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Abstract Inositols have been recently reported to show a

biological activity as inhibitors of both glycosidase and

amyloid-b protein. After having harvested good crystals

suitable for single crystal X-ray diffraction, we performed a

comparison with the data inferred by means of a molecular

dynamics simulation, based on the use of an appropriate

Force Field coupled to the most performing charging

scheme. This approach allowed a detailed analysis exten-

ded to ultra-fine details, such as atomic displacement

parameters. It confirmed the good validity of a robust

approach already tested by us in previous studies. A NMR

analysis of the molecule in solution was also carried out, to

compare the structural findings suggested by the X-ray

analysis with the ones in solution and avoid confining them

to the solid-state. In this framework, we investigated the

above-mentioned inhibiting activity of a class of inososes,

by means of a molecular docking investigation, which

proved the suggested validity of the studied compound as

inhibitor of the a-glucosidase.

Keywords Inososes � Glycosidase inhibitors � Docking �
Molecular dynamics simulation � X-ray structural analysis �
Atomic displacement parameters

Introduction

Cyclitols are cycloalkanes with one hydroxyl group on

each ring atom and other closely related compounds con-

taining a C=C double bond in the ring such as amino, alkyl

or halogen substituents. Among these, inositols (hexa-

hydroxycyclohexanes) are an interesting group of carbo-

cyclic sugar analogs, which keep attracting a great deal of

attention due to the ubiquitous presence of their derivatives

in living cells and their implication in biological phe-

nomena [1–4]. Among them, myo-inositol is the most

abundant of the nine possible stereoisomers and it plays a

very important role in cellular signal transduction acting as

second messenger [1–4]. D-chiro-inositol is a drug candi-

date for the treatment of type 2 diabetes [5] and polycystic

ovary syndrome [6]. L-chiro-inositol is a potential anti-

diabetic compound [5]. Neo-inositol phosphates have been

isolated from both mammalian tissue [7] and parasitic

amoebas [8], while scyllo-inositol from human brain [9], as

well as from plants [10]. Epi-inositol recently has been

evaluated as a potential anti-depressant drug that could

interact with lithium ions and myo-inositol receptors in the

brain [11, 12].

Even the corresponding ketones of inositols, the so

called inososes, have been found in small portions in

mammalian tissues [13] and in Streptomices griseus [14],

like the common myo-inosose (Fig. 1). Furthermore, these
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compounds are useful intermediates for cyclitol synthesis

in nature, as proposed in the Kiely’s biomimetic synthesis

of myo-inositol from D-xylo-hexos-5-ulose [15].

In a recent study about the amyloid-b (Ab) protein [16],

a key mediator of Alzheimer’s disease pathology, the

effects of the inositol and inosose stereoisomers as poten-

tial therapeutic agent for amyloid disorders have been

reported. These compounds exhibit stereospecific inhibi-

tion of Ab aggregation in vitro and in vivo, with significant

decreases in Ab40 and Ab42 levels, vascular amyloid

levels, plaques size and area that were observed by the

authors.

In the past years, starting from unsatutared derivatives

of galactopyranosides, some of us studied the synthesis of

1,5-dicarbonyl sugars [17–21], which are key intermediates

for the synthesis of high valued-added compounds such as

gabosines [22], cyclitols [23, 24], and azasugar [25]. Few

years ago, following the Kiely’s biomimetic synthesis [15],

was developed a useful synthetic procedure [23], that,

starting from methyl b-D-galactopyranoside 1, produced

the inosose derivative 3 via the diazabicycloundecene

(DBU)-mediated intramolecular aldol condensation of

l-arabino-aldohexos-5-ulose 2. Finally, the catalytic deb-

enzylation followed by the reduction of inosose gave rise to

epi-inositol 4 as described in Scheme 1 [23]. When the

aldol condensation was carried out with a catalytic amount

of NaOH in aqueous methanol, the formation of inosose 3

was not stereospecific and a second inosose, 5, was iden-

tified as minor product (about 2:1 ratio, 70 % overall

yield), thus indicating that the solvent and/or the base

promoter play a specific role in the reaction stereochemical

outcome. At that time the structure of this second inosose

remained under investigation.

