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On the structure of 3-acetylamino-5-methyl-1,2,4-oxadiazole and on the fully degenerate rearrangements (FDR) of its anion: a stimulating comparison between results of "in-silicon chemistry" and "lab-chemistry"

INTRODUCTION

In the 1960's Boulton and Katritzky recognised [1] the monocyclic rearrangement of heterocycles (the Boulton-Katritzky reaction, BKR) as a general class of azole-to-azole interconversion (scheme 1), which may occur only when, in 1, D is an oxygen atom. The occurrence of BKR [1][2][START_REF] Boulton | Lectures in Heterocyclic Chemistry[END_REF][START_REF] Katrytzky | [END_REF] is strictly dependent on the nature of starting and final products, that can affect the thermodynamics as well as the kinetics of the process. Concerning the first point the aromaticity of starting and final rings and the nature of side-chains (X=Y-ZH and A=B-DH) are important factors. On the other hand, the nucleophilicity of the side-chains and the nature of the N-D and N-Z bonds (affecting the electrophilicity of the N atom and the leaving group ability of the A=B-D or X=Y-Z systems, respectively) play a fundamental role on the kinetics of the process. [5][6][7][8][9][10][11] please, here Scheme 1 Large differences in thermodynamic stability between the involved five-membered derivatives 1 and 2 are possible. These can be evaluated by using Bird's aromaticity indexes I 5 for five-member rings [12] or I A for all of the aromatic rings [13] as well as other aromatic criteria. [14][15][16][17] Therefore only in a few cases BKR processes can be reversible, the reversibility of the reaction requiring two restrictive conditions: a) an O-N bond is both cleaved and formed (thus both D and Z in 1 and 2, respectively, must be oxygen atoms), b) starting and final product must have comparable stability.

For such reasons reversible reactions are currently observed in 1,2,4-oxadiazole → 1,2,4oxadiazole interconversions [18][19][START_REF] Van Der Plas | Ring Transformations of Heterocycles[END_REF][START_REF][END_REF][22] or, e.g., in the ring rearrangement of some 3-(ortho- 3) into 3-acylamino benzisoxazoles (4). [23] In this peculiar couple of compounds (Scheme 2) the 1,2,4-oxadiazole is stabilised by the diaryloid effect [24] as well as by the strong hydroxyl-aryl electronic interaction; [23] on the other hand, the isoxazole gains an effective contribution to stabilisation by amido resonance, [START_REF] Boulton | Lectures in Heterocyclic Chemistry[END_REF] while the stability of the heteroaromatic ring (hetero-aromaticity) is strongly reduced because of benzocondensation. [13] please, here Scheme 2 Similar reversible ring-to-ring interconversions are not known between isoxazoles [19,22] while some examples have been reported, but scarcely studied, for 1,2,5-oxadiazoles. [19,22] In the first case both the significant aromaticity of the starting ring [12,13] and the low nucleophilic ability of the side chain (a C=C-OH system) [1][2][START_REF] Boulton | Lectures in Heterocyclic Chemistry[END_REF][START_REF] Katrytzky | [END_REF][18][19][START_REF] Van Der Plas | Ring Transformations of Heterocycles[END_REF][START_REF][END_REF][22] prevent the occurrence of the reaction. As a matter of fact such a kind of side-chain acts as a good nucleophile only in the case of 1,2,4-oxadiazoles: the driving forces being once more the low aromatic character of the starting ring [12,13] and the stability of the amide side-chain formed in the final product. [START_REF] Boulton | Lectures in Heterocyclic Chemistry[END_REF]25] For these reasons our interest in reversible rearrangements has been devoted essentially to 1,2,4-oxadiazoles, for which several ring-degenerate (i.e. starting and final rings being identical) interconversions have been deeply investigated, by studying both Fully [anion of 3-acetylamino-5methyl-1,2,4-oxadiazole (5 -) in DMSO] [26] (see Scheme 3) or quasi-Fully (anion of trideuterated 3acetylamino derivatives in the same solvent) [27] Degenerate Rearrangements (FDR).

please, here Scheme 3

Moreover also the ring-to-ring reversible interconversion (Scheme 4) between several ortho-, meta-and para-substituted 3-aroylamino-5-methyl-1,2,4-oxadiazoles (6) and the relevant 3acetylamino-5-aryl-1,2,4-oxadiazoles (7) both in CD 3 OD and in tBuOK/CD 3 OD has been examined, [24,28,29] evidencing the prevalence of different electronic effects in neutral and anionic forms as well as the absence of primary steric effect in ortho-substituted isomers.

