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Abstract—The influence of such Lewis acids as Et2O·BF3, ZnCl2, SnCl4 and TiCl4 on the stereochemical course of the Diels–Alder
cycloadditions of sugar-derived (2S)-alkoxydihydropyranones was studied. The first two catalysts promoted the addition of dienes
to give (3S,4aR,8aS)-3-alkoxy-4a,5,8,8a-tetrahydro-2-benzopyran-4-ones, and their concentration had almost no effect on the
stereochemistry of the reaction. In contrast, the concentration of SnCl4 and TiCl4 had a remarkable influence on the selectivity,
and even facial stereoselection reversal has been observed. These results may be ascribed to chelate complexation of the Lewis acid
with the carbonyl and the vicinal alkoxy group of the dihydropyranone. © 2003 Elsevier Science Ltd. All rights reserved.

The influence of Lewis acid catalysts on the rates and
both regiochemical and stereochemical selectivities of
Diels–Alder reactions have been much exploited in
synthesis.1 In general, cycloadditions catalyzed by
Lewis acids proceed at significantly lower temperatures
and with higher selectivities than their uncatalyzed
counterparts.1,2 Theoretical studies have provided some
insight into the mechanism of the Diels–Alder
cycloadditions3 and into the structures of the Lewis

acid–carbonyl complexes involved in such reactions.4

Lewis acids that possess two empty sites of coordina-
tion (SnCl4, TiCl4) usually form chelates when a second
basic site is present in the carbonyl ligand.5 In contrast,
boron-centered Lewis acids are incapable of chela-
tion.5,6 The ‘chelation control’ model has been
employed to justify the diastereofacial selectivity in
additions to chiral carbonyl and conjugated carbonyl
systems.1,2,5,7

Scheme 1.
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We have recently described a convenient procedure for
the synthesis of sugar-derived chiral dihydropyranones,
which have proved to be reactive dienophiles in Diels–
Alder reactions.8,9 Such cycloadditions led to optically
active adducts with high facial- and endo-diastereoselec-
tivities. These dihydropyranones possess a second basic
site, an alkoxy group, vicinal to the carbonyl ligand.
Therefore, we report here the effect of chelate forming
Lewis acids (SnCl4, TiCl4) on the stereochemical course
of the cycloaddition.

Boron trifluoride etherate promotes efficiently the
Diels–Alder addition of butadienes8 and cyclic dienes9

to such dihydropyranones as 1a (Scheme 1). Thus,
under optimized conditions (1 molar equivalent of
Et2O·BF3, −18°C, 15 min) the reaction of (2S)-2-benzyl-
oxy-2H-pyran-3(6H)-one (1a) with 2,3-dimethylbutadi-
ene afforded a 98:2 ratio of (3S,4aR,8aS)- (2a) and
(3S,4aS,8aR)-3-benzyloxy-6,7-dimethyl-4a,5,8,8a-tetra-
hydro-1H-2-benzopyran-4(3H)-one (3a), named,
respectively, as � (2a) and � (3a) adducts.10 Similarly,
the cycloaddition of 1a with cyclopentadiene was highly
facial (95:5 �:�) and endo-diastereoselective (Table 1).
Zinc(II) chloride showed a behavior similar to that of
Et2O·BF3, and the concentration of both catalysts had
only slight influence on the stereochemistry of the addi-
tion. In contrast, other Lewis acid catalysts, such as
tin(IV) chloride and titanium(IV) chloride strongly
influenced the facial selectivities of the cycloadditions,
depending upon the concentration of the catalyst
employed. Although reactions of 1a with dienes con-
ducted in the presence of 0.1–0.2 molar equivalents of
SnCl4 afforded the �-adducts (2a or 4a) as main prod-
ucts, an increase in the concentration of tin(IV) chloride
caused a significant change on the facial stereoselectiv-
ity. Thus, with 1 molar equivalent of SnCl4, the
diastereoselectivity in the addition of 2,3-dimethylbuta-
diene to 1a was reversed in favor of the �-adduct (ratio
24:76 for 2a:3a), whereas almost equal amounts of 4a

and 5a were obtained for the reaction of 1a with
cyclopentadiene, although the endo-selectivity was
maintained. A similar trend was observed for cycload-
ditions of 1a promoted by TiCl4.

