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In this paper we report the rearrangement of spirocyclohexadienones into dihydrotropones in basic conditions as a new method for the preparation of seven-membered ring ketones, which are key building blocks for the synthesis of tropoloalkaloids. DFT calculations and deuterium labeling studies support the mechanism we propose for this rearrangement, involving the ring opening of a spirocyclopropane intermediate followed by successive base-catalyzed 1,3-hydrogen shifts. The X-ray 2 structure of the resulting dihydrotropone shows near-perfect planarity and the conjugation gain is likely to be the driving force of the reaction.

Introduction

Substituted carbocyclic seven-membered rings are frequently found in natural and medicinally active compounds (e.g. hinokitiol, [START_REF] Miyashita | [END_REF] thapsigargins, 2 colchicine 3,4 ), and several methods for their synthesis are available, [5][6][7] among them, cycloadditions of allyl cations with 1,3-dienes, [8][9][10] metal-catalyzed cycloadditions, [11][12][13][14][15][16][17][18][19][20] electrochemical oxidations, 21 radical, [22][23][24] acidic 25,26 or thermal 27,28 ring expansion reactions.

We describe here a new method, the rearrangement of spirocyclohexadienones to one-carbon ring expansion products, dihydrotropones, under basic conditions. 29 A mechanism for this reaction is also proposed, which is fully supported by DFT calculations and deuterium labeling studies.

Results and Discussion

Reaction conditions. In basic conditions, we observed conversion of the dienone 1 30 into two products: a one carbon ring expansion product (2a) and a tricyclic ester (3) resulting from the lactone ring opening (Scheme 1). These two compounds are obtained in various ratios according to the reaction conditions. Scheme 1. Rearrangement and lactone ring opening products of spirocyclohexadienone 1 in basic conditions. Throughout this study, the following naming system is used: (a) for the keto forms; (b) for the enol forms; (c) for the enolate forms (see Table 1 for more details).

The presence of an efficient protonating agent seems to be essential for the rearrangement of 1 into 2a to occur. Several systems have been investigated at different temperatures (-78 °C to 75 °C): i) in the absence of protonating agent (NaH/THF) no reaction is observed; ii) in the presence of stoichiometric quantity of protonating agent (DBU/CH 2 Cl 2 , potassium phthalimide/THF, lithium N-methyltoluenesulfonamide/THF)

we observed the suppression of the lactone ring opening, a slow reaction rearrangement and low yields of 2a (5-30 %); iii) when the protonating agent is the solvent (MeONa/MeOH, EtONa/EtOH, i-PrONa/i-PrOH) we observed a fast reaction and the formation of two compounds: the rearrangement product 2a and the tricyclic ester 3. The best results are obtained with MeONa in MeOH at 40 °C for 30 min, the product 2a being isolated in 75 % yield in these conditions.

During the study of the reaction of 1 with MeONa in MeOH at 40 °C we evidenced two competitive reactions: i) the rearrangement described above, leading to 2a after protonation and ii) the intermediate formation of the ester 3, [START_REF]The compound 3 can be prepared in a straightforward manner in acidic medium (TFA, MeOH) from spirocyclohexadienone[END_REF] through the nucleophilic opening of the lactone ring followed by a Michael addition of the resulting phenoxide 8 (Scheme 2). The formation of compound 3 proved to be reversible and the equilibrium is shifted towards the thermodynamic product 2a (Figure S1, Supporting information). Figure 1 shows that the ester 3 has completely disappeared after 10 min, but the best yields of 2a are obtained after 30 min at 40 °C. At lower temperatures (-78 °C to 20 °C), the ester 3 is almost exclusively observed. When the reaction of 1 with CD 3 ONa in CD 3 OD at 40 °C is followed by [START_REF] Miyashita | [END_REF] H-NMR (Figure S2, Supporting information) it is noteworthy that: i) an equilibrium between three species (5, 7c and 9) is immediately established, which is completely shifted towards the delocalized anion 7c after 30 min; ii) the deuterium exchange is very fast and all the enolisable positions are completely deuterated after 3 min. The complete incorporation of deuterium into both positions α to the ketone in 5 proves the existence of a dynamic equilibrium between the ester 5 and the open bicyclic phenoxide 9. [START_REF] Highet | The compound 9 is the anionic phenoxide form rather than the neutral phenol form, as indicated by the important shift of the aromatic protons observed in its 1 H-NMR spectrum[END_REF] Moreover, the reversibility of this process is confirmed by the exclusive formation of the rearrangement product 2a when the ester 3 is treated with MeONa/MeOH at 40 °C.