please, here Scheme 4

Semiempirical, [27,30,31] ab initio, [30] and DFT [32] calculations have been reported: so far, at our knowledge four other papers have been published concerning the FDR in 1,2,4-oxadiazoles; these include semi-empirical ab initio and DFT calculations. In the first one, by using semiempirical calculations at the MNDO and AM1 level on 5 -La Manna and Coworkers [27] depicted an early nonsymmetrical planar transition state (TS) with the O1-N2 bond being cleaved significantly shorter than the N2-O9 being formed (2.2 and 2.8 Å, respectively; see fig. 1 for the atom numbering scheme). The activation energy calculated in the gas phase (300.0 and 199.2 kJ mol -1 , respectively) resulted very much higher than the experimental value (82.0 kJ mol -1 ) measured in DMSO solution.

Please, insert here Figure 1 Figure 1. A molecule of compound 5 with the atomic numbering scheme. Displacement ellipsoids are drawn at 50% probability level; hydrogen atoms, treated as isotropic, are on an arbitrary scale. [31] studied the FDR of the anion of 3-formylamino-1,2,4-oxadiazole (and of the isoxazole and 1,2,5-oxadiazole analogues) by using the MNDO semiempirical method. They concluded that the approach of O9 to the N2 atom to less than 2.0 Å distorts the planarity of the system leading to a folding along the N2-C3 central bond with formation of a first asymmetric transition state, which evolves into a symmetrical bicyclic intermediate having a pyramidal bridgehead nitrogen atom with a practically single C-N bond (length 1.50-1.52 Å) and a dihedral angle of 130-135° between the two heterocyclic rings. The negative charge was mainly localised on the carbon atom of the central bond. The results of the calculations indicated that the reaction occurs in two steps in a non-concerted manner and with very high activation energy (about 293 kJ mol -1 ).

Subsequently Andrianov and Coworkers

Later on, La Manna and Coworkers [30] re-examined the FDR of the same systems considered by Andrianov. In their paper, they made a comparison between different levels of calculation. Thus, by using an ab initio treatment (HF/6-31G** and HF/6-31++G**) they calculated increasing values of activation energy going from 1,2,4-oxadiazole to isoxazole and then to 1,2,5-oxadiazole derivatives in agreement with the decreasing trend of these heterocycles to undergo BKR. [1][2][START_REF] Boulton | Lectures in Heterocyclic Chemistry[END_REF][START_REF] Katrytzky | [END_REF][18][19][START_REF] Van Der Plas | Ring Transformations of Heterocycles[END_REF][START_REF][END_REF][22] Moreover a TS having C 2V symmetry was obtained, thus confirming the occurrence of a concerted and synchronous reaction pathway; [26] nevertheless the calculated activation energies (ranging from 94.1 to 130.1 kJ mol -1 , depending on the method and the basis set used) were significantly higher than the experimental data, even if much closer with respect to previous results. [27,[START_REF] Gavezzotti | [END_REF] In the three papers above [27,30,31] the effect of the solvent on FDR's was not considered and the AA. ascribed the absence of a fitting between theoretical and experimental results to this fact, leaving some doubt on the description of the reaction mechanism.

Recently, an experimental and DFT study on competitive heterocyclic ring rearrangement of some 3-acylamino-1,2,4-oxadiazoles showed that the reversible BKR is the kinetically favoured (MNAC) rearrangement. [32] In that study, DFT calculations confirmed the symmetric structure of the BKR transition state and found an excellent agreement between the experimental and calculated activation free energy in DMSO. However several interesting aspects of the BKR, such as the destabilizing effect of the DMSO solvent or the charge re-distribution in the transition state, remained to be explored computationally.

Therefore, in the present paper, a detailed description of the structure and charge distribution of the involved species is reported as also supported by a comparison with experimental X-ray crystallographic data.

