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Structure—activity relationships

This work deals with the design and synthesis of a-gluco-
sidase inhibitors. In order to perform this task, a molecular
docking study was carried out with the N-terminal catalytic
subunit of human maltase glucoamylase, which evidenced a
partially empty, hydrophobic part of the docking pocket. As
a consequence, we decided to improve the docking abilities
of the known a-glucosidase inhibitor MDL 73495 and carried
out the synthesis of new N-glycosyl-derived analogues. The
addition of a hydrophobic methyl group at C-5',,, the con-
comitant elimination of the equatorial hydroxy group, the in-
version of the configuration at C-4 in the sugar unit and the

substitution of the hydroxy group at C-6" with an amino
group led to 6'-deoxy-6'-amino-6a. This compound showed
the lowest in silico binding affinity among a set of com-
pounds, whose experimental activity has been reported.
Bearing these results in mind, we synthesized 6a and 6b. Be-
cause of the lack of large amounts of products, which are
necessary to perform crystallization, the crystal structures of
6a and 6b were predicted in silico. These can be considered
as models for future X-ray powder diffraction characteriza-
tion of these two compounds.

Introduction

Among carbohydrate-processing enzymes, a- and B-glu-
cosidases are the most extensively studied.!'! This class of
enzymes is responsible for the catalytic cleavage of the gly-
cosidic bond, which involves a terminal glucose. In particu-
lar, o-glucosidase has become an attractive target because
it catalyzes the final step in the digestive process of carbo-
hydrates by the hydrolysis of a glycosidic bond in oligo- or
polysaccharide chains. Indeed, the modification or inhibi-
tion of its catalytic activity resulted in the retardation of
glucose absorption and decrease in postprandial blood glu-
cose level.l'l Therefore, glycosidase inhibitors represent an
interesting class of potential drugs for the treatment of dia-
betes,”! obesity,?! lysosomial storage diseases,™ other
carbohydrate-mediated diseases such as cancer,® viral in-
fections and hepatitis.[]

Due to these biological activities, in recent years syn-
thetic efforts have been directed towards the design,”) syn-
thesis and bioevaluation of new carbohydrate mimics,
which are analogues of natural acarbose. This is the first a-
D-glucosidase inhibitor (GI) approved for the treatment of
type II diabetes!>®! and contains a carbasugar valienamine
moiety, which is essential for its bioactivity.l’l Most GIs that
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have been reported are structurally related to acarbose (Fig-
ure 1). Typical examples are the naturally occurring vogli-
bosel' and other carbohydrate mimics, such as polyhy-
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Figure 1. Structural relationships between some Gls.
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droxypiperidines (aza- or iminosugars),['! 1-deoxynojirimy-
cin, miglitol and castanospermine,!'®l which have been ap-
proved as medicines (Figure 1).[111]

The continuing demand for more potent molecules has
stimulated the design of pseudodisaccharide derivatives. In
addition to these, MDL 73945,1%2] a4 1-deoxynojirimycin N-
glycosyl derivative (Figure 1), shows a potent and selective
intestinal GI activity and it is a unique example where the
amine is linked to C-6 of a 6-deoxy glucoside. To the best
of our knowledge, the sole reported synthesis!!?! of this mo-
lecule concerns the condensation reaction between the ap-
propriate hydroxyl-protected 1-deoxynojirimycin derivative
with a hydroxyl-protected glycosyl triflate or halide.

Among the synthetic routes to 1-deoxynojirimycin and
its derivatives, the double reductive amination of an al-
dohexos-5-ulose with a primary amine is a useful alterna-
tive thanks to the simple preparation of the starting materi-
als.13l

In the frame of our research on the chemical valorization
of lactose, in recent years, we have studied the reactivity of
the double bond of its 4'-unsaturated derivative towards the
addition of the methylene-zinc-iodide complex!'¥ in order
to clarify the stereochemical aspect of these reactions and
to obtain 1,5-dicarbonyl analogues of L-arabino-hept-5-
ulose,['3] which are valuable intermediates in the prepara-
tion of high value-added compounds such as cyclitols (epi-
and D-chiro-inositol)'% and azasugars.['?]

Here we report the design, which is based on molecular
docking studies and inspection of X-ray structures of
known Gls in complexes with the N-terminal catalytic sub-
unit of human maltase glucoamylase (NtMGAM), and syn-
thesis of a new N-glycosyl-derived analogue of MDL 73945,
with an in silico potency in the order of nm.

Moreover, without reasonable quantities of products to
perform crystallizations, we carried out an in silico study
aimed at the prediction of their crystal structures. These
results can be used as models for structural studies based
on X-ray powder diffraction (XRPD).