The rearrangement product 2a, in the presence of CD 3 ONa in CD 3 OD at room temperature, is completely deprotonated and immediately forms the enolate 6c, which then undergoes a slow deuterium exchange, complete after 20 h, leading to the enolate 7c (Figure S3, Supporting information).

Reaction mechanism. In the light of the results presented above, we propose the following mechanism for this rearrangement (Scheme 3): the deprotonation of the lactone 1, followed by the intramolecular Michael addition of anion 10 leads to the cyclopropyl derivative 11, which is transformed into the enolate 12c by a cyclopropane ring opening. [START_REF] Kende | A single example of fused tricyclic cyclopropane intermediate similar to 11 has been previously proposed as intermediate in the transformation of phenolic nitroalkanes into tropone derivatives, but the reaction conditions and the overall mechanism are different from ours, which lead to the dihydrotropone derivative 2a[END_REF] The enolate 12c is then converted into the final protonated product In order to support the proposed mechanism, the structures of intermediates and transition states were optimized at the B3LYP level with the 6-31++G(d,p) basis set using Gaussian 03 [START_REF] Frisch | Gaussian 03 revision B.05; Gaussian[END_REF] (Scheme 3). Intrinsic reaction coordinate (IRC) path calculations are in full agreement with a spirocyclopropane intermediate 11,

which rearranges to give a seven-membered ring enolate 12c. The activation barrier energies for TS1 and TS2 (9.3 and 4.7 kcal/mol, respectively) are not very high, which is consistent with the mild reaction conditions used for this transformation. The driving force of the rearrangement is likely to be the greater extent of conjugation in 2a than in 1, confirmed by the near-perfect planarity of the X-ray structure.

Whereas the mechanism for the conversion of 1 into 12c is relatively intuitive, the second part of the mechanism presented in Scheme 3, the conversion of the enolate 12c into the rearrangement product 2a, is not so obvious. We have formulated two hypotheses: a) a sigmatropic hydrogen shift and b) a basecatalyzed 1,3-hydrogen shift.

a) Sigmatropic hydrogen shift. Three pathways can be envisaged for the conversion of 12b into 2b through a sigmatropic mechanism: i) one direct [1,3] hydrogen shift; ii) three consecutive [1,5] hydrogen shifts; iii) two consecutive [1,7] hydrogen shifts (Scheme 4). These sigmatropic shifts can theoretically take place before or after the protonation step, thus both neutral and anionic forms of the possible intermediates must be considered. In the cycloheptatrienic systems only the suprafacial hydrogen shifts are possible for steric reasons, thus the [1,3] and [1,7] hydrogen shifts are thermally forbidden, whereas the [1,5] hydrogen shift is allowed. [START_REF] Spangler | [END_REF][36][37][38][39] In order to evaluate the conditions required for the sigmatropic shift in this rearrangement, we optimized the structures and calculated the energies for all intermediates, as well as for the transition states in the first sigmatropic shift (Scheme 4, Table 1).

We succeeded in locating valid transition states only in three cases, for neutral TS4n, anionic TS4a and anionic TS5a. 40 The difference of activation barriers between the neutral and anionic forms of TS4 is almost 9 kcal/mol, so it seems that the sigmatropic rearrangement is more favored in the anionic series.

However, in spite of the lower value obtained for TS4a (24.2 kcal/mol), this activation barrier is still too high to be compatible with the mild conditions used for this reaction. The activation barrier of the anionic form TS5a is higher than that of TS4a, as expected for a forbidden sigmatropic shift.

All these calculations data suggest that there is no sigmatropic shift involved in this mechanism; this is further supported by the complete deuterium exchange observed for the two methylene groups in 4a (Scheme 2), which is not compatible with a sigmatropic shift.