These results suggested that SnCl4 and TiCl4 catalysts
induced a change in the direction of attack of the dienes
to 1a, or alternatively, that the catalyst could promote
the isomerization of the acetal center (C-3) of adducts
2a or 4a to give the enantiomers of 3a and 5a, respec-
tively. We have previously reported this type of isomer-
ization for Diels–Alder adducts of 1a with
1,3-cyclohexadiene.9 To exclude this possibility, the
cycloaddition of 1b with 2,3-dimethylbutadiene was
carried out. As 1b possesses an additional stereocenter
at the C-2 substituent (2-(R)-octyl), the adducts 3b and
the one resulting from the isomerization of 2b should
exhibit different physical and spectral properties as they
are diastereomeric products. Thus, the SnCl4-promoted
cycloaddition from 1b led to 3b (major) and 2b as the
only products detected and isolated,12 hence the isomer-
ization of 2b was not observed. Furthermore, com-
pounds 2a and 3a (or 4a and 5a) were stable to
exposure to SnCl4 under the conditions employed for
the cycloadditions, as they were recovered unchanged
(identical spectra and optical rotation) from the respec-
tive mixtures.

As isomerization of 2a and 4a during the cycloaddition
was excluded, stereoelectronic factors operating in the
intermediate species generated by interaction of 1a with
the Lewis acids, should be responsible for the observed
stereoselectivities. Experiments of 1H NMR were con-
ducted to detect the formation of complexes between 1a
and Lewis acids. Magnetic resonance spectroscopy has
been a valuable tool for determining structures and
charge distributions of Lewis acid complexes with car-
bonyl compounds.13 Spectra of 1a in CDCl3 solution
were recorded after addition of the Lewis acid.14 Data

Table 1. Facial selectivities of Diels–Alder reactions of 1a with dienes under thermal and Lewis-Acids catalyzed conditions11

drc,d �/�Temp.Catalyst YieldbSolvent Time drc,e endo/exoDienea

(%)(h)(mol equiv.) (°C)(mol equiv.)

PhMeA (3.7) 115 92:84790
ZnCl2 (2.0)A (2.1) 90:1062745PhMe
Et2O·BF3 (1.0)A (1.7) 98:28115 min−18PhMe
SnCl4 (0.15) PhMe −18A (2.6) 1 62 95:5

−18SnCl4 (1.0) PhMe 79 24:7615 minA (1.7)
95:57230 minA (2.1) −18CH3CNSnCl4 (1.0)

CH2Cl2 −42 30 minA (excess) 58TiCl4 (1.0) 34:66
CH2Cl2/CH3CN 7:1 −30 30 minA (3.5) 72TiCl4 (1.0) 95:5

91:996:47996B (3.4) 90PhMe
PhMe −18 15 min 64B (2.0) 95:5Et2O·BF3 (1.0) 93:7

SnCl4 (0.15) PhMe −18B (2.0) 30 min 92:861 81:19
15 min−18PhMeSnCl4 (1.0)B (2.0) 93:755:4564

a A: 2,3-dimethylbutadiene, B: cyclopentadiene.
b Yield of adducts after isolation by flash chromatography.
c The diastereomeric ratio (dr) was calculated from the 1H NMR spectrum of the crude reaction mixture.
d Includes the exo isomer.
e Ratio of �-isomers.
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Table 2. Selected 1H NMR spectral data for 1a recorded in the presence of Lewis acids

H-5 H-6 H-6� H-2Lewis acid added (mol H-4 CH2Ph
equiv.)

J5,6 J5,6� � (ppm) J4,6 � (ppm) J4,6�� (ppm) � (ppm) J2,4 � (ppm) � (ppm)

1.8 3.8 4.56 2.5 4.27 1.8 4.96 0.7 6.15 4.85, 4.737.05
1.8 3.8 4.56 2.5 4.297.15 1.7Et2O·BF3 (1.0) 5.01 0.7 6.23 4.85, 4.73

7.13SnCl4 (0.1) 2.0 3.7 4.57 2.4 4.31 1.8 5.00 0.6 6.21 4.86, 4.73
7.31SnCl4 (�0.6) 2.5 3.1 4.64 2.0 4.40 2.1 5.11 �0.5 6.38 5.07, 4.89

2.6 3.0 4.67 2.0 4.447.37 2.1SnCl4 (1.0) 5.13 �0.5 6.41 5.10, 4.92
SnCl4 (1.0)a 7.27 2.1 3.6 4.62 2.4 4.38 1.8 5.07 0.6 6.34 4.94, 4.80

a CDCl3/CD3CN (9:1) was employed as solvent.

