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Abstract: The need to find sustainable alternatives to reduce
the dependence on fossil sources has led to significant research
efforts on the conversion of biomass into platform chemicals.
Modern organic chemistry requires easily obtainable chiral
building blocks that show high chemical versatility for their ap-
plication in the synthesis of enantiopure compounds. The se-
lective pyrolytic conversion of cellulose or cellulose-containing

1. Introduction

Around the world, significant actions are being undertaken to
switch from today's fossil-based economy to a more sustainable
bioeconomy. A key factor to achieve this goal will be the devel-
opment of highly efficient and cost-effective processing of bio-
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materials produces levoglucosenone, a highly functionalized
chiral structure. This compound has been innovatively used as
a template for the synthesis of key intermediates of biologically
active products and for the preparation of chiral auxiliaries, cat-
alysts, and organocatalysts for their application in asymmetric
synthesis.

logical feedstock to a range of bio-based products which will
allow bridging the gap between economic growth and environ-
mental sustainability in the long term. Additionally, it is gener-
ally recognized that the resources of the world are limited and
sustainability has become a crucial point for the development
of chemical products. These circumstances impose a great ur-
gency to find renewable sources for their transformation into
useful products including chemicals, fuels, and materials for re-
placing the enormous demand for petroleum.

Biomass has received particular attention because it repre-
sents the only abundant source of renewable organic carbon.
More importantly, its oxygenated nature, chemical diversity,
and chirality render biomass a highly suitable raw material to
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manufacture a multitude of high-added-value compounds.[1]

Chirality at the molecular level has emerged as one of the major
issues in the development of chemical technology, especially in
the areas of drug synthesis and advanced materials. Among
the plethora of natural molecules, carbohydrates are the most
prominent members of the chiral pool since they are main con-
stituents of all foremost structural molecules in living systems.
By far, carbohydrates are the annually leading renewable bio-
feedstock from which to develop viable organic chemicals that
can compete or eventually replace those derived from fossil
sources. Cellulose is the single most abundant organic com-
pound on earth.[2] This biopolymer is based on cellobiose as
monomer, formed by two units of D-glucose linked by a �(1→4)
bond, which is a great source of chirality if appropriately
treated.

Pyrolysis is one of the most promising technologies for bio-
mass utilization. Solid biomass can be converted into charcoal,
liquid bio-oil, and noncondensable gases.[3] Because of the ad-
vantages of universality, renewability, easy transport, and high
energy density, bio-oil attracts a lot of attention.[4] Besides, bio-
oils contain hundreds of organic compounds from which many
of them could turn into specific value-added chemicals.[5] How-
ever, to solve the problem associated with complex mixtures,
selective pyrolysis has been put forward to produce some spe-
cific chemicals by controlling the process properly, such as
choosing suitable raw materials, adding specific catalysts, pre-
treating feedstock, and selecting appropriate pyrolysis condi-
tions.[6]

Levoglucosenone (1,6-anhydro-3,4-dideoxy-�-D-glycero-hex-
3-enopyranos-2-ulose, 1, Figure 1), is thus considered to be a
promising biorenewable platform for both fine and commodity
chemical industries.[7] Levoglucosenone has an advantage over
other biomass platform chemicals because it can be directly
produced by pyrolysis of cellulose-containing urban and indus-
trial residual materials such as waste paper. The highly function-
alized structure of 1 makes it an attractive chiral synthon for
the synthesis of a wide variety of natural and unnatural com-
pounds.[8] The 1,6-anhydro bridge locks the pyranose ring in
the 1C4 conformation and sterically hinders the �-face of the
molecule providing an excellent facial selectivity. Since the first
report on the preparation of levoglucosenone more than 4 dec-
ades years ago,[9] different research studies were conducted to
develop a wide variety of applications of this chiral template.
The synthesis of several chemical compounds, such as natural
products, nucleosides, anticancer drugs, building blocks and
green solvents have been reported.[10,11]

Figure 1. Levoglucosenone structure.

In the context of our ongoing interest in the development
of new tools for the preparation of optically active compounds,
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we devoted a great deal of effort to the design and synthesis
of original chiral synthons, inductors and biological active com-
pounds derived from levoglucosenone. The novel compounds
can enable the generation of new functional materials, thus
broadening the existing portfolio of chiral chemicals. Further-
more, the current research attempts to incorporate the princi-
ples of sustainability and green chemistry in the preparation
and application of the new chiral compounds. Particular focus
is given to reviewing the status of levoglucosenone application
in asymmetric synthesis and chiral amplification, highlighting
recent results of its conversion towards high value-added chem-
icals.

2. Preparation of Levoglucosenone
There are different methodologies for the preparation of levo-
glucosenone; however, the shortest and most straightforward
procedure is the pyrolysis of cellulose or cellulose containing
materials. A thorough study of the relevant variables of the
pyrolytic process has demonstrated that temperature, pressure
and catalyst concentration, heat and mass transfer are the main
factors. It has been reported that the acid-catalyzed pyrolysis
process allows increasing the selectivity towards levo-
glucosenone, when using glucose, cellulose or birch and pine
wood among different biomass sources, and phosphoric acid
as a catalyst, under conventional thermal pyrolysis.[12,13] The use
of solid superacids and zeolites as acid catalysts was also inves-
tigated,[14] as well as the effect of ionic liquids.[15] It was also
demonstrated that the pyrolytic conversion of microcrystalline
cellulose assisted by microwave irradiation generates 1 as the
main product in the bio-oil.[16]

