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e Synthesis of natural lipophenols.
e Stereoselective total synthesis of phenolic phytoprostanes.
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e Development of click reactions applied to the synthesis of B-secretase
(BACE-1) inhibitors

e Development of sequential click reactions applied to the synthesis of
enzymatic inhibitors.
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ﬂoﬁ SKILLS & ACHIEVEMENTS

v’ Synthesis: up to 21 steps; from mg to hundreds of g; hydrogenation; sensitive reactions,

Experienced in the anticipation and resolution of concrete lab difficulties.

v Analysis: TLC, HPLC (quantification, chiral), NMR (*H, 3C, *°F, 3'P), MS (high and low
resolution), IR, fluorescence and UV spectroscopy.

v’ Purification: column chromatography (flash and manual), precipitation, recrystallization,
semi-preparative HPLC.

v’ Biology: cell culture, sterile environment, bioconjugation on antibodies.

v' Management : 3 interns, Léa Combette (M1, 2021), Didier Fernandes (M2, 2022), Alexandre
Lobo (M2, 2024)

v Teaching: 60 hours of practical class (1%t year bachelor organic chemistry, 2023 & 2024)

v Informatics: Office, Chemdraw, MestReNova, TopSpin, SciFinder, Reaxys, Zotero, Inoreader
v’ Languages: French (native), English (professional, fluent), Spanish (fluent), Italian (basic
understanding).

v’ Soft skills: Strong autonomy in conducting research projects. Interest in solving synthesis
issues. Science communication skills (spoken and written reports). Bibliographic monitoring.
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Total Synthesis and Analysis of Phenolic Phytoprostanes,
Oxidized Derivatives of Lipophenols

M. Jordan Lehoux,® Angel Sanchez-lllana,!®! Pablo Miralles,! Valérie Bultel-Poncé, ]
Thierry Durand,'?! Céline Crauste,*?! and Camille Oger*!?!

Lipophenols, or phenolipids, are compounds that combine
polyphenols with fatty acids, offering the antioxidant properties
of polyphenols alongside the neuroprotective and cardioprotec-
tive benefits of omega-3 polyunsaturated fatty acids (PUFAs).
Hydroxytyrosol (HT)-based lipophenols have recently been iden-
tified in olive oil. Depending on their structure, these com-
pounds were differently affected by storage conditions. While
the concentrations of HT-oleate and HT-linoleate increase with
higher storage temperatures, HT-a-linolenate (HT-ALA) did not
follow the same trend. Given the high oxidative susceptibil-
ity of a-linolenic acid (ALA), which leads to oxidation products
known as phytoprostanes (PhytoPs), we hypothesize that HT-

1. Introduction

Lipophenols, also known as phenolipids, are hybrid molecules
that combine (poly)phenols with fatty acids. These compounds
have been developed for therapeutic, food, and cosmetic
applications.?! One key advantage of lipophenols is their abil-
ity to enhance the typically low bioavailability of polyphenols.!*
Additionally, they hold promise for therapeutic synergy by
merging the diverse activities of polyphenols, particularly their
antioxidant properties,!*! with the beneficial effects of polyun-
saturated fatty acids (PUFAs), such as their cardio- and neuro-
protective effects.®? For instance, earlier research has demon-
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ALA may be oxidized into covalently bound PhytoP conjugates
of HT (PhytoPs-HT) under various oxidative conditions, includ-
ing, for example, suboptimal storage. This study aims to develop
the first total synthesis of two series of PhytoPs-HT as analyti-
cal standards to explore the oxidative transformation of HT-ALA
lipophenols into potential oxylipin metabolites. The synthesis
of four ALA-derived PhytoPs-HT and their identification during
in vitro oxidation of HT-ALA by UHPLC-HRMS/MS are presented
here. These synthetic standards are essential for the reliable
identification and quantification of HT-PhytoPs within complex
mixtures of regio- and stereoisomers generated during oxylipin
formation.

strated the potent bioactivity of synthetic alkyl-lipophenols in
neurodegenerative diseases,”®! while the bioactivities of nat-
ural lipophenols include antioxidant protection for the skin!®!
and anti-inflammatory effects."! Further studies have also con-
firmed the bioaccessibility of lipophenols during gastrointestinal
digestion,™?! as well as their potential formation by intestinal
enzymes.™!

