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ABSTRACT
Aligning with the objectives of the EU chemicals strategy for sustainability, an ultrarapid, safe and sustainable method for pro-

ducing a library of levoglucosenone (LGO)-based amphiphilic molecules was developed. LGO and a series of alkyl malonates were

employed as renewable building blocks to synthesize a series of structurally diverse adducts via Michael addition. The use of a

nontoxic, inexpensive heterogeneous base catalyst (Ca(OH)2) enables the reaction to proceed through base activation of the

Michael donors, namely the series of malonates employed. This process generates the carbon-based nucleophiles, the enolates,

in situ. These intermediates subsequently react with levoglucosenone, the Michael acceptor, via a 1,4-conjugate addition. The

microwave-enhanced procedure provides a rapid, selective and energy-efficient heating source, enabling a solventless and low-

impact process. Reaction conditions were optimized through a multivariate Design of Experiments (D-optimal) approach, afford-

ing reproducible gravimetric yields above 80% with high selectivity and stereochemical control. The configuration of the newly

formed chiral center was confirmed by X-ray characterization of the dimethyl derivative. The physical properties of the four

synthesized adducts were investigated through an integrated set of methods, including theoretical tools such as the hydrophilic–

lipophilic balance calculations and COnductor like Screening MOdel for Real Solvents simulations. n-Octanol/water partition

coefficients, contact angle measurements, and emulsion tests further revealed the potential of these molecules as wetting and

emulsifying agents. Overall, the results highlight how it is possible to synthesize LGO-based adducts with clear and tunable

structure–property features using an ultrarapid, solventless protocol.

1 | Introduction

The chemical industry is a key cornerstone industry which in the
last 150 years has shaped the modern industrial world. In 2018,
Europe was the second largest global producer of chemicals,
accounting for 16.9% of worldwide sales. On October 14, 2020,
the European Commission adopted the Chemicals Strategy for
Sustainability, which is part of the European Green Deal.
While the EU’s overarching climate targets—reducing net green-
house gas emissions by 55% by 2030 and achieving climate

neutrality by 2050—are set out in the European Climate Law,
the chemicals strategy focuses on promoting safer and more sus-
tainable chemicals. Its objectives include phasing out the most
harmful substances, encouraging innovation in nontoxic alterna-
tives, and supporting the use of sustainable feedstock in chemical
production [1, 2].

Levoglucosenone ((1S,5R)−6,8-Dioxabicyclo [3.2.1]oct-2-en-4-one,
LGO) is an anhydrosugar obtained mainly through the acid-
catalyzed pyrolysis of cellulose [3–7]. It has gained significant
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attention due to the widespread use of its hydrogenated deriva-
tive, Cyrene (dihydrolevoglucosenone), a green solvent produced
from lignocellulosic biomass [8]. A greener alternative route to
Cyrene has also been developed, relying on the use of an alkene
reductase from Pichia stipitis (OYE 2.6). This biocatalytic protocol
enables the efficient and quantitative formation of the target
compound [9]. Cyrene is currently being investigated in various
sectors, including pharmaceuticals, chemical intermediates, and
membrane technologies, offering comparable performance with
improved sustainability compared to traditional toxic solvents such
as N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone
(NMP). The replacement of these hazardous solvents with
Cyrene is driven both by its comparable solvating properties
and by increasing regulatory pressure in the European Union,
through Registration, Evaluation, Authorization and Restriction
of Chemicals (REACH) restrictions and the implementation of
Safe and Sustainable by Design (SSbD) criteria promoted by
European Chemicals Agency (ECHA).

Beyond Cyrene, LGO serves as a valuable and versatile precursor
for the synthesis of structurally diverse and often complex mol-
ecules [4, 10–13]. These include biologically active compounds
such as intermediates in the synthesis of Indinavir (protease
HIV inhibitor) [14], an antifungal agent [15], anticancer drugs
[16], intermediates for the synthesis of marine natural products
like tetrodotoxin [17], and flavor compounds including dairy lac-
tone [18]. This wide range of applications underlines the prom-
ising role of LGO as a bio-based building block. Despite its
relatively low molecular weight (126 g/mol), LGO contains a
high density of orthogonal functional groups, which enhances
its synthetic utility. The acetal functionality, which contains
the anomeric center, can be considered as a protection within
the molecule, resulting in different reactivities between the two
functional groups. This functional group orthogonality results in
distinct chemical behavior under acidic or basic conditions: while
the acetal is sensitive predominantly to strong acids, the enone
can react under both acidic and basic conditions.

This study aims to develop and optimize sustainable methods for
synthesizing a small library of LGO-based Michael adducts using
microwave-assisted protocols and to evaluate their behavior as
potential bio-surfactants. Given that the selection of reactions
applied to LGO must align with the principles of green chemis-
try—particularly concerning waste minimization, operational
simplicity, use of bio-based reagents, and retention of the native
functionality of LGO—the Michael addition was identified as the
most suitable transformation. This reaction is characterized by
high efficiency, short reaction times (attributable to LGO’s excel-
lent capacity as a Michael acceptor), and high atom economy.
Malonates, used as CH-activated donors, were selected for their
ability to perform the reaction without regioselectivity issues.
They also represent valuable intermediates in the synthesis of
potentially bioactive compounds, including barbiturates, antibac-
terial agents, and vitamin derivatives [19–22]. Since malonic acid
is the key precursor to this class of derivatives, a bio-basedmicrobial
route to malonic acid was developed by Lygos and demonstrated at
pilot scale in collaboration with the ABPDU (Berkeley Lab) in 2015,
relying on engineered strains capable of fermenting sugars into this
C3 building block [23]. Importantly, despite the structural amphi-
philicity of many LGO derivatives, their potential surfactant behav-
ior has not yet been explored in the literature.

2 | Materials and Methods

2.1 | Chemicals and Materials

Levoglucosenone (LGO, 1) was kindly provided by Circa Group
Ltd. with a reported purity of 99.55% (determined by GC and 1H-
nuclear magnetic resonance [NMR]) and an optical rotation of
[α]D20=−554.3° (c= 1.1% in ethyl acetate). Dimethyl malonate
(DMM) was purchased from Sigma–Aldrich. Diethyl malonate
(DEM) and di-n-butyl malonate (DBM) were obtained from
TCI with a purity higher than 99%. Dibenzyl malonate (DBnM)
was purchased from Fluka. Calcium dihydroxide was purchased
from Supelco. Cold-pressed virgin olive oil was purchased from
Coop. Solvents used for high performance liquid chromatogra-
phy (HPLC) included methanol (HPLC ULTRA liquid chroma-
tography–mass spectroscopy (LC–MS) grade, VWR), acetonitrile
(LC/MS grade, Carlo Erba) and formic acid (>95%, Sigma
Aldrich) all used without further purification. For thin-layer
chromatography, silica gel plates supported on glass (Merck
60 F254, 0.25 mm) were used. Flash column chromatography on
silica gel was performed under pressure using Gel Duran SI 60 Å
silica gel (230–400 mesh).

3 | NMR Spectroscopy

NMR spectra (1H, 13C, COZY, HSQC, HMBC, and NOESY) were
recorded using a JEOL JNM-ECZR400 spectrometer (400MHz
for 1H and 100MHz for 13C) equipped with a Royal HFX probe.
Spectra were acquired in CDCl3 at 27 °C. Chemical shifts (δ) are
reported in parts per million (ppm), using tetramethylsilane
(TMS, 0 ppm) as the internal standard for 1H spectra and the cen-
tral peak of CDCl3 (77.16 ppm) for 13C spectra. Spectral data are
reported as follows: chemical shift in decreasing order, multiplic-
ity (indicated as s= singlet, d= doublet, t= triplet, q= quartet,
m=multiplet, and their combinations), coupling constants (J)
in Hertz, and signal integration. Spectra were processed using
the MestReNova software (2024 Mestrelab Research v. 15.10–
38 027). Complete structural characterization was achieved by
analyzing correlations in homonuclear 2D spectra (Cozy) and
heteronuclear 2D spectra (HSQC and HMBC). The NOESY spec-
trum was one of the key analyses (alongside X-ray diffraction
[XRD]) used to determine the absolute configuration of the
new stereocenter at the C-4 position of the pyranose ring. The
compounds were analyzed at a concentration of 5–10mg per
700 μL for the 1H-NMR and 20mg per 700 μL for the 13C-NMR.

