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Abstract: Mitochondria, an essential organelle involved in cellular respiration, energy production, and
cell death, is the main cellular source of reactive oxygen species (ROS), including superoxide.
Mitochondrial diseases resulting from uncontrolled/excess ROS generation are an emerging public
health concern and there is current interest for specific mitochondriotropic probes to get information on
in situ ROS production. As such, nitrones vectorized by the triphenylphosphonium (TPP) cation have
recently drawn attention despite reported cytotoxicity. Herein, we describe the synthesis of 13 low-toxic
derivatives of N-benzylidene-1-diethoxyphosphoryl-1-methylethylamine N-oxide (PPN) alkyl chain-
grafted to a pyridinium, triethylammonium or berberinium lipophilic cation. These nitrones showed in
vitro superoxide quenching activity and EPR/spin-trapping efficiency towards biologically relevant free
radicals, including superoxide and hydroxyl radicals. Their mitochondrial penetration was confirmed by
31P NMR and anti-apoptotic properties assessed in hydrogen peroxide treated Schwann cells. Two
pyridinium substituted PPNs were identified as potentially better alternatives to TPP nitrones conjugates
for studies of mitochondrial oxidative damage.

Introduction

Mitochondria are complex, metabolically active and dynamic organelles that regulate critical cellular
processes from ATP-production to apoptosis. They are major oxygen-consumers with roughly 95% of
the total amount of breathed O2 undergoing, in desirable conditions, reduction to water by cytochrome
c oxidase (complex IV) in four consecutive one-electron steps. Activation of Oz by monovalent reduction
leads to superoxide anion radical (O2¢"), a reactive oxygen species (ROS) participating in many key
cellular pathways.™ Since the 1970s, popular estimates of the steady state amount of mitochondrial Oz2¢-
ranged 1-2% of inhaled oxygen (i.e., 215-430 mmol of Oz+- daily for an 80 kg human)*¥, yet recent
knowledge proposed it could actually be one order of magnitude less under non pathological
conditions.['?] Nevertheless, still the mitochondrial respiratory chain is regarded, together with cytosolic
NADPH oxidases (Nox), as a major cellular source for Oz¢~. In mitochondria electron transport chain,
02+~ formation involves complexes | (NADH ubiquinone oxidoreductase) and Il (cytochrome bci
complex), releasing this free radical within the mitochondrial matrix and, mostly, into the intermembrane
space, respectively. il

About thirty years ago, the production and/or regulation of mitochondrial ROS have emerged as
essential mechanisms to maintain cellular functions and signaling.l¥ Impairment of these processes
results in overproduction of Oz~ and/or hydrogen peroxide (H203), the ROS specifically formed when
O2+~is neutralized by mitochondria-specific superoxide dismutases. The following excess of H20z, if not
cleared by detoxifying enzymes such as catalase (present in the mitochondria of some cell types),


mailto:sophie.thetiot-laurent@univ-amu.fr

glutathione peroxidases (GPx), and peroxiredoxins (Prdx) may then be converted to harmful hydroxyl
radicals (HO-) in a general deleterious process termed as oxidative stress.[? Mitochondrial dysfunction
has been associated with a host of disease categories and metabolic conditions, including metabolic
syndrome (diabetes/obesity), ischemia/reperfusion injury, inflammation, as well as chronic disorders
such as cancer, neurodegeneration, Alzheimer's and Parkinson’s diseases, and aging®, even if most of
them have recognized polygenic and/or environmental origins.

In this context the amount of space is expanding for chemically engineering mitochondria targeted
antioxidants and free radical scavengers able to maintain the redox status of the cell and repair the
dysfunctions linked to oxidative stress, or for other bioinspired mitochondriotropic probes for quantifying
ROS variation, such as mito-peptides. To this end synthetic strategies have favored hybrids made up
of (i) a delocalized lipophilic cation vector for crossing the mitochondrial inner membrane by diffusion,
most commonly a triphenylphosphonium cation (TPP), (ii) an aliphatic chain spacer, and (iii) a
pharmacophore such as a chain-breaking antioxidant aryl moiety or an active free radical (FR)
scavenging site. Because nitrones have been used for decades in electron paramagnetic resonance
(EPR) spin-trapping for detection/identification purposesl!, their chemical function C=N*-O- was
considered suitable as a FR scavenging building block in designing these new hybrid compounds.[4c.6]
Moreover, the a-phenyl-N-tert-butyl nitrone (PBN; Figure 1A) scaffold has emerged as a privileged core
for drug design in many pathologies related to FR formation. Thus, a wide range of PBN- or PBN-like
derivatives has been developed in the last decades (jointly named PBNs family in Figure 1A) and many
have demonstrated pharmacological action in vivo, assuming this may rely on the inhibition of ROS-
dependent or -independent biological pathways considered as hallmarks of mitochondrial
dysfunction.[”-8l Following the first reported PBN/TPP conjugate bromide, mito-PBN (1; Figure 1B)¥l, a
number of TPP-based linear or cyclic nitrones have been synthesized, their mitochondrial vs. cytosolic
uptake was found increased 100-1,000 times in vitro, and practically all these compounds exhibited
pharmacological properties to reduce mitochondrial ROS content in various situations.[® In particular, 1
has been found to inhibit cerium oxide nanoparticles toxicity in human fibroblasts by interacting with
both mitochondrial ROS formation and membrane Nox2 and Nox4 activation.'®! It has been also
reported that encapsulating 1 in liposomes-lipid nanoparticles decreased Oz+~ levels in mitochondria of
diabetic mice by targeting hepatocytes and Kupffer cells.[!1]

In the PBNs structure the a-tert-Bu group, introduced to increase the kinetic stabilization of the
resulting nitroxide spin adduct and thus facilitate its EPR detectionl®], brings about increased lipophilicity
of the nitrone but may enhance its toxicity (seel®l and references therein). In our prior approaches to
discover improved spin-trapping probes of oxidative stress, we repeatedly found a lower cytotoxicity
when one Me of the tert-Bu was replaced by a diethoxyphosphoryl group, (EtO)2P(0).[812 On this
biocompatibility basis, we developed a family of 3-phosphorylated, PBN-like hybrids, i.e., based on a N-
benzylidene-1-diethoxyphosphoryl-1-methylethylamine N-oxide (PPN) scaffold, bearing, for a subset,
an aryl substituent inspired by those found in natural phenolic acids (PPNs family; Figure 1A). Not only
these PPNs demonstrated nitric oxide (NO)-donation properties, resulting in significant vasoprotection
(at submillimolar doses) of rat aortic rings challenged by Oz, but those compounds bearing a
methoxylated phenolic ligand showed strong antioxidant properties in vitro, while retaining a low toxicity
in various cell lines. In contrast to many PBNs, most of these PPNs yielded EPR characterizable Oze-
and HO- spin adducts in aqueous media, taking advantage of the known stabilization effect provided by
a-P(O)(OEt)2 substitution of linear nitrones.!®!

Bearing the above in mind, we recently synthesized a series of iodides having both a TPP-grafted
aryloxy substituent as for 1, and a PPNs-type nitronyl function (TPP-PPNs family; Figure 1B). 3P NMR
studies in rat livers confirmed that, for the lead, para-substituted compound 2, the relative accumulation
ratio in mitochondrial:cytosolic extracts was of 2:1, and its toxicity to murine fibroblasts was (i) decreased
about 8 times as compared with its nhon-phosphorylated analogue 1, but (ii) increased 1.6 times as
compared with the ‘untargeted’ analogue where an uncharged diphenylphosphonyl group Ph2P(O) was
present instead of TPP.[13! Altogether, these latter findings were considered of particular interest since
they suggest the protective ‘phosphonate effect'['2 expected in 2 may have compensated the TTP group
cytotoxicity. Indeed, alkyl or aryl phosphonium salts are known to be highly toxic to human tumor
mitochondria and, as such, can exhibit chemotherapeutic potency.*cl Furthermore, high doses of a
variety of TPP conjugates have been reported to cause mitochondria membrane depolarization of
normal cells, depending on structural features such as the linker chain length and the pharmacophore
(e.g., quinone, vitamin E, or a stable nitroxide).60:14]

Given the relative toxicity issues of TPP, alternative mitochondria specific more biocompatible
vectors to be coupled to nitrones have been proposed in the literature. Figure 1C shows typical
compounds(?®! such as the neuroprotective agent LPBNAH (4), an amide-substituted PBN vectorized by



a sugar moiety, and CarnDOD-7C (5), a PBNs/carnitine conjugate having demonstrated good FR
scavenging properties (Figure 1C). Conceivably, other lipophilic derivatives of N-centered cations, as
exemplified by the ammonium salt 5, are potential mitochondriotropic candidates. Specifically
considering nitrones, the preparation of PBNs pyridinium salts for spin trapping purposes has been
reported decades agol'®! but only recently was a series of N-arylpyridinium PBNs designed as
mitochondria targeted antioxidants, although their permeation property was not investigated.*”!
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Figurel. General structures of noncyclic nitrones and related families exhibiting antioxidant and/or pharmacological

activity (A) deriving from PBN and PPN, or targeted to the mitochondrion (B) by a TPP cation®®€], or (C) using alternative
vectors. 9]



Accordingly, the focus of this work was to tailor the general structure of a new class of mitochondria
targeted nitrones (jointly named mito-PPNs) to lower cytotoxicity while retaining good mitochondrial
addressing, antioxidant power, and spin-trapping informative potential. For these purposes, the first
mito-PPNs synthesized included eight compounds in which the aryloxy framework involved a
triethylammonium (TEA; compounds 6a-d) or a pyridinium (Py; compounds 7a-d) lipophilic cation
carrier instead of TPP. Three additional TEA or Py vectorized nitrones were prepared along an aryl
framework (compounds 8-10). To expand structural diversity, we also prepared two mito-PPNs 11 and
12 where the aryl or aryloxy frameworks above were coupled with the berberinium iminium cation (Ber).
Berberine, a plant alkaloid used for centuries in traditional medicine, has been recently employed as a
core in drug synthesis.[*8l Being highly delocalized and lipophilic, Ber has been shown to be an efficient
mitochondria penetrating vector.!® The chemical structures of the thirteen target mito-PPNs are shown
in Figure 2, Cytotoxic activities were determined on normal human dermal fibroblasts (HDF) and
newcomers combining optimal biocompatibility and Oz+~ quenching properties were evaluated for their
mitochondrial permeation in isolated perfused rat livers and protection in a cellular model of H20:
induced apoptosis. In addition, a series of spin-trapping experiments established a database of EPR
coupling constants for Oz, HO-, and hydroxyalkyl radical adducts.
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Figure 2. Structures of novel mito-PPNs 6-12 showing TEA, Py, and Ber vectors.