Nowadays, having obtained good crystals of 5, suitable

for X-ray diffraction, we report the complete character-

ization of inosose 5 by means of X-ray single crystal dif-

fraction and of both 5 and 6 with NMR. Moreover, we have

carried out a molecular dynamics (MD) simulation that,

combined and compared with the X-ray diffraction data of

the same condensed phase, was able to provide structural

information that are otherwise inaccessible [26–30].

Finally, as it was recently reported that several inositols

and their derivatives act as inhibitors of glycosidases, we

tried to determine whether compounds 5 and 6 and their

enantiomers, ent-5 and ent-6, are able to bind effectively

with the active site of the N-terminal catalytic subunit of

human maltase-glucoamylase (NtMGAM).

Results and discussion

X-ray crystallography

The molecular structure of 5 is reported in Fig. 2 along

with its labeling scheme. A ring puckering analysis—i.e.,

Cremer and Pople (C&P) analysis [31]—was performed on

the six-membered ring C1–C2–C3–C4–C5–C6 (see

Table 1 for ring nomenclature), actually the only suitable

ring for this analysis, being the other two aromatic and

therefore planar. The representation of the ring puckering

can be performed by means of a single amplitude-phase

pair—q2 and /2, 0.019(2) Å and 27(6)�, respectively—as

well as a single puckering coordinate q3 (0.577(2) Å) in

the case of six-membered rings, where the puckering

degrees of freedom are three. The same results can be

obtained using spherical coordinates, Q, h, and / as shown

in Ref. [32].

The conformation analysis allows the assignment of a

typical chair (C) conformation to the above-mentioned ring

[33].

The search for hydrogen bonds evidenced the existence

of a complex and vast network of interactions reported in

Table 2.

Based on distance criteria, whereby the donor…acceptor

distance is less the sum of the Van der Waals radii, both

intra- and intermolecular hydrogen bonds are present in the

structure, as well as strong (O–H���O) and weak (C–H���O)

ones, where the strength depends on the electronegativity

of the donor. The weak intermolecular C–H���O interac-

tions assist the packing in the formation of hydrogen

bonded chains along the a axis, already sustained by the

stronger O–H���O interactions (O3–H���O6 and O6–H���O3,

Fig. 1 Chemical structures of cited cyclitols

956 Struct Chem (2013) 24:955–965

123



Table 2). The ancillary role of weak CH���O hydrogen

bonds in supramolecular recognition is widely known both

in the crystal engineering and macromolecular crystallog-

raphy [34, 35]. Interestingly, there is evidence of two

bifurcated hydrogen bonds [36], involving O3–H30���O6

and O5–H50���O3, which provide a further aid to the

overall stabilization of the structure. In this framework, it

could not be neglected the role of the several non-covalent

p–p stacking and T-shaped interactions present and

reported in Table 3 [37–41].

The crystal is organized in two-dimensional layers built

in the bc plane by strong hydrogen bonds, and then

assembled in the third direction, along the a axis, by weak

lipophilic CH���p interactions (Fig. 3). A characteristic

zigzag motif is evidenced. 5 Crystallized with a quite low

packing index [42]. Four small voids are present in the

structure although they are not suitable for a possible

inclusion of solvent molecules. In fact the total potential

solvent volume is 37.4 Å3 which represents only the 2.1 %

of the total cell volume.

Molecular dynamics

The analysis of the internal molecular fluctuations, which are

directly comparable to those obtained from diffraction data,

provides a tool for validating the simulated trajectory [43].

The description of the various interactions between all the

atoms of the considered system, a prerequisite needed by any

correctly performed MD simulation, is usually done either

by the quantum mechanical (QM) scheme, as introduced by

Car and Parrinello [44], or by classical empirical force fields

(FF). As QM driven MD scheme are quite computationally

expensive, whenever QM effects can be neglected, empirical

FF are preferred [45]. In previous works we performed a

Scheme 1 Synthetic pathway

for inososes 5 and 6. (i) Ref.