Several studies have documented the natural occurrence
of lipophenols (as esters) in plant-based sources, including
apple skin,™ green tea,™ and oils,!*'*"! such as supplemented
flaxseed oil"™ and fish oil."™®! These findings underscore the
dietary presence of these hybrid molecules and encourage
further exploration of their biological activity and metabolites.

In 2016 and 2020, hydroxytyrosol (HT) lipophenols were iden-
tified in olive oils through HPLC-MS/MS analysis.'*"! Three spe-
cific HT lipophenols were detected, linked to oleic acid (OA, C18:1
n-9; HT-OA), linoleic acid (LA, C18:2 n-6; HT-LA), and «-linolenic
acid (ALA, C18:3 n-3; HT-ALA) (Figure 1).

During a study assessing the metabolic fate of olive oil
lipophenols under various storage conditions,?®! HT-ALA dis-
played a degradation profile different from that observed for
HT-OA and HT-LA. This may be attributed to structural differ-
ences within the fatty acid moieties (Figure 1). Indeed, due to
its two bis-allylic positions, at C11 and C14 (Scheme 1), ALA is
highly prone to oxidation, leading to the formation of a diverse
set of oxygenated derivatives,?" including phytoprostanes (Phy-
toPs) (Scheme 1).12%%! PhytoPs are formed exclusively through
nonenzymatic free radical-mediated oxidation, cyclization, and
rearrangement as depicted in Scheme 1. First, free radicals such
as the hydroxyl radical (*OH) abstract a hydrogen atom from
a bis-allylic position (C11 or C14), generating carbon-centered
radicals I-1 or I-2. These radicals then trap molecular oxygen

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 1. Chemical structures of hydroxytyrosol lipophenols identified in olive oil.
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Scheme 1. The biosynthesis of F-type phytoprostanes (F-PhytoPs) from ALA identified in olive oil. F-PhytoPs are defined by the presence of a

cyclopentan-1,3-diol ring.

to form peroxyl radicals (II-1 or 1I-2). A 5-exo-trig cyclization
gives rise to endoperoxide intermediates (lll-1 or IlI-2), which
carry a radical capable of trapping a second molecule of oxy-
gen. This process produces hydroperoxide intermediates that,
after reduction, yield endoperoxides V-1 and V-2. A subsequent
reduction, followed by membrane cleavage via phospholipase
A2, leads to the formation of phytoprostanes (PhytoPs) of the
9- and 16-series. It is worth noting that PhytoPs are classi-
fied into various types and series depending on their oxidation
pathways,?-2%1 therefore a comprehensive nomenclature was
established for the isoprostanoid structures.”*¥! It should be
mentioned that the F-type of PhytoPs is the most commonly
found in plant matrices.l”®! It includes two series, the 16-series
(in blue, Scheme 1) and the 9-series (in green, Scheme 1), which
arise from the initial H-abstraction at the bis-allylic positions of
ALA, on carbons C14 and C11, respectively.

PhytoPs exhibit a broad spectrum of biological activities,
including anti-inflammatory'?! and neuroprotective effects.’*"’
Furthermore, they were also identified in olive oil by Dominguez-
Perles et all® and Collado-Gonzales et al.*?! demonstrating
the possible oxidation of ALA within an oil matrix. These
findings suggest that ALA linked to hydroxytyrosol (HT-ALA)
may undergo radical oxidation to form PhytoPs-HT conjugates
(Scheme 2). In this context, the present study aimed to develop

Chem. Eur. J. 2025, 31, €02206 (2 of 11)

the first total synthesis of F-type PhytoPs-HT conjugates from
both the 9 and 16-series to produce analytical standards enabling
their future identification in vegetal matrices. Furthermore, as
a proof of concept, the newly synthesized compounds were
subsequently employed as standards for their detection by
UHPLC-MS/MS in in vitro oxidation samples of HT-ALA.

2. Results and Discussion
2.1. Retrosynthetic Analysis

The syntheses of 16-F-PhytoP-HT and 9-Fy-PhytoP-HT were
designed with a late-stage introduction of the second lateral
chains using Horner-Wadsworth-Emmons (HWE) olefination and
Corey-Bakshi-Shibata (CBS) reduction (Scheme 3). Intermediates
(3) and (4), which incorporate the first lateral chains, could be
obtained either through a Wittig coupling between lactol (5)
and the appropriate phosphonium salts or via the deoxygena-
tion of alcohol (6), respectively. Notably, the cyclopentadienyl
structures (5) and (6) would be synthesized starting from com-
mercially available cyclooctadiene, using key steps established
by our group in 2008.%3 This approach provides a streamlined
and efficient route to the desired intermediates.