As suggested by one of the referees, in the light of Herndon's studies, 11 we investigated the possibility to convert 2a into 13a by two successive thermal [1,5] hydrogen shifts. However, heating 2a in p-xylene at 140 °C for 16 h led only to the partial conversion of 2a into 13a and from the mixture of these two compounds (ratio 2a / 13a = 3 / 1) 13a was isolated in 11 % yield. Longer reaction time (3 days) resulted in extensive decomposition. These results are in agreement with an extended delocalized system in our case, a high activation barrier for the thermal [1,5] hydrogen shifts and support the greater stability (1.6 kcal/mol) calculated for 2a compared to 13a. it is noteworthy that, with one exception (structures 14), the keto form is always more stable than the enol, the difference of energies being very important for 2 and 13. This is in agreement with the experimental results 41 showing that the cycloheptadienone is the major form in this keto-enol equilibrium. Moreover, the energies of compounds 12, 14 and 17, bearing ring junction hydrogen atoms, are unusually high, for both keto and enol forms. This is the consequence of the significant geometrical change induced by the presence of these hydrogen atoms, which prevents the conjugation between the 7-membered ring and the other two rings. b) Base-catalyzed 1,3-hydrogen shift. Several examples of this type of transformation are described in cycloheptatrienic systems, catalyzed by triethylamine, [42][43][44][45] 1,8-diazabicyclo [5.4.0]undec-7-ene 27,28 or potassium tert-butoxide. 46,47 The mechanism and regioselectivity have been studied for cycloheptatrienes bearing electron withdrawing groups. [48][49][50][51][52] There are also a few examples of thermal, [53][54][55][56][57] photochemical 58 or acid-catalyzed 57,58 1,3-hydrogen shifts. In most cases, the hydrogen atom shifts from a ring-junction position to the nearest unsubstituted position (path A, Scheme 5). 27,28,[42][43][44][56][57][58] In the case where cycloheptatriene 18 has R 1 ≠ H (path B, Scheme 5), the 1,3-shift is very unfavored. The system evolves towards the spirodienone 21 43,[53][54][55] if an oxygenated substituent is present at R 2 or remains in the less constrained norcaradiene form 20 59 in the other cases. To sum up the above, the pathways and the final products are determined by the stability given by the substituents present on the molecule. This equilibrium is completely shifted towards the enolate 6c, which is the only species visible in the NMR spectrum. The complete incorporation of deuterium in the positions marked with red dots in Scheme 6 supports the existence of successive base-catalyzed 1,3-hydrogen shifts leading to the enolate 6c, which is the most stable of all anionic intermediates (Table 1). The protonation of 6c leads exclusively to the isomer 2a, the most stable compound among 2a, 6a and 12a (Table 1).

R 2 R 1 R 1 R 2 R 1 O R 1 = H R 2
The deuterium labeling results indicate that the mechanism of the rearrangement involves base-catalyzed 1,3-hydrogen shifts. This conclusion is supported by the calculations data.

Conclusion

In this paper we report the rearrangement of spirocyclohexadienones into dihydrotropones in basic conditions as a new method for the preparation of seven-membered ring ketones, which are key building blocks for the synthesis of tropoloalkaloids. We gained insight into the mechanism that we proposed for this rearrangement by DFT calculations of the possible intermediates and transition states as well as by deuterium labeling. All these data allowed us to choose between two possible paths and thus conclude that the mechanism involves a base-catalyzed 1,3-hydrogen shift in the cycloheptatrienic system obtained from the opening of a fused cyclopropane intermediate.

Experimental Section

General Remarks. Starting materials and reagents were purchased from a commercial supplier and used without further purification with the exception of MeOH, which was distilled over Mg and I 2 . 

Synthesis of methyl 2'-(

Computational Methods

Geometry optimization and vibrational frequency calculations were performed at the Density Functional

Theory (DFT) level by using the Gaussian 03 program suite. [START_REF] Frisch | Gaussian 03 revision B.05; Gaussian[END_REF] Becke's three-parameter exchange functional (B3) 60,61 was employed in conjunction with the Lee-Yang-Parr correlation functional (LYP), 62 as implemented in Gaussian 03 [START_REF] Frisch | Gaussian 03 revision B.05; Gaussian[END_REF] at a 6-31++G(d,p) basis set level. Geometries were optimized without constraint, and vibrational frequencies were then computed to characterize each structure as a minimum or transition structure (TS), via the number of imaginary frequencies (zero for minima and one for saddle points, respectively). After locating a TS, an intrinsic reaction coordinate (IRC) [63][64][65][66] calculation was carried out to identify its respective reactant and product. Crystallographic results. Data were obtained from a small colorless crystal plate (0.55 x 0.50 x 0.20 mm).

Empirical formula : C 15 H 12 O 4 , M w = 256.25. The compound crystallizes in the triclinic system, space group P-1, racemic. There are four molecules in the unit-cell (Z= 4) and so, two independent molecules in the asymmetric unit. Cell parameters : a = 7.510 (5), b = 12.824(5), c = 13.261(7) Å, α = 73.61(3), β = 78.80(3), γ = 87.33(3)°, V = 1202 Å 3 ; d c = 1.416 g cm -3 , F(000) = 536, λ (Mo Kα) = 0.71073 Å, µ= 0.103 mm -1 . Data were measured with a Nonius Kappa-CCD linear area-detector diffractometer, using graphite monochromated Mo Kα radiation, according to the phi and omega scan method, up to θ = 27.50°. A total of 9306 intensity data was collected reduced to 7000 triclinic reflections of which 5273

