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Introduction

The primary reactions during the autoxidation of unsaturated

Macrocyclic oxygen transfer in the conversion of
fatty acid hydroperoxide to a single species of triol
in physiological saline

Min Suk Choi,? William E. Boeglin,® Donald F. Stec,© M. Wade Calcutt,?
Ned A. Porter® and Alan R. Brash () @

We analyzed the autoxidation and non-enzymic reactions of the 175-hydroperoxide of docosahexaenoic
acid 1, a common lipoxygenase product in mammalian cells, which, with its six double bonds, can
undergo reactions not accessible to all polyunsaturated fatty acids. Incubation in phosphate-buffered
saline for one or more days at 37 °C revealed a dominant product identified by comparison to synthetic
standards as diastereomers of the y-lactone 2 of 4,5,17-trihydroxy-docosapentaenoic acid. Over several
days in PBS at 37 °C, the y-lactone hydrolyzed to the more polar 4,5,17-trinydroxy derivative 3. The same
y-lactone is formed by acid hydrolysis of synthetic 4,5-cis-epoxy-17-hydroxy-22:503 4; however, this
epoxide is stable in PBS at pH 7.4, indicating that the y-lactone is a primary product rather than a second-
ary product formed from hydrolysis of the 4,5-epoxide. Mass spectrometric analysis of y-lactone and tri-
hydroxy derivatives from incubation with [17-*0,H]-hydroperoxide demonstrated intramolecular oxygen
transfer with the retention of both hydroperoxy oxygens on the 5- and 17-carbons. Direct involvement of
the 17-hydroperoxide group in oxygen transfer with the participation of the C1 carboxyl in a mechanism
with high “effective molarity” at the 4,5-double bond can account for the findings. Other fatty acid hydro-
peroxides with a similar spatial relationship between the peroxide and double bonds could also undergo
this intramolecular oxygen transfer, a novel pathway in lipid peroxidation.

the DHA hydroperoxide 1. The primary autoxidation products
of DHA are well defined as ten cis/trans-conjugated mono-
hydroperoxides.**® In biology, much attention is directed

fatty acids were first studied with oleic and linoleic acids, and
this was later extended to trienoic and tetraenoic octadeca-
noids and eicosanoids."™ From one or two CH,-interrupted
cis-double bonds in the starting fatty acid, the primary hydro-
peroxide can give rise to alkoxyl or peroxyl radicals and a
complex mixture of epoxy, hydroxy, keto or aldehydic pro-
ducts.” The presence of three or four methylene-interrupted
double bonds gives further opportunities for complex product
outcomes, including secondary transformations giving cyclized
carbon rings and endoperoxides (the mechanistic basis of
prostaglandin biosynthesis).®*

The six double bonds in docosahexaenoic acid (DHA)
provide yet further opportunities for complexity, and the
present work introduces an unprecedented rearrangement of

“Department of Pharmacology, Vanderbilt University, Nashville, TN, USA.

E-mail: alan.brash@vanderbilt.edu

PThe Vanderbilt Institute of Chemical Biology, Vanderbilt University, Nashville, TN,
USA

‘Department of Chemistry, Vanderbilt University, Nashville, TN, USA

Department of Biochemistry, Vanderbilt University, Nashville, TN, USA

This journal is © The Royal Society of Chemistry 2026

toward the pathways arising from primary DHA hydroperoxides
synthesized by lipoxygenase (LOX) enzymes.'® DHA is a good
substrate for (arachidonate) 15-LOX enzymes,'” " and the 175-
hydroperoxy-DHA product (17-HPDHA, 1) is the precursor of a
family of dihydroxy and trihydroxy derivatives.'®***' For the
most part, the proposed enzymic pathways of 17-HPDHA trans-
formation are modeled on the equivalent reactions of the ara-
chidonate analogue, 15-hydroperoxy-eicosatetraenoic acid
(15-HPETE),>**® which, in turn, are analogous to 5-LOX
metabolism to dihydroxy leukotrienes.”*° Most of the
enzymic transformations parallel the autoxidative oxygen-
ations of mono-hydroperoxides, although the enzymic reac-
tions tend to be stereospecific and the autoxidations give pairs
of diastereomers.

The original impetus for the present study was to model the
autoxidative oxygenations of 17S-HPDHA (1), and we success-
fully investigated the o-tocopherol-controlled formation of
dihydro(pero)xides conducted as a neat oil (detailed in the SI).
We detected the predicted dihydro(pero)xides and noted the
absence of the structural analogue related to leukotriene B,
and known by the acronym Protectin D1 (cf. ref. 20 and 21).
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The project took a different turn when we carried out the incu-
bations in aqueous solution, as a 30-40 pM solution of 17S-
HPDHA in phosphate-buffered saline (PBS). Initial reversed-
phase HPLC (RP-HPLC) with UV analysis showed two promi-
nent new peaks dominating the chromatogram, with no evi-
dence of the mixture of dihydroperoxides observed in the
enzyme reactions and also in autoxidations with a-tocopherol.
One of the new products was quickly identified as a C17 chain
cleavage fatty acid-aldehyde, a well-known transformation of
fatty acid hydroperoxides.*> Of more interest and novelty is
the identity of the second prominent peak, a single species of
trihydroxy-docosanoid, and its structural analysis and the
mechanistic basis of its synthesis are described herein.