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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2.2. Common Intermediates

The synthesis of the PhytoPs-HT began with the preparation
of enantioenriched compounds (5) and (6) as key intermedi-
ates. Their synthesis starts with the formation of the tetraol
intermediates (12) and ent-(12) (Scheme 4).

This process started by accessing racemic bicyclo[3.3.0]oct-7-
en-2-ol rac-(8) (Scheme 4a) from commercially available cyclooc-
tadiene. The transformation involved a mono-epoxidation using
peracetic acid, followed by a transannular CH-insertion reac-
tion induced by Et,NLi. To resolve the racemic mixture, an
enzymatic resolution was performed using Amano AK lipase, 3!
yielding both enantiomers (8) and ent-(8) separately with excel-
lent enantiomeric excess (ee > 99.5%). Subsequently, alcohols
(8) and ent-(8) were oxidized to their corresponding enones

Chem. Eur. J. 2025, 31, €02206 (3 of 11)

(9) and ent-(9) using IBX (2-iodoxybenzoic acid) in dimethyl-
sulfoxide (DMSO). Optimization from our earlier 2008 report
introduced PTSA (p-toluenesulfonic acid), which enhanced the
reaction kinetics by either stabilizing the enol form of the inter-
mediate ketone or acting as a complexing agent for IBX, as
described by Nicolaou et al.>* The use of PTSA allowed a reduc-
tion of the reaction temperature (from 90 °C to 70 °C) and led to
improved yields.

Then, the enones were selectively epoxidized using the
Yadav and Kapoor method (Scheme 4b),3%! employing anhy-
drous tert-BuOOH and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU).
It should be noted that by increasing the quantity of DBU (from
a catalytic amount to an equivalent amount), we succeeded
in scaling up the reaction (more than 5 grams). The resulting
epoxyketones (10) and ent-(10) were later reduced using LiAlH,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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a) Preparation of bicycle rac-(8), enzymatic resolution and oxidation into enones (9) and ent-(9)
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Scheme 4. Preparation of 1,5-diols (12) and ent-(12) through the enzymatic resolution of rac-(8).

producing cis-1,3-bicyclic diols (11) and ent-(11). Following this,
the diol functionalities were protected as a silyl ether using
tert-butyldimethylsilyl chloride (TBSCI), imidazole, and DMAP (4-
dimethylaminopyridine). An ozonolysis was then performed in
the presence of NaBHj,, yielding tetraol intermediates (12) and
ent-(12) with overall yields of 23% and 20%, respectively, over
nine steps.

The preparation of key intermediates continued on both
tetraol enantiomers (Scheme 5).

Tetraol (12) was selectively oxidized using an iridium catalyst
developed by Hiroi and coworkers®®! in butanone, yielding lac-
tone (13) with high regioselectivity (>98/2). The lactone was then
reduced with diisobutylaluminium hydride (DIBAI-H) at low tem-
perature, producing lactol intermediate (5) in 91% yield over two
steps.

For the second intermediate, the process started with tetraol
ent-(12) (Scheme 5). The differentiation of its two primary alco-
hols was achieved using the high regioselectivity of Candida
antarctica Lipase B (CALB), which preferentially acetylates the
less sterically hindered alcohol.!™”! The enzymatic regioselective
acetylation with vinyl acetate as the acyl donor showed com-
plete regioselectivity, leaving the alcohol on the shorter chain
free. Subsequently, the remaining alcohol was protected as tri-
ethylsilyl (TES) ether, resulting in the fully protected scaffold (14)
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in a 75% vyield over two steps. The acetate group was selec-
tively deprotected using K,COj3 in methanol to access the desired
intermediate in good yield. It should be mentioned that this
step required careful monitoring to avoid TES deprotection. Also,
despite optimization efforts, 33% of the starting material ent-(12)
was recovered. With these two key structures in hand, the syn-
thesis of the desired PhytoPs-HT continued by the insertion of
the lateral chains.

