, 10:1:0.01) to give the protected amide compound 37 (31 mg, 24%, 3
steps from 18) as a light yellow solid.

Method 2 (reductive acetylation of 36):

Zinc powder (743 mg, 11.4 mmol) and copper sulfate (sat, ag., 1.42 mL) were added to a solution of
the diacetate 36 (190 mg, 0.57 mmol) in THF/acetic acid/acetic anhydride (3:2:1, 6 mL). The reacton
mixture was stirred at room temperature for 1 hour until mass spectrometry showed the formation of
desired product ([M + Na]* 371). Then the mixture was filtered with celite and solvent was removed
in vacuo to give the title compound 37 (202 mg, 100%) as a light yellow solid without further
purification.

HRMS m/z (ESI+ve): found 371.1576 [M + Na]*; C1sH2sN2NaOs* requires 371.1577; [a]n? O (c 1.0,
CHCI3); vimax (thin film): 1741 (s, COCHs), 1658 (s, NHCO); o (CDCls, 400 MHz): 1.94 (3H, s,
NHCOCHs), 1.98 (6H, s, 2 x OCOCHs), 3.15 (2H, ddd, H2 and H4, Jou4)1'51)4.29, J2@)165) 5.6, Joa)3
7.1), 3.73 (2H, s, CH2Ph), 3.90 (2H, dd, H1 and H5, Ji), 24) 5.6, Jgem 11.9), 4.12 (2H, dd, H1’ and HS’,
Jis), 204 4.3, Jgem 11.9), 5.89 (1H, br-s, NH), 7.25-7.33 (5H, m, Ar); 8c(CDCl3,100 MHz): 20.8 (2 x
OCOCHs), 23.1 (NHCOCHs), 45.9 (C3), 60.8 (CH.Ph), 65.4 (C1, C5), 67.6 (C2, C4), 127.5, 128.4,
129.3, 137.2 (Ar), 169.7 (NHCO), 170.9 (2 x OCO); m/z (ESI+ve): 349 ([M + H]*, 100%).

3-Acetamido-N-benzyl-2,4-imino-2,3,4-trideoxy-meso-ribitol 20

Sodium methoxide (3.2 mg, 0.06 mmol) was added to a solution of 37 (200 mg, 0.57 mmol) in
methanol (5 mL). The mixture was stirred at 60 °C for 16 h until mass spectrometry indicated the
formation of product ([M + H]* 265). After removal of the solvent in vacuo, the residue was dissolved
in ethanol (5 mL) and passed through a glass microfiber filter paper and then loaded with water (~1
mL) onto a short column of DOWEX® 50WX8-200 (pre-washed with water, 1,4-dioxane and water
sequentially until the eluent was neutral). The ion exchange column was then washed with water,
1,4-dioxane and then water; the pure product was then eluted with aqueous ammonia (2 M).
Removal of solvent in vacuo gave the meso-diol 20 (120 mg, 79%) as a light yellow glass.

HRMS m/z (ESI+ve): found 265.1559 [M + H]*; CiaH21N20s" requires 265.1547; [a]o® 0 (¢ 1.2,
MeOH); Vimax (thin film): 1633 (s, NHCO); 8n (CDs0D, 400 MHz): 1.92 (3H, s, NHCOCHj), 3.08 (2H,
br-dt, H2, H4, Jow.1s) = Jawyas) 4.7, Jay3 6.9), 3.33 (2H, dd, H1, H5, Jis) 204 4.1, Jgem 11.7), 3.37 (2H,
dd, H1’, H5’, Jis). 24 5.0, Jgem 11.7), 3.77 (2H, s, CH2Ph), 3.89 (1H, t, H3, J3. = J34 6.9), 7.28 - 7.37
(5H, m, Ar); 8¢ (CD30D,100 MHz): 21.0 (NHCOCHs), 46.0 (C3), 61.3 (CH.Ph), 65.4 (C1, C5), 70.5
(C2, C4), 127.5, 128.4, 129.3, 137.2 (Ar), 169.7 (C=0),; m/z (ESI+ve): 265 ([M + H]*, 100%).