RESULTS AND DISCUSSION

Crystal structure determination of 5

The displacement ellipsoids plot [START_REF] Spek | A Multipurpose Crystallographic Tool[END_REF] of compound 5 (synthesized and purified accordingly to the previously reported procedure [26] ) is shown in Figure 1. Considering the non-H atoms, the molecule adopts a planar conformation with a maximum deviation of 0.046(2) Å from the mean plane, due to a small out-of-plane rotation of the acetyl group. In the crystal the molecules are stacked parallel to each other, half way between the 2 0 -2 planes (see Figure 2); after re-normalisation of N-H and C-H bond distances to 1.01 and 1.06 Å, respectively, a calculation of the packing potential energy [START_REF] Gavezzotti | [END_REF] resulted in -127.2 kJ mol -1 , with a quite normal packing coefficient C K [START_REF] Kitaigorodski | Organic Chemical Crystallography[END_REF] of 0.70. Selected bond lengths and bond angles between heavier atoms, along with the corresponding DFT calculated values (vide infra), are reported in Table 1. Standard uncertainties on experimental bond distances and bond angles are about 0.002 Å and 0.1°, respectively: their values agrees with those calculated for the unsubstituted 1,2,4-oxadiazole (8) previously reported. [10] Please, insert here Please, insert here Table 1 Intermolecular contacts in the crystal correspond to van der Waals interactions, with the exception of a hydrogen bond, N7-H7 …. O9, which links the amido groups of different molecules in infinite chains parallel to the y axis [N7-H7 0.84(2) Å, H7 …. O9 2.05(2) Å, N7-H7 …. O9 170(2)°, O9 in 1-x, ½+y, ½-z] (see Figure 2). Geometry calculations on the X-ray structure were done using PARST. [START_REF] Nardelli | [END_REF] Atomic coordinates, thermal parameters, bond distances, bond angles and torsion angles have been deposited

at the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-635325.

Copies of the data can be obtained free of charge on application to CCDC, 12 Union Rd., Cambridge, CB2 1EZ, U.K. [Fax: int. code + 44(1223)336-033; E-mail: deposit@ccdc.cam.ac.uk].

Geometry and charge distribution of 5, 5 -and 8 by density functional theory methods

Selected inter-atomic distances and bond angles as well as Mulliken charges, obtained by DFT calculations at B3LYP level and using the 6-31++G(d,p) basis set, for the considered compounds are collected in Tables 1 and2, respectively. The geometry of 5 in the gas phase is in good agreement with that found in the crystal: measured and calculated bond lengths and angles not involving hydrogen atoms show from small to moderate deviations (see data in Table 1), the highest ones (<0.03 Å and <2°) concerning bond lengths and angles of the side-chain.

Please, here Table 2 The structure of the 10 heavy-atom skeleton of 5, obtained by geometry optimization in vacuo and without imposed symmetry, is planar within 0.032 Å, i.e. within the numerical accuracy of the calculation method. In this context, the excellent agreement between the calculated structure with that found in the solid state (see Table 1), reflects the limited effect of crystal packing forces on the molecular conformation.

Interestingly a comparison between the experimental and calculated structures of 5 and those calculated for unsubstituted 1,2,4 oxadiazole 8 (<0.02 Å and <1°) see Table 1) indicates the occurrence of some small geometric differences. Even if measured on the neutral compound 5, these differences might be expected to be along the calculated reaction coordinate of the deprotonated form 5 -, accordingly to the structure-correlation principle. [37] Indeed, the longer O1-N2 distance in 5 (see Table 1) is consistent with a distortion towards a planar transition state. In contrast, large electronic differences between the two quantum-mechanical results concerning 5 and 7 strongly resonance-stabilised anion. In fact, on going from 5 to 5 -, some interesting changes in both geometry and charge distribution have been observed in gas phase, because of the strong conjugative interaction (significantly stronger in 5 -than in the neutral 5) between the negatively charged N7 and the formally double N2-C3 and C8-O9 bonds.

Concerning the geometry of 5 and 5 -in the gas phase, a sizeable elongation of O1-N2 (∆l 0.035 Å), N2-C3 (∆l 0.025 Å), C3-N4 (∆l 0.037 Å), C8-O9 (∆l 0.032 Å) and a sizeable shortening of C3-N7 (∆l -0.031 Å), N7-C8 (∆l -0.041 Å), together with significant variations of bond angles are observed.

Moreover, in comparison with that of 5, the optimized geometry of 5 -in vacuo is even more planar, within 0.004 Å.