were unique (Rint = 0.020). [START_REF] Miyashita | [END_REF] Structure was solved with program SHELXS86 2 and refined by full-matrix least-squares, upon all unique F 2 with program SHELXL97. 3 All the hydrogen atoms were located in difference Fourier maps. They were fitted at theoretical positions and treated as riding, assigned of an isotropic displacement parameter equivalent to 1.12 the one of the bonded atom, 1.15 for those of the methyl groups. Refinement of 345 parameters converged to R1(F) = 0.0486 with the 3639 observed reflections having I ≥ 2 sigma (I) and wR2(F 2 ) = 0.1272 with all the 5273 unique data ; goodness-of-fit S factor of 1.024. The residual electron density was found between -0.18 and 0.19 eÅ -3 . All the crystallographic results are given in Cif file and Tables S1 to S6.

Comparison of molecular conformations. The two independent molecules of the asymmetric unit named ---------------------------------------- 

* O6-C6-C6a-C7 5.3(3) C11a-C6a-C7-C8 24.3(3) C6a-C7-C8-C9 6.0(4) C7-C8-C9-C10 -6.1(3) O9-C9-C10-C11 137.5(2) C8-C9-C10-C11 -43.7(3) C9-C10-C11-C11a 86.2(2) C7-C6a-C11a-C11 -4.3(3) C10-C11-C11a-C6a -56.2(2) C10-C11-C11a-C11b 124.8(2) C11-C11a-C11b-C1 0.8(3) C3-C4-O4-C12 -4.1(3) ** O6-C6-C6a-C7 1.8(3) C11a-C6a-C7-C8 32.1(3) C6a-C7-C8-C9 6.9(3) C7-C8-C9-C10 -28.1(3) O9-C9-C10-C11 160.4(2) C8-C9-C10-C11 -19.0(3) C9-C10-C11-C11a 76.9(2) C7-C6a-C11a-C11 -2.1(3) C10-C11-C11a-C6a -63.8(2) C10-C11-C11a-C11b 115.9(2) C11-C11a-C11b-C1 0.4(3) C3-C4-O4-C12 -4.7(2) _____________________________________________________________
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Theoretical data for compound 1 :

Final Energy in Hartrees: HF = -879.7282735 (B3LYP/6-31++G(D,P))

Standard orientation: -------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 10 :

Final Energy in Hartrees: HF = -879.1713081 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------ ------------------------------------------------------------------- Theoretical data for transition state TS1 :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1565668 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 11 :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1575149 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for transition state TS2 :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1498774 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 12c :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1830086 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for transition state TS4n :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.662717 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- ------------------------------------------------------------------ Theoretical data for transition state TS5a :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1087276 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- -------------------------------------------------------------------- Theoretical data for compound 2b :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7303913 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- -------------------------------------------------------------------- Theoretical data for compound 2c :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1790705 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- -------------------------------------------------------------------- Theoretical data for compound 13a :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7447082 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 13b :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7297326 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 13c :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.1767698 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 12a :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7161544 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 12b :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7154875 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------- Theoretical data for compound 14b : ------------------------------------------------------------------ ------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------ Theoretical data for compound 15b :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7291446 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- Theoretical data for compound 15c :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.2055479 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------ Theoretical data for compound 6b :

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
Final Energy in Hartrees: HF = -879.7281245 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------- 

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -
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Theoretical data for compound 6c :

Final Energy in Hartrees: HF = -879.2136405 (B3LYP/6-31++G(D,P)) ------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ 

Standard orientation: --------------------------------------------------------------------- Center Atomic Atomic Coordinates (Angstroms) Number Number Type X Y Z -

Scheme 2 .

 2 Scheme 2. Deuterium labeling studies during the rearrangement and lactone ring opening of spirocyclohexadienone 1 in basic conditions.

Figure 1 .

 1 Figure 1. Time-dependent formation of compounds 2a and 3 (MeONa, MeOH, 40 °C)

Scheme 3 .

 3 Scheme 3. Proposed mechanism for the rearrangement of 1 into 2a. Calculated relative energies (kcal/mol) of neutral compounds are represented in blue and those of anions and transition states (TS) in red. In brackets are reported the activation barriers (kcal/mol).

  e (24.2) f 39.2 e (46.5) f a calculated at B3LYP/6-31++G(d,p) level ; b could not be located ; c compared to 1 ; d compared to 12b (activation barrier) ; e compared to 10 ; f compared to 12c (activation barrier).

Scheme 4 .