3-Acetamido-2,4-imino-2,3,4-trideoxy-meso-ribitol 21

10% Palladium on charcoal (10% wt., 5 mg) was added to a solution of 20 (40 mg, 0.15 mmol) in
1,4-dioxane/water (1:1, 2 mL). The reaction mixture was flushed with argon and hydrogen., stirred for
20 h when mass spectrometry showed the completion of the reaction, filtered and concentrated in
vacuo to give a residue that was purified with a short column of DOWEX® 50WX8-200 (as illustrated



above) to yield diol 21 (19 mg, 73%) as a light yellow glass.

HRMS m/z (ESI+ve): found 175.1074 [M + H]*; C;H1sN2Os" requires 175.1075; [a]o?° 0 (¢ 1.0, H.0);
Vmax (thin film): 3283 (br, OH, NH); dn (D20, 400 MHz): 1.98 (3H, s, NHCOCHs), 3.61 (2H, dd, H1
and H5, Jis), 24) 6.4, Jgem 11.7), 3.65 (2H, dd, H1” and H5, Jis), 24 4.9, Jgem 11.7), 3.74 (2H, m, H2
and H4), 4.00 (1H, t, H3, J32 = J34 7.3); dc (D20,100 MHz): 22.3 (NHCOCHs3), 48.3 (C3), 62.2 (C1,
C5), 64.1 (C2, C4), 174.2 (C=0); m/z (ESI+ve): 175 ([M + H]*, 100%).

Methyl 3-azido-N-benzyl-5-O-(tert-butyldimethylsilyl)- 2,4-imino-2,3,4-trideoxy-

L-ribonate 38

tert-Butyldimethylsilyl chloride (90 mg, 0.60 mmol) and imidazole (56 mg, 0.72 mmol) was added to
a solution of methyl ester 19 (138 mg, 0.50 mmol) in DMF (3 mL) and the reaction mixture was
stirred at room temperature for 2 h when TLC analysis (cyclohexane/ethyl acetate, 1:1) indicated the
disappearance of starting material (R 0.50) and the formation of a major product (Rr 0.80). The
reaction mixture was diluted with ethyl acetate (10 mL) and washed with 1:1 water/brine (sat., ag., 2 x
10 mL). The organic layer was dried (MgSOQa), filtered and the solvent removed in vacuo to yield the
silyl ether 38 as a brown oil (188 mg, 96%).

HRMS (ESI+ve): found 413.1978 [M + Na*]; C1sH30NsNaOsSi* requires 413.1979; [a]o® +55 (c 0.36,
CHCl3); vimax 2105 (S, N3), 1747 (s, C=0); &y (CDCls, 400 MHz): 0.00 (6H, s, 2 x CHz3), 0.86 (9H, s,
C(CHs)3), 3.13 (2H, ddd, H4, J45 5.1, J43 6.6, J4 5 6.9), 3.36 (1H, dd, H5, J54 5.1, Jgem 10.5), 3.41 (1H,
dd, H5’, J54 6.9, Jgem 10.5), 3.47 (1H, d, H2, J,3 6.6), 3.7 (3H, 5, OCH3), 3.71 (1H, d, CH2Ph, Jgem 12.5),
3.90 (1H, t, H3, J32 = J34 6.6), 3.92 (1H, d, CH2Ph, Jgem 12.5); 6(CDCls, 100 MHz): -5.46 (2 x CH3),
18.3 (3 x CHs), 25.8 (OCHs3), 52.1 (C3), 56.9 (CH2Ph), 61.0 (C5), 64.5 (C2), 69.0 (C4), 127.7, 128.3,
129.7, 138.1 (Ar), 171.0 (C=0); m/z (ESI+ve): 413 ([M + Na*], 100%).

Methyl 3-(8-azido-N-benzyl-10-O-(tert-butyldimethylsilyl)-7,9-imino-8,7,9-trideo
Xy-L-ribonamido)-N-benzyl-5-O-(tert-butyldimethylsilyl)-2,4-imino-2,3,4-trideoxy-L-ribonamide
41

Potassium carbonate (27.6 mg, 0.20 mmol) was added to a solution of methyl ester 38 (60 mg, 0.15
mmol) in 1,4-dioxane/water (3 mL, 1:1). The reaction mixture was stirred at 60 °C for 18 h until mass
spectrometry indicated completion of the hydrolysis ([M - H] 375) and the solvent was removed in
vacuo to give the sodium salt 40 (80 mg).