As expected significant variations of Mulliken charges are calculated between 5 -and 5 - sol , calculated in vacuo and by simulating the DMSO solvent, respectively (see Computational details).

The aprotic dipolar solvent appearing able to favour the localisation of the negative charges, strongly affecting both the side-chains atoms (C6, N7, C8, O9) as well as the heteroring atoms (O1, N2, C3, C5). Of course the increased electronic density at O9 raises its aptitude to behave as a nucleophile.

An important consequence of the geometrical variations induced by the anion formation (5 → → → → 5 -) is represented by the fact that there is a noticeable shortening of the N2 …. O9 distance (∆l -0.055 Å). Interestingly this modification occurs notwithstanding an increase of the negative Mulliken charge on both N2 and O9: a fact that would, expectedly, cause a significant higher repulsion (and consequently an increase of the distance) between the two atoms. In conclusion the formation of the anion 5 -produces a favourable condition for reaching the transition state of the rearrangement.

The FDR of 5 -

In order to evaluate the possible reaction pathways for the FDR of 5 -we considered as references the two models proposed by La Manna and Coworkers, [30] and by Andrianov and Coworkers, [31] respectively.

In the first model [26,30] (Scheme 5, path A), which recalls the reaction pathway proposed by one of us, [26] and recently supported, [32] the reaction occurs via a unique symmetrical transition state (TS A ), where (N-O) new bond ≡ (N-O) old bond = 1.99 Å (see Table 1).

In the second model [31] (Scheme 5, path B) the reaction evolves with the following course: please, here Scheme 5

Computational results for the FDR of 5 -in gas phase

Starting from the geometry calculated for 5 -an approach of O9 to N2 (distance in the initial state:

2.80 Å) has been computed observing that along the reaction coordinate the molecular planarity is preserved, while a continuous elongation of the O1-N2 bond (distance in the initial state 1.46 Å) is conversely calculated. Furthermore the approach between the two atoms does not cause any distortion of the planarity of the system: moreover, in contrast with Andrianov's statement, at about 2.0 Å a planar (within 0.001 Å) and symmetrical (C 2v ) TS has been found showing an activation barrier of 64.2 kJ mol -1 , [32] in the gas phase, a datum which is much more in line with experimental results [26] than previous computational results. [27,30,31] In this context, the planar structure of the transition state is in agreement with the classification, made by Rauhut et al., [38] of the Boulton-Katritzky rearrangement as a pseudopericyclic reaction. [39][40][41] In the TS a significant shortening of the O9-N2 distance is observed (29%), accompanied by a O1-N2 bond elongation (37%). Concerning the other bonds (both of the ring and of the side chain) only minor variations in the lengths have been observed (0.5-3.0%): the only significant variation (5%, shortening) referring to the O1-C5 bond, which is changing into a carbonyl group.

A comparison with previous data of La Manna and Coworkers [30] evidences differences within 3% in bond lengths and angles, but for the O1-N2 bond length (5.5%).

Of course the transition state formation causes a large variation of the Mulliken charges distribution particularly at O1 and O9 (from -0.04 and -0.54, respectively, to -0.32), N2 (from -0.61 to -0.43), and C3 (from 0.26 to 0.39). Minor variations have been calculated at the other atoms of the anion.

Considering the path A described above, a planar, symmetrical model of the transition state was formulated. The optimised structure was characterised (see Computational Details) revealing its nature of transition state. As a further confirmation of the reaction pathway A, starting from the transition state obtained above, the energy along the Intrinsic Reaction Coordinate (IRC) was evaluated. [START_REF] Gaussian | Gaussian[END_REF] Results are shown in Figure 3. One can conclude that the reaction pathway is of the "one-step" type, leading to a symmetrical transition state structure. attempted to optimize a model of the intermediate itself [31] at different quantum-mechanical levels:

MNDO, AM1, HF/STO-3G, HF/3-21G, B3LYP/3-21G. Whereas in the first four cases the optimization ended with a refined model without significant geometrical changes (butterfly-like structures), in the fifth case, where electron correlation is partly accounted for, the model collapses to an open, planar structure very similar to that of our product 5 -. At the HF/3-21G level the energy of the intermediate is 276 kJ mol -1 higher than that of our transition state model optimised at the same level. These findings suggest that the mechanism proposed by Andrianov could be a consequence of the application of inadequate quantum chemical methods, that do not take properly account of the electron correlation, essential for a correct description of the electron conjugation that stabilizes the planar and symmetric structure of the transition state.

