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Abstract—The thermal and Et,O-BF;-catalyzed Diels—Alder additions of 2,3-dimethylbutadiene and cyclopentadiene to (25,6.S5)-6-
acetoxymethyl-2-(2-propyloxy)-2 H-pyran-3(6 H)-one 1, derived from p-galactose, afforded the corresponding enantiomerically pure
tetrahydrobenzopyrones resulting from the addition of the diene to the o or B face of 1. The facial and endo—exo selectivities in the
formation of the adducts, and their yields, are influenced by the diene and the reaction conditions employed. In particular, low over-
all yields were obtained in the Lewis acid-promoted reactions. This was attributed to the presence of a Lewis base (an acetoxymethyl
group) in the pyranone 1. Therefore, (2R,6S5)-6-methyl-2-(2-propyloxy)-2 H-pyran-3(6H)-one 7, which possesses a C-6 methyl
substituent instead of an acetoxymethyl, was prepared from L-fucose and subjected to the Et,O-BFs-catalyzed addition of cyclopenta-
diene. As expected, a good yield (74%) of the corresponding Diels—Alder product was obtained, with excellent B- and endo-

diastereoselectivities.
Published by Elsevier Ltd.

1. Introduction

Sugar-derived dihydropyranones have been employed
for the synthesis of a variety of natural products and
asymmetric molecules, which display biological activ-
ity.! The usefulness of the dihydropyranones as versatile
building blocks relies on the reactivity of the o, -unsatu-
rated carbonyl system present in their molecules. In
addition, the stereocenters located in the pyranones
are able to induce stereocontrol in reactions applied to
the conjugated carbonyl group.'®™ For example,
Diels—Alder cycloadditions to pyranones such as 2-alk-
oxy-4-0-benzoyloxy-methyl-2 H-pyran-3(6 H)-ones (eno-
lones),? levoglucosenone,® and isolevoglucosenone,* led
stereoselectively to carbocyclic derivatives that carried
a number of stereogenic centers. Similarly, we have re-
cently described that 2-alkoxy-2H-pyran-3(6H)-ones,
obtained from pentoses,’ proved to be active dienophiles
in highly endo- and facial-diastereoselective [4+2]-cyclo-
additions with butadienes>® and cyclic dienes.®” The 6-
substituted analogues of these pyranones, synthesized
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from hexoses,® underwent addition reactions to their en-
one system with high stereoselectivity,” and have been
employed as chiral templates for the enantioselective
synthesis of natural products.'® We report herein the rel-
ative reactivity and level of stereocontrol of Diels—Alder
cycloadditions of 6-substituted 2-alkoxy-2H-pyran-
3(6H)-ones with dienes under thermal and Lewis acid-
promoted conditions.

2. Results and discussion

The dihydropyranone 1 [(2S,6S5)-6-acetoxymethyl-2-(2-
propyloxy)-2 H-pyran-3(6 H)-one] was readily synthe-
sized from penta-O-acetyl-D-galactose, via the per-O-
acetyl-2-acetoxy-p-galactal. This compound underwent
a double allylic rearrangement during the glycosylation
catalyzed by a Lewis acid,?® to afford 1. The Diels—Alder
reaction of 1 with an excess of butadiene under thermal
conditions (toluene, 140°C for 110h) showed by TLC
the formation of two products and starting material
remaining (Scheme 1). The mixture was separated by
flash chromatography, with the less polar adduct readily
isolated and characterized as (1S,35,4aS,8aR)-1-acet-
oxymethyl-6,7-dimethyl-3-(2-propyloxy)-4a,5,8,8a-tetra-
hydro-1H-2-benzopyran-4(3H)-one 2 on the basis of its
NMR data and by comparison with the spectra of the
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Scheme 1.

