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Novel arylindane diols as sustainable primary antioxidants from lignin

Tessy Hendrickx, Laura Trullemans, Alexander J. Heyer, Imke Boonen, Marko Turkalj, Fatima Rammal, Yigi Su, Besarta
Matranxhi, Durgasruthi Pully, Bart Van Meerbeek, Peter Van Puyvelde, Marc Elskens, Kirsten L. Van Landuyt, and Bert F. Sels

1. How does your work advance the field of green chemistry?

This work advances green chemistry by demonstrating the sustainable synthesis of lignin-derived antioxidants, DiE
and DiAS, through a selective, zeolite-catalyzed process. It is designed to minimize waste, utilize renewable
feedstocks, and align with the EU’s Safe and Sustainable-by-Design (SSbD) framework.

2. Please can you describe your specific green chemistry achievement, either quantitatively or qualitatively?

The catalytic approach used in this work results in a high yield and selectivity for DiE, achieving an impressive atom
economy of >85%. It eliminates stoichiometric reagents, and the recyclable catalyst enhances sustainability.
Toxicological evaluations of the antioxidants confirm low estrogenic and cytotoxic activity, ensuring safety and
avoiding regrettable substitutions.

3. How could your work be made greener and be elevated by further research?

Additional detailed toxicity studies and life-cycle analysis (LCA) are recommended to better understand the safety,
environmental impact, and overall sustainability of the process. These future steps would strengthen the alignment
with the SSbD principles, promoting its potential as a valuable contribution to the advancement of sustainable
chemistry.
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Synthetic phenolic antioxidant additives are commonly used to prevent oxidative degradation in various materials, but they
present significant challenges due to their non-renewable origins and potential health risks. This study explores the synthesis
of novel arylindane diols—specifically diisoeugenol (DiE) and diisoallylsyringol (DiAS)—and evaluates their potential as safer
and more sustainable alternatives. Using zeolite catalysis, a highly selective pathway for synthesizing DiE through the
dimerization of the lignin-derived monomer isoeugenol (IE) was demonstrated. The synthesis of DiAS and diisoallylphenol
(DiAP) enabled further exploration of how structural differences, such as o-methoxy groups, affect the physicochemical and
toxicological properties of these arylindanes. The antioxidant activity of the compounds was tested using ABTS and DPPH
assays, revealing strong radical-scavenging capabilities. Furthermore, oxidation onset temperature (OOT) measurements in
polypropylene (PP) formulations containing these antioxidants showed improved thermal stability, matching or surpassing
that of commercial antioxidants. Toxicological evaluations, including cytotoxicity tests on human gingival fibroblasts and an
estrogenic activity (EA) screening using the CALUX assay, indicated low levels of EA and cytotoxicity. These results highlight
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the potential of DIiE and DiAS as effective, renewable, and safe lignin-derived antioxidants for industrial applications.

Introduction

The degradation of organic materials, lubricants, and plastics
due to oxidation is a persistent challenge. Antioxidants play a
crucial role in polymer chemistry by delaying oxidation and
protecting materials from environmental factors such as UV
light, heat, and atmospheric oxygen.13 Free radicals generated
by heat, shear, or radiation can lead to polymer degradation,
especially in the presence of tertiary C atoms, resulting in chain
scission. In Fig. 1, the polymer degradation process is
represented,*> the
compounds with molecular oxygen, forming oxidation products

involving reaction of hydrocarbon
through autoxidation.® Free radicals react with oxygen to
generate peroxy radicals, which further react with organic
material to form (ROOH).  These
hydroperoxides trigger both thermal and photo-oxidation,

which alters the molecular structure and molar mass of

hydroperoxides
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polymers. This degradation results in the loss of mechanical
properties, flexibility,
strength, and elongation, as well as changes to the polymer

such as impact resistance, tensile
surface, including reduced gloss, diminished transparency,
cracking, and yellowing.”

To mitigate these effects, antioxidants are classified into two
main categories: primary and secondary antioxidants (AOs, as
shown in Fig. 1). Primary antioxidants, such as hindered phenols

and secondary aromatic amines, function as hydrogen donors,

OH o*
PRIMARY AOs +ROO*
react with oxygen centered

radicals

+ ROOH

Polymer PROPAREATION

SECONDARY AOs
“ react with hydroperoxides to
yield inactive products (ROH)

(RO)5~P + ROOH —» (RO);~P=0 + ROH

INITIATION

heat, light, etc.

RH

PRIMARY AOs
react with free radicals to yield
inactive products (ROH and H,0)
Figure 1| Polymer degradation process. Schematical representation of the polymer
degradation process (blue) and the protective role of primary and secondary
antioxidants (green). Figure adapted from [4,5].
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neutralizing free radicals and stabilizing polymers against
oxidation.”® These antioxidants inhibit oxidation through chain-
terminating reactions, making them effective during both
processing and long-term aging. Common examples include
Irganox® 1076 (Irg 1076) and Irganox® 1010 (Irg 1010), which
are favored for their high molecular weight (530.88 and 1176.79
g moll, respectively), ensuring low volatility and effectiveness.®
Spanning lower molecular weights, antioxidants like butylated
hydroxytoluene (BHT, 220.18 g mol1), butylated hydroxyanisole
(BHA, 180.24 g mol?), and tert-butyl hydroquinone (TBHQ,
166.22 g moll) are widely used across various applications
today. Secondary antioxidants, such as phosphites and
phosphonites, work by converting hydroperoxides into more
stable alcohols, thereby preventing the formation of highly
reactive alkoxy and hydroxy radicals.1® Irgafos® 168 (lrg 168)
exemplifies a phosphite-type thioether antioxidant.'* These
antioxidants are frequently combined with primary antioxidants
to create a synergistic effect, improving overall effectiveness in
preventing oxidation.3

Synthetic phenolic antioxidants (SPAs) are the most commonly
used man-made antioxidants. However, despite their
effectiveness, concerns have been raised about their potential
toxicity.’2 Some antioxidants, such as BHT and BHA, have been
shown to readily migrate from the polymer matrix into the
packaged materials or surrounding environment, raising
environmental and health concerns.’31° Table S1 in
Supplementary Info (Sl), adapted from Wiesinger et al.,?° gives
an overview of the toxicity profile, regulations, and occurrence
of lower molecular weight SPAs BHT, BHA, and higher molecular
weight SPAs Irg 1010 and Irg 1076. Different health hazards can
be related to these
carcinogenic, and endocrine-disrupting activities.1221-24 |n
addition to the toxicity concerns associated with these
commercial antioxidants, they are primarily derived from fossil

compounds, including mutagenic,

resources. However, growing demand for more sustainable
alternatives has spurred efforts to develop antioxidants from
natural sources, in line with the EU's strategy for promoting safe
and sustainable chemicals.2>

Due to its natural polyphenolic structure, lignin stands out as an
excellent candidate for a renewable and non-toxic antioxidant.
In addition to its inherent antioxidant activity,26732 it is the
largest source of natural aromatics, important building blocks
for the industry.333% By employing
depolymerization techniques, such as Reductive Catalytic
Fractionation (RCF), monomeric o-methoxyphenols like
isoeugenol (IE) and isoallylsyringol (IAS) can be produced (Fig.
2).3437 |t has already been demonstrated that the additional o-
methoxy groups present in lignin reduce the in vitro estrogenic
activity (EA) of these molecules, making them promising
candidates for developing safer and more sustainable
Furthermore, these electron-donating o-
methoxy substituents improve the radical-scavenging capability
of the phenolic moiety by providing conjugative and inductive
effects that stabilize the phenoxy radical.4!