Results and Discussion

Design

The rational design of the new o-GIs started from the
inspection of the crystal structure of miglitol in the catalytic
site of NtMGAM, recently reported by Pinto and Rose
(PDB ID 3L4W).l'71 Two water molecules, tightly bound by
hydrogen bonds to D366, D443, D571 and W539 residues,
are present in the catalytic -1 domain, according the no-
menclature of Davies et al.,['8 with one located inside to
the pocket, although W539 is engaged in a hydrogen bond
with the 6-OH group of miglitol and interacts with a nega-
tively charged portion of the pocket, which takes up space
that could be filled by an opportune substitution on the
ligand (Figure 2). Moreover, another portion of the pocket,
located down to H-4, remains empty and shows hydro-
phobic character.
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Figure 2. The X-ray structure of miglitol complexed with NtMGA.
2D schematic view of hydrogen bonds and hydrophobic interac-
tions (top). 3D analogue with the catalytic pocket surface shown
as an electrostatic potential surface (bottom left) and the catalytic
pocket visualized as a hydrophobic surface (bottom right). In the
top and bottom left representations, the two water molecules are
depicted in turquoise. The 2D plot was prepared with LigPlot*.[']

These observations suggest that it is possible to improve
the fit of the ligand by inserting a polar or positively
charged group in the equatorial position at C-6 and/or a
lipophilic group in the axial position at C-5 of miglitol.
With the aim of using lactose as a starting material, we
carried out preliminary docking studies with the introduc-
tion of modifications to well known a-GI MDL 73945. The
insertion of a hydrophobic methyl group at C-5',,, with the
concomitant elimination of the corresponding equatorial
hydroxy group, the inversion of the configuration at C-4 in
the sugar unit, i.e. the glucose, and the substitution of the
hydroxy group at C-6" with an amino group in MDL 73945,
gave 6'-deoxy-6'-amino-6a as the lead o-GI with a calcu-
lated K; value of 686 pm (vide infra). However, in this paper,
we focus our attention on the synthesis of 6a.

Chemistry
Access to the C-4-methyl-1,5-dicarbonyl sugar 3 was

gained from the electrophilic ring opening of the cyclopro-
pyl adduct 1, which was obtained in a near quantitative
yield and high stereoselectivity from the Simmons—Smith
7279
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reaction of hex-4’-eno unsaturated lactose.'l The cyclopro-
pyl adduct 1 was treated with mercuric trifluoroacetate in
dry methanol to give, after exchange with NaCl, the corre-
sponding organomercuric chloride in high regio- and stere-
oselectivity and high yield (Scheme 1).?%7 The crude reac-
tion mixture was used without purification for reductive de-
mercuration with lithium aluminium hydride to afford, after
flash chromatography, 4'-C-deoxy-4'-methyl-1',5’-bisglyco-
side 2 (78% yield). This was then hydrolyzed by treatment
with trifluoroacetic acid to give the C-4-methyl-1,5-dicar-
bonyl sugar 3, which exists predominantly in two anomeric
o- and B-oxetanosyl forms (in a 1:1.06 ratio), which are de-
rived from hemiacetalyzation of the C-3 hydroxy group
onto the aldehydic carbonyl group.?’l
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Scheme 1. i) a: Hg(CF;COO),, MeOH; b: NaCl satd. sol; ii) LiAlH,,
tetrahydrofuran; iii)) CF;COOH, CH3;CN/H,O; iv) NaBH;CN,
CH;COOH, dry MeOH; v) H,, Pd/C, MeOH.

The sugar 3 was treated with NaBH3;CN and methyl
6-amino-6-deoxy-3,4- O-isopropilidene-a-D-galactopyranos-
ide (4)" in the presence of acetic acid to give a crude
product, which contained the doubly reduced amination
product in a 86:14 mixture ('"H NMR) of the two N-glycos-
yl D-galacto (5a) and L-altro (5b) derivatives, together with
a small amount (about 25%) of an unknown material. After
initial purification by flash chromatography, the two C-5
epimers were finally separated by HPLC and identified by
NMR spectroscopy. In addition to the characteristic signals
of the methyl galactopyranoside moiety, the '"H NMR spec-
trum of 5a showed diagnostic signals of the azasugar ring
at 3.21 and 2.20 ppm for the axial and equatorial H-1’ pro-
tons, respectively, and 2.70 ppm for the H-5" proton.

The stereochemical assignment at the newly formed C-5'
stereocentre was established from NMR spectroscopy. In
particular, a small J4 5 value (4.2 Hz) indicated a cis axial/
equatorial relationship between the H-4' (triple quartet,
2.28 ppm) and H-5" protons (multiplet, 2.70 ppm). This was
confirmed by NOE enhancements observed for H-2" and
the two H-6' protons (0.9 and 1.2%, respectively) upon ir-
radiation of the CHj3 protons. Moreover, the coupling con-
stants of the piperidine protons, particularly H-1',,, H-1"¢
and H-2', are diagnostic for the conformational assignment
of 5a and 5b and suggest a preference for a *C; conforma-
tion of the azasugar ring in 5a, whereas for 5b the J values
7280
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(see Exp. Section) of the two trans diaxial H-4 and H-5
protons are in accordance with a !C, conformation.

Compared to the dicarbonyl substrates reported in the
literature,*?l which belong to different stereochemical series,
3 presents other structural differences such as a C-4 methyl
group instead of a hydroxy group, and two benzyloxy
groups at C-2 and C-6. The diastereoselectivity of reductive
amination depends on the directing effect of the hydroxy
group adjacent to the C=N double bond.?*?! In the reaction
between 3 and 4, the observed diasteroselectivity, which af-
forded a 86:14 5a:5b mixture, was rationalized in terms of
the effect of the unique C-3 hydroxy group in directing hy-
dride delivery, as observed in cyclic homoallylic alcohols.??!
The NaBH;CN reductive amination reaction of the inter-
mediate iminium ions A and B (Figure 3) is C-3 hydroxy
directed, which favours the attack of the hydride to the
more stable 2H conformer A, which shows one pseudoaxial
group. This attack leads to a syn displacement of the C-4
and C-5 azasugar substituents in Sa, whereas that on the
less stable 3H, conformer B, which has two axial substitu-
ents, affords Sb as a minor product.