 4 Scheme 4. Three different possible pathways for the conversion of 12b into 2b through sigmatropic reactions.

a

  Calculated relative energies of all possible intermediates in the sigmatropic rearrangement Relative energy (kcal/mol) a Structure keto (a) b enol (b) b enolate (c) c calculated at B3LYP/6-31++G(d,p) level; b compared to 1; c compared to 10; d in this case, alcohol/alcoholate instead of enol/enolate However, from the results of the

Scheme 5 .Scheme 6 .

 56 Scheme 5. Influence of the ring substituents in the evolution of cycloheptatrienic systems

Figure S2 .

 S2 Figure S2. Superposed 1 H-NMR spectra (500 MHz, CD 3 OD) of intermediates from the reaction of 1 with CD 3 ONa in CD 3 OD at 40°C. The competitive formation of the ester 5, phenoxide 9 and 7-membered ring anion 7c is observed. The equilibrium is shifted almost completely towards the more thermodynamically stable anion 7c after 30 min.

Figure S3 .

 S3 Figure S3. Superposed 1 H-NMR spectra (500 MHz, CD 3 OD) of intermediates from the reaction of 2a with CD 3 ONa in CD 3 OD at room temperature. We observe the immediate formation of the anion 6c, which is progressively deuterated, leading to the complete formation of the anion 7c after 20 h.

  respectively, * and **, appear in Figure S5, showing the same diastereoisomer. In both molecules, bond distance and angle values are nearly the same with double bonds C6a-C11a (1.362 Å) and C7-C8 (av. 1.341Å) clearly precised. However, differences appear in torsion angle values of the seven membered rings principally along the bonds: C8-C9 (-6.1 in *, -28.1° in **), C9-C10 (-43.7 and -19.0°) and C10-C11 (76.9 and 86.2), indicating differences in the ring conformations. Fitting the two structures, atoms C7 and C11 are quitely coplanar with the bicyclic aromatic part in each molecule, while atoms C8, C9 and C10 are respectively deviated by 0.226(2), 0.885(2) and 1.183(2) Å in *, by 0.500(2), 1.372(2) and 1.284(2) Å in **, from the mean plane of the other twelve atoms. If atom C8 is included in the aromatic mean plane, deviations of atoms C9 and C10 become : 0.800(2) and 1.114(2) Å in *, 1.180(2) and 1.144 (2) Å -nearly the same -in **. So, the angles between the planes [C11, C11a, C6a, C7, C8] and [C8, C9, C10, C11] in the seven membered rings, are respectively 136.3° in *, 131.0° in **. More, if we consider only the mean plane of the double bonds involving atoms [C11a, C6a, C7, C8, C9], atoms C10 and C11 are deviated from this plane by respectively 0.327(2) and -0.620(2) Å in *, while atom C10 lies in this plane in **, with C11 situated below by -0.890(2) Å. The crystal packing study shows that only van der Waals contacts exist between the molecules. 1 Collect (Nonius BV, 1997-2000); HKL Denzo and Scalepack (Otinowski & Minor, 1997).

Theoretical data for compound 2a :Final

  Energy in Hartrees: HF = -879.7472803 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

  Theoretical data for transition state TS4a : Final Energy in Hartrees: HF = -879.1443616 (B3LYP/6-31++G(D,P)) Standard orientation:------------------------------------------------------------------

Theoretical data for compound 14a :Final

  Energy in Hartrees: HF = -879.7186584 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

Final

  Energy in Hartrees: HF = -879.7203451 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

Theoretical data for compound 14c :Final

  Energy in Hartrees: HF = -879.1933354 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

  Theoretical data for compounds 15a and 6a : Final Energy in Hartrees: HF = -879.7342275 (B3LYP/6-31++G(D,P))Standard orientation:------------------------------------------------------------------

Final

  Energy in Hartrees: HF = -879.7239323 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

Final

  Energy in Hartrees: HF = -879.1417281 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

Final

  Energy in Hartrees: HF = -879.7122644 (B3LYP/6-31++G(D,P)) Standard orientation: ------------------------------------------------------------------

Table

  

Table

  

