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Broad modifications of various positions of the minimal natural epitope recognized by the myelin-asso-
ciated glycoprotein (MAG), a blocker of regeneration of neurite injuries, produced sialosides with nano-
molar affinities. However, important pharmacokinetic issues, for example, the metabolic stability of these
sialosides, remain to be addressed. For this reason, the novel non-carbohydrate mimic 3 was designed
and synthesized from (�)-quinic acid. For the design of 3, previously identified beneficial modifications
of side chains of Neu5Ac were combined with the replacement of the ring oxygen by a methylene group
and the substitution of the C(4)-OH by an acetamide. Although docking experiments to a homology
model of MAG revealed that mimic 3 forms all but one of the essential hydrogen bonds identified for
the earlier reported lead 2, its affinity was substantially reduced. Extensive molecular-dynamics simula-
tion disclosed that the missing hydrogen bond of the former C(8)-OH leads to a change of the orientation
of the side chain. As a consequence, an important hydrophobic contact is compromised leading to a loss
of affinity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Siglecs1,2 (sialic acid-binding immunoglobulin like-lectins) form
a sub-group of the I-type lectins and function as cell signaling co-
receptors primarily expressed on leukocytes to mediate acquired
and innate immune functions. They can be divided into two sub-
sets: the first, evolutionary conserved group consists of Siglec 1,
2, and 4, which show selective binding properties: Siglec 1 (also
known as sialoadhesin) and Siglec 4 (myelin-associated glycopro-
tein, MAG) preferentially bind a(2 ? 3)-linked N-acetylneuraminic
acid (Neu5Ac), whereas Siglec 2 (CD22) is highly specific for
a(2 ? 6)-linked Neu5Ac. In contrast, members of the second Siglec
3-related group (Siglec 3 and Siglecs 5–13) are more promiscuous
in their binding, often recognizing more than one presentation of
Neu5Ac.
ll rights reserved.
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The most comprehensively characterized Siglecs are CD22, a
regulatory protein on B lymphocytes that prevents the over-activa-
tion of the immune system and the development of autoimmune
diseases, and MAG, one of several inhibitor proteins that block
regeneration of injuries of the central nervous system (CNS).2–10

MAG is located on the surface of neurons and interacts with two
classes of targets: proteins of the family of Nogo receptors
(NgR)11,12 and brain gangliosides, specifically GD1a, GT1b, or
GQ1ba.2,13–15 Although the relative roles of gangliosides and NgRs
as MAG ligands have yet to be resolved,10,16 in some systems, MAG
inhibition is completely reversed by sialidase treatment, suggest-
ing that MAG uses sialylated glycans as its major axonal ligands.17

Therefore, blocking MAG with potent antagonists may be a valu-
able therapeutic approach to enhance axon regeneration.18

SAR studies have revealed that the terminal tetrasaccharide epi-
tope of GQ1ba (Fig. 1) shows superior binding to MAG compared
with the terminal trisaccharide epitope present in GD1a or
GT1b.19,20 Furthermore, the MAG-affinity of tetrasaccharide 1
(Fig. 1), could clearly be correlated with its ability to reverse
MAG-mediated inhibition of axonal outgrowth.18

To reduce the structural complexity of tetrasaccharide 1 numer-
ous MAG antagonists have been synthesized.21–23 Based on struc-
tural information obtained by trNOE NMR24 and STD NMR,25 the
Galb(1 ? 3)GalNAc core was successfully replaced by non-carbo-
hydrate linkers22 and the a(2 ? 6)-linked sialic acid by polar as
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Figure 1. MAG antagonists; GQ1ba with the essential tetrasaccharide binding epitope highlighted, tetrasaccharide derivative 1,18 sialic acid derivative 2,31 and the target
molecule of this communication, the non-carbohydrate mimic 3 (for better comparability, the carbon atoms in 3 are numbered in analogy to compound 2).

Figure 2. Hapten inhibition assay with sialosides 29 and 2 and non-carbohydrate
mimic 3. Fetuin-coated microtiter plates26,32,41 were incubated with antibody-
complexed MAGd1–3-Fc in the presence of the indicated compounds at different
concentrations. Binding and inhibition were determined as described for the hapten
inhibition assay in Section 4.2.
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well as lipophilic substituents.23 A further simplification of lead
structure 1 was reported by Kelm and Brossmer who found that
sialic acid derivatives modified in the 2-, 5-, or 9-position exhibit
enhanced antagonistic activity.26–28 Finally, when the best modifi-
cations found for the 2-,29 4-,30 5-,31 and 9-position32 were com-
bined in one molecule, we identified the nanomolar low-
molecular weight antagonist 2.31

However, an important pharmacokinetic issue, namely the met-
abolic stability of sialosides like 2, remains to be addressed. In gen-
eral, the substrate specificity of mammalian sialidases is
determined by the linkage type of the terminal sialic acid residue
(2 ? 3, 2 ? 6, or 2 ? 8) and does not depend on the structure of
the underlying oligosaccharide.33 Hence, a fast metabolic cleavage
of sialosides of type 2 by sialidases cannot be excluded.

To solve this metabolic challenge, we replaced the pyranose
core in 2 by a cyclohexane moiety. Here, we describe design, syn-
thesis, and biological evaluation of the corresponding non-carbo-
hydrate lead compound 3. It still contains the beneficial
modifications identified for the 2-, 5-, and 9-position (see com-
pound 2), however a simplified glycerol side chain.

2. Results and discussion

By manual docking of sialoside 2 (KD 500 nM)31 to a homology
model of MAG23 the pharmacophores involved in this carbohy-
drate-lectin interaction were identified (see Fig. 3B). The most
important contributions stem from a salt bridge formed by the car-
boxylic acid and Arg11826,34,35 and a hydrogen bond of the C(9)-NH
with the backbone carbonyl of Thr128. Additionally, hydrogen-
bond formations of C(5)-NH with the backbone carbonyl of
Gln126 and the backbone NH of Thr128 with the C(8)-OH were
identified, whereas the C(4)- and C(7)-OH exhibit only minor con-
tributions to binding. Overall, this hydrogen bond network nicely
correlates with the SAR study published by Kelm and Schauer.28

Furthermore, considerable contributions to the binding affinity re-
sult from two hydrophobic interactions: (i) the p-chlorobenzamide
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points into a hydrophobic pocket formed by Ser130 and the side
chain methylenes of Glu131 and (ii) the 2,3-difluorobenzyl agly-
cone is hosted by a second hydrophobic pocket established by
Trp59, Tyr60, Tyr69, and Tyr116. Most importantly, the pyranose
ring oxygen was not found to play a significant role in the interac-
tion of 2 and MAG.

Based on these findings, the non-carbohydrate mimic 3 (Fig. 1)
was designed. Since the pyranose ring oxygen in 2 does not con-
tribute to binding, it was exchanged by a methylene group. In addi-
tion, the hydroxyl group in the 4-position was replaced by an
amide. By this modification, the H-bond with Gln126, which was
shown to exhibit a minor contribution to binding,28 is well pre-
served (see Fig. 3B and D). Furthermore, the additional acyl group
allows the exploration of supplementary beneficial interactions
with the target protein. Finally, the p-chlorobenzamido-substi-
tuted glycerol side chain was substituted by a simplified version,
the 2-(p-chlorobenzamido)-ethoxy moiety. This modification
maintains the essential H-bond originating from the C(9)-NH in
2, but neglects the C(7)- and C(8)-OH, where at least the latter
one was found to contribute to the binding to MAG.28 However,
the role of this functional group was only investigated with oligo-
saccharides and not in combination with other modifications in
Neu5Ac derivatives,26–28 and therefore is difficult to assess
quantitatively.
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2.1. Synthesis of sialic acid mimic 3

Because of the similar substitution pattern, that is, three ring
substituents in the 4-, 5-, and 6-position and the a-hydroxy car-
boxylate function, (�)-quinic acid (4) is a feasible precursor for
the synthesis of 3. The main synthetic task is the inversion of the
trans-C(3) and C(4) hydroxyls into the corresponding trans-C(3)
and C(4) amino groups present in 3.

The synthesis of the core building block 18 (Scheme 1) was per-
formed in analogy to the synthesis of oseltamivir.36,37 Treatment of
(�)-quinic acid (4) with 2,2-dimethoxypropane (DMP) in acetone
yielded lactone 5 in 87%. Benzylation of the free hydroxy function
(?6) and subsequent methanolysis generated methyl ester 7. Sul-
fonic ester 9 was obtained almost quantitatively by tosylation of 7
followed by cleavage of the acetonide function in 8. Treatment of 9
with DBU in THF led to epoxide 10 in 96%. Nucleophilic ring open-
ing of the benzoyl protected epoxide 11 with sodium azide in the
presence of ammonium chloride generated azido alcohol 12 in
78% yield. The high regioselectivity of the epoxide opening can
be attributed to the steric as well as the electron withdrawing
influence of the adjacent benzoate. Conversion of azide 12 to aziri-
dine 14 was achieved by a two-step procedure: first, mesylation of
the free hydroxyl group in 12 (?13) and second, reduction of the
azide using modified Staudinger conditions.38 Unexpectedly, the
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aziridine ring opening in 14 with sodium azide resulted exclusively
in the bicyclic lactam 16, resulting from a nucleophilic attack of the
amine group in intermediate 15 to the carbonyl of the ester moiety.
To avoid the lactame formation, the ring opening was performed
with Boc-protected aziridine 17. Again, an excellent chemical yield,
but only a modest regioselectivity of 2.4:1 (18, 64% and 19, 27%)
was achieved.

When 18 was debenzoylated using Zemplén conditions, 20 was
obtained in almost quantitative yield (Scheme 2). Since the subse-
quent allylation under phase transfer conditions afforded a mix-
ture of allyl ester, methyl ester, and free acid, saponification with
NaOH and re-esterification with TMS-CHN2 was necessary to ob-
tain uniform 21. Conversion of its allyl group into the hydroxyethyl
side chain (?22) was accomplished in 65% yield by oxidative
cleavage using osmium tetroxide and sodium periodate in the
presence of 2,6-lutidine39 followed by reduction with sodium
borohydride. The azido-group in 22 was then selectively reduced
by catalytic hydrogenation in the presence of triethylamine40 fol-
lowed by O- and N-acetylation (?23). O-deacetylation (?24),
tosylation (?25) and substitution of the tosylate by azide afforded
26. The azido group was then converted into a p-chlorobenzamide
(?27) using the previously applied strategy of catalytic hydroge-
nation in the presence of NEt3 and subsequent acylation. The con-
version of the carbamate in 27 into a fluoroacetamido group via a
two-step procedure (Boc-deprotection with TFA, followed by acyl-
ation) gave 28 in 69%. After saponification of the ester, the sodium
salt of the final compound 3 was obtained by ion exchange chro-
matography in 83%.