Although an alternative approach for the synthesis of 1 start-
ing from D-galactose has been reported,[17] the most common
method to obtain levoglucosenone in preparative scale is the
pyrolysis of cellulosic materials[18] (Scheme 1). In a typical exper-
iment for the pyrolytic conversion of microcrystalline cellulose,
the acid pretreated sample with catalytic amounts of H3PO4 is
introduced in an electric furnace at 270–300 °C affording a bio-
oil which contains the desired enone as the main product, with
2-furfuraldehyde as the major impurity present in 5–10 %.
Vacuum distillation allows to obtain levoglucosenone with suffi-
cient purity for synthetic transformation.[17]

Scheme 1. Cellulose pyrolysis.
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3. Levoglucosenone in Asymmetric Synthesis
Enantiomerically pure chiral molecules have deeply impacted
different branches of science: drugs, optic and electronic sys-
tems, polymers with new properties and probes to evaluate
biological functions represent just a few examples. Therefore,
asymmetric synthesis emerges as a central discipline within
modern organic chemistry.[19] Although the sophistication of
this fascinating field has reached unsuspected limits, the devel-
opment of new, effective and simple synthetic procedures to
carry out chemo, regio- and enantioselective transformations
continues to be a huge challenge in years to come. Moreover,
the search of abundant and renewable supplies of chiral scaf-
folds for the development of new tools for asymmetric synthe-
sis has received considerable attention in the recent past, highly
motivated by the increasing awareness in environmental is-
sues.[20] In this regard, our group has been interested in explor-
ing the synthetic utility of levoglucosenone in the field of asym-
metric synthesis, as will be discussed in this section.

3.1. Chiral Auxiliaries

Our initial efforts were focused on the development of chiral
auxiliaries for Diels–Alder reactions, one of the most valuable
reactions to afford six-membered rings in high regio- and
stereoselectivity. Taking advantage on the high dienophilicity
exhibited by 1, the first generation of chiral auxiliaries was syn-
thesized following a Diels–Alder/reduction strategy. Hence, the
[4+2] cycloaddition with suitable dienes allowed the introduc-
tion of elements of stereocontrol with different bulkiness at the
α face of the molecule, whereas the reduction of the ketone
group to the corresponding alcohol was thought to facilitate
the covalent binding with the prochiral substrate. Following this
approach, four different chiral auxiliaries were synthesized (2–
5, Scheme 2) in order to determine the relationship between
the absolute configuration at the carbinolic center and the
steric hindrance exerted by the diene moiety with the asym-
metric induction capacity of the corresponding alcohol.[21–23]

Moreover, we also investigated saturated alcohol 6 (easily syn-
thesized from 1 in 2 steps) as chiral promoter.[24]

Scheme 2. First generation of chiral auxiliaries derived from levoglucosenone.

The inductive capacity of alcohols 2–6 were evaluated in
Diels–Alder reactions between the corresponding acrylic esters
(simply prepared by treatment of the chiral alcohol with
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acryloyl chloride and base) and cyclopentadiene. As depicted
in Scheme 3, modest endo/exo and π-facial selectivities were
observed under thermal conditions, accounting for the s-cis/s-
trans conformational flexibility of the dienophile. On the other
hand, the use of Lewis acids (in particular Et2AlCl and EtAlCl2)
afforded significant increases in both endo/exo and diastereo-
selectivity ratios. These results were interpreted on the basis
of a preferred s-cis conformation of the acrylate upon chelate
formation (vide infra). Final disconnection by basic hydrolysis
allowed the isolation of the desired norbornene carboxylic acid
and the concomitant recovery of the chiral auxiliaries in high
yields.[21–24]

Scheme 3. Evaluation of the inductive capacity of levoglucosenone-derived
chiral auxiliaries in asymmetric Diels–Alder reactions.

The knowledge gathered in this first stage guided the design
of a second generation of chiral inductors. Since 2 was the most
promising structural motif, we hypothesized that the introduc-
tion of substituents at the benzylic position of 2 would provide
new elements of steric control by imposing additional restric-
tions to the approach of the reagents through that side of the
molecule. Our strategy to achieve this structural modification
relied on the use of 9-substituted anthracene derivatives 7 (eas-
ily obtained from commercially available 9-anthracene meth-
anol) as diene in the Diels–Alder reaction with levoglucosen-
one.[25–28] However, unlike was observed for anthracene, the
cycloaddition reactions between 1 and 7 could not be pro-
moted by FeCl3 nor with any other Lewis acid. In fact, refluxing
toluene for several days (7–10) were the only experimental con-
ditions that afforded the desired products in good yields. To
solve this drawback, we developed a microwave-promoted ex-
perimental protocol to obtain the adducts 8 in high yields and
much shorter reaction times (4–5 h).[29] Further reduction of the
carbonyl group of 8 gave the epimeric alcohols 9 and 10, but
only one of them could react with acryloyl chloride to yield
the corresponding chiral acrylate (Scheme 4). The high steric
hindrance of the other alcohol precluded its reaction. In order
to increase the overall yield of the process, the unreactive alco-
hols 10 were oxidized to regenerate the starting ketone.[25–28]

The chiral acrylates 11 were evaluated in Diels–Alder reac-
tions using five representative dienes, at different reaction con-
ditions. The asymmetric induction varied with the nature of the
diene and substituent at the benzylic position. In these cases,
thermally or microwave-assisted reactions afforded modest
endo/exo ratios and diastereoselectivities (up to 78:22 and
88:12, respectively). On the other hand, significant increase in
selectivity was achieved when using Lewis acids at low temper-
atures (up to > 99:1), Figure 2. It was observed that R = Me and
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Scheme 4. Second generation of chiral auxiliaries derived from levoglucosen-
one.

