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Conformational study of glycal-type neuraminidase inhibitors

The conformational flexibility of two glycal-type neuraminidase inhibitors has been studied, using several molecular modeling techniques. In agreement with the experimental data available, an intramolecular hydrogen bond, representing a key structural feature that controls the conformer distribution in solution, has been identified. The contribution of each substituent on the overall equilibrium was evaluated using simplified derivatives. Additionally, four methods for estimating NMR coupling constants from dihedral angles were evaluated and the Haasnoot method was found to be appropriate for this class of sugars. These results should allow a better understanding of the structural parameters governing physico-chemical properties of glycal-like compounds.

Introduction

The Influenza neuraminidase (NA) enzyme is one of the validated targets against influenza viruses. [START_REF] Moscona | Neuraminidase inhibitors for influenza[END_REF][START_REF] Von Itzstein | The war against influenza: discovery and development of sialidase inhibitors[END_REF] Two NA inhibitors are currently present on the market, oseltamivir phosphate (Tamiflu ® ) [START_REF] Kim | Influenza neuraminidase inhibitors possessing a novel hydrophobic interaction in the enzyme active site: design, synthesis, and structural analysis of carbocyclic sialic acid analogues with potent anti-influenza activity[END_REF] and zanamivir (Relenza ® ). [START_REF] Von Itzstein | Rational design of potent sialidase-based inhibitors of influenza virus replication[END_REF] However, resistance phenomena observed during the last few years, especially for Tamiflu ® , [START_REF] De Jong | Oseltamivir resistance during treatment of influenza A (H5N1) infection[END_REF][START_REF] Moscona | Oseltamivir resistance -disabling our influenza defenses[END_REF][START_REF] Ferraris | Mutations of neuraminidase implicated in neuraminidase inhibitors resistance[END_REF][START_REF] Van Der Vries | Fatal oseltamivir-resistant influenza virus infection[END_REF][START_REF] Moscona | Global transmission of oseltamivir-resistant influenza[END_REF] and the poor biodisponibility of Relenza ® make research for novel anti-viral molecules a priority.

