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Abstract: Every year, a large amount of residual agroindustrial waste has been generated and
only around 10% is in fact reused. The development of new strategies for biomass valorization is
important to add value to these commodities, since biomass is an excellent alternative feedstock to
obtain chemicals of interest from renewable resources. The major compound of pyrolytic treatment
of lignocellulosic biomass is levoglucosan (1,6-anhydroglucopyranose), an anhydro-sugar that
can be transformed into glucose and is greatly valued in the most diverse industrial sectors as a
surfactant, emulsifier, or even a lubricant. In this work, levoglucosan was acylated by lipase-catalyzed
transesterification in acetonitrile with great conversions and selectivities with different acyl donors
such as ethyl esters of lauric, palmitic, stearic, and oleic acids prepared in situ in an integrated
strategy mediated by commercial lipases Novozym435 (N435), PSIM, and the home-made biocatalyst
CaLB_epoxy. As a result, all biocatalyst generated mostly monoesters, with N435 being more
selective to produce lauric esters (99% at 50◦C) and PSIM to produce oleic esters (97% at 55 ◦C) while
CaLB_epoxy was more selective to produce oleic esters of levoglucosan (83% at 55◦C). This is the first
report in the literature on the production of high selectivity levoglucosan esters.

Keywords: levoglucosan; CaLB; lipase; immobilization; NOEdiff; transesterification; esters

1. Introduction

Biotechnology has focused its attention on the development of sustainable processes. The Twelve
Principles of Green Chemistry reflect the need for actions in the development of bioprocesses both at
universities and in industries [1]. In this context, the availability of cheap raw materials and renewable
energy is the basis for global sustainability, where strategies for the development of clean technologies
for chemical processes has aimed to balance economic and environmental aspects [2]. In this trend, the
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application of enzymes as biocatalysts and the reuse of agroindustry waste are key-procedures in the
current initiatives that are aimed at the development of sustainable chemical synthesis [3].

Every year, a substantial amount of residual lignocellulosic biomass is generated and only 10%
is in fact reused. Therefore, the development of new strategies is important to add value to these
commodities [4,5]. The sugarcane sector has high use of lignocellulosic biomass to obtain biofuels, such
as first-generation ethanol, as well as small reuse of bagasse to obtain second- and third-generation
ethanol. Its composition ranges from 40% to 50% cellulose, 20% to 30% hemicellulose, 20% to 25%
lignin, and 1.5% to 3% ash [6–8].

Thus, new biomass valorization methods can be applied, such as pyrolysis—a process that can
generate various organic compounds in short intervals of time. Among the products of rapid pyrolysis
is bio-oil, a viscous mixture resulting from the oxidation of biomass polymers, of which their main
component is levoglucosan (Figure 1) [9], an anhydrous sugar that can be hydrolyzed to glucose, and
is used in fermentative processes to obtain various products. However, this molecule offers other
chemical possibilities as it has a hydrophobic moiety and free hydroxyls [10]. Levoglucosan can be
transformed into derived esters with a hydrophobic/hydrophilic balance that is of great value as
surfactants, emulsifiers, or even lubricants, showing great potential of application in the most diverse
industrial sectors, as our research group has observed with other esters that are produced by enzymatic
routes [11].
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Amphiphilic esters are currently produced from alkaline glycerolizes of natural oils and fats at
elevated temperatures and pressure. In addition to high energy consumption, the conditions that are
used result in low productivity and the formation of polymerization byproducts, resulting in dark
staining and poor product quality, which requires expensive later purification steps [12]. In this way,
the use of enzymatic processes can overcome these issues and lead to a greener approach. Among the
several enzymes that are currently applied in biocatalysis, lipases (triacylglycerol ester hydrolases E.C.
3.1.1.3) [13] have been outstanding for their great industrial application in the production of high added
value esters due to, among other advantages, their ability to show activity both of hydrolysis and
esterification, the non-requirement of cofactors, and their ability to be able to perform reactions with
high regio-, enantio-, and chemo-selectivity. Lipase-catalyzed transformations play an important role
in organic synthesis to fulfill the rapidly growing demand for enantiomerically pure compounds such
as pharmaceuticals, agrochemicals, and natural products, mainly due to no requirement for cofactors
and also the capacity of catalyzing different reactions such as asymmetric esterification, asymmetric
transesterification, and asymmetric hydrolysis.

Lipase immobilization is an effective method to improve the performance of free enzymes.
Compared with free enzymes, the immobilized enzymes with long-term operational stability can be
easily recovered and reutilized, thus reducing the costs of catalytic processes [13]. The activity of the
immobilized lipases depends on some parameters such as enzyme and support types and the protocols
of immobilization. Immobilization of lipases on different supports or different protocols in the same
support allows the development of systems with different stabilities and specificities, depending on
the support used, the intensity of the enzyme–support interaction, and the orientation of the enzyme
molecule on the support surface. The immobilization of an enzyme may produce different adverse
effects on the enzyme activity because the enzyme molecule may become distorted, mainly when some
multi-interactions between the enzyme and the support occur. Also, the active center may become
blocked by the immobilization itself [14]. Finally, immobilization may promote diffusion problems of
the substrate. These problems may have a different impact on the activity of the enzyme depending on
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the different immobilization strategies. Many functional groups of carriers, such as epoxy, amide, and
aldehyde, have been extensively used for covalent binding of lipases [15]. Supports containing epoxy
groups are characterized as having short spacer arms and being very stable at a neutral pH. They have
been reported to immobilize enzymes through multipoint covalent attachment at their amino, phenolic,
and thiol groups at an alkaline pH or at their carboxylic groups at a moderately acidic pH.