2.2. Biological evaluation

The interaction of MAG with sialoside 2 and the sialic acid mi-
metic 3 was analyzed by two previously reported assay formats; a
fluorescent hapten binding assay41 and a surface plasmon reso-
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nance (SPR) based biosensor (Biacore) experiment23,31 (Table 1).
For the hapten inhibition assay, a recombinant protein consisting
of the three N-terminal domains of MAG and the Fc part of human
IgG (MAGd1–3-Fc) was produced by expression in CHO-Lec1 cells
and affinity purification on protein A-agarose.41 The relative inhib-
itory concentrations (rIC50) of the test compounds were deter-
mined in microtiter plates coated with fetuin as binding target
for MAGd1–3-Fc. By complexing the Fc-part with alkaline phospha-
tase-labeled anti-Fc antibodies and measuring the initial velocity
of fluorescein release from fluorescein diphosphate, the amount
of bound MAGd1–3-Fc could be determined. Four independent titra-
tions were performed for each compound (Fig. 2). To ensure com-
parability with earlier results,31,32 the affinities were measured
relative to the reference compound 2932 (rIC50 of 1, Table 1, entry
1). For the KD determination in the Biacore assay, MAGd1–3-Fc was
immobilized on a dextran chip modified with covalently bound
protein A. A reference cell providing only protein A was used to
compensate for unspecific binding to the matrix.

Whereas sialoside 2 (rIC50 0.02, KD 0.5 lM, entry 2) showed in
both assays an approx. 50-fold improvement in affinity compared
to the reference compound 29, mimic 3 exhibited an IC50 of approx.
3 mM (Fig. 2) in the hapten inhibition assay (rIC50 4300, entry 3),
which corresponds to an about 200,000-fold reduced affinity for
MAG compared to 2. In the Biacore experiment compound 3
showed no binding up to a concentration of 800 lmol.

2.3. Molecular modeling

To elucidate this unexpected loss of binding affinity for mimic 3,
extensive molecular docking studies were performed. Since no
crystal structure of MAG is yet available, the previously described
homology model of the ligand-binding domain of MAG was
used.23,31 The homology model (mouse; UniProt P20917) is based
on the three-dimensional structure of sialoadhesin34 (mouse; Sig-
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Table 1
Relative inhibitory concentrations (rIC50) relative to reference compound 29, KD values of sialosides 2 and 29 and non-carbohydrate mimic 3
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lec-1, PDB code 1QFP, 2.8 Å resolution) and was generated follow-
ing standard protocols using the Fugue42 and Orchestrar43 con-
cepts as implemented in SYBYL 7.3.44 The homology between
sialoadhesin and MAG was calculated using the Clustal W multiple
sequence alignment program.45 The primary sequences of the two
proteins and the residues of their binding sites exhibit a homology
of 52.5% and 50.0%, respectively. After generation, the homology
model was subjected to a full refinement in aqueous solution using
AMBER 7.0.46

The three-dimensional structures of compounds 2 and 3 were
generated using MacroModel,47 followed by a conformational
search to identify low-energy conformations suited for binding
(MacroModel,47 OPLS force field,48 aqueous solution, 5000 sampled
structures). CM1 atomic partial charges were then generated using
AMSOL.49 In the main step, the ligands were manually docked to
the binding site of the MAG model using the salt bridge to
Arg118 as anchor point (Fig. 3). After rigorous molecular-dynamics
relaxation (cf. below), each protein–ligand complex was fully min-
imized in aqueous solution.

A close inspection of the docking modes reveals slightly differ-
ent binding modes for compounds 2 and 3 (Fig. 3). Beside the an-
chor point which was used for the docking of 2 and 3, the
hydrogens of the 5-NHFAc groups interact with the backbone car-
bonyl of Gln126, and the C(4)-OH (in 2) or C(4)-NH (in 3), respec-
tively, are engaged in hydrogen bonds with the side chain carbonyl
of Gln126. In addition, the 2,3-difluorobenzyl aglycone in 2 as well
as the benzyloxy substituent in 3 are hosted by a hydrophobic
pocket formed by Trp59, Tyr60, Tyr69, and Tyr116. However,
whereas in 2 the C(9)-NH of the benzamido group establishes a
H-bond with the backbone carbonyl of Thr128, in 3 the 9-benz-
amido carbonyl interacts with the backbone NH of Thr128, thus
forming a much weaker H-bond than the parent compound 2. Con-
sequently, the orientations of the two side chains, the glycerol side
chain in 2 and the 2-benzamido-ethyl side chain in 3, are slightly
modified, leading to a noticeably reduced interaction of the p-chlo-
robenzamide in 3 with the second hydrophobic pocket formed by
Ser130 and Glu131.
Since the above discussed docking modes are the result of ther-
modynamic considerations, we also performed extended molecu-
lar-dynamics simulations to assess the dynamic stability of the
protein–ligand complexes using Desmond51 with an equilibrated
water box (5458 and 4838 water molecules, respectively) and peri-
odic boundary conditions. After an equilibration phase of
72 � 10�12 s, the structures were sampled for 4 � 10�9 s at
300 K and the essential interactions involved in the thermody-
namic stabilization of the MAG-compound 2 complex were ana-
lyzed in time. An analogous study was done for the MAG-
compound 3 complex. The results are summarized in Table 2.

The two complexes are characterized by obvious differences in
respect to the hydrogen-bond network. While frequency and
strength of the salt bridge to Arg118 is comparable for both 2
and 3 (entries 1 and 2), the hydrogen bonds of the 5-fluoroacetam-
ido NH with the backbone carbonyl of Gln126 are comparable in
frequency, but the interaction with 2 is slightly stronger (average
distance 1.88 Å for 2 vs 1.93 Å for 3, entry 3).

However, the major difference originates from the interaction
patterns of the side chains, that is, the glycerol side chain in 2
and the 2-benzamidoethoxy side chain in 3. In 2, two important
hydrogen bonds contribute to binding: (i) the 9-benzamido NH
interacts with the backbone carbonyl of Thr128 (1.96 Å, entry 4)
and (ii) the backbone NH of the same amino acid acts as donor in
a H-bond with the oxygen of the C(8)-OH (1.94 Å, entry 6).

Since the benzamidoethoxy side chain in 3 is oriented in an in-
verted manner, a significantly weaker H-bond between the back-
bone NH of Thr128 and the 9-benzamido carbonyl (2.10 Å,
frequency 0.1, entry 5) is formed. In addition, the hydroxy group
at C(8) is absent, therefore the second H-bond is not present at
all. As a consequence, the orientation of the side chain alters lead-
ing to a markedly reduced hydrophobic contact of the p-chloro-
benzamide with Ser130 and Glu131.

Finally, the hydrogen bond of the C(4)-OH in 2 with the side
chain carbonyl of Gln126, which was identified in the static dock-
ing studies, turned out to be irrelevant in the dynamic consider-
ations. Although the hydrogen bond of the 4-acetamido NH in 3



Figure 3. (A and C) The homology model of MAG complexed with 2 (A) and 3 (C). The images have been generated using VMD.50 The ligands are depicted colored by atom (C:
cyan, H: white, O: red, N: blue, Cl: green, F: yellow), the protein is represented by its van der Waals surface colored according to the depth. (B and D) Binding interactions of 2
(B) and 3 (D); hydrogen bonds are indicated as red dashed lines, hydrophobic interactions are shown as orange bars. For better comparability, the carbon atoms in 3 are
numbered in analogy to compound 2.
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with the side chain carbonyl of Gln126 substantially contributes to
the binding to MAG (1.93 Å, entry 7), this additional interaction
unexpectedly does not compensate the experimentally observed
loss of affinity caused by the reduced hydrophobic contact of the
benzamido group in 3 compared to 2.

3. Conclusion

The non-carbohydrate mimic 3 of the high-affinity MAG antag-
onist 2 was synthesized with the goal to improve its pharmacoki-
netic properties. Although the mimic 3 can establish all but one of
the essential hydrogen bond interactions present in 2, a 200,000-
fold drop in affinity was observed. The docking modes of 2 and 3
to a homology model of MAG revealed a different orientation of
the side chains in the 6-position. Obviously, the C(8)-OH and the
C(9)-NH in sialoside 2 represent key polar groups,52 that is, the rec-
ognition of both of these hydrogen bond donors is required for
binding. Consequently, in the absence of the stabilizing H-bond
formed between the C(8)-OH in 2 and the backbone NH of
Thr128, the benzamidoethoxy side chain adopts an inverted orien-
tation, leading to a less favorable interaction of its benzamido
group with the hydrophobic pocket formed by Ser130 and
Glu131 and therefore to the experimentally observed dramatic loss
in affinity.

In summary, while docking studies based on a thermodynamic
inspection of the binding event do only insufficiently depict the
MAG-mimetic 3 interaction, dynamic considerations based on
molecular-dynamics simulations gave a more detailed picture
and allowed to interpret the experimental findings.