Ph afforded the highest diastereoselectivities (up to 98 % d.e.).
The hydrolysis of the cycloadducts gave the desired free carb-
oxylic acids in high enantiomeric purity along with the corre-
sponding chiral auxiliaries, that were recovered in quantitatively
fashion to be reused.[25–28]

Figure 2. Best π-facial selectivities observed in the Lewis acid promoted
Diels–Alder reactions between acrylates 11a–d and five representative di-
enes.

The high diastereoselectivity observed when using Lewis
acids was explained on the basis of the formation of a chelated
complex like 12 (Scheme 5) that should be locked in the s-cis
conformation. The addition of the diene from the more accessi-
ble face of such complex should afford the adduct R, as was
experimentally observed. Detailed NMR spectroscopic studies
of the intermediate complexes supported this hypothesis.[25,26]

Scheme 5. Proposed mechanism for the Lewis acid promoted Diels–Alder
reactions of levoglucosenone-derived chiral acrylates.

In the case of R = Ph, an interesting π-stacking interaction
between the aromatic moiety at the benzylic position with the
acrylate was found. Exhaustive NMR spectroscopic experiments
and DFT calculations were carried out to account for the effect
of such interaction in governing the diastereoselectivity of the
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asymmetric process.[26] The strength of the interaction when
varying the electronic nature of the aromatic ring (by introduc-
ing electron withdrawing or releasing substituents at the para-
position) was also explored, providing experimental and com-
putational evidence to understand the effect of π-stacking in-
teractions in the conformational dynamics of the interacting
systems. In particular, we found that the equilibrium is gov-
erned by a fast s-cis/s-trans and a slow π-stacked/face-to-edged
exchange conversions (Scheme 6), that in turn depends on the
strength of the π–π interaction, higher for electron deficient
aromatic rings.[11b]

Scheme 6. Gibbs free energy profile (in kcal/mol) computed for the conforma-
tional equilibrium of three chiral acrylates derived from levoglucosenone
bearing different phenoxymethyl groups at the benzylic position, computed
at the M06-2X/6-31+G(d) level of theory.

The high levels of selectivity achieved with the second gen-
eration of chiral auxiliaries derived from levoglucosenone in
Diels–Alder reactions, prompted us to explore the scope of
these inductors in other asymmetric transformations. For that
reason, we next studied the 1,3-dipolar cycloaddition reactions
between acrylates 11 and azomethine ylides, easily prepared in
situ from iminoesters derived from the condensation of alde-
hydes and aminoesters. A combination of three representative
chiral auxiliaries and azomethyne ylides derived from glycine,
alanine and phenylalanine were studied at different reaction
conditions (Scheme 7). The regio- and endo selectivities were

Scheme 7. Chiral auxiliaries derived from levoglucosenone in asymmetric 1,3-
dipolar cycloaddition reactions of azomethine ylides.
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high (> 99.9 %) and the yields and π-facial selectivities ranged
from good to excellent (up to > 99:1).[30]

3.2. Chiral Ligands

The use of chiral metal catalysts modified by chiral ligands is
among the leading strategies to carry out organic reactions in
excellent levels of enantiocontrol. Several chiral ligands have
been developed in the last decades, and amino alcohols have
attained a privileged position in the field.[31] For that reason,
we also explored levoglucosenone as a chiral scaffold in the
development of new amino alcohols as promising ligands in
asymmetric transformations.

The strategy toward the preparation of the chiral 1,2-amino
alcohols was envisaged using the Diels–Alder adducts 8, easily
obtained from levoglucosenone and anthracene or 9-substi-
tuted anthracenes. The key step was the transformation of the
ketone functionality into an oxirane ring, that was accom-
plished using a Corey–Chaykovsky reaction.[32] As depicted in
Scheme 8, the desired spiro-epoxides were obtained in very
good yields and perfect levels of diastereoselectivity. The only
isolated isomers were identified as those resulting from the at-
tack of the ylide from the �-face of the molecule, indicating
that the steric hindrance of the annulated anthracenyl moiety
is higher than that exerted by the 1,6-anhydro bridge. Finally,
ring-opening reactions with a variety of amines (or sodium
azide followed by LiAlH4 reduction) afforded the corresponding
secondary/tertiary and primary amines, respectively, in high
yields.[33]

Scheme 8. Synthesis of 1,2-amino alcohols derived from levoglucosenone.

For the synthesis of 1,3-amino alcohols a conceptually differ-
ent strategy was thought. A Diels–Alder reaction between levo-
glucosenone and 9-aminoanthracene under FeCl3 catalysis, af-
forded adduct 16 in 91 % yield. Reduction of the carbonyl
group gave access to the two epimeric amino alcohols 17, that
were further functionalized at the nitrogen group by different
alkylating strategies[34] (Scheme 9).

Scheme 9. Synthesis of 1,3-amino alcohols derived from levoglucosenone.

The suitability of the synthesized 1,2- and 1,3-amino alcohols
derived from levoglucosenone as chiral ligands in asymmetric
synthesis was assessed in the addition of Et2Zn to benzalde-
hyde (Scheme 10). The level of induction obtained ranged from
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modest to very good, making this system a promising model
to be further exploited in other asymmetric reactions.[33,34]

Scheme 10. Evaluation of the inductive capacity of chiral amino alcohols de-
rived from levoglucosenone in the addition of Et2Zn to benzaldehyde.