Results and Discussion
Chemical synthesis

Our privileged synthetic route towards the novel mito-PPNs 6 and 7 bearing an aryloxy framework is
outlined in Scheme 1 and started by grafting the TEA or Py vectors on a suitable hydroxy substituted
benzaldehyde. The linkers 14a—d, prepared in moderate yields by reacting dihalogenoalkanes 13a and
13b with 3- or 4-hydroxybenzaldehyde, were converted in high yields into their TEA (15a-d) or Py
(16a-d) salts under microwave irradiation. In the last step, introduction of the diethoxyphosphoryl moiety
with subsequent formation of the nitronyl function involved the coupling of 15a—d and 16a—d with diethyl-
2-(hydroxyamino)propan-2-yl-phosphonate) 17, a general method for preparing PPNs.Bl Use of
microwave irradiation allowed to obtain the target mito-PPNs 6a—d and 7a—d with overall yields of
20-40%. Initial attempts to introduce the vectors onto the corresponding hydroxy substituted PPNs (see



Figure 1A with R? = 3- or 4-OH) only yielded traces of the desired compounds which degraded upon
column purification.
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Scheme 1. Synthesis of triethylammonium (6a-d) and pyridinium (7a-d) vectorized mito-PPNs. (a)
Hydroxybenzaldehyde, K,COs, CH3CN, RT, 24 h; (b) NEt;, EtOH, 130 °C, 1 h, microwave or CsHsN, 100 °C, 20 min,
microwave; (c) EtOH, 100 °C, 1 h, microwave.

The same grafting strategy was adopted to synthesize two mito-PPNs bearing a single methylene
aliphatic linker (Scheme 2). Using PCC oxidation[29 4-(chloromethyl)benzyl alcohol 18 was oxidized to
4-chloromethylbenzaldehyde 19, which was subsequently converted to the corresponding iodide 20 in
moderate yield by nucleophilic substitution. The final steps of the syntheses were carried out under
microwave irradiation, starting by the conversion of 20 and 19 into their respective TEA (21) and Py (22)
salts, followed by their treatment with 17 to afford the TEA (8) and Py (9) mito-PPNs in 10% and 69%

overall yields, respectively. Preparation of 20 was necessary because chloride 19 was found poorly
reactive towards TEA grafting.
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Scheme 2. Synthesis of triethylammonium and pyridinium-vectorized mito-PPNs 8 and 9. (a) PCC, CH,Cl,, RT, 3 h; (b)
Nal, CH3(CO)CHs, 55 °C, 24 h; (c) NEts, EtOH, 130 °C, 1 h, microwave or CsHsN, 100 °C, 20 min, microwave; (d) 17,
EtOH, 100 °C, 1 h, microwave.

To prepare the TEA based nitrone 10 lacking the connecting aliphatic linker, 3-nitrobenzaldehyde 23
was protected into its diethoxyacetal 24 which was then hydrogenated to the amino derivative 25 in
good yield with Adam’s catalyst (Scheme 3). A Zincke reaction was then carried out between 25 and N-
(2,4-dinitrophenyl)pyridinium chloride 2611 under microwave irradiation to give the fully deprotected
pyridinium aldehyde 27 in quantitative yield. Treatment of 27 with 17 under microwave activation
afforded the target nitrone 10 in 56% overall yield.
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NOZ N02 NH2
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Scheme 3. Synthesis of nitrone 10. (a) HC(OEt)s, EtOH, 80 °C, 24 h; (b) PtO,, H,, EtOAc, RT, 72 h; (c) EtOH/H,0, 130
°C, 3 h, microwave; (d) 17, EtOH, 100 °C, 1 h, microwave.

Last, two Ber targeted mito-PPNs were prepared (Scheme 4) in three steps from commercially available
berberine chloride 28 which was first demethylated into berberrubine 29 in quantitative yield according
to a published protocol.’8] The phenolate form of zwitterionic 29 occurring in DMF reacted with
chloroaldehyde 19 to give the Ber salt 30 which was subsequently condensed onto 17 under microwave
activation to afford the target mito-PPNs 11 which features a single methylene aliphatic linker (75%
overall yield). In a second synthesis, we undertook to prepare a Ber derived phosphorylated nitrone



featuring a longer etheroxy linker. Thus the bromoaldehyde 31 having a butoxy linker was first obtained
in good yield by nucleophilic substitution of 1,4-dibromobutane by 4-hydroxybenzaldehyde. Nucleophilic
substitution of 29 phenolate on 31 gave the aldehydic precursor 32 which was condensed onto 17 under
microwave activation to afford the target compound 12 in 66% overall yield.
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Scheme 4. Synthesis of berberinium vectorized mito-PPNs 11 and 12. (a) DMF, 130 °C, 5 min, microwave then 180 °C,
15 min, microwave; (b) 19, DMF, 80 °C, 15 h; (c) 17, EtOH, 100 °C, 1 h, microwave; (d) 1,4-dibromobutane, K,COs3,
CH3CN, RT, 16 h; (e) DMF, 85 °C, 24 h.

Superoxide quenching

A first screen for mito-PPNs involved determining their O2¢~ quenching capacity as an essential
mitochondria relevant antioxidant property. Nitrones 1, 2, and 6-12 were evaluated at 37 °C in DMSO
(0.1%)-supplemented glycine buffer (6.25 mM, pH 10.1) by an improved assay®2! using allopurinol
(22.5 uM)/xanthine oxidase (3 mU/well) as the FR generator and lucigenin chemiluminescence as the
detector. Table 1 shows that Oz~ quenching efficacy (determined as ECso values) was significantly
better for all phosphorylated nitrones, as compared to PBN (for which ECso > 4 mM was reported!®l) and
its TPP conjugate 1. Such enhanced superoxide quenching property of 3-phosphorylated derivatives
was also observed for the non-vectorized PPN (ECso = 518.3 + 32.5 uM). As discussed earlier®l, this
may partly originate from the electronegative effect of the [B-diethoxyphosphoryl group that could
accelerate the rate of Oz~ addition on the more electrophilic nitronyl carbon.

Besides this basic reaction which potentially yields nitroxides for EPR spin-trapping (see below),
other mechanisms affecting the Oz+— quenching rate would likely superimpose. Thus, of the new mito-
PPNs, the most active (ranked by decreasing scavenging activity) were the three N-arylpyridinium
derivatives 10 and 7a,c, followed by the TEA vectorized compound 8. Moreover, only five other nitrones
showed better ECso values than the phosphorylated, TPP vectorized 2, and no clear trend was observed
when comparing the 3- or 4-substitution position (Table 1). It is therefore possible that the inductive
electron-attractor effect of the N-arylpyridinium group basically contributed to further increase the
electrophilic character of the nitronyl carbon, as suggested in a recent study.[?? At this stage, this is
consistent with the observed decrease of the superoxide scavenging effect as the chain length increased
for compounds bearing the same electrophilic vector, e.g., [6d < 6c], [7b < 7a], and [7d < 7c].



Table 1. Superoxide quenching property, cytotoxicity, predicted lipophilicity, and relative mitochondrial:cytosolic
distribution in the rat liver

Cpd Oz._. Cytotoxicity AlogP Mitochondria:cytosol

quenching ICs0 (UM)P! o
(ECeo, pM)! distribution

1 > 1000 0.10+0.01 6.05 nm

2 500.0 + 20.0 0.53 +0.06 6.24 2:1

6a 533.3+47.3 0.98 +0.05 0.49 nm

6b 505.0 + 47.7 2.26 £0.09 0.65 6:1

6C 382.5+38.6 1.04 £0.07 0.54 1:0

6d 672.4+61.8 2.11+0.19 0.63 nm

7a 293.8+ 229 6.11+0.34 -1.50 1:0

7b > 700 1.55+0.08 -1.32 2:1

7c 283.3+25.2 3.80+0.32 -1.47 1:0

7d 566.7 + 62.9 1.75+0.09 -1.33 nm

8 340.0+31.2 3.04 £0.27 0.31 6:1

9 595.0 + 27.8 2.90+0.30 -1.65 nm

10 141.7+7.6 0.86 +0.05 -1.00 1:.0

11 > 500 > 0.025l¢ 0.73 nm

12 > 500 >0.005¢ 1.43 nm

[a] Superoxide generator was the allopurinol/xanthine oxidase
system and scavenging activity was determined by the lucigenin
chemiluminescence assay; [b] ICso defined as the concentration of
compound resulting in 50% cell viability after 72 h and calculated
from concentration-response curves; [c] Obtained by using the
ALOGPS 2.1 program?®; [d] Determined from liver organic extracts
by 3P NMR; [e] Viability was 65-70% upon exposing the cells to
either 0.025 yM of 11 or 0.05 pM of 12. nm: not measured.

In vitro spin-trapping

Note: From now onwards the expected mito-PPNs/Re nitroxide spin adducts will be termed as mito-
PPNs-R.

In support of the quenching properties seen above we performed a series of EPR/spin-trapping
experiments on Oz, HO-, hydroxymethyl (*CH20H), and 1-hydroxyethyl («CH(OH)CH?3) radicals (taken
as model carbon centered radicals) in buffers using enzymatic, Fenton (H202 + FeSOa), or [Fenton +
alcohol] radical generators, respectively. Additional trapping experiments involving methoxyl (MeO-) and
ethoxyl (EtO-) radicals (taken as model alkoxyl radicals) were carried out in organic milieu.

Unlike Ber-vectorized nitrones 11 and 12, which repeatedly failed to afford the expected superoxide
and hydroxyalkyl radicals adducts, almost all eleven Py- and TEA-based mito-PPNs gave EPR signals,
yet often complex, upon trapping these six radicals. To the best of our knowledge only a few spin adducts
of mitochondria targeted linear nitrones were reported earlier, namely 1-CH(OH)CHsl®l, 5-CH20OH[159],
and 1-octyloxoyl adducts of 1, 3b,c.[*3]
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Figure 3. EPR spectra and simulations of typical 6c (A,B) and 7a (C) spin adducts at room temperature. Spectra were
recorded in phosphate buffer (20 mM; pH 7.4) alone (C) or supplemented with 1 mM DTPA (A,B) using nitrones
concentrations of 150 mM (A), 100 mM (B), and 20 mM (C). The composition of free radical generators and the main EPR
parameters are given in the Experimental section. Other instrument settings for traces (A, B, C) were: modulation amplitude
(0.041, 0.040, 0.063) mT; time constant (81.62, 81.92, 40.96) ms; receiver gain (3.2 x 105, 5 x 10°, 1.25 x 10°); sweep
rate (0.18, 0.18, 0.14) mT/s. (*) denotes a contaminant decomposition triplet (see Table 2 footnote).

In general, the EPR spectrum formed in the spin-trapping reaction onto a B-phosphorylated nitrone
features 12 equivalent lines showing couplings with the nitrogen (an), B-hydrogen (ang), and phosphorus
(ar) nuclei (Scheme S1 in Supporting Information). In most cases, the major EPR signals obtained with
the new mito-PPNs could be assigned to the expected spin adducts (Figure 3) based on their sets of
hyperfine coupling constants (hfcs) found in the range of known PPNs adducts analogs formed under
the same conditions and free radical generators.®!

Table 2 lists the simulated hfcs and g-values of the spectra shown in Figure 3. In the other
experiments, EPR parameters for expected main and secondary species, if any, together with selected
spectra are available in the Supporting Information (Tables S1-S6 and Figures S1-S5).

