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Chapter 3
Synthesis of bicyclic lactones via an interrupted Nazarov reaction of gem divinyl dihydrofurans
3.1
Introduction


The Nazarov reaction, named after the eminent Russian chemist                     I. N. Nazarov, constitutes a well-known method for the construction of                     2-cyclopentenones.1 The reaction is formulated as the acid catalyzed closure of divinyl ketones to cyclopentenones under the influence of very strong acids such as sulfuric acid or phosphoric acid (Scheme 1). Modern variants of this reaction employ Lewis acids such as tin tetrachloride, boron trifluoride diethyletherate, aluminium chloride, or ferric chloride in chlorocarbon solvents.2
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Scheme 1


A wide variety of precursors which can transform to divinyl ketones or their functional equivalents under specific reaction conditions can be successfully employed in this reaction. It is this structural diversity of precursors that lends versatility to Nazarov reaction. A specific example involving a tetrahydropyran is shown below (Scheme 2).3
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Scheme 2

Both spectroscopic and stereochemical studies have established Nazarov cyclization as a pericyclic reaction belonging to the class of electrocyclizations, specifically the 4( electrocyclic closure of a 3-hydroxy pentadienylic cation.4 The intermediacy of carbocations in these reactions has been proved by the isolation of products derived from Wagner-Meerwein rearrangement. The relative configuration of the substituents on the newly formed bond of the five membered ring can be easily predicted from orbital symmetry rules governing electrocyclic reactions. This can be visualized in the reaction of bis-(1-cyclohexenyl) ketones under both thermal (con rotatory) and photochemical (dis rotatory) conditions.5 The newly formed double bond normally occupies the most substituted position obeying the Saytzeff rule (Scheme 3).
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Scheme 3

Nazarov reaction can be further classified into six categories depending on the structure of the precursors employed; a) cyclization of divinyl and allyl vinyl ketones, b) cyclization of silylated (stannylated) divinyl ketones, c) in situ generation/cyclization of divinyl ketones, d) solvolytic generation/cyclization of divinyl ketones or equivalents, e) reaction of alkyne-based precursors of divinyl ketones, f) coupling reactions to generate and cyclize divinyl ketones.
3.1a
Cyclization of divinyl and allyl vinyl ketones


The tautomeric divinyl and allyl vinyl ketones are equivalent precursors for acid promoted cyclizations (Scheme 4).6 Allyl vinyl ketones are produced by the mercuric ion catalyzed hydration of dienynes, the latter being prepared by the dehydration of vinyl acetylide adducts of ketones.
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Scheme 4


In another approach, monocyclic precursors were prepared by the acylation of cycloalkenyl silanes with the corresponding (,(-unsaturated acid chlorides (Scheme 5).7

[image: image6.wmf]M

e

S

i

M

e

3

M

e

C

l

M

e

O

A

l

C

l

3

M

e

O

O

M

e

M

e

+

1

2

1

3

1

4

1

5


Scheme 5
3.1b
Cyclization of silylated (stannylated) divinyl ketones


Denmark has demonstrated that the scope and synthetic utility of Nazarov reaction can be greatly enhanced by employing (-silyl or ((-silyl divinyl ketones as precursors.8 The strategic placement of a trialkylsilyl or stannyl group can control the collapse of the intermediate cyclopentenylic cation, thereby suppressing cationic rearrangements. An additional feature gained by this strategy is that the final position of the newly formed double bond in the cyclopentenone ring can be fixed. This is particularly significant in the preparation of simple cyclopentenones in which the double bond resides in the least substituted position (Scheme 6).
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Scheme 6


A wide range of Lewis acids can effectively promote the silicon directed Nazarov reaction, the most commonly used one is anhydrous iron (III) chloride at low temperatures (Scheme 7). Lewis acids such as boron trifluoride and zirconium tetrachloride were also found to be equally effective for this reaction.9
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Scheme 7

The use of tin derivatives in Nazarov cyclization has also been reported. Trialkyltin substituted divinyl ketones undergo cyclization in a similar fashion as the silyl substituted divinyl ketones in silicon directed Nazarov cyclization, and it is reported that these reactions are best promoted by boron trifluoride (Scheme 8).10
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Scheme 8

A wide range of substrates such as cyclic, acyclic, heterocyclic and unsaturated carbocyclic divinyl ketones can participate in silicon directed Nazarov cyclization.11 In all these, the newly formed double bond was found to be exclusively in the less substituted position. Two specific examples are shown in Scheme 9.
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Scheme 9


Cyclopentenone annulation with chiral substrates has been extensively studied and has been applied to the synthesis of linear and angular triquinanes (Scheme 10).11 
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Scheme 10
3.1c
In situ generation/cyclization of divinyl ketones 

(-Oxygenated enones are precursors of divinyl ketones. These compounds on treatment with acid at elevated temperatures afforded the cyclopentenone derivatives via the Nazarov cyclization albeit in low yields (Scheme 11).12
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Scheme 11


Similarly the double (-elimination of tetrahydro-4-pyranone 31 in presence of trimethylsilyl chloride or trimethylsilyl triflate afforded the corresponding cyclized product 2 (Scheme 12).13
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Scheme 12

The acid catalyzed rearrangement of (-vinyl cyclobutanones furnishes divinyl ketones. However, in presence of equivalent amount of acids, the reaction proceeds further to afford Nazarov products (Scheme 13).14
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Scheme 13
3.1d
Solvolytic generation/Cyclization of divinyl ketones or equivalents