In this work, we performed both the esterification and transesterification of levoglucosan with
different acyl donors catalyzed by the lipases Novozym 435®, PSIM®, and the home-made lipase
CaLB_epoxy, aiming to evaluate conversion and selectivity for the obtained mono- and diesters in the
batch processes.

2. Materials and Methods

2.1. Materials

Lipase B from Candida antarctica (CaLB, soluble form), N435 (immobilized CaLB on macroporous
acrylic resin ion exchange) were purchased from Novozymes®. Lipase from Pseudomonas Cepacia
was purchased from Sigma-Aldrich and 1,6-anhydroglucopyranose (levoglucosan) was purchased
from Start BioScience. Epoxy resin Purolite®ECR8205F was purchased from Purolite International
Limited. Aliphatic carboxylic acids, N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA), N
O-Bis(trimethylsilyl)trifluoroacetamide(BSTFA), and tert-butyldimethylsilyl chloride (TBDMSCl) were
purchased from Sigma-Aldrich. All other reagents that were used were of analytical grade.

2.2. Immobilization Procedures

2.2.1. Immobilization of Lipase CaLB

Epoxy resin Purolite®ECR8205F polymer was applied as support for CaLB immobilization by
hydrophobic adsorption (CaLB_epoxy). For this purpose, 1 mL of the enzyme solution (0.62 U/mL of
specific activity of both lipases) was diluted in 20 mL of phosphate buffer (25 mM and pH 7.0) and
added to the appropriate support (3 g). The mixture was stirred for 4 h at 20◦C at 180 rpm, followed
by vacuum filtration. At the end, the supernatant was collected and stored for protein quantification.
The solid material was gravity filtered and dried at 25◦C.

2.2.2. Hydrolytic Activity Assay

The activities of free and immobilized lipases were determined as follows: 1 mL of extract or
10 mg of each supported enzyme were added to 19 mL of an emulsion that was prepared with olive
oil (5% v/v) and arabic gum (10% v/v) in sodium phosphate buffer (100 mM, pH 7.0). The reactions
were carried out under stirring (200 rpm) at 35◦C for 30 min. The reactions were then stopped by
the addition of 20 mL of acetone–ethanol mixture (1:1 v/v) and the fatty acids that were produced
were extracted under agitation (200 rpm) for 10 min and titrated until end-point (pH 11.0) with NaOH
solution (0.04 N). The blank assays were performed by adding the extract just after the addition of
the acetone–ethanol solution to the flask. One unit of lipase activity (U) was defined as the amount
of enzyme that catalyzes the release of 1 µmol of fatty acids per minute under the assay conditions.
All samples were compared with the commercial preparation N435.

2.2.3. Levoglucosan Derivatization Method

In order to obtain the best resolution in the analysis of the acylation products of levoglucosan by
gas chromatograph equipped with a mass spectrometry detector (GC-MS) as well as to determine the
selectivity of the lipases on the position of the hydroxyl groups, we investigated silylation with BSTFA,
MSTFA, and tert-butyldimethylsilane chloride.
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Silylation with BSTFA and MSTFA

For the derivation of OH-levoglucosan, 20µL of the sample were transferred to gas chromatography
(GC) auto-sampling flasks containing 50 µL of pyridine and 50 µL of the derivatizing agent [14].
The flasks were purged with argon gas (Ar), sealed, and coated with Teflon. The derivative conditions
were determined after the investigation of various experimental parameters including the reaction time
and the temperature on the analytical responses of the compounds, TLC (Thin Layer Chromatography)
monitoring [15].

Silylation with tert-butyl Dimethyl Silane Chloride

Triethylamine (5.54 mL, 39.80 mmol) at ambient temperature under argon was added to a solution
of the levoglucosan compound (992.00 mg, 6.12 mmol) in dichloromethane (75 mL). The mixture
was cooled to 0◦C and tert-butyldimethylsilane chloride (5.40 mL, 30.6 mmol) was slowly added in
the reaction medium. The ice bath was removed and the reaction was kept under stirring at room
temperature for 3 h and 30 min, TLC monitoring. The mixture was evaporated under reduced pressure,
the residue was diluted with hexane (20 mL), and the salt was filtered followed by washing with hexane.

2.3. Lipase-Catalyzed Acylation of Levoglucosan

2.3.1. Esterification of Long-Chain Fatty Acids

A stock solution containing the appropriate amount of fatty acid (lauric, palmitic, stearic, or oleic)
and ethanol (1:1—7.50 mmol, 150 mM) in hexane was prepared and added to a 50 mL flask with the
biocatalyst N435 (200 mg). The reactions were performed at 40◦C during 2 h and 200 rpm of stirring
on a shaker. At the end, the samples were collected and derivatized with 10 µL of MSTFA and diluted
to 1.0 mL of ethyl acetate and subsequently analyzed on a gas chromatograph equipped with a mass
spectrometry detector (GC-MS).