10% Palladium on charcoal (10% wt., 5 mg) was added to a solution of 38 (60 mg, 0.15 mmol) in
1,4-dioxane/water (3 mL, 1:1). The reaction mixture was flushed with argon and hydrogen gas
sequentially and then stirred vigorously for 30 min at room temperature under hydrogen until mass
spectrometry showed the completion of the reaction ([M + H]* 365). After filtration, the solvent was
removed in vacuo to afford crude amine 39 (60 mg) which was used without further purification.
N,N,N’,N’-Tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU, 68 mg, 0.18
mmol) was added to a solution of the crude acid 40 (60 mg) and amine 39 (60 mg) in anhydrous DMF
(3 mL). After stirring for 20 min, triethylamine (0.03 mL, 0.21 mmol) was added; the reaction mixture



was then stirred at room temperature for a further 20 h until TLC analysis (cyclohexane/ethyl acetate,
1:1) showed the consumption of the starting materials and formation of one major product (R 0.78).
The reaction mixture was diluted with ethyl acetate (10 mL) and washed with half saturated brine (10
mL). The organic layer was dried (MgSO.), filtered and the solvent removed in vacuo to give a
residue that was purified by flash column chromatography (cyclohexane/ethyl acetate, 3:1) to give the
pure dipeptide 41 as a yellow oil (85 mg, 78%).

HRMS (ESI+ve): found 745.3892 [M + Na]*; Cs7HssNsNaOsSiz* requires 745.3899; [a]o® +12.9 (c
0.92, CHCI3); vimax 2106 (s, N3), 1744 (s, OCO), 1681 (s, NHCO); 6y (CDsCN, 400 MHz): 0.00 (6H, s,
CHs), 0.01 (6H, s, CHs), 0.88 (9H, s, C(CHs)3), 0.93 (9H, s, C(CHs)3), 2.88 (1H, d, H2, J»3 6.9), 2.88
(1H,dt, H4, Js5 = J45 5.2, 43 7.1), 3.21 (1H, dt, H9, Jg.10 = Jo,10» 2.7, Jo,8 6.4), 3.42 (1H, dd, H5, J54 5.2,
Jgem 11.0), 3.43 (1H, d, H7, J78 6.4), 3.46 (1H, dd, H5’, J5 4 5.2, Jgem 11.0), 3.47 (3H, s, OCHj3), 3.57 (1H,
d, CH2Ph, Jgem 12.3), 3.58 (1H, dd, H10, Jiog = 2.7, Jgem 9.0), 3.61 (1H, dd, H10’, Jip9 2.7, Jgem 9.0),
3.67 (1H,t, H8, Js7 = Js 0 6.4), 3.70 (1H, d, CH2Ph, Jgem 13.1), 3.81 (1H, d, CH2Ph, Jgem 13.1), 3.87 (1H,
d, CH2Ph, Jgem 13.1), 4.03 (1H, dt, H3, Jann = J32 6.9, J34 7.1), 6.78 (1H, d, NH, Inws 6.9), 7.27-7.40
(10H, m, 2 x Ar); 6c(CDsCN, 100 MHz): -5.78 (CHa), -5.8 (CHs3), -5.7 (CHs), -5.6 (CHs), 25.7
(C(CHz3)3), 25.8 (C(CHa)s), 45.7 (C3), 51.5 (OCHz3), 57.4 (C8), 61.1 (CH2Ph), 61.5 (CH2Ph), 63.9
(C10), 65.1 (C5), 68.8 (C2), 69.8, 69.9 (C7, C9), 70.0 (C4), 127.7, 128.3, 128.5, 129.2, 129.8, 130.0,
127.7,127.8 (2 x Ar), 169.7 (C=0), 171.3 (C=0); m/z (ESI+ve): 745 ([M + Na]*, 100%).

Methyl N-benzyl-3-(N-benzyl-8-(13-azido-N-benzyl-16-0-(tert-butyldimethylsilyl)-
12,14-imino-12,13,14-trideoxy-L-ribonamido)-10-O-(tert-butyldimethylsilyl)-7,9-imino-7,8,9-trid
eoxy-L-ribonamido)-5-O-(tert-butyldimethylsilyl)-2,4-imino-2,3,4-trideoxy-L-ribonamide 24
Potassium carbonate (27.6 mg, 0.20 mmol) was added to a solution of methyl ester 38 (60 mg, 0.15
mmol) in 1,4-dioxane/water (3 mL, 1:1). The reaction mixture was stirred at 60 °C for 18 h until mass
spectrometry indicated completion of the hydrolysis ([M - H] 375) and the solvent was removed in
vacuo to give the crude acid 40 (90 mg).