4 | Melting Point Determination

The melting point of the only solid product, 2 adduct, was deter-
mined using a Buchi 565 melting point apparatus.

4.1 | Fourier Transform-InfraRed (FT-IR)
Spectroscopy

Infrared (IR) spectra were recorded in attenuated total reflectance
(ATR) mode using a PerkinElmer Spectrum 65 fourier transform-
infraRed spectrometer, which allows for direct analysis of pure
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samples without any prior treatment. Spectra were collected over
the 4000 to 600 cm –1 range with 16 scans per sample and a spectral
resolution of 2 cm−1.

4.2 | Gas Chromatography–Mass Spectrometry
(GC–MS)

Reaction progress and synthesized compound purity were deter-
mined using gas chromatography coupled with a mass analyzer
(GC–MS). Analyses were performed on a Shimadzu GCMS-SE
instrument equipped with HI-5MS column (95%methyl polysilox-
ane—5% phenyl—30m-diameter 0.25mm and thickness 0.25 μm)
using helium as the carrier gas. The mass spectrometer source
operated in electron ionization mode (EI, 70 eV) while the ana-
lyzer was a single quadrupole. Chromatographic conditions: car-
rier gas flow rate 1.05mL/min, injector temperature 250°C and
injection mode Split (1:10); temperature program: initial tempera-
ture 50°C (hold for 3min), ramped at 25°C/min to a final temper-
ature of 300°C (hold time 6min). Data are reported as retention
time (Rt, min), m/z values, and relative abundances; only frag-
ments with relative abundance>3% are listed. The samples from
2 to 4 were prepared at a final concentration of 100 ppm, using
ethyl acetate as the dilution solvent for all compounds. For com-
pound 5, however, the final concentration was 400 ppm. The first
three compounds were prepared in a stock solution with high
purity ethyl acetate, except for compound 5, which is soluble only
in chlorinated solvents and was subsequently diluted with the
same ethyl acetate.

4.3 | HPLC–Mass Spectrometry (HPLC–MS)

Reversed-phase HPLC analyses were performed using an
Agilent 1100 Series system equipped with a variable wavelength
detector set at 220 nm and electrospray mass spectrometry
Microsaic, analyzer single quadruple, 4000 MiD mass spectrom-
eter. Separation was achieved on an ACE Excel 3 C18-AR column
(150mm × 3mm i.d., 3 μm particle size; Ace Excel). The mobile
phases consisted of A: water with 0.1% formic acid (FA) and B:
acetonitrile (MeCN) with 0.1% FA. A linear gradient was applied,
starting from 40% phase B at 0 min and reaching 100% phase B at
20 min. All adducts were analyzed at concentration of 300 μg/mL
in a 1:1 mixture of MeCN and water with 0.1% FA. The injection
volume was 5 μL, with a flow rate of 0.38 mL/min, and the col-
umn temperature was maintained at 30°C. Full scan mass spec-
trometry analysis was performed over a range of 100–800 m/z
using electrospray ionization in positive mode, with a TIC voltage
of 750 V.

4.4 | Polarimetry

Optical rotations were measured using a JASCO P-2000 digital
polarimeter equipped with a 589 nm filter and a quartz cell
(RSC-200, 1 dm path length). Solutions were prepared in pure
ethyl acetate (Analyticals, 99.8%, Carlo Erba) at known concen-
trations. Each Michael adduct solution was subjected to three
measurement sets, each consisting of seven readings at 1 s inter-
vals. Measurements were conducted at 24°C. Specific rotations
are reported in [α]=mL × g−1 × dm–1, and concentration c is

expressed as g/100 mL. Solutions were prepared in 2mL or
5mL volumetric flasks by weighing 20mg or 50mg of sample,
respectively. To ensure accurate concentrations, all samples were
dried under high vacuum for 2 days to remove residual solvents.

4.5 | Synthesis Optimization by Design of
Experiments (DoE)

To optimize the yield of the reaction (response, Y), the multivar-
iate approach of experimental design was used. Due to the dif-
ferent nature of the variables (Xi) involved in the synthesis, a
D-optimal design was chosen for the optimization [24]. Indeed,
three quantitative variables and one qualitative variable with 3 lev-
els were considered

1. Molar ratio between LGO and malonate ester (adimensional)

2. Microwave power (W)

3. Reaction time (min)

4. Malonate substituent

Table S1 summarizes the coded and real values of the above-
mentioned factors. The qualitative variable X4 was represented
by two independent variables (X4a and X4b) each potentially
assuming the coded value 1 or 0. When the coded value of
X4a was equal to 1 (and X4b was necessarily equal to 0), it meant
that the ester was the dimethyl-malonate; when the value of X4b

was equal to 1 (and X4a was equal to 0), the ester was the diethyl-
malonate; finally, when both assumed the value 0, the ester was
the di-n-butyl-malonate [25].

The postulated model to be computed was the following

Y = b0 + b1x1 + b2x2 + b3x3 + b4ax4a + b4bx4b + b11x21

+ b22x22 + b33x23 + b12x1x2 + b13x1x3 + b23x2x3
(1)

where Y is the response (relative area of the GC–MS peak of the
desired product, compared to the total), bi are the coefficients of
the linear terms, bii are the coefficients of the quadratic terms of
the quantitative variables, and bij are the coefficients of the inter-
actions among the quantitative variables.

To implement the D-optimal algorithm, the first step was to cre-
ate a matrix with all possible combinations of the variables’ levels
and to know the minimum number of experiments necessary to
obtain the model (equal to the number of coefficients in the
model). From this matrix, using the Federov exchange algorithm,
different subsets of experiments were compiled by maximizing
the determinant of the information matrix related to those sub-
sets [26]. Once the graph of the normalized determinant was
obtained (Figure S34A), along with the maximum Variance
Inflation Factor graph (Figure S34B), the best subset of experi-
ments was determined to be that with 23 experiments, which
are reported in Table S2. Some of the experiments were per-
formed in replicate to increase the number of degrees of freedom
of the model and evaluate experimental variance.

Once the experiments were performed, the mathematical model
in Equation (1) was computed by multiple linear regression, and
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its statistical significance was evaluated. The open-source soft-
ware CAT [27] was used for all the described computation and
to obtain the graphs of response surfaces.

4.6 | Optimized Microwave-Assisted Synthesis of
Michael Adducts

Reactions were carried out using a Discover CEM 2.0 microwave
reactor. The reactions were performed in 10 mL microwave
Discover CEM vessels. Levoglucosenone (LGO) was used as
the limiting reagent (0.315 g, 2.5 mmol). For the synthesis of
the adducts with dimethyl malonate (DMM), di-n-butyl malonate
(DBM), and dibenzyl malonate (DBnM), a 1:1 molar ratio (mal-
onate:LGO) was used. Accordingly, 2.5 mmol of each malonate
were added, corresponding to 330mg (DMM), 540.4 mg (DBM),
and 710.7 mg (DBnM). The adduct with diethyl malonate (DEM)
was instead prepared using a 1.5:1.0 molar ratio (malonate:LGO),
corresponding to 1066.0 mg of DEM. The liquid reagents were
first weighed directly into the microwave vial. Calcium dihydr-
oxide [Ca(OH)2] was then added at 10% w/w with respect to the
total weight of the two reagents. The reaction mixture was sub-
jected to microwave irradiation under constant pressure and
maximum stirring speed. Two different programs were applied
depending on the malonate used. For DMM, DBM, and DBnM,
the reactions were carried out at 20W for 2 min, whereas for
DEM the reaction was performed at 13W for 15 min. All reac-
tions were conducted at variable temperatures, up to a maximum
of 250°C.

4.7 | XRD

Crystals of column chromatography-purified C11H14O7 (com-
pound 2) were grown through evaporation of an acetone solution
(dissolution accomplished through mild heating) (Figure 3).
A fragment of crystal was mounted on a MiTeGen cryoloop using
Paratone. Data was collected at 291 K using a D8 Venture and Cu
radiation. Structure solution and refinement were performed
using Olex2, ShelxT, and ShelxL [28–30]. Structural imaging
was performed using X-Seed [31]. CCDC number 2 521 614.