4. Experimental part

4.1. Chemistry

NMR spectra were recorded on a Bruker Avance DMX-500
(500 MHz) spectrometer. Assignment of 1H and 13C NMR spectra
was achieved using 2D methods (COSY, HSQC). Chemical shifts
are expressed in ppm using residual CHCl3 and HDO as references.
Optical rotations were measured using a Perkin–Elmer Polarimeter
341. Electron spray ionization mass spectra (ESI-MS) were ob-
tained on a Waters micromass ZQ. The HRMS analyses were carried
out using a Bruker QTOF. Reactions were monitored by TLC using
glass plates coated with silica gel 60 F254 (Merck) and visualized
by using UV light and/or by charring with a molybdate solution
(a 0.02 M solution of ammonium cerium sulfate dihydrate and
ammonium molybdate tetrahydrate in aqueous 10% H2SO4). Col-
umn chromatography was performed on silica gel (Fluka, 40–
60 mesh). MPLC separations were carried out on a CombiFlash
Companion from Teledyne Isco equipped with RediSep normal-
phase flash columns. Tetrahydrofurane (THF) and dioxane were
freshly distilled under argon over sodium and benzophenone.
Methanol (MeOH) was dried by refluxing with sodium methoxide
and distilled immediately before use. Pyridine was freshly distilled
under argon over CaH2. Acetone, dichloromethane (DCM), N,N-



Table 2
Time-resolved H-bond distances between key amino-acid residues of MAG and compounds 2 and 3

Entry Interaction Compound 2 Compound 3

1
(pair #1)

COO H2N-Arg118

f = 0.922; dav = 1.71 Å (all d < 2.0 Å) f = 0.973; dav = 1.69 Å (all d < 2.0 Å)

2
(pair #2)

COO H2N-Arg118

f = 0.934; dav = 1.62 Å (all d < 2.0 Å) f = 0.984; dav = 1.66 Å (all d < 2.0 Å)

3 5-NH–O@C–Gln126MC

f = 0.945; dav = 1.88 Å (all d < 2.25 Å) f = 0.948; dav = 1.93 Å (all d < 2.25 Å)

4 9-NH–O@C–Thr128 absent

f = 0.715; dav = 1.96 Å (all d < 2.25 Å)

5 p-ClPh–CO–HN–Thr128 absent

f = 0.102; dav = 2.10 Å (all d < 2.25 Å)

6 8-O
H

HN-Thr128 absent

f = 0.942; dav = 1.94 Å (all d < 2.25 Å)

7 4-NH–O@C–Gln126SC absent

f = 0.693; dav = 1.93 Å (all d < 2.25 Å)

The horizontal axis represents the simulation time, the vertical axis the H� � �acceptor separation. f: frequency of observance of the H-bond throughout the molecular-
dynamics simulation; dav: average H� � �acceptor distance; MC: main chain; SC: side chain.
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dimethylformamide (DMF), and toluene were dried by filtration
over Al2O3 (Fluka, type 5016 A basic).

4.1.1. 3,4-O-Isopropylidene-1,5-quinic lactone (5)37

To a solution of (�)-quinic acid (4, 15.0 g, 78.1 mmol) and DMP
(33.5 mL, 273 mmol) in acetone (75 mL) was added p-toluene sul-
fonic acid monohydrate (149 mg, 0.78 mmol). The reaction mix-
ture was stirred at 70 �C for 3 h. After cooling to rt, NEt3 (3 mL)
was added with stirring and the solvent was evaporated. The resi-
due was purified by chromatography on silica gel (petroleum
ether/EtOAc 3:1 to 1:1, +0.5% NEt3) to yield 5 (14.7 g, 87%) as a col-
orless solid. The analytical data correspond to reported values.37

4.1.2. 1-O-Benzyl-3,4-O-isopropylidene-1,5-quinic lactone (6)
NaH (3.53 g, 60% suspension in oil, 88.3 mmol) was washed

with n-hexane (2 � 5 mL) under argon and suspended in DMF
(10 mL) at 0 �C. Then a solution of 5 (9.46 g, 44.2 mmol) in DMF
(50 mL) was added dropwise during 30 min with stirring. The reac-
tion mixture was warmed to rt, stirred for 19 h and then quenched
by slowly adding saturated aqueous NH4Cl (20 mL) at 0 �C. The
mixture was extracted with DCM (3 � 40 mL) and the combined
organic layers were dried with Na2SO4. After filtration and evapo-
ration of the solvents, the residue was purified by chromatography
on silica (petroleum ether/EtOAc 10:1 to 5:1, +0.5% NEt3) to yield 6
(12.6 g, 94%) as a colorless solid.

1H NMR (500 MHz, CDCl3): d 1.34, 1.52 (2 s, 6H, C(CH3)2), 2.26
(dd, J = 2.7, 15.0 Hz, 1H, H-2a), 2.46–2.56 (m, 3H, H-2b, H-6), 4.32
(dt, J = 1.2, 6.4 Hz, H-4), 4.55 (dt, J = 2.7, 7.0 Hz, H-3), 4.58, 4.67
(A, B of AB, J = 10.8 Hz, 2H, CH2Ph), 4.70 (dd, J = 2.4, 6.0 Hz, 1H,
H-5), 7.29–7.40 (m, 5H, C6H5); 13C NMR (125 MHz, CDCl3): d
24.3, 27.0 (C(CH3)2), 30.7 (C-6), 36.1 (C-2), 67.0 (CH2Ph), 71.4 (C-
3), 72.4 (C-4), 75.0 (C-5), 76.9 (C-1), 109.6 (C(CH3)2), 127.8, 127.9,
128.4, 137.4 (6C, C6H5), 175.8 (CO); ESI-MS Calcd for C17H20NaO5

[M+Na]+: 327.12. Found: 327.08.
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4.1.3. Methyl (1R,3R,4S,5R)-1-benzyloxy-3,4,5-trihydroxy-4,5-O-
isopropylidene-cyclohexanecarboxylate (7)

To a suspension of 6 (9.84 g, 32.3 mmol) in MeOH (170 mL) was
added a freshly prepared solution of sodium (820 mg, 35.6 mmol)
in MeOH (50 mL) at 0 �C under argon. The reaction mixture was
stirred for 3 h at rt, then the solution was neutralized by adding
Dowex 50X8 ion-exchange resin. After filtration and evaporation
of the solvents, the residue was purified by chromatography on sil-
ica (petroleum ether/EtOAc 2:1 to 1:8, +0.5% NEt3) to yield 7
(7.96 g, 73%) as a colorless solid.

1H NMR (500 MHz, CDCl3): d 1.37, 1.48 (2 s, 6H, C(CH3)2), 1.81
(dd, J = 10.9, 13.6 Hz, 1H, H-6a), 2.25–2.31 (m, 2H, H-2a, H-6b),
2.54 (m, 1H, H-2b), 3.78 (m, 3H, OMe), 3.94 (t, J = 6.4 Hz, H-4),
4.16 (ddd, J = 4.1, 7.0, 10.9 Hz, 1H, H-5), 4.34 (A of AB, J = 10.2 Hz,
1H, CH2Ph), 4.46 (dt, J = 3.6, 5.3 Hz, H-3), 4.60 (B of AB,
J = 10.2 Hz, 1H, CH2Ph), 7.27–7.39 (m, 5H, C6H5); 13C NMR
(125 MHz, CDCl3): d 25.9, 28.2 (C(CH3)2), 30.9 (C-2), 37.7 (C-6),
52.5 (OMe), 67.1 (CH2Ph), 68.1 (C-5), 72.9 (C-3), 79.2 (C-1), 80.1
(C-4), 109.1 (C(CH3)2), 127.9, 128.2, 128.3, 138.0 (6C, C6H5), 174.1
(CO); ESI-MS Calcd for C18H25O6 [M+H]+: 337.17. Found: 337.14.
4.1.4. Methyl (1S,3R,4R,5R)-1-benzyloxy-3,4-dihydroxy-3,4-O-
isopropylidene-5-(p-tosyloxy)-cyclohexanecarboxylate (8)

To a solution of 7 (5.55 g, 16.5 mmol) and DMAP (190 mg) in
pyridine (40 mL) was added p-tosyl chloride (6.29 g, 33.0 mmol)
under argon. The solution was stirred for 19 h, then the pyridine
was evaporated and water (50 mL) was added. The aqueous phase
was extracted with DCM (3 � 50 mL), then the combined organic
layers were washed with brine (20 mL) and dried with Na2SO4.
After evaporation of the solvent, the residue was purified by chro-
matography on silica (petroleum ether/EtOAc 3:1 to 1:1, +0.5%
NEt3) to give 8 (7.96 g, 98%) as a yellowish oil.

1H NMR (500 MHz, CDCl3): d 0.93, 1.23 (2 s, 6H, C(CH3)2), 1.91 (t,
J = 12.7 Hz, 1H, H-6a), 2.16 (dd, J = 5.0, 16.1 Hz, 1H, H-2a), 2.39 (s,
3H, PhCH3), 2.59 (d, J = 16.1 Hz, 1H, H-2b), 2.68 (dd, J = 3.1,
13.6 Hz, 1H, H-6b), 3.76 (m, 3H, OMe), 4.01 (t, J = 6.5 Hz, H-4),
4.40–4.43 (m, 2H, H-3, CH2Ph), 4.55 (B of AB, J = 10.5 Hz, 1H,
CH2Ph), 4.64 (m, 1H, H-5), 7.19 (AA0 of AA0BB0, J = 8.0 Hz, 2H,
C6H4), 7.31–7.37 (m, 5H, C6H5), 7.71 (BB0 of AA0BB0, J = 8.0 Hz, 2H,
C6H4); 13C NMR (125 MHz, CDCl3): d 21.5 (PhCH3), 25.8, 27.3
(C(CH3)2), 31.1 (C-2), 35.5 (C-6), 52.5 (OMe), 66.7 (CH2Ph), 73.2
(C-3), 76.6 (C-4), 79.1, 79.2 (C-1, C-5), 109.2 (C(CH3)2), 127.4,
127.5, 128.1, 128.4, 129.6, 132.9, 137.9 (12C, C6H4, C6H5), 172.6
(CO); ESI-MS Calcd for C25H30NaO8S [M+Na]+: 513.16. Found:
513.18.
4.1.5. Methyl (1S,3R,4R,5R)-1-benzyloxy-3,4-dihydroxy-5-(p-
tosyloxy)-cyclohexanecarboxylate (9)

A suspension of 8 (7.96 g, 16.2 mmol) in 80% aqueous acetic
acid (30 mL) was stirred for 2.5 h at 60 �C. After cooling to rt, the
solvents were removed by co-evaporation with toluene
(3 � 50 mL). The residue was dried in high vacuum to give 9
(7.13 g, 98%), which was used without further purification.