2.3. Synthesis of the 16-F;;-PhytoP-HT and Its C16-epimer

The initial approach to introduce the upper lateral chain of
the 16-F;-Phyto-HT skeleton involved a Wittig olefination using
a functionalized phosphonium salt containing the HT moiety
(phosphonium salt (15) in Scheme 6). However, despite extensive
efforts, the desired olefin (17) could not be obtained, likely due
to the instability of the ester bond linking the HT group to the
alkyl structure. Consequently, the strategy shifted to the use of
commercially available (5-carboxypentyl)-triphenylphosphonium
bromide (16), prior to trimethylsilyldiazomethane (TMSCHN,)-
mediated esterification, to afford alkene (19) in 60% yield over
two steps. To complete this sequence, the carbon-carbon dou-
ble bond was reduced via palladium-on-charcoal-catalyzed
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Scheme 5. Preparation of intermediates (5) and (6).
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Scheme 6. Insertion of the lateral chains and access to intermediate (23) and access to the 16-F;-PhytoP and its C16-epimer (in grey) that will serve as
analytical standards (see Supporting Information for more details on the synthesis of the 16-F;;-PhytoP and the 16-epi-16-Fy-PhytoP).
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Scheme 7. Final steps toward the 16-Fy-PhytoP-HT (1) and its epimer 16-epi-(1).

hydrogenation, ensuring the successful formation of the desired
intermediate.

To install the lower lateral chain, a three-step cascade was
performed. First, the primary alcohol was oxidized using Dess-
Martin periodinane, before the HWE reaction. This reaction was
performed with commercially available (2-oxobutyl)diethyl phos-
phonate (20) in the presence of NaHMDS and yielded enone
(21) in 77% over the three steps.®® At this stage, the HT scaf-
fold was introduced in a two-step sequence. The methyl ester of
(21) was saponified using LIOH to generate the free acid, prior
to a Steglich coupling with protected HT (22).**! These steps
yielded the full carbon framework of the desired 16-PhytoP-HT
(compound (23)) with a 69% yield over two steps.

At this junction, only two steps remained to procure the
desired 16-Fy-PhytoP-HT (Scheme 7): a diastereoselective reduc-
tion of the enone into allylic alcohol and the deprotection of
the silyl groups. Therefore, two stereoselective reductions were
performed on the enone (23) scaffold using both (R)- and (S)-
configured oxazaborolidines developed by Corey-Bakshi-Shibata
(CBS) for the reductions.*”! The (R)-configured CBS reduction
resulted in the (S)-configured alcohol with a 1/9 (R)/(S) ratio,
while the (S)-configured CBS reduction produced the oppo-
site configuration, as confirmed by detailed NMR analysis (see
Supplementary data).”'! To complete the synthesis, the TBS
silyl ethers were deprotected using EtzN-3HF in THF, yielding
the desired final compounds: 16-F;.-PhytoP-HT (1) and 16-epi-16-
Fi-PhytoP-HT 16-epi-(1) in 41% and 53% yield over two steps,
respectively. It is worth noting that the separation of the remain-
ing 10% of the minor epimer proved challenging, which accounts
for the moderate yields.

2.4. Synthesis of the 9-F;-PhytoP-HT and its C9-Epimer

The synthesis of 9-Fy-PhytoP-HT (2) and its C9-epimer 9-
epi-(2) began with the second intermediate, alcohol (6)
(Scheme 8).

Alcohol (6) was tosylated prior to LiAlH,; reduction,'*” to
access compound (4) with a moderate yield (58% over two
steps). Due to the disappointing results with the phosphonium-
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16-epi-16-F ;-PhytoP-HT
16-epi-(1)

HT-salt (15) in the 16-series, we chose to use protected-HT (22)
to install the phenol-scaffold later in the synthesis and thus
performed the HWE olefination with ethyl ester phosphonate
(24).58) Thanks to the choice of the TES-protecting group, a
direct oxidation on (4) following the procedure by Rodriguez
et al®! generated the aldehyde required for the HWE reaction,
avoiding the need of an additional deprotection step. This
strategy successfully produced enone (25) in a good yield (over
two steps).

The synthesis was achieved with a four-step sequence:
saponification of the ethyl ester, coupling with protected-HT
(22), CBS-stereoselective reductions, and final deprotection of
the silyl groups. These four steps yielded the corresponding 9-Fy;-
PhytoP-HT (2) and its C9-epimer, 9-epi-(2), in 33% and 21% vyield,
respectively.