In this context, we have been interested in the development and the synthesis of Relenza-type compounds modified at the C4 or C6 position. [START_REF] Soulé | Coupling the Petasis condensation to an iron(III) chloride-promoted cascade provides a short synthesis of Relenza congeners[END_REF][START_REF] Chang | Regio-and stereocontrolled palladium-catalyzed allylic substitution on N-acetylneuraminic acid derivatives[END_REF][START_REF] Chang | Useful sialic acid modifications catalyzed by palladium[END_REF] In this work, a combination of several molecular modeling techniques [START_REF] Roldós | Carbohydrate-protein interactions: a 3D view by NMR[END_REF] (conformational analysis, molecular dynamics and quantum chemistry calculations) has been used to obtain insight into the flexibility of two influenza neuraminidase inhibitors (Figure 1) previously described, [START_REF] Soulé | Coupling the Petasis condensation to an iron(III) chloride-promoted cascade provides a short synthesis of Relenza congeners[END_REF][START_REF] Beau | Chemical behaviour of cytidine 5′-monophospho-N-acetylβ-D-neuraminic acid under neutral and alkaline conditions[END_REF][START_REF] Zbiral | Structural variations of N-acetylneuraminic acid, 10. Synthesis of 2,7-, 2,8-, and 2,9dideoxy-and 2,4,7-trideoxy-2,3-didehydro-N-acetylneuraminic acids and their behavior towards sialidase from Vibrio cholerae[END_REF] presenting a scaffold similar to zanamivir. Glycal-type compounds are known to be conformationally flexible. [START_REF] Chalmers | Conformational studies of D-glycals by 1 H nuclear magnetic resonance spectroscopy[END_REF][START_REF] Rico | Complete analysis of the 1 H-NMR spectra of acetylated glycals -a conformational study[END_REF][START_REF] Lessard | Conformational analysis of 2-substituted methylenecyclohexanes and 3-substituted cyclohexenes and the anomeric effect[END_REF][START_REF] Burfitt | A 13 C nuclear magnetic resonance study of glycals (1,5-Anhydro-hex-1-enitols)[END_REF][START_REF] Lessard | Conformational analysis of 7substituted 2-methoxy-methylenecyclohexanes: Evidence against no --> π* orbital stabilization of the axial conformer[END_REF][START_REF] Ishiyama | n-π Interaction between an oxygen lone pair and π-electrons in cyclic allylic alcohols and ethers; carbon-13 nuclear magnetic resonance spectra, catalytic hydrogenation, and CNDO/2 calculations[END_REF][START_REF] Korytnyk | Application of molecular-mechanics calculations to D-glucal and its acetate; a comparison of X-ray and n.m.r. results[END_REF][START_REF] Thiem | Studies of hexuronic acid ester glycals and the synthesis of 2-deoxy-β-glycoside precursors[END_REF][START_REF] Maier | De-novo-Synthese von Kohlenhydraten und verwandten Naturstoffen, 18. Funktionell substituierte 3,4-Dihydro-2H-pyrane durch Hetero-Diels-Alder-Reaktionen[END_REF][START_REF] Jäkel | Organotransition metal modified sugars: Part 22. Direct metalation of glycals: short and efficient routes to diversely protected stannylated glycals[END_REF][START_REF] Bonnet | Molecular dynamics and free energy analysis of neuraminidase-ligand interactions[END_REF] With these systems the 3 J values of the coupling constants in the 1 H-NMR spectra are often diagnostic of the conformational equilibrium between the two 6 H5 ("all-equatorial") and 5 H6 ("all-axial") half-chair conformations. In our synthesis of zanamivir congeners, [START_REF] Soulé | Coupling the Petasis condensation to an iron(III) chloride-promoted cascade provides a short synthesis of Relenza congeners[END_REF] we were surprised by the value of the J4,5 coupling constant at room temperature in 1 (4.5 Hz) [START_REF] Soulé | Coupling the Petasis condensation to an iron(III) chloride-promoted cascade provides a short synthesis of Relenza congeners[END_REF] compared to the same J value in Neu5Ac2en (DANA) 2 (8.5 Hz), [START_REF] Beau | Chemical behaviour of cytidine 5′-monophospho-N-acetylβ-D-neuraminic acid under neutral and alkaline conditions[END_REF][START_REF] Zbiral | Structural variations of N-acetylneuraminic acid, 10. Synthesis of 2,7-, 2,8-, and 2,9dideoxy-and 2,4,7-trideoxy-2,3-didehydro-N-acetylneuraminic acids and their behavior towards sialidase from Vibrio cholerae[END_REF] since the two compounds only differ by the nature of the side chain at C6. Our aim of this study was to explain how the substituent change on C6 might be responsible for the differences observed experimentally in the NMR coupling constants.

Insert Figure 1 here

Materials and Methods

Conformational Analysis

Three-dimensional structures of the compounds used in this study were generated using CORINA software. [START_REF]version 3.44[END_REF] The conformational analysis was carried out using MacroModel with the OPLS_2005 force field and the "Mixed torsional/Large-scale low-mode conformational sampling" procedure. [START_REF]MacroModel, version 9.8[END_REF] This is a hybrid technique that combines broad Monte Carlo sampling of torsional space [START_REF] Chang | An internal-coordinate Monte Carlo method for searching conformational space[END_REF] with local low frequency eigenvector sampling in the vicinity of the current conformation. [START_REF] Kolossvary | Low mode search. An efficient, automated computational method for conformational analysis: Application to cyclic and acyclic alkanes and cyclic peptides[END_REF] After 500,000 steps using an energy window of 42 kJ/mol, a number of 1043 and 1176 unique conformers were obtained for compounds 1 and 2, respectively.

Molecular Dynamics

Molecular dynamics simulations were performed using GROMACS 4.0.7 software package [START_REF] Hess | GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable molecular simulation[END_REF] with the OPLS-AA force field. [START_REF] Jorgensen | Development and testing of the OPLS all-atom force field on conformational energetics and properties of organic liquids[END_REF][START_REF] Kaminski | Evaluation and reparametrization of the OPLS-AA force field for proteins via comparison with accurate quantum chemical calculations on peptides[END_REF] Force field topologies of compounds 1 and 2 were generated using an in-house developed script. The system was constructed by positioning the molecule in a cubic periodic box of TIP4P waters, with a minimum distance of 1.0 nm on each side, then energy-minimized until convergence using a steepest descent algorithm to remove close contacts of water molecules with the solute.