OBn OH

E OBn  we o, R
HO DR

—N
OBn OBn
B

Figure 3. Structures of intermediate cyclic iminium ions.

The conversion of 5a and 5b into the unprotected N-
glycosyl derivatives, 6a and 6b, was achieved by catalytic
hydrogenation with Pd/C in methanol (Scheme 1). Spectro-
scopic data are in agreement with the proposed structures.

Molecular Docking

Ligand docking is a well established computational tech-
nique that has been successfully employed in medicinal
chemistry to assist drug discovery and lead optimization
efforts.’* The aim of ligand docking is to find the binding
pose of a small organic molecule in a receptor pocket, and,
if multiple ligands are compared, an estimate of the ligand
binding affinity, referred to as the docking score. Several
conformational search algorithms and scoring functions
have been proposed and their performances have been com-
pared and reviewed.>) Among the many programs capable
of performing docking simulations, AutoDock showed the
best scoring function for several target proteins.*l More-
over, although accurate prediction of the inhibition con-
stant (K;) is still a difficult task, several recent papers have
demonstrated that good to excellent results can be obtained
by using the appropriate computational procedures.?’]
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In order to optimize the design and delineate the struc-
ture—activity relationships (SARs), we investigated binding
models of 6a and 6b and their derivatives in comparison
with miglitol. Thus, taking into account the mechanism for
the activity of miglitol, which has been shown to involve
the inhibition of a-glucosides,”® and the X-ray structure
of its complex with NtMGAM,!'7! we conducted molecular
docking simulations of all the investigated analogues into
this catalytic pocket. The 3D structure of the NtMGAM
domain complex was retrieved from the Protein Data
Bank.[?! Although it has a resolution of 2.00 A, supple-
mentary computational manipulations were performed in
order to generate a model that fitted well with MDL 73945
and can be considered “all-atom”.[3% The catalytic pocket
is flexible, i.e. able to deform to fit the ligand structure,
which was evidenced by changes in the volumes and sur-
facesP®! upon ligand inclusion with respect to its original
apo form (PDB ID 2QLY)?3 when complexed with de-O-
sulfonated kotalanol (PDB ID 3L4U),['"l acarbose (PDB
ID 2QM1J),B? casuarine (PDB ID 3CTT)I*3 and miglitol
(Table 1).

Table 1. Calculated volume and surface areas for selected ligand
complexes with NtMGAM.

Ligand Volume [A3"  Surface area [A2]l]
None 138.94 132.67
De-O-sulfonated kotalanol 159.20 151.12
Acarbose 162.99 151.31
Casuarine 169.09 156.11
Miglitol 184.30 154.03

[a] Calculations were performed by the SplitPocket web server at
http://pocket.uchicago.edu/, see ref.l®!l [b] Solvent accessible sur-
face.

Therefore, following a tested protocol,?’3 miglitol, N-
acetyl-D-glucosamine, glycerol and water molecules, with
the exception of the two involved in hydrogen bonds with
the ligand as they are present in all X-ray crystal structures
of NtMGAM complexes,!'”3?l were removed from the
model. Successively, using the MolProbity web server,[**the
hydrogen atoms were added and the orientations of the hy-
droxy hydrogen atoms from the Ser, Thr and Tyr, the
sulfhydryl protons of Cys and methyl protons of Met were
optimized. At the same time, the positions of the hydrogen
atoms on the histidine, asparagine and glutamine residues
were assigned to ensure the correct ionization states. Fi-
nally, the Gasteiger—Marsili chargesi®®! were assigned and
the whole protein with 6a, which was protonated at nitrogen
atom,*®] and with the amino sugar ring aligned analogously
to that of miglitol, was optimized to an energy gradient of
0.005 kcal Amol ! with amber 96 force field.?” The binding
models for all the compounds were constructed using that
of 6a as a template and reference ligand in the binding site.

To estimate the importance of the two water molecules
present in the catalytic site, a docking study without them
was also performed with miglitol as the ligand. The result
showed that the importance of these two molecules is mar-
ginal (AGging = 0.15 kcalmol ™), so successive studies were
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conducted without them to allow the ligands to be well ac-
commodated in the pocket.

To validate the models, we docked miglitol, casuarine
and hybrid miglitol-de-O-sulfonated kotalanol (Figure 4),
which bind to the catalytic site of ntMGAM, to compare
their experimental and calculated K; values. All the models
were protonated at the azasugar nitrogen atom with the
proton placed in the axial position. Equatorial protonation,
results in a less stable conformer with an increased K| value.

HO HO

OH OH
HO' N OH Qs N :  OH
OH OH OH
HO H OH HO™ =
OH
casuarine hybrid miglitol-de-O-sulfonated kotalanol

Figure 4. Structures of two analogues of miglitol.