Diisoeugenol (DiE) is an o-methoxy substituted compound that
can be synthesized from the lignin monomer IE. This dimer of IE
contains two phenolic hydroxyl groups, each adjacent to an

chemical lignin

alternatives.38-40
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Figure 2| Primary synthetic phenolic antioxidants. Novel arylindane diols derived from

isoeugenol (IE) and isoallylsyringol (IAS), both of which can be obtained from biomass.

electron-donating methoxy group, and has been previously studied
for its antioxidant properties.*>=#* DiE can be classified as an
arylindane diol, distinguished by its arylindane core structure.
Compounds with this type of structure are known for their
notable biological activities,*>#¢ as well as their ability to impart
rigidity in polymers.#7=%2 A prominent example of an arylindane
diol is 1,1,3-trimethyl-3-(p-hydroxyphenyl)-5-indanol (BPI),
which has been extensively documented, primarily for its use as
a building block in various polymers,*850-65 but also as an
antioxidant.t667 However, BPI is a fossil-derived compound that
does not contain o-methoxy groups and is included in Annex Il
of REACH®8 (Registration, Evaluation, Authorisation and
Restriction of Chemicals) due to its potential hazards, which
include suspected carcinogenicity, environmental persistence,
and reproductive toxicity. Additionally, it has been recognized
for its endocrine activity.®%70 DIiE has the potential to be a safer
and more sustainable alternative.

An overview of the synthesis methods for DiE reported in the
literature can be found in Table S2. First identified in 1891,71
early syntheses primarily involved reacting IE with a
homogeneous acid like HCI.#272-75 Whereas these methods
provided lower yields, more recent research has achieved DiE
synthesis with vyields as high as 99%.76-80 However, these
modern methods typically involve complex, multi-step
processes that require expensive specialized catalysts, as well
as specific ligands and solvents. Recently, it was discovered that
DiE can be produced as a side product in the reaction between
IE and guaiacol, which yields bisguaiacol P, utilizing various
types of acidic catalysts.3® DIiE has four diastereoisomers,’8
illustrated in Fig. 2, with the a-diasterecisomer predominantly
formed. Despite this, the into the specific
synthesis and properties of different diastereoisomers has been

investigation

relatively limited, and there is little to no information available
regarding the impact of diastereoisomers on aspects such as
toxicity.

Driven by the potential of DiE as a safe and renewable primary
antioxidant, we investigated greener synthesis methods to
obtain this compound in high yields. Its safety was assessed
through cytotoxic evaluations and an EA screening to determine
whether its structural similarity to estradiol, the female sex
hormone (i.e., a hydrophobic structure with a phenolic group),
poses an increased risk of EA. A comprehensive antioxidant

This journal is © The Royal Society of Chemistry 20xx
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evaluation was conducted using two antioxidant activity assays
and a polymer application test. In addition to DiE, we also
evaluated diisoallylsyringol (DiAS), which was synthesized from
IAS.

Results and discussion
Catalytic synthesis of DiE

In the pursuit of a sustainable pathway to synthesize DiE, we
investigated the potential of heterogeneous acidic catalysts, such as
zeolites and ion exchange resins, and compared their effectiveness
to that of homogeneous acidic catalysts. Selected commercial FAU
zeolites (CBV712, CBV720, CBV760, and CBV780) also underwent a
hierarchization treatment, as detailed in section M2 (Sl), resulting in
mesoporous hierarchized zeolites (CBV712-H, CBV720-H, CBV760-H,
and CBV780-H). Fig. 3a illustrates the yield of DiE (in mol%) as a
function of the conversion (in mol%) of IE in a batch setup, with 1
mmol of IE and 0.1 mmol of acid sites. Both yield and conversion
were determined via GC. The methodology of the reaction analysis
can be found in Supplementary Method 3. Additional information
and characterization of the heterogeneous catalysts used can be
found in Tables M1 and M2 (SI), along with bar plots displaying
product distribution, yield, conversion, and selectivity for each
reaction (Figures S1-2).

Interestingly, out of the more than 30 catalysts screened, 19
exhibited yields nearly equal to their conversion rates, resulting
in a high selectivity of over 90 mol%, with data points clustering
close to the grey dotted line. For comparison, a blank reaction

@

conducted under the same conditions without a catalystyielded
no product. The reactions involvingDR6HAEENEEGS 0FERS
achieved varied results with hydrochloric acid (HCl, 29) and
nitric acid (HNOs, 30) solutions obtaining very low conversions
(<4 mol%) and vyields (<1 mol%). In contrast, using pure
homogeneous acids, a complete conversion of 100 mol% was
obtained, with para-toluene sulfonic acid (p-TSA, 28) achieving
a maximum selectivity of 83 mol% and sulfuric acid (H2SOa, 27)
showing a selectivity of 80 mol%. Among the zeolites tested,
CBV780 (6), HSZ-980HOA (11), CBV28014 (15), and ZSM-22 (16)
exhibited the lowest selectivity, with values of 68, 83, and
80 mol%, respectively. This was followed by CBV760 (5), Zeocat
PB/65H (9), CBV720-H (4-H), and CBV780-H (6-H), which
demonstrated slightly higher selectivities ranging from 85 to
90 mol%. In contrast, the zeolites CBV10A (1), CBV21A (2),
CBV712 (3), CBV712-H (3-H), CBV720 (4), CBV760-H (5-H),
CP814E* (7), CP814C* (8), CZB150 (10), CBV3024-E (12),
CBV5524-G (13), CBV8014 (14), and FER18 (17) all achieved
selectivities exceeding 90 mol%. The ion exchange resin
Nafion™ NR-50 (23) demonstrated a selectivity of 83 mol%,
while Dowex® 50Wx8 (100) (18) and Dowex® 50Wx2 (20-50)
(19) had selectivities of 70% and 41%, respectively. Other ion
exchange resins, including Amberlyst®-15 (20), Amberlyst®-36
(21), DIAION™ RCP160M (22), Aquivion® PW98 (24), Aquivion®
PW79S (25), and Aquivion® PW87S (26), all displayed
selectivities above 90 mol%. The high selectivity achieved with
heterogeneous catalysts can be attributed to the more confined
reaction environment they provide, which promotes site-

100 6
100 5-H 22? 45 § : 2278.23
10 @20 ] 02 Q 22
3.-H 64 250841 a?
_— 6-H L
2 95 + 2. 14 s 2% 5 5 17 _26
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Figure 3| DiE synthesis with different catalysts. (a) total yield (mol%) of DiE in function of IE conversion (mol%) for different catalysts (with zoomed insert). Grey dotted line
refers to 100% selectivity. (b) isomer ratio [a-DiE/y-DiE] in function of selectivity (mol%). Reaction conditions: 1 mmol IE, 0.1 mmol H*, 2.5 mL o-xyl, 80 °C, 4 h, 750 rpm.
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specific catalysis, a characteristic often observed in zeolites and
ion exchange resins.

Further evaluation of heterogeneous catalysts reveals that
Dowex® 50Wx8 (100) (18), Dowex® 50Wx2 (20-50) (19),
CBV10A (1), CBV3024E (12), Nafion™ NR-50 (23), CBV21-A (2),
and CBV712 (3) exhibit low conversions and yields, below
35 mol%. It appears that smaller pore zeolites do not effectively
promote the reaction. In contrast, CZB150 (10), Amberlyst®-15
(20), CBV720 (4), Diaion™ RCP 160M (22), CBV712-H (3-H), and
CBV760-H (5-H) demonstrate high conversions and yields,
exceeding 90 mol%, indicating their potential for efficient and
selective DiE synthesis. This suggests that zeolites with higher
mesopore surface areas (Smeso), Which reflect the volume and
distribution of mesopores crucial for enhancing the accessibility
and diffusion of reactant molecules, and thus higher total
surface areas (Sger), are more effective in catalyzing the
reaction. This trend was confirmed for CBV712, where
hierarchization significantly increased Sger (Smeso), leading to a
62% increase in yield. For CBV760, a moderate increase in Sger
resulted in a smaller yield improvement of 14%. However, for
other zeolites, hierarchization did not significantly impact SBET
(Smeso), and consequently, it did not substantially improve the
yield of DiE for CBV720 (-3%) or CBV780 (+6%). Furthermore,
repeated experiments showed that the performance of
CBV760-H, with the highest yield of 99%, did not significantly
differ from CBV720, with a yield of 92 + 7%. A comparison of
parent and hierarchized zeolites in terms of yield, conversion,
selectivity, Smeso, and Sger is given in Fig. S2.

