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A chiral auxiliary derived from levoglucosenone
in asymmetric Diels–Alder transformations
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Abstract—The Diels–Alder reaction of the acrylate derived from levoglucosenone with cyclopentadiene was studied under several
conditions, in the presence and absence of a Lewis acid. The results showed satisfactory diastereomeric excess and the ratio of cyclo-
adducts was found to depend on the reaction conditions. A reversal in stereoselectivity was observed when EtAlCl2 or Et2AlCl were
employed as Lewis acids.
� 2005 Elsevier Ltd. All rights reserved.
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The generation of useful chemicals from cellulosic waste
materials has been investigated through the pyrolysis
of acid-pretreated waste paper. Levoglucosenone (1)
(1,6-anhydro-3,4-dideoxy-b-DD-glycero-hex-3-enopyranos-
2-ulose), a bicyclic enone, is the major product of the
pyrolysis of cellulose or cellulose-containing materi-
als.1,2 During the last decade, this versatile and readily
available member of the carbohydrate derived chiral
pool has been intensively used as chiral synthon in the
synthesis of natural products, thiosugars, C-glycosyl
compounds, and annelated pyranosides.1,3 Our interest
in this field is focused on the potential use of this chiral
building block in the synthesis of asymmetric inductors.

In a previous letter, we reported the first preparation
of chiral auxiliary 2 starting from levoglucosenone
(Scheme 1) and a preliminary study of its application
in a Diels–Alder transformation.4

In this letter, we report the cycloaddition reaction of chi-
ral acrylic ester 3 derived from 2 as dienophile with
cyclopentadiene. In particular, we are focused on the
role of the Lewis acid employed in the Diels–Alder reac-
tion. Acrylate 3 was simply prepared in 90% yield by the
reaction of acryloyl chloride with alcohol 2 in the pres-
ence of triethylamine at room temperature.5 Diels–Alder
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reaction between chiral acrylate 3 and cyclopentadiene
was carried out under thermal and Lewis acid condi-
tions. The reaction afforded the expected four isomers
depicted in Scheme 2.

The stereochemical assignments of each compound were
based on 1H and 13C NMR data as well as 2D NMR
experiments. Two endo adducts (4a and 4b) showed lar-
ger chemical shift differences for the vinylic protons H-6 0

(5.84 and 6.13 for 4a and 4b, respectively),6 in contrast
to the magnetically similarity for the corresponding
protons in the exo isomers 4c and 4d.

The difference in the chemical shift between the two endo
and the exo diastereoisomers allowed to determine the
ratio endo/exo and endo 4a/endo 4b by the analysis of
1H NMR spectra of the mixture of isomers.

Acrylate 3 was reacted with cyclopentadiene under
several conditions. Table 1 shows the Diels–Alder reac-
tions carried out in the presence and absence of a Lewis
acid as catalyst.
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Table 1. Lewis acid promoted cycloadditions (Scheme 2)

Entry Lewis acid (equiv) Solvent Temp (�C) Time (h) Yield (%)a endo/exo endo 4a/endo 4b

1 None Toluene 110 1.5 100 70/30 76/24
2 None CH2Cl2 25 52 87 79/21 71/29
3 Et2AlCl (0.2) CH2Cl2 25 24 98 80/20 78/22
4 Et2AlCl (0.5) CH2Cl2 25 24 96 83/17 60/40
5 Et2AlCl (1) CH2Cl2 25 4 71 90/10 28/72
6 Et2AlCl (2) CH2Cl2 25 1 80 92/8 22/78
7 Et2AlCl (1) CH2Cl2 5 6 86 96/4 15/85
8 Et2AlCl (2) CH2Cl2 5 <1 85 96/4 16/84
9 Et2AlCl (2) CH2Cl2 �10 <1 87 98/2 11/89
10 Et2AlCl (2) CH2Cl2 �30 <1 86 98/2 10/90
11 EtAlCl2 (2) CH2Cl2 0 0.7 79 96/4 26/74
12 EtAlCl2 (2) CH2Cl2 �20 0.7 82 98/2 22/78
13 EtAlCl2 (2) CH2Cl2 �40 0.7 91 98/2 15/85
14 AlCl3 (1) CH2Cl2 25 4 24 82/18 74/26
15 Al(OiPr)3 (1) CH2Cl2 25 51 100 76/24 72/28
16 BF3ÆOEt2 (1) CH2Cl2 25 2 64 83/17 66/34
17 LiClO4 5 M Ether 25 30 67 85/15 66/34
18 Yb-FOB (0.25) CH2Cl2 25 21 99 82/18 66/34
19 SnCl4 (1) CH2Cl2 25 21 33 87/13 68/32
20 Ti(OiPr)4 (1) CH2Cl2 25 50 98 78/22 70/30

a Yield corresponds to isolated products.
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The cycloaddition of cyclopentadiene with acrylic ester 3
were endo diastereoselective, as predicted by the Alder
endo rule.7 As expected, the reactions performed under
thermal conditions furnished a mixture of adducts in
low p-facial diastereoselectivity and moderate endo/exo
ratio.

These experimental results were rationalized in terms of
the fact that the conformation of dienophile 3 is not
fixed in the absence of Lewis acid.