Molecular dynamics with position restraints on the solute atoms were then performed for 200 ps to relax the water molecules around the solute, followed by the production run of 250 ns. During the position restraints and production runs, the Parinello-Rahman method [START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] was used for pressure coupling, and the temperature was coupled using the Nosé-Hoover method [START_REF] Nosé | A molecular dynamics method for simulations in the canonical ensemble[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] at 300 K. Electrostatics were calculated with the particle mesh Ewald method. [START_REF] Darden | Particle mesh Ewald: An N-log(N) method for Ewald sums in large systems[END_REF][START_REF] Essmann | A smooth particle mesh Ewald method[END_REF] The P-LINCS algorithm [START_REF] Hess | LINCS: A parallel linear constraint solver for molecular simulation[END_REF] was used to constrain bond lengths, and a time step of 2 fs was used throughout. All simulations were performed using constant temperature, pressure, and number of particles (NPT) and periodic boundary conditions. The cut-off distance for Lennard-Jones interactions and electrostatic interactions were both set at 1.0 nm. Root-mean-square deviation (RMSD) conformational clustering was performed using the g_cluster module from GROMACS and a 0.05 Å cut-off value.

Graphics were plotted using the XmGrace package [40] and images for compounds 1-7 were generated using Chimera. [START_REF] Pettersen | UCSF Chimera -a visualization system for exploratory research and analysis[END_REF] 

Quantum chemistry

The geometries of the compounds 1-7 ("all-equatorial" and "all-axial" conformations), as well as those of the corresponding intermediates and transition states for the conformer interconversion reaction, were optimized in gas-phase using the Gaussian 09 package [START_REF] Frisch | Revision A.2[END_REF] with the Becke's three-parameter hybrid exchange functional (B3LYP) [START_REF] Lee | Development of the Colle-Salvetti correlationenergy formula into a functional of the electron density[END_REF][START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF] and the 6-31+G(d,p) basis set. Subsequent vibrational frequency calculations confirmed that these conformations were local minima and maxima, respectively. IRC calculations were carried out to confirm that the transition states are directly connected to the neighboring minima on the reaction path. Unfortunately, these calculations were unsuccessful for all compounds using the default SCF and integration grid values.

Increasing the accuracy to irc=(vtight,stepsize=2) and int(grid=ultrafine) led to successful results only for the simplest derivatives 4, 6 and 7. Under these conditions, it is worth noting that these latter compounds are characterized by relatively high negative frequency values (ranging from -99 to -115, see Supplementary Information), whereas all other compounds present low negative frequency values (ranging from -23 to -74), which might explain why the IRC calculations were not successful in these cases.

Finally, we validated all the transition states by visual inspection in GaussView5 and by geometry optimization of the structures with amplitudes +1 and -1 extracted from Display Vibrations/Manual Displacement menu.

Results and discussion

A combined approach of conformational analysis, molecular dynamics and quantum chemistry calculations allowed the assessment of the conformational flexibility for compounds 1 and 2 (Figure 2). The most stable structures present half-chair conformations with the substituents on C4, C5 and C6 in either an equatorial (conformations A) or an axial position (conformations B).

Insert Figure 2 here Extended molecular dynamics (MD) simulations (5 µs overall) of compounds 1 and 2 in explicit water were performed to explore their conformational flexibility, in complement to the conformational analysis implemented in MacroModel, which uses an implicit solvent. The distribution of ring dihedral angles and the evolution of these angles over time were plotted and show characteristic values for "all-axial" and "allequatorial" conformations (see Supporting Information). The conformational change from "all-axial" to "all-equatorial" could be observed in some cases, for both compounds 1 and 2, but the reverse process never occurred (Table 1). This behavior, in contradiction with the quantum calculations which predict that these conformational changes are equally probable (see below), might be explained by the fact that the force field parameters for sugars were mainly fitted on saturated systems and are probably biased towards the "all-equatorial" conformation. In any case, these MD simulations should be considered only qualitatively, for the assessment of ligand conformations in water, and not quantitatively, for the evaluation of energy barrier for the conformer interconversion process, the quantum calculations being more appropriate for this latter task.