Table 2. EPR hyperfine coupling constants for 6¢c and 7a spin adducts.

hf T
Trapped Spin cs (mT) “factor % in
radical adduct 9 mixturel@
N aup ap
Oz~ 6c-O0OH 1.431 0.249 3.864 nm 99
HO- 6¢c-OH 1.468 0.291 4.129 2.0054 99
*CH20H 7a-CH20OH 1.463 0.325 4.098 2.0055 98

[a] A decomposition nitroxide exhibiting a triplet with ay =
1.558-1.628 mT (* in Figure 3) accounted for < 2% of total signal.
nm: not measured.

Further confirmation of the assignment for 6¢-OH in Table 2 came upon running two alternative HO-
spin adduct generators!® which yielded EPR signals with very similar hfcs, i.e., (in mT), [an = 1.472, anp
= 0.297, ar = 4.136] by photolyzing 3% m/m H20: and [an = 1.469, ang =0.290, ar = 4.112] using
nucleophilic addition (NA) of water catalyzed by Fe3*. Such consistency among the three
aforementioned mito-PPNs-OH producing systems was almost general to all new nitrones, but no EPR
signal was seen with 12 using the Fenton reagent, while the Na/Fe3* method failed to afford signals with
6a and 7a (not shown). Due to the long known exothermic decomposition of H20:2 in the presence of
concentrated iodides?4 no photolytic HO+ or HOO+ generator containing H202 > 3% m/m (~1 M) could
be used with iodides 6b,d, 7b,d, and 8, and a few attempts resulted in diamagnetic mixtures upon
cooling.

Using an alternative photolytic hydroperoxyl radical generator (based on 30% m/m H20:(8l) allowed
detection of the expected HOO- adducts for a set of mito-PPNs-OOH adducts (Tables S1-S3), but not
for 6¢ (which gave a major signal with hfcs similar to that of 6¢c-OH, see Tables 2 and S4), 10, and all
five iodides (for these latter the reason is discussed above). The assignment of 6¢-OOH vs. 6¢-OH
given in Table 2 was strengthened by calculating the ranges of spectrum total width (STW =2 x an +
anp + ar) which, for a given nitrone, was always found lower for HOO- vs. HO« adduct, regardless the
FR generating system (Tables S1 and S2). Thus, STW = 6.975 and 7.356 mT for 6¢c-OOH and 6c-OH,
respectively to be compared to STW = 7.073 and 7.413 mT for the known PPN-OOH and PPN-OH,
respectivelyl®! (see alsol2?]).



Furthermore, almost all novel nitrones gave characteristic spin adducts with hydroxymethyl (as did
7c; Figure 2), 1-hydroxyethyl, and both tested methoxyl and ethoxyl radicals (Figures S1-S3, Supporting
Information), with hfcs in agreement with the literature!® (Tables S1-S3). For example, 11-OEt and 12-
OMe spin adducts devoid of any contaminant radical were obtained by adding ~1 mg of Pb(OAc)4 to a
solution of the parent nitrone (35 mM) containing 25% EtOH or MeOH, respectively. The simulated hfcs
of the strong detected signals were: 11-OEt: an = 1.321 mT, ang = 0.263 mT, ap = 3.884 mT, g = 2.0059;
12-OMe: an = 1.325 mT, anp = 0.264 mT, ap = 3.895 mT, g = 2.0059 (Figures S2 and S3).

Depending on the trapped ROS or carbon radicals tested above, and nitrone chemical structure, a
strong contribution (ideally 100%) of the expected spin adducts components to the total EPR signal,
based on improved computer simulation?%], can be considered a discriminant criterion for applicability
in biological systems. Remarkably, the ratio of unexpected species was found highly variable, e.g., it
was ~90% for [9/enzymatic superoxide], > 20% for [6b/Fenton] or > 70% for [7d/hydroxymethyl].
Obviously, secondary radicals could arise here from competing reactions on the linker (e.g., hydrogen
abstractions, radical rearrangements) and/or by interactions with the vector. Although this latter
possibility cannot be ruled out, it is noteworthy that no secondary adducts were reported in aqueous
spin-trapping experiments involving photolytically generated HO- or carbon radicals and Py-substituted
PBNs bearing no aliphatic chains.!62]

Lastly, measuring spin-trapping rate constants (and spin adducts half-lives) for mito-PPNs
superoxide and hydroxyl radical adducts, which requires appropriately stopping free radical formation,
then running proper kinetic models for the build-up (and decay) of the EPR signals, was not among the
goals of this study. Indeed, this would have been a tedious task in view of the complexity of formation
and possible self-evolutionary pathways of spin-adducts in vitro. This is illustrated in Tables S4-S6
(Supporting Information) summarizing the sets of secondary species giving the best fits in the computer
simulations.

Interestingly, EPR signals for mito-PPNs-OH and mito-PPNs-OOH in buffers, as shown in Figure 3,
were found accumulating for at least 20 min, i.e., beyond the radical production peaks for HO+ and Oz,
respectively (not shown). This remarkable apparent persistence confirms the general stabilizing property
induced by B-P(O)(OEt)2 substitution on those spin adducts, i.e., for PPNs vs. PBNs.[®28 Regarding
EPR spin-trapping probing of Oz¢- in buffers, for which phenolic based PPNs were not very efficient!],
the enhanced EPR detectability of the novel mito-PPNs is reminiscent of earlier data on TPP conjugates
of B-dialkoxyphosphorylated cyclic PPNs analogues!?”! or Py-substituted PBNs. [

To sum up the EPR screening, we empirically ranked the five best compounds according to their
spin-trapping property towards the studied ROS and carbon centered radicals (i.e., expected adduct
with low contaminants, apparent stability) as: [6¢c, 7c, 10] > [7a, 9].

Cytotoxicity studies and lipophilicity

The cytotoxicity of mitochondria targeted nitrones was assessed against HDF by running the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) cell viability assay. The enzymatic MTT reduction to
a purple precipitate of MTT-formazan is catalyzed by mitochondrial succinate dehydrogenase of living
cells. The absorbance of the precipitated MTT-formazan further dissolved in DMSO is read
spectrophotometrically at 570 nm and is directly proportional to the amount of living cells. Cells were
incubated in fibroblasts growth medium (FGM) for nitrones 6a—-d, 7a—d, 8-10 or in FGM containing 0.1%
DMSO for less soluble nitrones 1, 2, 11, and 12. Preliminary tests confirmed that adding 0.1% DMSO
to FGM vs. FGM alone had no impact on HDF cells viability.

Table 1 shows cell viability (as ICso values) after incubating cells for 72 h with 0.001-100 uM of the
nitrones. The cytotoxicity values for Ber vectorized compounds 11 and 12 could not be determined
accurately because both nitrones precipitated at rather low concentrations, i.e., at 0.05 yuM and 0.01 pM,
respectively. Nevertheless, a 65-70% cell viability was estimated after exposing cells to 11 (0.025 uM)
or 12 (0.005 yM). Compared to the TPP vectorized 1 and 2, all novel mito-PPNs showed significantly
lower cytotoxicity in the assay, with the most toxic 10 and the less toxic 7a retaining ECsos about 1.7-
times and 12.5-times higher than the B-phosphorylated 2, respectively. We recently found the
cytotoxicity of TPP-PPNs in the MTT assay to be modulated by the length of the alkyl chain linker*3! and
some relevant mechanisms related to structural effects have been reported previously.!'4281 However,
there was no consistent trend between cytotoxicity values of Table 1 and structural features of mito-
PPNs as displayed in Figure 2, including TEA vs. Py vectors, 3- vs. 4-position, and n value. Hence, for
a same alkyl chain length and a given vector, the 3- vs. 4-substitution pattern on the aromatic cycle had
a marginal impact on ICsos, €.9., when comparing [6a vs. 6c], [6b vs. 6d], and [7b vs. 7d]. Also, no clear
tendency was found for Py vs. TEA vectors for nitrones sharing the same n value and substitution
pattern, e.g., for [6a vs. 7a], [6b vs. 7b], [6¢C vs. 7c], [6d vs. 7d], and [8 vs. 9]. Interestingly, for a given



4- vs. 3-substitution pattern, cytotoxicity increased either (i) with decreasing n value in the Py series, as
for [7a and 7c] vs. [7b and 7d] or (ii) with increasing n value in the TEA series, as for [6b and 6d] vs. [6a
and 6c].

The lipophilic profile of nitrones AlogP (where P is the partition coefficient in water/octanol) was
computed according to the ALOGPS 2.1 program and the values are shown in Table 1. Both 1 and 2
exhibited strong lipophilic values (AlogP > 6) while narrow ranges of either positive (indicating a lipophilic
character) or negative (indicating a hydrophilic character) values were found for TEA or Py grafted mito-
PPNs, respectively. Not unexpected were the positive AlogP values calculated for 11 and 12, showing
the above hydrophilic character of Py containing compounds is reversed upon fusing of the ring within
the Ber aromatic network. We previously observed an inverse relationship between experimentally
measured P values and cytotoxicity in a series of cyclic PPNs analogues. In view of these datal??l, we
considered that, if they distribute adequately within the mitochondria, the less cytotoxic 7a,c could be
valuable add-ons for the final screening.

Mitochondrial permeation

On the basis of their biochemical and EPR properties studied above, we selected the six new nitrones
6b,c, 7a,c, 8, and 10 as potential mitochondriotropic hit compounds with anti-ROS action. In this latter
regard, the poorly antioxidant 7b and the highly lipophilic 2 were included in the selection as controls.

Mitochondrial uptake of selected nitrones was investigated in the isolated recirculating rat liver,
selected as a high metabolizing system. Livers were perfused for 1 h with a Krebs-Henseleit (KH) buffer
containing a non-toxic nitrone concentration (1 uyM), then a 10-min washout with cold KH was carried
out. Liver homogenates were then processed to prepare cytosol and mitochondrial fractions whose
organic extracts were concentrated and quantified by 3P NMR in DMSO-de.[*3] The mitochondrial vs.
cytosolic distribution in the case of nitrones 7a, 8, and 10 is illustrated by Figure 4 showing the respective
31P NMR peaks associated with the (EtO)2P(O) moiety at 23.39, 22.96 and 22.59 ppm, respectively.
Despite their AlogP values indicate a low lipophilic character that would limit mitochondria uptake,
compounds 7a and 10 were exclusively recovered in the mitochondrial extracts (Figure 4a,c), while
compound 8, presumably more lipophilic, was present in both extracts, yet mostly in the mitochondria
(Figure 4b,e). Although the studied system here represents a highly active metabolizing environment
none of the other studied nitrones exhibited significant degradation yielding additional 3P NMR peaks
(not shown). The relative mitochondria:cytosol distributions, based on NMR peak integration are
reported in Table 1, confirming the very efficient mitochondria targeting property of Py and TEA vectors
in mito-PPNs. Unlike nitrones 7a,c, compound 7b, whose predicted hydrophilicity was similar did not
exclusively reach the mitochondria. Although the infused mito-PPNs concentration was very low a good
signal-to-noise ratio for 3P NMR peaks was generally reached after only 90-s acquisition indicating a
fast intracellular uptake.
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Figure 4. 3P NMR signals in DMSO-ds recorded in the (A) mitochondrial (traces a—c) and (B) cytosolic (traces d—f) extracts
from the same rat liver that underwent a 60-min normothermic perfusion with Krebs—Henseleit buffer containing 1 pM of
7a (traces a,d) or 8 (traces b,e), or 10 (traces c,f). Chemical shifts are given in ppm relative to 85% H3PO, in DO

Protective effect of mito-PPNs in H.O2-stressed Schwann cells

In the last step of the study we investigated if the most efficient mitochondriotropic nitrones 7a and 10
would provide a better cytoprotective effect vs. the non-exclusively targeted 7b and 8 (Table 1) in a
specific model of ROS induced cell apoptosis. Accordingly, primary cultures of Schwann cellsB
preincubated for 8 h with the four above compounds (0.1 uM) were submitted to H202 (100 yM)-induced
oxidative stress for 16 h, a treatment known to induce apoptosis in these cells.[23:3% The nitrones PPN
and its TPP conjugate 2 were also studied at the same concentration as untargeted and targeted/more
cytotoxic references, respectively.