On the basis of those promising results, we next decided to
explore the performance of the 1,2-amino alcohols after immo-
bilization on a solid support. This would allow additional bene-
fits compared to their soluble counterparts, as the ligand could
be recovered by simple filtration, hence avoiding chromato-
graphic purifications and simplifying the recycling of the valu-
able chiral materials.[35] The strategy developed to achieve our
goals relied on the synthesis of compound 21 using similar
reactions described above (Scheme 11).[36]

Scheme 11. Synthesis of 21, key intermediate for the development of solid-
supported amino alcohols derived from levoglucosenone.

In this case, the pendant primary alcohol at the benzylic po-
sition of the spiro-epoxide afforded the necessary functionality
to anchor to the solid support, as shown in Scheme 12. Two
alternative synthetic methodologies were explored for the
preparation of Wang resin-bounded 1,2-amino alcohols, de-
pending if the amine-based ring opening of the epoxide took
place before or after the binding of the chiral residue to the
solid support. Evaluation of the inductive capacity of the solid-
supported ligands in the addition of Et2Zn to benzaldehyde
afforded similar results to those previously noted in solution.[36]

Scheme 12. Synthesis of polymer-supported 1,2-amino alcohols derived from
levoglucosenone.



Microreview

3.3. Chiral Organocatalysts

In further development of our interest of converting levo-
glucosenone into new and efficient tools for asymmetric syn-
thesis, and having already explored the field of chiral auxiliaries
and ligands, we next directed our attention towards organo-
catalysis. In the last decades, asymmetric organocatalysis has
become one of the most exciting and deeply studied alterna-
tives for the synthesis of enantiomerically pure compounds. The
use of inexpensive, metal-free, nontoxic, and often cheap or-
ganic compounds as catalysts, along with the functional group
tolerance, mild reaction conditions, and high enantioselectivi-
ties in a wide scope of asymmetric reactions, represent some
of the most important features.[37] Among several molecular
scaffolds that proved its value in organocatalysis, the pyrrol-
idines and related five-membered nitrogen containing groups
have excelled for their broad application and high levels of
enantioselectivity achieved.

Our strategy for the synthesis of chiral pyrrolidines derived
from levoglucosenone was based on the 1,3-dipolar cycloaddi-
tion of azomethine ylides. After optimizing the reaction condi-
tions, the corresponding pyrrolidines 25 were obtained in excel-
lent yields, with high regio- and stereoselectivities (Scheme 13).
Moreover, we discovered and explored an acid-catalyzed micro-
wave-assisted isomerization event at the benzylic position of
the endo adducts, affording polysubstituted pyrrolidines 26
with relative configurations difficult to obtain by other synthetic
procedures.[38]

Scheme 13. Synthesis of chiral pyrrolidines derived from levoglucosenone.

From kinetic measurements, NMR spectroscopic studies and
DFT calculations we determined that such epimerization occurs
through a retro-Mannich//Mannich cascade.[39] The synthesized
pyrrolidines were next evaluated as chiral organocatalysts in the
Diels–Alder reaction between (E)-cinnamaldehyde and cyclo-
pentadiene, Scheme 14. All compounds proved to be active
catalysts, achieving good to excellent yields in 5–48 h with
15 mol-% of catalyst and co-catalyst loading. An unusual exo
selectivity was also noted (exo/endo = 85:15), outcome that was
shared with only few organocatalytic systems. The enantiose-
lectivity was also good (up to 76 % ee), making these com-
pounds excellent candidates for further optimization.[38]

Such promising results encouraged us to pursue the design
and development of a new generation of more efficient organo-
catalysts. We first undertook a complete experimental study
aimed to unravel the structure-activity relationship of these
types of catalysts. Following the optimized reaction conditions
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Scheme 14. Evaluation of the chiral pyrrolidines derived from levoglucosen-
one as iminium-based organocatalysts in asymmetric Diels–Alder reactions.

shown in Scheme 13, we synthesized 21 different pyrrolidines
bearing three dimensions of molecular diversity: the relative
stereochemistry at C-7 and C-8, and the nature of the R1 and R2

groups at those positions. Despite all the compounds displayed
important catalytic activity, increasing up to 160-fold the reac-
tion rate of the Diels–Alder reaction under study, the pyrroli-
dines with 7(S) configuration were shown to be much more
reactive than those with the opposite configuration at C-7.[40]

In addition, considering a balance between reactivity and se-
lectivity, the catalysts derived from alanine (R1 = Me) were cho-
sen for further optimization (Scheme 15). From NMR spectro-
scopic experiments and DFT calculations we could demonstrate
that a reactive iminium intermediate with E-geometry was
formed by condensation of (E)-cinnamaldehyde and the catalyst
(Scheme 14). In fact, the sense of asymmetric induction experi-
mentally found was consistent with the approach of the diene
from the less hindered face of such iminium ion (Re face). The
enantioselectivity predicted from DFT calculations at the B3LYP/
6-31G* level of theory of all competing transition states (TS)
nicely reflected the experimental values (78 % ee vs. 72 % ee,
respectively).[40] This offered a paramount opportunity to find
the optimal R2 group at C-7 from an in silico screening, though
a considerable reduction in the overall computational cost was
required to make the system tractable. Hence, the hybrid
ONIOM method was evaluated,[41] in which only the core region
involving bond-forming and bond-breaking events are treated
at high quantum levels (in this case, B3LYP/6-31G*), whereas
the rest of the system is modelled with a less demanding
method (in this case, AM1). After validating the ONIOM model
with eight known and representative organocatalysts (showing
a high correlation between experimental and calculated ee val-
ues), we next predicted the induction capacity of 62 different
catalysts bearing a wide variety of groups at R2. After the calcu-
lations were done, we selected three representative catalysts