Dihalo-homoallylic alcohols under strong acidic conditions transform to the 3-halo-pentadienylic cations, which undergo Nazarov cyclization affording cyclopentenone derivatives (Scheme 14).15
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Scheme 14

Similar intermediates can also be generated from substituted dihalocyclopropanes (Scheme 15).16
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Scheme 15

Peracid epoxidation of vinyl allenes bearing allenic substituents leads to the formation of cyclopentenones (Scheme 16).17Allenes lacking substituents afforded the epoxides exclusively.
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Scheme 16


Here the unproductive oxidation of the vinyl double bond can be suppressed by introducing hydroxyl substituents in the substrate, and this furnishes the cyclopentenones in good yields. The reaction presumably goes through a vinylallene oxide 42 (Scheme 17).18
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Scheme 17


The acid catalyzed rearrangement of 2-furyl alcohols, readily available from furfural by Grignard addition, constitutes a versatile synthesis of hydroxy cyclopentenones via the Nazarov cyclization (Scheme 18).19
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Scheme 18

3.1e
Reaction of Alkyne-based precursors of divinyl ketones

Ynediols obtained by the addition of propargylic alcohols and ethers to ketones, undergo acid catalyzed cyclization to afford cyclopentenones.20 The advantage of the method is that it works under  fairly mild conditions, and for many years this reaction constituted the method of choice for cyclopentenone annulation (Scheme 19).
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Scheme 19

3.1f
Coupling reactions to generate and cyclize divinyl ketones.

Earlier methods used under this category involved the Friedel-Crafts reaction of cycloalkenes with (,( -unsaturated acids (Scheme 20).21
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Scheme 20

Under these conditions, (,(-unsaturated esters undergo fragmentation and subsequent Friedel-Crafts reaction to generate divinyl ketones and the latter take the Nazarov route to afford cyclopentenone derivatives (Scheme 21).22
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Another method employed involves the use of acyl halides in coupling reactions to generate the divinyl ketones (Scheme 22).23
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Scheme 22


A significant improvement in the utility of this approach involved the use of vinyl silanes for the preparation of intermediate divinyl ketones   (Scheme 23).24
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Scheme 23

Substituted acryloyl chlorides in combination with cyclic vinyl silanes have also been used in Nazarov Cyclization (Scheme 24).7, 25
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Scheme 24
3.2
Interrupted Nazarov Reaction


Interrupted Nazarov reaction is a close variant of Nazarov cyclization, introduced by West in 1998.26 It is well known that Nazarov cyclization proceeds via oxyallyl intermediates. The central feature of this reaction is a carbon-carbon bond formation via the conrotatory electrocyclization of a pentadienylic cation and the creation of two new stereocenters. Some or all the stereochemical information is lost in the subsequent deprotonation or desilylation steps. In the interrupted Nazarov reaction, the stereochemical integrity is retained by trapping the oxyallyl zwitterion with pendant nucleophiles. In the initial report, West and coworkers have utilized the interrupted Nazarov reaction for the synthesis of functionalized polycyclic ring systems.26 The reaction involved the trapping of the Nazarov oxyallyl intermediate with an attached olefin moiety and this process efficiently transformed the acyclic, achiral trienones to diquinanes with six new stereocenters (Scheme 25).
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Scheme 25

A mechanistic rationale for this transformation is given in Scheme 26.
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Scheme 26

The “reductive” Nazarov reaction, another variant of interrupted Nazarov cyclization was reported by West and co-workers. The reaction involved the treatment of divinyl ketones with a reducing agent such as triethyl silane in the presence of a Lewis acid.27 The reaction is presumed to occur via the oxyallyl intermediate 67 which undergoes intermolecular hydride transfer and O-silylation to afford the products 68 and 69 (Scheme 27).
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Scheme 27

In related studies West has shown that the trienone 70, on treatment with BF3.OEt2 at -78 °C underwent an interrupted Nazarov reaction to afford the hydrindenone regioisomers 71 along with two other products 72 and 73 (Scheme 28).28
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Scheme 28

The initial event in this reaction is the interception of the oxyallyl intermediate with the pendant alkene to form a tertiary carbocation 74 which undergoes further rearrangements to afford all the three products as shown in the following scheme (Scheme 29).
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[image: image33.wmf]Scheme 29

In another study, West has demonstrated the formation of complex polycyclic ring systems bearing several stereocenters by the [4+3] trapping of the Nazarov oxyallyl intermediate with a suitable pendant diene moiety (Scheme 30).29
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Scheme 30

The same strategy has been elegantly applied to the diastereoselective synthesis of tetra- or pentacyclic ring systems from simple aryl trienone precursors (Scheme 31).30
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Scheme 31

Intermolecular trapping of the Nazarov oxyallyl intermediate with allyl silanes was also reported by West and co-workers.31 The reaction afforded the allylated cyclopentanone derivative 80 and a bicyclo[2.2.1]heptanone derivative 81, formed via the [3+2] addition of the oxyallyl cation and the alkene (Scheme 32).
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Scheme 32

Allyl silanes with bulkier substituents, however, afforded only the [3+2] adduct (Scheme 33).
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Scheme 33

Divinyl ketones with pendant aryl moieties have also been reported to undergo interrupted Nazarov reaction, thus offering a simple and efficient route to the diastereoselective synthesis of benzohydrindanes in high yields        (Scheme 34).32
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Scheme 34
3.3 
The Present Work