Indeed, exposure of the cells to H202 resulted in a concomitant dramatic increase of lactate
dehydrogenase (LDH) release (a marker of cell necrosis) and a strong loss of viability, being 173 + 11%
and 29 + 3% of unexposed control cells, respectively. All tested nitrones significantly improved both
indices above, with the following overall protection ranking: PPN < 2 < 7b = 8 < 7a = 10 (Figure S6).

From studies on various cell lines[?132 there has been abundant biochemical and pharmacological
evidence that oxidative stress following a prolonged exposure to H202 damages the mitochondria
leading to dysfunction, including membrane potential collapse, decrease of ATP level, membrane
integrity impairment, and the release of calcium and cytochrome ¢ which can in turn promote intra-
mitochondrial superoxide formation. Owing to this complex pattern of detrimental events, the best anti-
apoptotic properties found for the likely-safe mito-PPNs 7a and 10 appear fully consistent with their
unique affinity for mitochondria.

Conclusion

In conclusion, the multifaceted approaches described in this study have validated the introduction of the
pyridinium cation in the design of a series of improved mitochondria directed -phosphorylated linear
nitrones built on the PPN framework. Among the novel mito-PPNs described here, where the potential



of triethylammonium and berberinium substituted derivatives of PPN was also evaluated, the output of
the screen identified the pyridinium vectorized nitrones 7a and 10. These rather hydrophilic and non-
toxic hit nitrones showed good anti-superoxide activity which, combined to their fast intra-mitochondrial
uptake and good EPR spin-trapping properties, could be promising probes for further in vivo studies of
mitochondrial related pathological mechanisms involving ROS.

Experimental Section
Chemical synthesis

Chemicals and instruments: All chemical reagents were analytical grade from commercial sources (Sigma-Aldrich, Saint Quentin
Fallavier, France; TCI, Zwijndrecht, Belgium; Acros Organics, Fisher Scientific, llikirch, France) and were used without further purification.
The hydroxylamine 17 was synthesized according to [8. TPP vectorized nitrones 1% and 2['3 were prepared following improved methods.
Compounds 26 and 29 were synthesized as previously reported, see the Supporting Information for full synthetic details. Microwave
assisted reactions were carried out using a Monowave 400 reactor, equipped with a ruby-thermometer (Anton Paar, Les Ulis, France) and
set at a microwave power of 400 W. Reactions were routinely monitored by TLC on Merck Kieselgel 60 F254 precoated silica gel plates,
and the spots were visualized under UV light or by staining with phosphomolybdic acid. Melting points were obtained on a Buchi M-560
apparatus and are uncorrected. H, 3C and 3P NMR spectra were recorded on Bruker spectrometers (Avance Ill nanobay — 300 or 400
MHz, Avance | — 500 MHz or Avance Ill — 600 MHz) in CDClz, CD30OD or DMSO-ds solvents (Eurisotop, Saint-Aubin, France). Chemical
shifts (&) for *H and *3C are given in ppm relative to tetramethylsilane (TMS) as internal standard, and to external HsPO4 (3'P); coupling
constants (J) are listed in Hertz (Hz). Spin multiplicities are indicated as: s (singlet), d (doublet), dd (doublet of doublets), ddd (doublet of
doublet of doublets), t (triplet), td (triplet of doublets), tt (triplet of triplets), q (quartet), quint (quintet), m (multiplet), br (broad). High-resolution
mass spectrometry (HRMS) and mass spectrometry (MS) in electron spray ionization (ESI) were performed at the Spectropole (Analytical
Laboratory) at Campus St. Jérdme (Marseille, France) using a Waters Synapt G2 HDMS spectrometer.

General method for synthesis of the linkers (14a—d): 3- or 4-Hydroxybenzaldehyde (1 eq.) and K2COs (1.7 eq.) were stirred in
acetonitrile (0.4 M of aldehyde) at 0 °C for 30 min. Then, the corresponding dihalogenoalkane 13a or 13b (1.5 eq.) was added dropwise
and the mixture was stirred for 24 h at room temperature. After filtration and concentration in vacuo, the crude residue was purified by
chromatography on SiO: to give the desired product.

4-(2-Bromoethoxy)benzaldehyde (14a): Prepared from 4-hydroxybenzaldehyde (4.00 g, 32.8 mmol), K2COs (7.50 g, 55 mmol) and 1,2-
dibromoethane (13a) (14.1 mL, 164 mmol) in acetonitrile (80 mL). Chromatography on SiO2 (dichloromethane/pentane, 6/4, v/v) afforded
14a as a yellow powder (3.98 g, 53%). m.p. 54.5 °C (Litt. 55-58°C[*]); 'H NMR (300 MHz, CDCls): 5=9.88 (s, 1H; CHO), 7.86 (d, 3J1+=8.8
Hz, 2H; H-2), 7.14 (d, 3J41=8.8 Hz, 2H; H-3), 4.45 (t, 3Jn,n=5.3 Hz, 2H; 2’-CH2), 3.84 (t, 3Jnx=5.3 Hz, 2H; 1’-CH2); 13C NMR (75 MHz,
CDClz): 6=191.8 (CHO), 163.3 (C-4), 132.3 (C-2), 130.5 (C-1), 115.6 (C-3), 68.6 (C-2'), 31.5 (C-1"); HRMS (ESI): m/z calcd for CoH10BrO2*:
228.9859 [M+H]*; found 228.9859.

4-(4-lodobutoxy)benzaldehyde (14b): Prepared from 4-hydroxybenzaldehyde (2.00 g, 16 mmol), K2COz (3.76 g, 27.2 mmol) and 1,4-
diiodobutane (13b) (3.4 mL, 24 mmol) in acetonitrile (40 mL). Chromatography on SiO2 (dichloromethane, 100%) afforded 14b as a yellow
oil (2.29 g, 47%). *H NMR (300 MHz, CDCls): $=9.90 (s, 1H; CHO), 7.86 (d, 3Jnnx=8.8 Hz, 2H; H-2), 7.01 (d, 3J1+=8.8 Hz, 2H; H-3), 4.09
(t, 3JnH= 5.9 Hz, 2H; 4’-CHz), 3.28 (t, 3JnH=6.6 Hz, 2H; 1’-CH2), 2.04 (m, 2H; 2’-CH: or 3'-CHz), 1.98 (m, 2H; 2’-CH2 or 3'-CHy); 13C NMR
(75 MHz, CDCls): 6=191.8 (CHO), 163.9 (C-4), 132.0 (C-2), 130.1 (C-1), 114.8 (C-3), 67.1 (C-4’), 30.0 (C-2’ or C-3’), 29.9 (C-2’ or C-3),
8.9 (C-1’); HRMS (ESI): m/z calcd for C11H14021*: 305.0033 [M+H]*, found 305.0032.

3-(2-Bromoethoxy)benzaldehyde (14c): Prepared from 3-hydroxybenzaldehyde (4.00 g, 32.8 mmol), K2COz (7.50 g, 55 mmol) and 13a
(14.1 mL, 164 mmol) in acetonitrile (80 mL). Chromatography on SiO2 (dichloromethane/pentane, 6/4, v/v) afforded 14c as a yellow oil
(3.83 g, 51%). *H NMR (300 MHz, CDCls): 5=9.98 (s, 1H; CHO), 7.49 (s, 1H; H-2), 7.47 (t, 3Jn.n=7.3 Hz, 1H; H-5), 7.41 (d, 3Jnn=2.6 Hz,
1H; H-4), 7.20 (dt, %Ju+=2.6 and 7.3Hz, 1; H-6), 4.37 (t, 3Jnun=6.1 Hz, 2H; 2’-CHz), 3.67 (t, 3Jnn=6.1 Hz, 2H; 1’-CH2); 3C NMR (75 MHz,
CDClz): 6=191.8 (CHO), 158.7 (C-3), 137.9 (C-1), 130.3 (C-2), 124.1 (C-5), 122.1 (C-6), 113.0 (C-4), 68.1 (C-2’), 28.8 (C-1’); HRMS (ESI):
m/z calcd for CoH10BrO2*: 228.9859 [M+H]*, found 228.9859.

3-(4-lodobutoxy)benzaldehyde (14d): Prepared from 3-hydroxybenzaldehyde (2.00 g, 16 mmol), K2COs (3.76 g, 27.2 mmol) and 13b
(3.4 mL, 24 mmol) in acetonitrile (40 mL). Chromatography on SiO2 (dichloromethane, 100%) afforded 14d as a yellow oil (1.89 g, 39%).
IH NMR (300 MHz, CDCls): =9.98 (s, 1H; CHO), 7.47 (s, 1H; H-2), 7.47 (m, 1H; H-5), 7.39 (m, 1H; H-6), 7.17 (dd, 3Ju+=2.5 and 5.9 Hz,
1H; H-4), 4.06 (t, 3Jnn=5.4 Hz, 2H; 4-CHz), 3.28 (t, *Juw=6.6 Hz, 2H; 1’-CH), 2.06 (m, 2H; 2’-CH2 or 3'-CH2), 1.95 (m, 2H; 2’-CHz or 3™-
CHz2); ¥*C NMR (75 MHz, CDCls): 6=192.0 (CHO), 159.5 (C-3), 137.9 (C-1), 130.1 (C-2), 123.6 (C-5), 121.9 (C-4), 112.7 (C-6), 67.0 (C-
4’), 30.1 (C-2’ or C-3’), 30.04 (sC-2’ or C-3’), 6.02 (C-1"); HRMS (ESI): m/z calcd for C11H1402I*: 305.0033 [M+H]*, found 305.0034.

General method for synthesis of triethylammonium-based benzaldehydes (15a—d): A mixture of benzaldehyde 14a—-d (1 eq.),
absolute ethanol (volume to obtain 0.8 M) and triethylamine (4.5 eq.), in a closed vial, was heated for 1 h at 130 °C under microwave
irradiation. Then, the reaction mixture was concentrated in vacuo to afford the desired product.