4.8 | COnductor like Screening MOdel for Real
Solvents (COSMO-RS)

COSMO-RS is a statistical thermodynamics model that is capable
of estimating the excess chemical potentials and activity coeffi-
cients of compounds in complex mixtures [32]. It relies on sigma
profiles, histograms of molecular surface screened charges (sigma
surfaces) obtained through density functional theory (DFT), to
compute pair–wise interaction energies between mixture compo-
nents, from which chemical potentials are derived.

With the objective of computationally assessing the polarity and
hydrophobicity of the compounds synthesized in this work,
COSMO-RS was employed through its implementation in the
software package COSMOtherm [33] with the BP_TZVP_21
parametrization. Molecular structures were optimized in the
quantum chemistry package TURBOMOLE [34], using a def-
TZVP basis set, a BP-86 DFT functional, and the COSMO

continuum solvation environment with infinite permittivity.
All geminal diols (relevant when Cyrene and Cyrene-derived
compounds are in the presence of water) were optimized with
one intramolecular hydrogen bond. Both the DFT level of the-
ory and geminal diol conformers chosen were previously
shown to be adequate in the prediction of the hydrotropic per-
formance of Cyrene using COSMO-RS [35]. All sigma surfaces
generated with the aforementioned procedure are depicted in
Figure S36.

4.9 | n-Octanol-Water Partition Coefficients

The n-octanol-water (KOW) partition coefficient of a molecular
species X is defined as the ratio between its molar concentrations
in n-octanol (CO

X ) and water (CW
X )

KOW =
CO
X

CW
X

(2)

Equation (2) can be converted into a mole fraction ratio consid-
ering the total molar concentrations of each phase (CO and CW )

KOW =
xOX
xWX

⋅
CO

CW (3)

Finally, considering that species X is at thermodynamic equilib-
rium when its chemical potential is the same across the two sol-
vent phases (xOXγ

O
X = xWX γWX )

KOW =
γWX
γOX

⋅
CO

CW (4)

where γWX and γOX are the activity coefficients of X in the aqueous
and organic phases, respectively.

Values of KOW for each Cyrene derivative studied in this work
were estimated using COSMO-RS by computing infinite dilu-
tion activity coefficients at 298 K. The aqueous phase was
considered to be pure water, while the organic phase was con-
sidered to be wet n-octanol, containing water and n-octanol
mole fractions of 0.274 and 0.726, respectively. The CO=CW

ratio was taken to be 0.1505, and sigma profiles for water
and n-octanol were taken from the database available in
COSMOtherm [33].

4.10 | Contact Angle (CA)

CAmeasurements were performed using an Attension Theta ten-
siometer in sessile drop mode. Dimethyl sulfoxide (DMSO) was
selected as the solvent due to its high solvating power and
biocompatibility. Solutions of the Michael adducts at three differ-
ent concentrations, 10%, 20%, and 30% w/v, were prepared by
serial dilution from a 300mg/mL stock solution in DMSO.
Each solution was deposited as a 5 μL drop onto a microscope
slide covered with a thin, unstretched Parafilm film, using a
VWR Standard Line single-channel pipettor (2–20 μL). Drop
analysis began 10 s after deposition and was recorded in basic
mode over a total acquisition time of 30 s at 2.5% frames per sec-
ond. The use of DMSO allowed for consistent sample preparation
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and handling, overcoming solubility limitations observed with
water, which is commonly used in CA measurements but proved
inadequate at the concentrations of interest. Alternative solvents
such as diiodomethane, despite their solvating capabilities, were
excluded due to toxicity concerns and incompatibility with Green
Chemistry principles.

4.11 | Emulsion Test

The emulsifying property of the Michael adducts were evaluated
using biphasic systems composed of deionized and distilled water
and extra virgin olive oil, mixed at a 1:1 volumetric ratio (aque-
ous:oil) for a total volume of 4 mL. Each liquid was measured
using a 5mL graduated pipette and transferred into 8 mL screw-
cap vials. The adducts were first dispersed in the oil phase under
magnetic stirring in a thermostatic water bath at 60°C for 10 min
to ensure complete solubilization of the additive. Water was then
added, and the resulting biphasic systems were subjected to vari-
ous mixing techniques, including manual shaking, ultrasonic
bath, thermostatic magnetic stirring, and their combinations.
Although ultrasonication led to the formation of thicker emul-
sions, it also caused the appearance of white precipitates in
the aqueous phase, likely due to the migration of hydrophobic
components from the oil. To avoid such artifacts and ensure
reproducibility, gentle rotation using a blood rotator (model
SB3, VWR) at 40 rpm for 15 min was selected as the standard
emulsification method. All tests were conducted using a fixed
concentration of 2.5% w/v of each Michael adduct (100 mg in
a total of 4 mL), following a standardized preparation protocol.
The progression of phase separation was monitored visually by
observing meniscus formation and restoration of the initial 1:1
volume ratio.

4.12 | Hydrophilic–Lipophilic Balance (HLB)

The HLB values of the surfactants were calculated for all four
LGO derived adducts using both the Griffin and Davies methods.
These two approaches are based on different principles and use
different equations (Equations S1 and S2).

4.13 | Green Metrics

The main green metrics were calculated both on the crude reac-
tion mixtures and on the purified compounds. Specifically, yield,
atom economy, reaction mass efficiency (RME), optimum effi-
ciency, process mass intensity (PMI) and total cost were deter-
mined using the equations from S3 to S8.

For both conditions, a preliminary filtration step was considered
for the removal of calcium dihydroxide. Filtration was carried out
through cotton after dissolving the crude mixture in ethyl acetate
(15mL for DMM-Cy (2), DEM-Cy (3), and DBM-Cy (4); 20mL for
DBnM-Cy (5)). The values for each compound contained in the
crude mixtures were calculated using the conversion percentages
obtained from GC–MS analysis (expressed in moles), as reported
in Table S4.

5 | Results and Discussion

In the present study, a small library of LGO-based Michael
adducts was developed through a multivariate DoE approach.
Based on previous studies, alkaline catalysts outperform acidic
systems [36], with Ca(OH)2 proving superior even to KF/alumina
while offering the additional advantage of a heterogeneous, easily
filterable medium [37]. For this reason, Ca(OH)2 was selected as
a fixed parameter in the DoE study. Preliminary tests also con-
firmed that the reaction could be conducted under solvent-free
conditions due to the intrinsic miscibility between LGO and
the alkyl malonates, enabling a greener and more economical
setup while removing solvent as a qualitative variable.

The DoE matrix was therefore constructed to investigate both
qualitative (malonate identity) and quantitative factors, namely
substrate/reagent molar ratio, reaction time, and microwave
power (Table S1), while keeping the nature and its amount con-
stant. In this work, a broader range (5–20W) was explored to
assess the influence of power on conversion and potential by-
product formation, while remaining within a low-power regime
to maintain tight thermal control, consistent with previous find-
ings from the group [36]. Reaction times were similarly restricted
to short intervals (2–15 min) to limit thermal stress while ensur-
ing adequate conversion.

The LGO/malonate molar ratio was varied between 1:1 and 1:2,
with LGO intentionally used as the limiting reagent. This choice
reflects both its higher synthetic value and its known propensity,
under basic conditions, to undergo oligomerization leading to
dimeric and trimeric by-products. Minimizing its concentration
mitigates these pathways. Moreover, in Michael additions,
employing an excess of the nucleophilic component is generally
advantageous to drive the reaction to completion and improve
overall conversion.