4-methoxy-7-oxo-5a,6,7,9a-tetrahydrodibenzo[b,d]furan-9a-yl)acetate (3). To

  

	a solution of 8-methoxyspiro[chroman-4,1'-cyclohexa[2',5']diene]-2,4'-dione 1 30 (20 mg, 0.078
	mmol) in methanol (0.5 mL) was added trifluoroacetic acid (0.1 mL, 1.3 mmol). After stirring 16 h at room
	temperature, the mixture was concentrated in vacuo. Preparative silica gel TLC (heptane / ethyl acetate 50 /
	50) afforded 20 mg of methyl 2'-(4-methoxy-7-oxo-5a,6,7,9a-tetrahydrodibenzo[b,d]furan-9a-yl) acetate 3
	as a pale yellow oil (87 %): 1 H NMR (500 MHz, CDCl 3 ) δ 6.94 (dd, J = 7.7, 7.8 Hz, 1H), 6.86 (d,
	J = 7.7 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 6.57 (dd, J = 10.3, 2 Hz, 1H), 6.02 (d, J = 10.3 Hz, 1H), 5.13
	(m, 1H), 3.88 (s, 3H), 3.69 (s, 3H), 3.09 (d, J = 14.3 Hz, 1H), 3.13 (dd, J = 17.7, 2.8 Hz, 1H), 6.03 (dd,
	J = 17.7, 4.2 Hz, 1H), 2.90 (d, J = 15 Hz, 1H); 13 C NMR (75 MHz, CDCl 3 ) δ 195.0, 170.3, 146.9, 146.3,
	145.1, 131.4, 127.6, 122.6, 115.0, 112.7, 86.0, 56.2, 52.2, 47.4, 41.5, 38.5; IR (CDCl 3 ) 1199, 1280, 1492,
	1680, 1731 cm -1 ; MS (ESI) m/z : 311(M+Na) + ; HRMS (ESI) m/z calcd for C 16 H 16 O 5 Na	+ 311.0895,
	found 311.0878.	

Synthesis of 4-methoxy-10,11-dihydro-cyclohepta[c]chromene-6,9-dione (2a).

  

		A solution of 8-
	methoxyspiro[chroman-4,1'-cyclohexa[2',5']diene]-2,4'-dione 1 30 (20 mg, 0.078 mmol) in methanol (0.6
	mL) / THF (0.3 mL) is added at 40 °C to a solution of sodium methoxide, freshly prepared from sodium
	(13 mg, 0.56 mmol) and methanol (0.6 mL). After stirring for 30 min at 40 °C, the reaction is quenched
	with 1 M hydrochloric acid (2 mL), stirred for 10 min and extracted with dichloromethane (3 x 5 mL).
	Concentration in vacuo of the combined organic layers followed by preparative silica gel TLC (heptane /
	ethyl acetate 70 / 30) afforded 15 mg of 4-methoxy-10,11-dihydro-cyclohepta[c]chromene-6,9-dione 2a
	(75 %): 1 H NMR (500 MHz, CDCl 3 ) δ 7.59 (d, J = 12.9 Hz, 1H), 7.39 (d, J = 8.35 Hz, 1H), 7.30 (dd,
	J = 8.35, 8.04 Hz, 1H), 7.18 (d, J = 8.04 Hz, 1H), 6.40 (d, J = 12.8 Hz, 1H), 4.01 (s, 3H), 3.20 (dd,
	J = 5.5, 6.0 Hz, 2H), 2.83 (dd, J = 5.6, 6.1 Hz, 2H); 13 C NMR (125 MHz, CDCl 3 ) δ 199.8, 159.7, 155.8,
	148.0, 143.4, 135.6, 132.0, 124.7, 121.5, 119.4, 116.7, 115.0, 56.6, 41.2, 22.7; IR (CDCl 3 ) 1469, 1662,
	1710 cm -1 ; MS (ESI) m/z : 279 (M+Na) + ; HRMS (ESI) m/z calcd for C 15 H 12 O 4 Na	+ 279.0633, found
	279.0616.	

Synthesis of 4-methoxy-7,8-dihydro-cyclohepta[c]chromene-6,9-dione (13a). A

  

	heated at 140 °C for 16 h, concentrated in vacuo and the resulting mixture (ratio 2a / 13a = 3 / 1) is
	purified by preparative silica gel TLC (eluting with heptane / ethyl acetate 40 / 60) to afford 2.5 mg of 4-
	methoxy-7,8-dihydro-cyclohepta[c]chromene-6,9-dione 13a (11 %) : 1 H NMR (500 MHz, CDCl 3 ) δ 7.42
	(d, J = 12.8 Hz, 1H), 7.28 (m, 2H), 7.14 (dd, J = 7.0, 2.1 Hz, 1H), 6.65 (d, J = 12.8 Hz, 1H), 4.01 (s, 3H),
	3.17 (m, 2H), 2.84 (m, 2H); 13 C NMR (125 MHz, CDCl 3 ) 200.9, 160.6, 147.7, 142.5, 142.1, 136.3, 132.5,
	129.3, 124.4, 119.1, 115.0, 113.3, 56.3, 44.1, 20.9; IR (CDCl 3 ) 1473, 1671, 1707 cm -1 ; MS (ESI) m/z :
	279 (M+Na) + ; HRMS (ESI) m/z calcd for C 15 H 12 O 4 Na	+ 279.0633, found 279.0631.
		solution of 4-
	methoxy-10,11-dihydro-cyclohepta[c]chromene-6,9-dione 2a (22 mg, 0.086 mmol) in p-xylene (1 mL) is

Table S1 .