Computational results for the FDR of 5 -in DMSO solution (5 - sol )

The effect of the solvent environment has been estimated by using the continuous model approach COSMO as implemented in Gaussian 03. [START_REF] Gaussian | Gaussian[END_REF][START_REF] Barone | [END_REF] Considering that experimental data refer to dimethyl sulphoxide solution the effect of this solvent (ε r 46.7) [START_REF] Gaussian | Gaussian[END_REF] has been evaluated. Preliminary calculations have shown that the geometry optimization performed in the presence of the solvent medium, causes only negligible variations in the geometry of the still planar and symmetrical (C 2v ) transition state, the RMS deviation being 0.013 Å for all 16 atoms, [44] whereas significant variations do appear in the charge distribution (reaching 0.1 Mulliken charge) along with an interesting increase in the energy barrier (from 64.2 to 79.1 kJ mol -1 ), [32] which well compares with the experimental result (82.0 ± 1.7 kJ mol -1 ). [26] This energy barrier seems to contradict the prevision of the authors., [27,30,31] who had previously studied this reaction by computational methods: in fact, they ascribed the discordance between calculated and experimental data to the fact that they did not consider the "presumed stabilising" [27,30,31] effect of the solvent. At first sight the result obtained could appear strange, but as a matter of fact it agrees with the behaviour expected, according with the Hughes and Ingold rules, concerning a nucleophilic substitution between "a neutral substrate and an anionic reagent" (the FDR of 5 - sol represents the intra-molecular counterpart of this kind of process). As pointed out by E. D. Hughes and C. K.

Ingold, [45][START_REF] Ingold | Structure and Mechanism in Organic Chemistry[END_REF][START_REF] Reichardt | Solvents and Solvent Effects in Organic Chemistry[END_REF] such a kind of reaction gives a transition state with charge dispersion and therefore, whichever is the used polar solvent (protic or aprotic), this fact will decrease the solvation. In fact, for an anion-neutral substrate reaction the global charge stays unchanged, but in the TS it is dispersed over more atoms, thus the rate should show a decrease with increasing the polarity (or better the ability to solvate) of the solvent. Possibly, a protic and polar solvent such as methanol (much more able of DMSO to solvate an anion) should give a much larger decrease in the reaction rates. A qualitative result of this kind has been observed by us comparing the reactivity of some ring-degenerate-rearrangements in DMSO and in methanol. [24,25,28,29] 

CONCLUSIONS

We have performed an accurate crystal structure determination of 3-acetylamino-5-methyl-1,2,4oxadiazole 5 characterized by strong intermolecular hydrogen bonds between the amido groups, giving rise to infinite chains of molecules packed in a parallel arrangement within the whole crystal.

We compared calculated and X-ray structural data of compound 5 observing only small deviations between experimental and computed geometries.

Results obtained for 5 -have been used to solve the problem of the FDR reaction pathway(s) in the gas phase as well as in DMSO solution. The course of the reaction has been also investigated by means of an accurate characterisation of the TS and of its features which affects the reaction course itself. The reaction follows a one-step push-pull mechanism, which occurs via a planar and symmetrical TS (C 2v ), where the formation of the new bond (O9-N2) causes the synchronous and concerted breaking of the old bond (O1-N2). In conclusion "in the TS anion, owing to the degenerate rearrangement, the new and the old nitrogen-oxygen bonds should be formed and broken to the same extent, with the central nitrogen atom presumably interacting through a p-type orbital". [26,48] An interesting point comes from the comparison of the activation energies calculated in DMSO (79.1 kJ mol -1 ) and in the gas phase (64.2 kJ mol -1 ), for which a rationale has been offered.