10% Palladium on charcoal (10% wt., 5 mg) was added to a solution of dipeptide 41 (80 mg, 0.11
mmol) in 1,4-dioxane/water (3 mL, 1:1). The reaction mixture was flushed with argon and hydrogen
gas sequentially and then stirred vigorously for 3 h at room temperature under hydrogen until mass
spectrometry showed the completion of reaction ([M + H]* 697). After filtration, the solvent was
removed in vacuo to afford crude amine 42 (70 mg) that was used without further purification.

HBTU (68 mg, 0.18 mmol) was added to a solution of the crude acid 40 (90 mg) and amine 42 (60
mg) in anhydrous DMF (3 mL). After stirring for 20 min, triethylamine (0.03 mL, 0.21 mmol) was
added; the reaction mixture was then stirred at room temperature for a further 24 h until TLC analysis
(cyclohexane/ethyl acetate, 2:1) showed the formation of one major product (R 0.81). The reaction
mixture was diluted with ethyl acetate (10 mL) and washed with half saturated brine (10 mL). The
organic layer was dried (MgSOa), filtered and the solvent removed in vacuo to give a residue that was
purified by flash column chromatography (cyclohexane/ethyl acetate, 10:1 to 4:1) to afford the
tripeptide 24 as a yellow oil (85 mg, 72%).



[0]p?® +16.5 (c 1.1, CHCI3); vimax 2105 (s, N3), 1746 (s, OC=0), 1681 (s, NHC=0); &§;;(CDsCN, 400
MHz): 0.00 (6H, s, CH3), 0.05 (6H, s, CHs), 0.06 (6H, s, CHs), 0.89 (9H, s, C(CHs)3), 0.90 (9H, s,
C(CHs3)3), 0.91 (9H, s, C(CHs)3), Ring A: 2.91 (1H, d, H2, J23 6.8), 2.94 (1H, dt, H4, J45 = Js5 5.0, Ja3
=17.1),3.45(3H, s, OCHs), 3.48 (2H, d, H5, J54 5.0), 3.96 (1H, ddd, H3, J32 6.8, J34 7.1, J3nH 8.1), 7.04
(1H, d, NH, Jnus 8.1), Ring B: 3.03 (1H, d, H7, J75 6.9), 3.09 (1H, dt, H9, Jg10 = Jo.10» 4.7, Jog 6.9),
3.49-3.51 (2H, m, H10), 3.83 (1H, dt, H8, Jsg = Js7 6.9, Jsnw 8.5), 7.02 (1H, d, NH, Jnws 8.5), Ring C:
3.22 (1H, dt, H14, J1415 = Jia1s 5.1, J1413 6.1), 3.43 (1H, d, H12, J1213 6.4), 3.53 (2H, d, H15, J1514 5.1),
3.69 (1H, dd, H13, J1314 6.1, J1312 6.4), 3.60 (1H, d, CH2Ph, Jgem 12.4), 3.65 (1H, d, CH2Ph, Jgem 13.0),
3.67 (1H, d, CH2Ph, Jgem 12.5), 3.81 (1H, d, CH2Ph, Jgem 12.5), 3.83 (1H, d, CH2Ph, Jgem 13.0), 3.84 (1H,
d, CH2Ph, Jgem 12.4), 7.26-7.41 (15H, m, 3 X Ar); 8:(CD3CN, 100 MHz): -5.2 - -5.0 (6 x CHz), 26.27
(C(CHs3)3), 26.31 (C(CHs3)3), 26.38 (C(CHs3)3), Ring A: 46.4 (C3), 52.0 (OCHj3), 65.7 (C5), 69.6 (C2),
70.8 (C4), 172.0 (C1), Ring B: 47.5 (C8), 65.1 (C10), 70.9 (C9), 71.1 (C7), 171.0 (C6), Ring C: 58.3
(C13), 64.6 (C15), 70.3 (C14), 70.4 (C12), 170.8 (C11), 61.8 (CH2Ph), 61.9 (CHPh), 62.3 (CH.Ph),
128.2 - 138.8 (3 x Ar); m/z (ESl+ve): 528 ([0.5M + H]*, 100%).