The results reported in Table 2 show that the model is
able to reproduce the experimental K; values with a high
degree of precision, which is, to the best of our knowledge,
the best obtained to date with these inhibitors by the dock-
ing methodology. Although there is an inversion in the po-
tency of casuarine respect to miglitol, which is principally
due to the high flexibility of the pocket, the robustness of
the approach is sufficiently secured by achievement of the
correct order of magnitude.[>’l

Table 2. Calculated and experimental inhibition constants of the
catalytic site of NtMGAM for miglitol and its analogues.

AGging calcd. K caled.

Ligand [kealmol 1] ] K; exp. [um]
Miglitol -8.30 0.819 1.000(
Casuarine -8.24 0.904 0.450(b!
Hybrid miglitol-de-O- -7.72 2.210 140011

sulfonated kotalanol

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] From ref'”! [b] From ref.*3 [c] From ref.[3%]

The model was applied to MDL 73945, 6a, 6b and their
derivatives (Figure 5) and the results are collected in
Table 3. Inspection of the results shows that 6’-deoxy-6'-
amino-6a has the best activity among the studied com-
pounds with an in silico K; value of 686 pM, which, if con-
firmed in vitro, will be the smallest value obtained. The
second lead compound, 6a, which has a K; value of 64 nm,
has the same order of binding potency of the most recent o-
GIs based on the unique five-membered sulfonium ring."!

Compound 6b, an epimer at C-5" with respect to 6a,
shows lower activity, as already evidenced for 5-epi-1-de-
oxynojirimycin  (1-deoxy-L-idononojirimycin).['l  Proton-
ation at the equatorial position led to a marked decrease in
potency, especially for 6a.

Regarding the SAR, the introduction of a methyl group
at C-4’ in MDL doubled the activity, whereas the removal
of the 4’-OH led to a slight increment, which suggests the
7281

WWW.Eurjoc.org



FULL PAPER

V. Pistara et al.

OH
4'-methyl-MDL 73945

4'-hydroxy-6a

HO R
»
M M
e N O ..OMe e N O._..OMe
4
HO™ ™~ HO" “OH  HO” “Y"HO “OH
OH OH OH OH

4-epi-6a 6'-deoxy-6'-amino-6a: R = NH,

6'-deoxy-6'-sulfhydryl-6a: R = SH

Figure 5. Structures of MDL 73945 and derivatives of 6.

Table 3. Calculated binding energies and inhibition constants for
the catalytic site of NtMGAM with derivatives of 6.

Ligand AGg;jyg calcd. K; caled. [nm]
[kcalmol ']

MDL 73945 -8.92 289
4'-methyl-MDL 73945 -9.37 136
6a -9.81 64
6b -8.51 582
6a-(H,)™ -7.23 5020
6b-(H, o)™ -8.20 976
4'-hydroxy-6a -9.63 87
4-epi-6a -9.54 101
6'-deoxy-6'-sulfhydryl-6a -10.41 23
6'-deoxy-6'-amino-6a —12.51 0.680

[a] With the nitrogen azasugar protonated equatorially.

great importance of hydrophobic interactions. Moreover,
the epimerization of 4-OH led to the formation of other
two hydrogen bonds, which slightly increased the activity
and further stressed the marginal importance of these types
of interactions. All hydrophobic and hydrogen bonding in-
teractions present in MDL 73945 and 6a are depicted in
Figure 6. For 6a, a more realistic 3D picture is also shown
(Figure 7). From the two figures, a new hydrophobic inter-
action emerges between the methyl group in 6a and Trp441.
Moreover, the presence of ten hydrogen bonds is noted; four
of them to Asp203, Arg256 and Met444, due to the axial
position of 4-OH. However, these four bonds are reduced
to two when the same hydroxy group is in the equatorial
position.

Finally, Figure 8 reports the superposition of miglitol,
MDL 73945 and 6a for a better comparison between the
conformations and positions adopted upon binding. In the
case of miglitol and MDL 73945, the azasugar rings are
almost perfectly superimposed, whereas for 6a the introduc-
tion of an axial methyl group at C-4’ implies a notable shift
of this portion, which forces the protonated nitrogen atom
sufficiently close to Asp443 in the catalytic residue to en-
gage in a hydrogen bond essential for inhibitory activity.!!]
The second glycosidic rings occupy almost the same posi-
tion in the +1 site.
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Figure 6. 2D schematic view of hydrogen bonds and hydrophobic
interactions for MDL 73945 (top) and 6a (bottom) docked in
NtMGAM (prepared with LigPlot*).[1]

Figure 7. Molecular docking result with 6a at the catalytic site of
NtMGAM. Only the amino acid residues effectively involved are
shown for clarity. The ligand is represented as a tube. Turquoise
lines represent hydrogen bonds between the ligand and receptor.
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Figure 8. Superposition of some ligands docked at the NtMGAM
catalytic site. Only polar hydrogen atoms are represented for clarity.
Ligands are rendered as sticks with the following colour code: mig-
litol yellow, MDL 73945 red, 6a green.

X-ray Diffraction Study

The results obtained for 6a and 6b prompted us to pur-
sue their complete characterization. Unfortunately, the very
small amount of available product prevented any crystalli-
zation attempts. As a consequence, we tried to predict their
crystal structures.