It is evident from the literature survey presented above that, the substrates which undergo interrupted Nazarov reaction include only the divinyl ketone derivatives. The participation of divinyl dihydrofurans in such interrupted Nazarov reactions has not been reported so far. Against this background, and with the reasonable assumption that a similar reaction will occur in the case of divinyl dihydrofuran derivatives, we undertook some investigations in this area and the results are presented in the following section.
3.4
Results and Discussion
3.4.1
Interrupted Nazarov Reaction of Divinyl Dihydrofurans


The divinyl dihydrofurans selected for our studies have been prepared by a multicomponent reaction of 1,4-dienones, DMAD and dimethoxycarbene which in turn is generated by the thermolysis of 2,2-dimethoxy (3_1,3,4-oxadiazoline, following the Warkentin prescription.33 (see Section 2.4.5 of Chapter 2 and Section 3.4.2 of this Chapter for the synthesis of various divinyl dihydrofurans).

Our studies were set in motion by exposing the divinyl dihydrofuran derivative 86 with a stoichiometric amount of BF3.OEt2 in dichloromethane. The reaction furnished a single bicyclic lactone 87, presumably resulting from an interrupted Nazarov reaction (Scheme 35).
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Scheme 35

The structure of the product 87 was ascertained by spectroscopic analysis. The IR spectrum showed characteristic absorption peaks at 1745 cm-1, 1738 cm-1 and 1728 cm-1 due to the lactone and ester carbonyls respectively. In the 1H NMR spectrum, the carbomethoxy groups were discernible as a sharp singlet at ( 3.91. the methine proton adjacent to the ring oxygen resonated as a triplet at  ( 3.88 (J = 8 Hz). The olefinic proton signal at C-5 appeared as a singlet at ( 6.82 while the C-7 proton resonated as a doublet at ( 5.02 (J = 8 Hz). The doublet at ( 5.91 (J = 8 Hz) was assigned to the C-6 proton. Aromatic protons were visible as a multiplet between ( 7.19 and ( 7.35. In the 13C NMR spectrum, the characteristic signal due to the lactone carbonyl was observed at ( 163.8 and the ester carbonyls provided peaks at ( 162.7 and (  160.3 The two benzylic carbons C-6 and C-7 resonated at ( 59.4 and ( 53.1 whereas the C-7 carbon was discernible at ( 87.0 All the other signals were also in good agreement with the proposed structure. The purity of the compound was attested by satisfactory microanalytical data. Final proof for the structure and stereochemistry of the product was obtained from single crystal X-ray analysis (Figure 1).
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Figure 1  X- Ray Crystal Structure of 87
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Figure 2  1H NMR Spectrum of 87
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Figure 3  13C NMR Spectrum of 87


To explore the scope and generality of the reaction, a variety of substituted divinyl ketones were subjected to the reaction under identical conditions. In all the cases, bicyclic lactones were obtained in moderate to excellent yields; the results are summarized in Table 1.                                           Since we are not observing a substantial difference in the product yields in this reaction as shown in Table 1, it may be concluded that the substituents on the aromatic ring do not play any significant role in the cyclization.
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Similar reaction occurred when SnCl4 was employed as the Lewis acid. When the reaction was carried out in the presence of Montmorillonite K-10 clay, a similar reaction occurred and the bicyclic lactone was obtained in excellent yield (Scheme 36).
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Scheme 36

A mechanistic rationale for this reaction is given in Scheme 37. Initial coordination of the Lewis acid to the dihydrofuran derivative 86 yields the diallyl cation which undergoes a facile 4( conrotatory electrocyclic closure resulting in a new C-C bond, two new stereocenters and an allyl cation. This allyl cation is trapped by the pendant orthoester borate, establishing a new C-O bond, and elimination of methanol from the intermediate delivers the bicyclic lactone 87.
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Scheme 37

Not surprisingly, the rearrangement reaction of distyrenyl dihydrofuran 102 with unsymmetrical substitution on the aromatic ring afforded an inseparable mixture of regioisomers 103 and 104 (Scheme 38).
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Scheme 38

The products 103 and 104 were characterized by spectroscopic methods. The IR spectrum displayed characteristic lactone and ester carbonyl vibrations at 1748 cm-1 and 1728 cm-1. In the 1H NMR spectrum, the methyl group was discernible at ( 2.31, while the carbomethoxy groups showed a sharp singlet at ( 3.90.The methine proton adjacent to the ring oxygen presented a multiplet between ( 3.46 and ( 3.53. Similarly the two benzylic protons also appeared as multiplets centered at ( 4.07 and ( 5.53. The olefinic proton was discernible as a multiplet between ( 6.80 and ( 6.83. In the 13C NMR spectrum, the characteristic lactone and ester carbonyl peaks were seen at ( 168.1, ( 162.9 and ( 161.9.