Results
Autoxidation of 17S-HPDHA in phosphate-buffered saline

Upon incubation of approximately 30 pM 17S-HPDHA 1 in PBS
at 37 °C, over the course of several days, the UV spectrum
showed a reduction in the signal of the conjugated diene
chromophore with an increase in absorbance around 280 nm,
as seen in Fig. 1. RP-HPLC chromatograms of extracts from
day 1 and day 6 of autoxidation are illustrated in Fig. 2; they
were run at a relatively slow solvent flow rate (0.5 mL min~") to
help optimize resolution. Two single product peaks dominate
the day-1 chromatogram, as shown in Fig. 2A. The first, eluting
just after 50 min, was recorded mainly in the 270 nm channel
and its UV spectrum has Apa. of 282 nm in the RP-HPLC
column solvent (inset, Fig. 2A). It was readily identified by
LC-MS ([M — H]™ m/z: 273) as a C17 aldehyde fatty acid. Its for-
mation during autoxidation is not unexpected and is well
precedented.®>°

The second main peak, eluting at around 57 min, is promi-
nent in the 235 nm channel and has A, of 237 nm; it is
designated as 2 in the chromatogram. As autoxidation pro-
ceeded at 37 °C for additional days, a tiny peak eluting just
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Fig. 1 UV spectra recorded during the course of 17S-HPDHA autoxida-

tion in PBS. UV spectra of the autoxidation mixture were recorded in
PBS without dilution on days 0, 1, 2 and 6.
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Fig. 2 RP-HPLC analyses of 17S-HPDHA autoxidation after 1 day and 6
days in PBS. (A) The RP-HPLC chromatogram of an aliquot after 1 day in
PBS at 37 °C. (B) The chromatogram (0—-120 min) after 6 days in PBS at
37 °C. The major products are the C17 aldehyde (in.x: 282 nm) and
compound 2 (Amax: 237 nm). The small peak 3 at 25 min in panel A
becomes prominent in panel B after several days of autoxidation. The
small peak at ~70 min in both chromatograms, designated 4, is of
mechanistic significance and is identified later in the Results section.
Autoxidation products were analyzed using a Waters Symmetry C18
column (25 x 0.46 cm) and solvent of acetonitrile/water/glacial acetic
acid (45:55:0.01 by volume) with isocratic elution at a flow rate of
0.5 mL min~* with diode array detection at 205, 235 and 270 nm.

before 25 min in the day-1 chromatogram became a prominent
235 nm-absorbing product, and it was designated as the polar
product 3 (Fig. 2B). All the RP-HPLC chromatograms include
another small 235 nm absorbing peak eluting at 70 min,
which is designated as compound 4 in Fig. 2A and B. Its sig-
nificance is discussed later.

A close inspection of the UV spectra recorded by diode
array detection from HPLC reveals important features, as
shown in Fig. 3. Notably, the conjugated diene chromophores
of the starting material 17-hydroperoxy-DHA and its
17-hydroxy analog clearly differ (Fig. 3A). By contrast, the con-
jugated diene chromophores of the 237 nm product 2 and
17-hydroxy-DHA are an exact match, except at the lowest wave-
lengths towards 200 nm (Fig. 3B). This strongly suggests that
the structures of 2 and 17-HDHA near the conjugated diene
are indistinguishable and the lower absorbance of 2 near
200 nm suggests it lacks a number of non-conjugated double

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Overlaid UV spectra from RP-HPLC analysis of 17S-HPDHA auto-
xidation. Spectra of the starting 17-hydroperoxide 1 and autoxidation
products were recorded online in RP-HPLC solvent (CHsCN/H,O/HAc:
45/55/0.01 by volume, cf. Fig. 2) and are normalized to absorbance
maxima. (A) 17-HPDHA and 17-HDHA. (B) 17-HDHA and the “237 nm”
product 2. (C) Spectra of 2 and 3 from RP-HPLC (retention times of ~57
and ~25 min, respectively).

bonds of 17-HDHA. Fig. 3C shows that the UV spectra of 2 and
the polar product 3 are identical. By a similar line of deduc-
tion, this suggests that the two have an identical environment
around the conjugated diene and identical non-conjugated
double bonds.

Autoxidation should produce diastereomers from
17-HPDHA, so the single clean peak of the 237 nm product 2
from RP-HPLC was anticipated to be resolved using a different
HPLC system. NP-HPLC separated two diastereomers with
identical UV spectra in proportions of 57:43, as shown in
Fig. 4. LC-MS and GC-MS (illustrated later) established the
molecular weights of compounds 2 and 3 to be 360 and 378,
respectively; 360 matches the molecular weight of the starting
material 17-HPDHA 1, and 378 represents the addition of 18
amu, likely due to hydrolysis with H,O. Chemo-enzymatic syn-
thesis of derivatives of 17-hydroxy-DHA helped eliminate
potential candidates and establish the correct structural
assignments.

Candidates considered included 4,17-dihydroxy-22:6w3 and
4,5-cis-epoxy-17-hydroxy-22:503 4 (both with a molecular
weight of 360). The 4,17-dihydroxy derivative, produced via
soybean LOX oxygenation of 4-hydroxy-DHA, was quickly
excluded on account of its slightly broad conjugated diene

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper
mAU

6 NP-HPLC of product 2 from RP-HPLC

7 Identical
4 UV spectra

237 nnm

2
O_¥_,—_/J

0

Retention time (min)

Fig. 4 NP-HPLC analysis of product 2 from 17S-HPDHA autoxidation.
The 237 nm product 2 from RP-HPLC was analyzed using an Apollo
5 pm silica column (25 x 0.46 cm) with an isocratic solvent of hexane/
isopropanol/glacial acetic acid (100 : 5: 0.02 by volume) at a flow rate of
2 mL min~%, and the UV recording at 235 nm is shown.

chromophore and higher polarity in HPLC. Synthesis of the
methyl ester of 4,5-cis-epoxy-17-hydroxy-22:503 gave "H NMR
results consistent with a proposed structure (SI Fig. S2) and
clearly not matching key chemical shifts in the spectrum of 2
(Fig. 5, discussed below). Significantly, our attempted syn-
thesis of the free acid of the 4,5-epoxy-17-alcohol gave an exact
match with the NMR results for 2. The explanation turned out
to be the hydrolysis of the 4,5-epoxy moiety under the mildly
acidic conditions used for extraction after soybean lipoxygen-
ase oxygenation at C17. Alkaline hydrolysis of the methyl ester
with Oasis cartridge extraction from KOH solution (acidifica-
tion was not required for efficient extraction) gave the free acid
of the authentic 4,5- epoxy-17-alcohol 4, as confirmed by NMR
(SI Fig. S3). This suggested that product 2, with a molecular
weight of 360, was the y-lactone of 4,5,17-trihydroxy-docosa-
72,10Z,13Z,15E,19Z-pentaenoic acid, a deduction confirmed
by LC-MS, GC-MS and 'H NMR analyses. As discussed below
in relation to GC-MS analyses, the polar product 3 is the open
form of the y-lactone and thus 4,5,17-trihydroxy.