Thus, our synthetic journey successfully provided access to
four new HT-ALA metabolites: the 16-F;-PhytoP-HT (1), 16-epi-
16-Fy-PhytoP-HT 16-epi-(1), 9-Fi-PhytoP-HT (2), and 9-epi-9-F-
PhytoP-HT, 9-epi-(2). The syntheses were achieved in 20 steps,
with very good yields per step, ranging from 73% to 82%.

It should be mentioned that for analytical purposes natu-
ral PhytoPs (nonlinked to HT) were also synthesized, such as
the 9-F;-PhytoP and its C9-epimer from (25) (Scheme 8), and
the 16-F;-PhytoP and its C16-epimer from (21) (Scheme 6) (see
Supplementary information).

2.5. Investigation of PhytoP-HT Occurrence in Oxidized
HT-ALA Lipophenols by UHPLC-HRMS/MS

To investigate the potential formation of PhytoPs-HT con-
jugates, in vitro oxidation experiments of HT-ALA were
performed. HT-ALA was previously synthesized from com-
pound (22), as described in the Supplementary information.
Two oxidative conditions were evaluated using the radical ini-
tiator V70  (2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile)),
at 40 °C for 24 hours (Table 1, Entries 1 and 2). V70 is
well known for its ability to generate stable radicals,
which are essential for initiating the oxidation of PUFAs.!*4
Although these conditions represent an accelerated oxidative
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Scheme 8. Final steps toward 9-Fy-PhytoP-HT (2) and its C9-epimer 9-epi-(2) and access to the 9-Fy-PhytoP and its C9-epimer (in grey) that will serve as
analytical standards (see Supporting Information for more details on the synthesis of the 9-F;-PhytoP and the 9-epi-9-F;-PhytoP).

Table 1. Conditions employed for the in vitro oxidations of HT-ALA and
control samples.

Radical Temperature,
Entries  Sample initiator Solvent  Additives  Time
1 HT-ALA V70 CHs;CN H,O 40 °C, 24 hours
2 HT-ALA V70 CHs;CN - 40 °C, 24 hours
3lal HT-ALA - - - RT, 1 month
4 ALA, HT V70 CHs;CN - 40 °C, 24 hours

[l |n these conditions, HT-ALA was oxidized under natural conditions, UV
light (window), and room temperature.

environment, V70 enables controlled oxidation conditions
that mimic oxidative stress commonly observed in biological
systems,[*! thereby facilitating the formation of oxylipins.!*¢! Its
solubility in organic solvents and effectiveness at relatively low
temperature also make it more practical than other azo-based
radical initiators.!*”!

As a control, the oxidation of free ALA in the presence of HT
was also carried out to determine whether the analytical profile
differed when HT was covalently linked to ALA versus when ALA
was not (Table 1, Entry 4). Additionally, an assay under natural
conditions was conducted by exposing HT-ALA to ambient light
at room temperatures over the course of one month (Table 1,
Entry 3).

Because the oxidation of a pure compound (i.e, HT-ALA)
generates many structurally diverse products, as well as regio-
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and diastereoisomers, the relative abundance of each individual
species might be low. This makes selective enrichment critical
to improve detectability, as this is well known in phytoprostane
analysis.[4648]

Also, the analysis of enriched fractions (see Supplementary
Information) that contain compounds sharing identical molecu-
lar formulas requires high-throughput analytical approaches for
adequate compound detection and annotation, among which
ultra-high performance liquid chromatography coupled with
high-resolution tandem mass spectrometry (UHPLC-HRMS/MS) is
currently one of the most effective techniques.[*]

In all oxidized samples, the extracted ion chromatograms
(EICs) at the exact mass of the 9- and 16-series PhytoPs-HT
molecular ions (i.e., [CsH400,-H]-, m/z 463.2701) revealed multi-
ple features (peaks) that could correspond to these PhytoPs-HT
conjugates, their regio- and diastereoisomers, or other interfer-
ing species. Figure 2 shows the EIC (Figure 2-A and 2-B1) and
MS/MS spectra (Figure 2-B2) of HT-ALA oxidation in the presence
of V70 and water.