Overall, the comparison between calculated and measured thermodynamic parameters showed an excellent agreement between results of "lab-chemistry" and "in-silicon chemistry". 5 was purified and synthesized according with the previously reported procedure. [26] Transparent, colourless single crystals of 5 were grown from ethanol. [26] After preliminary Laue photographs, Xray data were recorded on a Bruker-Nonius Mach3 diffractometer with graphite monochromated MoKα (λ = 0.7107 Å) radiation. Cell constants were determined by least-squares refinement of diffractometer angles for 25 automatically centred reflections. During the data collection the centring of six reflections was repeated periodically to test the crystal orientation, and two reflections were monitored every 2 hours to check its stability. The crystal showed a gradual decay (ca. 6 %) which was corrected in the data reduction process. -3 , F(000) = 296. Tabular crystal, 0.30 x 0.28 x 0.08 mm 3 , µ = 0.11 mm -1 ; ω / θ scan mode, scan width 1.20°, scan speed 1.0-16.5° min -1 . A whole hemisphere was collected (2.5 ≤ θ ≤ 27.5°, 3241 reflections); 1527 unique reflections were obtained (R equiv = 0.0210).

Crystal data

Structure solution and refinement

The structure was solved by direct methods using the NRCVAX system of programs [START_REF] Gabe | [END_REF] and refined by full-matrix least-squares techniques, [START_REF] Sheldrick | SHELXL97, Program for the Refinement of Crystal Structures[END_REF] including the whole data set of 1527 F o 2 in the calculations. An extinction correction was needed; the corresponding coefficient [START_REF] Sheldrick | SHELXL97, Program for the Refinement of Crystal Structures[END_REF] converged to 0.032 (5). In the final refinement all heavier atoms were treated as anisotropic. The hydrogen atoms bonded to atom C10 were localised by means of a circular difference Fourier synthesis and treated as belonging to an idealised rigid group; all other H atoms were obtained by conventional ∆F syntheses and their positions and isotropic displacement parameters could be refined independently.

Convergence was reached within a maximum shift-to-e.s. end of the refinement the difference Fourier map was essentially flat, the electron density ranging between 0.24 and -0.16 eÅ -3 .

Computational details

Structures, energies and charge distribution of the compounds considered have been taken from recent DFT calculations [32] and obtained by using the B3LYP functional and the 6-31++G(d,p) basis set.

The geometry of the critical points was fully optimised with the gradient method. Transitionstate structures were found by the synchronous transit guided quasi-Newton method. [START_REF] Peng | [END_REF] The nature of each critical point, both in the gas phase and in solution, was characterised by computing the harmonic vibrational frequencies. In the gas phase, the thermal corrections to the Gibbs free energies allowed to obtain the value of the ∆G # gas . The solvent effect (DMSO; ε r = 46.7 at 298 K) was accounted for by the SCRF CPCM method, [START_REF] Barone | [END_REF] considering tesserae with average area of 0.350 Å 2 ; values of ∆G(solvation) were computed using the SCFVAC facility and hence the ∆G # solution by closure of the thermodynamic cycle. The transition vectors obtained for the transition states were consistent with the supposed reaction co-ordinate.

The Intrinsic Reaction Coordinate (IRC) was evaluated by the Gaussian 03 series of programs [START_REF] Gaussian | Gaussian[END_REF] using the B3LYP functional and the 6-311+G(2d,p) basis set. 
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  competition with an irreversible Migration-Nucleophilic Attack-Cyclization

Figure 2 .

 2 Figure 2. The crystal packing of 5 viewed along the y axis. The molecules are stacked in parallel planes, where hydrogen bonds connect them in chains parallel to y.
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  have been evidenced, presumably because of the conjugative effects exerted by the 3-acetylamino group. As a matter of fact, in compound 5 the N7 lone pair can strongly interact with the conjugated C8-O9 and N2-C3 double bonds, significantly increasing the electronic density on N2 (from -0.22 to -0.62 Mulliken charges) with respect to 8 and determining the presence of high electronic density also on O9 (-0.44). The ability of N7 to conjugate explains compound 5's proclivity to give 5 -, a

9 please, here Figure 3

 93 As we have not been able to locate, at the B3LYP/6-31G++G(d,p) level of theory used in this work, the transition states and the intermediate proposed by Andrianov and Coworkers (path B), we

  crystal structure determination and refinement of 5

Compound 5 ,

 5 C 5 H 7 N 3 O 2 , M = 141.14, mp 163 °C. Monoclinic, a = 7.949(2), b = 9.668(1), c = 8.840(2) Å, β = 99.09(2)°, V = 670.8(2) Å 3 , space group P2 1 /c, Z = 4, D c = 1.397 g cm

Scheme 1 .Scheme 3 .Scheme 4 .

 134 Scheme 1. General scheme of the Boulton-Katritzky Reaction (BKR).

Scheme 5 .