The proton NMR spectrum with COSY analysis of 2 shows
downfield signals from the cis-trans conjugated diene between
5 and 7 ppm (cf ref. 31), with two signals near 4 ppm repre-
senting H17 and H4, and the H5 proton further upfield at
3.07 ppm, as shown in Fig. 5. The existence of the y-lactone is
strongly supported by protons on the lactone ring being split
into H2a and H2b, and H3a and H3b on account of the chiral
environment imposed by the cyclic structure and the lactone
oxygen at C4. The CH, protons between double bonds at C9
and C12 are also split into the separate signals 9a/9b and 12a/
12b; although these do not have chiral neighbors, the environ-
ment has chirality due to the folding over of the carbon chain,
as originally deduced and as illustrated in the proton NMR
spectrum of 12-HETE in dgbenzene.** "H NMR (600 MHz,
CeDg); chemical shift, number of protons, multiplicity, J, and
proton number: § (ppm): 6.91 (1H, dd, J = 15, 11 Hz, H15);
6.07 (1H, t, J = 11 Hz, H14); 5.67 (1H, dd, J = 15.2, 5.3 Hgz,
H16); 5.38-5.52 (6H, m, H8, H10, H11, H13, H19, H20); 5.22

Org. Biomol. Chem., 2026, 24, 3895-3904 | 3897
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Fig. 5 The proton NMR spectrum and COSY analysis of the 237 nm product 2 in d¢-benzene. The spectrum and COSY analysis were recorded from

the first eluting diastereomer from NP-HPLC (cf. Fig. 4).

(1H, m, H7); 4.20 (1H, q, H17); 3.84 (1H, m, H4); 3.16 (1H, m,
HOb); 3.05 (1H, m, H5); 2.84-2.95 (2H, m, H9a, H12b);
2.79 (1H, m, H12a); 2.34-2.19 (4H, m, H6, H18); 2.19-2.13
(1H, m, H2b); 1.97 (2H, quintet, J = 7 Hz, H21); 1.78 (1H, m,
H2a); 1.57 (1H, m, H3b); 1.26 (1H, m, H3a); 0.88 (3H, t, J =
7 Hz, H22).

Autoxidation of *0-labeled 17-HPDHA

In order to distinguish the intramolecular transfer of hydroper-
oxy oxygen from intermolecular exchange, autoxidation was
conducted using 17-HPDHA labeled with two *®0 in the hydro-
peroxy group mixed with a similar proportion of unlabeled
17-HPDHA ([*°0'°0]17-HPDHA); any cross-labeling or oxygen
from outside sources would give *0'°0 mixtures, readily dis-
cernible by mass spectrometry. GC-MS analysis of hydrogen-
ated 17-HDHA and the y-lactone and trihydroxy products 2
and 3 gave easily visualized results, including a definitive look
at the positions of the hydroxyls and their '°0/*®0 labels. The
mass spectrum of the 17-HDHA derivative shows an ion frag-
ment at m/z 173/175 representing the fatty acid tail, including
the 17-hydroxyl, as shown in Fig. 6A. The mass spectrum of
the y-lactone product 2 shows m/z 173/175 ions with a ratio
suggesting the slightly less than complete retention of '*0,
although the higher mass ions (m/z 443/447) show that two

3898 | Org. Biomol. Chem., 2026, 24, 3895-3904

80 are mainly retained (Fig. 6B). The corresponding mass
spectrum of the polar product 3 is of particular interest
because the m/z 189 ion, a fragment representing carbons 1-4,
demonstrates there is no oxygen-18 on the C4 hydroxyl, while
the high mass ions (e.g. m/z 547/551) confirm there are two
80 atoms in the molecule, with ion fragments establishing
that these are at C5 and C17 (Fig. 6C).

The percent retention of *°0/'®0 labels in the products was
quantified by LC-MS, as this gave a superior signal-to-noise
ratio, which was helpful for the M + 2 signals representing
mixed '°0-'®0 compositions. The results for product 2
measured for [M — H + acetate]|™ at m/z 419/423 showed 96.5%
retention of two 80 labels, with the measured abundance of
the mixed signal for "°0-'%0 cancelling to zero based on the
3% content in the 17-HPDHA substrate. In the polar product 3,
the LC-MS results indicated 90.0% retention of two "*0 based
on the abundances of the [M — H]™ ion at m/z 379/383.

Thus, the structure of the parent non-hydrogenated product
3 is 4,5,17-trihydroxy-docosa-7Z,10Z,13Z,15E,19Z-pentaenoic
acid 3. It appears as a major product after several days in PBS
at 37 °C due to the slow hydrolysis of the y-lactone product.
This was confirmed by the incubation of the purified y-lactone
product for 5 days in PBS, resulting in 65% hydrolysis to its
open form, the trihydroxy derivative 3 (SI Fig. S4).

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Mass spectra from GC-MS analysis of unlabeled and °0/*0-labeled 175-HDHA 1, y-lactone 2, and trihydroxy 3. The compounds were
hydrogenated and derivatized and were then analyzed by GC-MS in electron impact mode. (A) Unlabeled and 160/180-labeled 17-HDHA prepared

from a 1:1 mixture of **0-%0 and ¥*0-80 17-hydroperoxide used for

incubation in PBS. (B) Unlabeled and labeled product 2 from °0,/0,

17-HPDHA incubation. (C) Unlabeled and labeled product 3 from ¢0,/*®0, 17-HPDHA incubation.