N,N,N-Triethyl-2-(4-formylphenoxy)ethan-1-aminium bromide (15a): Prepared from 14a (500 mg, 2.2 mmol), ethanol (2.8 mL) and
triethylamine (1.4 mL), affording 15a as a yellow oil (727 mg, quant. yield). *H NMR (300 MHz, DMSO-ds): 6=9.80 (s, 1H; CHO), 7.89 (d,
3JHH=8.8 Hz, 2H; H-2), 7.16 (d, 3Jnn=8.8 Hz, 2H; H-3), 4.51 (t, 3Jnn=4.8 Hz, 2H; 2'-CH2), 3.70 (t, 3Jnn=4.8 Hz, 2H; 1"-CH>), 3.36 (q,



3Jun=7.2 Hz, 6H; 3 x NCH2CHa), 1.23 (t, 3Jn=7.2 Hz, 9H; 3 x NCH2CHa); 13C NMR (75 MHz, DMSO-ds): 5=192.0 (CHO), 162.7 (C-4),
132.3 (C-2), 130.7 (C-1), 115.6 (C-3), 62.0 (C-2’), 55.6 (C-1’), 53.5 (3 x NCHzCHs), 7.73 (3 x NCH2CHs); HRMS (ESI): m/z calcd for
CisH24NOZ*: 250.1802 [M]*, found 250.1803.

N,N,N-Triethyl-4-(4-formylphenoxy)butan-1-aminium iodide (15b): Prepared from 14b (500 mg, 1.6 mmol), ethanol (2 mL) and
triethylamine (1 mL), yielding 15b as a yellow powder (670 mg, quant. yield). m.p. 156.8 °C; *H NMR (300 MHz, DMSO-ds): 6=9.88 (s, 1H;
CHO), 7.87 (d, 3Jnn=8.8 Hz, 2H; H-2), 7.13 (d, 3Jn,+=8.8 Hz, 2H; H-3), 4.16 (t, 3Jn+=5.9 Hz, 2H; 4’-CHz), 3.30 (m, 2H; 1’-CHz), 3.24 (q,
3JHH=7.2 Hz, 6H; 3 x NCH2CH?3), 1.80 (m, 4H; 2’-CHz and 3'-CH2), 1.18 (t, 3Jn,n=7.2 Hz, 9H; 3 x NCH2CHs); 3C NMR (75 MHz, DMSO-
ds): 6=191.8 (CHO), 163.9 (C-4), 132.3 (C-2), 130.2 (C-1), 115.5 (C-3), 67.7 (C-4’), 55.7 (C-1’), 52.6 (3 x NCH2CH3), 25.5 (C-2’), 18.4 (C-
3’), 7.63 (3 x NCH2CHzs); HRMS (ESI): m/z calcd for C17H28NO2*: 278.2115 [M]*, found 278.2119.

N,N,N-Triethyl-2-(3-formylphenoxy)ethan-1-aminium bromide (15c): Prepared from 14c (500 mg, 2.2 mmol), ethanol (2.8 mL) and
triethylamine (1.4 mL), yielding 15c as a yellow powder (705 mg, 97%). m.p. 101.7 °C; *H NMR (300 MHz, DMSO-de): 6=9.99 (s, 1H;
CHO), 7.59 (s, 1H; H-2), 7.57 (dd, 3Ju+=2.4 and 3.3 Hz, 1H; H-5), 7.48 (d, 3Jnux=2.4 Hz, 1H; H-6), 7.33 (m, 1H; H-4), 4.47 (t, 3Jn,n=5.0 Hz,
2H; 2'-CHy), 3.69 (t, 3Jn,+=5.0 Hz, 2H; 1’-CH>), 3.36 (g, 3Jnn=7.2 Hz, 6H; 3 x NCH2CHs), 1.24 (t, 3Jnn=7.2 Hz, 9H; 3 x NCH2CH3); 13C
NMR (75 MHz, DMSO-ds): 6=193.4 (CHO), 158.4 (C-3), 138.1 (C-1), 131.0 (C-2), 124.1 (C-5), 122.0 (C-4), 113.9 (C-6), 61.8 (C-2’), 55.6
(C-1’), 53.51 (3 x NCH2CHBa), 7.72 (3 x NCH2CH3s); HRMS (ESI): m/z calcd C1sH24NO2*: 250.1802 [M]*, found 250.1804.

N,N,N-Triethyl-4-(3-formylphenoxy)butan-1-aminium iodide (15d): Prepared from 14d (500 mg, 1.6 mmol), ethanol (2 mL) and
triethylamine (1 mL), yielding 15d as a yellow powder (670 mg, quant. yield). m.p. 108.7°C; *H NMR (400 MHz, DMSO-ds): 6=9.99 (s, 1H;
CHO), 7.53 (s, 1H; H-2), 7.51 (t, 3Jnn=6.6 Hz, 1H; H-5), 7.43 (m, 1H; H-4), 7.29 (dt, 3Jun=2.5 and 6.6 Hz, 1H; H-6), 4.12 (t, 3Jnv=5.6 Hz,
2H; 4-CHy), 3.24 (m, 2H; 1"-CHz2), 3.24 (q, %Jnn=7.3Hz, 6H; 3 x NCH2CHB3), 1.80 (m, 4H; 2'-CH2 and 3-CHy), 1.18 (t, 3Ju=7.3 Hz, 9H; 3
x NCH2CHs); *3C NMR (100 MHz, DMSO-ds): 6=193.5 (CHO), 159.4 (C-3), 138.1 (C-1), 130.9 (C-2), 123.3 (C-5), 121.9 (C-6), 113.9 (C-
4), 67.4 (C-4’), 56.1 (C-1"), 52.5 (3 x NCH2CH3), 25.8 (C-2’ or C-3'), 18.4 (C-2’ or C-3'), 7.64 (3 x NCH2CHz); HRMS (ESI): m/z calcd for
Ci17H28NO2*: 278.2115 [M]*, found 278.2115.

General method for synthesis of the pyridinium-based benzaldehydes (16a—d): A solution of benzaldehyde 14a—d (1 eq.) and pyridine
(volume to obtain 0.8 M), in a closed vial, was heated for 20 min at 100 °C under microwave irradiation. Then, the reaction mixture was
concentrated in vacuo to afford the desired product.

1-(2-(4-Formylphenoxy)ethyl)pyridinium bromide (16a): Prepared from 14a (500 mg, 2.2 mmol) in pyridine (2.8 mL), affording 16a as
a yellow oil (647 mg, 95%). *H NMR (300 MHz, DMSO-ds): 6=9.87 (s, 1H; CHO), 9.13 (d, 3Jn,x=5.9 Hz, 2H; H-2"), 8.64 (t, 3JnH=7.5 Hz,
1H; H-4"), 8.19 (dd, 3Jnx=5.9 and 7.5 Hz, 2H; H-3"), 7.85 (d, 3Ju1=8.6 Hz, 2H; H-2), 7.10 (d, 3Jn1=8.6 Hz, 2H; H-3), 5.08 (t, 3JnH=5.0 Hz,
2H; 1’-CH2), 4.65 (t, 3J1,1=5.0 Hz, 2H; 2’-CHy); *C NMR (75 MHz, DMSO-de): 6=191.8 (CHO), 162.7 (C-4), 146.6 (C-4"), 145.9 (C-27),
132.3 (C-2), 130.8 (C-1), 128.4 (C-3"), 115.6 (C-3), 66.9 (C-2’), 60.3 (C-1"); HRMS (ESI): m/z calcd for C14H14NO2*: 228.1019 [M]*, found
228.1018.

1-(4-(4-Formylphenoxy)butyl)pyridinium iodide (16b): Prepared from 14b (500 mg, 1.6 mmol) in pyridine (2 mL), affording 16b as a
yellow powder (610 mg, 99%). m.p. 84.4 °C; *H NMR (300 MHz, DMSO-de): 6=9.87 (s, 1H; CHO), 9.11 (d, 3J4x=6.1 Hz, 2H; H-2"), 8.61
(t, 3InH=7.1 Hz, 1H; H-4"), 8.17 (dd, 3Jn1=6.1 and 7.1 Hz, 2H; H-3"), 7.86 (d, 3Ju+=8.6 Hz, 2H; H-2), 7.10 (d, 3Jn,+=8.6 Hz, 2H; H-3), 4.69
(t, 3InH=7.3 Hz, 2H; 1"-CHy), 4.14 (t, 3Jnh=6.1 Hz, 2H; 4’-CHz), 2.10 (m, 2H; 2’-CH>), 1.78 (m, 2H; 3’-CH2); 3C NMR (75 MHz, DMSO-ds):
06=191.8 (CHO), 163.9 (C-4), 146.0 (C-4"), 145.3 (C-2"), 132.3 (C-2), 130.2 (C-1), 128.6 (C-3"), 115.4 (C-3), 67.8 (C-4’), 60.9 (C-1"), 28.1
(C-2’), 25.6 (C-3'); HRMS (ESI): m/z calcd for C16H1sNO2*: 256.1332 [M]*, found 256.1330.

1-(2-(3-Formylphenoxy)ethyl)pyridinium bromide (16c): Prepared from 14c (585 mg, 2.55 mmol) in pyridine (3.2 mL), affording 16c as
a yellow powder (740 mg, 94%). m.p. 75.8 °C; *H NMR (300 MHz, DMSO-ds): 6=9.97 (s, 1H; CHO), 9.15 (d, 3J1,v=5.5 Hz, 2H; H-2"), 8.65
(t, 3InH=7.9 Hz, 1H; H-4"), 8.20 (dd, 3Jn,x=5.5 and 7.9 Hz, 2H; H-3"), 7.56 (s, 1H; H-2), 7.54 (m, 1H; H-5), 7.41 (d, 3Ju,+=2.0 Hz, 1H; H-6),
7.25 (m, 1H; H-4), 5.09 (t, 3Jnn=4.8 Hz, 2H; 1’-CH2), 4.62 (t, 3Jnn=4.8 Hz, 2H; 2’-CH2); 13C NMR (75 MHz, DMSO-de): 6=193.3 (CHO),
158.5 (C-3), 146.6 (C-4"), 145.9 (C-2"), 138.1 (C-1), 131.0 (C-2), 128.4 (C-3"), 124.1 (C-5), 121.8 (C-4), 114.0 (C-6), 66.9 (C-2’), 60.4 (C-
1’); HRMS (ESI): m/z calcd for C14H1aNO2*: 228.1019 [M]*, found 228.1019.