The dihydrofuran 105 with a non-styrenyl substituent also gave the corresponding bicyclic lactone albeit in very low yields. This may be attributed to the relative instability of the cationic intermediate formed in the reaction (Scheme 39).
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Scheme 39
3.4.2
Synthesis of Divinyl Dihydrofurans


The dihydrofurans which served as starting materials for our investigations were synthesized by the multicomponent reaction of a dienone, dimethyl acetylenedicarboxylate (DMAD) and dimethoxycarbene. In a pilot experiment, the dienone 108 was treated with DMAD and 2,2-dimethoxy (3_1,3,4-oxadiazoline in refluxing toluene under sealed tube conditions to afford the distyrenyl dihydrofuran derivative 86 in 91% yield (Scheme 40).
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Scheme 40

The structure of the product 86 was established by spectroscopic analysis. The IR spectrum showed lactone and carbonyl vibrations at 1735 cm-1 and 1728 cm-1 respectively. In the 1H NMR spectrum, the protons corresponding to the methoxy groups appeared as a sharp singlet at ( 3.56, while the peak corresponding to the carbomethoxy groups was discernible at ( 3.85. The olefinic protons provided two doublets centered at ( 6.53 (J = 16 Hz) and ( 7.26 (J = 16 Hz). The aromatic protons were visible as a multiplet between ( 7.56 and ( 6.96. The 13C NMR spectrum showed characteristic peaks corresponding to the two ester carbonyls at ( 162.3 and ( 161.8. The sp2 carbons attached to the two carbomethoxy groups resonated at ( 141.4 and            ( 135.3. The peak corresponding to the orthoester carbon was discernible at          ( 123.2 while the spiro carbon signal was seen at ( 87.8. All the other signals were also in good agreement with the assigned structure. Satisfactory HRMS data was also obtained for the compound.
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Figure 4  1H NMR Spectrum of 86
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Figure 5  13C NMR Spectrum of 86

The reaction was found to be applicable to a number of substituted divinyl ketones and the distyrenyl dihydrofurans were obtained in moderate to good yields (Table 2).
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The reaction was found to occur with an alkyl substituted dienone 119, but the dihydrofuran derivative 105 was obtained only in moderate yield (Scheme 41).
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Scheme 41

In conclusion, we have uncovered a facile method for the synthesis of highly substituted dihydrofuran derivatives and it has been shown that the latter undergo an interrupted Nazarov reaction in the presence of Lewis acids to afford cyclopentenolactone derivatives. It is worthy of mention that, the basic cyclopentenolactone moiety is a recurring structural motif in a number of biologically active monoterpenoids such as artemesia lactone, vulgaris lactone and ilexlactone. 
3.5
EXPERIMENTAL


General information about the experiments is given in Section 2.6 of Chapter 2.
Dimethyl trans-6,7-bis (2-chlorophenyl) 2,6,7,7a-tetrahydro-oxocyclopenta [b]pyran-3,4-dicarboxylate 87

A solution of the dihydrofuran derivative 86 (100 mg, 0.19 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (27 mg, 0.19 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded analytically pure bicyclic lactone 87 as a colorless crystalline solid (58 mg, 65%), m.p 189-190 °C (recrystallized from CH2Cl2-hexane).
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	IR (KBr) νmax: 3015, 2955, 2850, 1745, 1738, 1728, 1630, 1594, 1479, 1437, 1393, 1277, 1098, 1052, 993, 758, 703 cm-1. 

1H NMR: δ 7.35-7.19 (m, 8H), 6.82 (s, 1H), 5.91 (d, J = 8, 1H), 5.02 (d, J = 8, 1H), 3.91 (s, 6H), 3.88 (t, J = 8.3, 1H).
13C NMR: δ 163.8, 162.7, 160.3, 141.6, 138.1, 135.3, 134.6, 134.0, 133.7, 130.5, 130.3, 129.5, 129.0, 128.9, 128.7, 127.5, 127.0, 87.0, 59.4, 53.1, 52.9, 52.3.


Analysis calculated for C24H18Cl2O6: C, 60.90 H, 3.88; Found: C, 61.26 H, 3.93.
Crystal data for 87: C24H18Cl2O6 FW = 473.28. the crystal used for the X-ray study has the dimensions of 0.65 x 0.50 x 0.25 mm3. Monoclinic, space group P21/a. Unit cell dimensions: a = 14.338 (8) Å, α = 90°; b = 9.405 (6) Å, ( = 110.70 (3) °; c = 17.465 (8) Å, ( = 90°; Vol = 2925.51(6) Å3. Density (calcd.) = 1.427 mg/mm3. Absorption coefficient = 0.334 mm-1. R indicecs R1 = 0.0656, wR2 = 0.01214.
Dimethyl trans-6,7-bis (3-chlorophenyl) 2,6,7,7a-tetrahydro-oxocyclopenta [b]pyran-3,4-dicarboxylate 95

A solution of the dihydrofuran derivative 88 (100 mg, 0.19 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (27 mg, 0.19 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 95 as a yellow viscous liquid (58 mg, 65%).
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	IR (neat) νmax: 3015, 2953, 2854, 1740, 1730, 1715, 1632, 1595, 1570, 1440, 1280, 1096, 1046, 996, 891, 786, 696 cm-1.
1H NMR: δ 7.23-6.93 (m, 8H), 6.78 (s, 1H), 5.53 (d, J = 8.2, 1H), 4.05 (d, J = 8.7, 1H), 3.86 (s, 6H), 3.47 (t, J = 8.5, 1H).
13C NMR: δ 163.8, 162.7, 160.2, 142.3, 140.6, 139.6, 134.9, 130.2, 128.7, 128.1, 128.0, 127.7, 127.6, 126.3, 125.8, 87.9, 61.2, 56.5, 53.3, 53.1.