adducts of 6-unsubstituted dihydropyranones.® Thus,
the value of the coupling constant between H-4a and
H-8a (J4,.3. = 5.3Hz) was consistent with a gauche qua-
siaxial-equatorial disposition for those protons, and the
small value for J; g, (1.8 Hz) agreed with a gauche axial-
equatorial orientation for H-1 and H-8a. The relative
configurations for the stereocenters of 2 indicated that
the cyclohexene ring was cis-fused to the B-face of the
pyranone. This arrangement results from the attack of
the diene from the face!! (opposite to the C-2 isopropyl-
oxy group) of the dihydropyranone. The other adduct 3
could not be obtained pure since during the chromato-
graphy, it partly converted into an even more polar
product. After an additional chromatographic purifica-
tion this adduct was identified as 4. The spectral data
suggested that the primary adduct 3 (which showed
J1a8a = 5.6Hz and J; 5, = 9.8 Hz) was formed by attack
of the diene from the o face of the dienophile 1 and
underwent further isomerization at C-4a to give 4. The
'"H NMR spectrum of 4 exhibited large values for J; g,
(9.6Hz) and J4 8, (11.3Hz), indicative of an anti-diaxial
disposition of H-8a with respect to H-1 and H-4a.

Furthermore, the NOESY spectra of 2 and 4 showed a
cross-peak between H-1 and H-4a in agreement with
their 1,3-diaxial orientation in the distorted chair con-
formation of the pyranone ring. This result confirms
that 2 and 4 have the same configuration at C-4a.

The isomerization of 3 is probable because of the pres-
ence of a hydrogen atom (H-4a) in the carbon vicinal
to the carbonyl group. Analogous isomerizations have
been reported for Diels—Alder adducts of conjugated
cyclohexenones!'? and of 2-alkoxy-2H-pyran-3(6H)-
ones.’ In order to confirm this result, we explored the
tendency of 3 to isomerize under base-catalyzed condi-
tions, where the keto-enol equilibrium is favorable. In
fact, the isomerization of 3 to 4 was observed when 3
was treated with a 1,8-diazabicyclo-[5.4.0Jundec-7-ene
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(DBU) solution. It is noteworthy that 3 can isomerize
to 4 without a substantial change of the conformation
of the pyranoid ring, and that such a transformation
would eliminate the 1,3-diaxial interaction between the
alkoxy group at C-3 and C-5 of the cyclohexene ring
present in 3.

The thermal cycloaddition of 2,3-dimethylbutadiene to 1
gave a low isolated yield of adducts (25%) while the
remaining starting pyranone (42%) was recovered (yield
of cycloadducts 43%, based on unrecovered 1). The
addition took place with poor B/a facial diastereoselecti-
vity (~1:1) (Table 1). The same reaction promoted by
Et,0-BF3, under optimized conditions, also led to low
yield of adducts (9%; or 26% based on unrecovered 1)
but in turn, the facial selectivity was higher (8:1 B/a
ratio). On the other hand, the thermal promoted
Diels—Alder reaction of 1 with the more reactive cyclo-
pentadiene led to moderate yields of products (61%),
whereas, the optimized Et,O-BF;-promoted reactions
afforded lower yields (36%) of adducts and large
amounts (~50%) of unreacted starting material being
recovered.

These results show that the C-6 substituted 2-alkoxy-
2H-pyran-3(6H)-one 1 underwent a much smaller con-
version into cycloadducts than their 6-unsubstituted
analogues,>’ even for longer reaction times. The lower
dienophilic reactivity may be attributed to the presence
of the trans-disposed substituents at C-2 and C-6 of
the ring, which would hinder the approach of the diene
from both faces of the dihydropyranone. Probably for
this reason the thermal cycloaddition of 2,3-dimethyl-
butadiene to 1 showed no facial diastereoselection,
affording adducts 2 and 3 in a ~1:1 ratio. In contrast,
as observed for enolones,” the same reaction catalyzed
by the Lewis acid was highly diastercoselective, while
the addition took place from the side of the pyranone
opposite to the alkoxy substituent.
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Table 1. Facial selectivities of Diels—Alder reactions of 1 and 7 with dienes under thermal and Lewis acids catalyzed conditions

Dienophile Diene Catalyst Temperature Time Yield® Recovered® Dr® Dr®

(molequiv) (molequiv) (°O) (h) (%) 1 or7 (%) Blo endolexo

1 2,3-Dimethylbutadiene (3.6) 140 110 25°¢ 42 1:14

1 2,3-Dimethylbutadiene (2.2) Et,O-BF; (1.0) —18 3 9¢ 65 8:1¢

1 Cyclopentadiene (4.3) 140 110 61 16 >15:1 5:1

1 Cyclopentadiene (1.9) Et,O'BF; (1.0) —18 1 36 50 B¢ 21:1

7 Cyclopentadiene (1.9) Et,O'BF; (1.0) —18 1 74 17 i >25:1

?Yield of adducts or starting material recovered, after flash chromatography.