2.3.2. Transesterification of Levoglucosan

For initial screening, the esterification of levoglucosan was performed following the methodology
previously described by Galleti et al., 2007 [11] with adaptations: the first step consisted of the
production of the acyl donors. All transesterification reactions were performed having acyl donors as
the ethyl esters of lauric, palmitic, stearic, and oleic acids (see procedure 2.3.1).

For transesterification experiments (Scheme 1), levoglucosan (1 mmol, 163 mg), and the appropriate
acyl donor (2 mmol) were introduced into a vial containing 5 mL of CH3CN and the supported enzyme
(40 mg, 0.8 % (v/v)). The mixture was stirred at 50–65◦C for about five days, and the reaction progress
was monitored by TLC and GC–MS. To stop the reaction, the biocatalysts were filtered and the
products were separated by flash chromatography. The monoesters were easily separated, which
were obtained as a mixture. The final products were carefully identified by NMR:1H, 13C, HMBC,
HSQC,1H,1H-COSY (“Correlation Spectroscopy”) and NOEdiff (NOE “difference spectroscopy”)
spectra, FTIR spectrum ν (cm−1, KBr), HRMS (High-Resolution Mass Spectrometry—for further details,
see Support Information), and GC–MS analysis.
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Scheme 1. General procedure for lipase-catalyzed transesterification reaction of levoglucosan (1).
Conditions: 2 ethyl esters of a: lauric, b: palmitic, c: stearic, and d: oleic acids (2.0 mmol), 3 levoglucosan
monoesters aliphatic chains, and 4 ethanol.

4-O-Lauryl-1,6-anhydroglucopyranose
1H NMR (500 MHz, DMSO) δ 5.26 (d, J = 4.7 Hz, 1H, OH), 5.18 (s, 1H, H1), 5.13 (d, J = 5.1 Hz, 1H,

OH), 4.43 (m, 1H, H4), 4.41 (m, 1H, H5), 3.90 (dd, J = 6.7 Hz, 1H, H6 endo), 3.52 (dd,J= 7.1 and 5.4, 1H,
H6 exo), 3.37 (m, 1H, H3), 3.22 (d, J = 4.2 Hz, 1H, H2), 2.32 (t, J = 7.4 Hz, 2H, CH2CH2COO), 1.54 (dt,
J = 14.4, 7.3 Hz, 2H, CH2CH2COO), 1.24 (m, 16H, CH3(CH2)8), 0.85 (t, J = 6.9 Hz, 3H, CH3CH2).13C
NMR (500 MHz, DMSO-d6) δ 172.28, 102.03, 76.57, 74.88, 69.47, 69.33, 65.29, 34.17, 33.98, 31.75, 29.44,
29.33, 29.16, 28.87, 28.83, 24.86, 22.55, 14.42. HRMS calculated for (M+Na)+ C18H32O6 : 367.2091, found:
367.2114. Rf : 0.29 (Eluent: Ethyl acetate/Hexane 1:1—Developer: Sulfuric acid/Ethanol).

2-O-Lauryl-1,6-anhydroglucopyranose
1H NMR (400 MHz, DMSO-d6) δ 5.21 (s, 1H, H1), 5.18 (d, J = 6.6 Hz, 1H, OH), 5.11 (d, J = 7.0 Hz, 1H,

OH), 4.57 (m, 1H, H2), 4.40 (td, J = 6.0, 1.0 Hz, 1H, H5), 3.83 (dd, J = 7.4 Hz, 0.9 Hz, 1H, H6 endo), 3.56 (dd,
J = 7.3 Hz, 5.8 Hz, 1H, H6 exo), 3.35 (m, 1H, H4), 3.16 (m, 1H, H3), 2.29 (t, J = 11.7Hz, 2H, CH2CH2COO),
1.51 (m, 2H, CH2CH2COO), 1.24 (m, 16H, CH3(CH2)8), 0.85 (t, J = 6.8 Hz, 3H, CH3CH2).13C NMR (500
MHz, DMSO-d6) δ 172.28, 102.05, 76.58, 74.89, 69.49, 69.34, 65.29, 34.17, 33.98, 31.75, 29.44, 29.33, 29.15,
28.88, 28.83, 24.86, 22.55, 14.41. HRMS calculatedfor (M+Na)+ C18H32O6 : 367.2091, found: 367.2114.
Rf : 0.21 (Eluent: Ethyl acetate/Hexane 1:1—Developer: Sulfuric acid/Ethanol).