To identify the most suitable catalyst for the synthesis of DiE,
we compared the production, costs, regeneration, toxicity, and
performance of the catalyst categories, including ion exchange
resins, homogeneous acids, zeolites, and hierarchized zeolites
(Table S3). catalysts
sustainability challenges due to their high environmental

Homogeneous present significant
impact and toxicity. While ion exchange resins demonstrate
high yield and selectivity in the DiE reaction, their production is
energy-intensive, and they are more difficult to recycle or
regenerate after use.®-% Recycling experiments demonstrated
superior regeneration of CBV720 compared to Amberlyst®-15.
The results, presented in Fig. S3 and S4, indicate that after two
recycling steps, the zeolite CBV720 maintained its performance,
showing only a slight 5 mol% yield reduction when washed with
and a remarkable 7 mol% vyield
calcination. In contrast, Amberlyst®-15 showed a significant
20 mol% decrease in yield after similar acetone washing. These
results confirm that zeolites are more robust and regenerable
under tested conditions, with calcination proving especially
beneficial for their reusability.

Among the catalysts evaluated, non-hierarchical commercial
zeolites are preferred over hierarchized zeolites, as they do not
require the additional hierarchization treatment. Consequently,
CBV720 was chosen as the optimal catalyst for DiE synthesis.

acetone, increase after

Formation of different diastereoisomers of DiE

As previously mentioned, DiE exists as four diastereoisomers,
with o-DiE and y-DiE being the two predominant forms. In

4| J. Name., 2012, 00, 1-3
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Fig. 3b, the ratio of these main diastereoisomers (ﬁg&ﬁg@g&tyﬁ%\é
defined) is presented as a function of selectivityin/mol%)sBhis
ratio ranges from 1.5 to 5.9, with a-DiE consistently being the
most abundant (a-DiE/y-DiE > 1). Reactions with HCI (19) and
HNOs (20) yielded only a-DiE (low yields). A discernible trend
emerges: the highest ratios are observed with homogeneous
acids, followed by ion exchange resins, while zeolites yield the
lowest ratios. This suggests that less confinement leads to a
greater production of a-DiE. Among all the zeolites tested, FER
(17) exhibits the highest ratio, indicating a greater formation of
a-DiE. This observation may be attributed to FER having the
lowest mesopore surface area (Smeso), Whereas zeolites with
higher Smeso tend to produce more y-DiE, thereby confirming the
confinement effect at the catalytic site. It can be inferred that
catalysis occurs within the pores of zeolites with the lowest
diastereoisomeric ratios, while for zeolites like FER, the reaction
likely takes place more on the surface. For the selected catalyst,
CBV720, the ratio is 1.95, indicating a 66%-34% split between
the main isomers a and y.

To further investigate the greater preference for the a
diastereomer in homogeneous acidic solutions compared to the
reduced preference in zeolite confinement, we measured the
ratio of [a]/[y] as a function of temperature under both
conditions. Assuming the rate-limiting step is the same for both
scenarios, the change in In([a]/[y]) is related to (1/T), as
depicted in Fig. 4. This relationship allows us to extract AAH¥
(the difference in activation enthalpy) and AAST (the difference
in activation entropy) using the equation derived in
Supplementary Part D1:

[a] AAH%  AAS*
In (m) """t TR
Under the H,SO4 condition, a-DiE has a lower enthalpic barrier
by -7.48 kIl mol™', accompanied by an entropic penalty of
-6.29 Jmol™ K™ (Table 1). In the temperature range of
70-100 °C, the enthalpic advantage prevails, resulting in a
preference for the aisomer. When the reaction is conducted in
CBV720, the enthalpic advantage for a increases slightly to
-12.40 k) mol™"; however, the entropic preference for y becomes
significantly larger, reaching -29.8 J mol™ K™, about five times
greater than the previous condition (Table 1). In this case, while
a remains the overall preferred isomer, the increased entropic
preference for y has a more pronounced effect, bringing the
ratio closer to 1.

2
y = 899.47x - 0.7569 T
RE=0.0282 @ ot e
=
T
£
y = 1491x - 3.5834 P .
RP=09464 @
4 ®H,S0,
@CBV720
0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295

AT [K]
Figure 4| Plot of In([a]/[y]) as a function of 1/T for H,SO, (red) and CBV720 (blue). Fits
of the data (dashed lines) with parameters given.

This journal is © The Royal Society of Chemistry 20xx
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Table 1| Relative kinetic parameters for H,SO, and CBV720 extracted from Fig. 4.

H,S04 CBV720
AAH?* [k) mol] -7.48 -12.40
AAS* [) mol1K] -6.29 -29.79

To gain a chemical understanding of these kinetic parameters,
density functional theory (DFT) calculations were conducted for
the a and y isomers, revealing that the transition state
preceding the coupling of two IE molecules (TS2, Fig. S12a) is
the determining factor for the diastereoisomeric ratio. The
analysis and results are given in Supplementary Parts D2 and
D3.

Solvent exploration

After identifying a suitable catalyst, the investigation progresses
to explore a broader range of solvents, including less
conventional options that have been proposed as greener
alternatives to traditional solvents. More information on
solvent selection is provided in M4, with Tables M3 and M4 (Sl).
Fig. 5 illustrates the yield of DiE as a function of the conversion
of IE for reactions conducted with various solvents. The reaction
using dimethyl isosorbide (DMI) did not produce any DiE, while
reactions with Cyrene™, 2,5-dimethyl tetrahydrofuran
(DMTHF), 1-butanol (BuOH), hexane, and heptane yielded only
25-35 mol% of DiE. Notably, the reactions in the aliphatic
solvents hexane and heptane exhibited low selectivity, with
values of 35% and 31%, respectively. In contrast, the reaction in
Cyrene™ demonstrated higher selectivity at 87 mol%. Using
methyl-tetrahydrofuran (Me-THF) and y-valerolactone (GVL)
resulted in yields of 50 and 64 mol% DiE, with selectivities of 82
and 92 mol%, respectively. Slightly higher yields were obtained
for cumene (68 mol%) and acetonitrile (ACN, 70 mol%), with
selectivities of 69 and 78 mol%, respectively. The best results
were obtained with anisole, xylene (mixture of isomers), methyl
isobutyl ketone (MIBK), cyclopentyl methyl ether (CPME), n-
butyl acetate (n-BA), para-xylene (p-xyl), and ortho-xylene (o-
xyl), which produced vyields between 78 and 95 mol% DiE.
However, when using anisole, the selectivity for DiE was limited
to 81 mol% due to an undesired condensation reaction between
the substrate IE and anisole. This issue was less pronounced
with the xylenes, which lack an o-methoxy group that would
promote such reactions through electron-donating effects.
Notably, the pure isomers of xylene perform better than the
mixture of isomers.

Based on these findings, CPME, n-BA, and both xylene isomers
emerged as the most suitable solvents for DIiE synthesis,
exhibiting the highest yield and selectivity. To select the optimal
solvent for further investigation, a comparison is provided in
Table S4. Given their similar properties, o-xyl and p-xyl are
grouped together as "xylene”. The comparison begins with the
Health, Safety, and Environment (HSE) scores, as outlined in the
CHEM-21 solvent selection guide.8> CPME, n-BA, and xylene
received the same Health scores, and xylene and n-BA received
the same Safety score. CPME had a higher Safety score, rated at
7 compared to 4 for xylene and n-BA. This higher score,

This journal is © The Royal Society of Chemistry 20xx
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Figure 5| Total yield of DiE in function of IE conversion in different solvents. Grey
dotted line refers to 100% selectivity. Reaction conditions: 1 mmol IE, 0.1 mmol H*
(CBV720), 2.5 mL solvent, 80 °C, 4 h, 750 rpm.

indicating more safety concerns, is attributed to CPME's low
auto-ignition point of 180 °C; however, it is noted that this could
be a manageable hazard. n-BA has the lowest Environment
score of 3, compared to 5 for xylene and CPME. Furthermore,
all three solvents could potentially be sourced from natural
materials.86-88 The boiling point and enthalpy of vaporization
are higher for xylene, meaning more energy is needed if the
solvent has to be evaporated, e.g., for its removal and recycling.
However, it was found that DiE spontaneously precipitated fully
as a mixture of diastereoisomers (66% a, and 34% y) from the
reaction mixture during cool down in o-xyl, which was not the
case when using CPME or n-BA. This characteristic simplifies the
work-up process by eliminating the need for solvent distillation.
As a result, xylene, specifically the ortho-isomer, was chosen as
the solvent to proceed with for DIiE synthesis. However, CPME
and especially n-BA, with its lower environmental score, present
themselves as promising alternatives.