[17]; (ii) DBU, toluene, rt; (iii)
a H2–Pd(C), MeOH; b Ni/

Raney/H2, MeOH; (iv) NaOH,

MeOH/H2O

Fig. 2 Molecular structure and

labeling of 5. Thermal

displacement ellipsoids are

drawn at the 50 % probability

level while hydrogen atoms are

represented as spheres of

arbitrary radius

Table 1 Compact nomenclature for the center of gravity (Cg) of the

rings in 5

5

Cg(1) C1–C2–C3–C4–C5–C6

Cg(2) C8–C9–C10–C11–C12–C13

Cg(3) C15–C16–C17–C18–C19–C20

Struct Chem (2013) 24:955–965 957
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thorough comparison of QM and empirical FF applied to the

study of small organic molecules [46, 47]. The reported

results evidenced how the chosen empiric FF best repro-

duced, even if compared to the QM ones, the ab initio

H-bonding and stacking stabilization energies.

This task was accomplished using the AMBER FF [48],

with the Cornell et al. parameterization, as implemented in

the Discover module of the Materials Studio package of

Accelrys. Moreover, to validate the NPT (isothermal and

isobaric) MD simulations from these trajectories, we cal-

culated the anisotropic displacement parameters (adps)—or

temperature factors—to illustrate the atom’s thermal

motions relative orientation and compared them to the ones

inferred by means of the X-ray analysis.

In order to model the crystal structure without assuming

any particular symmetry, the original P212121 cell was

transformed in a triclinic P1 one with all the symmetry

related atoms, together with the cell parameters, to be

independent variables during a NPT ensemble simulation.

We proceeded by evaluating expanded structure models,

with a 5 9 2 9 1 supercell, i.e., built by replicating the

unit cells five times along a and two times along b to

withdraw border effects introduced by the short periodic

boundary conditions (PBC) of the single unit cell. The

starting models were based on the experimental cell and the

resulting MD trajectories embed cell parameters, which

now are fluctuating around the starting values without

Table 3 Selected p–p–stacking non-covalent interactions between

aromatic rings in 5

Centroid (I)���centroid (J) Distance (Å) Angle (�) Slippage (Å)

Cg (2)���Cg (2)i,ii 5.060 (3) 0 3.622

Cg (2)���Cg (2)iii 5.222 (2) 89 –

Cg (3)���Cg (3)i 5.061 (4) 0 3.500

Cg (3)���Cg (3)ii 5.059 (4) 0 3.499

Cg (3)���Cg (3)iv 5.357 (3) 88 –

Symmetry codes: (i) -1 ? x, y, z; (ii) 1 ? x, y, z; (iii) � ? x, -� -

y, -1 - z; (iv) � ? x, -� - y, -z. Distances and relative s.u.s are

measured in Å and angles in (�) between adjacent centroids (Cg)

Table 2 Hydrogen-bonds list

Hydrogen-bond geometry (Å, �)

D–H���A D–H H���A D���A D–H���A H bond classification

O3–H30���O4 0.72 (3) 2.51 (3) 2.785 (3) 105 (2) Intra and bifurcated

O3–H30���O6i 0.72 (3) 2.18 (3) 2.843 (2) 154 (3) Bifurcated

O5–H50���O2ii 0.83 (4) 2.24 (4) 3.009 (2) 155 (3) Bifurcated

O5–H50���O3ii 0.83 (4) 2.47 (4) 3.070 (2) 130 (3) Bifurcated

O6–H60���O3ii 0.86 (4) 1.97 (4) 2.818 (2) 170 (3)

C6–H61���O5iii 1.02 (3) 2.51 (2) 3.323 (3) 136.4 (17)

C7–H71���O1 0.97 (3) 2.58 (3) 3.139 (3) 116.9 (18) Intra

Symmetry codes: (i) -1 - x, � ? y, -� - z; (ii) 1 ? x, y, z; (iii) -2 - x, -� ? y, -� - z. Full geometry parameters are reported. D

identifies the donor, A the acceptor, and H the hydrogen atom involved. Standard uncertainties (s.u.s) are reported in parentheses for all distances

(see ‘‘Experimental’’ section for details). The last two entries are weak intramolecular hydrogen bonds [34]. H bond classification has been done

on the basis of Ref. [36]

Fig. 3 Crystal packing of 5,

projected down the a axis.

Hydrogen bonds are reported as

a dashed line
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evidencing any particular phase transition, thus indicating

that the considered structure could be considered stable.