Identification of 4,5-epoxy-17S-hydroxy-22:5®3 in the
autoxidation

In Fig. 2, the small 70 min peak eluting after the y-lactone,
designated as 4, was found to match with synthetic 4,5-cis-
epoxy-17S-hydroxy-22:5w3 in terms of the UV spectrum and
retention time from both RP-HPLC and NP-HPLC, and the
mass spectrum from LC-MS. A synthetic standard for the
corresponding trans-4,5-epoxy-17-hydroxy-22:5w3 was not avail-
able, although its retention time is expected to be close to the
cis-epoxide (¢f. ref. 33 and 34), but there are no nearby peaks
with the required 235 nm absorbance and with an appropriate
UV spectrum, strongly suggesting that the product is exclu-
sively the cis-epoxide. The synthetic product (prepared from
racemic 4,5-cis-epoxide) gave two equal-sized peaks in
NP-HPLC, whereas the proportions of the diastereomers from
autoxidation were 1:3 in order of elution, indicating some
retention of chirality in its formation from pure 17S-HPDHA.

This journal is © The Royal Society of Chemistry 2026

Finally, from the structural analyses and the 0 experi-
ments, it is apparent that a 17-hydroperoxide oxygen is trans-
ferred internally within the molecule onto the 4,5-double
bond. There remains a significant mechanistic question: is the
product of oxygen transfer the 4,5-epoxide, which then opens
to the y-lactone during incubation in PBS, or is the formation
of the y-lactone intrinsic to the mechanism? RP-HPLC analysis
of synthetic 4,5-cis-epoxy-17-hydroxy-22:5w3 incubated for 24 h
at 37 °C in PBS (pH 7.4) gave the definitive answer of no
detectable lactonization (SI Fig. S5), suggesting that the
y-lactone is a primary product of the oxygen transfer reaction.

Discussion

Herein, we found an unusual, unexpected and unique major
product from the incubation of 17S-HPDHA 1 in PBS at 37 °C

Org. Biomol. Chem., 2026, 24, 3895-3904 | 3899
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Scheme 1 Structures of 17S-HPDHA and the identified products.

and identified it as stereoisomers of 2, the y-lactone of 4,5,17-
trihydroxy-docosa-72,10Z,13Z,15E,19Z-pentaenoic  acid, as
shown in Scheme 1 with the associated products.

As established by the oxygen-18 experiments, the two dia-
stereomers of the y-lactone 2 are formed via internal oxygen
transfer from the 17-hydroperoxide. Almost certainly, this
oxygen transfer is facile on account of the optimal length of
the carbon chain from the C17 hydroperoxide to the 4,5-
double bond. Such a requirement constrains the number of
naturally occurring hydroperoxy fatty acids on which this reac-
tion could occur, and it is most probably limited to several
species of docosanoid hydroperoxide (in addition to
17-HPDHA, potentially 4-, 7-, or 20-hydroperoxides) and
perhaps an 18-hydroperoxide of eicosapentaenoic acid.
Interestingly, these DHA-related candidates might form an
epoxide as the major product, as, unlike in the case of transfer
from 17-HPDHA, there is no apparent propensity for the invol-
vement of the fatty acid carboxyl. For 18-hydroperoxy-EPA
reacting at the 5,6-double bond, there is the potential for the
formation of a §-lactone with the C1 carboxyl, and the direct
involvement of the carboxyl group may also facilitate this
overall transformation.

The formation of these molecules in cells or tissues will
depend on burgeoning lipid peroxidation or lipoxygenase
activity, and perhaps with the hydroperoxide in a protected
environment, as alternatives are reduction to the hydroxy
derivative, further lipoxygenase metabolism, or competing
radical reactions. A free carboxyl is a prerequisite for y-lactone
synthesis, although oxygen transfer to an epoxide may occur
from esterified hydroperoxide in membranes. Notably, as a
neutral molecule, the y-lactone is poorly ionizable for LC-MS
analysis, compromising its detectability. In our experiments
with HPLC-UV, the y-lactone was prominent, roughly matching
the appearance of aldehyde and epoxy alcohols that do natu-
rally occur (e.g. ref. 5 and 35-38).

The evidence points to the y-lactone being a primary
product of the 17-HPDHA reaction and not a secondary
product from a 4,5-epoxide. There is a small peak from 4,5-cis-
epoxy-17-alcohol 4 in the HPLC chromatograms but a control
experiment established that it is stable at pH 7.4, and it does
not lactonize under conditions of incubation in PBS.
Nonetheless, as expected, the synthetic 4,5-cis-epoxy-17-
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hydroxy docosanoid is acid labile, as we discovered when
using acidic conditions for its extraction (as described in the
Results section). This acid hydrolysis gave two y-lactone dia-
stereomers of 4,5,17-trihydroxy-22:503 identical to the product
from PBS. This consolidates the structural assignment of the
product from 17-HPDHA as matching the hydrolysis and lacto-
nization derivatives of a 4,5-cis-epoxide (and not a 4,5-trans-
epoxide).

We considered two possible mechanisms to account for the
oxygen transfer and including the formation of the y-lactone
moiety. A peroxyl radical mechanism would involve 15-exo
macrocyclization, followed by an intramolecular homolytic
substitution (sz7) of the carbon radical on the peroxide bond
to form 4,5 epoxides, as shown in Scheme 2.*°

16-endo macrocyclization of the peroxyl would provide a
parallel mechanistic pathway to the product epoxides. In
support of this mechanism, free radical macrocyclizations are
well-known*® and this mechanism would account for the '*0
labelling results as well, with one oxygen from the hydroperox-
ide transferred to C5 of the product lactones.

There are, however, reasons to doubt the peroxyl radical
mechanism. First, the 17S peroxyl radical has a favorable com-
peting pathway to the proposed macrocyclization, namely the
5-exo cyclization shown in Scheme 2. This cyclization to endo-
peroxide is a cornerstone reaction in lipid peroxidation chem-
istry, with dozens of examples reported.”’ In this case the
endoperoxide products would retain the conjugated diene
chromophore of 17-HPDHA and would be readily detected by
HPLC-UV but were not apparent in the RP-HPLC-UV chromato-
grams. Second, the isolated products from the 17S hydroperox-
ide reaction at 37 °C in pH 7.4 buffer are diastereomeric
y-lactones but the epoxide products of the radical mechanism
are not converted to diastereomeric y-lactones in pH 7.4
buffer. Third, epoxide formation by the s;i mechanism gener-
ally favors the formation of ¢rans-substituted epoxides, but the
two diastereomeric lactone products are selectively formed
from independently prepared cis epoxides. Fourth, there is
ample precedent for the formation of the intermediate alkoxyl
radical in Scheme 2,>*? a transformation that competes favor-
ably with the H atom transfer required to give the 17-hydroxyl
of the major product 2 in PBS.