Crystal structure prediction has been increasingly ad-
dressed in the last few years.[*”] Although this task is an old
chemists’ dream,*! only the good results of the last dec-
adel* allow us to trust in the computational approaches
available. The general scepticism around this prevision tech-
niquet*3! is counterbalanced by its results, which are of great
help towards understanding as yet unknown structure—
property relationships. The results proposed in this work,
although inferred by means of technically rigorous meth-
ods, must be considered as one of the most probable solu-
tions. More specifically, given the great number of predicted
structures, the whole process actually results in polymorph
prediction,*# i.e. in the prediction of different unit cells for
the same chemical formula. Moreover, these results can be
particularly useful in case of future availability of greater
amounts of products: they can be the starting models for
their complete XRPD characterization.

The computational approach is described in detail in the
experimental section. The choice of space groups (SGs) to
be considered suitable for the crystallization of 6a and 6b
was simplified by considering that both compounds are op-
tically active and can crystallize in chiral SGs only — the
so called Sohncke SGs — which contain only rotation and
screw axes. As a consequence of the 230 possible SGs
“only” 65 were initially considered. Although more than
the 70% of organic compounds crystallize in P2,2,2; and
P2, SGs,*3 the search for possible SGs was extended to all
the potential chiral candidates. The predicted SGs partially
respect Baur and Kassner®! statistics, as 6a crystallizes in
orthorhombic P2,2,2 and two different polymorphs, a mo-
noclinic P2; and an orthorhombic P2,2,2,, were chosen as
SGs for 6b (Figure 9).

The most probable SG was selected by finding the lowest
energy packing. In the case of very close energy values, the
packing efficiencyl®® was chosen as a second parameter to
choose the best SG. As a consequence, structures with
higher densities were selected.

Eur. J. Org. Chem. 2011, 7278-7287
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Figure 9. The orthorhombic cell of 6a viewed along the ¢ axis (a).
The monoclinic (b) and orthorhombic (c) cells of 6b viewed along
the b and « axes, respectively.

The most relevant structural parameters are reported for
6a and 6b in Table 4. The proposed crystal structures show
a great number of hydrogen bonds, which play a key role in
the overall stabilization of the asymmetric units in the unit
cell. The chosen orthorhombic structure of 6a is energeti-
cally favoured over the other proposed polymorphic struc-
tures of the same set. The energy differences between the
computed structures is relevant — more than 0.54
kcalmol ' asymmetric cell”! — thus confirming the pro-
posed structure as the only real candidate. This is not true
for 6b, where the energy difference between the potential
candidates is small enough to suggest a coexistence of two

Table 4. The cell parameters 6a and 6b (without their standard un-
certainties, as a result of the exact calculated values).

6a 6b
Crystal system orthorombic monoclinic orthorhombic
Space group P2,2,2 P2, P2,2,2,
a[A] 14.9106 9.6022 7.7820
b [A] 14.1663 7.6416 17.8721
c[A] 7.8184 10.7755 11.6472
a ] 90 90 90
A 90 110.8101 90
7 [°] 90 90 90
Volume [A3] 1651.47 739.084 1511.95
Energy [kealmol * 0.722 0.736
asymmetric cell ']
Density [mgm] 1.357 1.516 1.482
WWW.EUrjoc.org 7283
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different crystal structures. Interestingly, for all three candi-
dates, the total puckering amplitudes (Q), calculated as
specified elsewhere,*” are very similar (Table 5).

Table 5. Total puckering amplitude (Q) for 6a and 6b. Ring a is the
six-membered ring with an oxygen atom, and ring b is the six-
membered ring with a nitrogen atom.

6a 6b

orthorhombic monoclinic  orthorombic
0 Ringa  0.5948 0.5776 0.6053
0 Ring b  0.5805 0.5480 0.5301

This result suggests that, in spite of the different packing
characteristics, the molecules with the same absolute config-
uration are almost superimposable. This is not obvious in
the solid state, where the great number of interactions, com-
pared to less dense phases, usually force the unit cell build-
ing blocks to adopt different conformations.

Conclusions

We have reported the design, based on molecular dock-
ing studies, and synthesis of new N-glycosyl-derived ana-
logues of MDL 73945, a potential a-GI with a K; value of
64 nM. A more potent derivative 6'-deoxy-6'-amino-6a was
also isolated and its further synthesis and biological screen-
ing are in progress. The results obtained by SAR analysis
can be applied to further manipulation of the most recent
a-GlIs based on the five-membered sulfonium ring. Further
investigations will be devoted towards the study of new re-
actions of 3 and other J-dicarbonyl sugar homologues with
different 6-amino sugar derivatives and nonsaccharidic
amines with the aim to find even better performing com-
pounds. Moreover, the future availability of larger quanti-
ties of the synthesized compounds could enable their
crystallization and therefore their complete characterization
through XRPD. As a consequence, the unit cells reported
above for 6a and 6b could help to index the X-ray patterns.