Furthermore, we tried to check whether the original

AMBER FF charges scheme adequately account for the

experimental structure. In order to perform this task, a step

was made toward the definition of a suitable atomic charge

distribution. In previous works only the charge equilibra-

tion (Qeq) scheme [46, 47], which bases its values on

atoms electronegativity differences and relative distances,

properly kept the MD simulation cell parameters with the

smallest differences with respect to the X-ray ones. How-

ever, as described in Fig. 4, the best results were achieved

by the direct use of the AMBER embedded setup. The

analysis of the above-mentioned figure allows the direct

qualitative evaluation of the closer correspondence of the

AMBER inferred adps (left) with respect to the ones cal-

culated with the Qeq charging scheme (right), as compared

to the ones inferred from the experimental X-ray data

(middle). Interestingly, not only the size of the adps could

be considered very similar, but also their preferential

elongation in a given direction is resembled.

In Fig. 5 we reported a quantitative comparison among

the differently inferred adps values (AMBER, Qeq, X-ray

inferred), and the ones calculated basing our simulation on

the restrain of the symmetry equivalent fragments in the

unit cell, i.e., not relaxing but instead keeping the sym-

metry. It is evident that the latter values are quite smaller

than the other ones which, qualitatively show very similar

trends. An explanation for this behavior could be found by

considering the presence of symmetry constraints which

forbid the free and independent movement of each frag-

ment present in the unit cell, thus forcing symmetry-related

fragments to oscillate with opposite phases. The result of

this process is the overall dumping of the libration of each

single atom, evidenced by smaller adps, as reported in the

above-mentioned figure. In the light of this reasoning, it is

not possible to claim that the calculated adps are system-

atically smaller than the X-ray inferred ones, as often

reported in literature, as their sizes and shapes are heavily

affected by the way the calculation is carried out—i.e.,

relaxing or not the symmetric constraints [49, 50].

Moreover, there is an expected and constant trend that

could be inferred by a visual inspection of the adps layout

obtained by the superimposition of the experimental data

(shadowed) to the simulated ones (solid) as reported in

Fig. 6: the ones belonging to the benzene rings are experi-

encing greater fluctuations around their equilibrium posi-

tions than the ones of the central nonaromatic ring, and

among them, the more external ones show this behavior even

in a more exasperated manner. This is clearly due to their

increasing distance from the center of mass of the molecule,

and this behavior is well-simulated by the computational

Fig. 4 Visual comparison among asymmetric units of 5 and their

relative adps, as inferred MD simulation based on the original

AMBER setup (left), by X-ray single crystal diffraction (middle) and

AMBER setup with Qeq charging scheme (right)

Fig. 5 Uequiv (Uiso for hydrogen atoms) trends comparison among

the X-ray experimental values and the MD ones, the latter calculated

with the standard AMBER setup, AMBER with Qeq charging scheme

and without relaxing the symmetry, respectively. Carbon, hydrogen,

and oxygen atoms, are reported in the upper, in the middle and in the

lower part of the figure, respectively
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results which are in very good agreement, once again, with

the X-ray experimental data. Moreover, the accordance in

the anisotropic thermal factors is extended to the whole MD

calculated super-cell and not only confined to the single unit

fragment. However, taking into account that it is well-known

that the overall X-ray low ability to univocally resolve

hydrogen atoms’ position, the MD simulation can produce a

good insight to their relative adps layout. As already com-

mented in Table 2, a complex hydrogen-bond network is

present; the adp analysis of the hydrogen atoms involved in

different type of hydrogen bonds—i.e., linear and bifurcated

ones—seems to confirm that the X-ray inferred values,

although not always trustable in principle, are in very good

agreement with the simulated ones, especially with the val-

ues resulted from the AMBER-based simulation (Figs. 5, 6).

The agreement is evident both in the trends and in each

atom’s value. The inspection of the adps layout, for what

concerns hydrogen atoms, can be source of other cues. In

fact, a preferential direction of elongation of each adp can be

considered sign of a directional constrain: the comparison

between the experimental and computed data can therefore

highlight potential details hidden to the X-ray analysis. At

variance with previous works where the differences between

calculated and experimental adp values evidenced an

underestimation of the weight ascribed by X-ray analysis to

the hydrogen bonding [46, 47], the present analysis was not

able to spot any substantial difference. This is confirmed by

the analysis of Fig. 6, where adps belonging to H30 and

H50—the two hydrogen atoms involved in a bifurcated

hydrogen bond—as well as the one regarding H60—to

mention only the intermolecular hydrogen bonds—show no

appreciable differences even by a direct superimposition of

the calculated and experimental adp values.