®The diastereomeric ratio (dr) was calculated from the "H NMR spectrum of the crude reaction mixture.

°Yield of adducts 2 and 4 after treatment with DBU of the reaction mixture and isolation by flash chromatography.
d Calculated from the '"H NMR signals of the crude reaction mixture previously treated with DBU.

¢The formation of the a-adduct was negligible.

The diastereoselectivity was also influenced by the diene
employed. Thus, both thermal and Et,O-BF;-catalyzed
Dicls—Alder reaction of cyclopentadiene with 1 were
highly diastereofacial selective, as only the B-adducts 5
and 6 could be isolated (the formation of a-adducts
was negligible). The alkoxy substituent of 1, seems to
induce the approach of cyclopentadiene from the other
side of the ring. Furthermore, as expected, the cyclo-
additions were also endo-diastereoselective in favor of
endo adduct 5, as predicted by the Alder endo rule.'

For the Et,O-BFs;-promoted cycloadditions of 2,3-
dimethylbutadiene and cyclopentadiene to 1, it was sur-
prising to find much lower yields of cycloadducts, when
compared with those observed for the pyranones not
substituted at C-6. The less favorable conversion of 1
into adducts may be attributed to the basic acetate of
the acetoxymethyl group at C-6, which may compete
with the C-3 carbonyl group in the coordination to the
Lewis acid.'* Such a competitive complexation would
decrease the catalytic effect of the Lewis acid. To sup-
port this hypothesis, 'H NMR experiments'# were con-
ducted in order to establish the coordination sites of 1.
In contrast with the behavior shown by the 6-unsubsti-
tuted analogues of 1,° the chemical shifts of the signals
in the '"H NMR spectrum of this compound were just
slightly affected by the presence of increasing amounts
of Et,O-BF;. The addition of other Lewis acids, such
as SnCly (~1equiv) to a solution of 1 in CDCl;, also
produce a smaller effect in the deshielding of the H-5 sig-
nal (0.11ppm), when compared with that of the 6-
unsubstituted analogue (0.32ppm). Interestingly, in this
case, as expected for the coordination of the acetate car-
bonyl group with the Lewis acid, the signal of the methyl
group of the acetyl function showed the same downfield
shifting as observed for H-5. The magnitude of the
deshielding of the H-f in an o,B-unsaturated complexed
carbonyl is usually related to the acidity of the Lewis
acid,'* and hence with its catalytic activity.'> However,
the more acidic SnCly (compared with Et,0O-BF3) induce
competitive polymerizations precluding the formation
of adducts,® as happened with the SnCl,-promoted
cycloadditions of 1. Finally, to confirm the influence
of the acetoxy group of 1 on its reactivity as dienophile,
we prepared dihydropyranone 7 from L-fucose.®® Com-
pared with 1, pyranone 7 lacks the acetyloxy group
located in the methyl substituent at C-6. Compound 7
was subjected to the Et,O-BFs-promoted cycloaddition

with cyclopentadiene, under identical conditions to
those employed for 1 (Scheme 2). The higher yield
(74%) obtained for endo-adduct 8 seems to confirm that
the acetoxy group of the C-6 substituent of 1 is respon-
sible for the smaller conversion into cycloadducts of this
pyranone, with respect to that of 7, under Lewis acid
catalysis.
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Scheme 2.