1-(4-(3-Formylphenoxy)butyl)pyridinium iodide (16d): Prepared from 14d (500 mg, 1.6 mmol) in pyridine (2 mL), affording 16d as a
yellow powder (600 mg, 95%). m.p. 131.7 °C; *H NMR (300 MHz, DMSO-ds): 6=9.97 (s, 1H; CHO), 9.10 (dd, 3Ju+=1.3 and 6.6 Hz, 2H; H-
2"), 8.60 (tt, 3Jux=1.3 and 7.7 Hz, 1H; H-4"), 8.16 (dd, 3Jnv=6.6 and 7.7 Hz, 2H; H-3"), 7.53 (s, 1H; H-2), 7.51 (m, 1H; H-5), 7.39 (m, 1H;
H-6), 7.25 (m, 1H; H-4), 4.68 (t, 3Jnn=7.3 Hz, 2H; 1’-CH2),4.09 (t, J=6.2 Hz, 2H; 4’-CHz2), 2.11 (m, 2H; 2’-CH2), 1.77 (m, 2H; 3’-CH2); 13C
NMR (75 MHz, DMSO-de): 6=193.4 (CHO), 159.4 (C-3), 146.0 (C-4"), 145.3 (C-2"), 138.1 (C-1), 130.9 (C-2), 128.6 (C-3"), 123.3 (C-5),
121.6 (C-4), 113.8 (C-6), 67.6 (C-4’), 61.0 (C-1), 28.1 (C-2’), 25.6 (C-3’); HRMS (ESI): m/z calcd for C16H1sNO2*: 256.1332 [M]*, found
256.1332.

4-(Chloromethyl)benzaldehyde (19): A mixture of 4-(chloromethyl)benzyl alcohol 18 (2.00 g, 12.8 mmol), pyridinium chlorochromate
(4.00 g, 19.1 mmol), dichloromethane (20 mL), and a spatula of Celite was stirred for 3 h at room temperature. Then, the reaction mixture
was filtrated through a Celite pad and concentrated in vacuo to give a brown oil. The crude residue was purified by chromatography on
SiO2 (pentane/diethyl ether, 9/1, v/v) to give 19 as a white powder (1.64 g, 83%). m.p. 74.3 °C (Litt. 70=71 °C[%); 1H NMR (300 MHz,
CDCls): 6=10.04 (s, 1H; CHO), 7.88 (d, 3Jnun=7.9 Hz, 2H; H-3), 7.59 (d, 3J4H=7.9 Hz, 2H; H-2), 4.64 (s, 2H; -CH2); *C NMR (75 MHz,
CDClg): 6=191.5 (CHO), 143.8 (C-4), 136.3 (C-1), 130.1 (C-3), 129.1 (C-2), 45.2 (CHz); HRMS (ESI): m/z calcd for CsH7OCIAg*: 262.9221
[M+Ag]*, found 262.9221.



4-(lodomethyl)benzaldehyde (20): A solution of 19 (1 g, 6.4 mmol) and Nal (970 mg, 6.4 mmol) in acetone (30 mL) was heated for 24 h
at 55 °C. Then, the reaction mixture was filtrated to eliminate NaCl and concentrated in vacuo. The crude residue was dissolved in
dichloromethane (25 mL) and washed with H20 (3 x 20 mL). The organic layer was dried over MgSO4 and concentrated in vacuo to give
20 a rust colored powder (882 mg, 56%). m.p. 118.2 °C (Litt. 118 °CP). 'H NMR (300 MHz, CDCls): 6=10.00 (s, 1H; CHO), 7.83 (d,
3J1H=8.0 Hz, 2H; H-3), 7.55 (d, 3J1,1=8.0 Hz, 2H; H-2), 4.49 (s, 2H; -CHz2); 3C NMR (75 MHz, CDClz): 6=191.4 (CHO), 146.1 (C-4), 130.2
(C-3), 130.1 (C-1), 129.4 (C-2), 3.37 (CHz); HRMS (ESI): m/z calcd for CsHslONa*: 268.9434 [M+Na]*, found 268,9434.

N,N-Diethyl-N-(4-formylbenzyl)ethanaminium iodide (21): A mixture of 20 (800 mg, 3.25 mmol), absolute ethanol (4.1 mL) and
triethylamine (1.4 mL) was heated for 1 h at 130 °C under microwave irradiation. Then, the reaction mixture was concentrated in vacuo to
afford 21 as a transparent oil (305 mg, 27%). *H NMR (400 MHz, DMSO-ds): 6=10.10 (s, 1H; CHO), 8.02 (d, 3Ju+=8.1Hz, 2H; H-3), 7.75
(d, 3JHH=8.1 Hz, 2H; H-2), 4.58 (s, 2H; CH2), 3.19 (q, 3Jn,n=7.1Hz, 6H; 3 x NCH2CHs3), 1.31 (t, 3Ju,+=7.1 Hz, 9H; 3 x NCH2CHz); *3C NMR
(100 MHz, DMSO-ds): 6=195.4 (CHO), 137.6 (C-1), 134.4 (C-4), 133.9 (C-3), 130.2 (C-2), 59.5 (CH2), 52.9 (3 x NCH2CHs), 8.0 (3 x
NCH2CHz); HRMS (ESI): m/z calcd for C14H22NO*: 220.1718 [M]*, found 220.1719.

1-(4-Formylbenzyl)pyridinium chloride (22): The title compound was prepared from 19 (200 mg, 1.6 mmol) in pyridine (2 mL) according
to the above general procedure for the pyridinium-based benzaldehydes. The residue was triturated in diethyl ether to afford 22 as a yellow
gum (316 mg, quant. yield). *H NMR (300 MHz, DMSO-ds): 6=10.03 (s, 1H; CHO), 9.27 (d, 3Jnn=5.7 Hz, 2H; H-2'), 8.66 (t, 3Jnn=7.7 Hz,
1H; H-4"), 8.21 (dd, 3Jw+=5.7 and 7.7 Hz, 2H; H-3'), 7.96 (d, 3Ju,#=8.1Hz, 2H; H-3), 7.71 (d, 3Ju#=8.1 Hz, 2H; H-2), 6.03 (s, 2H; CHy); *3C
NMR (75 MHz, DMSO-de): 6=193.2 (CHO), 146.7 (C-4’), 145.7 (C-2’), 140.9 (C-1), 137.0 (C-4), 130.6 (C-3), 129.8 (C-2), 129.1 (C-3’),
63.2 (CH2); HRMS (ESI): m/z calcd for C13H12NO*: 198.0913 [M]*, found 198.0913.

1-(Diethoxymethyl)-3-nitrobenzene (24): 3-Nitrobenzaldehyde 23 (4.00 g, 26.4 mmol) was dissolved in absolute ethanol (10 mL). Triethyl
orthoformate (6.2 mL, 37.0 mmol) and a solution of HCI (5 M) in absolute ethanol (1 mL) were added dropwise and the mixture was heated
for 24 h at 80 °C under argon atmosphere. After cooling at room temperature, the reaction mixture was diluted with dichloromethane and
washed with a saturated K2COs solution. The organic layer was dried over MgSO4 and concentrated in vacuo to afford a yellow oil which
was purified by chromatography on SiO2 (pentane/diethyl ether, 9/1, v/v) to afford 24 as a yellow oil (5.25 g, 88%). 'H NMR (300 MHz,
CDCls): 6=8.35 (t, 3Jnn 2.2 Hz, 1H; H-2), 8.19 (ddd, 3Ju+=7.9, 2.2 and 1.1 Hz, 1H; H-4), 7.83 (dt, 3Ju+=7.7 and 1.1 Hz, 1H; H-6), 7.54 (t,
3Jn,H=7.9 Hz, 1H; H-5), 5.58 (s, 1H; -CH(OEt)2), 3.61 (q, 3JHH=7.0 Hz, 4H; 2 x -OCH2CH3), 1.27 (t, 3Jnn=7.0 Hz, 6H; 2 x -OCH2CH3);. 13C
NMR (75 MHz, CDCls): 6=148.3 (C-1), 141.5 (C-3), 132.8 (C-6), 129.2 (C-5), 123.3 (C-4), 121.9 (C-2), 100.1 (CH(OEt)2), 61.3 (-OCH2CHa),
15.1 (-OCH2CHg); HRMS (ESI): m/z calcd for C11H1sNOsNa*: 248.0893 [M+Na]*, found 248.0893.

3-(Diethoxymethyl)aniline (25): A stirred suspension of 24 (2.50 g, 11.1 mmol) and PtO2 (50 mg) in ethyl acetate (20 mL) was first flushed
with hydrogen, then allowed to react under a hydrogen atmosphere for 72 h at room temperature. The catalyst was removed by filtration
through a celite pad and the solution was concentrated in vacuo to afford 25 as an orange oil (1.77 g, 83%). *H NMR (300 MHz, CDCls):
6=7.12 (t, 3Jn,u=7.9 Hz, 1H; H-5), 6.82 (td, 3Jnx=7.5 and 0.9 Hz, 1H; H-4), 6.81 (t, 3Jnn=2.4 Hz, 1H; H-2), 6.59 (ddd, 3Jx,x=0.9, 2.4 and 7.7
Hz, 1H; H-6), 5.40 (s, 1H; -CH(OE)2), 3.69 (brs, 2H; -NH2), 3.55 (q, 3Jnun=7.2 Hz, 4H; 2 x -OCH2CH3), 1.22 (t, 3Ju+=7.2 Hz, 6H; 2 x -
OCH2CHBa); *3C NMR (75 MHz, CDCls): 6=146.5 (C-3), 140.3 (C-1), 129.0 (C-5), 116.9 (C-4), 115.0 (C-6), 113.2 (C-2), 101.6 (CH(OEL)>),
61.0 (-OCH2CHs3), 15.17 (-OCH2CHs); HRMS (ESI): m/z calcd for C11H1sNO2*: 196.1332 [M+H]*, found 196.1333.

1-(3-Formylphenyl)pyridinium chloride (27): A mixture of 26 (60 mg, 0.21 mmol) and 3-(diethoxymethyl) aniline 25 (125 mg, 0.64 mmol)
in EtOH/H20, 80/20, v/v (1 mL), in a closed vial, was heated for 3 h at 130 °C under microwave irradiation. After cooling at room
temperature, the reaction mixture was diluted with H20 (20 mL) and washed with EtOAc (5 x 15 mL). The aqueous portion was
concentrated in vacuo to afford 27 as a brown oil (49 mg, quant. yield). *H NMR (300 MHz, DMSO-ds): 6=10.17 (s, 1H; CHO), 9.40 (dd,
3Jn,n=1.6 and 6.8 Hz, 2H; H-2"), 8.82 (tt, 3Jn,x=1.6 and 7.7 Hz, 1H; H-4'), 8.42 (dd, 3Jn,x=1.8 and 2.4 Hz, 1H; H-2), 8.34 (dd, 3Jux=7.7, and
6.8 Hz, 2H; H-3'), 8.28 (td, 3Ju+=1.8 and 7.7 Hz, 1H; H-4), 8.2 (ddd, 3Ju+=8.1, 2.4 and 0.9 Hz, 1H; H-6), 7.99 (t, 3Jnn=8.1 Hz, 1H; H-5);
13C NMR (75 MHz, DMSO-ds): 6=192.4 (CHO), 147.5 (C-4’), 145.6 (C-2’), 143.8 (C-1), 137.9 (C-3), 133.0 (C-4), 131.6 (C-5), 131.0 (C-6),
128.6 (C-3’), 125.5 (C-2); HRMS (ESI): m/z calcd for C12H10NO*: 184.0757 [M]*, found 184.0757.