Dimethyl trans-6,7-bis (phenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran -3,4-dicarboxylate 96

A solution of the dihydrofuran derivative 89 (100 mg, 0.22 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (31 mg, 0.22 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 96 as a colorless viscous liquid (53 mg, 60%).
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	IR (neat) ν max: 3029, 2948, 2870, 1748, 1733, 1728, 1600, 1568, 1438, 1283, 1067, 990, 764, 703 cm-1.
1H NMR: δ 7.31-7.06 (m, 10H), 6.83 (t, J = 1.9, 1H), 5.58-5.54 (m, 1H), 4.14-4.06 (m, 1H), 3.89 (s, 6H), 3.54 (t, J = 8.5, 1H).
13C NMR: δ 164.0, 162.9, 160.5, 141.9, 140.5, 137.8, 135.5, 128.8, 128.7, 128.2, 127.8, 127.5, 127.5, 88.3, 61.6, 57.0, 53.1, 53.0


HRMS (EI) Calculated for C24H20O6 : 404.1260, Found: 404.1234.
Dimethyl trans-6,7-bis (4-methylphenyl) 2,6,7,7a-tetrahydro-oxocyclopenta [b]pyran-3,4-dicarboxylate 97

A solution of the dihydrofuran derivative 90 (100 mg, 0.20 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (29 mg, 0.20 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 97 as a colorless viscous liquid (71 mg, 81%).
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	IR (neat) νmax: 3036, 2969, 2921, 1748, 1721, 1715, 1640, 1526, 1452, 1276, 1216, 1108, 1061, 1000, 825, 737 cm-1.
1H NMR: δ 7.07-6.94 (m, 8H), 6.79 (t, J = 1.8, 1H), 5.49 (d, J = 8.2, 1H), 4.03 (d, J = 8.7, 1H), 3.87 (s, 6H), 3.46 (t, J = 8.5, 1H), 2.30 (s, 6H).
13C NMR: δ 163.9, 162.9, 160.4, 142.1, 137.7, 136.9, 135.6, 134.9, 129.7, 129.4, 129.3, 128.1, 127.6, 127.5, 127.4, 127.1, 88.3, 56.6, 52.7, 20.9. 


Dimethyl trans-6,7-bis (2-methylphenyl) 2,6,7,7a-tetrahydro-oxocyclopenta [b]pyran-3,4-dicarboxylate 98

A solution of the dihydrofuran derivative 91 (100 mg, 0.20 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (29 mg, 0.20 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 98 as a colorless crystalline solid (53 mg, 60%), m.p 63-64 °C (recrystallized from CH2Cl2-hexane).
	
[image: image57.wmf]O

C

O

2

M

e

M

e

O

2

C

O

H

M

e

M

e

9

8



	IR (KBr) νmax: 3035, 2961, 2860, 1755, 1728, 1715, 1640, 1594, 1451, 1283, 1101, 1060, 993, 764, 700cm-1.
1H NMR: δ 7.38-6.68 (m, 8H), 6.79 (s, 1H), 5.69 (d,  J = 8.1, 1H), 4.32 (d, J= 8.4, 1H), 3.90 (s, 6H), 3.98-3.86 (m, 1H), 1.81 (s, 3H),1.73 (s, 3H )
13C NMR: δ 164.0, 162.9, 160.9, 142.6, 139.5, 137.1, 136.8, 135.6, 128.5, 127.6, 127.4, 127.2, 127.1, 126.8, 126.3, 125.9, 89.1 57.9, 54.5, 53.1, 52.9, 19.4.


HRMS (EI) Calculated for C26H24O6: 432.1573, Found: 432.1603.
Dimethyl trans- 6, 7-bis (2-triflouromethylphenyl) 2, 6, 7, 7a-tetrahydro-oxocyclopenta[b]pyran-3, 4-dicarboxylate 99

A solution of the dihydrofuran derivative 92 (100 mg, 0.17 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (24 mg, 0.17 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 99 as a colorless crystalline solid (55 mg, 60%), m.p 221-222 °C (recrystallized from CH2Cl2-hexane).
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	IR (neat) νmax: 3015, 2948, 2921, 1748, 1731, 1707, 1626, 1526, 1451, 1310, 1107, 1047, 905, 777, 676 cm-1.
1H NMR: δ 7.64-7.26 (m, 8H), 6.69 (m, 1H), 5.66 (d, J = 7.3, 1H), 4.56 (m, 1H), 4.09 (t, J = 7.4, 1H), 3.90 (s, 6H).
13C NMR: δ 163.8, 162.7, 160.0, 141.2, 139.0, 132.5, 132.0, 130.2, 128.9, 128.5, 128.3, 127.6, 127.5, 126.0, 125.9, 125.6, 125.5, 125.4, 90.7, 56.8, 54.8, 53.3, 53.1.


HRMS (EI) Calculated for C26H18F6O6: 540.1026, Found: 540.1007.
Dimethyl trans-6,7-bis (3,4-dichloro-phenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate 100

A solution of the dihydrofuran derivative 93 (100 mg, 0.17 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (24 mg, 0.17 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 100 as a pale yellow viscous liquid (72 mg, 79%).
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	IR (neat) ν max: 3020, 2961, 2848, 1748, 1732, 1712, 1640, 1478, 1444, 1276, 1222, 1114, 1067, 1037, 838, 750 cm-1.
1H NMR: δ 7.39-6.89 (m, 6H), 6.76 (s, 1H), 5.51 (d, J = 8.2, 1H), 4.01 (d, J = 8.8, 1H), 3.90 (s, 6H), 3.41 (t, J = 8.5, 1H)
13C NMR: δ 163.6, 162.5, 159.9, 140.1, 139.8, 137.3, 134.7, 133.0, 132.1, 130.9, 130.8, 129.5, 129.3, 128.8, 127.3, 126.9, 87.5, 60.7, 55.7, 53.2, 53.0.