4-O-Palmitoyl-1,6-anhydroglucopyranose
1H NMR (500 MHz, CDCl3) δ 5.51 (s, 1H, H1), 4.75 (m, 1H, H4), 4.59 (d, J = 6.0 Hz, 1H, H5), 4.24

(d, J = 7.1 Hz, 1H, H6 endo), 3.81 (dd, J = 7.9, 5.5 Hz, 1H, H6 exo), 3.78 (m, 1H, H3), 3.56 (m, 1H, H2),
2.39 (m, 2H, CH2CH2COO), 1.65 (m, 2H, CH2CH2COO), 1.28 (m, 24H, CH3(CH2)12), 0.88 (t, J = 7.0 Hz,
3H, CH3CH2).13C NMR (400 MHz, CDCl3) δ 173.68, 102.21, 74.30, 72.43, 71.20, 69.58, 65.73, 34.13, 31.71,
29.64, 29.58, 29.54, 29.44, 29.39, 29.25, 29.21, 29.17, 29.10, 29.06, 24.72, 22.15, 13.96.HRMS calculated for
(M+Na)+ C22H40O6 :423.2717, found: 423.2717. Rf : 0.29 (Eluent: Ethyl acetate/Hexane 1:1—Developer:
Sulfuric acid/Ethanol).

2-O-Palmitoyl-1,6-anhydroglucopyranose
1H NMR (400 MHz, CDCl3) δ 5.44 (s, 1H, H1), 4.76 (m, 1H, H2), 4.58 (d, J = 5.3 Hz, 1H, H5), 4.06

(dd, J = 7.5, 0.4 Hz, 1H, H6 endo), 3.81 (dd, J = 7.5, 5.8 Hz, 1H, H6 exo), 3.63 (m, 1H, H4), 3.56 (m, 1H,
H3), 2.34 (t, J = 7.5, 1.9 Hz, 2H, CH2CH2COO), 1.60 (m, 2H, CH2CH2COO), 1.28 (m, 24H, CH3(CH2)12),
0.88 (t, J = 6.8 Hz, 3H, CH3CH2).13C NMR (400 MHz, CDCl3) δ 173.15, 101.46, 76.15, 73.75, 69.07,
68.20, 65.11, 34.50, 32.07, 29.84, 29.81, 29.74, 29.66, 29.59, 29.55, 29.51, 29.37, 29.30, 29.22, 24.99, 22.84,
14.25. HRMS calculated for (M+Na)+ C22H40O6 : 423.2717, found: 423.2898. Rf : 0.21 (Eluent: Ethyl
acetate/Hexane 1:1—Developer: Sulfuricacid/Ethanol).

4-O-Estearyl-1,6-anhydroglucopyranose
1H NMR (500 MHz, CDCl3) δ 5.50 (s, 1H, H1), 4.73 (d, J = 0.6 Hz, 1H, H4), 4.58 (d, J = 5.1 Hz,

1H, H5), 4.24 (d, J = 7.8 Hz, 1H, H6 endo), 3.80 (dd, J = 7.7, 5.5 Hz, 1H, H6 exo), 3.76 (m, 1H, H3),
3.56 (d, J = 1.3 Hz, 1H, H2), 2.39 (t, J = 7.6 Hz, 2H, CH2CH2COO), 1.66 (m, 2H, CH2CH2COO), 1.29
(m, 28H, CH3(CH2)14), 0.88 (t, J = 6.9 Hz, 3H, CH3CH2).13C NMR (500 MHz, CDCl3) δ 172.96, 102.24,
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74.52, 72.68, 71.48, 70.15, 65.90, 34.41, 32.07, 29.84-29-78, 29.73, 29.66, 29.59, 29.50, 29.37, 29.22, 27.37,
27.34, 25.04, 22.83, 14.26. HRMS calculated for (M+Na)+ C24H44O6: 451.3030, found: 451.2897. Rf : 0.30
(Eluent: Ethyl acetate/Hexane 1:1—Developer: Sulfuricacid/Ethanol).

2-O-Estearyl-1,6-anhydroglucopyranose
1H NMR (400 MHz, CDCl3) δ 5.44 (s, 1H, H1), 4.75 (m, 1H, H2), 4.59 (d, J = 1.5 Hz, 1H, H5), 4.06

(d, J = 7.4 Hz, 1H, H6 endo), 3.80 (dd, J = 7.6, 5.8 Hz, 1H, H6 exo), 3.61 (m, 1H, H4), 3.55 (m, 1H, H3),
2.34 (t, J = 7.4Hz, 2H, CH2CH2COO), 1.62 (m, 2H, CH2CH2COO), 1.29 (m, 28H, CH3(CH2)14), 0.88 (t,
J = 6.8 Hz, 3H, CH3CH2).13C NMR (400 MHz, CDCl3) δ 173.05, 102.26, 76.12, 73.75, 69.01, 68.10, 65.09,
34.41, 32.07, 29.92, 29.83, 29.80, 29.74, 29.67, 29.59, 29.50, 29.48, 29.37, 29.28, 29.22, 27.34, 24.99, 22.83,
14.25. HRMS calculated for (M+Na)+ C24H44O6: 451.3030, found: 451.2978. Rf : 0.22 (Eluent: Ethyl
acetate/Hexane 1:1—Developer: Sulfuric acid/Ethanol).