Reduced structural ensembles of representative conformations present during the simulations were generated using root-mean-square deviation (RMSD) conformational clustering and the number of clusters obtained in each case is shown in Table 1. The clustering analysis indicates that compound 1 is represented by a relatively important number of clusters, which implies a high degree of flexibility in solution. In contrast, compound 2 shows fewer clusters, suggesting a good conformational stability in water. This behavior might be explained by the presence of additional stabilizing intramolecular hydrogen bonds compared to compound 1. These intramolecular hydrogen bonds have been evidenced in vacuo (quantum chemistry calculations) and in solution (molecular dynamics simulations), and they can coexist with the intermolecular solute-solvent interactions. [START_REF] Mammino | Interplay of intramolecular hydrogen bonds, OH orientations, and symmetry factors in the stabilization of polyhydroxybenzenes[END_REF] Insert Table 1 here

The geometries of compounds 1 and 2 (A and B conformations) were then optimized and transition states and intermediates for the conformer interconversion process identified (Figures 2 and3). An interesting structural feature of compounds 1 and 2 revealed by this study is the presence of intramolecular hydrogen bonds. Both equatorial conformers show strong hydrogen bonds between the OH substituent on C4 and the carbonyl oxygen of the acetyl substituent on C5, with an additional interaction between the nitrogen atom of the acetyl substituent on C5 and the OH group on C8 in the case of 2 (Figure 2, Table 2). The situation is different for the axial conformers, where compound 1 presents no hydrogen bonds and compound 2 shows a strong hydrogen bond between the OH substituent on C4 and the OH group on C7 (Figure 2, Table 2).

Insert Table 2 here

The transition states 1TS and 2TS' correspond to the rotation of the N-acetyl group and breaking of the hydrogen bond between this group and the OH substituent in position 4. The transition states 1TS' and 2TS" correspond to the dihydropyran ring conformational interconversion, which flips the C5 and C6 atoms up and down, whereas all other ring atoms are rigid. In the case of compound 2, there is an additional transition state (2TS), involving the rotation of the substituent on C6 and breaking of the hydrogen bond between this group and the N-acetyl moiety. The overall activation barriers differ by about 2 kcal/mol and are in the range 10-12 kcal/mol, which makes in both cases the conformer interexchange possible at room temperature.

Insert Figure 3 here In order to better understand the details of this conformer interconversion process, which is relatively complex, we have studied the behavior of simpler members of the glycal family (Figure 4). Compound 3 represents the common core of 1 and 2, compound 7 is completely unsubstituted in the positions 4, 5 and 6, whereas compounds 4, 5 and 6 bear only one substituent, in the positions 4, 5 or 6, respectively.

Insert Figure 4 here Similarly to 1 and 2, the geometries of "all-equatorial" and "all-axial" conformers were optimized, as well as the transition states and (in the case of 3) the intermediates in the conformer interconversion process (Figures 5 and6). The conformer 3A shows a hydrogen bond between the 4-OH and 5-NAc substituents, which is one common feature of compounds 1 and 2, whereas all other conformers are devoided of any hydrogen bond (Figure 5).

Insert Figure 5 here

The reaction path for compound 3 is very similar to the calculated path for 1, with two transition states, one for the N-acetyl group rotation (3TS) and one for the ring conformational change (3TS'), although the overall energy barrier is somewhat lower.

In the absence of internal hydrogen bonds, compounds 4-7 present only one transition state, which corresponds to the ring conformational change (Figure 6).

Insert Figure 6 here Without substituents on C4, C5 and C6, the two half-chair conformations of compound 7 have the same energy and an equal amount of these conformations is expected in solution. The situation is different for compounds 4-7: the 4-OH and 5-NAc substituents stabilize the "all-axial" conformation, whereas the 6-Me substituent stabilizes the "all-equatorial" conformation. Compound 3, which combines the influences of all the three substituents, has the "all-equatorial" conformer stabilized, although to a less extent than 6.

