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Abstract: Diels-Alder cycloaddition between an enantiomerically pure protected 

cis-ciclohexadienediol metabolite and optically pure levoglucosenone derived from 

cellulose gave rise to complex pentacyclic natural product like structures in a 

chemically succinct process. The adducts were fully characterized and the 

observed results were in accord with theoretical calculations performed on the 

possible course of the reaction.  

 

 

 

 



  

Introduction 

The quest for strategies to rapidly build structural diversity, often targeting complex 

chiral molecules that resemble natural products, has emerged as route for the 

discovery of new bioactive molecules.1  These structures are often called natural 

product like (NPL) compounds and typically comprise molecules with several rings 

and stereochemically defined chiral centers and double bonds.  The interest in NPL 

compounds becomes relevant when they are constructed by short synthetic 

sequences.  In that fashion, NPL compounds could incorporate the advantages of 

natural products such as complexity and diversity, along with the benefits of typical 

synthetic pharmaceutical molecules, such as the ease of preparation and structural 

modification.2  In addition, the gain of considering NPL compounds among 

potential drug candidates is increased when they are accessible via green routes 

or renewable starting materials.3 

Our groups have a tradition of working in green chemistry and biocatalysis.  The 

Uruguayan group has a tradition in biocatalysis and the exploitation in synthesis of 

homochiral cyclohexadiene diols like compound 1 (Scheme 1) obtained by 

microbial oxidation of aromatics.4  These metabolites have been utilized worldwide 

for the synthesis of alkaloids, inositols, prostaglandins, and a wide array of natural 

products and unnatural analogues. The results of these efforts have been reviewed 

extensively,5 and to date cyclohexadiene diols are considered among the most 

versatile chiral precursors.  

The group in Argentina has made several contributions to synthetic methodology 

working in the preparation and modification of levoglucosenone (compound 3, 

Scheme 1), a chiral starting material obtainable from pyrolysis of cellulose.  The 

pyrolytic conversion of biomass into useful chemicals,6  has resulted in synthetic 

applications of levoglucosenone (1,2-anhydro-3,4-dideoxy-β-D-glycero-hex-3-

enopyranos-2-ulose, 3) as a chiral building block for the development of new 

methods for asymmetric synthesis.7  This versatile and easily available synthon 

from the carbohydrate family can be produced in enantiomeric pure form by 



  

conventional pyrolysis of cellulose containing materials,8 such as waste paper, but 

also by microwave (MW) irradiation of microcrystalline cellulose.9 

The Diels-Alder reaction has been widely applied to the total syntheses of natural 

products.  The reaction itself has become a valuable tool in the development of 

synthetic, mechanistic, and theoretical concepts, and this important role could be 

attributed to its remarkable regio- and stereoselectivities.10  This versatility provides 

a powerful means to challenge the construction of complex molecules.11  Both 

levoglucosenone and cyclohexadiene diols are superb partners in Diels-Alder 

reactions.  Levoglucosenone has been studied as dienophile and cyclohexadiene 

diol derivatives have been used in DA and hetero DA reactions as relevant 

dienes.12  Interestingly, diol derivatives can also react as dienophiles as it can be 

noted in the rapid dimerization of the corresponding acetonides.12c, 13  Along these 

lines we decided to joint efforts and test the Diels-Alder reaction of 

levoglucosenone (3) and the acetonide derivative 2 obtained from (1S,2R)-3-

methylcyclohexa-3,5-diene-1,2-diol (1), by reaction with dimethoxypropane in the 

presence of a catalytic amount of p-toluenesulfonic acid. 

 

Results and discussion 

Chemical reactions 

The presence of four chiral centers and a distinguished high degree of face 

selectivity in both partners (2 and 3) suggested that they might render adducts of 

elevated molecular complexity with a good degree of stereoselectivity.  In fact, this 

Diels-Alder reaction could afford up to eight stereoisomers depending on the facial 

approach and orientation of the partners.  Therefore, we can have endo and exo 

products, ortho and meta Diels-Alder adducts, and finally  and β approaches ( 

refers to the approach of levoglucosenone from the α face of the diene) (Scheme 

1). 

 



  

 

 

Scheme 1. Reaction of levoglucosenone (3) and acetonide 2. 

 

Reaction description and NMR analysis. 

Diels-Alder cycloaddition was initially performed in toluene under reflux conditions, 

and three products where obtained (Table 1, entry 1).  One of them was assigned 

to the acetonide dimer 414 (24%) and the main product was assigned to compound 

5a (30%) while isomeric adduct 6 accounted for only 5%.  NMR analysis of the 

main product (5a) clearly showed that the ortho adduct was obtained (confirmed by 

HMBC experiment), but the data were not enough to fully discriminate between the 

four possible isomers.  Removing of the acetonide group under acidic conditions 

rendered crystalline diol 5b, and its structure was determined by X-Ray diffraction 

analysis.15  As illustrated in Figure 1, the levoglucosenone must have approached 

from de concave β face of the diene, and the transition state corresponded to an 

endo adduct.  The structure of the minor product 6 was also determined by X-ray 

diffraction analysis.16  Increasing the reaction temperature to 200 °C and adding an 

excess of levoglucosenone repressed the formation of the dimer and increased the 



  

yield of 5a to 70%. However, in these conditions 5% of a third adduct (7) was 

detected (Entry 3). 