Scheme 15. Rational design of a highly efficient organocatalyst derived from
levoglucosenone in asymmetric Diels–Alder reactions.
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for further synthesis and evaluation: the top-scored one, a me-
dium-scored one and the low-scored one. These amines were
prepared following our previously optimized procedure in high
yields, and were evaluated in the Diels–Alder reaction between
cinnamaldehyde and cyclopentadiene. Interestingly, the experi-
mentally found enantioselectivities were in perfect agreement
with the theoretical predictions.[40]

In addition, we proved that the optimal organocatalyst, the
3,5-di(trifluoromethyl)phenyl derivative (Scheme 15) could be
recovered in quantitative fashion after workup an column chro-
matography, and reused more than five times with no apparent
loss in the catalytic capacity.[4] °Current research is being made
with the evaluation of these promising catalysts derived from
levoglucosenone in other synthetically useful chemical transfor-
mations, and will be published in due course.

4. Enantiospecific Synthesis
Levoglucosenone has also been recognized as a versatile and
potentially useful building block for the construction of com-
plex molecular structures. Several authors have reviewed the
applications of levoglucosenone as starting material for differ-
ent types of final products.[8]

4.1. Synthesis of Natural Products and Chiral
Intermediates

As it was already stated, the Diels–Alder reaction is one of the
most powerful methods to synthesize, six-membered carbo-
cyclic systems in a regio and stereocontrolled manner with sev-
eral stereogenic centers in one step. Our group has been inter-
ested in this type of transformations for some time since it is
an excellent synthetic tool in the construction of complex mo-
lecular skeletons.[42] One of the main features of this chemical
transformation is the regioselective product formation when us-
ing unsymmetrical dienes and dienophiles. In simple cases the
outcome can be generally predicted by the ortho/para rule. In
this regard, we came across a regiochemical uncertainty found
in the literature that recalled our attention when comparing the
results of the Diels–Alder reaction between levoglucosenone
and isoprene which were reported to afford the meta isomer[43]

31 (Scheme 16) and the ones published by Isobe et al.[44] with
3-bromolevoglucosenone (29) and the same diene that yielded
the para adduct 32. These reports prompted us to reinvestigate
the reaction outcome using DFT calculations and experimental
evidences. The new results allowed us to demonstrate that both
reactions displayed the same para regioselectivity.[45]

Scheme 16. Regioselectivity in Diels–Alder reaction with isoprene.

At this point, we realized that it was also necessary to con-
duct an experimental and computational study to assess the
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effect of chlorine and bromine substitution in Diels–Alder reac-
tions involving chiral α-halo enones as dienophiles.[46]

The Diels–Alder reaction using α-halo substituted enones as
dienophiles is a synthetically useful method for the synthesis of
cis-fused bicyclic ketones, bearing angular halogenation α to
the carbonyl function. It should be expected that the introduc-
tion of an additional electron-withdrawing group to the
carbon–carbon double bond of the enone moiety should en-
hance the dienophilic character, therefore increasing the react-
ivity in normal electron demanding Diels–Alder reactions. How-
ever, no systematic study had been pursued in order to assess
the exact role of a halogen substitution in the rate and selectiv-
ity of Diels–Alder reactions involving α-halo enones
(Scheme 17).

Scheme 17. Effect of halogen substitution at C-3 on the regioselectivity.

The study revealed an important rate enhancement only in
the case of acyclic dienes, while the use of cyclic dienes resulted
in prolonged reaction times and lower yields. DFT calculations
not only effectively reproduced the reactivity and selectivity
trends, but also proved that these reactions are governed by
delicately balanced geometric and electronic features at the
transition states.

In the context of our ongoing interest to synthesize chiral
amines from levoglucosenone as novel ligands and catalysts,
we have foreseen the introduction of a cyano group at the C-4
position of levoglucosenone. This structural modification would
offer the possibility to create cis fused bicyclic ketones bearing
angular cyano group � to the carbonyl, that could subsequently
be easily transformed into other useful derivatives, such as 1,4-
amino alcohols. We speculated that the presence of an exo-
cyclic electron withdrawing group (EWG) should increase the
reactivity of the dienophile, but would also lead to some ambi-
guity about which group (i.e. the ketone or the cyano) will have
the dominant influence on regio- and stereoselectivity in Diels–
Alder reactions with different dienes.

For these reasons, we undertook a comparative computa-
tional and experimental study of Diels–Alder reactions between
levoglucosenone and 4-cyano-levoglucosenone (Scheme 18)
with four different dienes: cyclopentadiene, 2-methyl-1,3-
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butadiene, 2,3-dimethyl-1,3-butadiene and 9-anthracene meth-
anolmethyl ether that could lead to regioisomeric adducts.[47]

The collected experimental and computational data allowed to
understand the effect of a �-cyano substitution in the dieno-
philic performance of the corresponding enone and predict the
reactivity enhancement. However, when dealing with dienes
and dienophiles with no clear electronically activated position
the regiochemical preference was affected by the ease of
pyramidalization of the interacting atoms.

Scheme 18. Effect of a second EWG at C-4 on the regioselectivity.

In recent years there has been an increasing interest to build
structural diversity, often targeting complex chiral molecules
that resemble natural products in the search for new bioactive
structures. These natural product like compounds usually com-
prise molecules with several rings and well defined stereogenic
centers. At this point, the Diels–Alder reaction between two
optically pure entities like levoglucosenone and the acetonide
(50) prepared from (1S,2R)-3-methylcyclohexa-3,5-diene-1,2-
diol cyclohexadiene diol which, in turn, was obtained by micro-
bial oxidation of an aromatic precursor, could fulfil the concep-
tual requirements for the generation of structural complexity
and diversity in an expeditious manner. Surprisingly the Diels–
Alder reaction, which could potentially afford up to 8 stereo-
isomers, yielded mainly one product plus a minor quantity of a
second isomer[48] (Scheme 19).