Experimental Section

General: Melting points were determined with a Kofler hot-stage
apparatus. Optical rotations were measured with a Perkin—Elmer
241 polarimeter at 20 =2 °C. All reactions were followed by TLC
with Kieselgel 60 F,s4 with detection by UV light and/or with etha-
nolic 10% sulfuric acid and heating. Kieselgel 60 was used for col-
umn and flash chromatography (E. Merck, 70-230 and 230-
400 mesh, respectively). '"H NMR spectra were recorded with a
Varian Vnmr] instrument at 500 MHz with Me,Si as the internal
standard. '3C NMR spectra were recorded at 50 MHz. Assign-
ments were made, when possible, with the aid of DEPT experi-
ments for comparison with values for known compounds. HRMS
were recorded with a VG ZAB-2SE double focussing magnetic sec-
tor mass spectrometer operating at 70 eV. Hydrogenation reactions
were performed with a Parr® apparatus. HPLC purifications were
made with a Microsorb silica Dinamax-100 A preparative column
(250X 21 mm) at a flow rate of 21 mLmin! with a Varian Pro
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Star instrument. Solvents were dried by distillation according to
standard procedures,8! and stored over molecular sieves (4 A),
which were activated for at least 24 h at 400 °C. Na,SO, was used
as the drying agent for solutions.

Starting Materials: Cyclopropyl lactose adduct 1! and 6-amino-6-
deoxy-o-D-galactopyranoside 4,1>!1 were prepared according to the
reported methods.

Reductive Amination of 3: To a stirring solution of 4 (720 mg,
2.23 mmol) and CH;CO>H (0.13 mL, 2.23 mmol) in dry MeOH
(25 mL) at —78 °C was added a solution of 3 (990 mg, 2.78 mmol)
in dry MeOH (25 mL) over about 15 min followed by NaBH;CN
(350 mg, 5.60 mmol) in MeOH (20 mL) under nitrogen a atmo-
sphere. The reaction mixture was stirred for 2 h at —78 °C and then
for 48 h at room temp., when the disappearance of the starting
products was confirmed (TLC monitoring). The solvent was re-
moved at reduced pressure and the residue was treated with a satu-
rated aqueous solution of Na,CO; (10 mL). The solution was ex-
tracted into CH,Cl, (3 X 10 mL) and the organic phases were dried
with Na,SO,. After filtration, the solvent was evaporated at re-
duced pressure, and the crude was purified by flash chromatog-
raphy (Cy/AcOEt 50%) to afford a syrup, which comprised a 84:16
mixture of 5a and 5b (75% yield). This anomeric mixture was then
purified by HPLC (n-hexane/2-propanol 90:10) to afford pure 5a
(tg = 12 min) and 5b (tg = 19 min).

N-(6-Deoxy-1-0-methyl-6-a-D-galactopyranosyl)-2,6-di- O-benzyl-
1,4-dideoxy-4-C-methyl-galacto-nojirimycin (5a): 63.3% yield. [a]5
=-64.5 (c = 1.21, CHCl3). 'H NMR (500 MHz, CDCl;, 27 °C): 6
=092 (d, J =72Hz 3 H, Me), 2.20 (dd, J = 7.3, 12.0 Hz, 1 H,
1'a-H), 2.28 (tq, J = 4.2, 7.2 Hz, 1 H, 4'-H), 2.70 (m, 1 H, 5’-H),
2.71 (m, 1 H, 6a-H), 3.00 (dd, J = 10.5, 12.5Hz, 1 H, 6b-H), 3.21
(dd, J = 3.7, 12.0 Hz, 1 H, 1'b-H), 3.29 (t, / = 9.2 Hz, 1 H, 4-H),
3.34 (s, 3 H, OMe), 3.45 (dt, J = 3.7, 7.3 Hz, 1 H, 2'-H), 3.49 (dd,
J=38,92Hz 1 H, 2-H), 3.55 (dd, / = 4.2, 7.3 Hz, 1 H, 3'-H),
3.57-3.61 (m, 3 H, 6’-H and 5-H), 3.72 (t, / = 9.2 Hz, 1 H, 3-H),
447 (d, J = 11.8 Hz, 1 H, C-2-OCH,Ph), 4.51 (d, J = 11.8 Hz, 1
H, C-2-OCH,Ph), 4.59 (d, J = 11.7 Hz, 1 H, C-6-OCH,Ph), 4.60
(d, J =11.7Hz, 1 H, C-6-OCH,Ph), 4.67 (d, / = 3.8 Hz, 1 H, 1-
H), 7.25-7.35 (m, 10 H, aromatic H) ppm. '3C NMR (125 MHz,
CDCl;, 27 °C): 6 = 10.1 (Me), 35.9 (C-4"), 54.0 (C-1"), 55.4 (OMe),
56.8 (C-6), 62.3 (C-5"), 65.5 (C-5), 69.7 (C-6"), 71.8 (C-2), 72.1
(CH,Ph), 72.7 (C-3'), 73.4 (CH,Ph), 73.6 (C-3), 76.0 (C-4), 76.3
(C-2"),99.4 (C-1), 127.8, 127.9, 128.1, 128.4, 128.5, 128.6 (aromatic
CH), 137.3, 138.2 (aromatic C) ppm. HRMS: calcd. for
CygH39NOg [M]* 517.6111; found 517.6110.