4-O-Oleoyl-1,6-anhydroglucopyranose
1H NMR (500 MHz, CDCl3) δ 5.50 (s, 1H, H1), 5.34 (m, 2H, 9′ and H10′), 4.74 (m, 1H, H4), 4.58 (d,

J = 4.9 Hz, 1H, H5), 4.24 (d, J = 7.7 Hz, 1H, H6 endo), 4.12 (dd, , 1H, OH), 3.81 (dd, J = 7.6, 5.7 Hz, 1H,
H6 exo), 3.78 (m, 1H, H3), 3.57 (m, 1H, H2), 2.63 (m, 1H, OH), 2.39 (t, J = 7.6 Hz, 2H, CH2CH2COO),
2.05 (m, 4H, H8′ and H11′), 1.64 (m, 2H, CH2CH2COO), 1.29 (m, 20H, H4′-H7′ and H12′-H17′), 0.88
(t, J = 6.6 Hz, 3H, CH3CH2).13C NMR (500 MHz, CDCl3) δ 172.88, 130.21, 129.86, 102.27, 74.54, 72.70,
71.53, 70.17, 65.91, 34.40, 32.05, 29.92, 29.83, 29.67, 29.47, 29.46, 29.28, 29.23, 29.19, 27.35(2C), 25.04, 22.82,
14.24.HRMS calculated for (M+Na)+ C24H42O6: 449.2833, found: 449.3098. Rf : 0.30 (Eluent: Ethyl
acetate/Hexane 1:1—Developer: Sulfuric acid/Ethanol).

2-O-Oleoyl-1,6-anhydroglucopyranose
1H NMR (500 MHz, CDCl3) δ 5.44 (s, 1H, H1), 5.34 (m, 2H, 9′-H10′), 4.76 (m, 1H, H2), 4.58 (d,

J = 5.4 Hz, 1H, H5), 4.06 (d, J = 7.0 Hz, 1H, H6 endo), 3.81 (dd, J = 7.4, 5.9 Hz, 1H, H6 exo), 3.61 (s, 1H,
H4), 3.54 (d, J = 1.0 Hz, 1H, H3), 2.34 (t, J = 7.5Hz, 2H, CH2CH2COO), 2.00 (m, 4H, H8′ and H11′), 1.64
(m, 2H, CH2CH2COO), 1.29 (m, 20H, H4′-H7′ and H12′-H17′), 0.87 (t, J = 6.9 Hz, 3H, CH3CH2).13C
NMR (500 MHz, CDCl3) δ 173.09, 130.21, 129.82, 101.44, 76.09, 73.72, 69.02, 68.11, 65.08, 34.50, 32.04,
29.90, 29.82, 29.73, 29.66, 29.46, 29.27, 29.22, 29.18, 27.37 (2C), 24.96, 22.82, 14.25.HRM calculated for
(M+Na)+ C24H42O6: 449.2833, found: 449.2852. Rf : 0.22 (Eluent: Ethyl acetate/Hexane 1:1—Developer:
Sulfuric acid/Ethanol).

2.4. Gas Chromatography Analysis

Helium was applied as the carrier gas in all analyses. Analyses were performed in a GC-MS
(Shimadzu CG2010 –SLB-5MS capillary column 30 m, 0.25 mm ID, 0.25 um film thickness). Samples
were prepared by diluting 20µL of the final product in 980 µL of ethyl acetate. The injector and detector
temperatures were 250◦C and the oven was maintained at 80◦C for 4 min, increased to 200◦C at a rate
of 6◦C/min for 10 min, increased to 310◦C at a rate of 8◦C/min, then it was held constant for 4 min,
totaling 51.75 min.

3. Results and Discussion

Lipase-catalyzed Acylation of 1,6-anhydroglucopyranose

We started this work investigating the influence of the main reaction parameters in order to
find the best conditions for the production of mono and diesters of levoglucosan from acyl donors
with long carboxylic acid chain (>12C) both by lipase-catalyzed esterification and transesterification.
The selectivity of commercial and home-made biocatalysts was also evaluated. Initially, the esterification
of commercial levoglucosan was evaluated by applying long chain fatty acids with acetonitrile as a
solvent, as described in the experimental section. As expected, none of the biocatalysts demonstrated
satisfactory ester conversion (<30%—data not shown) under the conditions investigated, where lauric
acid showed the best result (30% of conversion and poor selectivity). Galleti et al. (2007) [11] applied
the lipase PS (Pseudomonas cepacia) on acylation of levoglucosan with several acyl donors, such as vinyl
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esters (acetate and laurate) and carboxylic acids (acetic and lauric) in alternative green solvents, where
CH3CN and the ionic liquid [MOEMIm] [dca] were the most suitable. As a result, carboxylic acids
could effectively substitute vinyl esters as acylating agents when ionic liquids were the solvent of
choice. The reaction times were quite long (more than 5 days) with poor selectivity to monoesters.

Chemical strategies for the synthesis of levoglucosan esters with acyl chlorides have already been
described in the 1990s [16]. In addition, just a few papers have explored the enzymatic esterification of
this anhydrous sugar. However, in levoglucosan, the carbons C1 and C6 present an acetalic function
and the remaining secondary hydroxyl groups are in the axial position. Therefore, levoglucosan is
much less reactive than glucose or other sugars, both to chemical or enzymatic attack. This peculiar
feature can be extended to the regioselective acylation of a single secondary OH function that represents
a very challenging task.