In this case, NMR spectroscopic analysis was not enough to
solve the complex structure and it was necessary to resort to
an X-ray diffraction analysis to confirm it. Once again, quantum
chemical calculations helped to shed light on the stereochemi-
cal outcome of the cycloaddition.

Among other different types of molecular architecture de-
signed to achieve molecular complexity, the dioxa-caged com-
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Scheme 19. Natural products like compounds.

pounds showed highly promising applications. The access to
enantiomerically pure caged products still remains a challeng-
ing endeavor an attractive challenge. For this reason, we devel-
oped a short and efficient methodology for the synthesis of
novel chiral dioxa-caged compounds derived from the cyclo-
addition adduct from levoglucosenone and simple cyclic di-
enes. The reaction sequence involves a cascade 3-step cationic
cyclization, which was performed in high yields and selectivities
under mild condition with Montmorillonite K-10 as catalyst[49]

(Scheme 20) The usefulness of this acidic aluminosilicate cata-
lyst in related semi-pinacol rearrangements to obtain pyran-3-
ones was also studied. Differences in the reaction pathways
were found for the epimeric alcohols and DFT calculations were
used to explain this stereoelectronic effects.

Scheme 20. Synthesis of dioxa-caged compounds.

With a diverse approach, Paris et al.[50] used metal-containing
zeolites as heterogeneous catalyst in a Baeyer–Villiger oxidation
of levoglucosenone with hydrogen peroxide to generate opti-
cally pure γ-butyrolactones. Koseki et al.[51] had originally re-
ported this synthetic transformation more than two decades
ago but it is still of great interest and Flourat et al.[52] used a
chemo-enzymatic approach for a similar oxidative conversion
through a lipase-mediated Baeyer Villiger reaction. They em-
ployed Candida Antarctica B lipase as biocatalyst in the pres-
ence of hydrogen peroxide and acyl donor to obtain a mixture
of the (S)-γ-hydroxymethyl-α,�-butenolide and the correspond-
ing formate lactone (Scheme 21).

Greatrex and co-workers[53] have studied the used of modern
methods of metal-catalyzed cross-coupling reaction to deriva-
tize levoglucosenone in order to develop new transformations
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Scheme 21. Synthesis of γ-butyrolactones.

that could turn this biorenewable resource into a novel building
block. They used Suzuki–Miyaura, Heck and palladium-cata-
lyzed hydroarylation reactions to afford C-3 and C-4 aryl-substi-
tuted levoglucosenone derivatives and their further conversion
into chiral 5-hydroxymethyl-γ-butyrolactones by means of a
Baeyer–Villiger oxidation step (Scheme 22).

Scheme 22. Synthesis of substituted γ-butyrolactones.

Their attempts to introduce benzyl groups on the 3-iodide
derivatives of levoglucosenone by a Suzuki–Miyaura reaction
failed; however, they overcame the obstacle by a direct aldol
reaction with dihydrolevoglucosenone. In this way, (3R,5S)-3-
benzyl-5-(hydroxymethyl)-4,5-dihydrofuran-2(3H)-one, a precur-
sor used for the synthesis of protease inhibitor Indinavir[54] was
achieved in a straightforward manner.

Subsequently, they used this derivatization procedure for the
synthesis of chiral multi-functionalized cyclopropane rings, a
moiety that is commonly encountered in synthetic bioactive
materials, due to their rigid bond angles which restrict confor-
mation freedom and promote selective interactions with bio-
logical targets. They first reported[55] the cyclopropane forma-
tion through the hydrogenation of the C-3 functionalized levo-
glucosenone derivative followed by Baeyer–Villiger oxidation to
afford the 5-hydroxymethyl-γ-butyrolactone, epoxide formation
and finally the intramolecular oxirane ring opening with con-
comitant cyclopropane ring closing (Scheme 23).

Lately Greatrex's group reported[56] the different chemical re-
activity observed when using the stabilized or unstabilized
sulfur ylides. For example the unstabilized dimethylsulfonium
methylide yields epoxides by 1,2-addition to the ketone group
present in levoglucosenone while stabilized ylides like dimeth-
ylsufoxonium methylide affords the cyclopropane ring through
a 1,4-adddition to the α,�-unsaturated system (Scheme 24).

Isolevoglucosenone 81 is an isomer of levoglucosenone with
a transposed unsaturated carbonyl system and also an interest-
ing building block. Different strategies[57] have been reported
regarding the conversion of levoglucosenone 1 into isolevo-
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Scheme 23. Synthesis of chiral cyclopropane precursors.

Scheme 24. Direct cyclopropanation of levoglucosenone.

glucosenone 81, the most recent approach involves a Wharton
rearrangement of an epoxy-ketone.[57f ] Direct epoxidation of
the α,�-unsaturated carbonyl system proved to be unsuccessful
but the oxirane ring could be efficiently prepared from the
allylic alcohol. The epoxidation diastereoselectivity was sub-
stantially increased when the corresponding allylic acetate 77
was the starting material. Acetate hydrolysis and reoxidation of
the alcohol 78 with Dess–Martin periodinane yielded the
needed intermediate 79 which was subjected to the reaction
with hydrazine to afford the rearranged product 80 and subse-
quently oxidized to yield 81 (Scheme 25).