Acknowledgements

This work was supported in part by the Leverhulme Trust (GWJF) and by a Grant-in-Aid for
Scientific Research (C) (No: 26460143) (AK) from the Japanese Society for the Promotion of
Science (JSPS).

References

i (a) Cheng, R. P; Gellman, S. H.; DeGrado, W. F. Chem. Rev. 2001, 101, 3219-3232. (b) Horne, W.
S.; Gellman, S. H. Acc. Chem. Res. 2008, 41, 1399-1408. (c) Risseeuw, M.; Overhand, M; Fleet, G. W.
J.; Simone, M. . Amino Acids 2013, 45, 613-689. (d) Long, D. D.; Hungerford, N. L.; Smith, M. D.;
Brittain, D. E. A,; Marquess, D. G.; Claridge, T. D. W,; Fleet, G. W. ]. Tetrahedron Lett. 1999, 40,
2195-2198. (e) Seebach, D,; Beck, A. K.; Bierbaum, D. ]. Chem. Biodiversity 2004, 1,1111-1239.

i Gopalan, R. D.; Del Borgo, M. P,; Mechler, A.; Perlmutter, P,; Aguilar, M. . Chem. Biol 2015, 22,
1417-1423.

i (a) Kiss, L.; Kardos, M.; Forro, E.; Fulop, F. Eur. J. Org. Chem. 2015, 1283-1289. (b) Davies, S. G.;
Fletcher, A. M.; Roberts, P. M.; Thomson, J. E.; Zammit, C. M. Tetrahedron: Asymmetry 2016, 27,
208-221. (c) Kiss, L.; Nonn, M.; Forro, E.; Sillanpaa, R.; Fustero, S.; Fulop, F. Eur. J. Org. 2014,
4070-4076.

v (a) Semina, E.; Zukauskaite, A.; Sackus, A.; De Kimpe, N.; Mangelinckx, S. Eur. J. Org. Chem.
2016,1720-1731. (b)

v (@) Fulop, F; Martinek, T. A.; Toth, G. K. Chem. Soc. Rev. 2006, 35, 323-334. (b) Kiss, L.; Fulop, E
Chem. Rev, 2014, 114, 1116-1169.

vi (a) Claridge, T. D. W,; Goodman, ]. M.; Moreno, A.; Angus, D.; Barker, S. F; Taillefumier, C.;
Watterson, M. P; Fleet, G. W. ]., Tetrahedron Lett. 2001, 42, 4251-4255. (b) Johnson, S. W.; Angus,
D.; Taillefumier, C.; Jones, J. H.; Watkin, D. ].; Floyd, E.; Buchanan, J. G.; Fleet, G. W. ]., Tetrahedron:
Asymmetry 2000, 11, 4113-4125. (c) Barker, S. E; Angus, D.; Taillefumier, C.; Probert, M. R;



Watkin, D. ].; Watterson, M. P; Claridge, T. D. W,; Hungerford, N. L.; Fleet, G. W. ]., Tetrahedron Lett.
2001, 42,4247-4250. (d) Sharma, G. V. M.; Venkateshwarlu, G.; Katukuri, S.; Ramakrishna, K. V. S,;
Sarma, A. V. S, Tetrahedron 2015, 71, 2158-2167. (e) Johnson, S. W,; Jenkinson, S. E; Angus, D.;
Jones, J. H.; Fleet, G. W. ].; Taillefumier, C. Tetrahedron: Asymmetry 2004, 15, 2681-2686. (f)
Jenkinson, S. F; Harris, T,; Fleet, G. W. ]. Tetrahedron: Asymmetry 2004, 15, 2667-2668.

vii. Fowden, L. Nature 1955, 176, 347-348.

viii Rubenstein, E.; McLaughlin, T,; Winant, R. C,; Sanchez, A.; Eckart, M.; Krasinska, K. M.; Chien, A.
Phytochemistry 2009, 70, 100-104.

ix Rubenstein, E.; Zhou, H.; Krasinska, K. M.; Chien, A.; Becker, C. H. Phytochemistry 2006, 67,
898-903.