The second strategy was to evaluate the performance of previously mentioned biocatalysts on
the transesterification of levoglucosan using several acyl donors at different temperatures (Scheme 1),
aiming to investigate the selectivity for mono- and diesters. Results are shown in Table 1.
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Entry Biocatalyst * Acyl Donor **
Conversion (%)

(3-I + 3-II + 3-III)

50 ◦C 55 ◦C 65 ◦C

1

N435

a 46 92 68
2 b 97 90 62
3 c 58 84 31
4 d 48 86 49

5

CaLB_epoxy

a 49 29 68
6 b 76 70 64
7 c 0 61 16
8 d 12 93 77

9

PSIM

a 51 52 12
10 b 49 74 51
11 c 47 70 0
12 d 8 72 67

*N435 = Novozym 435 (Candida antarctica lipase B), immobilized on macroporous acrylic type ion exchange resin;
CaLB_epoxy = Candida antarctica lipase B immobilized on epoxy support by our research group and PSIM = lipase
from Pseudomonas cepacea immobilized on ceramic particles.**2 equivalent, a: ethyl laurate, b: ethyl palmitate, c:
ethyl stearate, and d: ethyl oleate.

Analysis by TLC analysis (Rf = 0.30 and Rf = 0.21) and subsequent GC-MS confirmation
demonstrated that monoesters could be obtained as major products in all reactions together with traces
of diesters (<1% relative intensity could be noted after separation and analysis by high resolution mass
spectrometry).

According to Table 1, better conversions could be achieved by N435 using ethyl laurate and
ethyl palmitate as acyl donors at 55◦C and 50◦C, respectively (Entry 1 and 2). Comparing these
results for those obtained by CaLB_epoxy, a change in substrate preference was observed, leading
to average conversions in levoglucosan palmitate at 50◦C and 55◦C. Surprisingly, high conversions
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in levoglucosan oleate was also obtained (93%, Entry 8), which until now, is a result that has not
been reported. The lipase CaLB presents a very reduced hydrophobic lid and, therefore, does not
require interfacial activation to perform hydrolysis and esterification reactions. N435 is a commercial
preparation containing CaLB immobilized in cationic resin by ionic adsorption, with hydrolysis activity
of 256 U/g. The home-made CaLB_epoxy biocatalyst contains CaLB immobilized by hydrophobic
adsorption on epoxiresin Purolite®ECR 82057, with hydrolysis activity of 419 U/g. Previous work
of our group [13–15]. demonstrated that this derivative also showed higher esterification potential
than N435 with a protein load of 11 mg/g of support against 15 mg/g of support presented by N435.
In addition, the immobilization method that was applied in the new biocatalyst may have been
responsible for a conformational modification of the enzyme as a product of protein-support hidrofobic
interactions, making the catalytic site more suitable to receive the ethyl oleate acyl donor selectively.
The use of epoxy-functionalized resins as enzyme support is advantageous because they have been
considered as dual resins, since they are versatile and can generate different interactions with the
enzymes to be immobilized according to changing the pH and the ionic force that is applied in the
immobilization environment. These supports are very stable at a neutral pH, even under humid
conditions, and can be stored for a long period. In addition, these supports can stabilize the enzyme
by multipoint covalent binding, resulting in high stabilization to the derivatives [16–18]. The epoxy
groups undergo nucleophilic attack of different groups on the surface of the enzyme such as amino,
thiol, and hydroxyl, allowing intense interactions between the enzyme and the support. Epoxy groups
are weakly reactive under mild conditions such as neutral pH and low ionic strength. Thus, the
immobilization using this type of support must be performed in two steps: in the first, the enzyme is
adsorbed onto the surface of the support [19,20]. High ionic strength is required at this stage to force
the hydrophobic adsorption of the proteins on the support. After a long incubation time of the enzyme
adsorbed at pH 7.0, the derivative is incubated at alkaline pH (around 10.0) to effect multi-interactions
between the enzyme and the support through covalent bonding promoted by epoxy groups on the
susceptible amino acids of the enzyme, giving greater stiffness to the derivative and thus, obtaining
derivatives with high thermal stability. High conversions were also observed for lipase PSIM, mainly at
55◦C, where similar conversions to palmitate, stearate, and oleate were demonstrated. In addition, the
values were also higher than PSIM (8750.0 U/g), despite having high hydrolysis activity, and showed
conversions below 75% for all the conditions that were analyzed.

The study of levoglucosan conformation is important to understand the obtained results since
the presence of three hydroxyls in the structure allows the formation of monoesters and diesters at
positions C2, C3, and C4. Under the studied conditions, it was not possible to find significant diester
formation. However, studies were done to evaluate lipase regioselectivity towards levoglucosan
monoesters. The pyranose ring of levoglucosan can adopt two conformations: inverted chair and
boat type [21,22]. In the chair conformation, the intramolecular interactions, due to hydrogen bonding
occurring between the hydroxyl of C3 in the axial position and the oxygen in C6, also in the axial
position, contribute to a greater stabilization of the molecule, increasing its population, but decreasing
its reactivity as a nucleophile [23]. The same interaction, hydrogen donor-acceptor, can occur with the
hydroxyls in C2 and C4, according to Figure 2.
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Figure 2. Possible conformational structures for levoglucosan in the axial position [22].