Scheme 25. Conversion of levoglucosenone into isolevoglucosenone.

Brel et al.[59] synthesized different C-2 derivatives of dihydro-
levoglucosenone by nucleophilic additions of vinyl and alkynyl
fragments to the carbonyl group. Further transformation of the
ethenyl or ethynyl substituents by [3+2] dipolar cycloaddition
processes afforded different heterocyclic rings.
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Samet et al.[58] reported a stereoselective oxa-Michael-aldol
tandem reaction that levoglucosenone undergo with 2-
hydroxybenzaldehydes to yield oxepino [4,5-b]chromen-1-ones
82 which can subsequently suffer a nucleophilic attack to un-
dergo a chromene ring opening to afford different rearranged
products 83 and 84 (Scheme 26).

Scheme 26. Oxa-Michael-aldol tandem reaction.

Glycals are versatile synthetic intermediates in carbohydrate
synthesis owing to the chemical behavior of their enol ether
functionality. The glycal method is a well-established procedure
to obtain a wide array of glycoconjugated derivatives. However,
not all the glycal configurations are easily available. D-glycals,
such as D-gulal and D-allal are among those rare sugar deriva-
tives. Different methods have been reported for the synthesis
of D-allal,[60] but to the best of our knowledge none of them
have allowed this building block to become commercially avail-
able. Hence, the development of a straightforward synthesis for
this product is still a challenging goal. Based on the premises
of simplicity and effectiveness, our group devised the synthesis
of tri-O-acetyl-D-allal[61] 88 from levoglucosenone in six steps
and 58 % overall yield, Scheme 27. More recently, in order to
improve the greenness of the synthetic sequence a radical initi-
ated fragmentation process was used to substitute the Corey–
Winter protocol. Preliminary experiments showed promising re-
sults when using lauryl peroxide as radical initiator.

Scheme 27. Synthesis of tri-O-acetyl-D-allal.

On the other hand, thiosugars are an important class of
carbohydrates derivatives due to their biological and physico-
chemical properties. Natural thiosugars have been used as bio-
logical targets and agents against bacteria, fungi, etc. In syn-
thetic applications, these compounds have a remarkable use in
glycosylation reactions. While anomeric thiosugars are common
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substrates, 3-thio and 4-thiosugars are interesting synthetic tar-
gets, and efforts have been devoted toward their construction.

In this case, we also used the allylic xanthate 85 as precursor
for an efficient and straightforward synthesis of a novel 3-thio-
mannoside derivative (1,2,4,6-tetra-O-acetyl-3-S-acetyl-3-thio-�-
D-mannopyranoside) (Scheme 28).[62] A cis-dihydroxylation of
85 under catalytic conditions afforded the diol 89, further xan-
thate–thiocarbonate interconversion under acid mediated reac-
tion was the key step for the new C–S bond formation in inter-
mediate 90. The free thiol spontaneously oxidized to the disulf-
ide affording the dimeric structure. Reduction of the disulfide
linkage and in situ acetylation allowed to achieve the ring-
opening of the 1,6-anhydro bridge. The 3-thiomannopyranoside
92 was obtained enantiospecifically in eight synthetic steps in
14 % overall yield. This sulfur-containing monosaccharide offers
significant opportunities for use as a surrogate of mannose for
the construction of relevant glycomimetic molecules.

Scheme 28. Synthesis of 1,2,4,6-tetra-O-acetyl-3-S-acetyl-3-thio-�-D-manno-
pyranoside.

Schobert and co-worker[63] have developed an innovative
approach for the construction of (+)-chloriolide 99, a 12 mem-
bered macrolide, they used levoglucosenone as chiral scaffold
and took advantage of the Z geometry of the double bond and
C-5 stereochemistry plus the efficient reduction of the bicyclic
ketone to obtain the hydroxyl group at C-2 with the needed
stereochemistry (Scheme 29).

Valeev et al. reported different partial attempts toward the
synthesis of Eleutherobin (100) and some analogs, also employ-
ing levoglucosenone as a key starting material (Figure 3).

Eleutherobin is a polycyclic natural product that belongs to
the family of Eleuthesides. It was isolated in 1994 from soft
corals and was the second compound after Taxol capable to
stabilizing microtubules.[64] Its complex molecular architecture
and interesting biological properties encouraged the scientific
community to be interest on their chemical synthesis.[65]

A cycloaddition reaction of levoglucosenone with piperylene
afforded cycloadduct 101 which was the starting point for the
construction of substituted analogs of Eleutherobin's ring
A[66–68] (Scheme 30).
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Scheme 29. Synthesis of (+)-chloriolide.

Figure 3. Eleutherobin.

Scheme 30. Attempts towards the synthesis of Eleutherobin's ring A.

The functionalized cyclopropane derivative 105 was a key
intermediate in their synthetic strategy but further attempts to
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obtained structurally related cyclopropane derivatives were un-
successful.[69] Another trial described by the group[70] started
with compound 101 which was transformed in two different
precursors for the preparation of ring A in Eleutheside analogs
Scheme 31.

Scheme 31. Others attempts towards the synthesis of Eleutherobin's ring A.

Intermediate 107 was subsequently used for the synthesis of
the ten-membered carbocycle skeleton present in the Eleuthes-
ides family of natural products[71] (Scheme 32) as well as the
macrocycle ring system present in the Eunicellane[72] and
Sarcodictyin[73] families of diterpenoids (128), two other kinds
of marine natural products with potent cytotoxic effects.