The study of simplified derivatives 3-7 showed that substituents in different positions can have opposite influences in stabilizing the ring conformers. Moreover, the influences of the dihydropyran ring substituents seem not to be additive. The nature and the geometry of substituents on C4, C5 and C6 seem to be the key features that govern the conformer distribution in solution and therefore, a careful choice of these substituents might allow the fine-tuning of physico-chemical properties for these compounds.

The conformer ratio for compounds 1 and 2 was evaluated using the Boltzmann distribution function from the minimized energies of the "all-equatorial" and "all-axial" conformers and compared with the experimental data (Tables 345). Although the energy differences are relatively small (less than 1 kcal/mol), the corresponding conformational distributions are significantly different, in agreement with the distinct behavior experimentally observed.

Insert Tables 345here Four different methods were employed to estimate the NMR vicinal coupling constants ( 3 JH-C-C-H) starting from the equatorial and axial conformations of compounds 1 and 2. The relationship between the dihedral angle and the coupling constant observed from 1 H NMR spectra can be calculated using the Karplus equation [START_REF] Karplus | Vicinal proton coupling in nuclear magnetic resonance[END_REF] , where J0 has a value of 14 (90° < θ < 180°) or 10 (0° < θ < 90°), and K = 0:

3 JHH = J0*cos 2 θ -K
An alternative method for calculating vicinal coupling constants is given by the Durette-Horton equation: [START_REF] Durette | Correlations of observed proton -proton coupling constants with the generalized Karplus equation[END_REF] 3 JHH = 7.8 -cosθ + 5.6*cos2θ However, these two methods do not seem to be adapted for the evaluation of glycal-like systems, as values of 0.9-9.9 Hz and 2.5-10.6 Hz for 3 JH6-H5 are calculated respectively, whereas the experimentally measured value is outside this range (10.9 Hz).

A third method used in this study is given by the Bothner-By equation [START_REF] Pople | Nuclear spin coupling between geminal hydrogen atoms[END_REF] , which represents a slight modification of the previous equation, but which provides more realistic values for 3 JH6-H5 (2.6-11.0 Hz):

3 JHH = 7 -cosθ + 5*cos2θ
The last method makes use of the Haasnoot equation [START_REF] Haasnoot | The relationship between proton-proton NMR coupling constants and substituent electronegativities -I : An empirical generalization of the Karplus equation[END_REF] , which takes into account the Huggins electronegativities [START_REF] Huggins | Bond energies and polarities[END_REF] of the neighboring atoms and for which two cases can be distinguished. When four substituents are present on the central atoms of the dihedral angle ( 3 JH6-H5 and 3 JH5-H4), the following equation can be used: The coupling constants calculated for the equatorial and axial conformers using the four methods presented above were subsequently used to evaluate the conformer distribution using the linear regression fit against the experimentally measured values of the coupling constants. The first two methods provided unrealistic results and the Bothner-By method gave relatively poor correlation, whereas the Haasnoot method provided very good results for both compounds included in this study (Table 5). From these data, it seems that the inclusion of neighboring substituents' electronegativities is critical for the reliable prediction of the 3 JHH NMR coupling constants, and therefore the Haasnoot method appears to be the most appropriate for evaluating glycal-like compounds.

A fifth method used in this study, developed by Roush et al., [START_REF] Roush | Stereoselective synthesis of 2-deoxyβ-glycosides from glycal precursors. 1. Stereochemistry of the reactions of Dglucal derivatives with phenylsulfenyl chloride and phenylselenenyl chloride[END_REF] correlates directly the 3 JH6-H5 coupling constants with the conformer distribution in solution.

However, in our hands this method provided conformer distribution values that are quite different compared to the Boltzmann distributions (Table 5).