5.1 | Results of the D-Optimal Design

The results of the experimental design highlighted interesting
insights regarding the synthesis. Tables S3 and S4 in supplemen-
tary material (SM) summarize the statistical evaluation of the
model and all the obtained results, respectively. The model
explained variance (adjusted R2) [38] was approximately 65%,
and not all selected variables resulted in a significant influence
on the response. This may be ascribed to their low impact and to
the relatively high (although common) experimental variance,
estimated from the residuals of the model. The plot in Figure
S35 shows the coefficients (including their sign) and their statis-
tical significance, evaluated based on their absolute value com-
pared to the confidence interval (indicated with the green
segments). The variables MR andMP resulted slightly significant,
with a p value< 0.05 and an opposite effect on the reaction yield.
Indeed, lower MR values and higher MP values, respectively,
increased the response. All quadratic terms, the linear term of
the variable time and almost all interactions did not show statis-
tical significance. The only exception was the strong interaction
between time and MP, with a high negative coefficient. It is
important to note that by using a one variable at a time approach,
it would have been rather difficult to realize the effect of this
interaction. In fact, based on experimental variance, the effect
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of the sole time variable was not significant; this could have led to
overlooking this variable if performing a univariate study by fix-
ing it at a suboptimal value.

This negative interaction is highlighted by the graphical visuali-
zation of the response surfaces (Figure 1), which show the reac-
tion yield (response) as a function of the MR and MP variables.
The three graphs are obtained by fixing the third quantitative
variable (time) at −1, 0, and+ 1 coded values (namely 2, 8.5,
and 15min). In the different cases, the optimal value of MP to
obtain maximum yield (blue color in the figure) changes, passing
from the coded value+ 1 (20W), to −0.25 (12.5W) when t was set
at −1 and+ 1 coded values, respectively.

Regarding the qualitative variable (malonate substituent), the
coefficient graph must be interpreted in a particular manner.
Since the option “di-n-butyl malonate” is considered an “implicit
level,” assumed when the X4a and X4b variables are both equal to
0, their effect (and consequently their coefficient) must be taken
as a comparison to the implicit level. In this case, even if the mal-
onate nature seemed not to influence the response, the entity of
the coefficients suggests that no difference in the yield was
observed between dimethyl and di-n-butyl malonate (almost null
coefficient of the X4a variable), while a lower response compared
to the other two substituents was obtained when using diethyl
malonate (negative coefficient of the X4b variable). This can be
deduced by the maximum response obtained with the different
reagents, which was 88% for di-n-butyl malonate, 96% for
dimethyl malonate and 78% for diethyl malonate.

Finally, a possible interaction between the quantitative variables
and the qualitative one was verified by looking at the trend of the
response surfaces depending on the value of the qualitative vari-
able (malonate substituent). All obtained response surfaces
showed the same exact trend of the response as a function of
MR, MP, and time, independently from the malonate ester used.

All that said, the optimum of the reaction yield was identified
inside the experimental domain for MR= 1, MP= 20W, t=
2min, and di-n-butyl or dimethyl ester. Also, MP= 13W and
15min provided maximum yields, but at the same time required
a higher energy consumption (due to the 7.5-fold higher time) as
well as a lower throughput.

The DoE results were subsequently validated experimentally,
yielding optimized conversions of 91%, 80%, and 83% for the
2, 3, and 4 derivatives, respectively. For the synthesis of com-
pound 5 (see Scheme 1) the best experimental conditions identi-
fied for compounds 2 and 4 were applied, leading to an isolated
yield of 80%.

5.2 | NMR Analysis

All Michael adducts derived from levoglucosenone (LGO) were
fully characterized by 1H, 13C, and 2D NMR experiments
(HSQC, HMBC, COZY, and NOESY; see SI). The library com-
prises derivatives sharing the same LGO-based bicyclic scaffold,
functionalized with malonates bearing alkyl substituents of

FIGURE 1 | Response surfaces representing the response (relative % of peak areas in the GC–MS analysis) as a function of MP and MR, while fixing

time at coded level −1 (a), coded level 0 (b), and coded level+ 1 (c). The blue color in the 3D surface indicates higher yields.

SCHEME 1 | General scheme illustrating sustainable Michael addition approaches to levoglucosenone (1, LGO) using the Ca(OH)2 as catalyst under

microwave-assisted and solventless conditions, leading to the synthesis of a small library of related adducts (2–5), all bearing the newly formed stereo-

center with (R) absolute configuration. The symmetrical malonates employed share the general structure R─2OC─CH2─CO2─R, bearing two identical

alkyl residues-R. Specifically, R═─CH3 in dimethyl malonate (DMM), –CH2CH3 in diethyl malonate (DEM), –(CH2)3CH3 in di-n-butyl malonate

(DBM), and –CH2Ph in dibenzyl malonate (DBnM).
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increasing steric and electronic complexity (methyl, ethyl, n-butyl,
and benzyl).

Across the series, the 1H-NMR spectra show a highly conserved pat-
tern for the Cyrene core (H-1 toH-6 andH-7), confirming the strong
regio- and diastereoselectivity of the Michael addition. Adducts
featuring aliphatic substituents (Cy-DMM (2), Cy-DEM (3), and
Cy-DBM (4)) display nearly superimposable chemical shifts
and multiplicities. In contrast, the benzyl-substituted analog
(Cy-DBnM (5)) exhibits systematic, though modest, devia-
tions attributable to steric modulation of conformational pop-
ulations, aromatic anisotropy, and differences in inductive
effects.

Upfield shifts are observed for H-5, H-3, H-1, both H-6 protons,
and H-3 pro-r in derivative Cy-DBnM (5), consistent with
increased shielding from the aromatic ring. Among these,
H-1 shows the largest variation (�0.10 ppm), shifting from
4.70 ppm in aliphatic derivatives to 4.60 ppm in the benzyl ana-
log. The α-carbonyl methylene H-3 shifts slightly upfield (from
2.83–2.84 ppm to 2.79 ppm), improving resolution from the adja-
cent H-4 triplet, which is partially overlapped in 2–4. The anome-
ric proton H-1 moves from 5.09 ppm (aliphatic series) to 5.05 ppm
in 5, indicating proximity to the aromatic anisotropic field. A sim-
ilar �0.05 ppm upfield shift is observed for H-6 pro-s and H-6
pro-r, consistent with predictable spatial interactions despite

the anti-relationship between C-6 and C-7; free rotation around
C7–C4 allows sufficient approach.

In contrast, H-7 undergoes a downfield shift in derivative
Cy-DBnM (5), reflecting deshielding induced by the combined
electron-withdrawing effect of the benzyl substituent and the ani-
sotropic influence of the γ-positioned carbonyl group (Figure 2).

5.3 | Crystallographic Analysis

The crystal structure of Cy-DMM (2) was determined, confirm-
ing its absolute configuration. As shown in Figure 3, the addition
of the dimethylmalonate to the double bond of LGO results in the
formation of the new C─C bond on C4 and the new C─H on C3.
The H4 and H7 positions (conformation of C4─C7) relative to
each other, within the crystal structure, is anti (torsional angle
H4-C4-7-H7 of the new bond is −169.0(2)°), with the rest of
the molecule showing typical staggered conformations expected
for the C─C aliphatic bonds. The final geometry of interest is the
slight distortion of the bond angles of the C7 tetrahedra. Due to
the steric size of the LGO “substitution” the bond angles
C4─C7─C10, 112.25(19)°, and C4─C7─C8, 110.6(2)°, are slighter
larger than expected resulting in the slightly reduced bond angle
of C8─C7─C10, 108.7(2)°.

FIGURE 2 | Comparison between the 1H-NMR spectra of the four Michael adducts derived from LGO is represented in the figure above. The spectra

correspond, respectively (top to bottom) Cy-DBnM, 5, (purple), Cy-DMM, 2, (blue), Cy-DEM, 3, (green), and Cy-DBM, 4, (brown). The figure focuses on

the spectral region between 2.0 and 5.2 ppm, which is particularly informative for the signal associated with the bicyclic core of the adducts. Most of the

observed resonances in this range correspond to protons on the pyran ring.
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5.4 | COSMO-RS and Sigma Profiles

Sigma surfaces and sigma profiles allow to understand the polar-
ity of molecules and, thus, their potential for intermolecular
interactions. The Michael adducts under investigation can
undergo hydration upon exposure to aqueous media. In

particular, the presence of the endocyclic carbonyl group is
closely associated with the hydration proprieties, promoting
the formation of a geminal diol at C-2, as illustrated in Scheme 2.