HRMS (EI) Calculated for C24H16Cl4O6 : 539.9701, Found: 539.9734.
Dimethyl trans-6,7-bis (3-methoxy-phenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate 101

A solution of the dihydrofuran derivative 94 (100 mg, 0.19 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (27 mg, 0.19 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded bicyclic lactone 101 as a yellow viscous liquid (52 mg, 60%).
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	IR (neat) νmax: 3016, 2955, 2847, 1748, 1735, 1715, 1620, 1587, 1499, 1452, 1270, 1169, 1067, 811, 710 cm-1.
1H NMR: δ 7.26-6.65 (m, 8H), 6.60 (s, 1H), 5.54 (d,  J = 8.2, 1H), 4.11-4.04 (m, 1H), 3.88 (s, 6H ), 3.73 (s, 6H), 3.50 (t, J = 8.4,1H).
13C NMR: δ 163.9, 162.9, 160.3, 159.9, 141.7, 142.1, 139.5, 135.5, 129.8, 129.7, 128.3, 127.8, 119.9, 113.8, 112.8, 88.2, 61.3, 56.9, 55.1, 55.0, 53.0, 52.8. 


Dimethyl trans-6-(phenyl)-7-(4-methylphenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate and Dimethyl trans-6-(4-methylphenyl)-7-(phenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate 103 and 104

A solution of the dihydrofuran derivative 102 (100 mg, 0.21 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (30 mg, 0.21 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded the bicyclic lactones 103 and 104 (inseparable mixture of regioisomers) as a colorless viscous liquid (57 mg, 65%, 1: 0.8).
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	IR (neat) ν max: 3023, 2961, 2870, 1748, 1728, 1640, 1606, 1594, 1485, 1438, 1397, 1283, 1094, 1060, 898, 804, 710 cm-1.
1H NMR: δ 7.88-6.95 (m, 9H), 6.83-6.80 (m, 1H), 5.56-5.51 (m, 1H), 4.09-4.05 (m, 1H), 3.90 (s, 6H), 3.53-3.46 (m, 1H), 2.31 (s, 3H ).
13C NMR: δ 168.1, 162.9, 161.9, 142.3, 142.0, 140.7, 137.9, 137.6, 137.1, 135.5, 129.5, 129.4, 128.8, 128.7, 128.3, 128.0, 127.8, 127.7, 127.6, 127.5, 127.4, 88.4, 88.3, 61.7, 61.4, 57.0, 56.7, 53.1, 53.0, 24.9, 21.1.


HRMS (EI) Calculated for C25H22O6 : 418.1416 Found: 418.1418.
Dimethyl trans-6-(methyl)-7-(4-phenyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate 106 and Dimethyl trans-6-(4-phenyl)-7-(methyl) 2,6,7,7a-tetrahydro-oxocyclopenta[b]pyran-3,4-dicarboxylate 107

A solution of the dihydrofuran derivative 105 (100 mg, 0.25 mmol) in 15 ml of dry CH2Cl2 was cooled to 0 °C and BF3.OEt2 (36 mg, 0.25 mmol) was added. After stirring for 3 h, the reaction mixture was passed through a short pad of silica. The solvent was removed and the residue on silica gel column chromatography using 70:30 hexane-ethyl acetate solvent mixture afforded the bicyclic lactones 106 and 107 (inseparable mixture of regioisomers) as a colorless viscous liquid (20 mg, 25%, 1: 3).
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	IR (neat) νmax: 3016, 2955, 2847, 1742, 1735, 1715, 1620, 1438, 1249, 1162, 1013, 811, 710 cm-1.
1H NMR: δ 7.47-7.26 (m, 5H), 6.25-6.23 (m, 1H), 5.37-5.30 (m, 1H), 4.61-4.56 (m, 1H), 3.86-3.83 (m, 1H), 3.77 (s, 3H), 3.73 (s, 3H), 1.33 (d, 3H, J = 6.5, 1H).
13C NMR: δ 170.0, 167.2, 166.0, 139.2, 138.6, 131.7, 128.8, 128.2, 122.2, 122.1, 122.0, 113.3, 95.3, 92.7, 92.3, 84.7, 83.7, 79.9, 56.4, 52.8, 52.7, 52.6, 20.9, 20.4.


Dimethyl 2,2-bis [2-(2-chlorophenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3, 4-furandicarboxylate 86

A mixture of dieneone 108 (100 mg, 0.33 mmol), DMAD 109 (70 mg, 0.49 mmol) and oxadiazoline 110 (106 mg, 0.65 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 86 (154 mg, 91%) as a pale yellow viscous liquid.
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	IR (neat) νmax: 3002, 2948, 2847, 1735, 1728, 1681, 1600, 1479, 1445, 1283, 1182, 1128, 1047, 980, 764, 697 cm-1.
1H NMR: δ 7.56-6.96 (m, 8H), 7.26 (d, J = 16, 2H), 6.53 (d, J = 16, 2H), 3.85 (s, 6H), 3.56 (s, 6H).
13C NMR: δ 162.3, 161.8, 141.4, 135.3, 134.5, 133.6, 130.1, 129.7, 129.0, 127.8, 127.1, 126.8, 123.2, 87.8, 52.7, 51.6.