N-(6-Deoxy-1-0-methyl-6-0-D-galactopyranosyl)-2,6-di- O-benzyl-
1,4-dideoxy-4-C-methyl-altro-nojirimycin (5b): 11.7% yield. [a]} =
+18 (¢ = 1.13, CHClL3). 'H NMR (500 MHz, CDCls, 27 °C): § =
0.86 (d, J = 6.9 Hz, 3 H, Me), 2.11 (dd, J = 4.2, 12.0 Hz, | H, 1'a-
H), 2.18 (ddq, J = 54, 6.9, 8.4 Hz, 1 H, 4’-H), 2.90 (m, 1 H, 6a-
H), 2.94 (m, 1 H, 5’-H), 3.21 (t, /= 9.2 Hz, 1 H, 4-H), 3.22 (dd, J
=3.1,12.0 Hz, 1 H, 1'b-H), 3.25 (s, 3 H, OMe), 3.42 (dd, J = 10.3,
12.4 Hz, 1 H, 6b-H), 3.46 (dt, J = 3.1, 4.2 Hz, 1 H, 2’-H), 3.53 (dd,
J=138,9.6Hz, 1 H, 2-H), 3.93 (dd, J = 4.2, 54 Hz, 1 H, 3'-H),
3.53-3.58 (m, 3 H, 6'-H and 5-H), 3.82 (t, / = 9.2 Hz, 1 H, 3-H),
442 (d, J = 11.7Hz, 1 H, C-2-OCH,Ph), 449 (d, J = 11.7 Hz, 1
H, C-2-OCH,Ph), 451 (d, J = 48Hz, 1 H, 1-H), 459 (d, J =
11.6 Hz, 1| H, C-6-OCH,Ph), 4.64 (d, J = 11.6 Hz, | H, C-6-
OCH,Ph), 7.25-7.35 (m, 10 H, aromatic H) ppm. '*C NMR
(125 MHz, CDCl;, 27 °C): 6 = 7.1 (Me), 37.3 (C-4'), 46.5 (C-1"),
55.1 (OMe), 56.2 (C-6), 62.9 (C-5"), 66.9 (C-5), 67.9 (C-6"), 71.8
(C-3"), 71.9 (C-3), 72.3 (CH,Ph), 72.5 (C-4), 73.4 (CH,Ph), 74.6
(C-2), 75.3 (C-2'), 100.9 (C-1), 127.5, 128.1, 128.3, 128.5, 128.9,
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129.2 (aromatic CH), 137.0, 137.9 (aromatic C) ppm. HRMS:
caled. for C,5H3oNOg [M]* 517.6111; found 517.6109.

Debenzylation of 5a and Sb: To a solution of 5 (60 mg 0.11 mmol)
in MeOH (2 mL) was added a spatula tip of 10% Pd/C and the
suspension was shaken on a Parr apparatus under hydrogen (90 psi)
for 36 h. The reaction mixture was filtered thorough Celite, and the
filtrate was evaporated at reduced pressure to afford a crude, which
was purified by flash chromatography (CH;OH/CH,Cl,/H,O,
4:2:1) to afford 6a and 6b.

N-(6-Deoxy-1-0-methyl-6-a-D-galactopyranosyl)-1,4-dideoxy-4-C-
methyl-galacto-nojirimycin (6a): 85% yield, colourless crystals; m.p.
139-140 °C. [a]y = -31 (¢ = 1.03, CHCl;). '"H NMR (500 MHz,
CDCl3, 27°C): 6 =0.94 (d, J = 7.0 Hz, 3 H, Me), 2.22 (tq, J = 4.5,
7.0Hz, 1 H, 4’-H), 2.26 (dd, J = 10.1, 11.6 Hz, 1 H, 1'a-H), 2.61
(ddd, J = 5.0, 5.8, 7.0 Hz, 1 H, 5'-H), 2.62 (dd, J = 6.5, 14.1 Hz,
1 H, 6a-H), 2.99 (dd, J = 9.2, 14.1 Hz, 1 H, 6b-H), 3.18 (t, J =
9.2Hz, 1 H, 4-H), 3.22 (dd, J = 4.5, 11.6 Hz, 1 H, 1'b-H), 3.36
(dd, J =3.8,9.7Hz, | H, 2-H), 3.38 (dd, J = 4.5, 79 Hz, 1 H, 3'-
H), 3.42 (s, 3 H, OMe), 3.59 (t, J = 9.2 Hz, 1 H, 3-H), 3.61 (ddd,
J=4.5,1709,10.1Hz, 1 H, 2'-H), 3.63 (dd, J = 5.0, 11.5Hz, 1 H,
6'a-H), 3.69 (dt, J = 6.5, 9.2 Hz, 5-H), 3.85 (dd, J = 5.8, 11.5 Hz,
1 H, 6’b-H), 4.63 (d, J = 3.8 Hz, 1 H, 1-H) ppm. '*C NMR
(125 MHz, CDCl;, 27 °C): 6 = 9.1 (Me), 37.1 (C-4"), 54.6 (C-6),
55.7 (OMe), 56.2 (C-1"), 62.0 (C-6"), 65.8 (C-5'), 69.0 (C-2"), 70.0
(C-5), 73.2 (C-2), 74.5 (C-3), 75.2 (C-4), 76.0 (C-3"), 101.1 (C-1)
ppm. HRMS: calcd. for C;4H,7,NOg [M]* 337.3660; found
337.3659.