An alternative mechanism that accounts for the obser-
vations, which has, on balance, more points in its favor, is pre-
sented in Scheme 3.

Scheme 2 Potential peroxyl radical reactions of 17-hydroperoxide 1.

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Hydroperoxide transfer in the conversion of hydroperoxide
1 to y-lactone 2.

This suggests the involvement of both the C17-hydroperox-
ide and the C1-carboxylate in the oxygen transfer process to
C4-C5. Such a mechanism is consistent with the observations
that '®0 is transferred to C5 from the hydroperoxide and that
the structures of the diastereomeric y-lactones formed from
the hydroperoxide at pH 7.4 are identical to those we formed
(initially unintentionally, see the early results above) by acid
hydrolysis of 4,5-cis-epoxy-17-hydroxy-22:5e»3.

There are other examples of oxygen transfer to remote
centers in the chemistry of polyunsaturated fatty peracids.
Peroxyarachidonic acid, for example, selectively reacts to give
the 14,15-cis-epoxy arachidonate (14,15-EET) in >98% yield; in
this case, the reaction occurs at the double bond in the mole-
cule that is most remote from the peroxyacid.**> This remote
site reactivity can be understood by consideration of the
“effective molarity” of reaction centers in ring-forming
reactions.***> Cyclization reactions forming three to six-mem-
bered rings are favored, as the effective molarity of one reactive
center with its partner reactant is high. Seven to twelve-mem-
bered ring formation is not favored as these ring sizes have de-
stabilizing cross-ring steric interactions, and the effective
molarity of reactant centers forming mid-size rings is lower
than smaller ring sizes. Cross-ring destabilization is reduced
in fourteen- to eighteen-membered ring transition states, and
the effective molarity of reactive centers increases for these
ring sizes.

Arachidonic peroxyacid direct oxygen transfer®® occurs via a
sixteen-membered ring in which cross-ring steric effects are
reduced, and the effective molarity of the C14-C15 double
bond is favorable relative to the oxygen transfer center. In com-
parison, the oxygen transfer reaction proposed in Scheme 3
occurs by a fifteen-membered ring. While this ring size is
favorable, the transformation is nevertheless surprising. In
contrast to peroxyacids, the reaction of hydroperoxides with
alkenes generally requires metal catalysis or occurs by free
radical mechanisms.

To account for the formation of the y-lactone products in
this system, we suggest that the C1 carboxylate of 17S-HPDHA
participates in the oxygen transfer process in a way that paral-
lels carboxylate participation in well-known iodo-lactonization
reactions of polyunsaturated fatty acids (see Scheme 3).*®*
Iodo-lactonizations of DHA and EPA, for example, give high
yields of the corresponding y- and §-lactones.”” In these reac-
tions, a presumed reversible alkene-iodine complex is trapped
by the nearby carboxylate, a sequence that is reproduced in
Scheme 3 for hydroperoxide transfer.
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A final caveat for any discussion of mechanisms relating to
the conversion of 17S HPDHA to the y-lactone products is the
fact that the reaction is carried out in a pH 7.4 buffer, while
the precedents for free radical reactions previously described
come, for the most part, from those carried out in isotropic
organic solvents. The medium for the reactions described here
is likely micellar in nature, and this could well affect the mole-
cular reorganizations required for the selectivity and reactivity
of peroxyl radical species.

Experimental
Materials

Docosahexaenoic acid was purchased from Nu-Check Prep
(Elysian, MN) and Protectin D1 from Cayman Chemical (Ann
Arbor, MI). Soybean LOX (lipoxidase, type V) and 10x PBS
(P7059) were obtained from Sigma. HPLC hexanes were pur-
chased from Burdick and Jackson (Muskegon, MI). Other
reagents were purchased from Aldrich (Milwaukee, WI) or
Acros Organics (Morris Plains, NJ), and oxygen gas (**0 98%,
100 mL) was obtained from Icon stable isotopes (Summit, NJ).

Synthesis and purification of 17S-hydroperoxy-
docosahexaenoic acid, 1

The stereospecific 17S-hydroperoxydocosahexaenoic acid 1 was
synthesized by soybean lipoxygenase-catalyzed reactions fol-
lowing the methods described for linolenate with minor modi-
fications.*® The DHA substrate (50 mg, redissolved in 200 pL of
ethanol) was prepared in dipotassium phosphate buffer
(100 mL, 0.1 M, pH 8.7) from a stock solution (20 mg mL™").
The mixture was saturated with oxygen and pre-equilibrated in
an ice bath at 4 °C, followed by the addition of soybean LOX in
aliquots of 300 pg in 100 pL of buffer under constant stirring
and oxygenation in an ice bath. The activity was measured
spectrophotometrically by monitoring the product formation
at 238 nm (maximum absorption of conjugated dienes) with
10 pL aliquots in 490 pL of buffer. After the activity was
observed to have stalled after ~30 minutes, while avoiding the
formation of undesired products observable at ~270 nm (con-
jugated trienes), the reaction was terminated by adding hydro-
chloric acid dropwise to adjust the pH to <5. Products were
extracted with dichloromethane, and the extract was washed
with a small volume of water, evaporated under a stream of N,
and purified by preparative SP-HPLC using a TLC Advantage
semi-preparative silica column (25 x 1 c¢m) with a solvent of
hexane/isopropanol/glacial acetic acid (100: 3 : 0.02 by volume)
at a flow rate of 4 mL min~". Injections of 3-5 mg were chro-
matographed and purified 17S-HPDHA was quantified by UV
in ethanol (Amayx: 237 nm, £ = 25000 M™" ecm™).