The structures of cycloadducts 5, 6, and 8 were deter-
mined on the basis of their NMR spectra as well as by
2D COSY and NOESY NMR experiments. The o/f
and endolexo assignments were aided by NMR data
reported for the adducts of their 6-unsubstituted analo-
gues,>’ 2-cyclohexenones,'®!” and enolones.> For the
norbornene system of such cycloadducts, the large
J1asa (8.4-9.1Hz) and the relatively small J;g, (4.2—
4.5Hz) values are in agreement with the geometry result-
ing from the B-addition of the diene. Furthermore, com-
pounds 5 and 8 showed larger chemical shift differences
between H-6 and H-7 compared with that of 6, while the
protons of the fused rings (H-4a and H-8a) appeared
more deshielded in 5 and 8 than in 6. These spectral data
are consistent with an exo arrangement in 6 and an endo
in 5 and 8, as reported for analogous systems.>’ The
structural assignments were confirmed by means of
NOESY experiments. Thus, for cycloadduct 5, the
cross-peak between H-1 and H-4a was indicative of
the relative configuration of C-4a, while the cross-peaks
between H-4a-H-9’ and H-8a-H-9' were in agreement
with the endo configuration proposed for this isomer.

3. Conclusion
In summary, 6-substituted 2-alkoxy-2H-pyran-3(6H)-

ones exhibited a lower dienophilic activity than their
6-unsubstituted counterparts. The stereochemical course
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of thermal and Lewis acid-promoted Diels—-Alder cyclo-
additions of the former is influenced by the nature of the
6-substituent and the reactivity of the diene. The
Et,O-BF3-promoted cycloadditions are highly facial-
and endo-diastereoselective and provide a straightfor-
ward access to enantiomerically pure carbocycles that
possess a number of stereocenters generated under
stereocontrol. In fact, enantiomerically pure Diels—
Alder adducts have found applications to elegant total
synthesis of many complex natural products.'®!°

4. Experimental
4.1. General methods

Melting points were determined with a Fisher—Johns
apparatus and are uncorrected. Analytical thin-layer
chromatography (TLC) was performed on silica gel 60
Fys4 (E. Merck) aluminum-supported plates (layer
thickness 0.2mm). Visualization of the spots was
effected by exposure to UV light or by charring with a
solution of 5% (v/v) sulfuric acid in EtOH, containing
0.5% p-anisaldehyde. Column chromatography was car-
ried out with silica gel 60 (230-400mesh, E. Merck).
Optical rotations were measured with a Perkin—Elmer
343 digital polarimeter at 25°C. Nuclear magnetic reso-
nance (NMR) spectra were recorded with a Bruker
AMX 500 or a Bruker AC 200 instruments, in CDCl;
solutions (tetramethylsilane as internal standard). For
full assignments, 2D COSY experiments were con-
ducted, and for the *C NMR spectra, DEPT techniques
were employed.

4.2. Adducts of (25,65)-6-acetoxymethyl-2-(2-propyl-
oxy)-2H-pyran-3(6 H)-one 1 with 2,3-dimethylbutadiene:
synthesis of (1.5,35,4a5,8aR)-1-acetoxymethyl-6,7-
dimethyl-3-(2-propyloxy)-4a,5,8,8a-tetrahydro-1H-2-
benzopyran-4(3H)-one 2 and (15,35,4aS5,8aS)-1-acet-
oxymethyl-6,7-dimethyl-3-(2-propyloxy)-4a,5,8,8a-tetra-
hydro-1H-2-benzopyran-4(3H)-one 4

4.2.1. Thermal cycloaddition procedure. A mixture of 1
(312mg, 1.37mmol), hydroquinone (4mg) and toluene
(0.2mL), was placed in a thick-walled glass tube and
2,3-dimethylbutadiene (402mg, 4.89 mmol) added. The
glass tube was flushed with dry argon, sealed, and
heated to 140°C for 110h. The reaction mixture showed
by TLC (3:1 hexane—EtOAc) three main spots having Ry
values 0.44, 0.42, and 0.33. The faster moving compo-
nent (Rr 0.44) was readily isolated by flash chromatogra-
phy (17:1 hexane-EtOAc), but the other two products
could not be separated. Therefore, the procedure de-
scribed above was repeated and the reaction mixture
thus obtained after heating was concentrated and treat-
ed with 1,8-diazabycyclo[5.4.0Jundec-7-ene (DBU, two
drops) in anhydrous CH,Cl, (4mL) over molecular
sieves beads (3A), as it was proven that 3 isomerizes
to 4 under these conditions (see below). After stirring
at room temperature for 40min, the mixture was neu-
tralized with glacial acetic acid and concentrated. The
residue was purified by flash chromatography (17:1 hex-
ane-EtOAc) to afford the faster moving product (R