Comparing the obtained values, it is possible to observe that the regioselectivity of N435 is slightly
influenced by the temperature and size of the alkyl chain, exhibiting a similar tendency for OH at C4
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and C2 in all conditions that were explored, except for ethyl laurate (Figure 3B, 3-Ia- 50◦C), where it is
possible to observe a loss of regioselectivity at higher temperatures. Different values were obtained for
CaLB_epoxy and PSIM where the preference occurred for OH-C4, as can be observed for ethyl oleate
(Figure 3C, 3-Id) and ethyl laurate (Figure 3D, 3-Ia), respectively.
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Figure 3. Regioselectivity in the enzymatic acetylation of levoglucosan in CH3CN with ethyl aliphatic
esters. Analyses were performed in a gas chromatograph equipped with a mass spectrometry detector
(GC-MS).

The acyl moiety of the acyl-donor is covalently bound to the active site of the enzyme during
the two transition states in the catalytic triad [24,25]. Moreover, the alcohol and the acyl binding
sites are close to each other. Hence, the acyl moiety is likely to influence the regioselectivity of lipase
towards the alcohol and the length and shape of the acyl part of the acyl-donor indeed influence the
regioselectivity of the reaction. It was observed that regioselectivity increased with longer acyl groups
for CaLB_epoxy and PSIM, as presented in Figure 3.

Figure 4 shows the representative chromatograms of the reaction of levoglucosan with ethyl oleate
mediated by N435, CaLB_epoxy, and PSIM at 55◦C in acetonitrile, where the peaks corresponding to
the retention times 48.52 and 48.76 min correspond to the regioisomers obtained during the reaction.

In order to verify the regioselectivity of the reaction studied, regioisomers were isolated and
characterized by 1H NMR, 13C NMR, NOEDIFF, and Infrared (FTIR) techniques (see Support
Information). In order to unequivocally determine the structure of compounds 1 and 2, 2D NMR
(HMBC and HSQC) experiments were carried out. Once the structure of compounds 1 and 2 is
determined, it can be established what compound is formed in the transesterification reaction. Table 2
shows the 1H NMR chemical shifts (ν, ppm) and coupling constants (JHH, Hz), and 13C chemical shifts
(ν, ppm) for compounds 1 and 2.
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Figure 4. Regioselectivity in the enzymatic acetylation of levoglucosan (1 mmol, 163 mg) in CH3CN
(5.0 mL) with ethyl oleate (2 mmol, 619 mg) were introduced into a vial containing the supported
enzyme (40 mg, 0.8% (v/v)). The mixture was stirred at 55◦C for about five days and the course of the
reaction was monitored by means of GC–MS.

Table 2. 13C and 1H chemical shifts (ν, ppm) in CDCl3 as solvent for compounds 1 and 2. JHH coupling
constants are represented in parenthesis.

1 2

Carbon/Hydrogen 13C 1H 13C 1H

1 101.25 5.44 s 102.27 5.51 s
2 73.54 4.76 m 70.17 3.57 m
3 67.91 3.54 d (1.0 Hz) 71.53 3.78 m
4 68.86 3.61 s 72.50 4.74 m
5 76.01 4.58 d (5.4 Hz) 74.54 4.58 d (4.9 Hz)

6 64.88
4.06 d (H6 endo, 7.0 Hz)

65.91
4.24 d (H6 endo, 7.7 Hz)

3.81 dd (H6 exo, 7.4 and
5.9 Hz)

3.81 dd (H6 exo, 7.6 and
5.7 Hz)

2′ 34.38 2.34 t (7.5 Hz) 34.4 2.39 t (7.6 Hz)
3′ 24.77 1.64 m 25.04 1.64 m

4′-7 and 12′-17′ 29.18–29.90 1.28 m 29.19–29.92 1.29 m
8′ and 11′ 27.16 and 27.23 2.0 m 27.31 and 27.38 2.02 m
9′ and 10′ 129.82–130.21 5.34 m 130.2–129.86 5.34 m

18’ 14.25 0.87 t (6.9 Hz) 14.24 0.88 t (6.6 Hz)

The signs CH and CH2 of compounds 1 and 2 can be more easily identified by comparing the
1H-NMR, 13C-DEPT135, and HSQC spectra, allowing the distinction between the methinics and
methylenics carbon signals, and by 1H-1H-COSY, it was possible to obtain the correlations between the
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hydrogens that are coupled by 2-3JH,H (geminal and vicinal couplings, measurable in the 1D spectrum)
and, thus, discern the multiplicity of signals observed in the 1H-NMR spectrum. The signal of the
methinics carbons CH-2, CH-3, and CH-4 of the levoglucosan pyranose ring is relatively more difficult,
however it has been monitored by careful consideration of spectrum correlations with coupling
interaction at one and three C-H bonds [23].