It is worth analyzing even the good agreement between

the computed and experimental bond distances. However,

among many very similar calculated and experimental

distances, there is actually an overall tendency to overes-

timate the bonds involving hydrogen atoms when com-

paring the simulated data to the experimental ones. This is

probably due to the lack of precision in the hydrogen

determination—i.e., their position—embedded in the X-ray

measurement and not to a MD artifact. In fact, as specified

in the experimental section, by following a quite standard

operating procedure, hydrogen atoms attached to oxygens,

were located in a difference Fourier map and refined iso-

tropically while the other ones bound to carbon were

refined using a riding model. This is another evidence of

how the comparison with the simulated structure allows an

assessed comment on some features of the X-ray one.

NMR studies

The 1D and 2D (NOE, COSY and HETCOR) NMR

experiments are in agreement with the X-ray results,

confirming the absolute stereochemistry inferred by the

solid-state. For what concerns the conformation of the

cyclohexanone ring, NMR results showed that there is a

little distortion as compared to that evidenced by the solid-

state analysis. As a consequence, in the inosose 5 the H2

proton appears as a double doublet (4.31 ppm) with a large

Jax/ax (9.5 Hz) coupling with the adjacent H3 and a small

Jax/ax (1.5 Hz) with H6 proton, whereas H4 proton

Fig. 6 Superimposition of the experimental crystal packing with the

model I MD averaged one. The experimental anisotropic thermal

factors are shown (shadowed) and compared with the MD calculated

ones (solid). The agreement in the anisotropic thermal factors is

extended to the whole MD calculated super-cell and not only confined

to the single unit fragment

Table 4 Calculated binding energies and inhibition constants to

catalytic site of NtMGAM for compounds 5 and 6, their enantiomers

and miglitol

Ligand DGBind calcd. (kcal/mol) Ki calcd. (lM)

5 -6.0 36.9

ent-5 -6.3 22.8

6 -3.7 2,030

ent-6 -3.6 2,110

Miglitola -8.3 0.8b

a With nitrogen azasugar protonated in equatorial
b From Ref. [25]; exp. 1.0 from Ref. [57]

Fig. 7 a-D-Glucosidase inhibitors
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(3.93 ppm) shows a small trans di-equatorial coupling

(3.8 Hz) with the H5 one (4.22 ppm) and a cis-axial/

equatorial disposition with the H3 (3.93 ppm, 4.0 Hz).

Although these coupling constants agree with the absolute

configuration, in solution they are consistent with a small

variation in the dihedral angles, especially for the axial

benzylic substituent at C4, which appears as in a quasi-

axial conformation, producing a distortion of the classic

chair conformation.

Molecular docking

Recently it has been demonstrated that several inositols and

their derivatives act as inhibitors of glycosidases [51–56].

It is therefore plausible that the derivatives 5 and 6 may

present a similar activity. Thus, we conducted a series of

studies of molecular docking to determine whether the

subject compounds and their enantiomers, ent-5 and ent-6,

are able to bind effectively with the active site of the

N-terminal catalytic subunit of human maltase-glucoamy-

lase (NtMGAM). The 3D X-ray crystal structure of NtM-

GAM domain–miglitol complex [57], was retrieved from

the Protein Data Bank [58] and processed, as previously

reported [25], following a tested protocol [59].

The obtained results, reported in Table 4, show that

derivative ent-5 has the best activity among the studied

compounds with an in silico inhibition constant of

22.8 lM, whereas its enantiomer is slightly less efficient.

The unprotected compounds 6 are one hundreds of times

less active of miglitol, chosen as reference, and then

practically useless as drugs. On the contrary, compounds 5

are only about twenty times less active.

Regarding the structure–activity relationships, it is evi-

dent that the relative simplification of compounds 6 respect

to the miglitol (Fig. 7) and, especially, the absence of a

protonable atom, at physiological pH, such the nitrogen

one, that engage an hydrogen bond with the Asp443 in the

catalytic residue, essential for the inhibitory activity [60],

preclude a strong interaction with the enzyme. Vice versa,

the presence of the two benzyl groups allow a more ade-

quate filling of the catalytic pocket establishing, at the

same time, an extensive hydrophobic interactions network

(Fig. 8). Moreover, the benzyl moiety at O4 takes the place

of the miglitol, in the catalytic residue, constraining the

inosose ring to occupy the ?1 site, similarly to what

happens with the second glycosidic ring of the MDL

73945, one of the leader a-D-glucosidase inhibitors derived

from miglitol (Fig. 7).