HRMS (EI) Calculated for C26H24O7Cl2: 518.0899 Found: 518.0902.
Dimethyl 2,2-bis [2-(3-chlorophenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3, 4-furandicarboxylate 88

A mixture of dieneone 111 (100 mg, 0.33 mmol), DMAD 109 (70 mg, 0.49 mmol) and oxadiazoline 110 (106 mg, 0.65 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 88 (119 mg, 70%) as a pale yellow viscous liquid.
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	IR (neat) νmax: 3012, 2948, 2840, 1738, 1728, 1674, 1600, 1566, 1472, 1438, 1270, 1115, 980, 784, 683 cm-1.
1H NMR: δ 7.38-7.24 (m, 8H), 6.76 (d, J = 15.9, 2H), 6.53 (d, J = 15.9, 2H), 3.85 (s, 6H), 3.50 (s, 6H).
13C NMR: δ 162.4, 161.6, 141.0, 138.0, 135.5, 134.6, 130.4, 130.1, 129.8, 128.8, 128.4, 128.1, 126.7, 125.0, 123.1, 87.6, 52.8, 52.5, 51.4, 50.6.


HRMS (EI) Calculated for C26H24O7Cl2: 518.0899 Found: 518.0902.
Dimethyl 2,2-bis [2-(phenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3,4-furandicarboxylate 89

A mixture of dieneone 112 (100 mg, 0.42 mmol), DMAD 109 (90 mg, 0.63 mmol) and oxadiazoline 110 (134 mg, 0.84 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixtures to afford the dihydrofuran derivative 89 (71 mg, 73%) as a colorless viscous liquid.
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	IR (neat) νmax: 3110, 2915, 2847, 1735, 1728, 1681, 1600, 1452, 1270, 1121, 980, 764, 703 cm-1.
1H NMR: δ 7.41-7.21 (m, 10H), 6.82 (d, J = 16, 2H), 6.52 (d, J = 16, 2H), 3.81 (s, 6H), 3.51 (s, 6H).

13C NMR: δ 162.5, 161.8, 142.1, 136.2, 134.8, 131.7, 130.1, 128.5, 128.2, 128.1, 127.5, 126.8, 126.4, 123.0, 87.9, 52.7, 52.6, 51.4.


HRMS (EI) Calculated for C26H26O7 : 450.1678, Found: 450.1655.
Dimethyl 2,2-bis [2-(4-methylphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3, 4-furandicarboxylate 90

A mixture of dieneone 113 (100 mg, 0.38 mmol), DMAD 109 (81 mg, 0.57 mmol) and oxadiazoline 110 (121 mg, 0.76 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 90 (83 mg, 46%) as a colorless viscous liquid.
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	IR (neat) νmax: 3002, 2948, 2860, 1735, 1715, 1618, 1512, 1438, 1263, 1175, 1121, 987, 811, 663cm-1.
1H NMR: δ 7.30-7.10 (m, 10H), 6.80 (d, J = 16, 2H), 6.45 (d, J = 16, 2H), 3.85 (s, 3H), 3.81 (s, 3H), 3.49 (s, 6H), 2.34 (s, 6H). 

13C NMR: δ 162.5, 161.9, 142.6, 137.8, 134.6, 133.5, 132.8, 131.7, 130.1, 129.2, 126.8, 123.0, 88.1, 52.6, 51.4, 21.3.


Dimethyl 2,2-bis [2-(2-methylphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3, 4-furandicarboxylate 91

A mixture of dieneone 114 (100 mg, 0.38 mmol), DMAD 109 (81 mg, 0.57 mmol) and oxadiazoline 110 (121 mg, 0.76 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 91 (96 mg, 53%) as a colorless viscous liquid.

	
[image: image69.wmf]O

M

e

O

O

M

e

C

O

2

M

e

C

O

2

M

e

M

e

M

e

9

1



	IR (neat) νmax: 3022, 2955, 2853, 1741, 1721, 1687, 1444, 1269, 1181, 1121, 993, 960, 797, 753cm-1.
1H NMR: δ 7.45-7.13 (m, 8H), 7.09 (d, J = 15.9, 2H), 6.41 (d, J = 15.9, 2H), 3.83 (s, 6H), 3.37 (s, 6H), 2.01 (s, 6H).

13C NMR: δ 162.3, 161.9, 142.8, 135.6, 135.4, 134.2, 130.2, 129.6, 128.9, 127.9, 126.0, 125.8, 123.0, 88.2, 52.5, 51.3, 19.7.


HRMS (EI) Calculated for C28H30O7 : 478.1992, Found: 478.1978
Dimethyl 2,2-bis [2-(2-triflouromethylphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3, 4-furandicarboxylate 92

A mixture of dieneone 115 (100 mg, 0.27 mmol), DMAD 109 (57 mg, 0.40 mmol) and oxadiazoline 110 (86 mg, 0.54 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 92 (128 mg, 81%) as a colorless viscous liquid.
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	IR (neat) νmax: 3050, 2957, 2854, 1740, 1728, 1573, 1503, 1442, 1317, 1279, 1116, 981, 774 cm-1
1H NMR: δ 7.63-7.32 (m, 8H), 7.26 (d, J = 15.8, 2H), 6.53 (d, J = 15.8, 2H), 3.85 (s, 6H), 3.53 (s, 6H).
13C NMR: δ 162.2, 161.8, 141.1, 135.7, 135.4, 131.9, 131.7, 128.4, 128.0, 127.7, 127.6, 126.0, 125.8, 125.7, 125.7, 123.2, 122.3, 87.59, 52.6, 51.3.