0.44) identified as 2 (50.5mg, 11.9%); mp 47°C;
[o]p = —9.8 (¢ 1.0, CHCI3); "H NMR (500 MHz, CDCl;)
6 4.71 (br s, 1H, H-3), 4.69 (ddd, 1H, J;5,=1.8,
J1’9 = 56, J1‘9/ =73 HZ, H-l), 4.18 (dd, IH,
Joo = 11.4Hz, H-9), 4.15 (dd, 1H, H-9’), 4.00 (septet,
1H, J=6.2Hz, (CH;),CHO), 3.24 (br dd, 1H,
J4a,5 < 10, J4a,5’ = 63, J4a,8a =5.3Hz, H-4a), 2.47 (bI'
d, 1H, Jss=174Hz, H-5), 242 (dddd, 1H,
Jssa = 11.3, Jg g, = 5.7Hz, H-8a), 2.08 (s, 3, CH5CO
overlapped with br t, 1H, H-8), 1.97 (br d, 1H, H-5"),
1.73 (br dd, 1H, Jgg = 17.2Hz, H-8'), 1.64, 1.57 (2br
s, 6H, 2CH3), 129, 1.17 (2d, 6H, J=6.2Hz,
(CH;),CHO); *C NMR (125MHz, CDCl;) § 202.9
(C-4), 170.7 (CH3CO), 123.4, 122.5 (C-6,7), 98.3 (C-3),
71.3 ((CH3),CHO), 69.5 (C-1), 64.1 (C-9), 43.5 (C-4a),
39.2 (C-8a), 284 (C-5), 27.2 (C-8), 234, 219
((CH3),CHO), 20.8 (CH3CO), 19.3, 18.8 (2 CH3). Anal.
Calcd for C7H»605: C, 65.78; H, 8.44. Found: C, 66.07;
H, 8.47.

From next fractions of the column was isolated the
cycloadduct having R; 0.42, which was characterized
as 4 (47.1mg, 11.1%); [o]p = +179.7 (¢ 1.1, CHCl3); 'H
NMR (500 MHz, CDCls) ¢ 4.81 (s, 1H, H-3), 4.32 (dd,
1H, J19=2.0, Joo =11.7Hz, H-9), 4.22 (ddd, 1H,
Ji9 =57, Jiga=9.6Hz, H-1), 4.16 (dd, 1H, H-9'),
4.01 (septet, 1H, J=06.2Hz, (CH3),CHO), 2.78 (td,
1H, J4a,5’ = 50, J4a,5 ~ J4a,8a = 11.3Hz, H-4a), 2.23-
1.90 (m, 5H, H-5,5,8,8,8a), 2.09 (s, 3H, CH;CO),
1.65, 1.61 (2s, 6H, 2CH), 1.28, 1.18 (2d, 6H,
(CH5),CHO); *C NMR (50MHz, CDCl;) § 203.1 (C-
4), 171.0 (CH3CO), 124.7, 123.1 (C-6,7), 98.4 (C-3),
714, 71.3 (C-1, (CH;),CHO), 63.8 (C-9), 44.4, 41.6
(C-4a,8a), 34.4, 29.4 (C-5,8), 23.3, 21.8 ((CH3),CHO),
20.8 (CH3CO), 19.0, 18.7 (2CHj3). Anal. Calcd
for C17H,60s5: C, 65.78; H, 8.44. Found: C, 65.39; H,
8.57.

4.2.2. Et,O-BF;-promoted cycloaddition. A solution of
1 (409mg, 1.79 mmol) in dry toluene (4.5mL) was cooled
to —18°C and Et,O-BF3; (230uL, 1.83mmol) added
under argon. The vial was sealed and the mixture stirred
at —18°C for 15min, after which 2,3-dimethylbutadiene
(317mg, 3.86mmol) dissolved in toluene (2.5mL) was
injected. The stirring was continued at the same temper-
ature for 2.5h, and then the mixture diluted with Et,O,
washed with saturated aqueous NaHCOj solution, dried
over MgSQOy, and concentrated. The residue was treated
with DBU as described for the thermal procedure, and
purified by flash chromatography to afford 2 (44.5mg,
8.0%) and 4 (5.6mg, 1.0%). Compounds 2 and 4 showed
the same spectral data as the respective products ob-
tained in the thermal cycloaddition.