collected in Table 2 show that Et2O·BF3 and SnCl4
caused downfield shift of the resonance of the vinylic
H-5, which indicates that a complex involving the car-
bonyl group of 1a is formed.13 Except for the deshield-
ing effect on H-5 (and H-4), the spectra of 1a recorded
with or without Et2O·BF3 were practically identical.
This result suggests that coordination of this Lewis acid
takes place with the carbonyl oxygen rather than to the
other oxygen-coordination sites present in the ligand, as
almost no significant shiftings were observed for H-6,6�
and for the methylene protons of the benzyloxy group.
Furthermore, the coupling constant values were indica-
tive that, in the presence or absence of Et2O·BF3, the
dihydropyranone 1a adopts the same conformation.
The 2J and 4J couplings agreed with an E0 geometry, as
their values were similar to those found for levoglu-
cosenone, in which the pyranone is constrained to the
E0 conformation because of the five-membered fused
ring.15 Accordingly, AM116 semiempirical molecular
orbital calculations (using the MOPAC program) for
(R)-2-methoxy-2H-pyran-3(6H)-one (the 2-methoxy
analogue of 1a) predicted the conformer having the
methoxy group axially oriented (E0) to be favored by
12.7 kJ mol−1 over its equatorial counterpart (0E). This
conformational preference may be attributed to the
anomeric effect, probably intensified by the presence of
the adjacent carbonyl group.17

In contrast with the only small changes that the addi-
tion of Et2O·BF3 produces on the spectrum of 1a,
progressive variations in chemical shifts and in the
magnitude of coupling constants were observed when
the 1H NMR spectrum of 1a was recorded in the
presence of increasing concentrations of SnCl4.14 The
coupling constants pattern suggested that, upon com-
plexation, 1a shifted its conformational equilibrium
from the E0 to the 0E form. An additional salient
feature was the gradual deshielding of the methylene
protons of the benzyloxy group, which was indicative
of coordination of the benzyloxy oxygen atom to
SnCl4. Furthermore, as shown in Table 2, the spectrum
of 1a recorded in the presence of SnCl4 and a donor
solvent (e.g. acetonitrile) resembled that of 1a with
Et2O·BF3 in CDCl3 solution. Hence, in the presence of
a donor solvent that competes by coordination sites in
the Lewis acid,5,18 complexes of the type of 6 (Scheme
2) seem to prevail. All these results are consistent with
the chelation of 1a by SnCl4. This Lewis acid is able to

form six-coordinate octahedral complexes, like 7, with
�-alkoxy carbonyl systems.19 The formation of the
intermediate chelate 7 involving the carbonyl and the
vicinal alkoxy group of 1a seems to induce the confor-
mational inversion of the pyranone ring.

The diastereoselectivity observed for the Lewis acid-
promoted cycloadditions of 1a with dienes may be
justified on the basis of steric effects operating in the
intermediate complexes. Thus, the facial selectivity in
cycloadditions to 6 should be controlled by the sterical
hindrance exerted by the axially oriented benzyloxy
group over the � face.10 Chelation of 1a with SnCl4
promoted a conformational switch that makes both
sides of the double bond available for the approach of
the dienes. The absence of stereodifferentiation leads to
approximately the same amounts of adducts 4a and 5a;
whereas reverse diastereoselectivity was observed for
the formation of 2a and 3a (24:76 ratio). As TiCl4,
similar to SnCl4, is able to form chelate complexes,5

both catalysts have a similar influence on the stereo-
chemical course of the reaction.

In summary, the results show that the facial selectivity
of the addition of dienes to the dienophilic dihydropy-
ranones derived from pentoses is strongly influenced by
the Lewis acid employed as catalyst. Thus, the use of
SnCl4 or TiCl4 led to diastereomers that not otherwise
can be obtained in preparative scale, in thermally or
Et2O·BF3-promoted reactions. As the selectivity also
relies upon the configuration of the stereocenter (C-2)
of the dihydropyranones, and both R and S isomers of
these compounds are available,9 the Diels–Alder reac-
tions provide a straightforward access to enantiomers
of carbocycles having significant synthetic potentiality.

Scheme 2.
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2. Gawley, R. E.; Aubé, J. In Principles of Asymmetric
Synthesis, Tetrahedron Organic Chemistry Series ; Bald-
win, J. E.; Magnus, P. D., Eds.; Pergamon: Oxford, 1996;
Vol. 14, pp. 263–291.
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