1H NMR (500 MHz, CDCl3): d 1.94 (dd, J = 3.1, 15.1 Hz, 1H, H-
2a), 2.16 (dd, J = 11.9, 14.2 Hz, 1H, H-6a), 2.40 (m, 1H, H-2b),
2.43 (s, 3H, PhCH3), 2.89 (dt, J = 3.4, 14.3 Hz, 1H, H-6b), 3.56
(dd, J = 3.5, 9.3 Hz, H-4), 3.78 (m, 3H, OMe), 4.05 (m, 1H, H-3),
4.50, 4.52 (A, B of AB, J = 10.2 Hz, 2H, CH2Ph), 4.59 (m, 1H, H-
5), 7.31 (AA0 of AA0BB0, J = 8.1 Hz, 2H, C6H4), 7.33–7.39 (m, 5H,
C6H5), 7.82 (BB0 of AA0BB0, J = 8.1 Hz, 2H, C6H4); 13C NMR
(125 MHz, CDCl3): d 21.7 (PhCH3), 34.5 (C-6), 37.3 (C-2), 52.7
(OMe), 67.6 (CH2Ph), 70.0 (C-3), 72.9 (C-4), 78.5 (C-5), 81.5 (C-
1), 128.1, 128.1, 128.3, 128.7, 129.8, 133.2, 136.5, 145.0 (12C,
C6H4, C6H5), 171.1 (CO); ESI-MS Calcd for C22H26NaO8S
[M+Na]+: 473.12. Found: 473.15.
4.1.6. Methyl (1R,3S,4S,5R)-1-benzyloxy-3,4-epoxy-5-hydroxy-
cyclohexane-1-carboxylate (10)

To a solution of 9 (7.13 g, 15.8 mmol) in THF (50 mL) was added
DBU (2.39 mL, 15.8 mmol) dropwise during 10 min at 0 �C under
argon. The mixture was stirred at 0 �C for 1 h, then warmed to rt
and stirred for another 17 h. The solvent was removed, and the res-
idue was purified by MPLC on silica (petroleum ether/EtOAc) to
yield 10 (4.23 g, 96%) as a colorless solid.

1H NMR (500 MHz, CDCl3): d 1.86 (dd, J = 9.5, 12.6 Hz, 1H, H-6a),
2.13 (d, J = 15.1 Hz, 1H, H-2a), 2.23 (m, 1H, H-6b), 2.68 (ddd, J = 2.0,
4.8, 15.1 Hz, 1H, H-2b), 3.35 (m, 1H, H-4), 3.44 (t, J = 4.4 Hz, 1H, H-
3), 3.77 (s, 3H, OMe), 4.03 (m, 1H, H-5), 4.31, 4.49 (A, B of AB,
J = 10.6 Hz, 2H, CH2Ph), 7.27–7.38 (m, 5H, C6H5); 13C NMR
(125 MHz, CDCl3): d 30.3 (C-2), 36.4 (C-6), 52.5 (C-3), 52.8 (OMe),
54.8 (C-4), 65.9 (C-5), 66.9 (CH2Ph), 79.5 (C-1), 127.7, 127.8,
128.4, 137.4 (6C, C6H5), 173.2 (CO); ESI-MS Calcd for C15H18NaO5

[M+Na]+: 301.11. Found: 301.14.

4.1.7. Methyl (1R,3S,4S,5R)-5-benzoyloxy-1-benzyloxy-3,4-
epoxy-cyclohexane-1-carboxylate (11)

To a solution of 10 (2.10 g, 7.55 mmol) in pyridine (20 mL) were
subsequently added benzoyl chloride (1.78 mL, 15.1 mmol) and
DMAP (120 mg) at 0 �C under argon. The mixture was stirred for
4 h at rt and then concentrated in vacuo. The residue was co-evap-
orated with toluene (3 � 10 mL), dissolved in DCM (20 mL), and
washed with 1 N HCl (10 mL) and saturated aqueous NaHCO3

(10 mL). The organic phase was dried (Na2SO4), filtered and con-
centrated in vacuo. The residue was purified by MPLC on silica
(petroleum ether/EtOAc) to afford 11 (2.79 g, 97%) as a colorless
solid.

[a]D �33.4 (c 0.50, CHCl3); 1H NMR (500 MHz, CDCl3): d 2.06–
2.15 (m, 2H, H-2a, H-6a), 2.42 (dd, J = 4.3, 11.9 Hz, 1H, H-6b),
2.85 (dd, J = 3.2, 14.9 Hz, 1H, H-2b), 3.43 (t, J = 4.5 Hz, 1H, H-3),
3.47 (m, 1H, H-4), 3.84 (s, 3H, OMe), 4.35, 4.50 (A, B of AB,
J = 10.9 Hz, 2H, CH2Ph), 5.39 (m, 1H, H-5), 7.28–7.35, 7.43–7.46,
7.56–7.59, 8.07–8.09 (m, 10H, 2 C6H5); 13C NMR (125 MHz, CDCl3):
d 31.2 (C-2), 32.2 (C-6), 51.8 (C-3), 52.7, 52.8 (C-4, OMe), 66.8
(CH2Ph), 69.2 (C-5), 79.3 (C-1), 127.6, 127.8, 128.4, 128.4, 129.7,
129.8, 133.3, 137.5 (12C, 2C6H5), 166.0 (COPh), 173.2 (CO2Me);
ESI-MS Calcd for C22H22NaO6 [M+Na]+: 405.13. Found: 405.08.

4.1.8. Methyl (1R,3R,4S,5R)-5-azido-3-benzoyloxy-1-benzyloxy-
4-hydroxy-cyclohexane-1-carboxylate (12)

To a solution of 11 (2.79 g, 7.30 mmol) in MeOH/water (8:1,
54 mL) were added sodium azide (2.47 g, 37.9 mmol) and ammo-
nium chloride (859 mg, 16.1 mmol), and the mixture was stirred
at 70 �C for 18 h under argon. The reaction mixture was diluted
with saturated aqueous NaHCO3 (10 mL) and water (20 mL), and
the solution was carefully evaporated to remove methanol. The
resulting aqueous phase containing an oily residue was extracted
with ethyl acetate (3 � 50 mL). The combined organic extracts
were dried (Na2SO4), filtered, and concentrated in vacuo. The resi-
due was purified by MPLC on silica (1% gradient of MeOH in DCM)
to yield 12 (2.45 g, 78%) as a colorless oil.

[a]D �53.6 (c 0.45, CHCl3); IR (film) 3479 (m b, OH), 2107 (vs,
N3), 1722 (vs, CO) cm�1; 1H NMR (500 MHz, CDCl3): d 1.87 (dd,
J = 11.7, 13.8 Hz, 1H, H-6a), 2.23 (dd, J = 3.5, 15.9 Hz, 1H, H-2a),
2.44 (d, J = 5.1 Hz, 1H, OH), 2.59 (m, 1H, H-6b), 2.67 (dt, J = 3.2,
15.9 Hz, 1H, H-2b), 3.76–3.80 (m, 4H, H-4, OMe), 4.10 (m, 1H, H-
5), 4.31, 4.38 (A, B of AB, J = 10.5 Hz, 2H, CH2Ph), 5.65 (q,
J = 3.5 Hz, 1H, H-3), 7.20–7.28, 7.48–7.53, 7.90–7.93 (m, 10H,
2C6H5); 13C NMR (125 MHz, CDCl3): d 32.3 (C-2), 36.8 (C-6), 52.6
(OMe), 58.4 (C-5), 67.4 (CH2Ph), 70.8 (C-3), 73.7 (C-4), 79.4 (C-1),
127.7, 127.8, 128.3, 128.4, 129.4, 129.9, 133.3, 137.3 (12C,
2C6H5), 166.2 (COPh), 172.7 (CO2Me); ESI-MS Calcd for
C22H23N3NaO6 [M+Na]+: 448.15. Found: 448.16.
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4.1.9. Methyl (1R,3R,4S,5R)-5-azido-3-benzoyloxy-1-benzyloxy-
4-(methylsulfonyloxy)-cyclohexane-1-carboxylate-1,4-lactam
(13)

To a solution of 12 (2.43 g, 5.70 mmol) in DCM (25 mL) at 0 �C
under argon was added NEt3 (3.18 mL, 22.8 mmol) followed by
the addition of methanesulfonyl chloride (887 lL, 11.4 mmol).
The mixture was stirred at 0 �C for 1 h and warmed to rt with stir-
ring for 3 h. The reaction was quenched with MeOH (2 mL) and
concentrated in vacuo. Purification of the residue by MPLC on silica
(petrol ether/EtOAc) yielded 13 (2.69 g, 94%) as a yellowish oil.

[a]D �31.0 (c 0.50, CHCl3); IR (film) 2111 (vs, N3), 1732 (vs, CO)
cm�1; 1H NMR (500 MHz, CDCl3): d 2.01 (m, 1H, H-6a), 2.35 (d,
J = 15.9 Hz, 1H, H-2a), 2.57–2.73 (m, 2H, H-2b, H-6b), 3.08 (s, 3H,
SMe), 3.79 (s, 3H, OMe), 4.27–4.34 (m, 2H, H-5, CH2Ph-HA), 4.38
(B of AB, J = 10.5 Hz, 1H, CH2Ph-HB), 4.70 (dd, J = 3.4, 9.6 Hz, 1H,
H-4), 5.84 (m, 1H, H-3), 7.18–7.32, 7.53–7.55, 7.94–7.95 (m, 10H,
2C6H5); 13C NMR (125 MHz, CDCl3): d 31.8 (C-2), 37.4 (C-6), 38.7
(SMe), 52.7 (OMe), 55.9 (C-5), 67.4 (CH2Ph), 68.5 (C-3), 79.8 (2C,
C-1, C-4), 127.8, 127.9, 128.3, 128.5, 129.4, 129.9, 133.4, 137.0
(12C, 2C6H5), 166.3 (COPh), 172.5 (CO2Me); ESI-MS Calcd for
C23H25N3NaO8S [M+Na]+: 526.13. Found: 526.09.

4.1.10. Methyl (1R,3R,4R,5R)-4,5-aziridino-3-benzoyloxy-1-
benzyloxy-cyclohexane-1-carboxylate (14)

To a solution of 13 (2.69 g, 5.34 mmol) in THF (30 mL) at 0 �C
was added PPh3 (1.76 g, 6.68 mmol), initially adding a third of
the amount while cooling and then after removing the ice bath
adding the remaining amount over a period of 15 min. The reaction
mixture was stirred at rt for 4 h, then NEt3 (1.12 mL, 8.02 mmol)
and water (2 mL) were added, and the mixture was stirred at rt
for 16 h. The reaction mixture was concentrated to remove THF,
and the residue was partitioned between DCM (50 mL) and brine
(20 mL). The aqueous phase was extracted with DCM
(3 � 20 mL), and the combined organic extracts were dried
(Na2SO4), filtered, and evaporated. The residue was purified by
MPLC on silica (petrol ether/EtOAc, +1% NEt3) to give 2.20 g of a
3:2-mixture of 14 and triphenylphosphine oxide, which was di-
rectly used in the next step.