4.2.3. Isomerization of 3 to 4. Compound 3 (210mg,
0.68mmol, somewhat contaminated with 4) was dis-
solved in chloroform (3mL) and treated with DBU
(0.1mL) at room temperature. Monitoring of the reac-
tion mixture by TLC showed the gradual disappearance
of 3 and intensification of the spot having the same
mobility as 4 (complete conversion after 0.5h). The pat-
tern of signals in the '>C NMR spectrum of the crude
reaction mixture exactly overlapped with that of 4.
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4.2.4. Complexation of 1 with Lewis acids: '"H NMR
experiments. An NMR tube containing a solution of
compound 1 (~10mg) in CDCl; (0.6mL) was cooled
to —78°C and an increasing amount of the Lewis acid
added (molar ratio of Lewis acid: 1 from 0.1:1 to 1:1).
After the addition, the "H NMR spectrum was immedi-
ately recorded. Dihydropyranone 1 proved to be stable
in the solution with the Lewis acid for longer times than
those required for the acquisition of the spectrum.

4.3. Adducts of 1 with cyclopentadiene: synthesis of
(15,35.,4aS5,5R,85,8a R)-1-acetoxymethyl-3-(2-propyloxy)-
4a,5,8,8a-tetrahydro-5,8-methano-1H-2-benzopyran-
4(3H)-one 5 and (15,35,4aS5,55,8R,8aR)-1-acetoxy-
methyl-3-(2-propyloxy)-4a,5,8,8a-tetrahydro-5,8-meth-
ano-1H-2-benzopyran-4(3H)-one 6

4.3.1. Thermal cycloaddition procedure. A mixture of 1
(166.4mg, 0.73mmol), hydroquinone (4mg), and tolu-
ene (0.1mL), was placed in a thick walled glass tube
and cyclopentadiene (208 mg, 3.15mmol), freshly dis-
tilled from the commercial dimer,?° added. The glass
tube was flushed with dry argon, sealed and heated at
140°C for 110h. The reaction mixture was then concen-
trated and subjected to chromatography (17:1 hexane—
EtOAc). The less polar adduct (R, 0.48, 2.5:1 hexane—
EtOAc) was spectroscopically characterized as 6
(22mg, 10%), '"H NMR (500 MHz, CDCl3) § 6.26 (br
t, 2H, Js6 ~ J75 = 1.8 Hz, H-6,7), 4.75 (br s, 1H, H-3),
4.65 (ddd, 1H, J1,8a =42, Jl,lO =44, Jl,lO’ =7.7Hz,
H-1), 4.37 (dd, 1H, Jy0,100 = 11.6Hz, H-10), 4.35 (dd,
1H, H-10’), 4.04 (septet, 1H, J = 6.2Hz, (CH3),CHO),
3.20, 293 (2m, 2H, H-5,8), 2.36 (br d, IH,
Jaasa = 8.4Hz, H-4a), 2.11 (s, 3H, CH5CO), 1.79 (ddd,
1H, Jgs, = 1.7Hz, H-8a), 1.67 (br d, 1H, Joo =9.1Hz,
H-9), 1.55 (br d, 1H, H-9"), 1.27, 1.23 (2 d, 6H,
(CH5),CHO); '*C NMR (125MHz, CDCl;) & 205.9
(C-4), 170.8 (CH3CO), 139.2, 137.3 (C-6,7), 95.9 (C-3),
70.6 ((CH3),CHO), 67.1, 65.2 (C-1,10), 49.3, 47.7,
45.0, 42.5, 38.2 (C-4a,5,8,8a,9), 23.1, 21.3, 20.8 (3CH3).