Productivity

To evaluate whether it is possible to reduce the reaction time
or temperature without sacrificing productivity, experiments
were conducted to vary both the temperature and the
concentration of the substrate (IE). Bar plots with the yield,
conversion, and selectivity for a varying reaction temperature
and substrate concentration are given in Fig. 6a and 6b,
respectively. Compared to the benchmark reaction
temperature of 80 °C, both higher (90 °C and 100 °C) and lower
(70 °C) temperatures resulted in slightly reduced DiE vyields
(decreasing by 6 mol% and 4 mol%, respectively) at 100%
conversion. Consequently, 80 °C was determined to be the
optimal reaction temperature, as it is the lowest temperature
that does not compromise yield or selectivity. Additionally, it
was found that the substrate concentration could be increased
to 15 wt% while maintaining a high yield of 95 mol%. Under
these optimal conditions, the reaction was monitored over time
to evaluate the total DiE yield and isomer ratio, as shown in Fig.
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6¢. The results indicate that the DiE yield rapidly increases in the
first hour, reaching 84 mol%, and then stabilizes to achieve a
final yield of 95 mol% after 4 hours.

A platform of arylindane diols to define structure-property
relations

To investigate the effects of (i) the isomeric form and (ii) the
lignin-related o-methoxy groups in arylindane diols on their
physicochemical, toxicological properties, and antioxidant
activity, a series of structurally related arylindanes was
synthesized. The synthesis of DiE was initially scaled up to a 3-
gram reaction. During the cooling phase, the spontaneous
precipitation of the reaction product yielded a DiE composition
of 63% a-diasterecisomer and 37% y-diastereoisomer (a/y =
1.70) with a total isolated mass yield of 86%. Following
recrystallization, white crystals with an isomeric purity of 99%
a-diastereocisomer were obtained, in a 53% isolated yield.
Additionally, two other arylindane structures were synthesized:
diisoallylphenol (DiAP) and DiAS. Alongside using BPI as a
reference, this enables a comparative analysis of these four
different molecular structures, investigating the influence of o-
methoxy groups (none for DiAP, 2 for DiE, and 4 for DiAS) and
varying core structures (DiAP vs. BPI). All molecular structures

*
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reaction with CBV720 at different substrate concentrations (4 h, 80 °C). (c) Time course plot giving the total DiE yield (mol%) and the a/y diastereoisomer ratio at different
points in time, employing the ideal reaction conditions (15 wt% IE, 80 °C). Reaction conditions: 1 mmol IE, 0.1 mmol H+ (CBV720), o-xyl, 750 rpm.

and their variations are given in Fig. 7. DiAP acts as a structural
reference, while DiAS is examined alongside DiE for its potential
as a renewable and safe antioxidant.

DiAP has been reported in literature as being formed by the
demethylation of the dimer of trans-anethole,?°0 while DiAS
has previously been formed by dimerization of syringylpropan-
1-0175:80.91,92 or 2,6-dimethoxy-4-(prop-1-en-1-yl)phenol (l1AS).%3
In this study, DIAP and DiAS were synthesized from allylphenol
(AP) and allylsyringol (AS), respectively. Due to the unavailability
of isoallylphenol (IAP) and IAS from commercial sources, an
isomerization reaction was initially conducted. However, in
future biorefinery applications, IAS should be as readily
accessible as IE is.3%36 The synthesized compounds were
purified through column chromatography, yielding 8% for DiAP
(with 90% of the main isomer) and 53% for DiAS (with 75% of
the main isomer). Further details on the synthesis, along with
identification methods including GC-MS, TH-NMR, HSQC, HMBC,
13C-NMR, and DEPT, are provided in Supplementary Methods
M5 and M6 and Fig. S5-8, which also includes data on a-DiE and
y-DiE.

0
’ +0-Me
HO

A\
99%a ™  a-DiE

Figure 7| Arylindane diols studied in this work. Chemical structures of 1,1,3-trimethyl-3-(p-hydroxyphenyl)-5-indanol (BPI), diisoallylphenol (DiAP), diisoeugenol (DiE) and
diisoallylsyringol, (DiAS), showing the structure variations. DiE consists of a 63% o/ 37% y diastereoisomeric ratio, a-DiE consist of 99% a.
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Physicochemical and toxicological properties

Thermal properties. The thermal properties, including melting
point (Tm) and thermal stability (Tq4), of the synthesized
arylindane diols, along with the bisphenol reference compound,
BPI, are summarized in Table 2 based on differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA).

Table 2| Thermal properties of the arylindane diols. T, as measured by DSC,
temperatures at 5% (Tqys%), 10% (Tq410%) and maximal weight loss as measured by TGA
under N,.

T [°C] Tas%[°C]  Ta10%[°Cl]  Tamax [°C]
BPI 192 201 226 281
DiAP - 191 209 260
a-DiE 186 260 277 342
DiE 158, 172 204 225 281
DiAS - 210 222 265

The DSC results indicate that a-DiE and BPI have high and
comparable melting points of 186 °C and 192 °C, respectively,
while DIiE had a double melting point of 158 °C and 172 °C. The
melting points of DIAP and DiAS could not be determined. The
TGA thermograms are illustrated in Fig. S9. A significant
difference in thermal stability was observed between the pure
a-DiE diastereoisomer and its isomeric mixture, DiE. a-DiE
displayed a high degradation onset temperature of 260 °C and
a maximum degradation temperature (Tqmax) Of 342 °C,
indicating greater stability than the mixed DiE, which began to
degrade at 204 °C and reached a Ty max of 281 °C. Despite this,
the DiE diastereoisomer mixture still demonstrated strong
thermal stability, comparable to the reference compound BPI,
which has a Tqs% of 201 °C and a Tqmax of 281 °C. This finding
suggests that purification to obtain pure diastereoisomers may

@

not be necessary for applications requiring high,thesmal
stability, as the mixtures still exhibROldeiFate+GEabIRHR

Furthermore, the presence of additional o-methoxy groups in
DiAS and their absence in DIAP did not significantly affect
thermal stability, highlighting the minimal impact of these
substituents on the overall thermal properties.

Estrogenic activity (EA). In the context of a safe and sustainable
design framework, evaluating the toxicity of novel chemicals
during the early development stage is essential. Given the
structural similarity of the new arylindane diols to the female
sex hormone estradiol and the hormone-disrupting properties
of synthetic diols like bisphenols, e.g., Bisphenol A (BPA),3°
assessing EA was identified as the most critical toxicity endpoint
at this stage.