 5 Scheme 5. Proposed mechanisms for FDR.
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 1912 Figure 1. A molecule of compound 5 with the atomic numbering scheme. Displacement ellipsoids are drawn at 50% probability level; hydrogen atoms, treated as isotropic, are on an arbitrary scale.

Figure 3 .

 3 Figure 3. Energy profile from I.R.C. calculation (see text).

  compound 5 with the atomic numbering scheme. Displacement ellipsoids are drawn at 50% probability level; hydrogen atoms, treated as isotropic, are on an arbitrary scale. 297x209mm (196 x 204 DPI) The crystal packing of 5 viewed along the y axis. The molecules are stacked in parallel planes, where hydrogen bonds connect them in chains parallel to y. 190x254mm (120 x 120 DPI) Angelo Mugnoli, Giampaolo Barone, Silvio Buscemi, Camilla Zaira Lanza, Andrea Pace, Marcella Pani and Domenico Spinelli*

  

  identical). In the proposed asymmetrical transition states the old O1-N2 bond stays practically unaltered (1.32 Å), while the new O9-N2 bond appears largely formed (1.61 Å).

	F o r
	P
	e
	e r
	R
	e
	v i e
	w

5 - (TS B ) 1 Symmetrical intermediate with a non planar butterfly-like structure (I B )

  d. ratio of 0.002. No correlation matrix elements larger than 0.50 were found. Final reliability factors are R 1 = 0.0401 on 1137 F o ≥
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	4σ(F o ), wR 2 = 0.1105 for all 1527 F o 2 and 109 parameters, with a goodness of fit S = 1.052. At the
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Table 1 .

 1 Selected interatomic distances (Å) and angles (deg) of the crystal structure of compound 5 and of the optimized geometries, obtained by B3LYP/6-31++G(d,p) calculations.

	Compound	5	5	5¯	T.S.	8
	Phase	cryst.	gas	gas	gas	gas
	O1 -N2	1.430(2)	1.423	1.458	1.994	1.409
	O1 -C5	1.332(2)	1.339	1.338	1.276	1.339
	N2 -C3	1.303(2)	1.314	1.339	1.335	1.307
	C3 -N4	1.369(2)	1.381	1.418	1.388	1.378
	C3 -N7	1.381(2)	1.384	1.353	1.388	---
	N4 -C5	1.290(2)	1.303	1.291	1.321	1.299
	C5 -C6	1.477(2)	1.487	1.494	1.516	---
	N7 -C8	1.366(2)	1.392	1.351	1.321	---
	C8 -O9	1.216(2)	1.216	1.248	1.276	---
	C8 -C10	1.494(2)	1.519	1.538	1.516	---
	N2 … O9	2.702(2)	2.859	2.804	1.994	---
	N2-C3-N4	116.0(1)	115.7	112.6	121.5	115.4
	N2-C3-N7	124.7(1)	126.4	129.7	121.5	---
	C3-N4-C5	102.4(1)	102.2	103.6	108.0	101.4
	C3-N7-C8	125.6(1)	127.4	120.9	108.0	---
	N4-C5-O1	113.3(1)	113.0	114.7	121.7	114.2
	N7-C8-O9	121.4(1)	122.7	129.4	121.7	---

Table 2 .

 2 Mulliken charges of heavy atoms of the optimized geometries, obtained by B3LYP/6-31++G(d,p)

	calculations.						
	Compound	5	5¯	5¯s ol	T.S.	T.S.	8
	Phase	gas	gas	solution [a]	gas	solution [a]	gas
	O1	0.13	-0.04	-0.02	-0.32	-0.38	-0.07
	N2	-0.62	-0.61	-0.69	-0.43	-0.52	-0.22
	C3	0.49	0.26	0.42	0.39	0.51	0.22
	N4	-0.38	-0.40	-0.49	-0.39	-0.51	-0.30
	C5	0.29	0.57	0.44	0.47	0.46	0.37
	C6	-0.63	-0.68	-0.57	-0.70	-0.61	---
	N7	-0.34	-0.39	-0.51	-0.39	-0.51	---
	C8	0.65	0.42	0.48	0.47	0.46	---
	O9	-0.44	-0.54	-0.64	-0.32	-0.38	---
	C10	-0.60	-0.60	-0.55	-0.70	-0.61	---
	[a] In DMSO.						
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