HRMS (EI) Calculated for C28H24O7F6 : 586.1426 Found: 586.1377
Dimethyl 2,2-bis [2-(3,4-dichlorophenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3,4-furandicarboxylate 93

A mixture of dieneone 116 (100 mg, 0.27 mmol) DMAD 109 (57 mg, 0.40 mmol) and oxadiazoline 110 (86 mg, 0.54 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixtures to afford the dihydrofuran derivative 93 (122 mg, 77%) as a pale yellow viscous liquid.

	
[image: image71.wmf]O

M

e

O

O

M

e

C

O

2

M

e

C

O

2

M

e

C

l

C

l

C

l

C

l

9

3



	IR (neat) νmax: 3008, 2955, 2847, 1740, 1728, 1687, 1485, 1451, 1283, 1121, 1040, 993, 932, 797, 683 cm-1.
1H NMR: δ 7.47-7.21 (m, 6H), 6.73 (d, J = 15.9, 2H), 6.52 (d, J = 15.9, 2H), 3.86 (s, 6H), 3.50 (s, 6H).
13C NMR: δ 162.2, 161.4, 140.4, 136.1, 135.7, 132.7, 131.8, 130.4, 129.3, 129.1, 128.8, 128.4, 125.8, 123.1, 87.3, 52.7, 51.4.


HRMS (EI) Calculated for C26H22Cl4O7: 586.0120, Found: 586.0090.
Dimethyl 2,2-bis [2-(3-methoxyphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3,4-furandicarboxylate 94

A mixture of dieneone 117 (100 mg, 0.34 mmol), DMAD 109 (72 mg, 0.51 mmol) and oxadiazoline 110 (108 mg, 0.68 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 94 (71 mg, 41%) as a yellow viscous liquid.
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	IR (neat) νmax: 3008, 2961, 2847, 1741, 1721, 1680, 1163, 1586, 1451, 1175, 1128, 1053, 979, 929, 797, 710 cm-1.
1H NMR: δ 7.51-6.78 (m, 8H), 6.79 (d, J = 16, 2H), 6.50 (d, J = 16, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 3.80 (s, 6H), 3.50 (s, 6H).
13C NMR: δ 161.1, 159.7, 141.0, 137.6, 134.9, 131.7, 129.5, 127.7, 123.0, 119.4, 113.7, 112.1, 87.8, 55.1, 52.6, 51.3.


Dimethyl 2,2-phenyl [2-(4-methylphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3,4-furandicarboxylate 102

A mixture of dieneone 118 (100 mg, 0.40 mmol) DMAD 109 (85 mg, 0.60 mmol) and oxadiazoline 110 (128 mg, 0.80 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixture to afford the dihydrofuran derivative 102 (120 mg, 65%) as a pale yellow viscous liquid.
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	IR (neat) νmax: 3043, 2989, 2948, 1742, 1721, 1681, 1445, 1276, 1121,1034, 933, 825, 764 cm-1.
1H NMR: δ 7.40-7.08 (m, 8H), 6.85-6.76 (m, 2H), 6.76-6.43 (m, 2H), 3.83 (s, 3H), 3.80 (s, 3H), 3.26 (s, 6H), 2.31 (s, 3H).
13C NMR: δ 162.3, 161.7, 142.3, 137.8, 136.2, 134.6, 133.4, 131.6, 131.5, 129.1, 128.4, 127.5, 126.7, 126.6, 126.4, 122.9, 87.9, 52.4, 51.2, 21.1


Dimethyl 2,2-phenyl [2-(4-methylphenyl) ethenyl]-2,5-dihydro-5,5-dimethoxy-3,4-furandicarboxylate 105

A mixture of dieneone 119 (100 mg, 0.40 mmol), DMAD 109 (85 mg, 0.60 mmol) and oxadiazoline 110 (128 mg, 0.80 mmol) was refluxed in dry toluene in a sealed tube for 24 h. The solvent was removed under vacuum and the residue was subjected to chromatography on a silica gel column using 90:10 hexane-ethyl acetate solvent mixtures to afford the dihydrofuran derivative 105 (120 mg, 44%) as a pale yellow viscous liquid.
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	IR (neat) νmax: 3043, 2955, 2847, 1735, 1721, 1681, 1431, 1337, 1263, 1108, 1020, 973, 764 cm-1.
1H NMR: δ 7.45-7.27 (m, 5H), 6.36-6.21 (m, 2H), 5.64 (dd, J = 1.6, 15.1, 2H), 3.90 (s, 3H), 3.82 (s, 3H), 3.49 (s, 3H), 3.44 (s, 3H), 1.81 (dd, J = 6.6, 1.5, 3H).
13C NMR: δ 162.0, 160.9, 141.3, 134.7, 131.7, 130.3, 128.8, 128.3, 128.2, 127.6, 123.6, 123.1, 121.9, 88.3, 84.2, 81.9, 52.8, 52.4, 50.8, 20.0.
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