The results showed that the chemical displacement of CH-4 at compound 1 appears about δH=

3.61 ppm lower than in compound 2 (δH= 4.74 ppm). Different displacements were also observed
for ring CH-2, and it was not possible to observe significant differences for others. The values of the
chemical displacements of the methinics carbons CH-2 and CH-4 reveal modification dependent on
the substituent groups that are present in the gem-hydroxyls in C2 and C4 (Figure 5).
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Figure 5. 1H-NMR Spectrum for 2-O-Oleoyl-1,6-anhydroglucopyranose.

In this context, NOEdiff experiments can be used to confirm previous assignments, as well as to
distinguish between levoglucosan monoester. When irradiating H2 (compound 1) at 4.76 ppm, there is
an increase in the signal intensity related to hydrogens of the aliphatic ester chain by 1.35 ppm due
to the Overhauser effect. When irradiating at 3.61 ppm (H4), it was not possible to observe an n.O.e
(Figure 6).

These experiments clearly showed that there are marked differences between reactivities on C2 and
C4 hydroxyl groups and also that the type of binding and support chosen for enzyme immobilization
can influence the selectivity of the enzyme so that the hydroxyl groups can be selectively transesterified,
Since CaLB_epoxy and N435 have the same enzyme (CALB), but immobilized on different supports,
generating different interactions between enzyme and support and consequently, different spatial
conformations, revealing different preferences in the reaction under study.

Without detailed knowledge of the chemistry of the N435 support, it is not yet possible to attribute
these observed differences to electronic, steric, or directed factors. To the best of our knowledge, this is
the only example of this type of selective transesterification in the levoglucosan group in the presence
of saturated and unsaturated long chain (≥C16) aliphatic esters using the enzymatic process.
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4. Conclusions

In this work, it was possible to integrate lipase-catalyzed production of ethyl esters from different
chains with the transesterification of levoglucosanam catalyzed by the lipases N435 and CalB_epoxy,
where the differences of lipase interaction with the supports generated different characteristics in
the biocatalysts, which resulted in differences of conversion and regioselectivity of the products
formed, especially for CalB_epoxi, which showed conversions higher than 90% in monoester and
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regioselectivity higher than 99% for the products 2-O-Oleoyl-1,6-anhydroglucopyranose, which is first
described by biocatalysi. N435 demonstrated conversions higher than 90% but lower selectivities for
the monoesters 4-O-Stearyl-1,6-anhydroglucopyranose and 4-O-Stearyl -1,6-anhydroglucopyranose.
Importantly, regioselectivity was completely confirmed by NMR:1H, 13C, HMBC, HSQC, 1H,1H-COSY
(“Correlation Spectroscopy”) and NOEdiff (NOE “difference spectroscopy”) spectra, FTIR spectrum ν

(cm-1, KBr), HRMS (High-Resolution Mass Spectrometry), and GC–MS analysis, confirming the main
formation of monoesters and the correct esterification positions obtained by the studied biocatalysts,
which were reported for the first time for levoglucosan esters (Shown as Supplementary Materials).

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/21/
6044/s1. Figure S1: Chromatogram of levoglucosan reaction medium with ethyl palmitate using N435
(derivatized) 55 ◦C. Peak with retention time at 9.2 for excess BSTFA; Figure S2: Chromatogram of
levoglucosan reaction medium with ethyl palmitate using PSIM 56 (derivatized) 55 ◦C. Peak with retention
time at 9.2 for excess BSTFA; Figure S3: Chromatogram of levoglucosan reaction medium with ethyl
oleate using CaLB_epoxy (derivatized) 55 ◦C; Figure S4: Infrared spectrum of levoglucosan; Figure S5:
Infrared spectrum of the transesterification reaction of levoglucosan with ethyl oleate; Figure S6: 1H-NMR
spectrum for levoglucosan (DMSO); Figure S7: 1H-NMR Spectrum for 4-O-Lauryl-1,6-anhydroglucopyranose
(CDCl3); Figure S8: 1H-NMR Spectrum for 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S9:
1H-NMR Spectrum for 4-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S10: 13C-NMR Spectrum
for levoglucosan (DMSO); Figure S11: 13C-NMR Spectrum for 4-O-Lauryl-1,6-anhydroglucopyranose
(CDCl3); Figure S12: 13C-NMR Spectrum for 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure
S13: 13C-NMR Spectrum for 4-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S14: 1H, 1H
COSY for levoglucosan (DMSO); Figure S15: 1H, 1H COSY for 4-O-Lauryl-1,6-anhydroglucopyranose
(CDCl3); Figure S16: 1H, 1H COSY for 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S17:
1H, 1H COSY for 4-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S18: HSQC for levoglucosan
(DMSO); Figure S19: HSQC for 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S20: HSQC for
4-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S21: n.0.e difference spectra for irradiation in the H-2′
compound 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S22: n.0.e difference spectra for irradiation
in the H-2 compound 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S23: n.0.e difference spectra for
irradiation in the H-5 compound 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S24: n.0.e difference
spectra for irradiation in the H-3 compound 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Figure S25: n.0.e
difference spectra for irradiation in the H-4 compound 2-O-Oleoyl-1,6-anhydroglucopyranose (CDCl3); Table S1:
Regioselectivity in the enzymatic acetylation of levoglucosan in CH3CN with ethyl aliphatic esters. Analyses
were performed in a GC-MS.
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