x (a) Vassall, K. A.; Bamm, V. V;; Harauz, G. Biochem. J. 2015, 472, 17-32. (b) Nasuno, R.; Hirase,
S.; Norifune, S.; Watanabe, D.; Takagi, H. J. Biochem. 2016, 159, 271-277.

i (a) Pizzonero, M.; Dupont, S.; Babel, M. J. Med. Chem. 2014, 57, 10044-10057. (b) Rzasa, R. M;
Frohn, M. ].; Andrews, K. L. Bioorg. Med. Chem. 2014, 22, 6570-6585. (c) Phillips, D. P; Gao, W.;
Yang, Y. J. Med. Chem. 2014, 57, 3263-3282. (d) Pan, S.; Gray, N. S.; Gao, W. ACS Med. Chem. Lett.
2013, 4, 333-337. (e) Parsy, C.; Alexandre, E-R,; Brandt, G. Bioorg. Med. Chem. Lett. 2014, 24,
4444-4449. (f) Rajuly, G. G; Naik, H. S. B.; Kumar, G. C. Med. Chem. Res. 2014, 23, 2856-2868. (g)
Alam, M. P; Khdour, O. M.; Arce, P. M. Bioorg. Med. Chem. 2014, 22, 4935-4947. (h) Takhi, M,;
Sreenivas, K.; Reddy, C. K. Eur. J. Med. Chem. 2014, 84, 382-394. (i) Hickey, E. R;; Zindell, R; Cirillo,
P. E; Wy, L. F; Ermann, M,; Berry, A. K; Thomson, D. S.; Albrecht, C.; Gemkowc, M. J; Riether,
D. Bioorg. Med. Chem. Lett. 2015, 25, 575-580. (j) Hou, X. P; Zhu, ]. L; Chen, B. C;; Zhang, H. P.
Org. Process Res. Development 2016, 20, 989-995.

Wi (@) Kiss, L; Mangelinckx, S.; Fulop, F; De Kimpe, N. Org. Lett. 2007, 9, 4399-4402. (b)
Callebaut, G.; Mangelinckx, S.; Kiss, L.; Sillanpaa, R.; Fulop, F; De Kimpe, N. Org. Biomol. Chem.
2012,10,2326-2338.

st (3) Stocker, B. L.; Dangerfield, E. M.; Win-Mason, A. L.; Haslett, G. W,; Timmer, M. S. M. Eur. J.
Org. Chem. 2010, 1615-1637. (b) Nash, R. J.; Kato, A.; Yu, C.-Y,; Fleet, G. W. ]. Future Med. Chem.
2011, 3,1513-1521.

xiv (a) Araujo, N.; Jenkinson, S. F; Martinez, R. E; Glawar, A. F. G.;; Wormald, M. R;; Butters, T. D.;
Nakagawa, S.; Adachi, L.; Kato, A.; Yoshihara, A.; Akimitsu, K.; Izumori, K.; Fleet, G. W. ]. Org. Lett.
2012, 14, 4174-4177. (b) Lenagh-Snow, G. M. ].; Araujo, N.; Jenkinson, S. F; Martinez, R. F;
Shimada, Y;; Yu, C.-Y;; Kato, A.; Fleet, G. W. ]. Org. Lett. 2012, 14, 2142-5; (c) Gavale, K. S.; Chavan,
S.R.; Khan, A;; Joshi, R;; Dhavale, D. D., Org. Biomol. Chem. 2015, 13, 6634-6646.

x Liu, Z.; Jenkinson, S. F; Vermaas, T.; Adachi, I.; Wormald, M. R.; Hata, Y,; Kurashima, Y.; Kaji, A.;
Yu, C.-Y.; Kato, A.; Fleet, G. W.]. J. Org. Chem. 2015, 80, 4244-4258.

wi Kudo, T,; Nishimura, Y;; Kondo, S.; Takeuchi, T. J. Antibiot. 1992, 45, 1662-1668. (b) Nishimura,
Y. J. Antibiot. 2009, 62, 407-423.