Finally, the major activity of compound ent-5 with

respect to 5 is due to more extended hydrophobic interac-

tions, as shown in the lower part of Fig. 8.

Conclusions

In this study, we carried out a thorough characterization of

5 not only for what concerns the solid-state but also in

solution. The X-ray single crystal structure was the starting

point for a detailed comparison, performed by means of a

molecular dynamics simulation, that not only confirmed the

X-ray inferred experimental data, but also allowed a pre-

cise analysis of other structural features which are not

directly accessible by the traditional experimental

Fig. 8 2D Schematic view of hydrogen bonds and hydrophobic

interactions for 5 (upper) and its overlap with ent-5 (down) docked in

NtMGAM, prepared with LigPlot? [61]. The circles indicate common

interactions

Struct Chem (2013) 24:955–965 961
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approach. This was done carrying out a qualitative and

quantitative adp analysis, extended to the hydrogen atoms,

i.e., one of the known Achille’s heel in the X-ray structural

determination. It allowed a direct validation of the pro-

posed interpretation of what evidenced by X-rays validat-

ing, at difference with previous works the landscape

already depicted by the experimental analysis [46, 47].

Moreover, this study confirmed that the magnitude of the

calculated adps is strongly affected by the way their sim-

ulation is performed i.e., among other things, whether

symmetry constraints are released or not. On the other

hand, the NMR analysis confirmed, although with a slight

variation due to the greater flexibility experienced by the

molecule in solution, the peculiarities highlighted by the

solid-state analysis. The so inferred structural evidences

were joined with the evaluation of the inhibiting activity of

5, which showed good potentialities, as checked by his

docking capabilities.

Experimental

Melting points were determined with a Kofler hot-stage

apparatus and are uncorrected. Optical rotations were mea-

sured on a Perkin-Elmer 241 polarimeter at 20 ± 2 �C. All

reactions were followed by TLC on a Kieselgel 60 F254 with

detection by UV light and/or with ethanolic 10 % sulfuric

acid. Kieselgel 60 was used for column and flash chroma-

tography (E. Merck, 70–230 and 230–400 mesh, respec-

tively). 1H NMR spectra were recorded with a Varian VnmrJ

instrument at 500 MHz in the stated solvent (Me4Si was used

as the internal standard). 13C NMR spectra were recorded at

50 MHz. Assignments were made, when possible, with the

aid of DEPT experiments, for comparison with values for

known compounds. High-resolution mass spectra were

recorded on a VG ZAB-2SE double focusing magnetic sector

mass spectrometer operating at 70 eV. The hydrogenation

were performed with a Parr apparatus. Solvents were dried

by distillation according to standard procedure [62], and

stored over 4 Å molecular sieves activated for at least 24 h at

400 �C. Na2SO4 was used as drying agent for solutions.

Good quality crystals were obtained by dissolving 5 in a

test tube with acetonitrile and adding few drops of water.

The solution was sealed and stored at 4 �C. After several

weeks some prismatic colorless crystals were harvested.

Chemistry

Synthesis of inososes 3 and 5

To a solution of EtOH/H2O 9:1 (5 mL) containing the

dicarbonyl compound 2 (107.5 mg, 0.3 mmol), was added

a 0.005 M NaOH hydroalcoholic solution (2 mL) and the

resulted mixture was stirred for 2 h. At the end of the

reaction the solvent was removed at reduced pressure and

the residue was extracted with CH2Cl2 (3 9 5 mL). The

combined organic layers were dried over Na2SO4, filtered

and evaporated at reduced pressure. The resulting crude

was purified by flash chromatography (cyclohexane/ethyl

acetate, 6:4), affording inososes 3 and 5 in a 2:1 ratio

(70 % overall yield).