1H NMR (500 MHz, CDCl3): d 2.13 (dd, J = 3.7, 14.8 Hz, 1H, H-2a),
2.37–2.44 (m, 3H, H-2b, H-6), 2.45–2.50 (m, 2H, H-4, H-5), 3.74 (s,
3H, OMe), 4.38, 4.53 (A, B of AB, J = 11.1 Hz, 1H, CH2Ph), 5.60 (t,
J = 4.9 Hz, 1H, H-3), 7.25–7.33, 7.53–7.56, 7.96–7.97 (m, 10H,
2C6H5); 13C NMR (125 MHz, CDCl3): d 28.1 (C-6), 30.8 (C-2), 31.6,
32.5 (C-4, C-5), 52.2 (OMe), 66.5 (CH2Ph), 68.1 (C-3), 76.9 (C-1),
127.5, 128.2, 128.3, 128.5, 129.7, 132.9, 138.2 (12C, 2C6H5), 166.1
(COPh), 173.1 (CO2Me); ESI-MS Calcd for C22H24NO5 [M+H]+:
382.17. Found: 382.10.

4.1.11. (1R,3R,4R,5S)-4-Amino-5-azido-1-benzyloxy-3-
benzoyloxy-cyclohexane-1-carboxylate-1,4-lactam (16)

To a solution of 14 (105 mg, 0.275 mmol) in DMF (3 mL) was
added NaN3 (89.3 mg, 1.37 mmol) and NH4Cl (29.4 mg, 0.55
mmol), and the mixture was heated at 65 �C under argon for
23 h. The reaction mixture was cooled to rt, diluted with ethyl ace-
tate (10 mL), and filtered. The filtrate was washed with brine
(5 mL) and the aqueous phase was extracted with EtOAc
(3 � 10 mL). The combined organic phases were dried (Na2SO4), fil-
tered, and concentrated in vacuo. The residue was purified by chro-
matography on silica (petrol ether/EtOAc 2:1 to 1:1) to yield 16
(53.5 mg, 50%) as colorless foam.

[a]D –29.6 (c 1.24, CHCl3); IR (film) 2099 (vs, N3), 1719 (vs, CO)
cm�1; 1H NMR (500 MHz, CDCl3): d 1.99 (dd, J = 5.5, 13.4 Hz, 1H, H-
6a), 2.04 (dd, J = 3.8, 13.7 Hz, 1H, H-2a), 2.57 (ddd, J = 3.5, 10.8,
13.3 Hz, 1H, H-6b), 2.81 (ddd, J = 3.5, 10.5, 13.7 Hz, 1H, H-2b),
4.04 (m, 1H, H-4), 4.09 (m, 1H, H-5), 4.78, 4.84 (A, B of AB,
J = 11.0 Hz, 2H, CH2Ph), 5.35 (m, 1H, H-3), 7.28–7.36, 7.55–7.61,
8.09–8.10 (m, 10H, 2C6H5); 13C NMR (125 MHz, CDCl3): d 34.8
(C-6), 36.0 (C-2), 49.8 (C-4), 57.9 (C-5), 67.1 (CH2Ph), 70.1 (C-3),
74.1 (C-1), 127.7, 128.4, 128.5, 129.3, 129.8, 133.4, 138.2 (12C,
2C6H5), 166.1, 175.2 (2 CO); ESI-MS Calcd for C21H20N4NaO4

[M+Na]+: 415.14. Found: 415.16.

4.1.12. Methyl (1R,3R,4R,5R)-4,5-aziridino-3-benzoyloxy-1-
benzyloxy-N-(tert-butoxycarbonyl)-cyclohexane-1-carboxylate
(17)

Crude aziridine 14 (2.10 g, 3:2 mixture with PPh3O) was dis-
solved in DCM (50 mL) and cooled to 0 �C under argon. Then
NEt3 (1.53 mL, 11.0 mmol), Boc2O (1.80 g, 8.25 mmol), and DMAP
(10 mg) were subsequently added and the solution was stirred at
rt for 5 h. The solvent was evaporated and the residue purified
by MPLC on silica (1% gradient of EtOAc in petrol ether) to yield
17 (1.66 g, 96%) as a colorless oil.

1H NMR (500 MHz, CDCl3): d 1.47 (s, 9H, C(CH3)3), 2.26 (d,
J = 15.3 Hz, 1H, H-2a), 2.35 (dd, J = 5.4, 15.4 Hz, 1H, H-2b), 2.40
(d, J = 15.3 Hz, 1H, H-6a), 2.52 (ddd, J = 1.6, 5.8, 15.4 Hz, 1H, H-
6b), 2.83 (dd, J = 4.9, 5.7 Hz, 1H, H-5), 2.87 (m, 1H, H-4), 3.74 (s,
3H, OMe), 4.31, 4.50 (A, B of AB, J = 11.0 Hz, 2H, PhCH2), 5.68 (m,
1H, H-3), 7.27–7.32, 7.50–7.53, 7.93–7.95 (m, 10H, 2C6H5); 13C
NMR (125 MHz, CDCl3): d 27.8 (C(CH3)3), 30.3 (C-2), 31.5 (C-6),
34.8 (C-5), 38.1 (C-4), 52.3 (OMe), 66.6 (C-3), 66.7 (CH2Ph), 76.5
(C-1), 81.7 (C(CH3)3), 127.4, 127.5, 128.2, 128.3, 129.8, 129.8,
133.0, 137.9 (12C, 2C6H5), 161.6 (NCO), 165.8, 172.9 (2CO); ESI-
MS Calcd for C27H31NNaO7 [M+Na]+: 504.20. Found: 504.19.

4.1.13. Methyl (1R,3R,4R,5S)-5-azido-1-benzyloxy-3-
benzoyloxy-4-(tert-butoxycarbonylamino)-cyclohexane-1-
carboxylate (18) and methyl (1R,3R,4S,5R)-4-azido-1-benzyloxy-
3-benzoyloxy-5-(tert-butoxycarbonylamino)-cyclohexane-1-
carboxylate (19)

To a solution of 17 (1.38 g, 2.87 mmol) in DMF (25 mL) was
added sodium azide (1.86 g, 28.7 mmol) and ammonium chloride
(1.23 g, 22.9 mmol), and the mixture was heated at 70 �C under ar-
gon for 18 h. The reaction mixture was cooled to rt, diluted with
ethyl acetate (25 mL), and filtered. The filtrate was washed with
brine (20 mL) and the aqueous phase was extracted with EtOAc
(3 � 25 mL). The combined organic phases were dried (Na2SO4), fil-
tered, and concentrated in vacuo. The residue was purified by
MPLC on silica (petrol ether/EtOAc) to yield 18 (956 mg, 64%)
and 19 (398 mg, 27%) as colorless foams.

Data for 18: [a]D �49.0 (c 1.05, CHCl3); IR (KBr) 3385 (m, NH),
2978 (m), 2100 (vs, N3), 1722 (vs, CO), 1516 (m), 1454 (m), 1391
(m), 1301 (s), 1278 (vs), 1205 (m), 1157 (s), 1112 (s) cm�1; 1H
NMR (500 MHz, CDCl3): d 1.27 (s, 9H, C(CH3)3), 1.75 (t,
J = 12.7 Hz, 1H, H-6a), 1.92 (t, J = 12.2 Hz, 1H, H-2a), 2.79 (d,
J = 12.7 Hz, 1H, H-6b), 2.87 (d, J = 11.7 Hz, 1H, H-2b), 3.56 (m, 1H,
H-5), 3.85 (s, 3H, OMe), 3.91 (q, J = 10.4 Hz, 1H, H-4), 4.42, 4.47
(A, B of AB, J = 10.8 Hz, 2H, PhCH2), 4.51 (d, J = 9.9 Hz, 1H, NH),
5.09 (m, 1H, H-3), 7.27–7.36, 7.41–7.44, 7.55–7.58, 8.03–8.04 (m,
10H, 2C6H5); 13C NMR (125 MHz, CDCl3): d 28.1 (C(CH3)3), 38.1
(C-2), 38.2 (C-6), 52.9 (OMe), 58.0 (C-4), 58.9 (C-5), 67.1 (CH2Ph),
70.1 (C-3), 77.9 (C-1), 80.0 (C(CH3)3), 127.6, 127.9, 128.3, 128.4,
129.5, 129.9, 133.3, 137.2 (12C, 2C6H5), 155.5 (NCO), 166.2, 172.4
(2CO); ESI-MS Calcd for C27H32N4NaO7 [M+Na]+: 547.22. Found:
547.29.

Data for 19: 1H NMR (500 MHz, CDCl3): d 1.47 (s, 9H, C(CH3)3),
2.17–2.26 (m, 2H, H-2a, H-6a), 2.56 (d, J = 13.7 Hz, 1H, H-6b),
2.63 (d, J = 14.4 Hz, 1H, H-2b), 3.77 (s, 3H, OMe), 3.82 (m, 1H, H-
4), 4.22 (m, 1H, H-5), 4.27, 4.39 (A, B of AB, J = 10.4 Hz, 2H, PhCH2),
5.01 (br s, 1H, NH), 5.63 (m, 1H, H-3), 7.17–7.23, 7.27–7.30, 7.49–
7.52, 7.94–7.95 (m, 10H, 2C6H5); 13C NMR (125 MHz, CDCl3): d 28.4
(C(CH3)3), 33.1 (C-2), 36.4 (C-6), 46.8 (C-5), 52.7 (OMe), 62.8 (C-4),
67.2 (CH2Ph), 69.9 (C-3), 79.5 (C-1), 80.1 (C(CH3)3), 127.6, 127.8,
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128.1, 128.3, 129.3, 129.9, 133.2, 137.3 (12C, 2C6H5), 155.1 (NCO),
165.8, 173.2 (2CO); ESI-MS Calcd for C27H32N4NaO7 [M+Na]+:
547.22. Found: 547.28.

4.1.14. Methyl (1R,3R,4R,5S)-5-azido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-hydroxy-cyclohexane-1-carboxylate
(20)

A solution of 18 (1.01 g, 1.93 mmol) in MeOH (15 mL) was trea-
ted with 1 M methanolic NaOMe (1.5 mL) under argon at rt for 3 h.
The reaction mixture was neutralized with acetic acid and concen-
trated. The residue was purified by MPLC on silica (petrol ether/
EtOAc) to give 20 (765 mg, 94%) as a colorless foam.