The hydration phenomenon was studied and compared both in
Cyrene itself and in the Michael adducts bearing a cyrenic core,
owing to the structural similarity shared by these compounds. This
correlation was carried out to evaluate how the substituent at the
C-4 position can modulate the physico-chemical properties of the
entire structure. Both methodologies were applied to the library of
synthesized adducts (compounds 2, 3, 4, and 5). However, our
interest also extended to the comparison with adducts not yet syn-
thesized. For this reason, we included in the analysis a hypotheti-
cal adduct bearing n-octyl substituent on the double aliphatic
chain of the malonate. This comparison allowed us to evaluate
the differences between semi-aromatic residues and fully aliphatic
substituents, thereby providing further insight into the nature of
these systems. The sigma surfaces and profiles of the two forms of
Cyrene (ketone and geminal diol forms) are depicted in Figure 4a).

FIGURE 3 | The asymmetric unit of the crystal structure of compound 2, C11H14O7 (space group P212121) is shown in the figure below, with atom

labels and the configurations of the product. The crystallography confirmed the Michael addition product regio-position (new C─C bond C4─C7) and

configuration of the new C4 chirality (R). Nonhydrogen atoms are shown as 50% ellipsoids with hydrogen white, carbon gray, and oxygen red. The three

CIP assigned labels are shown in red, italic letters R or S.

FIGURE 4 | Sigma profiles of (a) the ketone (red) and geminal diol (blue) forms of Cyrene and of (b) the ketone forms of Cyrene (red) and 2, Cy-

DMM (blue). Vertical dashed lines, located at σ=±0.0082 e·Å2, enclose the apolar region of sigma profiles. Sigma surfaces are included as inserts.

SCHEME 2 | General scheme of the hydration equilibrium between

the ketonic form (left side) and the geminal diol form (right side) of a

generic Cyrene adduct.

8 of 16 Chemistry - Methods, 2026
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A comparison between the ketone forms of Cyrene and adduct 2,
Cy-DMM, is provided in Figure 4b).

Sigma profiles can be divided into three regions: the positive
polarity region (σ<−0.0082 e·Å2), the apolar region (−0.0082<
σ< 0.0082 e·Å2), and the negative polarity region (σ> 0.0082 e·Å2)
[39]. As such, the sigma profiles depicted in Figure 4a) show that
the ketone and diol forms of Cyrene possess the same apolar vol-
ume and similar negative polarities. Their major difference lies only
in the positive polarity region, where the OH moieties of the gemi-
nal diol provide Cyrene with hydrogen bond donating capabilities.
Note, though, that while there are no energetically relevant con-
formers for the ketone form of Cyrene, there are three for its gemi-
nal diol, depending on how many intramolecular hydrogen bonds
are established. This changes its polarity and, thus, sigma profile, as
explained at length in a previous work [35]. The conformer used in
this work, displaying only one hydrogen bond, was the conformer
found to work best for COSMO-RS solubility predictions.

Figure 4b) shows the impact of derivatizing Cyrene with a
dimethyl malonate moiety. This results in a sharp increase in
both the apolar and negative polarity regions, attributable to
the alkyl and ester groups of dimethyl malonate, respectively.
The positive polarity region remains mostly unchanged. To fur-
ther show the impact of derivatizing Cyrene on its polarity, the
sigma profiles of the ketone and diol forms of all Cyrene-based
compounds studied in this work are reported in Figure S37.

All sigma profiles depicted in Figure S37a) reveal the same nega-
tive polarity region peak, except for Cyrene, which does not pos-
sess ester groups. The same is true in Figure S37b) for both the
positive and negative polarity regions. This shows that the impact
of the malonate ester on the polarity of Cyrene is always the
same, regardless of the size or shape of the ester substituents
employed. On the other hand, the size of the apolar region peaks
of the sigma profiles increases with increasing size of the ester
substituents, displaying the following trend

Cyrene<Cy-DMM<Cy-DEM<Cy-DBnM<Cy-DBM<Cy-DOM

The apolar region of the sigma profiles discussed above can be
quantified using apolar factors, defined as [39]

Z
+ 0.0082

− 0.0082
P σð Þ ⋅ 0.0082− jσjð Þ ⋅ dσ (5)

These are a measure of the effective apolarity of a compound and
have been shown to be good predictors of hydrophobicity and
hydrotropic efficiency. They were computed for all molecules stud-
ied in this work from the sigma profiles and are reported in Table 1.

The apolar factors listed in Table 1 display the same trend iden-
tified above using the apolar peak size of the studied sigma pro-
files, but now in a quantitative manner. Thus, derivatizing
Cyrene with malonate esters increases its apolarity.

5.5 | Partition Coefficients

n-Octanol-water partition coefficients, particularly their logarith-
mic value, log KOWð Þ, are a popular metric of hydrophobicity.

They have also been shown to be directly related to the hydro-
tropic efficiency of Cyrene [40]. These were estimated in this
work, as explained in the Methods section, for the ketone and
geminal diol forms of Cyrene and their malonic ester derivatives,
and are reported in Table 2.

Table 2 reveals that the geminal diols studied are less hydropho-
bic than their ketone counterparts. Moreover, both series of
molecular structures reveal the same hydrophobicity trend:
Cyrene<Cy-DMM<Cy-DEM<Cy-DBnM<Cy-DBM<Cy-DOM.
Due to the chemical equilibrium established between the ketone
and diol forms of Cyrene-derivatives in aqueous solutions, estimat-
ing partition coefficients at solute saturation is not possible with-
out data on composition-dependent chemical equilibrium
constants. However, given that the values reported in Table 1
are estimated at solute infinite dilution (rather than solute satura-
tion), Cyrenes are expected to be present only as geminal diols.
Thus, the values predicted for the geminal diol forms are expected
to be the best estimates of log KOWð Þ.

The predicted partition coefficients discussed above, which func-
tion as surrogates for compound hydrophobicity, follow the same
trend seen in the previous section for apolar factors. In fact, linear
correlations were obtained between partition coefficients and
apolar factors, displaying coefficients of determination of approx-
imately 0.99, as depicted in Figure 5, showing that i) both apolar
factors and partition coefficients are capturing the hydrophobic-
ity of the studied compounds and ii) the partition coefficients
across the studied series are governed solely by the apolar volume
of the malonic ester derivative employed.

Finally, to verify and validate the results and trends reported so
far, the solubility of Cy-DBM (4), and Cy-DBnM (5), in water, as

TABLE 1 | Apolar factors for the ketone and geminal diol forms of

Cyrene and its malonic ester derivatives.

Compound Ketone form Geminal diol form

Cyrene 3.8·10−4 4.0·10−4

Cy-DMM 6.0·10−4 6.0·10−4

Cy-DEM 8.3·10−4 8.3·10−4

Cy-DBM 1.4·10−3 1.3·10−3

Cy-DOM 2.4·10−3 2.4·10−3

Cy-DBnM 1.1·10−3 1.1·10−3

TABLE 2 | Logarithm of the n-octanol-water partition coefficients for

the ketone and geminal diol forms of Cyrene and its malonic ester

derivatives.

Compound Ketone form Geminal diol form

Cyrene 0.0 −0.7

Cy-DMM 1.1 0.1

Cy-DEM 1.5 0.5

Cy-DBM 3.8 2.7

Cy-DOM 8.0 7.0

Cy-DBnM 3.4 2.3

Chemistry - Methods, 2026 9 of 16
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well as the solubility of water in these two hydrophobic com-
pounds, was experimentally determined. These values are reported
in Table 3, along with the corresponding COSMO-RS predictions.

The results presented in Table 3 experimentally confirm the pro-
nounced hydrophobicity of the Cyrene derivatives synthesized in
this work, as evidenced by their very low solubilities in water.
Interestingly, despite their poor aqueous solubility, these com-
pounds exhibit notable water absorption capacity. As expected,
the COSMO-RS predictions based on the geminal diol form qual-
itatively agree with the experimental results for oil-in-water sys-
tems (where geminal diols are expected to predominate),
whereas predictions based on the ketone form align with the
behavior observed in water-in-oil systems (where the ketone
form is expected to be prevalent).