The EA of various compounds was evaluated using the
Chemically Activated Luciferase gene eXpression (CALUX) assay,
which measures the activation of the human estrogen receptor
alpha (hERa) in MCF-7 cells, transfected with an estrogen-
responsive luciferase gene. All used concentrations were
visually tested for cytotoxicity, and concentrations where any
sign of cell death was observed were omitted. Key parameters,
including the half-maximal effective concentration (ECsp),
log(ECso), and relative estrogenic efficacy (REE), were
determined, with 17B-Estradiol (E2) as a positive control and
BPA as a reference. Commercial antioxidants BHA and BHT were
also tested. Results are given in Fig. 8, accompanied by Table S5.
Figure 8a illustrates the relative induction (RI) of luciferase
activity as a function of compound concentration, while Figure
8b displays the REE in relation to log(ECsp). As anticipated, E2
exhibited the highest potency, with an ECs of 7.9 x 1022 M and
an REE set to 100%. The steep induction curve for E2 acts as a
benchmark for assessing the EA of other compounds. BPA
demonstrated significant EA, with an ECsp of 6.4 x 10”7 M and an
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REE of 122.4%, indicating a higher relative efficacy compared to
E2. This pronounced estrogenic effect of BPA is consistent with
literature reports,®* underscoring its potency and potential
health risks. In contrast, its dimeric analogue, BPI, exhibited
reduced EA, with an ECsg of 6.2 x 10°®* M and an REE of 61.1%.
This is likely due to its larger structure impeding its binding
affinity to the estrogen receptor, resulting in reduced efficacy,
even though both compounds possess free hydroxyl groups.®>
Interestingly, DiAP, which also lacks o-methoxy groups,
exhibited higher induction (REE of 92.8%) than BPI, but lower
than BPA. However, with an ECso of 9.4x 10° M, a smaller
concentration of this compound is needed to obtain an
estrogenic effect. This suggests that even slight alterations in
the core indane structure of these compounds can have a
substantial effect on their EA.

DiE, with an o-methoxy group on each side, showed an ECsg of
5.9 x 10'® M and an REE of 39.3%, while its pure isomer, a-DiE,
demonstrated even lower activity with an ECsg of 2.5 x 106 M
and an REE of 21.5%. This decrease in EA relative to DiAP implies
that the presence of o-methoxy groups reduces estrogenic
efficacy, likely due to steric hindrance or changes in receptor
binding affinity. DiAS, which features two o-methoxy groups on
each side, showed no detectable EA. The total absence of
activity in DiAS, despite its structural similarity to DiE and a-DiE,
further supports the trend that greater o-methoxy substitution
results in diminished or non-existent EA. This finding aligns with
previous research,3940.% reporting similar effects in the study of
bisguaiacols, suggesting that o-methoxy groups may hinder the
interaction with the estrogen receptor. Note that BHT and BHA
did not exhibit significant EA in this assay, which further
supports the beneficial effect of sterically ortho-substituents.
the CALUX assay results reveal
variations in EA among the tested compounds, primarily

In summary, significant
influenced by structural differences such as o-methoxy
substitution. Both DiE and DiAS demonstrated reduced EA, with
DiAS showing no detectable activity, suggesting their potential
as safe antioxidants with minimal endocrine-disrupting effects.
Additionally, the core structure of the compounds significantly
impacts EA, as evidenced by DiAP's lower EA compared to BPI.
The comparison between DIiE and a-DiE suggests that
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purification or crystallization to isolate the pure isqmer,maynet
be necessary for lowering EA, since botHforias &Py ExhiBi
low activity. These findings offer valuable insights for the
development of safer antioxidant compounds for various
applications.

Cytotoxicity. Additionally, the cytotoxicity of the arylindane
diols was assessed using the XTT and lactate dehydrogenase
(LDH) assays, performed on primary human gingival fibroblasts.
These assays provided valuable insights into metabolic activity
and cell membrane integrity, respectively. Employing human
primary cells for cytotoxicity testing is more relevant than using
cancerous cell lines, as it yields data that better reflects
physiological conditions and avoids the altered metabolic
pathways commonly observed in cancer cells.?7 Literature
frequently reports cytotoxicity data derived from cancerous cell
lines, which can underestimate toxicity due to their modified
responses and higher proliferative rates compared to normal
human cells.?® This discrepancy may lead to significant
variations in observed cytotoxicity, with primary cells
potentially exhibiting greater sensitivity to toxic agents. Fig. 9
presents the ECso for all compounds, including the reference
antioxidants BHT and BHA (Fig. 9a: XTT assay; Fig. 9b: LDH
assay). The numerical values can be found in Table S6. Please
note that the isomeric mixture of DiE was not included in the
testing, with a-DiE serving as the reference. This decision was
based on the fact that both compounds demonstrated no
cytotoxicity within the tested concentration range for EA (i.e.,
up to 10> M).

The mean ECsg values for cell viability obtained from the XTT assay
were as follows: 0.20 mM for BPI, 0.24 mM for a-DiE, 0.21 mM for
DiAP, 0.29 mM for DiAS, 0.27 mM for BHT, and 0.81 mM for BHA. In
the LDH assay, the mean ECso values for LDH release were 0.13 mM
for BPI, 0.19 mM for a-DiE, 0.16 mM for DiAP, 0.27 mM for DiAS,
0.16 mM for BHT, and 0.47 mM for BHA. Statistical analysis using
the Tukey HSD test showed BHA to be significantly less cytotoxic
than other compounds. No significant differences in cytotoxicity
were found among BPI, DiAP, a-DiE, DiAS, and BHT in both
assays, indicating the substitution pattern on the arylindane
ring does not significantly influence cytotoxicity.
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Figure 9| Cytotoxic activity of arylindane diols and references. Box plots representing the ECs, determined by the (a) XTT-assay and (b) LDH-assay. Blue, synthesized

arylindane diols; black, references.
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The consistent results from both the XTT and LDH assays highlight
BHA as the least cytotoxic compound among those tested. The
arylindane diols exhibited cytotoxicity levels comparable to
BHT, represented by ECso values in the range of 0.19 to
0.28 mM. These results indicate that these compounds could
serve as potential alternatives to BHT, providing effective
antioxidant properties while maintaining a similar safety profile.
The concentrations required to elicit a cytotoxic effect are
sufficiently high, posing minimal risk for their use as
antioxidants, as they are well above typical leaching levels.1299

Antioxidant activity

ABTS and DPPH assay. The intrinsic antioxidant properties of the
arylindane diols were assessed using the ABTS and DPPH assays and
compared to Trolox, BHT, BHA, Irg 1076, and Irg 1010. Trolox
equivalent antioxidant capacity (TEAC) values, where <1.00 indicates
greater activity than Trolox, are shown in Fig. 10 and Table S7.

In the ABTS assay, the novel arylindane compounds demonstrated
strong activity. BPI, without o-methoxy groups, exhibited a TEAC
value of 0.66 at 1 minute (TEACimin), declining to 0.44 at 10 minutes
(TEAC10min), indicating effective radical scavenging. DiAP, also devoid
of o-methoxy groups, had a TEACimin of 1.18, decreasing to 0.69 at 10
minutes. In contrast, DIiE (two o-methoxy groups), showed a TEACimin
of 0.84 and a TEACiomin Of 0.61. DIAS (four o-methoxy groups),
recorded a TEACimin Of 0.58, decreasing only slightly to 0.56 at 10

®

ARTICLE

minutes. Additionally, the crystallized a-DiE isomer,_exhibited, .2
TEACimin Of 0.63, decreasing to a TEACRGY: 6F-1054DAWhRilel%he
presence of o-methoxy groups and the specific isomeric form
seemed to enhance the antioxidant activity of these compounds, the
differences among them were modest. Comparatively, BHT and BHA
showed significantly higher TEAC values, but reduced over time, with
BHT decreasing from 7.06 to 2.17, and BHA decreasing from 2.97 to
2.83.1rg 1076 and Irg 1010, primarily used in polymers, showed high
initial TEAC values, with a TEACimin of 14.97 and 5.46, that
significantly decreased to a TEACiomin Of 4.23 and 0.94, respectively,
with Irgl010’s lower value attributed to its four hydroxyl groups.