[a]D +5.4 (c 1.01, CHCl3); IR (KBr) 3268 (s, OH), 2982 (m), 2101
(vs, N3), 1736 (vs, CO), 1675 (vs, CO), 1551 (vs), 1455 (m), 1393 (w),
1309 (vs), 1276 (m), 1199 (s), 1175 (s), 1126 (s) cm�1; 1H NMR
(500 MHz, CDCl3): d 1.46 (s, 9H, C(CH3)3), 1.71 (t, J = 12.5 Hz, 1H,
H-6a), 1.72 (t, J = 12.3 Hz, 1H, H-2a), 2.75 (d, J = 12.5 Hz, 1H, H-
6b), 2.76 (d, J = 12.3 Hz, 1H, H-2b), 3.34 (q, J = 9.2 Hz, 1H, H-4),
3.44 (m, OH), 3.50 (m, 1H, H-5), 3.62 (m, 1H, H-3), 3.77 (s, 3H,
OMe), 4.41, 4.46 (A, B of AB, J = 10.8 Hz, 2H, PhCH2), 4.77 (m, 1H,
NH), 7.27–7.35 (m, 5H, C6H5); 13C NMR (125 MHz, CDCl3): d 28.3
(C(CH3)3), 37.7 (C-6), 40.7 (C-2), 52.6 (OMe), 58.6 (C-5), 60.8 (C-
4), 67.0 (CH2Ph), 69.0 (C-3), 77.9 (C-1), 80.8 (C(CH3)3), 127.7,
127.9, 128.4, 137.3 (6C, C6H5), 156.8 (NCO), 172.5 (CO); HRMS
Calcd for C20H28N4NaO6 [M+Na]+: 443.1901. Found: 443.1902.

4.1.15. Methyl (1R,3R,4R,5S)-5-azido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-allyloxy-cyclohexane-1-carboxylate
(21)

A solution of 20 (748 mg, 1.78 mmol) and 15-crown-5 (35.2 lL,
0.178 mmol) in DCM (10 mL) was added to 50% aqueous NaOH
(25 mL, w/v). Allyl bromide (770 lL, 8.90 mmol) was then added,
and the resultant mixture was refluxed with vigorous stirring for
16 h. The reaction mixture was concentrated to remove DCM, then
MeOH (10 mL) was added and the solution stirred for 30 min at rt.
After neutralization with 4 N aqueous HCl, the aqueous solution
was extracted with EtOAc (4 � 50 mL). The combined organic lay-
ers were dried (Na2SO4) and concentrated in vacuo. The residue
was dissolved in toluene (20 mL) and MeOH (15 mL) and treated
with TMS-CHN2 (2.5 mL, 2 M solution in hexane). After evapora-
tion to dryness, the residue was purified by MPLC on silica (petrol
ether/EtOAc) to give 21 (644 mg, 79%) as a colorless oil.

[a]D �8.7 (c 1.02, CHCl3); IR (film) 3375 (s, NH), 3066 (w), 2977
(s), 2098 (vs, N3), 1719 (vs, CO), 1522 (vs), 1455 (m), 1391 (m),
1366 (s), 1300 (s), 1250 (s), 1203 (s), 1159 (vs) cm�1; 1H NMR
(500 MHz, CDCl3): d 1.46 (s, 9H, C(CH3)3), 1.58 (t, J = 12.1 Hz, 1H,
H-2a), 1.59 (t, J = 12.6 Hz, 1H, H-6a), 2.70 (m, 1H, H-6b), 2.80 (m,
1H, H-2b), 3.25 (q, J = 10.1 Hz, 1H, H-4), 3.53 (m, 1H, H-3), 3.71
(m, 1H, H-5), 3.79 (s, 3H, OMe), 3.98 (dd, J = 5.9, 12.7 Hz, 1H, H-
10a), 4.12 (dd, J = 5.5, 12.7 Hz, 1H, H-10b), 4.42 (s, 2H, PhCH2),
4.63 (m, 1H, NH), 5.27 (dd, J = 1.1, 10.4 Hz, 1H, H-30Z), 5.18 (dd,
J = 1.5, 17.2 Hz, 1H, H-30E), 5.87 (ddt, J = 5.7, 10.5, 17.1 Hz, 1H, H-
20), 7.27–7.35 (m, 5H, C6H5); 13C NMR (125 MHz, CDCl3): d 28.3
(C(CH3)3), 38.2, 38.3 (C-2, C-6), 52.6 (OMe), 58.2 (C-5), 60.2 (C-4),
66.9 (CH2Ph), 70.7 (C-10), 73.7 (C-3), 77.9 (C-1), 79.7 (C(CH3)3),
117.4 (C-30), 127.6, 127.9, 128.4, 137.3 (6C, C6H5), 134.6 (C-20),
155.4 (NCO), 172.3 (CO); HRMS Calcd for C23H32N4NaO6 [M+Na]+:
483.2214. Found: 483.2217.

4.1.16. Methyl (1R,3R,4R,5S)-5-azido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-(2-hydroxyethoxy)-cyclohexane-1-
carboxylate (22)

To a solution of 21 (488 mg, 1.06 mmol) in dioxane/water (3:1,
10 mL) were added 2,6-lutidine (247 lL, 2.12 mmol), OsO4 (2.5% in
tert-butanol, 275 lL, 0.053 mmol), and NaIO4 (907 mg, 4.24 mmol)
under argon. The reaction was stirred at rt for 4 h, then water
(5 mL) and DCM (20 mL) were added. The organic layer was sepa-
rated, and the water phase was extracted by DCM (3 � 20 mL). The
combined organic layers were washed with brine (20 mL) and
dried over Na2SO4. The solvent was removed, and the remains were
purified by MPLC on silica (1% gradient of MeOH in DCM) to afford
the crude aldehyde intermediate (406 mg) as a yellow oil. The
aldehyde was dissolved in MeOH (8 mL) under argon and sodium
borohydride (66.4 mg, 1.76 mmol) was added in four portions at
0 �C. The solution was stirred for 45 min at 0 �C and quenched by
the addition of saturated aqueous NH4Cl (10 mL). The mixture
was extracted with EtOAc (3 � 20 mL), and the combined organic
layers were washed with brine (20 mL) and dried (Na2SO4). After
concentration in vacuo, the residue was purified by MPLC on silica
(1% gradient of MeOH in DCM) to give 22 (321 mg, 65%) as a color-
less oil.

[a]D �15.4 (c 0.80, CHCl3); IR (film) 3365 (s, br, OH, NH), 2930
(m), 2098 (vs, N3), 1695 (vs, CO), 1520 (m), 1455 (m), 1367 (s),
1301 (s), 1251 (m), 1204 (m), 1160 (s), 1095 (m) cm�1; 1H NMR
(500 MHz, CDCl3): d 1.46 (s, 9H, C(CH3)3), 1.57–1.66 (m, 2H, H-
2a, H-6a), 2.26 (s br, 1H, OH), 2.72 (ddd, J = 3.0, 4.1, 12.8 Hz, 1H,
H-6b), 2.82 (ddd, J = 3.0, 4.1, 12.5 Hz, 1H, H-2b), 3.34 (q,
J = 9.8 Hz, 1H, H-4), 3.50–3.54 (m, 2H, H-3, H-10a), 3.60 (m, 1H,
H-5), 3.70 (m, 2H, H-20), 3.74 (m, 1H, H-10b), 3.79 (s, 3H, OMe),
4.42 (s, 2H, PhCH2), 4.65 (d, J = 6.8 Hz, 1H, NH), 7.27–7.36 (m, 5H,
C6H5); 13C NMR (125 MHz, CDCl3): d 28.3 (C(CH3)3), 38.1 (C-2),
38.2 (C-6), 52.7 (OMe), 58.3 (C-5), 59.8 (C-4), 62.0 (C-20), 67.0
(CH2Ph), 71.0 (C-10), 75.7 (C-3), 77.9 (C-1), 80.2 (C(CH3)3), 127.6,
127.9, 128.4, 137.2 (6C, C6H5), 155.8 (NCO), 172.4 (CO); ESI-MS
Calcd for C22H32N4NaO7 [M+Na]+: 487.22. Found: 487.23.

4.1.17. Methyl (1R,3R,4R,5S)-5-acetamido-3-(2-acetoxyethoxy)-
1-benzyloxy-4-(tert-butoxycarbonylamino)-cyclohexane-1-
carboxylate (23)

Compound 22 (220 mg, 0.473 mmol) and Pd/C (10%, 25 mg)
were suspended in dioxane/NEt3 (10:1, 11 mL) and hydrogenated
(1 atm H2) at rt for 3 h. The suspension was filtered over Celite
and concentrated. To a solution of the residue in pyridine (6 mL)
was added acetic anhydride (3 mL) at 0 �C under argon and the
mixture was stirred at rt for 16 h. The solution was co-evaporated
with toluene (3 � 5 mL) and the residue was purified by MPLC on
silica (1% gradient of MeOH in DCM) to yield 23 (158 mg, 64%) as
a colorless oil.

1H NMR (500 MHz, CDCl3): d 1.43 (s, 9H, C(CH3)3), 1.62–1.67 (m,
2H, H-2a, H-6a), 1.90, 2.08 (2 s, 6H, 2COCH3), 2.67 (d, J = 12.5 Hz,
1H, H-6b), 2.81 (d, J = 13.9 Hz, 1H, H-2b), 3.51 (m, 1H, H-3), 3.54
(q, J = 9.8 Hz, 1H, H-4), 3.69 (ddd, J = 3.1, 6.6, 11.5 Hz, 1H, H-10a),
3.79 (m, 1H, H-5), 3.81 (s, 3H, OMe), 3.82 (m, 1H, H-10b), 4.17
(ddd, J = 3.2, 6.6, 12.0 Hz, 1H, H-20a), 4.24 (ddd, J = 3.1, 5.9,
12.0 Hz, 1H, H-20b), 4.36, 4.50 (A, B of AB, J = 10.8 Hz, 2H, PhCH2),
4.75 (d, J = 7.0 Hz, 1H, 4-NH), 6.53 (d, J = 7.4 Hz, 1H, 5-NH), 7.27–
7.35 (m, 5H, C6H5); 13C NMR (125 MHz, CDCl3): d 20.8, 23.1
(2COCH3), 28.2 (C(CH3)3), 37.0 (C-2), 38.5 (C-6), 48.9 (C-5), 52.6
(OMe), 57.2 (C-4), 63.6 (C-20), 66.8 (CH2Ph), 67.3 (C-10), 76.3 (C-
3), 78.1 (C-1), 79.8 (C(CH3)3), 127.5, 127.7, 128.3, 137.5 (6C,
C6H5), 157.3 (NCO), 170.0, 170.9, 172.4 (3CO); ESI-MS Calcd for
C26H38N2NaO9 [M+Na]+: 545.25. Found: 545.24.