From the next fractions of the column (R; 0.41, 2.5:1
hexane-EtOAc) was isolated S (109mg, 51%);
[]p = +58.7 (¢ 1.0, CHCly); '"H NMR (500 MHz,
CDCl3) 6 6.19, 598 (2 dd, 2H, Jsc=J7;5=28,
J6,7 =57 HZ, H-6,7), 4.57 (ddd, lH, J1,8a = 43,
J110=4.0, J1 100 = 8.4Hz, H-1), 441 (s, 1H, H-3), 4.34
(dd, 1H, Jyo.10 = 11.6Hz, H-10), 4.17 (dd, 1H, H-10"),
3.93 (septet, 1H, J=6.2Hz, (CH;),CHO), 3.35 (m,
1H, J4,5=4.5, Js9~18Hz, H-5), 3.05 (ddd, 1H,
Jaasa = 9.1Hz, H-4a), 3.02 (br s, 1H, H-8), 2.54 (ddd,
1H, Jss, =3.2Hz, H-8a), 2.10 (s, 3H, CH3CO), 1.48
(dt, 1, J5,9 ~ J8,9 ~ 1.0, J9’9f =8.5 HZ, H—9), 1.32 (bI‘ d,
1H, H-9"), 1.23, 1.18 (2d, 6H, (CH;),CHO); '*C NMR
(50MHz, CDCl;) o 204.8 (C-4), 170.8 (CH3CO),
135.6, 134.1 (C-6,7), 95.7 (C-3), 70.4 ((CH3),CHO),
65.3 (C-1), 65.0 (C-10), 49.8 (C-9), 47.8 (x 2) (C-4a,8a),
44.2, 38.6 (C-5,8), 23.1, 21.3, 20.8 (3CH3). Anal. Calcd
for C1sH»,05: C, 65.29; H, 7.53. Found: C, 65.50; H,
7.63.

4.3.2. Et,O-BF;-promoted cycloaddition. A solution of
1 271mg, 1.19mmol) in dry toluene (4mL) was cooled

to —18°C and Et,O'BF; (190 uL, 1.19 mmol) then added
under argon. The vial was sealed and the mixture stirred
at —18°C for 15min, after which freshly distilled cyclo-
pentadiene®® (146 mg, 2.21 mmol) dissolved in toluene
(ImL) was injected. After stirring at —18°C for 1h,
the mixture was diluted with Et,O, washed with satu-
rated aqueous NaHCOs, dried over MgSO,4 and concen-
trated. The residue was purified by flash
chromatography to afford 5 (120.1mg, 34.4%) and 6
(5.7mg, 1.6%).

4.4. Cycloaddition of (2R,6.S)-6-methyl-2-(2-propyloxy)-
2H-pyran-3(6 H)-one 7 with cyclopentadiene: synthesis of
(1S,3R4aR,5S5,8R,8aS)-1-methyl-3-(2-propyloxy)-
4a,5,8,8a-tetrahydro-5,8-methano-1 H-2-benzopyran-
4(3H)- one 8

The Et,O-BF3-promoted cycloaddition of cyclopenta-
diene to 7 (200mg, 0.85mmol) under the conditions de-
scribed above, afforded 8 (206 mg, 74%); [¢]p = —86.5 (¢
1.0, CHCl;); '"H NMR (500MHz, CDCl3) 6.22, 5.95
(2dd, 2H, Jsg~ J78~2.9, Jo7=>5.6Hz, H-6,7), 4.46
(dq, 1H, Jyi g, =4.5, Ji10 = 6.5Hz, H-1), 435 (s, 1H,
H-3), 3.89 (septet, 1H, J=6.1Hz, (CH;),CHO), 3.33
(m, 1H, H-5), 3.09 (br s, 1H, H-8), 3.00 (ddd, 1H,
J1a5=4.6, J4a8.=9.0, J=1.1Hz, H-4a), 2.46 (ddd,
1H, Jgs.=3.2Hz, H-8a), 1.44  (dt, 1H,
J5’9NJ379N2.9, J9,9/:8.5HZ, H-9), 1.31 (d, 3H, H-
10), 1.30 (m, I1H, H-9), 120, 1.16 (2d, 6H,
(CH5),CHO); *C NMR (125MHz, CDCls) & 205.8
(C4), 136.0, 1337 (C-6,7), 96.2 (C-3), 70.3
((CH3),CHO), 63.1 (C-1), 49.5, 48.2, 479, 44.2, 42.4
(C-4a,5,8,8a,9), 23.3, 21.5, 18.8 (3CHj3). Anal. Calcd
for C4H,(O5: C, 71.16; H, 8.53. Found: C, 71.35; H,
8.80.
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