wii Usuki, M.; Toyo-oka, M.; Kanzaki, H.; Okuda, T; Nitoda, T. Bioorg. Med. Chem. 2009, 17, 7248-
7253. (b) Zhuy, ].-S.; Nakagawa, S.; Chen, W.; Adachi, L; Jia, Y.-M.; Hu, X.-G.; Fleet, G. W.].; Wilson, F.
X.; Nitoda, T.; Horne, G.; van Well, R.; Kato. A;; Yu, C.-Y. J. Org. Chem. 2013, 78, 10298-10309. (c)
Salunke, R. V,; Ramesh, N. G. Eur. J. Org. Chem. 2016, 654-665,

wiii. Aoyama, T.; Naganawa, H.; Suda, H.; Uotani, K.; Aoyagi, T.; Takeuchi, T. J. Antibiot. 1992, 45,
1557-1558. (b) Tatsuta, K; Miura, S.; Gunji, H. Bull. Chem. Soc. Jpn. 1997, 427-436.



xix Liu, T; Xia, M.; Zhang, H.; Zhou, H.; Wang, ].; Shen, T; Yang, Q. FEBS Lett. 2015, 589, 110-116.
x Li, H. Q; Marcelo, F; Bello, C.; Vogel, P; Butters, T. D.; Rauter, A. P; Zhang, Y. M.; Sollogoub, M.;
Bleriot, Y. Bioorg. Med. Chem. 2009, 17, 5598-5604.

xi Bleriot, Y,; Tran, A, T.; Prencipe, G.; Jagadeesh, Y.; Auberger, N; Zhu, S.; Gauthier, C.; Zhang, Y. M.;
Desire, J.; Adachi, I.; Kato, A.; Sollogoub, M. Org. Lett. 2014, 16, 5516-5519.

xii (@) Fleet, G. W. ].; Fellows, L. E.; Smith, P. W. Tetrahedron 1987 43, 979-990. (b) G. W. ]. Fleet, P.
W. Smith, R. J. Nash, L. E. Fellows, R. B. Parekh and T. W. Rademacher, Chem. Lett. 1986, 1051-
1054. (c) De la Fuente, A.; Mena-Barragan, T.; Farrar-Tobar, R. A.; Verdaguer, X. ; Fernandez, ]. M.
G; Mellet, C. O; Riera, A. Org. Biomolec. Chem. 2015, 13, 6500-6510.

xiii (@) D. Best, P. Chairatana, A. F. G. Glawar, E. V. Crabtree, T. D. Butters, F. X. Wilson, C.-Y. Yu,
W.-B. Wang, Y.-M. Jia, I. Adachi, A. Kato and G. W. ]. Fleet, Tetrahedron Lett. 2010, 51, 2222-2224.
(b) A. F. G. Glawar, D. Best, B. Ayers, S. Miyauchi,S. Nakagawa, M. Aguilar-Moncayo, J. M. Garcia
Fernandez, C. O. Mellet, E. V. Crabtree, T. D. Butters, F. X. Wilson, A. Kato and G. W. ]. Fleet, Chem. -
Eur. ], 2012, 18,9341-9359.

xiv (a) Rountree, ]. S. S.; Butters, T. D.; Wormald, M. R;; Dwek, R. A.; Asano, N.; Ikeda, K;Evinson, E.
L.; Nash, R.].; Fleet, G. W. ]. Tetrahedron Lett, 2007, 48, 4287-4291. (b) Rountree, . S. S.; Butters,
T. D.; Wormald, M. R,; Dwek, R. A.; Asano, N.; Ikeda, K.;Evinson, E. L.; Nash, R. ].; Fleet, G. W. J.
ChemMedChem 2009, 4, 378-392.

xv Crabtree, E. V.; Martinez, R. F; Nakagawa, S.; Adachi, L.; Butters, T. D.; Kato, A.; Fleet, G. W. ],;
Glawar, A. F. G., Org. Biomol. Chem. 2014, 12, 2932-2943.

xvi [jang, P-H.; Cheng, W.-C; Lee, Y.-L.; Yu, H.-P; Wu, Y.-T;; Lin, Y.-L.; Wong, C.-H. ChemBioChem
2006, 7, 165-173.