Conclusion

In this work, the conformational flexibility of two glycal-type neuraminidase inhibitors has been evaluated, using different molecular modeling techniques (conformational analysis, molecular dynamics and quantum chemistry calculations). We have shown that, in agreement with the experimental data available, compound 2 behaves very differently in solution compared with compound 1, and this behavior is mainly due to the presence of an additional strong intramolecular hydrogen bond between the nitrogen atom of the acetyl group and the OH group on C8. This hydrogen bond seems to represent the key structural feature that allows the fine-tuning of conformer stabilization, thus controlling the conformer distribution in solution. Several simplified derivatives of 1 and 2 were also studied and the contribution of each substituent on the overall conformational equilibrium evaluated. Additionally, four different methods for the estimation of NMR coupling constants from dihedral angles were evaluated and only one, the method described by Haasnoot et al., [START_REF] Haasnoot | The relationship between proton-proton NMR coupling constants and substituent electronegativities -I : An empirical generalization of the Karplus equation[END_REF] gave very good results and therefore seems to be the most appropriate for the analysis of this class of sugars. The results presented here should allow a better understanding of the structural parameters governing the physico-chemical properties of glycal-like compounds. 2.76 153 Table 3. Dihedral angles measured on representative "all-equatorial" (A) and "all-axial" (B) conformations for compounds 1 and 2, after geometry optimization using Gaussian [START_REF] Frisch | Revision A.2[END_REF] . 
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Experimental values [START_REF] Soulé | Coupling the Petasis condensation to an iron(III) chloride-promoted cascade provides a short synthesis of Relenza congeners[END_REF] Calculated values Experimental values [START_REF] Beau | Chemical behaviour of cytidine 5′-monophospho-N-acetylβ-D-neuraminic acid under neutral and alkaline conditions[END_REF][START_REF] Zbiral | Structural variations of N-acetylneuraminic acid, 10. Synthesis of 2,7-, 2,8-, and 2,9dideoxy-and 2,4,7-trideoxy-2,3-didehydro-N-acetylneuraminic acids and their behavior towards sialidase from Vibrio cholerae[END_REF] 

A/B ratio R 2 coefficient A/B ratio R 2 coefficient
Linear regression of calculated against experimental NMR coupling constants Karplus [START_REF] Karplus | Vicinal proton coupling in nuclear magnetic resonance[END_REF] Durette-Horton [START_REF] Durette | Correlations of observed proton -proton coupling constants with the generalized Karplus equation[END_REF] Bothner-By [START_REF] Pople | Nuclear spin coupling between geminal hydrogen atoms[END_REF] Haasnoot [START_REF] Haasnoot | The relationship between proton-proton NMR coupling constants and substituent electronegativities -I : An empirical generalization of the Karplus equation[END_REF] 62 Theoretical data for compound 1A :

Final Energy in Hartrees: HF=-978.3002685 (B3LYP/6-31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---978.2943184 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Theoretical data for compound 1C :

Final Energy in Hartrees: HF = ---978.2970991 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Theoretical data for compound 1TS' :

Final Energy in Hartrees: HF = ---978.2843704 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Final Energy in Hartrees: HF = -978.3001577 (B3LYP/6-31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------- Theoretical data for compound 2TS :

Final Energy in Hartrees: HF= ---1086.0161907 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------- Final Energy in Hartrees: HF=---1086.016375 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------- Theoretical data for compound 2TS' :

Final Energy in Hartrees: HF= ---1086.0106485 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------- Theoretical data for compound 2D :

Final Energy in Hartrees: HF= ---1086.0118575 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ -------------------------------------------------------------------- Theoretical data for compound 2TS" :

Final Energy in Hartrees: HF= ---1085.9986171 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------- Final Energy in Hartrees: HF = ---781.7194156 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---781.7160383 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---781.7167761 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---781.7084934 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---781.7186536 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- Final Energy in Hartrees: HF = ---534.3670502 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---534.3589057 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Theoretical data for compound 4B :

Final Energy in Hartrees: HF = ---534.3688084 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---667.1778869 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---667.169153 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---667.1794514 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---498.4738783 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ Final Energy in Hartrees: HF = ---498.4616404 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ 2.417054 0.630174 --------------------------------------------------------------------- Final Energy in Hartrees: HF = ---498.4711274 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ .807889 --------------------------------------------------------------------- Final Energy in Hartrees: HF = ---459.1503584 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ -0.638153 --------------------------------------------------------------------- Final Energy in Hartrees: HF = ---459.1407397 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ 116146 --------------------------------------------------------------------- Final Energy in Hartrees: HF = ---459.1503584 (B3LYP/6---31+G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------ 041043 --------------------------------------------------------------------- 
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  JHH = 13.24*cos 2 θ -0.91*cosθ + ∑Δχ{0.53 -2.41*cos 2 (θ + 15.5*|Δχ|)}, where Δχ = Δχ α-substituent -0.19Δχ β-substituent If only three substituents are present ( 3 JH4-H3), the equation to be used is slightly different: 3 JHH = 13.22*cos 2 θ -0.99*cosθ + ∑Δχ{0.57 -2.46*cos 2 (θ + 19.9*|Δχ|)}, where Δχ = Δχ α-substituent

Figure 1 .