Thanks to the PhytoPs-HT standards synthesized in this
work, it was possible to confidently match both retention
times and MS/MS spectra by calculating cosine similarity scores,
enabling identification. High cosine values (close to 1) indi-
cate strong spectral matches. Accordingly, features eluting at
4.86, 4.98, 5.05, 516, 6.37, and 6.58 minutes exhibited MS/MS
spectra matching those of the standards, with cosine scores
exceeding 0.977, and could be considered as potential PhytoPs-
HT. The efficient chromatographic separation achieved for each

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILIOD BAIIRID) 3|qed! (dde 8y} Aq peusenob afe sejoie VO ‘8sn Jo SN 10} A%iq18uluO A8|1M UO (SUOTIPUOD-pUe-SLUIBIAL0D A3 | 1M Afe1q 1 jeut|Uo//SdNL) SUORIPUOD Pue SWIB | 38U} 89S *[9202/70/ET] Uo AriqiTauliuo 8|1 ‘Souel- sUeIY0D AQ 902205202 WRUD/Z00T OT/I0p/Lod" A3 | 1M Are.d 1 puljuo edoune-Auis weyoy/sdny wouy pepeojumod ‘z9 ‘0z ‘G9/ETZST



ChemEur]

Research Article
doi.org/10.1002/chem.202502206

Chemistry
Europe

European Chemical
Societies Publishing

2.2E6
2.0E6 1

(A) EIC m/z 463.2701

1.8E6
1.6E6
1.4E6
1.2E6
1.0E6 A
8.0E5

Base peak intensity

6.0E5 1

Unknown metabolites to investigate with

high cosine similarity to PhytoP-HT standards

/

4.0E5
2.0E5
0.0E0

A

I

5.50

l 5.00

(B1) Stacked EIC with standards

Base pask imtenaity

HO

OH
16-epi-16-F, -PhytoP-HT

@ e wy oy
i S o OH
i < "
| “i ! o
P
] oH
M) e 2 X
\”; A OH
i YNA
O
I
9-epiH2) | o o N@oH
‘;‘ Mo OH
D
i

6.00 6.50

Retention time

(B2) MS/MS spectra

Cosine score: 0.9981

3272176

G- 1110816
7i-i1119/0B67.
141257, 1860
2471704
2831915
el 2011967

-=1265.1809

3
2
3
|
|

157.dop 3—137/0573
300.207/1--1309.2073

A AP B ettt 4 711025

3p7. 2176

Cosine score: 0.9911

3272176

1711026

4711696

g
5
38
23
2
-1
)

——265.1808
T 731840,

7313710973

o
£
5
I
I

2911971

|
:

300}20724—4304.2068

741pRB

3p7 2177

Cosine score: 0.9833

309.207 43092072

3272177

35721741

Cosine score: 0.9936

283/1016

06642911966

=207 1862
247 1711

)
1

1860==273( 1850

e
|

L 065,1809.

309.2072--309{2070

307,217

37275

Figure 2. UHPLC-HRMS analysis of oxidized HT-ALA using V70 initiator and H,O and comparison with individual PhytoPs-HT standards: (A) extracted
ion chromatogram (EIC) of the oxidized sample, at m/z 463.2701 [M-H]~ with an exact mass tolerance of £5 ppm; (B1) comparison of retention times from
EICs of the oxidized sample and of PhytoPs-HT standard; (B2) comparison of MS/MS spectra extracted at 4.86, 4.98, 5.05, and 5.16 minutes from EIC (in
black), with MS/MS spectra of PhytoPs-HT standards (in green): Cosine scores for each unknown signal were calculated by comparing their MS/MS spectra
with those of synthetic PhytoPs-HT standards. All analyses were performed using UHPLC-HRMS/MS (Orbitrap ID-X Tribrid, Thermo Fisher Scientific) in
data-dependent acquisition (DDA) mode; the chromatographic profiles and MS/MS data were processed using MZmine version 4.71°°! and the MS/MS data
were visualized with the USI Resolver web service.>"

synthetic reference compound (Figure 2-B1) further allowed pre-
cise annotation of the features eluting at 4.86, 4.98, 5.05, and
516 minutes to compounds (1), 16-epi-(1), (2), and 9-epi-(2),
respectively (Figure 2-B1). Based on the agreement in reten-
tion time and MS/MS fragmentation patterns (Figure 2-B2) with
authentic standards, these identifications meet the criteria for

Chem. Eur. J. 2025, 31, €02206 (8 of 11)

standards.[*!