4-(Berberrubinemethyl)benzaldehyde chloride (30): A solution of 29 (417 mg, 1.17 mmol) and 19 (198 mg, 1.28 mmol) in DMF (15 mL)
was heated for 15 h at 80 °C under stirring. Then, the reaction mixture was concentrated in vacuo and the residue was dissolved in
methanol (3 mL) and precipitated with diethyl ether (100 mL). The precipitate was filtrated and dried under vacuum to afford 30 as a black
powder (551 mg, 99%). m.p. decomp. > 150 °C; *H NMR (600 MHz, DMSO-ds): 6=10.04 (s, 1H; CHO), 9.84 (s, 1H; 8-CH), 8.96 (s, 1H;
13-CH), 8.22 (d, 3Jn+=9.3 Hz, 1H; 11-CH), 8.02 (d, 3J11=9.3 Hz, 1H; 12-CH), 7.96 (d, 3Jn,n=8.5 Hz, 2H; 2 x H-3’), 7.83 (d, 3J1+=8.5 Hz,
2H; 2 x H-2"), 7.80 (s, 1H; 1-CH), 7.09 (s, 1H; 4-CH), 6.17 (s, 2H; -OCH20-), 5.46 (s, 2H; -OCH2-Ph), 4.94 (t, 3J4x=5.5 Hz, 2H; 6-CH>),
4.07 (s, 3H; -OCHa), 3.20 (t, 3Jnn=5.5Hz, 2H; 5-CH>); *C NMR (150.9 MHz, DMSO-ds): 6=192.9 (CHO), 150.6 (C-10), 149.9 (C-3), 147.8
(C-2), 145.3 (C-8), 143.3 (C-4’), 141.9 (C-9), 137.6 (C-13a), 135.9 (C-1’), 133.0 (C-12a), 130.8 (C-4a), 129.6 (C-3’), 128.8 (C-2’), 126.6
(C-11), 124.0 (C-12), 121.7 (C-8a), 120.5 (C-13b), 120.3 (C-13), 108.5 (C-4), 105.5 (C-1), 102.2 (-OCH20-), 74.6 (-OCH2-Ph), 57.1 (OCH3s),
55.4 (C-6), 26.4 (C-5); HRMS (ESI): m/z calcd for C27H22NOs*: 440.1492 [M]*, found 440.1489.

4-(4-Bromobutoxy)benzaldehyde (31): To a solution of 4-hydroxybenzaldehyde (1.00 g, 8.19 mmol) in acetonitrile (25 mL) was added
1,4-dibromobutane (4.9 mL, 41.0 mmol) and potassium carbonate (2.26 g, 16.38 mmol), and the mixture was stirred overnight at room
temperature. After filtration the reaction mixture was concentrated in vacuo and the crude residue was purified on SiO2 chromatography
(pentane/diethyl ether, 8/2, viv) to afford 31 as a white solid (1.91 g, 91%). m.p. 40 °C (Litt. 43 °C[l); IH NMR (300 MHz, CDCls): 6=9.87
(s, 1H; CHO), 7.82 (d, Jn+=8.8 Hz, 2H; 2 x H-2'), 6.98 (d, 3J1,1=8.8 Hz, 2H; 2 x H-3'), 4.08 (t, 3Jnn=6.1 Hz, 2H; -CH2-CH20-Ph), 3.48 (t,
3JnH=6.4 Hz, 2H; BrCHy-), 2.13-1.92 (m, 4H; -CH2-CHz-); 3C NMR (75 MHz, CDClz): 6=190.8 (CHO), 164.0 (C-4), 132.1 (C-2), 130.2 (C-
1), 114.9 (C-3), 67.4 (-CH2-CH20-), 33.2 (BrCHz-), 29.4 (BrCH2-CHz-), 27.8 (-CH2-CH20-); HRMS (ESI): m/z calcd for C11H14BrOz:
257.0172 [M-H]*, found 257.0169.



4-(4-Berberrubinebutoxy)benzaldehyde bromide (32): A solution of 29 (380 mg, 1.06 mmol) and 31 (410 mg, 1.60 mmol) in DMF (10
mL) was stirred for 24 h at 85 °C under argon atmosphere. Then, the reaction mixture was concentrated in vacuo and the residue dissolved
in methanol (2 mL) and precipitated with diethyl ether (50 mL). The precipitate was filtrated and dried under vacuum to afford 32 as a
brown powder (575 mg, quant.). m.p. decomp. > 150 °C; *H NMR (300 MHz, CD30D): 6=9.81 (s, 1H; CHO), 9.68 (s, 1H; 8-CH), 8.70 (s,
1H; 13-CH), 8.12 (d, 3Jn+=9.2 Hz, 1H; 11-CH), 8.00 (d, 3Ju,x=9.2 Hz, 1H; 12-CH), 7.84 (d, 3Ju+=8.8 Hz, 1H; 2 x H-2’), 7.67 (s, 1H; 1-CH),
7.07 (d, 3Jn,n=8.8 Hz, 2H; 2 x H-3'), 6.96 (s, 1H; 4-CH), 6.11 (s, 2H; -OCH20-), 4.91 (t, 3J1,1=6.2 Hz, 2H; 6-CHz2), 4.52 (t, 3Jn,n=5.9 Hz, 2H;
BBR-CH2-CHz-), 4.25 (t, 3Jnn=5.9 Hz, 2H; -CH2-CH20-Ph), 4.09 (s, 3H; -OCHs3), 3.24 (t, 3Jn+=6.2 Hz, 2H; 5-CH2), 2.17-2.08 (m, 4H; -
CH2-CHz-); *3C NMR (100.6 MHz, DMSO-ds): 6=191.2 (s, CHO), 163.6 (C-4’), 150.3 (C-10), 149.8 (C-3), 147.7 (C-2), 145.2 (C-8), 142.8
(C-9), 137.4 (C-13a), 133.0 (C-12a), 131.8 (C-2'), 130.6 (C-4a), 129.5 (C-1"), 126.6 (C-11), 123.3 (C-12), 121.6 (C-8a), 120.5 (C-13b),
120.2 (C-13), 114.9 (C-3’), 108.4 (C-4), 105.4 (C-1), 102.0 (-OCH20-), 73.9 (BBR-CH2-CH2-), 67.9 (-CH2-CH20-Ph), 57.1 (OCHs), 55.3
(C-6), 26.3 (C-5), 26.2 (BBR-CH2-CHz2-), 25.0 (-CH2-CH20-Ph); HRMS (ESI): m/z calcd for C3oH2sNOs*: 498.1911 [M]*, found 498.1914.

General microwave assisted procedure for synthesis of nitrones (6—12): A mixture of the appropriate vectorized benzaldehyde (1 eq.)
and 17 (1.2 eq) in a given volume of absolute ethanol, in a closed vial, was heated for 1 h at 100°C under microwave irradiation. After
cooling at room temperature, the reaction mixture was concentrated in vacuo and, unless otherwise indicated, the residue was diluted with
one portion of water, then washed with five portions of ethyl acetate, and concentrated in vacuo to afford the desired product which was
further used as obtained.

2-(Diethoxyphosphoryl)-N-(4-(2-triethylammonioethoxy)benzylidene)propan-2-amine oxide bromide (6a): Prepared from 15a (546
mg, 1.7 mmol) and 17 (420 mg, 2.0 mmol) in ethanol (10 mL). Treatment: single portion volume, 10 mL. Obtained compound: 6a as a
yellow gum (423 mg, 49%). 'H NMR (400 MHz, DMSO-ds): 6=8.37 (d, 3Jn+=9.1 Hz, 2H; H-2), 7.86 (d, 3Jn,H=2.5 Hz, 1H; HC=NO), 7.08 (d,
3JnH=9.1 Hz, 2H; H-3), 4.46 (t, 3Jn,w=4.7 Hz, 2H; 2'-CH2), 4.07 (q, 3JnH=7.1 Hz, 4H; 2 x -OCH2CHs3), 3.70 (t, 3Jnn=4.7 Hz, 2H; 1’-CH>),
3.38 (q, 2JHH=7.1 Hz, 6H; 3 x NCH2CHz), 1.73 (s, 3H; C(CHa)2), 1.69 (s, 3H; C(CH3)2), 1.24 (t, 3Jnn=7.1 Hz, 6H; 2 x -OCH2CH3), 1.23 (t,
3Jnn=7.1 Hz, 9H; 3 x NCH2CHa); 3C NMR (100 MHz, DMSO-ds): 6=158.9 (C-4), 131.5 (d, 3Jc,p=6.6 Hz; HC=NO), 131.0 (C-2), 125.2 (C-
1), 114.8 (C-3), 72.1 (d, Wc,p=156.0 Hz; C(CHs3)2), 63.0 (d, 2Jcp=6.6 Hz; 2 x -OCH2CH3), 61.6 (C-2’), 55.6 (C-1’), 53.5 (3 x NCH2CHs3),
23.4 (C(CHBa)2), 16.7 (d, 3Jcp=5.9 Hz; 2 x -OCH2CH3), 7.8 (3 x NCH2CHz); 3'P NMR (162 MHz, DMSO-ds): 6=23.39; HRMS (ESI): m/z
calcd for C22H40N20sP*: 443.2669 [M]*, found 443.2667.

2-(Diethoxyphosphoryl)-N-(4-(4-triethylammoniobutoxy)benzylidene)propan-2-amine oxide iodide (6b): Prepared from 15b (610
mg, 1.5 mmol) and 17 (380 mg, 1.8 mmol) in ethanol (12 mL). Treatment: single portion volume, 12 mL. Obtained compound: 6b as a
yellow gum (670 mg, 75%). *H NMR (300 MHz, DMSO-ds): 6=8.35 (d, 3Jn+=8.9 Hz, 2H; H-3), 7.82 (d, 3Jn,+H=2.5 Hz, 1H; HC=NO), 7.04 (d,
3Jn,n=8.9 Hz, 2H; H-2), 4.08 (q, 3JHx=7.0 Hz, 4H; 2 x -OCH2CH3), 4.07 (m, 2H; 4-CH2), 3.24 (q, %I +=7.3 Hz, 6H; 3 x NCH2CH3), 3.23 (m,
2H; 1"-CH2), 1.80 (m, 4H; 2’-CHz and 3’-CHz), 1.73 (s, 3H; C(CHs3)2), 1.68 (s, 3H; C(CH3)2), 1.23 (t, 3Jux=7.0 Hz, 6H; 2 x -OCH2CHs), 1.19
(t, 3J1H=7.3 Hz, 9H; 3 x NCH2CHB3); *3C NMR (75 MHz, DMSO-ds): 6=160.0 (C-4), 131.6 (d, 3Jcp=6.6 Hz; HC=NO), 131.1 (C-3), 124.5 (C-
1), 114.6 (C-2), 72.0 (d, *Jc,p=156.0 Hz; C(CHz3)2), 67.2 (C-4’), 63.0 (d, 2Jc,p=5.9 Hz; 2 x -OCH2CHB3), 56.1 (C-1’), 52.2 (3 x NCH2CH3),
25.8 (C-2'), 23.4 (C(CHs3)2), 18.4 (C-3'), 16.8 (d, 3Jc,p=5.9 Hz; 2 x -OCH2CHz), 7.7 (3 x NCH2CHs); 3P NMR (121.5 MHz, DMSO-ds):
6=23.43; HRMS (ESI): m/z calcd for C24H4aN20sP*: 471,2982 [M]*, found 471.2983.