 

 

Figure 1. Crystal structure of diol 5b derived from adduct 5a. 

 

It is noteworthy that acetonide 2 generally undergoes Diels-Alder reaction from the 

convex α face ruled by steric effects of the acetonide group, and if the β product is 

obtained, it is generally in very low yield.14, 17  As our result was unexpected, 

theoretical calculations were done in order to explain the outcome of the reaction. 

 

 

 



  

Table 1. Tested conditions for the Diels-Alder reaction. 

Entry Temp. (°C) Time (h) Eq. of 3 Product (% yield) 

1 reflux 48 1.1 4 (24), 5a (30), 6 (5) 

2 200 10 1.1 4 (8), 5a (42), 6 (15), 7 (6) 

3 200 3 6 4 (traces), 5a (70), 6 (18), 7 (5) 

4 reflux 3 6 4 (traces), 5a (64), 6 (16), 7 (10). 

 

Computational studies 

In order to shed light on the experimentally observed stereoselectivity, we have 

performed quantum chemical calculations of the Diels–Alder reaction. High level ab 

initio and B3LYP/6-31G(d) DFT methods have proved to give excellent results for 

energy barrier estimation of cycloaddition reactions.18  Besides, these electronic 

structure calculations have previously been used to predict stereospecificity of 

different Diels–Alder reactions of cyclic dienes with cyclic dienophiles.19  Therefore, 

we have used the B3LYP/6-31+G(d,p) levels of theory to investigate the potential 

energy surface (PES), by means of the thermodynamic and structural 

characterization of the transition structures and related minima. 

The optimized geometries of the reactants and the major product, as well as the 

predicted reaction profiles for the eight potential cycloadditions, are shown in 

Figure 2.  In total accordance with the experimental data, the computational results 

predict that the β-endo-ortho product 5a is the most kinetically favored of all the 

possibilities, with a free energy difference with the next most stable transition state 

of 0.61 kcal/mol (toluene boiling temperature).  Moreover, there are two other 

products whose formation is also preferred from a kinetic viewpoint: α-endo-meta 

(6) and α-exo-ortho (7). Remarkably enough, we were able to detect and 

characterize both molecules as minor by-products of the Diels–Alder reaction 

under the applied experimental conditions. These results prove the satisfactory 

performance of the computational model, and suggest a kinetic control of the 

reaction. 



  

 

Figure 2. Predicted reaction profiles for the formation of the eight Diels Alder 

adducts.  The calculated DFT geometries for the reactants and the obtained 

product are also depicted.  The free energy difference between the two most stable 

transition states at the toluene boiling temperature is shown in kcal/mol. Color 

code: C (grey), H (white), O (red). 

Another interesting point is the fact that the activation energies (ΔEǂ) for the 

cycloadditions are significant (23 – 45 kcal/mol).  This explains the use of high 

temperatures to allow the reactants to overcome the high-energy activation barrier, 

brought about mainly by a substantial structural deformation at the transition state.  

The combination between this geometrical distortion and the attractive and 

repulsive interactions at the transition state seems to be quite different for the 

various cycloadditions, since the activation energies span a range of 22 kcal/mol. 

 

 

 



  

Conclusions 

These experiments demonstrated that the Diels-Alder coupling of diene diol 

metabolites arisen from substituted benzenes and levoglucosenone derived from 

cellulose is a valid tool to construct complex natural product like structures with 

high stereoselectivity.  The whole procedure is a short and efficient process that 

comprises four steps: biocatalysis, pyrolysis, cycloaddition and hydrolysis.  The 

three-dimensional structures of the major product and two minor isomers were 

confirmed beyond doubt by spectrometric methods (X-Ray diffraction and high field 

NMR analysis).  Crystal structures were solved for diol 5b (derived from the main 

product 5a) and for 6, while the structure of the third product (adduct 7) was 

confirmed by comparison of predicted and experimental coupling constants values.  

Moreover, the experimental results were found to be in full agreement with a 

theoretical analysis of the reaction course. The three isolated isomers correspond 

to the ones predicted to be formed following the most favorable pathway of 

approach between the cycloaddition partners. Detailed experimental procedures as 

well as complete characterization data including X-Ray and NMR spectra for all 

compounds is provided in the Supplementary Material. 
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HIGHLIGHTS 

 

 Chemoenzymatic construction of a complex homochiral tetracyclic 

structure in four steps. 

 Enzymatic and biomass derived chiral synthons applied to the 

synthesis of a novel Natural Product-like molecule. 

 Theoretically explained selectivity in the Diels-Alder cycloaddition of 

two enantiomerically pure partners.   

 