5.6 | Emulsions and CA Tests

The investigation into the emulsifying activity of Cyrene-derived
Michael adducts with different malonate esters stems from the
growing demand for nonionic, bio-based surfactants capable of
replacing conventional petroleum-derived molecules. These mol-
ecules typically feature a polar, sugar-based headgroup and a
hydrophobic tail consisting of long-chain fatty acids or alcohols.
However, the synthesis of these compounds often involves chem-
ical reactions that are not fully aligned with green chemistry
principles. The Michael adducts synthesized in this work possess
a rigid, oxygenated core structurally related to derivatives with

monosubstitution at C-4 position. The presence of two ester
groups bearing different alkyl chains may confer a significant
amphiphilic character to these compounds. While these com-
pounds are not classified as sugar-based surfactants, lacking free
hydroxyl groups in their polar head, their oxygenated function-
alities (carbonyl, ether, and ester) may confer polarity resembling
that of glycosidic surfactants, suggesting their potential as novel
bio-based surfactants.

Due to the lack of standardized protocols in the literature for the
preliminary evaluation of the emulsifying performance of mole-
cules with unknown surfactant properties, a simple, interference-
free model system was selected: deionized/distilled water and
cold-pressed olive oil.

In the absence of any additive, the base water/olive oil system
showed break-up times below 10min (±2min), with rapid for-
mation of a well-defined interface (meniscus). When LGO was
used as a control, no significant improvement in emulsion stabil-
ity was observed with the emulsion break-up time (7± 2 min)
that remained comparable to the one recorded for the blank,
indicating a negligible effect on interfacial stability and a similar
result to that obtained using Cyrene. In contrast, the addition of
some Cyrene–malonate Michael adducts had a clear stabilizing
effect on the emulsion. Notably, Cy-DBM (4) and Cy-DBnM (5)
were the most effective, producing emulsions with break-up
times exceeding 20min. These samples displayed a persistent,
thin interfacial layer and a delayed phase separation, suggesting
the formation of stable oil-in-water (O/W) or water-in-oil emul-
sions (Figures S38 and S39). These observations point to effective
interfacial activity, in line with the expected behavior of amphi-
philic molecules. Conversely, Cy-DMM (2) and Cy-DEM (3)
displayed limited emulsifying capacity, with average emulsion
break-up times of 7 and 9min, respectively, see Figure 6A.
These differences highlight the critical influence of alkyl chain
length and hydrophobic character on interfacial performance.
Longer, bulkier side chains improve stabilization, likely by
enhancing lipophilic interactions and compatibility with the oil
phase. Among all adducts tested, Cy-DBnM exhibited emulsifying
behaviors, with break-up times up to 27min, indicating good
potential for applications requiring temporary emulsion stability.

In addition to emulsion stability studies, CA measurements were
conducted to evaluate the ability of the synthesized Michael
adducts to modulate the wettability of a liquid phase on solid
polymeric surfaces, for example Parafilm.

As shown in Figure 6B, CAs remained nearly unchanged at 10%
and 20% concentrations for all tested adducts when compared

FIGURE 5 | Linear correlations between logarithms of n-octanol-

water partition coefficients and apolar factors for the ketone (black)

and geminal diol (red) forms of the Cyrene derivatives studied in this

work.

TABLE 3 | Composition (in mole fraction of Cyrene derivatives) of the liquid–liquid equilibrium tie lines between Cyrene- and water-rich phases,

predicted using COSMO-RS at 32.5°C, or measured experimentally.

Compound

Ketone form Geminal diol form Experimental

Water in oil Oil in water Water in oil Oil in water Water in oila Oil in waterb

Cy-DBM 0.87 2.1·10−6 0.53 5.0·10−5 0.77 7.1·10−5

Cy-DBnM 0.88 7.3·10−7 0.55 2.5·10−5 0.85 5.6·10−6

aMeasured at 35°C.
bMeasured at 30°C.
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with neat DMSO (75°), indicating limited interfacial activity at
lower loadings. However, at 30%, a clear distinction emerged
between adducts based on their substituent groups. Compounds
containing short or polar side chains (e.g., Cy-DMM and
Cy-DEM) maintained CAs similar to control solutions (neat
DMSO or DMSO+Cyrene), suggesting weak interfacial interac-
tions. In contrast, benzyl- and n-butyl-substituted adducts
(Cy-DBnM and Cy-DBM) caused a decrease in CA (�10%)
highlighting the influence of hydrophobic moieties in enhancing
interaction with the apolar Parafilm surface. This effect is proba-
bly likely driven by the preferential adsorption or orientation of
nonpolar side chains at the interface, reducing interfacial tension
and increasing droplet spreading. Notably, while Parafilm is

often described as hydrophobic in aqueous systems, its surface
behavior must be reinterpreted in the context of DMSO-based
measurements, where wettability depends more on chemical
affinity and solvent–surface compatibility than on polarity alone.

Overall, the CA results are consistent with those from emulsion
stability tests, reinforcing the potential interfacial activity of the
synthesized compounds. The observed modulation of wettability,
particularly at higher concentrations and for more hydrophobic
derivatives, suggests that these bio-based Michael adducts could
serve as sustainable, biodegradable surfactants potentially suit-
able for use in green formulations in pharmaceuticals, cosmetics,
and food systems.

5.7 | HLB Calculations and Structure–Property
Relationships

A further theoretical evaluation, widely applied to amphiphilic
compounds with potential surfactant behavior, is the calculation
of the HLB. The values obtained fall within the 0–20 range that
encompasses the full spectrum of surfactant classes, in agreement
with reference scales widely reported in the literature. Although
inherently empirical and approximate in nature, HLB remains a
key predictive parameter for assessing the potential applicability
of a compound in dispersed systems such as emulsions, micelles,
and detergent formulations [41, 42].

Experimental data from emulsion tests and CA measurements
indicate that adducts bearing 4 and 5 display the most pro-
nounced behavior as emulsifiers or wetting agents. While one
might consider it unnecessary to determine HLB values for com-
pounds exhibiting weaker interfacial performance, the calcula-
tion was extended to the entire series of synthesized adducts
(Cy-DMM, Cy-DEM, Cy-DBM, and Cy-DBnM), as well as to
adducts not synthesized, such as Cy-DOM, which was included
in this analysis in parallel with the COSMO-RS results. This
extension was undertaken to develop a comprehensive and sys-
tematic physicochemical framework. This approach not only
facilitates the interpretation of the experimental results but also
enables meaningful comparisons with structurally analogous
compounds described in the literature. To maximize the com-
pleteness of this analysis, HLB values were computed for both
the keto form of the Michael adducts and their hydrated form,
see Scheme 2. The rationale for including both forms lies in
the fact that hydration of the carbonyl group may occur under
aqueous conditions or in polar, water-miscible solvents such
as DMSO. Since the CA measurements were performed in
DMSO, the geminal diol form was also considered, as it could
plausibly arise during the analyses and affect interfacial behavior.
The results obtained from the two different approaches, Griffin
and Davies, reveal significant discrepancies, consistent with the
differing theoretical foundations upon which each method is
based. The Griffin method, which evaluates the ratio of the hydro-
philic mass (Mh) to the total molecular mass (Mtot), yields rela-
tively homogeneous values that tend to be lower overall. This
method provides a simplified but less structurally sensitive esti-
mate. In contrast, the Davies method, which assigns specific
hydrophilic (Hi) and lipophilic (n) contributions to each functional
group in the molecule, offers a wider dynamic range and greater
sensitivity to subtle structural differences. Nevertheless, the Davies

FIGURE 6 | (Section A) The first histogram illustrates the emulsion

stability over time. The analyses were performed using a biphasic system

of deionized water and olive oil (leftmost gray bar as reference). The fol-

lowing bars represent the emulsion stability times, on the order of

minutes. All tests were carried out at a single concentration (2.5%).

(Section B) The second histogram shows the variation in CAs measured

on Parafilm as the solid surface. The bar with diamond pattern represents

the CA of pure DMSO (reference value), while the following bars,

grouped in threes, represent CAs at different concentrations of the same

compound. Bars of the same color correspond to the same compound,

while different patterns indicate different concentrations. From left to

right: levoglucosenone solutions (similar values were obtained for Cyrene

and therefore not shown) in dark gray, Cy-DMM in dark red, Cy-DEM in

orange, Cy-DBM in green, and Cy-DBnM in light blue. Vertical stripes indi-

cate a 10% concentration, horizontal waves 20%, and color fill 30%.
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method requires precise tabulated parameters for each group,
which are sometimes unavailable for nonconventional structures
such as Cyrene-derived Michael adducts. Where needed, approx-
imations based on structurally or functionally similar groups were
employed, with awareness of the potential variability introduced
(Table S5).