N-(6-Deoxy-1-O-methyl-6-a-D-galactopyranosyl)-1,4-dideoxy-4-C-
methyl-altro-nojirimycin (6b): 83% yield, colourless crystals; m.p.
125-127 °C. [a]y = +20 (¢ = 0.98, CHCl3). '"H NMR (500 MHz,
CDCl;, 27°C): 6 = 0.90 (d, J = 7.0 Hz, 3 H, Me), 2.14 (ddq, J =
5.3, 7.0, 8.6 Hz, 1 H, 4’-H), 2.20 (dd, J = 9.9, 11.5Hz, 1 H, 1'a-
H), 2.75-2.79 (m, 2 H, 5’-H, 6a-H), 2.96 (dd, J = 4.8, 11.5Hz, 1
H, 1'b-H), 3.12 (t, /= 7.5 Hz, 1 H, 4-H), 3.25 (dd, /= 9.0, 13.6 Hz,
1 H, 6b-H), 3.29 (s, 3 H, OMe), 3.45 (dd, J = 4.8, 9.0 Hz, 1 H, 2-
H), 3.63 (ddd, J = 4.8, 7.9, 99 Hz, 1 H, 2'-H), 3.70 (dd, J = 7.5,
9.0 Hz, 1 H, 3-H), 3.77 (dd, J = 5.3, 7.9 Hz, 1 H, 3'-H), 3.79-3.84
(m, 3 H, 5-H, 6'-H), 4.45 (d, J = 4.8 Hz, 1 H, 1-H) ppm. '3C NMR
(125 MHz, CDCl;, 27 °C): 0 = 8.5 (Me), 37.2 (C-4'), 52.2 (C-1"),
54.1 (C-6), 55.0 (OMe), 60.1 (C-6"), 65.9 (C-5'), 67.8 (C-2'), 71.7
(C-5), 72.0 (C-4), 72.7 (C-3), 75.4 (C-2), 75.8 (C-3"), 102.6 (C-1)
ppm. HRMS: caled. for C4H»;NOg [M]" 337.3660; found
337.3661.

Molecular Docking: Computational docking was carried out by ap-
plying the Lamarckian genetic algorithm implemented in Auto-
Dock 4.2.3.1%91 For fine docking we used the following parameters:
grid spacing 0.260 A, number of runs 100, npts = 70 70 70 centred
on 6a, ga_num_evals = 25000000, ga_pop_size = 150 and ga_num_
generations 27000. The graphical user interface AutoDockTools
(1.5.6rcl, R45)1%%1 was to establish the Autogrid points and visualize
docked ligand—nucleic acid structures.

In silico Crystal Structure Prediction: Crystal structure prediction
was performed using the Polymorph module present in Accelrys
Materials Studio 4.4.51 The starting molecular structures were ge-
ometrically and energetically optimized by spin restricted B88 DFT
calculations!®?! exchange and LYPP? correlation as implemented in
DMol3.!1 Monte Carlo simulated annealing, which consisted of
10000 steps and a 0.025 heating factor in a temperature range 300—
150000 K, was used to explore the lattice energy hypersurfaces for
potential crystal packing solutions. Thousands of possible answers
were clustered to remove duplicates and speed up the geometry
optimization of each unique structure. This task was performed
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using Compass Force Field®* and Smart algorithm (Convergence
tolerance: energy: 2 X 10~ kcalmol™!, force: 0.001 kcalmol! A1,
stress: 0.001 GPa, displacement: 1 X 105 A). After a second clus-
tering step, the final structures were ranked on the basis of their
lattice energies.

All the consistent forcefields (CFF91, CFF, pcff, COMPASS) avail-
able in Accelrys Materials Studio 4.4/ have the same functional
form, which differ mainly for parameter values. They are consid-
ered to be an improvement on the classical force fields (AMBER
or CHARMM) and therefore often called second-generation force
fields. Atom equivalences for the assignment of parameters to force
field types and some combination rules for nonbonded terms may
also differ. COMPASS (Condensed-phase Optimized Molecular
Potentials for Atomistic Simulation Studies) is a force field ex-
pressly projected to support atomistic simulations of condensed
phase materials and it is the first ab initio force field that has been
parameterized and validated using condensed-phase properties as
well as various ab initio and empirical data for molecules in isola-
tion.[%3!

Its parameterization procedure can be divided into two phases: ab
initio parameterization and empirical optimization. In the first
phase, partial charges and valence parameters were derived by fit-
ting to ab initio potential energy surfaces. At this point, the van
der Waals parameters were fixed to a set of initial approximated
parameters. In the second phase, force field optimization was car-
ried out in order to yield a good agreement with experimental data.
A few critical valence parameters were adjusted based on the gas
phase experimental data. More importantly, the van der Waals pa-
rameters were optimized to fit the condensed-phase properties.

Supporting Information (see footnote on the first page of this arti-
cle): A file containing 6a and 6b calculated cif files is available.
Those cif files do not correspond to experimentally derived struc-
ture and therefore are not deposited at the CCDC.
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