In the DPPH assay, significant antioxidant activity persisted. BPI
recorded a TEACimin of 193.90, dropping to 161.88 at 10
minutes. DiAP, DiE, and DiAS also declined over time, with DiAP
starting at a TEACymin of 118.85, ending at a TEAC1omin Of 85.12,
DiE reducing from a TEACymin of 7.24, to a TEAC;omin 0f 3.94, and
DiAS recorded a TEACimin of 3.95, which further declined to
3.02. a-DiE displayed a TEACimin of 5.43, decreasing to a
TEAC10min of 3.14. Trolox, as a constant reference, maintained a
TEAC of 1.00. BHT declined from a TEACimin of 34.78 to a
TEAC10min Of 20.38, while BHA's TEAC dropped from 15.59 to
5.87. Irg 1076 and Irg 1010 displayed TEAC values decreasing
from 21.10 and 45.03 at 1 minute to 14.26 and 6.95 at 10
minutes, respectively.

Whereas the ABTS and DPPH assay both evaluate antioxidants
based on two different mechanisms, i.e., hydrogen atom
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Figure 10| Trolox Equivalent Antioxidant Capacity (TEAC) values after 1, 5, and 10 minutes, as determined by (a) the ABTS-assay, and (b) the DPPH assay.
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transfer (HAT) and single electron transfer (SET),2¢ there is a
notable difference, with the TEAC values for the DPPH assay
being higher in general, and especially for BPI and DiAP.
However, both assays show the considerable antioxidant
activity of the arylindane diols, highlighting their potential as
antioxidants.

Arylindane diols as antioxidants in polypropylene (PP). Oxidation
onset temperature (OOT) measurements assessed the antioxidant
potential of arylindane diols (BPI, a-DiE, and DiAS) in PP, a widely
used but oxidation-prone thermoplastic.1% o-DiE was selected as the
reference for DiE, as both compounds exhibited similar results in the
assays, which had already confirmed their antioxidant activity.
Additives were incorporated at 0.2 wt%, alongside commercial
antioxidants Irg 1010 and Irg 1076, with and without 0.2 wt% heat
stabilizer Irg 168. Pure PP served as a reference. Samples were
mixed, extruded, and analyzed by DSC under oxygen at heating rates
of 3-20°C/min. OOT, marking oxidation onset and indicating
oxidative resistance, was identified as the exothermic offset in the
DSC signal (Fig. S10). This parameter marks the end of the induction
period and adheres to a sudden change in material
characteristics.190.101 Higher OOT values correspond to greater
oxidative stability.

Kinetic data, fitted according to two equations (Supplementary
Method 9, Tables $8-9),101-105 showed good parity between
predicted and experimental OOTs, validating both equations to
predict the oxidative behavior of PP. For k(T;) = AePT
(equation 3 of SI), Fig. 11a illustrates the OOT vs. the heating
rate with the fitted curve, while the parity plot (Fig. 11b)
confirms the fit. Analogously, these figures are also given for
equation 4 of Sl (Fig. S11). All OOT values are given in Table S8.

Green Chemistry

Addition of antioxidants significantly raises the OQT, acress.al
heating rates, compared to pure PP (196°C Ht133TA#m ) IWith
the inclusion of heat stabilizer Irg 168, the OOT increases to
200 °C, demonstrating a consistent trend where Irg 168
enhances the OOT by 1-10 °C for all samples, improving the
polymer's stability. Furthermore, the incorporation of both
commercial antioxidants and novel arylindane diols notably
increases the OOT. At 3 °C/min, the OOT is increased by 16 °C
(Irg 1076), 27 °C (Irg 1010), 12 °C (BPI), 21 °C (a-DiE), and 29 °C
(DiAS). DiAS, with four o-methoxy groups, showed superior
performance, outperforming a-DIiE (two o-methoxy groups),
which in turn surpasses BPI (no o-methoxy groups), likely due to
enhanced H-atom donation and chain stabilization. The results
highlight that the electron-donating o-methoxy groups,
abundant in biomass, can enhance antioxidant activity. Notably,
the novel arylindane diols were comparable or superior to
industrial standards, positioning them as suitable alternatives.

The length of the induction period (ti) —representing the
stability of the polymer before oxidation begins—was
calculated at 140 °C (before melting) and 180 °C (after melting),
as shown in Table S9. The results from both equations are highly
comparable, ranging from a t; of 14.4 minutes for pure PP at
180 °C (the shortest lifespan) to 10228.5 minutes for PP with 0.2
wt% Irg 1010 and 0.2 wt% Irgle8 at 140 °C (the longest
lifespan). Protection factors (PFs)—comparing the t; of PP with
added antioxidants to that of pure PP—are illustrated in Figures
11c and S11c across 120-250 °C. Numerical values for 140 °C
and 180 °C are presented in Table S10. All PFs, excluding the
reference of pure PP, exceed one, confirming the stabilizing
effect of the additives. The highest PFs—24.37 or 25.18 at
140 °C and 23.63 or 23.55 at 180 °C—were observed with the
addition of Irg 1010 and Irg 168. Arylindane diols also achieved
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Figure 11| (a) Experimental and fitted dependencies of the onset oxidation temperatures (OOT) on the heating rates B, for pure PP and PP with added antioxidants, employing
k(T;) = AxePT (equation 3 from Supplementary Method 9). Data points corresponding to samples with added heat stabilizer, Irg 168, are given as open symbols. (b) Parity plot of

predicted and experimental OOT. (c) Dependence of PP protection factor (PF) on temperature.
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high PFs, with the highest recorded for a-DiE and Irg 168 (16.37
or 16.66 at 140 °C and 15.39 or 15.15 at 180 °C), outperforming
BPI. Notably, DiAS alone vyielded a higher PF at both
temperatures (16.08 or 16.50 at 140 °C and 13.03 or 12.90 at
180 °C), but combining DiAS with Irg168 reduced performance
(PF of 6.67 or 6.75 at 140°C and 9.53 or 9.40 at 180 °C),
indicating antagonistic cooperation. This observation is
supported by a negative S-factor at 140 °C, as calculated and
detailed in Table S11. In contrast, all other combinations of the
primary antioxidants with the additional heat stabilizer Irg 168
exhibited synergistic interactions. These calculations are based
on comparing the antioxidant effectiveness (AEX)—represented
by the PF, adjusted for the amount of antioxidant added —of the
mixture against a calculated AEX based on the separate effects
of the primary antioxidant and heat stabilizer. Formulas and
derivation are based on Cerna et al.°! and are given in
Supplementary Method 9.

Overall, antioxidants significantly enhanced the oxidative
stability of PP. Combining antioxidants with Irg 168 further
prolonged polymer lifespan and increased PF. The promising
performance of DIiE and DiAS, with DiAS showing the highest
OOT and longest tj, indicates their potential as effective and
more sustainable alternatives to traditional synthetic
antioxidants.

Conclusions

In conclusion, this study successfully derived novel, safe, and
sustainable primary antioxidants from lignin, specifically
focusing on the synthesis and evaluation of diisoeugenol (DiE)
and diisoallylsyringol (DiAS). By utilizing zeolite catalysis, we
optimized a selective synthesis process for DiE, achieving a high
yield of 95 mol% with the recyclable H-USY zeolite CBV720. DFT
further revealed the formation
diastereoisomers (a and y). This approach, using potentially

studies of two main
lignin-derived compounds, aligns with several Green Chemistry
principles, catalysis,
prevention, absence of derivatization

including atom waste
and the steps.

Additionally, catalysts and solvents were assessed for their

economy,

safety and sustainability to minimize environmental impact and
health risks. While n-butyl acetate (n-BA) is preferred for its
lower environmental score, o-xylene (o-xyl) was selected for
scale-up due to easier work-up.

Aligned with the EU's Safe and Sustainable by Design (SSbD)
framework, we screened the in vitro estrogenic activity (EA) and
cytotoxicity of these novel arylindane diols early in
development. The results showed that DiE (ECsp of 5.9 x 10® M)
and DiAS (no detectable EA) have significantly lower EA than
bisphenol A (BPA) (ECso of 6.4 x 10”7 M) and estradiol (ECso of
7.9 x 1012 M), with low cytotoxicity comparable to conventional
antioxidants. Based on these promising findings, we plan
further toxicity assessments, including tests on persistence,
bioaccumulation, and ecotoxicity.