Synthesis of 4RS-cis-epoxy,17S-hydroxy-docosapentaenoic acid

Of the epoxides formed from DHA by mCPBA, the 4,5-epoxide
has the longest lipophilic tail and is the most highly retained
on RP-HPLC (c¢f. 5,6-epoxide of arachidonic acid*®). Its relative
retention is more prolonged than might be anticipated, and it
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is missing from DHA-derived epoxides in several published
analyses, e.g. ref. 50 and 51, possibly also due to its facile lacto-
nization in acid. DHA (10 mg) was treated with a 2-fold molar
excess of mCPBA in DCM on ice for 30 min, and the solution
was then washed twice with a half volume of cold 0.1 M phos-
phate at pH 8, followed by washing with cold water. The result-
ing epoxides were separated on a semi-preparative Waters
Symmetry 7 pm C18 column (15 x 0.78 cm) with a solvent of
MeOH/H,0/HAc (80:20:0.01 by volume) at a flow rate of 3 mL
min~". The last-eluting epoxide, separated by 5 min from the
others at a retention time of 29 min, was collected and a small
aliquot was used for quantification based on reaction with
soybean LOX and assuming ¢ = 25 000 M~' cm ™" for the conju-
gated diene product. A total of 310 pg was recovered as pure
4,5-cis-epoxy-docosapentaenoic acid, and a larger-scale
soybean LOX reaction in 4 mL of 0.1 M K,HPO, pH 8.7 buffer
was used to convert 100 pg to the 4,5-epoxy-17-hydroperoxy
derivative. After the reaction was completed, as confirmed by
UV scanning, the 17-hydroperoxy group was reduced with
NaBH, in situ, and alkaline solution was applied without acidi-
fication to an equilibrated 60 mg Oasis cartridge (Waters). UV
scanning of the eluate proved that the lipids were completely
retained. The Oasis cartridge was washed with 3-4 mL of water
until the eluate was neutral, and the product was collected by
elution with 3 mL of ethyl acetate. The 4RS-epoxy-17S-hydroxy
diastereomers were resolved by NP-HPLC using a Grace Apollo
5 pm silica column (25 x 0.46 cm) with a solvent of hexane/iso-
propanol/glacial acetic acid (100:3:0.02 by volume) at a flow
rate of 1 mL min~" with retention times of 8.34 and 8.73 min,
and they were then subject to NMR analysis in de-benzene
(illustrated for the first-eluting diastereomer in SI Fig. S3).

Synthesis of 4RS,17S-dihydroxy-docosa-5E,7Z,10Z,13Z,15E,19Z-
hexaenoic acid

DHA (10 mg) was converted to the y-lactone of 4-hydroxy-DHA
via the iodolactone®® and a 5 mg aliquot was purified by
RP-HPLC (Beckman semi-preparative C18 column, 25 x 1 cm;
solvent: CH3;CN/H,O/HAc, 80:20:0.01 by volume; retention
time: 8.7 min at 5 mL min™"). To form the 4-hydroxy-17-hydro-
peroxy derivative, the y-lactone (200 pg in a 5 mL React-ivial)
was opened in 20 pl of 1 M KOH in MeOH/H,0O (80:20 by
volume) for 15 min at RT; 0.1 M K,HPO, (4 mL) was added fol-
lowed by 1 pg mL™" soybean LOX (Sigma, type V); UV scanning
(200-350 nm) showed within 30 s that 4-HDHA was converted
completely to a new product with double the UV absorbance of
the starting 4-HDHA. The K,HPO, solution was applied to a
60 mg Oasis cartridge without acidification, the cartridge was
washed with water, and the product was eluted with ethyl
acetate. Treatment with molar excess of triphenylphosphine in
50 pl of MeOH for 15 min at RT gave the 4,17-dihydroxy deriva-
tive that was purified by RP-HPLC (Waters Symmetry C18
column, 25 x 0.46 cm; solvent: CH;CN/H,O/HAc, 55:45:0.01
by volume; retention time: 9.8 min at 1 mL min™') and the
proton NMR spectrum was acquired in dg-benzene of the two
diastereomers together. "H NMR (600 MHz, C¢Ds); chemical
shift, number of protons, multiplicity, J, proton number: §
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(ppm): 6.73 (1H, dd, J = 15, 11 Hz, H15); 6.61 (1H, dt, J = 15, 10
Hz, H6); 6.03 (1H, t, J = 11 Hz, H14); 5.98 (1H, t, J = 11 Hz, H7);
5.61 (1H, dd, J = 15, 5.5 Hz, H16); 5.49 (1H, br. dt, H20);
5.33-5.46 (6H, m, H5, H8, H10, H11, H13, H19); 4.11 (1H,
quintet, / = 6 Hz, H17); 4.04 (1H, apparent ¢, J = 6 Hz, H4);
2.85-3.05 (4H, m, H9, H12); 2.17-2.32 (4H, m, H12, H18); 1.95
(2H, quintet, J = 7 Hz, H21); 1.68 (2H, br. quintet, H3); 0.88
(3H, t,J = 7 Hz, H22).

Autoxidation of 17S-HPDHA 1 in PBS

17S-HPDHA was added to 15-150 mL of 1x PBS at pH 7.4 in
0.1% volume of ethanol to give a final concentration of
approximately 30-40 puM (giving ~1.0 AU absorbance at
237 nm) and this was incubated at 37 °C for up to 6 days. UV
spectra of the PBS solutions were recorded daily. Two methods
of extraction were employed: either acidification to pH 4-5 and
extraction with dichloromethane, which was then followed by
washing with a small volume of water and taking to dryness
under a stream of N,; or extraction under neutral conditions
with volumes up to 15 mL and direct application without acidi-
fication to a 60 mg Oasis cartridge (Waters) equilibrated in
methanol then water, followed by a final water wash to remove
salts and elution using 3 mL of ethyl acetate.