Several synthetic approaches of this group were focused in
the structural modification of ring A, ring C and to obtain lact-
one structures related with Eleuthesides. In the first case, they
applied a Diels–Alder reaction between levoglucosenone and
more functionalized dienes in order to obtain different
menthane derivatives and oxa-cage derivatives.[74] For ring C,
they developed a 1,2-addition reaction to yield a chiral carbon
chain that represent the C-3-C-8 Eleutheside`s fragment[75] and
in the last example, applying Diels–Alder and Michael addition
with different cycloalkanones, they obtain medium and large-
size lactones also related with Eleuthesides.[76]
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Scheme 32. Approaches towards the synthesis of Eleutherobin's ring C.

Several synthetic approaches of this group were focused in
the structural modification of ring A, ring C and to obtain lact-
one structures related with Eleuthesides. In the first case, they
applied a Diels–Alder reaction between levoglucosenone and
more functionalized dienes in order to obtain different
menthane derivatives and oxa-cage derivatives.[74] For ring C,
they developed a 1,2-addition reaction to yield a chiral carbon
chain that represents Eleutheside's C-3–C-8 fragment,[75] and in
the last example, applying Diels–Alder and Michael addition
with different cycloalkanones, they obtained medium- and
large-size lactones also related with Eleuthesides.[76]

Other skeletons associated with natural products that Va-
leev's group prepared starting from levoglucosenone includes
the iridoids family, γ-butyrolactones such as whisky and cognac
lactones, and estrone analogs. Iridoids are a type of mono-
terpenoids in the general form of cyclopentanopyran, found in
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a wide variety of plants and some animals. In plants, they act
primarily as a defense against herbivores or against infection
by microorganisms.[77]

The trans- and cis-5-butyltetrahydro-4-methylfuran-2-ones
have been identified as aroma components of aged alcoholic
beverages such as whisky, cognac or other spirits from oak bar-
rels in which they are kept for maturing. These lactones are
named according to commonly drink in which they are found.
In view of the importance of these substances as flavors and
the need for stereoselective routes to 4,5-disubstituted tetra-
hydrofuran-2-ones their structures have become popular for
testing new synthetic methodology.[78] In order to obtain this
type of structures, authors applied Diels–Alder reaction with
levoglucosenone (129, 130, 131, 132),[79,80] annulation of α-
bromoisolevoglucosenone (133),[81] Dieckmann condensation
over levoglucosenone derivative (134, 135)[82] and functionali-
zation of adducts of levoglucosenone by Baeyer–Villiger oxid-
ations (136–140)[83] (Figure 4).

Figure 4. Molecular structures related to natural products.

4.2. Levoglucosenone as Building Block for De Novo Drug
Design

In a recent publication Witczak et al. used the concept of “sugar
code” to refer to the interaction of carbohydrates with cellular
components and coined the idea of “Functional Carbohydrate-
Pharmacophore” (FCP) as a novel strategy to study the biologi-
cal response from functionalized sugar derivatives.

Based on literature precedents, thio-sugars may have thera-
peutic potential and can decrease cancer cell viability.[84] In
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their study the authors[85] synthesized three (1–4)-S-thiodisac-
charides that had been previously reported (141–143) and a
novel thio-derivative 144 (Figure 5), all of them derived from
levoglucosenone and were tested to ascertain their cytotoxicity
and apoptosis induction ability on four different cancer cells
lines. They found that the thiodisaccharides 141 was the most
potent one, and taken together, the four compounds were po-
tential anti-tumor agents with low toxicity.

Figure 5. Witczak's thioderivatives.

Contemporary to this work, we designed a similar strategy
and screened novel thio-derivatives (145–149) from levo-
glucosenone as well as 3-bromolevoglucosenone (29)[86] (Fig-
ure 6). The tests were conducted against two commonly used
human hepatocarcinoma cell lines, Huh-7 and HepG2,[87] and
revealed that levoglucosenone and 3-bromolevoglucosenone
were active but also were those derivatives bearing an aromatic
ring at C-4. Surprisingly, based on the IC50 value, compounds
29 and 147 were more active than Sorafenib, and the first one
was even comparable in activity with Cisplatin, two of the drugs
clinically used to treat HCC.

Figure 6. Compounds tested against hepatocarcinoma.

With another perspective we applied an autographic assay
in a bioguided fractionation to analyze the biological effect of
bio-oils produced by pyrolysis of soybean hulls. Levoglucosen-
one resulted to be the main constituent of the bio-oils and
showed a remarkable antimicrobial activity against Salmonella
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typhimurium.[88] Further derivatization of this molecular scaffold
(6, 29, 61, 78, 150, 151) (Figure 7) allowed to assess the struc-
ture/activity relationship for the observed antibacterial effect.

Figure 7. Compounds tested against Salmonella typhimurium.

The biological results suggest that the carbonyl group play
an important role for the antibacterial activity. The loss of this
functional group causes a significant decrease in the observed
effect, only the 3-bromolevoglucosenone can improve the bio-
activity.

5. Conclusions and Perspectives
Levoglucosenone is a promising and versatile organic molecule
which offers a wide variety of applications in organic synthesis,
including the development of new tools of asymmetric synthe-
sis, enantiospecific synthesis of complex natural and unnatural
products, and medicinal chemistry. In addition, this valuable
enone can be easily obtained enantiomerically pure from the
pyrolysis of biomass-derived materials, field that is currently re-
ceiving tremendous attention for green and sustainable issues.

Considering the actual need of replacing chemical feedstock
derived from oil with more renewable alternatives, the suitabil-
ity offered by levoglucosenone will surely motivate new and
exciting studies in years to come.
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