 1 Figure1. Chemical structures of neuraminidase inhibitors 1 and 2 used in this study, and the "all-equatorial" (A, 6 H5) and "all-axial" (B, 5 H6) half-chair conformations that these compounds can adopt.

Figure 2 .

 2 Figure2. Three-dimensional representation of compounds 1 and 2 as "all-equatorial" (A) and "all-axial" (B) conformers, generated by conformational analysis and molecular dynamics simulations, followed by geometry optimization. Only hydrogen atoms involved in hydrogen bonds are shown.

Figure 3 .

 3 Figure 3. Energy diagram for the "all-equatorial" (A) and "all-axial" (B) conformer interconversion of compounds 1 and 2.

Figure 4 .

 4 Figure 4. Chemical structures of simplified derivatives 3-7.

Figure 5 .

 5 Figure 5. Three-dimensional representation of simplified derivatives 3-7 as "allequatorial" (A) and "all-axial" (B) conformers, after geometry optimization. Only hydrogen atoms involved in hydrogen bonds are shown.

Figure 6 .

 6 Figure 6. Energy diagram for the "all-equatorial" (A) and "all-axial" (B) conformer interconversion of simplified derivatives 3-7.

  

  

Table 1 .

 1 Overview of molecular dynamics simulations performed in this study.

	Compound Conformer	Simulation	Number of	Remarks
			time (ns)	clusters	
	1	1A	5*250	34	Conformationally stable
		1B	5*250	44	Conformational change 1B → 1A
					observed in 2 simulations
	2	2A	5*250	7	Conformationally stable
		2B	5*250	6	Conformational change 2B → 2A
					observed in 1 simulation

Table 2 .

 2 Hydrogen bonds (X-H …. Y) identified in the structures of compounds 1 and 2.

	Compound Conformation X-Y distance (Å) X-H …. Y angle (deg.)
	1	1A	2.78	157
		1B	-	-
	2	2A	2.73 (O-H …. O)	158 (O-H …. O)
			2.87 (N-H …. O)	155 (N-H …. O)
		2B		

Table 4 .

 4 NMR coupling constants for representative "all-equatorial" (A) and "all-axial" (B) conformations of compounds 1 and 2 calculated using four different methods compared with experimental values.

		Compound 1	Compound 2
		1A	1B	2A	2B
	θH6-H5 (deg.)	0.4	70.6	3.9	72.7
	θH5-H4 (deg.)	24.0	96.3	20.9	102.5
	θH4-H3 (deg.)	71.6	53.7	73.0	46.3

3

J calculation

Table 5

 5 

	Compound or conformer		1A	1B	1	2A	2B	2
		Karplus	10.0	1.1		9.9	0.9	
	3 JH6-H5 (Hz)	Durette-Horton Bothner-By	9.8 11.0	2.5 2.8	8	10.6 11.0	2.5 2.6	10.9
		Haasnoot	11.7	1.2		12.1	0.9	
		Karplus	8.3	0.2		8.7	0.6	
	3 JH5-H4 (Hz)	Durette-Horton Bothner-By	7.9 9.4	1.8 2.2	4.5	8.2 9.8	2.2 2.7	8.5
		Haasnoot	9.4	0.3		9.8	0.8	
		Karplus	1.0	3.5		0.8	4.8	
	3 JH4-H3 (Hz)	Durette-Horton Bothner-By	2.0 2.7	3.6 4.9	4.5	1.9 2.6	4.5 6.1	2.3
		Haasnoot	2.0	4.1		1.8	5.6	
						Compound 1		Compound 2
			Method used for				
	Method used for	NMR coupling				
	A/B ratio calculation	constants				
			calculation				

. Comparison of conformer distribution for compounds 1 and 2 estimated from NMR coupling constants (using five different methods) and from quantum chemistry energy calculations.
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