2D-2,4-Di-O-benzyl-(2,3,6/4,5)-pentahydroxycyclohex-

anone 5: yield 24 %, 26 mg; mp 169–171 �C, colorless

crystals from acetonitrile; a½ �25
D = -51 (c = 0.31, CHCl3).

mmax (KBr) 3471, 3450, 3382, 1725, 1624 cm-1. 1H NMR

(500 MHz, CDCl3, 27 �C): d 7.25–7.47 (m, 10H, phenyl H),

4.77–4.68 (AB system, 2H, J = 11.5 Hz, CH2Ph), 4.76–

4.48 (AB system, 2H, J = 11.5 Hz, CH2Ph), 4.49 (dd, 1H,

J = 1.5, 4.0 Hz, H6), 4.31 (dd, 1H, J = 1.5, 9.5 Hz, H2),

4.22 (t, 1H, J = 3.8 Hz, H5), 3.93 (dd, 1H, J = 4.0, 9.5 Hz,

H3), 3.92 (dd, 1H, J = 3.8, 4.0, H4); 13C NMR (125 MHz,

CDCl3, 27 �C): d 207.5 (C=O), 139.3 (phenyl C), 138.8

(phenyl C), 129.3, 129.2, 129.0, 128.8 and 128.7 (phenyl

CH), 83.7 (C2), 79.6 (C4), 74.9 (C6), 74.4 (CH2Ph), 73.7

(CH2Ph), 73.4 (C3), 71.9 (C5). Anal. calcd. for C20H22O6: C

67.03, H 6.29 %; found C 67.19, H 6.31 %.

Debenzylation of 5

To a solution of compound 5 (26 mg 0.07 mmol) in MeOH

(2 mL) was added a spatula tip of 10 % Pd/C and the

suspension was set shaken on a Parr apparatus under

hydrogen (90 psi) for 24 h. The reaction mixture was fil-

tered through Celite and the filtrate was evaporated at

reduced pressure, affording the pure debenzylated com-

pound 6.

2D-2,3,6/4,5)-Pentahydroxycyclohexanone 6: yield 95 %

11.8 mg; colorless crystals from water/2-propanol; mp

195–197 �C; a½ �25
D = –68 (c = 0.5, H2O). mmax (KBr) 3665,

2917, 1734, 1563 cm-1. 1H NMR (200 MHz, D2O, 27 �C):

d 4.62 (dd, 1H, J = 1.3, 3.6 Hz, H2), 4.39 (dd, 1H,

J = 1.3, 10.2 Hz, H6), 4.16 (dd, 1H, J = 3.6, 3.9 Hz, H3),

4.05 (dd, 1H, J = 3.3, 3.9 Hz, H4), 3.73 (dd, 1H, J = 3.3,

10.2 Hz, H5); 13C NMR (50 MHz, D2O, 27 �C): d 208.0

(C=O), 75.2, 73.2, 73.1, 72.9, 70.3. Anal. calcd. for

C6H10O6: C 40.63, H 5.66 %; found C 40.69, H 5.64 %.

Methods

X-ray crystallography

5 Shows a P212121 orthorhombic unit cell with

a = 5.0600(4) Å, b = 12.6478(9) Å, c = 28.567(2) Å, R

being 5.09 %. Although Friedel pairs were not merged, the

high s.u. value associated to the—meaningless—Flack
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parameter (-0.7 and 12, respectively), coupled with the use of

Mo Ka, suggested that experimental data did not support the

determination of the absolute configuration of the molecule.

This issue has been ascribed to twinning effects that may alter

the intensities distribution. However, it was assigned by

comparison with a reference molecule of known absolute

configuration.

An unusual C atoms thermal displacement parameter

(Ueq) ratio, confirmed by the MD inferred data, is the result

of the comparison between carbons having a very different

mobility. This is evidenced by the above or below average

Ueq values of C17, C12, and C19 on one hand and C8, C15,

and C18 on the other. The failure in the Hirshfeld rigid-

bond test difference [63] for both C18–C19 bonds is due to

some disorder still present in the structure after modeling

and, as it is associated with the s.u.; it could be the result of

over refinement. The search for possible solvent accessible

voids was performed using the VOID algorithm setting a

grid of 0.20 Å and a probe radius of 1.20 Å [64]. The H

atoms were all located in a difference map, but those

attached to aromatic carbon atoms were repositioned geo-

metrically with fixed bond lengths and angles to regularize

their geometry (C–H in the range 0.93–0.98 Å) and Uiso

(H) (in the range 1.2–1.5 times Ueq of the parent atom),

riding on their carrier atoms. All the other hydrogen atoms

were refined isotropically without restraints. The data

collection was performed at 293 K, and the strategy used

aimed to achieve a complete data set to 2h = 55�. Some

higher angle data were collected in the process and these

have been included in the refinement.