The antioxidant activities of DIiE and DiAS were assessed using
ABTS and DPPH assays, showing significant radical scavenging
properties with Trolox equivalent antioxidant capacity (TEAC)
values exceeding those of commercial antioxidants. Oxidation

This journal is © The Royal Society of Chemistry 20xx

onset temperature (OOT) measurements for polypgepylene{RR)
containing these antioxidants demonstrated itdgrevet-therAval
stability, with DiE and DiAS outperforming conventional
antioxidants like Irganox® 1010 and Irganox® 1076. Additionally,
the DiE isomer mixture was found suitable, eliminating the need
for crystallization to the a-isomer, as it exhibited low EA and
high antioxidant activity. Our findings highlight the role of
lignin-characterizing o-methoxy groups in reducing EA and
enhancing antioxidant properties, suggesting the potential of
lignin-based compounds as alternatives to synthetic phenolic
antioxidants (SPAs). Future work should focus on using lignin
fractions directly as substrates for these antioxidants.

This work contributes to the field of sustainable materials by
presenting a selective, zeolite-catalyzed pathway for developing
potentially lignin-derived arylindane diols as promising
antioxidants, achieving both performance and safety goals.

Experimental
Chemicals and materials

A list of all chemicals and materials used can be found in
Supplementary Method 1.
Reaction procedures

In a typical batch screening reaction, 0.1 mmol of catalytic H*
(Supplementary Method 2) was added to 1 mmol isoeugenol
(IE, 0.164 g) in a 10-ml glass reaction vial containing a magnetic
stirring bar (13 x 3 mm), whereto 2.5 mL of solvent was added.
The vial was capped and put into a pre-heated, magnetically
stirred (750 rpm), copper heating block set at 80 °C for 4 h.
Samples for GC were taken and filtered using a Millex-FH
hydrophobic PTFE syringe filter (0.45 pum pore size, 13 mm),
after which they were cooled down by submerging the vial in
ice water. The temperature and amount of IE were varied for
the increased productivity screening. For the time discourse
measurement, samples were taken at certain points in time
using a syringe, following the same procedure. In the
multigram-scale experiments, the standard reaction procedure
was performed on a larger scale in a round-bottom flask,
employing a heating mantle.

Reaction analysis and product characterization

Analysis by Gas Chromatography with Flame lonization
Detection (GC—FID) was conducted using an Agilent GC system
(6890 series) equipped with an Agilent HP5 capillary column (30
m x 0.32 mm, film thickness 0.25 um) and an FID detector,
controlled by ChemStation software. Prior to GC—FID analysis,
samples underwent derivatization via trimethylsilylation using
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA). In a
standard sample preparation, 10 mg of internal standard (n-
propyl guaiacol), 70 pl of anhydrous pyridine, 150 pl of MSTFA,
and 150 pl of acetonitrile (ACN) were added to either 100 mg of
the reaction mixture or 5-10 mg of pure compounds and heated
for 20 minutes at 80 °C.

Gas Chromatography—Mass Spectrometry (GC—MS)
analysis, an Agilent GC system (6890 series) equipped with an
HP5 capillary column was utilized, coupled with an Agilent Mass

For
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Spectroscopy detector (5973 series). This setup facilitated the
identification of unknown signals.

The analytical methodology used for GC—FID and quantification
details are provided in Supplementary Method 3.

Liquid-phase H, 13C, 13C DEPT-135° and *H-13C HSQC and HMBC
NMR spectra were acquired on a Bruker Avance spectrometer
(400 MHz) with automated sampler. In a typical sample
preparation, 5-30 mg of dried sample was dissolved in 500 pl of
deuterated solvent (CDCls and acetone-dg).

TGA and DSC were used to determine the compounds' thermal
stability and melting point, respectively. Using a TGA/DSC 3+
instrument of Mettler Toledo equipped with an autosampler, 5—
15 mg of sample was heated at a rate of 10 °C min-! to 600 °C
under a constant N,-flow of 90 mL/min.

Density Functional Theory (DFT)

DFT calculations were performed with Gaussian 161° using the
B3LYP functional,%7, the 6-311G(d) basis set, and the GD3
empirical dispersion correction of Grimme.1%8 A polarizable
continuum model was used to test for electric field solvent
effects.19% Transition state structures were validated through
intrinsic reaction coordinate calculations. Reaction coordinates
include zero-point/thermal corrections. Zeolite Y model used
was generated from coordinates of the FAU lattice deposited in
the 1ZA-SC Database of Zeolite Structures.!®© Molecular
structures were visualized using Chemcraft.11?

Product work-up

Following a synthesis at a multigram scale, the reaction mixture
underwent Bichner filtration to remove the catalyst. The
resulting mixture was allowed to stand in an Erlenmeyer and
cooled to room temperature, resulting in crystals, composed of
63% o-diastereoisomer and 37%  y-diastereoisomer.
Subsequently, compound a-DiE, further hot
recrystallization to achieve an even higher purity was done in
ACN, resulting in crystals with a purity of 99% of the a-
diastereoisomer. The synthesis and purification procedures for
DiAP and DiAS can be found in Supplementary Methods M5 and
M6.

a-DiE: 1.59 gr (53%), white needle-shaped crystals, melting
point (mp) 186 °C (from ACN). *H-NMR (400 MHz, CDCls, 25 °C,
tetramethylsilane (TMS)): 6u (the chemical shift (6) of the
hydrogen atom ('H) as expressed in parts per million (ppm) by
frequency referenced against a standard reference compound,
TMS, MesSi) = 1.01 (triplet (t), /= 7.4 Hz, 3H), 1.06 (doublet (d),
J =7.1 Hz, 3H), 1.41 (doublet of doublet of quartets (ddq), J =
13.3,9.1, 7.4 Hz, 1H), 1.73 (ddq, J = 12.9, 7.4, 5.4 Hz, 1H), 2.49
(ddg, J = 9.5, 7.1, 5.4 Hz, 1H), 2.94 (doublet of doublet of
doublets (ddd), J = 9.2, 7.3, 5.4 Hz, 1H), 3.77 (doublet of
doublets (dd), J = 9.5, 1.0 Hz, 1H), 3.84 (singlet (s), 3H), 3.93 (s,
3H), 5.50 (s, 1H), 5.54 (s, 1H), 6.51 (d, J = 1.0 Hz, 1H), 6.65 (d, J =
1.9 Hz, 1H), 6.68 (dd, J = 8.1, 1.9 Hz, 1H), 6.80 (s, 1H), 6.87 (d, J
= 8.1 Hz), where J is the coupling constant, expressed in
frequency units, Hz, and is a measure of the interaction
between a pair of protons. 133C-NMR (100 MHz, CDCls, 25 °C,
TMS): &¢ (the chemical shift (8) of the carbon atom (13C) as
expressed in parts per million (ppm) by frequency referenced
against a standard reference compound, such as TMS) = 12.3,

to obtain

12 | J. Name., 2012, 00, 1-3

Green Chemistry

13.8, 22.4, 48.6, 49.3, 56.0, 56.2, 56.8, 107.5, 110.7,c151:Q,
114.0,121.5,135.9, 138.8, 139.2, 144.1, T44.601450446051 NIS
(70 eV, El, trimethylsilylation): m/z (%): 472 (85) [M**], 443 (100)
[M** + *CaHs].