 S1 Crystal data and structure refinement for compound 2a.

	______________________________________________________________________
	Identification code	'VARIN051'	
	Empirical formula	C15 H12 O4	
	Formula weight	256.25	
	Temperature	293(2) K	
	Wavelength	0.71073 A	
	Crystal system, space group	Triclinic, P -1	
	Unit cell dimensions	a = 7.510(5) A	alpha = 73.61(3) deg.
		b = 12.824(5) A	beta = 78.80(3) deg.
		c = 13.261(7) A	gamma = 87.33(3) deg.
	Volume	1201.9(11) A^3	
	Z, Z', Calculated density	4, 2, 1.416 Mg/m^3
	Absorption coefficient	0.103 mm^-1	
	F(000)	536	
	Crystal size	0.55 x 0.50 x 0.20 mm
	Theta range for data collection	2.76 to 27.50 deg.
	Limiting indices	-9<=h<=9, -16<=k<=16, -16<=l<=17
	Reflections collected / unique	9306 -7000 / 5273 [R(int) = 0.0199]
	Completeness to theta = 27.50	95.3 %	
	Absorption correction	Not measured	
	Refinement method	Full-matrix least-squares on F^2
	Data / restraints / parameters	5273 / 0 / 345	
	Goodness-of-fit on F^2	1.024	
	Final R indices [I>2sigma(I)]	R1 = 0.0486, wR2 = 0.1101 (3639 Fo)
	R indices (all data)	R1 = 0.0779, wR2 = 0.1272 (5273 data)
	Largest diff. peak and hole	0.187 and -0.177 e.A^-3
	_______________________________________________________________________

2 Sheldrick, G.M. (1990). SHELXS86. Acta Cryst. A 46, 467-473.
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Table S2 .

 S2 Atomic coordinates (x 10^4) and equivalent isotropic displacement parameters (A^2 x 10^3) for compound 2a. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

		(* Molecule 1, ** Molecule 2)	
	________________________________________________________________
		x	y	z	U(eq)
	________________________________________________________________
	* C1	5205(3)	3658(2)	2140(2)	54(1)
	C2	4806(3)	2587(2)	2304(2)	62(1)
	C3	5442(3)	2054(2)	1534(2)	57(1)
	C4	6506(3)	2600(1)	571(1)	48(1)
	C5	6902(2)	3696(1)	402(1)	41(1)
	O5	7928(2)	4211(1)	-580(1)	46(1)
	C6	8399(2)	5287(1)	-854(1)	41(1)
	C6a	7777(2)	5888(1)	-64(1)	40(1)
	C7	8222(3)	7045(1)	-455(1)	49(1)
	C8	8325(3)	7798(2)	62(2)	58(1)
	C9	8167(3)	7658(2)	1207(2)	58(1)
	C10	7663(3)	6568(2)	1970(2)	59(1)
	C11	6121(3)	6017(2)	1708(1)	54(1)
	C11a	6766(2)	5385(1)	910(1)	41(1)
	C11b	6285(2)	4246(1)	1170(1)	42(1)
	C12	6884(4)	1034(2)	-73(2)	85(1)
	O4	7196(2)	2168(1)	-249(1)	62(1)
	O6	9313(2)	5647(1)	-1733(1)	56(1)
	O9	8478(3)	8426(1)	1518(1)	90(1)
	** C1	9034(3)	1683(2)	3263(1)	53(1)
	C2	8869(3)	922(2)	2744(2)	60(1)
	C3	8165(3)	-106(2)	3296(2)	56(1)
	C4	7624(3)	-378(1)	4389(1)	47(1)
	C5	7810(2)	394(1)	4922(1)	42(1)
	O5	7255(2)	74(1)	6015(1)	50(1)
	C6	7373(3)	757(1)	6629(1)	48(1)
	C6a	8072(2)	1858(1)	6080(1)	42(1)
	C7	8174(3)	2531(1)	6792(1)	49(1)
	C8	8020(3)	3609(2)	6606(2)	53(1)
	C9	7519(3)	4385(1)	5663(2)	53(1)
	C10	7904(3)	4170(1)	4592(2)	58(1)
	C11	9339(3)	3317(1)	4460(1)	50(1)
	C11a	8623(2)	2182(1)	4997(1)	40(1)
	C11b	8504(2)	1432(1)	4377(1)	41(1)
	C12	6606(3)	-2132(2)	4486(2)	66(1)
	O4	6921(2)	-1359(1)	5015(1)	64(1)
	O6	6862(2)	398(1)	7580(1)	72(1)
	O9	6781(2)	5233(1)	5757(1)	83(1)
	________________________________________________________________

Table S3 .