HPLC-UV analyses

Aliquots of the autoxidation products were analyzed by
RP-HPLC using a Waters Symmetry 5 pm C18 column (25 x
0.46 cm), with a solvent of acetonitrile/water/glacial acetic acid
(45/55/0.01 by volume) at a flow rate of 0.5 or 1 mL min™?, with
on-line UV detection at 205 nm, 220 nm, 235 nm, and 270 nm
on an Agilent 1100 series diode array detector. Further separ-
ation of diastereomers was achieved by normal phase HPLC
(NP-HPLC) using an Apollo 5 pm silica column (25 x 0.46 cm)
using an isocratic solvent of hexane/isopropanol/glacial acetic
acid (100/0.5/0.01, by volume) run at 2 mL min~" with on-line
UV detection at 235 nm.

LC-MS analyses

HPLC profiles were analyzed using a Thermo TSQ Vantage
Triple Quadrapole MS instrument (Thermo Fisher Scientific,
Waltham, MA). RP-HPLC-MS analysis was performed with elec-
trospray ionization in negative ion mode. A Phenomenex
Kinetex C18 2.6 pm column (100 x 3 mm) was eluted isocrati-
cally with CH;CN/H,O/HOAc (40: 60 : 0.01 by volume) at a flow
rate of 0.3 mL min'. The electrospray voltage was set at
4.0 kv; the vaporizer temperature at 300 °C; the sheath and
auxiliary gas pressure at 50 and 5 Arb, respectively; and the
capillary temperature at 300 °C.

GC-MS analyses

Oxidation products were hydrogenated (by Pd/H,) and con-
verted to methyl ester and TMS ether derivatives for GC-MS
analyses. Methyl ester derivatives were prepared by treatment
with diazomethane. TMS ether derivatives were prepared by
treatment with 10 pL of BSTFA plus 2 pL of pyridine for at least
1 h at room temperature. Samples were then evaporated to

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00371k

Open Access Article. Published on 02 April 2026. Downloaded on 6/22/2026 7:40:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

dryness and dissolved in hexane. Aliquots of ~10 to 100 ng
were analyzed by GC-MS utilizing a DB-5 column (30 m X
0.25 mm, Agilent) on a Thermo-Finnigan DSQ mass spectro-
meter operated in positive ion electron impact mode (70 eV)
with temperature programming at 10 °C min™" from 150 to
300 °C.

NMR analyses

"H NMR and 'H, "H COSY NMR experiments were performed
using a 14.0 T Bruker magnet equipped with a Bruker AV-III
console operating at 600.13 MHz. Spectra were acquired in
3 mm NMR tubes using a Bruker 5 mm TCI cryogenically
cooled NMR probe. Chemical shifts were referenced internally
to dg-benzene (7.16 ppm).

Conclusions

Herein, we uncovered a novel mechanism of lipid peroxidation
involving intramolecular, macrocyclic oxygen transfer produ-
cing a regiospecific oxygenation product, exceptional in the
annals of non-enzymic fatty acid chemistry. As described in
the Discussion section, macrocyclic transfer is favored in four-
teen- to eighteen-membered-ring transition states as the
effective molarity of reactive centers increases for these ring
sizes. The participation of the carboxyl appears to be inherent
to the mechanism, leading in this case to the y-lactone of the
trihydroxy-docosapentaenoic acid. On account of the ring-size
preference in the transition, the mechanism is open to other
highly polyunsaturated lipids with a donating hydroperoxide
and suitably positioned intramolecular recipient.
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synthetic 4,5-cis-epoxy-17-hydroxy-22:5w3 (Fig. S2 and S3);
RP-HPLC showing hydrolysis of the y-lactone after 5 days in
PBS (Fig. S4); and RP-HPLC analysis showing 4,5-cis-epoxy-17-
hydroxy-22:5w3 unchanged after incubation overnight in PBS
(Fig. S5).

Supplementary information is available. See DOI: https://
doi.org/10.1039/d60b00371k.

Acknowledgements

This work was funded by NIH grant 1R35GM152031 to A. R. B.
The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health.

References

1 J. L. Bolland, Q. Rev., Chem. Soc., 1949, 3, 1-21.

2 S. Bergstrom and R. T. Holman, in Advances in Enzymology,

ed. F. F. Nord, Interscience Publishers Inc., New York,

1948, vol. VIII, pp. 425-457.

E. N. Frankel, Prog. Lipid Res., 1985, 23, 197-221.

N. A. Porter, Acc. Chem. Res., 1986, 19, 262-268.

H. W. Gardner, Free Radical Biol. Med., 1989, 7, 65-86.

N. A. Porter and M. O. Funk, J. Org. Chem., 1975, 40, 3614-

3615.

7 H. W. S. Chan, ]J. A. Matthew and D. T. Coxon, J. Chem. Soc.,
Chem. Commun., 1980, 1980, 235-236.

8 D. E. O’Connor, E. D. Mihelich and M. C. Coleman, J. Am.
Chem. Soc., 1981, 103, 223-224.

9 D. T. Coxon, K. R. Price and H. W. S. Chan, Chem. Phys.
Lipids, 1981, 28, 365-378.

10 W. E. Neff, E. N. Frankel and D. Weisleder, Lipids, 1982, 11,
780-790.

11 S. Yamagata, H. Murakami, ]J. Terao and S. Matsushita,
Agric. Biol. Chem., 1984, 48, 101-109.

12 D. E. O’Connor, E. D. Mihelich and M. C. Coleman, J. Am.
Chem. Soc., 1984, 106, 3577-3584.

13 H. Yin, C. M. Havrilla, J. D. Morrow and N. A. Porter, J. Am.
Chem. Soc., 2002, 124, 7745-7754.

14 M. Vanrollins and R. C. Murphy, J. Lipid Res., 1984, 25,
507-517.

15 H. Y. Kim and N. Salem, Prostaglandins Other Lipid
Mediators, 1989, 37, 105-119.

16 C. N. Serhan and B. D. Levy, J. Clin. Invest., 2018, 128,
2657-2669.

17 S. C. Perry, T. Horn, B. E. Tourdot, A. Yamaguchi,
C. Kalyanaraman, W. S. Conrad, O. Akinkugbe,
M. Holinstat, M. P. Jacobson and T. R. Holman,
Biochemistry, 2020, 59, 4118-4130.