The following software have been used for data treat-

ment and collection: SAINT-Plus [65] and SADABS [66].

Mercury was used for molecular graphics [67].

Atomic displacement parameters

For the detailed and complete description of the calculation

of adps see Ref. [47].

Molecular dynamics

Force field settings The Materials Studio 4.4 package

(Accelrys Software Inc., San Diego, CA, USA) was used

(CINECA) to perform the MM and MD calculations through

the Discover program using the implemented AMBER FF.

The charges for each atom were either those implemented in

the FF’s file or those obtained through the charge equili-

bration method which were then scaled up by a factor of

1.414 (H2) [68]. The non-bond (NB) settings were different

for the coulomb and the VdW interactions. For the vdW ones

an atom-based summation method (cutoff = 15.50, spline

width = 5.00 and buffer width = 2.00 Å) with a long range

energy correction (tail correction = 15.50 Å) was used. For

what concerns the electrostatic interactions, the dielectric

value e was set to 1.0, and the Ewald summation method

(accuracy = 0.0001 kcal/mol and update width = 5.00 Å)

was used. Finally, a scale factor of 1.3 was applied for the

torsion interaction.

Protocols The MD simulations started from the energy-

minimized structures. The PBC with NPT ensemble

(P = 0.0 GPa and T = 293 K) were used for all the runs. In

order to allow the cell to change both shape and volume, we

used the Parrinello pressure control method [69], whereas

Berendsen’s thermostat with the default decay constant

(0.01 ps) was used to control the temperature [70]. Tran-

sients of 3.5 ns were collected, after a 500 ps equilibration

period, with 0.001 ps integration time and a sampling

interval of 200 time-steps. The energy-optimized structures

were obtained with the smart minimizer of the Discover

module, satisfying a gradient of 0.1 kcal mol-1 Å-1.

Modeling The structural models submitted to the simu-

lations were generated on the basis of the single crystal X-ray

structure (unit cells and atomic fractional coordinates) as

reported in the cif file available as supplementary material.

The periodic structural model was built by considering in the

single unit cell the fractional parameters of each atom and

allowing their P212121 symmetry related images to be

developed. This model was then converted to P1 by

removing the symmetry constrains, in order to transform all

the atomic positions into independent sites (four indepen-

dent unit formulas in a unit cell with a = 5.060 Å;

b = 12.6478 Å; c = 28.567 Å; a = b = c = 90.0�). The

next modeling step was that of replicating this cell five times

along the a axis and two times b axis, attaining in this way a

super-cell of dimensions a = 25.300 Å; b = 25.2956 Å;

c = 28.567 Å; a = b = c = 90.0� with 40 independent

units. No holonomic constraints have been used.

Molecular docking

Computational docking was carried out applying the

Lamarckian genetic algorithm implemented in AutoDock

4.2.3 [71]. For fine docking we used the following parameters:

grid spacing = 0.260 Å; number of runs = 100; npts = 70

70 70 centered on 6a, ga_num_evals = 25,000,000;

ga_pop_size = 150 and ga_num_generations = 27,000. The

graphical user interface AutoDockTools (1.5.6rc1, R45) [72]

was used for establishing the Autogrid points as well as

visualization of docked ligand-nucleic acid structures.

Supplementary information available

912822 is the CCDC number of the archived CIF file con-

taining the supplementary crystallographic data refined and

studied in this paper. These data are available free of charge
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from the Cambridge Crystallographic Data Centre via

http://www.ccdc.cam.ac.uk/data_request/cif or contacting

the CCDC, 12 Union Road, Cambridge CB21EZ, UK.
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23. Pistarà V, Barili PL, Catelani G, Corsaro A, D’Andrea F, Fis-

ichella S (2000) A new highly diastereoselective synthesis of epi-
inositol from D-galactose. Tetrahedron Lett 41(17):3253–3256.

doi:10.1016/S0040-4039(00)00360-9

24. Catelani G, Corsaro A, D’Andrea F, Mariani M, Pistarà V (2002)
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