xvii Tran, A. T; Luo, B.; Jagadeesh, Y.; Auberger, N.; Desire, ].; Nakagawa, S.; Kato, A.; Zhang, Y, M.;
Bleriot, Y.; Sollogoub, M. Carbohydr. Res. 2015, 409, 56-62,

xwiiit: Ayers, B. ].; Glawar, A. E. G.; Martinez, R. F; Ngo, N,; Liu, Z.; Fleet, G. W. ].; Butters, T. D.; Nash,
R. ]J; Yu, C.-Y; Wormald, M. R.; Nakagawa, S.; Adachi, [.; Kato, A.; Jenkinson, S. F. J. Org. Chem.
2014, 79, 3398-34009.

xix (@) Shilvock, J. P; Nash, R. ].; Lloyd, ]. D.; Winters, A. L.; Asano, N.; Fleet, G. W. ]. Tetrahedron:
Asymmetry 1998, 9, 3505-3516. (b) Fleet, G. W. ].; Ramsden, N. G.; Witty, D. R. Tetrahedron 1989,
45,327-336.

wx Ayers, B. ].; Glawar, A. F. G.; Martinez, R. F; Ngo, N.; Liu, Z; Fleet, G. W.].; Butters, T. D.; Nash, R.
J;; Yu, C.-Y,; Wormald, M. R.; Nakagawa, S.; Adachi, [.; Kato, A.; Jenkinson, S. E. J. Org. Chem. 2014,
79, 3398-3409.

xxi (Glawar, A. F. G.; Jenkinson, S. F; Thompson, A. L.; Nakagawa, S.; Kato, A.; Butters, T. D.; Fleet, G.
W. ]. ChemMedChem 2013, 8, 658-666.

xxii (a) Weids, A. ].; Grant, C. M., J. Cell Sci. 2014, 127, 1327-1335. (b) Hara, R.; Uchiumi, N;
Okamoto, N.; Kino, K. Biosci., Biotechnol., Biochem. 2014, 78, 1384-1388.

xadii Lenagh-Snow, G. M. |.; Araujo, N.; Jenkinson, S. E; Rutherford, C.; Nakagawa, S.; Kato, A.; Yu,
C.-Y.; Weymouth-Wilson, A. C; Fleet, G. W.]. Org. Lett. 2011, 13, 5834-5837.

xxiv. Martinez, R. F; Fleet, G. W. ]. Tetrahedron: Asymmetry 2014, 25, 373-380.

xxv.Montero, J.-L.; Winum, J.-Y.; Leydet, A.; Kamal, M.; Pavia, A. A.; Roque, ].-P. Carbohydr. Res.
1997, 297,175-180.

xxvi (@) Mori, N.; Togo, H. Tetrahedron 2005, 61, 5915-5925; (b) Yamada, S.; Morizono, D.;



Yamamoto, K., Tetrahedron Lett. 1992, 33, 4329-4332.

xxvii. Bundesmann, M. W.; Coffey, S. B.; Wright, S. W. Tetrahedron Lett. 2010, 51, 3879-3882.

xxviit. Winans, K. A.; King, D. S.; Rao, V. R.; Bertozzi, C. R., Biochemistry, 1999, 38, 11700-11710
wxix (3) Mercer, T. B.,; Jenkinson, S. F; Nash, R. ].; Miyauchi, S.; Kato, A.; Fleet, G. W. ],
Tetrahedron: Asymmetry 2009, 20, 2368-2373. (b) Ayers, B.].; Ngo, N.; Jenkinson, S. F.; Martinez,
R. F; Shimada, Y.; Adachi, [.; Weymouth-Wilson, A. C.; Kato, A.; Fleet, G. W. ]. J. Org. Chem. 2012,
77,7777-7792.

1 Manta, S.; Parmenopoulou, V.; Kiritsis, C.; Dimopoulou, A.; Kollatos, N.; Papasotirious, I,
Balzarini, J.; Komiotis, D. Nucleosides Nucleotides Nucleic Acids, 2012, 31 (7), 522-535.

i Bobek, M., Carbohydr. Res. 1979, 70, 263-273.

Wi Austin, G. N.; Baird, P. D.; Fleet. G. W. |.; Peach, J. M.; Smith, P. W.; Watkin, D. ]. Tetrahedron,
1987, 43,3095-3108.

Wi Lawande, P. P.; Sontakke, V. A.; Nair, R. ]J.; Khan, A.,; Sabharwal, S. G.; Shinde, V. S,
Tetrahedron 2015, 71, 5085-5090.