4.1.18. Methyl (1R,3R,4R,5S)-5-acetamido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-(2-hydroxyethoxy)-cyclohexane-1-
carboxylate (24)

A solution of 23 (176 mg, 0.337 mmol) in MeOH (5 mL) was
treated with 1 M methanolic NaOMe (0.5 mL) under argon at rt
for 6 h. The reaction mixture was neutralized with acetic acid
and concentrated. The residue was purified by MPLC on silica (1%
gradient of MeOH in DCM) to give 24 (139 mg, 86%) as a colorless
foam.
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[a]D �19.2 (c 1.00, CHCl3); IR (film) 3328 (s, br, OH, NH), 2930
(s), 1731 (s, CO), 1690 (vs, CO), 1662 (s, CO), 1537 (s), 1455 (m),
1367 (s), 1305 (s), 1250 (m), 1206 (m), 1162 (s), 1099 (s) cm�1;
1H NMR (500 MHz, CDCl3): d 1.42 (s, 9H, C(CH3)3), 1.64–1.69 (m,
2H, H-2a, H-6a), 1.91 (s, 3H, COCH3), 2.45 (s, 1H, OH), 2.62 (d,
J = 12.5 Hz, 1H, H-6b), 2.82 (d, J = 11.5 Hz, 1H, H-2b), 3.47 (dt,
J = 3.9, 10.2 Hz, 1H, H-3), 3.51–3.57 (m, 2H, H-4, H-10a), 3.67 (m,
2H, H-20), 3.73 (m, 1H, H-10b), 3.78 (s, 3H, OMe), 3.84 (m, 1H, H-
5), 4.36, 4.47 (A, B of AB, J = 10.8 Hz, 2H, PhCH2), 5.00 (d,
J = 8.0 Hz, 1H, 4-NH), 6.51 (s br, 1H, 5-NH), 7.27–7.34 (m, 5H,
C6H5); 13C NMR (125 MHz, CDCl3): d 23.1 (COCH3), 28.3
(C(CH3)3), 37.4 (C-2), 38.7 (C-6), 48.6 (C-5), 52.7 (OMe), 58.0 (C-
4), 62.1 (C-20), 66.9 (CH2Ph), 70.9 (C-10), 76.9 (C-3), 78.1 (C-1),
80.0 (C(CH3)3), 127.6, 127.8, 128.4, 137.5 (6C, C6H5), 157.4 (NCO),
170.2, 172.5 (2CO); HRMS Calcd for C24H36N2NaO9 [M+Na]+:
503.2364. Found: 503.2358.

4.1.19. Methyl (1R,3R,4R,5S)-5-acetamido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-(2-tosyloxyethoxy)-cyclohexane-1-
carboxylate (25)

To a solution of 24 (117 mg, 0.243 mmol) in DCM were subse-
quently added NEt3 (10.1 lL, 0.729 mmol), DMAP (10 mg) and p-
toluenesulfonyl chloride (69.8 mg, 0.365 mmol) at 0 �C under ar-
gon. The mixture was stirred at rt for 4 h and then quenched by
the addition of MeOH (0.3 mL). After evaporation of the solvents
the residue was purified by MPLC on silica (1% gradient of MeOH
in DCM) to yield 25 (130 mg, 84%) as a colorless oil.

[a]D �14.2 (c 1.04, CHCl3); IR (film) 3326 (m, br, NH), 3066 (w),
2926 (s), 1731 (vs, CO), 1690 (vs, CO), 1532 (s), 1455 (m), 1366 (vs),
1304 (s), 1248 (m), 1206 (m), 1189 (s), 1177 (vs), 1097 (s) cm�1; 1H
NMR (500 MHz, CDCl3): d 1.42 (s, 9H, C(CH3)3), 1.64–1.69 (m, 2H,
H-2a, H-6a), 1.89 (s, 3H, COCH3), 2.43 (s, 3H, PhCH3), 2.61 (d,
J = 12.4 Hz, 1H, H-6b), 2.72 (d, J = 11.5 Hz, 1H, H-2b), 3.44 (m, 1H,
H-3), 3.49 (q, J = 9.4 Hz, 1H, H-4), 3.69 (m, 1H, H-10a), 3.76 (m,
1H, H-10b), 3.78–3.81 (m, 4H, H-5, OMe), 4.12 (m, 2H, H-20), 4.33,
4.46 (A, B of AB, J = 10.7 Hz, 2H, PhCH2), 4.70 (d, J = 8.0 Hz, 1H, 4-
NH), 6.49 (d, J = 7.7 Hz, 1H, 5-NH), 7.27–7.34 (m, 7H, 2H of C6H4,
C6H5), 7.78 (BB0 of AA0BB0, J = 8.3 Hz, 2H of C6H4); 13C NMR
(125 MHz, CDCl3): d 21.6 (PhCH3), 23.2 (COCH3), 28.2 (C(CH3)3),
36.8 (C-2), 38.4 (C-6), 48.9 (C-5), 52.6 (OMe), 57.1 (C-4), 66.9,
67.0 (C-10, CH2Ph), 69.2 (C-20), 76.5 (C-3), 78.0 (C-1), 80.0
(C(CH3)3), 127.6, 127.8, 127.9, 128.4, 129.9, 132.9, 137.5, 144.9
(12C, C6H4, C6H5), 157.3 (NCO), 170.0, 172.6 (2CO); HRMS Calcd
for C31H42N2NaO10S [M+Na]+: 657.2452. Found: 657.2450.

4.1.20. Methyl (1R,3R,4R,5S)-5-acetamido-3-(2-azidoethoxy)-1-
benzyloxy-4-(tert-butoxycarbonylamino)-cyclohexane-1-
carboxylate (26)

To a solution of 25 (129 mg, 0.204 mmol) in DMF (5 mL) were
added 15-crown-5 (20.1 lL, 0.102 mmol) and sodium azide
(133 mg, 2.04 mmol). The resulting suspension was stirred for
22 h at 60 �C under argon, then diluted with EtOAc (20 mL) and fil-
tered over Celite. After co-evaporation with toluene (2 � 10 mL),
the residue was purified by MPLC on silica (1% gradient of MeOH
in DCM) to yield 26 (85.7 mg, 83%) as a colorless solid.

[a]D �21.0 (c 0.99, CHCl3); IR (KBr) 3363 (m, br, NH), 2926 (m),
2103 (s, N3), 1732 (vs, CO), 1688 (vs, CO), 1661 (vs, CO), 1532 (m),
1455 (m), 1366 (s), 1305 (vs), 1250 (m), 1206 (m), 1163 (s), 1096
(m) cm�1; 1H NMR (500 MHz, CDCl3): d 1.42 (s, 9H, C(CH3)3),
1.65 (t, J = 12.4 Hz, 1H, H-6a), 1.68 (t, J = 12.1 Hz, 1H, H-2a), 1.90
(s, 3H, COCH3), 2.64 (d, J = 12.7 Hz, 1H, H-6b), 2.82 (d, J = 12.2 Hz,
1H, H-2b), 3.35 (m, 2H, H-20), 3.49 (m, 1H, H-3), 3.57 (q,
J = 9.6 Hz, 1H, H-4), 3.63 (m, 1H, H-10a), 3.78 (m, 1H, H-10b), 3.79
(s, 3H, OMe), 3.83 (m, 1H, H-5), 4.36, 4.48 (A, B of AB, J = 10.8 Hz,
2H, PhCH2), 4.78 (d, J = 8.1 Hz, 1H, 4-NH), 6.58 (d, J = 7.7 Hz, 1H,
5-NH), 7.27–7.34 (m, 5H, C6H5); 13C NMR (125 MHz, CDCl3): d
23.1 (COCH3), 28.2 (C(CH3)3), 37.2 (C-2), 38.4 (C-6), 49.0 (C-5),
51.0 (C-20), 52.6 (OMe), 57.4 (C-4), 66.9 (CH2Ph), 68.5 (C-10), 76.7
(C-3), 78.1 (C-1), 79.8 (C(CH3)3), 127.6, 127.8, 128.4, 137.5 (6C,
C6H5), 157.2 (NCO), 170.1, 172.6 (2CO); HRMS Calcd for
C24H35N5NaO7 [M+Na]+: 528.2429. Found: 528.2430.

4.1.21. Methyl (1R,3R,4R,5S)-5-acetamido-1-benzyloxy-4-(tert-
butoxycarbonylamino)-3-[2-(4-chlorobenzamido)ethoxy]-
cyclohexane-1-carboxylate (27)

Compound 26 (29.0 mg, 57.5 lmol) and Pd/C (10%, 10 mg) were
suspended in MeOH (2.5 mL). NEt3 (150 lL) was added and the
suspension was hydrogenated (1 atm H2) at rt for 1 h. The mixture
was filtered over Celite and concentrated. To a solution of the res-
idue in DCM (2 mL) were subsequently added NEt3 (31.8 lL,
0.230 mmol), DMAP (5 mg), and p-chlorobenzoyl chloride
(14.7 lL, 0.115 mmol) at 0 �C under argon. The solution was stirred
at rt for 2.5 h, then NEt3 (50 lL) and MeOH (0.5 mL) were added
and stirring was continued for 15 min. The solvents were evapo-
rated and the residue was purified by MPLC on silica (1% gradient
of MeOH in DCM) to yield 27 (23.4 mg, 66%) as a colorless solid.