 S3 Hydrogen coordinates (x 10^4) and isotropic displacement parameters (A^2 x 10^3) for compound 2a.

	_______________________________________________________________
		x	y	z	U(eq)
	_______________________________________________________________
	* H1	4763	3999	2670	61
	H2	4091	2208	2947	69
	H3	5153	1324	1664	63
	H7	8482	7311	-1197	55
	H8	8525	8508	-371	65
	H10A	7304	6646	2687	66
	H10B	8721	6104	1961	66
	H11A	5471	5529	2363	60
	H11B	5276	6567	1427	60
	H12A	5603	897	49	97
	H12B	7362	627	542	97
	H12C	7477	817	-690	97
	** H1	9498	2370	2875	59
	H2	9238	1096	2005	68
	H3	8059	-610	2926	63
	H7	8373	2156	7471	55
	H8	8259	3898	7135	60
	H10A	8286	4846	4052	65
	H10B	6782	3941	4455	65
	H11A	9768	3397	3703	56
	H11B	10364	3438	4761	56
	H12A	7735	-2305	4089	76
	H12B	5788	-1834	4006	76
	H12C	6081	-2779	5006	76
	_____________________________________________________________

Table S4 .

 S4 Comparison of selected torsion angles [deg] for compound 2a. _____________________________________________________________

Table S5 .

 S5 Bond lengths [A] and angles [deg] for compound 2a.

	______________________________________________
	* C1-C2	1.367(3)
	C1-C11b	1.409(3)
	C2-C3	1.383(3)
	C3-C4	1.382(3)
	C4-O4	1.361(2)
	C4-C5	1.397(2)
	C5-O5	1.378(2)
	C5-C11b	1.393(2)
	O5-C6	1.369(2)
	C6-O6	1.207(2)
	C6-C6a	1.464(2)
	C6a-C11a	1.362(2)
	C6a-C7	1.458(2)
	C7-C8	1.345(2)
	C8-C9	1.460(3)
	C9-O9	1.218(2)
	C9-C10	1.491(3)
	C10-C11	1.526(3)
	C11-C11a	1.504(2)
	C11a-C11b	1.449(2)
	C12-O4	1.429(2)
	* C2-C1-C11b	120.08(18)
	C1-C2-C3	121.49(18)
	C4-C3-C2	120.31(17)
	O4-C4-C3	125.72(16)
	O4-C4-C5	116.13(16)
	C3-C4-C51	118.15(16)
	O5-C5-C11b	121.67(15)
	O5-C5-C4	115.90(15)
	C11b-C5-C4	122.42(16)
	C6-O5-C5	121.93(13)
	O6-C6-O5	116.09(14)
	O6-C6-C6a	126.08(15)
	O5-C6-C6a	117.83(14)
	C11a-C6a-C7	125.30(15)
	C11a-C6a-C6	120.60(15)
	C7-C6a-C6	113.93(15)
	C8-C7-C6a	131.71(17)
	C7-C8-C9	129.12(18)
	O9-C9-C8	119.4(2)
	O9-C9-C10	121.46(19)
	C8-C9-C10	119.08(16)
	C9-C10-C11	113.17(17)
	C11a-C11-C10	113.11(16)
	C6a-C11a-C11b	120.06(15)
	C6a-C11a-C11	119.97(15)
	C11b-C11a-C11	119.96(15)
	C5-C11b-C1	117.54(16)
	C5-C11b-C11a	117.90(15)
	C1-C11b-C11a	124.55(16)
	C4-O4-C12	117.01(16)
	-	
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1 H and 13 C-NMR spectra of compound 3 S2

1 H and 13 C-NMR spectra of compound 2a S4 Crystals suitable for an X-ray study have been obtained for the 6,7-dihydrotropone 2a and the tridimensional structure is shown in Figure S4. All atoms are coplanar except the atoms C8, C9, C10 and O9. There are two independent molecules in the asymmetric unit, the main difference between them being the degree of deviation of the atoms C8, C9, C10 and O9 from the molecule plane (Figure S5).