Level 1 confidence according to current metabolomics reporting

Interestingly, the two features eluting at 6.37 and 6.58 min-
utes, labeled as “unknown” in Figure 2-A, showed MS/MS spectra
with high similarity to those of PhytoPs-HT standards but did not
match their retention times. Moreover, they did not correspond
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Figure 3. Semi-quantitative distribution of PhytoPs-HT and PhytoPs obtained under the different oxidative conditions tested. This semiquantitative
assessment was based on the integration of the chromatographic peak areas corresponding to the molecular ions of each compound at their respective
retention times, including both PhytoPs-HT (m/z 463.2701, [C26H4007-H]-) and unesterified PhytoPs (m/z 327.2177, [C18H3205-H]-). Details of the data
processing workflow and normalization procedures applied are provided in the Supplementary Data. Bars represent the relative integrated area (%) of the
EICs corresponding to each identified compound, obtained by feature integration in MZmine version 4.7. For each sample, the area of each species was
normalized to the total summed area of all eight detected compounds (four PhytoPs and four PhytoPs-HT). Oxidation experiments were performed using
HT-ALA or ALA + HT with V70 or under ambient conditions (see Table 1, Entries 1-4).

to any entries in the GNPS public MS/MS libraries,'2%3! which
include extensive oxylipin collections such as the NEO-MS/MS
library.l*e! These observations indicate that the features may
represent distinct but structurally related entities, potentially
corresponding to novel compounds.

On the other hand, the distribution of PhytoPs-HT and Phy-
toPs formed under the tested oxidative conditions (Table 1),
presented in Figure 3, highlights the relative proportions of both
oxylipin types. These results demonstrate that PhytoPs-HT are
indeed formed during oxidation with V70, as well as during nat-
ural oxidation. A comparison between HT-ALA and ALA + HT
oxidations (Table 1 Entries 1 & 2 vs. Entry 4 and Figure 3) provides
clear evidence for the conversion of HT-ALA into PhytoPs-HT, as
well as the independent formation of PhytoPs from ALA, even
in the presence of free HT. This suggests that the covalent link-
age of HT to ALA is required for the formation of PhytoPs-HT.
Notably, oxidation with V70 appears to favor the formation of
the 16-F-PhytoP-HT epimer (16-epi-(1)), whereas in the 9-series,
compound (2) is preferentially produced. This selective epimer
formation is consistent with observations reported by previous
studies on oxylipins.> Finally, the oxidative profile observed
after one month under natural light and ambient conditions dif-
fers markedly from those obtained under V70-induced oxidation,
suggesting that different oxidative pathways or radical species
are involved or that the reaction kinetics are substantially altered
under these conditions.

Chem. Eur. J. 2025, 31, 02206 (9 of 11)

3. Conclusion

In this work we achieved the first total synthesis of four
hydroxytyrosol-phytoprostanes (PhytoPs-HT) in 20 steps and in
good overall yields. Thanks to the syntheses of PhytoPs-HT,
we were able to identify for the first time these compounds
after in vitro oxidations of HT-ALA, proving the formation of
these metabolites of HT-ALA lipophenols under oxidative con-
ditions. We also highlighted different chromatographic profiles
depending on the oxidative conditions regarding the series and
stereoisomers of PhytoPs-HT. This preliminary work, focusing on
the discovery of oxidized lipophenol structures, highlights the
potential of molecular networking to reveal the presence of
unknown lipophenols distinct from PhytoPs-HT and paves the
way for future studies aimed at characterizing hydroxytyrosol-
derived compounds. Moreover, detecting such metabolites may
serve as an indirect strategy for identifying HT-related struc-
tures (or other lipophenols) across a wide range of natural and
complex lipid matrices.

Beyond total synthesis and analysis, this work represents a
first step toward the understanding of HT-ALA metabolization
and might be of great interest to the food industry for monitor-
ing the oxidative status of HT-ALA-based food (e.g., olive oils).
Continued development of this approach could significantly
enhance the annotation of oxidized lipid products in complex
biological and food samples. Ongoing studies aim to expand the
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molecular network for HT-oxylipins and to further explore the
pharmacological profiles of these metabolites, already present in
the human diet, through in vitro and in vivo investigations.
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