[a]D �37.9 (c 0.51, CHCl3); IR (KBr) 3319 (m, br, NH), 2926 (m),
1732 (s, CO), 1690 (vs, CO), 1659 (vs, CO), 1537 (vs), 1486 (m),
1454 (m), 1366 (m), 1305 (s), 1250 (m), 1206 (m), 1161 (m),
1092 (s) cm�1; 1H NMR (500 MHz, CDCl3): d 1.33 (s, 9H, C(CH3)3),
1.66 (t, J = 11.3 Hz, 1H, H-2a), 1.68 (t, J = 12.4 Hz, 1H, H-6a), 1.93
(s, 3H, COCH3), 2.62 (ddd, J = 2.8, 3.4, 12.0 Hz, 1H, H-6b), 2.80
(ddd, J = 2.6, 3.9, 11.4 Hz, 1H, H-2b), 3.43 (ddd, J = 4.4, 9.9,
10.7 Hz, 1H, H-3), 3.53 (m, 2H, H-20), 3.56 (q, J = 10.0 Hz, 1H, H-
4), 3.64 (m, 1H, H-10a), 3.75–3.80 (m, 4H, H-10b, OMe), 3.89 (m,
1H, H-5), 4.35, 4.43 (A, B of AB, J = 10.7 Hz, 2H, PhCH2), 4.94 (d,
J = 8.9 Hz, 1H, 4-NH), 6.41 (d, J = 8.1 Hz, 1H, 5-NH), 6.78 (t,
J = 5.2 Hz, 1H, 20-NH), 7.24–7.31 (m, 5H, C6H5), 7.37, 7.74 (AA0,
BB0 of AA0BB0, J = 8.6 Hz, 4H, C6H4); 13C NMR (125 MHz, CDCl3): d
23.2 (COCH3), 28.2 (C(CH3)3), 37.6 (C-2), 38.7 (C-6), 40.1 (C-20),
48.0 (C-5), 52.7 (OMe), 58.6 (C-4), 67.0 (CH2Ph), 68.4 (C-10), 76.6
(C-3), 78.2 (C-1), 79.8 (C(CH3)3), 127.7, 128.0, 128.4, 128.6, 128.6,
132.6, 137.1, 137.5 (12C, C6H4, C6H5), 157.2 (NCO), 166.3, 170.2,
172.3 (3CO); HRMS Calcd for C31H40ClN3NaO8 [M+Na]+:
640.2396. Found: 640.2400.

4.1.22. Methyl (1R,3R,4R,5S)-5-acetamido-1-benzyloxy-3-[2-(4-
chlorobenzamido)ethoxy]-4-(2-fluoroacetamido)-cyclohexane-
1-carboxylate (28)

A solution of 27 (30.5 mg, 49.3 lmol) was treated with DCM/
TFA (2:1, 0.75 mL) for 3 h at 0 �C under argon. After concentration
in vacuo the residue was dissolved in DCM (3 mL). NEt3 (68.4 lL,
0.493 mmol), DMAP (5 mg), and 2-fluoroacetyl chloride (5.6 lL,
74.0 lmol) were subsequently added at 0 �C under argon and the
solution was stirred for 2.5 h at rt. Then NEt3 (20 lL) and MeOH
(0.5 mL) were added and stirring was continued for 10 min. After
evaporation to dryness the residue was purified by MPLC on silica
(1% gradient of MeOH in DCM) to give 28 (19.7 mg, 69%) as a yel-
lowish solid.

[a]D �38.3 (c 0.84, CHCl3); IR (KBr) 3292 (m, br, NH), 2927 (m),
1733 (s, CO), 1660 (vs, CO), 1652 (vs, CO), 1555 (vs), 1487 (m),
1455 (m), 1367 (m), 1310 (m), 1206 (m), 1150 (m), 1093 (s)
cm�1; 1H NMR (500 MHz, CDCl3): d 1.67 (t, J = 12.1 Hz, 1H, H-2a),
1.72 (t, J = 12.7 Hz, 1H, H-6a), 1.93 (s, 3H, COCH3), 2.62 (m, 1H,
H-6b), 2.87 (m, 1H, H-2b), 3.44 (ddt, J = 3.9, 7.6, 12.0 Hz, 1H, H-
20a), 3.54–3.59 (m, 2H, H-3, H-10a), 3.65 (m, 1H, H-20b), 3.74–3.80
(m, 4H, H-10b, OMe), 3.94 (q, J = 9.8 Hz, 1H, H-4), 4.04 (m, 1H, H-
5), 4.37, 4.44 (A, B of AB, J = 10.8 Hz, 2H, PhCH2), 4.47, 4.62 (A, B
of ABX, J = 14.4, 47.2 Hz, 2H, FCH2), 6.29 (d, J = 8.5 Hz, 1H, 5-NH),
6.77 (t, J = 5.2 Hz, 1H, 20-NH), 6.94 (dd, J = 1.9, 8.9 Hz, 1H, 4-NH),
7.26–7.35 (m, 5H, C6H5), 7.38, 7.75 (AA0, BB0 of AA0BB0, J = 8.5 Hz,
4H, C6H4); 13C NMR (125 MHz, CDCl3): d 23.0 (COCH3), 37.5 (C-2),
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38.8 (C-6), 40.0 (C-20), 47.1 (C-5), 52.8 (OMe), 57.5 (C-4), 67.0
(CH2Ph), 68.3 (C-10), 76.5 (C-3), 78.1 (C-1), 79.8 (d, J = 186.9 Hz,
CH2F), 127.6, 128.0, 128.4, 128.6, 128.6, 132.5, 137.2, 137.7 (12C,
C6H4, C6H5), 166.3, 169.4, 170.5, 172.2 (4CO); HRMS Calcd for
C28H33ClFN3NaO7 [M+Na]+: 600.1883. Found: 600.1884.

4.1.23. Sodium (1R,3R,4R,5S)-5-acetamido-1-benzyloxy-3-[2-(4-
chlorobenzamido)ethoxy]-4-(2-fluoroacetamido)-cyclohexane-
1-carboxylate (3)

To a solution of 28 (16.5 mg, 28.5 lmol) in THF (4.5 mL) was
added a solution of LiOH�H2O (8 mg) in water (0.5 mL) at 0 �C.
The mixture was stirred for 21 h at rt, then neutralized with acetic
acid and concentrated in vacuo. The crude product was purified by
reversed-phase chromatography (RP-18 column, 5% gradient
MeOH in water), Dowex 50X8 ion-exchange chromatography
(Na+ type), and P2 size exclusion chromatography to afford 3
(13.8 mg, 83%) as a colorless solid after a final lyophilization from
water.

[a]D �19.9 (c 0.49, MeOH); IR (KBr) 3430 (vs, br, NH), 2927 (m),
1645 (vs, CO), 1598 (vs, CO), 1554 (s), 1487 (m), 1454 (m), 1385
(m), 1314 (m), 1093 (s), 1015 (m) cm�1; 1H NMR (500 MHz,
D2O): d 1.44 (t, J = 11.8 Hz, 1H, H-2a), 1.58 (t, J = 12.5 Hz, 1H, H-
6a), 1.87 (s, 3H, COCH3), 2.42 (ddd, J = 2.8, 3.6, 12.4 Hz, 1H, H-6b),
2.79 (ddd, J = 2.8, 3.9, 11.9 Hz, 1H, H-2b), 3.50 (m, 2H, H-20), 3.63
(dt, J = 4.4, 10.6 Hz, 1H, H-3), 3.69 (ddd, J = 4.4, 6.4, 10.6 Hz, 1H,
H-10a), 3.76–3.83 (m, 2H, H-4, H-10b), 3.94 (ddd, J = 4.0, 11.1,
12.4 Hz, 1H, H-5), 4.30, 4.34 (A, B of AB, J = 10.3 Hz, 2H, PhCH2),
4.46, 4.63 (A, B of ABX, J = 14.4, 46.4 Hz, 2H, FCH2), 7.29–7.38 (m,
5H, C6H5), 7.47, 7.69 (AA0, BB0 of AA0BB0, J = 8.6 Hz, 4H, C6H4); 13C
NMR (125 MHz, D2O): d 21.8 (COCH3), 37.9 (C-2), 38.5 (C-6), 40.0
(C-20), 47.7 (C-5), 56.9 (C-4), 66.8 (CH2Ph), 67.9 (C-10), 76.4 (C-3),
79.3 (d, J = 182.7 Hz, CH2F), 80.3 (C-1), 128.2, 128.6, 128.6, 128.7,
128.8, 131.9, 137.2, 137.7 (12C, C6H4, C6H5), 169.7, 171.0, 173.4,
177.2 (4CO); HRMS Calcd for C27H30ClFN3Na2O7 [M+Na]+:
608.1546. Found: 608.1546.

4.2. In vitro binding assay

Murine MAGd1–3-Fc was affinity purified from CHO-Lec 3.2.8.1
cell culture supernatant as described before41, dialyzed against
10 mM phosphate buffer pH 7,4, sterile filtered and stored at 4 �C.
Inhibition assays for Siglecs were performed as described previ-
ously.26,32,41 In brief, fetuin was immobilized in microtiter plates
and binding of MAG-Fc was determined in the presence of seven to
eight different concentrations for each inhibitor using alkaline phos-
phatase-labeled anti-Fc antibodies. The half maximal inhibitory
concentrations (IC50) were determined from corresponding binding
curves. In order to compare the results from different assays com-
pound 29 was included in each test and used as a reference to calcu-
late the relative inhibitory concentrations (rIC50). At least four
independent titrations were performed for each compound.

4.3. Surface plasmon resonance experiments (Biacore)31

Surface plasmon resonance experiments were performed on a
Biacore 3000 machine using CM5 chips. Goat anti-human IgG anti-
body (Fc specific, Sigma) was immobilized following the standard
Biacore EDC/NHS immobilization procedure. For this, 2 lL of a
Fc-antibody solution of 2.1 mg/mL (in 50 mM phosphate buffer,
pH 7.0) was added to 98 lL of 10 mM acetate buffer (pH 5.5).
The immobilization yielded between 4.000 and 5.000 resonance
units. A sample and a reference surface were prepared sequen-
tially. For capturing MAGd1–3-Fc onto the sample surface,
MAGd1–3-Fc in HBS-EP buffer (10 mM HEPES pH 7.4, 0.15 M NaCl,
3 mM EDTA, 0.0005% surfactant P20; Biacore) was injected. Li-
gands were dissolved in HBS-EP buffer. Eight ligand concentrations
of a twofold dilution series starting from 50 lM were prepared.
The samples were injected in a randomized order. Five blank buffer
injections were performed before triplicate measurements and one
between each single experiment. The flow rate was 10 lL/min for
the immobilization, 1 lL/min for the capturing of MAG, and
20 lL/min for the injection of ligands. For the determination of
KD values and for the kinetics analysis, standard Biacore software,
version 3.2, was used.
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