DiAP: 0.03 gr (8%), *H-NMR (400 MHz, CDCls, 25 °C, TMS): éu =
0.92 (t,J = 7.3 Hz, 3H), 1.02 (t, J = 7.5 Hz, 3H), 1.16 (d, J = 6.6 Hz,
3H), 1.64-2.10 (multiplet (m), 3H), 2.70 (doublet of triplets (dt),
J=10.0, 5.4 Hz, 1H), 3.20 (t, J = 8.0 Hz, 1H), 3.64 (d, J = 9.8 Hz,
1H), 4.82 (s (br.), 1H), 5.04 (s (br.), 1H), 6.32 (dd, J = 2.6, 1.2 Hz,
1H), 6.67—6.87 (m, 3H), 6.99—7.20 (m, 3H). 13C-NMR (100 MHz,
CDCl3, 25 °C, TMS): 6¢=10.9,17.2, 24.6, 51.0, 51.0, 58.1, 111.5,
113.6,115.3,123.9,129.9,136.2,139.0, 148.6, 154.1, 154.4. MS
(70 eV, El, trimethylsilylation): m/z (%): 412 (24) [M**], 383 (100)
[M** + *CaHs].

DiAS: 0.21 gr (53%), *H-NMR (400 MHz, CDCls, 25 °C, TMS): 6 =
0.97 (t,J = 7.3 Hz, 3H), 1.03 (d, J = 7.0 Hz, 3H), 1.20(d,/=7.0
Hz, 1H), 1.60 (quartet of doublets (qd), J = 7.3, 4.2 Hz, 2H), 2.46
(qd, J = 7.1, 1.3 Hz, 1H), 3.03 (dd, J = 7.1, 1.34 Hz, 1H), 3.43 (s,
1H), 3.52 (s, 3H), 3.83 (s, 6H), 3.85 (s, 3H), 3.94 (m, 2H), 5.39 (s,
1H), 5.47 (s, 1H), 6.34 (s, 2H), 6.41 (s, 2H), 6.56 (s, 1H), 6.59 (s,
1H). 13C-NMR (100 MHz, CDCls, 25 °C, TMS): ¢ = 12.2, 14.6,
22.1,48.0,48.2,56.0,56.3,56.4,59.7,60.1, 102.8, 104.4, 128.8,
133.0, 135.8, 136.8, 138.6, 143.9, 146.8, 147.0. MS (70 eV, El,
trimethylsilylation): m/z (%): 532 (100) [M**], 503 (40) [M** +
*CyHs].

In vitro estrogen receptor transactivation bioassay

The EA of the novel arylindane diols and chosen references was
evaluated using the CALUX in vitro human ERa transactivation
bioassay. This assay utilizes VM7Luc4E?2 cells, defined as human
breast cancer MCF-7 cells, which were stably transfected with
gene pGudLuc7.ERE.
Activation of ERa transcriptional activity by estrogenically active

an estrogen-responsive luciferase
compounds led to the induction of luciferase reporter gene
expression, measured in relative light units. Results were
presented as the ER activation induction relative to the positive
control's (17B-E2) luciferase induction, set at 100%. The CALUX
assay was conducted according to previous protocols.112
Further experimental details are provided in Supplementary
Method 7.

Data from three replicate cellular exposures in three
independent experiments (3 x 3) for each test condition were
averaged (+ s.d.). ECsg values were determined by fitting a four-
parameter sigmoidal dose-response curve (i.e., Hill equation)
using Python. For partial concentration-response curves, the fit
was constrained at the top and/or bottom value. However, if
the fit was deemed unreliable (R2 < 0.95), no ECso concentration
was defined (ND). The Relative Estrogenic Efficacy (REE) was
calculated as the top value of the induction relative to the
positive control (17B-E2).

Determination of cytotoxicity

Cytotoxicity was assessed using two methods: (i) impact on cell
metabolism was measured by the 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) test and (ii)
cell membrane damage was quantified by the lactate
dehydrogenase (LDH) assay.

This journal is © The Royal Society of Chemistry 20xx
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Tests were performed on primary human gingival fibroblasts
(HGFs), whereto multiple concentrations of the compounds
were dosed. Each concentration was tested in triplicate. For
each test, the half-maximal effective concentration (ECsp) was
determined. A full experimental procedure is provided in
Supplementary Method 8.

Antioxidant activity

The antioxidant properties were determined by three methods:
(i) the 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) assay, (ii) the 2,2'-diphenyl-1-
picrylhydrazyl (DPPH) assay and (iii) the determination of the
Oxidation Onset Temperature (OOT) of polypropylene.

ABTS assay

The antioxidant properties of the novel arylindane diols were
evaluated wusing a 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) assay, a well-established
technique for assessing phenolic compounds via UV-vis
spectroscopy.!13 Hereto, a 7 mM aqueous ABTS solution (Milli-
Q water) was mixed with a 2.5 mM aqueous K;S,0g solution and
left overnight in darkness at room temperature to generate the
blue-green ABTS** radical cation test solution.1l Stock test
arylindane diols and commercial
antioxidants (references) were prepared in absolute ethanol.
The ABTS**signal was analyzed at 753 nm by UV-vis
spectroscopy measurements on a Shimadzu UV-1800
spectrophotometer, and an absorbance value between 0.75
and 1 was found when 50 pl of ABTS** solution was dissolved in
2 mL absolute ethanol (EtOH). Monitoring of the ABTS** signal
at 753 nm occurred at room temperature in a kinetic
measurement mode for up to 10 minutes after the addition of
the stock test solutions. Upon introduction of antioxidants,
discoloration of the ABTS** solution was indicated by a decrease
in absorbance. Quantification was performed by calculating the
ABTS** signal inhibition after 1, 5, and 10 min, which was plotted
as a function of the antioxidant concentration. Trolox™ (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a
vitamin E analogue and frequently reported benchmark, served
as the standard reference compound.l’> From this, the
ICs0 (half-maximal inhibitory concentration) were
obtained, that is, the concentration of the sample that can
scavenge 50% of the ABTS** free radicals. The Trolox equivalent
antioxidant capacity (TEAC) values of all compounds were
calculated by dividing the ICsovalue of the sample by the
ICso value of Trolox. All measurements were carried out in
duplicate.

DPPH assay

Employing the same methodology, the antioxidant properties
were also assessed using a 2,2'-diphenyl-1-picrylhydrazyl
(DPPH) assay. For this, initially, a stock solution of DPPH was
prepared by dissolving 10 mg of DPPH in 20 mL of absolute
EtOH. The absorbance of the DPPH signal was measured at

solutions of the novel

values

517 nm, with an absorbance range of 0.75 to 1 observed when
150 pl of the DPPH stock solution was dissolved in 2 mL of EtOH.
Upon addition of the stock solutions of the test compounds, the
absorbance signal of DPPH at 517 nm was continuously
monitored in a kinetic measurement mode for 10 minutes. The

This journal is © The Royal Society of Chemistry 20xx

introduction of antioxidants resulted in the discolgration of the
purple DPPH stock solution to a yellowPSbIRiBR? indicatihg0a
decrease in absorbance. Quantification involved calculating the
inhibition of the DPPH signal after 1, 5, and 10 minutes, plotted
against the concentration of the antioxidants and determining
the TEAC values. All
duplicate.

Determination of Oxidation Onset Temperature (OOT)

measurements were carried out in

Polypropylene (PP) was finely milled with a CryoMill (RETSCH,
Haan Germany; grinding mode: dry at room temperature) to
obtain a fine, homogeneous powder (ball mill, -196 °C). For each
sample, 4.000 g was mixed with 0.008 g (0.2wt%) antioxidant or
0.008 g (0.2wt%) antioxidant and additionally 0.008 g (0.2wt%)
Irgafos® 168 (heat stabilizer). After this, the samples were
extruded using a 5cc extruder. The obtained polymer PP with
added antioxidant (and heat stabilizer) was cut into smaller
pieces for analysis by DSC. DSC analysis was done using a
TGA/DSC 3+ instrument of Mettler Toledo equipped with an
autosampler, where 5-15 mg of sample was heated at varying
rates of 3 °C/min, 5 °C/min, 10 °C/min, 15 °C/min, and 20 °C/min
to 350 °C under a constant O,-flow of 90 mL/min. This way, the
Oxidation Onset Temperature (OOT), visible as an exothermic
deviation in the heat flow curve, could be determined. These
kinetic measurements allowed for a determination of a
protection factor (PF). Formulas and further
methodology are given in Supplementary Method 9.
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