Using the Griffin approach, a consistent trend emerges across the
series: for every substrate, the hydrated form exhibits a higher
HLB value than the corresponding keto form. This increase is
attributable to the greater polar mass associated with the geminal
diol moiety, which enhances the hydrophilic character of the
molecule. In addition, HLB values were observed to decrease pro-
gressively with increasing total molecular weight, reflecting the
growing influence of the lipophilic component in adducts with
longer aliphatic or aromatic chains. Among the studied com-
pounds, Cy-DMM exhibited the highest values, ranging from
8.7 in the keto form to 9.4 in the hydrated form. Cy-DEM fol-
lowed, with values between 7.8 and 8.5; Cy-DBM showed
HLBs from 6.5 to 7.3. Cy-DOM shows a value of 4.9 for the ketone
form and 5.5 for the diol one; and Cy-DBnM exhibited the lowest
values, from 5.4 to 6.1. This trend is consistent with the increase
in hydrophobicity across the series. The concurrent increase in
Mh and Mtot in the hydrated forms results in a disproportion-
ately greater effect on the polar fraction, thereby shifting the
HLB toward more hydrophilic values.

A similar trend was observed in the values obtained using the
Davies method. Here too, the presence of the geminal diol leads
to consistently higher HLB values in the hydrated forms com-
pared to their keto counterparts. In this case, the HLB of
Cy-DMM increased from 13.0 in the keto form to 14.4 in the
hydrated form. Cy-DEM followed a similar trend, with values
ranging from 12.1 to 13.5. Cy-DBM showed the highest ΔHLB
in the series, increasing from 8.9 to 11.6. Cy-DOM increased from
6.4 to 7.8. Finally, Cy-DBnM ranged from 7.3 in the keto form to
8.7 in the hydrated form. These values further confirm that the
hydration process systematically increases the hydrophilic con-
tribution of each molecule.

Of particular interest is the behavior of the ΔHLB between keto
and hydrated forms in Davies method. Although the increase in
hydrophilicity due to hydration is systematic, its magnitude
varies nonlinearly across the series. The difference grows from
1.4 in Cy-DMM to 1.4 in Cy-DEM, reaches a maximum of 2.6
in Cy-DBM, and decreases again to 1.4 in both Cy-DOM and
Cy-DBnM. The nonlinearity of ΔHLB reflects the variable
numerical contributions assigned to each group within the
molecule.

As confirmed by the physical studies conducted on the Michael
adduct series, only Cy-DBM and Cy-DBnM exhibited clear
behaviors consistent with emulsifying or wetting agents. These
experimental observations align more closely with the HLB val-
ues calculated using the Davies method, rather than those
obtained from the Griffin approach. When correlating these cal-
culated values with tabulated HLB scales for standard surfac-
tants, meaningful trends emerge. Compounds with lower HLB
values, such as those found for Cy-DBnM, fall within the typical
range for water-in-oil emulsifiers, where hydrophobicity predom-
inates (Figure S40). Compounds with intermediate values, such

as Cy-DEM or Cy-DBM, correspond more closely to oil-in-water
emulsifiers or wetting agents, depending on their specific struc-
tural features. The hydrated form of Cy-DMM, which reaches an
HLB value of 14.4 according to the Davies method, lies within the
range commonly associated with solubilizers or detergents, indi-
cating a strong affinity for aqueous phases.

Altogether, the data obtained through both methods confirm that
the incorporation of additional hydrophilic functionalities, such
as geminal diols, leads to an upward shift in HLB values, thereby
favoring increased compatibility with the aqueous phase. At the
same time, the structural differences among the various sub-
strates highlight the central role of molecular architecture in
modulating the surfactant potential of the adducts. This dual
influence of hydrophilicity and lipophilicity, modulated by both
substitution patterns and hydration states, offers a valuable
design parameter in the development of Cyrene-based amphi-
philic systems for targeted applications in dispersed media.

5.8 | Green Metrics

Sustainability indicators were used to evaluate the environmen-
tal impact of the synthesis of the levoglucosenone (LGO)-based
Michael adducts, considering both crude reaction mixtures
(Figure 7) and purified compounds to quantify the contribution
of purification. Except for the 100% atom economy, typical of the
Michael addition reactions, all other parameters directly reflect
the experimental conditions and illustrate how these influence
product formation and overall process efficiency. Yields above
80% were obtained for all adducts, consistent with the high reac-
tivity of levoglucosenone as aMichael acceptor and with the good
selectivity provided by the chosen catalyst toward the malonate
donors. RME was high for DMM-Cy (91%), DBM-Cy (83%), and
DBnM-Cy (84%), while a lower value was observed for DEM-Cy
(63%) due to the use of a moderate excess of malonate (1:1.5),
required to achieve satisfactory conversion. Optimum efficiency
(RME divided by atom economy) matched the RME values, as a
100% atom economy and the absence of stoichiometric byproducts
make the yield and any reagent excess the only limiting factors.

The analysis of the crude reaction mixtures indicates good mate-
rial efficiency and a limited economic impact. PMI values
between 24 and 30 correspond to a moderate mass requirement
per gram of product, and the cost analysis shows that levogluco-
senone is the dominant contributor. Despite its relatively high
price, the final cost per gram remains competitive thanks to
the efficiency and selectivity of the reaction, which are already
evident at the crude, simply filtered stage (Figure 8).

A markedly different picture emerges when considering the puri-
fied compounds obtained by silica-gel chromatography. In this
case, the total costs of 2.5 mmol scale reactions (€42.59 for
DMM-Cy, €39.05 for DEM-Cy, €46.23 for DBM-Cy, and €45.74
for DBnM-Cy) and the corresponding PMI values 1641, 1124,
1032, and 1245, respectively, are almost entirely determined
by the solvents required for the chromatographic eluents. The
synthetic step contributes only marginally to the overall impact,
while purification dominates both mass consumption and cost.
Differences among the adducts arise solely from the distinct
elution profiles needed to achieve the desired purity. These
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results show that the underlying chemistry is intrinsically effi-
cient, whereas the environmental and economic burden is
strongly influenced by purification. This also suggests that future
optimization should focus on reducing chromatographic load—
through crystallization, trituration, or reduced-solvent protocols
—which would directly lower both PMI and cost. In a broader
context, these findings are relevant considering that the
European surfactants sector is the largest industrial consumer
of biomass amongst commodity chemicals, yet only about half
of the feedstocks used are renewable and mostly derived from
vegetable oils. Expanding the portfolio of renewable raw mate-
rials to include nonfood, cellulose-derived streams represents a
significant opportunity. Levoglucosenone, obtained from non-
edible lignocellulosic biomass, is a high-value building block
well suited for the development of high-performance products
such as coatings, emulsions, and adhesives. The synthetic effi-
ciency and selectivity demonstrated in this work further support
its potential, highlighting how improvements in purification
strategies could make these routes even more competitive and
sustainable [43].

6 | Conclusion

In this work, a sustainable and DoE-optimized synthesis of new
lignocellulosic amphiphilic derivatives, based on levoglucosenone
(LGO), has been established. These molecules introduce a novel
(both in origin and design) class of compounds that are similar
to the commercially established natural-based surfactants, which
are predominantly produced from edible-derived feedstocks, such
as alkyl polyglucosides (APGs), sucrose esters (SE), sorbitan esters
(Span) and polysorbates (Tween), and others. Here, is demonstra-
tion of the successful application of a D-optimal design strategy to
optimize the microwave-assisted synthesis, highlighting the
importance of multivariate approaches in unveiling complex vari-
able interactions that would otherwise remain hidden in univari-
ate studies. The statistical analysis revealed that molar ratio and
microwave power exert opposite effects on the conversion of LGO,
while the strong negative interaction between time and MW
power emerged as a critical determinant of efficiency. This result
underscores the value of DoE methodologies in identifying opti-
mal conditions within constrained experimental domains,

FIGURE 7 | Yield (calculated from GC–MS data), atom economy, RME, and optimum efficiency calculated on the crude reaction mixture for each

Michael adduct.