After an extensive survey of Lewis acid addends, some
of which appear in Table 1, we were surprised to find
that none of the catalysts we felt likely to maintain
bidentade chelation led to acceptable levels of reaction
stereoselectivity. As it is shown in Table 1, the endo
4a/endo 4b ratio varied considerably with temperature,
Lewis acid, and molar ratio of 3 and Lewis acid
employed in the reaction.

A striking reversal in stereoselectivity was obtained from
the cycloaddition reactions promoted with more than
1 equiv of ethylaluminum dichloride (EtAlCl2) or dieth-
ylaluminum chloride (Et2AlCl). These experimental
results suggest that the metal coordination plays a key
role in determining the p facial selectivity of this chiral
dienophile. Surprisingly, Et2AlCl promoted by far the
most diastereoselective Diels–Alder reaction observed
in this study. The use of Et2AlCl (2 equiv) in dichloro-
methane at �30 �C (entry 10) afforded both high levels
of endo diastereoselection (9:1) and the highest endo–
exo ratio (49:1) for all the Lewis acid screened.

It is generally accepted that the outcome of the reaction
stereoselectivity depends upon the s-trans/s-cis confor-
mation of the acrylic ester.8 Examination of the results
shown in Table 1 allows to postulate that at least two
types of acrylate/Lewis acid complexes can be formed
(Scheme 3). The Diels–Alder reactions with less than
1 equiv of Et2AlCl (entries 3 and 4) proceed through
complex 5 in the s-trans conformation to afford predom-
inantly the endo isomer 4a. The sense of asymmetric
induction in these Diels–Alder reactions was already
established by hydrolysis of adduct 4a. The absolute
configuration of 5-norbornene-2-carboxylic acid iso-
lated corresponded to 2-(R)-enantiomer.4 On the other
hand, the stereochemical outcome of Et2AlCl and
EtAlCl2 promoted cycloaddition reactions (entries 5–
13) is consistent with the addition of diene from the
more accessible face of the s-cis Lewis acid–dienophile
complex 6, leading to cycloadduct 4b. This complex is
expected to be both more reactive and highly organized
as a result of the bidentade chelated geometry (Scheme
3). This type of Lewis acid behavior has precedent for
other systems.8

Stereoelectronic factors operating in the intermediate
species generated by interaction of 3 with Lewis acid,
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may account for the observed stereoselectivities. Exper-
iments were conducted to detect the formation of com-
plexes between 3 and BF3ÆEt2O or Et2AlCl using 1H
NMR, since they give opposite endo diastereoselectivity.
Spectra of 3 in CDCl3 solution were recorded prior to
and after addition of Lewis acid. The spectra of 3 with
or without BF3ÆEt2O were practically identical. In
contrast, progressive variations in chemical shifts were
observed when 1H NMR spectra of 3 were recorded in
the presence of increasing amounts of Et2AlCl,9 as is
shown in Table 2. When 0.5 equiv of Lewis acid was
added, the deshielding effect on the vinylic protons sug-
gests that coordination of Lewis acid takes place with
the carbonyl oxygen rather than with the other oxy-
gen-coordination sites present in ligand 3. The shifting
of other protons in the molecule diminished significantly
because the shielding or deshielding effect is markedly
attenuated with the distance from the interaction site.
When 1 equiv of Et2AlCl was added to the solution of
compound 3, the deshielding effect in the vinylic protons
increased. The downfield shifts for H-5, H-6 endo, and
H-6 exo were noteworthy, suggesting the formation of
Table 2. Selected 1H NMR chemical shifts (in ppm) for 3, recorded in
the presence of Et2AlCl

Atom Lewis acid added

None 0.5 equiv 1 equiv

H-1 4.93 5.01 5.31
H-2 5.11 5.20 5.40
H-3 2.72 2.78 2.89
H-4 2.06 2.03 2.05
H-5 4.50 4.51 4.64
H-6 endo 3.68 3.68 3.80
H-6 exo 3.60 3.60 3.71
H-3a 4.23 4.18 4.14
H-4a 4.24 4.23 4.24
H-2 0 6.31 6.53 6.76
H-3 0 cis 6.58 6.74 ND
H-3 0 trans 6.01 6.27 6.47

ND: not determined as they appeared with the aromatic protons.
a chelate species involving the acryloyl oxygen and oxy-
gen of the 1,6-anhydro bridge. These experimental data
are consistent with the presence of an intermediate com-
plex like 6 to be responsible for the outcome of the
cycloaddition reaction and the observed inversion of
selectivity.

As we have observed in our previous study, the high
incidence of crystallinity associated with this chiral
auxiliary is of great practical advantage. Chiral auxiliary
removal from these cycloadducts may be accomplished
in quantitative yields providing a straightforward access
to both enantiomers of 5-norbornene-2-carbocyclic acid,
depending on the reaction conditions. On the other
hand, the endo/exo and the p facial selectivity obtained
with chiral auxiliary 3 are between the highest found
for Diels–Alder reaction of acrylic esters derived from
carbohydrates and cyclopentadiene.

In summary, this is the first application of a levogluco-
senone derivative as chiral auxiliary in a Diels–Alder
reaction. The level of induction obtained, in addition
to the fact that the starting material is inexpensive,
makes this system an excellent model to be further
exploited in other asymmetric reactions and a starting
point for new chiral templates. The synthesis and appli-
cation of other chiral auxiliaries derived from levogluco-
senone are in progress and will be published in due
course.
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