18 S. C. Perry, C. Kalyanaraman, B. E. Tourdot, W. S. Conrad,
O. Akinkugbe, J. C. Freedman, M. Holinstat, M. P. Jacobson
and T. R. Holman, J. Lipid Res., 2020, 61, 1087-1103.

A U1 W

Org. Biomol. Chem., 2026, 24, 3895-3904 | 3903


https://doi.org/10.1039/d6ob00371k
https://doi.org/10.1039/d6ob00371k
https://doi.org/10.1039/d6ob00371k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00371k

Open Access Article. Published on 02 April 2026. Downloaded on 6/22/2026 7:40:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

19

20

21

22

23

24

25

26

27

28

29

30
31

32

33

34

N. H. Schebb, H. Kithn, A. S. Kahnt, K. M. Rund,
V. B. ODonnell, N. Flamand, M. Peters-Golden,
P. J. Jakobsson, K. H. Weylandt, N. Rohwer, R. C. Murphy,
G. Geisslinger, G. A. FitzGerald, J. Hanson, C. Dahlgren,
M. W. Alnouri, S. Offermanns and D. Steinhilber, Front.
Pharmacol., 2022, 13, 838782.

C. N. Serhan and N. A. Petasis, Chem. Rev., 2011, 111,
5922-5943.

T. V. Hansen and C. N. Serhan, Biochem. Pharmacol., 2022,
206, 115330.

R. L. Maas, A. R. Brash and ]. A. Oates, Proc. Natl. Acad.
Sci. U. S. A., 1981, 78, 5523-5527.

W. Jubiz, O. Radmark, J. A. Lindgren, C. Malmsten and
B. Samuelsson, Biochem. Biophys. Res. Commun., 1981, 99,
976-986.

O. Radmark, C. Serhan, M. Hamberg, U. Lundberg,
M. D. Ennis, G. L. Bundy, T. D. Oglesby, P. A. Aristoff,
A. W. Harrison, G. Slomp, et al., J. Biol. Chem., 1984, 259,
13011-13016.

A. Wetterholm, J. Haeggstrom, M. Hamberg, J. Meijer and
O. Radmark, Eur. J. Biochem., 1988, 173, 531-536.

P. Borgeat and B. Samuelsson, J. Biol. Chem., 1979, 254,
7865-7869.

P. Borgeat, S. Picard, P. Vallerand and P. Sirois,
Prostaglandins Med., 1981, 6, 557-570.

R. L. Maas, J. Turk, J. A. Oates and A. R. Brash, J. Biol
Chem., 1982, 257, 7056-7067.

B. Samuelsson, S. E. Dahlen, J. A. Lindgren, C. A. Rouzer
and C. N. Serhan, Science, 1987, 237, 1171-1176.

E. N. Frankel, Prog. Lipid Res., 1983, 22, 1-33.

I. A. Butovich and C. C. Reddy, Biochim. Biophys. Acta, 2001,
1546, 379-398.

M. W. Bernart and W. H. Gerwick, Phytochemistry, 1994, 36,
1233-1240.

H. Jiang, A. G. Zhu, M. Mamczur, C. Morisseau,
B. D. Hammock, J. R. Falck and J. C. McGiff, J. Pharmacol.
Exp. Ther., 2008, 326, 330-337.

J. A. Weiny, W. E. Boeglin, M. W. Calcutt, D. F. Stec and
A. R. Brash, J. Lipid Res., 2022, 63(1), 100159.

3904 | Org. Biomol. Chem., 2026, 24, 3895-3904

35

36

37

38

39
40

41

42

43

44

45

46

47

48

49

50

51

52

View Article Online

Organic & Biomolecular Chemistry

H. Esterbauer, R. J. Schaur and H. Zollner, Free Radicals
Biol. Med., 1991, 11, 81-128.

Y. Chawengsub, K. M. Gauthier, K. Nithipatikom,
B. D. Hammock, J. R. Falck, D. Narsimhaswamy and
W. B. Campbell, J. Biol. Chem., 2009, 284, 31280-
31290.

H. Yin, L. Xu and N. A. Porter, Chem. Rev., 2011, 111, 5944—
5972.

D. D. Saraev and D. A. Pratt, Curr. Opin. Chem. Biol., 2024,
81, 102478.

N. A. Porter, Redox Biochem. Chem., 2026, 12, 100054.

N. A. Porter and V. H. T. Chang, J. Am. Chem. Soc., 1987,
109, 4976-4981.

N. A. Porter, M. O. Funk, D. Gilmore, R. Isaac and J. Nixon,
J. Am. Chem. Soc., 1976, 98, 6000-6005.

A. L. Wilcox and L. J. Marnett, Chem. Res. Toxicol., 1993, 6,
413-416.

E. J. Corey, H. Niwa and J. R. Falck, J. Am. Chem. Soc., 1979,
101, 1586-1587.

G. Illuminati and L. Mandolini, Acc. Chem. Res., 1981, 14,
95-102.

J. C. Collins and K. James, MedChemComm, 2012, 3, 1489-
1495.

E. J. Corey, J. O. Albright, A. E. Barton and S. I. Hashimoto,
J. Am. Chem. Soc., 1980, 102, 1435-1436.

E. J. Corey, C. Shih and J. R. Cashman, Proc. Natl. Acad.
Sci. U. S. A., 1983, 80, 3581-3584.

A. R. Brash and W.-C. Song, Methods Enzymol., 1996, 272,
250-259.

K. Nithipatikom, A. ]J. Grall, B. B. Holmes, D. R. Harder,
J. R. Falck and W. B. Campbell, Anal. Biochem., 2001, 298,
327-336.

M. Fer, S. Goulitquer, Y. Dreano, F. Berthou, L. Corcos and
Y. Amet, J. Chromatogr. A, 2006, 1115, 1-7.

N. H. Schebb, A. I. Ostermann, J. Yang, B. D. Hammock,
A. Hahn and J. P. Schuchardt, Prostaglandins Other Lipid
Mediators, 2014, 113, 21-29.

T. Itoh, I. Murota, K. Yoshikai, S. Yamada and
K. Yamamoto, Bioorg. Med. Chem., 2006, 14, 98-108.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ob00371k

	Button 1: 