FIGURE 8 | Process mass intensity and total cost of the Michael adducts calculated on the crude reaction mixture (2.5 mmol scale reactions).
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ultimately enabling high yields under energy-efficient settings.
The structural rigidity of LGO and the presence of well-defined
functional groups enable a highly chemoselective Michael addi-
tion, which proceeds with excellent diastereoselectivity. The com-
bination of the selected reaction conditions and the choice of a
mild, nonnucleophilic base prevent competing pathways, thereby
avoiding the formation of side products such as dimeric or trimeric
LGO species. For each adduct (2, 3, 4, and 5), a single diastereomer
bearing an (R) absolute configuration at the newly formed stereo-
center was obtained. The stereochemical outcome was established
by NMR spectroscopy, supported by NOESY correlations, and ulti-
mately confirmed by single-crystal XRD, in line with the known
regio- and stereoselectivity of the Michael addition to LGO. This
high reaction selectivity stands in clear contrast to the intrinsic
reactivity of sugars. In fact, the synthesis of several sugar-derived
surfactants, most notably alkyl polyglycosides (APGs), relies on
acid-catalyzed Fischer glycosylation between a monosaccharide
such as glucose and a fatty-alcohol-derived alkyl chain. This trans-
formation is inherently poorly selective and typically generates
complex mixtures of α/β anomers together with mono-, di-, tri-
and oligoglycosidic species within approximately 1 h. Therefore,
extensive downstream processing (acid neutralization, removal
of by-products under prolonged vacuum, and distillation of excess
alcohol) is required to achieve acceptable purity [44]. In contrast,
the Michael addition to LGO affords a single, well-defined product
(only one diastereoisomer) with minimal operational effort. The
use of a heterogeneous catalyst allows the crude mixture to be
purified simply by filtration, with chromatographic purification
performed only to remove excess malonate. Moreover, the reaction
is remarkably fast, reaching complete conversion within 2–15min
depending on the malonate employed (2min for adducts 2, 4 and
5; 15min for adduct 3).

The physical properties of the Cyrene-malonates compounds
were evaluated using classical theoretical approaches commonly
employed for the categorization of nonionic surfactants. In par-
ticular, the HLB values were estimated using both the Griffin and
the Davies methods, which are commonly applied to correlate
molecular structure with amphiphilic behavior. A complemen-
tary theoretical assessment was carried out through COSMO-
RS simulations and sigma-profile analyses, providing additional
insight into the polarity distribution and hydration behavior of
the adducts. A meaningful comparison can be established
with HLB values reported in the literature for well-known
amphiphilic systems calculated using the Griffin method.
Representative examples include glucose palmitate and glucose
laurate, which display HLB values of 8.6 and 9.9, respectively, as
well as commercial sucrose esters such as SP30 (sucrose distea-
rate, HLB 6, monoester content 30%), SP50 (sucrose stearate,
HLB 11, monoester content 50%) and PS750 (sucrose palmitate,
HLB 16, monoester content 75%). These values span the typical
range of oil-in-water emulsifiers and wetting agents (HLB 7–18),
with SP50 and PS750 exhibiting the highest hydrophilicity and
therefore broader applicability in detergent and solubilizing for-
mulations [45]. These relatively high values arise from the strong
hydrophilicity imparted by the sugar headgroup, rich in free
hydroxyl functionalities, despite the presence of long saturated
alkyl chains. In contrast, the LGO-derived amphiphiles investi-
gated in this work possess fewer hydroxyl groups and a more
compact polar domain, resulting in lower HLB values despite
comparable or shorter lipophilic chains. Using the Griffin

approach, the keto forms span from 8.7 (Cy-DMM) to 4.9
(Cy-DOM), while the corresponding hydrated forms shift to
slightly higher values (9.4 to 5.5) due to the increased polar mass
of the geminal diol. Cy-DBnM, bearing the longest alkyl chain
among the synthesized adducts, displays the lowest HLB values
(5.4–6.1), consistent with its enhanced hydrophobicity. The com-
parison between ketone and diol forms, in the COSMO simula-
tion and sigma profile, revealed that hydration at the carbonyl
group significantly modulates polarity, with geminal diols dis-
playing enhanced hydrogen bond donating capabilities. The sys-
tematic evaluation of apolar factors and partition coefficients
confirmed that derivatization with malonate esters consistently
increases hydrophobicity, with trends correlating strongly across
both theoretical and experimental data. Importantly, the inclu-
sion of hypothetical derivatives such as Cy-DOM broadened
the scope of the analysis, allowing meaningful comparisons with
structurally analogous compounds. Experimental validation
through emulsion stability studies and CAmeasurements further
reinforced the amphiphilic potential of these bio-based adducts.
While derivatives bearing short alkyl chains (methyl and ethyl)
exhibited limited interfacial activity, n-butyl and benzyl substit-
uent adducts demonstrated pronounced emulsifying behavior
and wettability modulation, consistent with their higher hydro-
phobic character. Overall, the results demonstrate that the long
hydrophobic tail structure of Cyrene-based Michael adducts
plays a decisive role in determining their emulsifying behavior.
Adducts bearing longer and more apolar side chains act as more
effective stabilizers, consistent with general design principles for
amphiphilic molecules, even though no clear substituent-depen-
dent trend can be distinguished. A similar behavior is observed
for sugar-based amphiphilic molecules, including sucrose esters
(SE), glucose esters, and APGs. CA measurements performed on
pellets of two glucose esters—glucose palmitate and glucose lau-
rate—and on commercial sucrose esters, using water droplets of
equal volume, revealed a clear and consistent trend. The reported
CAs were 98.6° for glucose palmitate, 93.6° for glucose laurate,
76.9° for SP30, 44.8° for SP50, and 28.1° for PS750. These values
illustrate the expected chain-length dependence: esters with lon-
ger alkyl chains display higher hydrophobicity, which is reflected
in larger CAs [45]. Along the same line, is demonstrated by APGs
reported in the literature, which are fully consistent with our
trend. Their emulsifying performance increases with the length
of the hydrophobic chain, as longer alkyl chains enhance the sol-
ubility of the surfactant in the oil phase and lead to more stable
emulsions. For instance, in light paraffin oil the emulsion stability
increases from approximately 230 s for C8-APG to about 426 s for
C14-APG, while in crude petroleum oil the stability rises from the
lowest value for C9-APG to nearly 300min for C14-APG. A com-
parable chain-length dependence is observed in wetting behavior:
wetting times decrease from 67 s (C8-APG) to a minimum of 51 s
(C10-APG), followed by a slight increase for C12- and C9.

APG (53 and 57 s, respectively). These data collectively confirm
that increasing hydrophobicity—driven by longer alkyl chains—
enhances both emulsification and wetting efficiency across
sugar-derived nonionic surfactants [46]. Instead, when consider-
ing other sugar-based amphiphilic structures, the Guerbet α-D-
xylosides (characterized by branched alkyl chains) also display
emulsifying behavior in n-alkane/water systems studied at room
temperature. The emulsions examined included n-octane,
n-dodecane and n-hexadecane, while the tested xylosides differed
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in the length of their two branched chains: α-XylC6C2, α-XylC8C4,
α-XylC10C6, α-XylC12C8, and α-XylC14C10. In these systems, emul-
sion stability depends not only on the structure of the surfactant
but also on the nature of the oil phase. In n-octane/water emul-
sions, all xylosides produced an O/W layer below 12%, which
remained stable for several days. In contrast, in n-dodecane/
water systems only α-XylC10C6 generated an O/W emulsion
layer exceeding 90%, whereas the other xylosides remained
below 60%. In this case, no clear chain-length trend emerges,
highlighting that emulsion stability is strongly influenced by
the specific oil phase and becomes less predictable when
branched hydrophobic chains are involved. This behavior dif-
fers from our system, where compounds 2 and 3 do not signifi-
cantly stabilize the emulsion, yet a clear enhancement is
observed for longer alkyl chains, as in compounds 4 and 5
[47]. Our compounds may thus represent a new class of sustain-
able surfactants/emulsifiers, offering green alternatives for for-
mulations where nonionic surfactants are preferred [48].
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