2-(Diethoxyphosphoryl)-N-(3-(2-triethylammonioethoxy)benzylidene)propan-2-amine oxide bromide (6c): Prepared from 15c (546
mg, 1.7 mmol) and 17 (420 mg, 2.0 mmol) in ethanol (11 mL). Treatment: single portion volume, 11 mL. Obtained compound: 6c as a
brown gum (425 mg, 48%). 'H NMR (400 MHz, DMSO-ds): 6=8.18 (s, 1H; H-2), 7.92 (d, 3J1+=2.5 Hz, 1H; HC=NO), 7.82 (d, 3Jn,+=8.1 Hz,
1H; H-6), 7.40 (t, 3J4x=8.1 Hz, 1H; H-5), 7.07 (dd, 3Jnx=2.5 and 7.8 Hz, 1H; H-4), 4.41 (t, 3Jnn=4.4 Hz, 2H; 2’-CH>), 4.07 (q, 3Jn,x=7.3 Hz,
4H; 2 x -OCH2CHa), 3.69 (t, 3Jun=4.4 Hz, 2H; 1-CH2), 3.37 (q, 3Ju+=6.9 Hz, 6H; 3 x NCH2CHs), 1.73 (s, 3H; C(CHs)2), 1.69 (s, 3H;
C(CHBa)2), 1.23 (t, 3Jnn=7.3 Hz, 6H; 2 x -OCH2CHz), 1.23 (t, 3Ju+=6.9 Hz, 9H; 3 x NCH2CHs3); *3C NMR (100 MHz, DMSO-ds): 6=157.6 (C-
3), 133.7 (d, 3Jc,p=5.9 Hz; HC=NO), 132.8 (d, “Jc,p=1.5 Hz; C-1), 129.9 (C-5), 122.8 (C-6), 117.0 (C-4), 114.5 (C-2), 72.7 (d, *Jcp=155.3
Hz; C(CH3)2), 63.1 (d, 2Jcp=6.6 Hz; 2 x -OCH2CHs3), 61.6 (C-2’), 55.8 (C-1’), 53.5 (3 x NCH2CH?3), 23.4 (C(CH?3)2), 16.7 (d, 3Jcp=5.1 Hz; 2
x -OCH2CHs), 7.8 (3 x NCH2CHB3); 3P NMR (162 MHz, DMSO-de): 6=23.08; HRMS (ESI): m/z calcd for C22H40N20sP*: 443.2669 [M]*,
found 443.2668.

2-(Diethoxyphosphoryl)-N-(3-(4-triethylammoniobutoxy)benzylidene)propan-2-amine oxide iodide (6d): Prepared from 15d (500
mg, 1.2 mmol) and 17 (304 mg, 1.4 mmol) in ethanol (10 mL). Treatment: single portion volume, 10 mL. Obtained compound: 6d as a
yellow gum (473 mg, 66%). 'H NMR (400 MHz, DMSO-ds): 6=8.24 (s, 1H; H-2), 7.91 (d, 3Jn+=2.8 Hz, 1H; HC=NO), 7.71 (d, 3Jn,n=7.9 Hz,
1H; H-6), 7.37 (t, 3Jun=7.9 Hz, 1H; H-5), 7.03 (ddd, 3Ju=0.5, 2.2 and 8.1 Hz, 1H; H-4), 4.07 (m, 2H; 4-CH>), 4.07 (q, 3Jnn=7.2 Hz, 4H; 2
x -OCH2CHs3), 3.25 (m, 2H; 1’-CHz2), 3.25 (g, 3JnH=7.2 Hz, 6H; 3 x NCH2CHz), 1.80 (m, 4H; 2'-CHz and 3'-CH?2), 1.75 (s, 3H; C(CH3)2), 1.70
(s, 3H; C(CHz3)2), 1.24 (t, 3J4n=7.2 Hz, 6H; 2 x -OCH2CH3), 1.19 (t, 3Jn,+=7.2 Hz, 9H; 3 x NCH2CHa); 3C NMR (100 MHz, DMSO-ds):
6=158.6 (C-3), 132.7 (d, *Jc,p=1.7 Hz; C-1), 132.2 (d, 3Jcp=6.1Hz; HC=NO), 129.8 (C-5), 122.3 (C-6), 117.1 (C-4), 114.3 (C-2), 72.4 (d,
LJc,p=155.4 Hz; C(CHa)2), 67.1 (C-4’), 63.1 (d, 2Jcp=6.6 Hz; 2 x -OCH2CHj3), 56.2 (C-1’), 52.6 (3 x NCH2CHz), 26.0 (C-3’), 23.4 (C(CH3)2),
18.5 (C-2'), 16.72 (d, 3Jc,p=5.5 Hz; 2 x -OCH2CHs3), 7.63 (3 x NCH2CHs3); 3'P NMR (162 MHz, DMSO-ds): 6=23.07; HRMS (ESI): m/z calcd
for C2aHa4N20sP*: 471.2982 [M]*, found 471.2982.

2-(Diethoxyphosphoryl)-N-(4-(2-N-pyridinylethoxy)benzylidene)propan-2-amine oxide iodide (7a): Prepared from 16a (620 mg, 2.0
mmol) and 17 (507 mg, 2.7 mmol) in ethanol (12 mL). Treatment: single portion volume, 12 mL. Obtained compound: 7a as a yellow
powder (682 mg, 68%). m.p. 57.7 °C; *H NMR (300 MHz, DMSO-de): =9.13 (d, 3Jn+=5.6 Hz, 2H; H-2"), 8.64 (t, 3Ju+=7.8 Hz, 1H; H-4"),
8.30 (d, 3Jnn=9.1 Hz, 2H; H-2), 8.19 (dd, 3Jnx=5.6 and 7.8 Hz, 2H; H-3"), 7.81 (d, 3Ju+=2.5 Hz, 1H; HC=NO), 6.99 (d, 3Jnn=9.1 Hz, 2H;
H-3), 5.06 (t, 23Jnn=5.1 Hz, 2H; 1’-CH2), 4.57 (t, 3Jnn=5.1 Hz, 2H; 2’-CHz), 4.05 (q, 3Jn+=7.1 Hz, 4H; 2 x -OCH2CHs3), 1.69 (s, 3H; C(CH3)2),
1.66 (s, 3H; C(CHa)2), 1.20 (t, 3Juu=7.1 Hz, 6H; 2 x -OCH2CHg); 3C NMR (75 MHz, DMSO-ds): 6=158.9 (C-4), 146.6 (C-4"), 145.9 (C-2),
131.5 (d, 3Jc,p=6.6 Hz; HC=NO), 131.0 (C-2), 128.4 (C-3"), 125.3 (C-1), 114.8 (C-3), 72.1 (d, *Jc,p=156.1 Hz; C(CH3)2), 66.6 (C-2’), 63.1



(d, 2cp=6.6 Hz; 2 x -OCH2CHs), 60.4 (C-1"), 23.4 (C(CHa)2), 16.8 (d, 3Jcp=5.1 Hz; 2 x -OCH2CHs); *P NMR (121.5 MHz, DMSO-de):
5=23.39; HRMS (ESI): m/z calcd for C21HzoN20sP*: 421.1887 [M[*, found 421.1888.

2-(Diethoxyphosphoryl)-N-(4-(4-N-pyridinylbutoxy)benzylidene)propan-2-amine oxide iodide (7b): Prepared from 16b (500 mg, 1.3
mmol) and 17 (329 mg, 1.6 mmol) in ethanol (10 mL). Treatment: single portion volume, 10 mL. Obtained compound: 7b as a yellow gum
(540 mg, 72%). *H NMR (400 MHz, DMSO-ds): 6=9.11 (d, 3Ju+=6.1 Hz, 2H; H-2"), 8.61 (t, 3Jnn=7.6 Hz, 1H; H-4"), 8.31 (d, 3Jn+=8.8 Hz,
2H; H-2), 8.17 (dd, 3Jnn=6.1 and 7.6 Hz, 2H; H-3"), 7.81 (d, 3Ju,+=2.0 Hz, 1H; HC=NO), 6.98 (d, 3Jx,x=8.8 Hz, 2H; H-3), 4.68 (t, 3Jn+=7.3
Hz, 2H; 1°-CH2), 4.07 (m, 2H; 4'-CH>), 4.07 (q, 3Jnn=7.1 Hz, 4H; 2 x -OCH2CHBa), 2.12 (m, 2H; 2’-CHz), 1.75 (m, 2H; 3'-CHz2), 1.71 (s, 3H;
C(CHs3)2), 1.68 (s, 3H; C(CHa)2), 1.22 (t, 2Jun=7.1 Hz, 6H; 2 x -OCH2CH3); **C NMR (100 MHz, DMSO-ds): 6=160.0 (C-1), 146.0 (C-4"),
145.3 (C-2"), 131.6 (d, Jc,p=7.3 Hz; HC=NO), 131.1 (C-2), 128.6 (C-3"), 124.5 (C-4), 114.6 (C-3), 72.0 (d, YJc,p=156.2 Hz; C(CH3)2), 67.4
(C-4"), 63.0 (d, 2Jc,p=7.3Hz; 2 x -OCH2CH?a), 61.0 (C-1’), 28.1 (C-2'), 25.7 (C-3’), 23.4 (C(CHs3)2), 16.7 (d, 3Jc,p=5.1Hz; 2 x -OCH2CHz); 3P
NMR (162 MHz, DMSO-ds): 6=23.47; HRMS (ESI): m/z calcd for C23H3aN20sP*: 449.2200 [M]*, found 449.2200.

2-(Diethoxyphosphoryl)-N-(3-(2-N-pyridinylethoxy)benzylidene)propan-2-amine oxide bromide (7c): Prepared from 16¢ (700 mg,
2.3 mmol) and 17 (583 mg, 2.8 mmol) in ethanol (14 mL). Treatment: single portion volume, 14 mL. Obtained compound: 7c as a yellow
gum (969 mg, 84%). *H NMR (300 MHz, DMSO-ds): 6=9.14 (d, 3Jnx=5.4 Hz, 2H; H-2"), 8.64 (t, 3Ju+=7.8 Hz, 1H; H-4"), 8.19 (s, 1H; H-2),
8.19 (dd, 3Jnn=5.4 and 7.8 Hz, 2H; H-3"), 7.88 (d, 3Ju+=2.5 Hz, 1H; HC=NO), 7.71 (d, 3Ju+=7.8 Hz, 1H; H-6), 7.35 (t, 3Jnx=8.1 Hz, 1H; H-
5), 6.98 (dd, 2Jnx=2.5 and 8.1 Hz, 1H; H-4), 5.06 (t, 3Jn+=4.9 Hz, 2H; 1-CHy), 4.53 (t, 3Jnn=4.9 Hz, 2H; 2'-CHy), 4.06 (q, 3JuH+=7.1 Hz,
4H; 2 x -OCH2CHB3), 1.71 (s, 3H; C(CH3)2), 1.68 (s, 3H; C(CH3)2), 1.22 (t, 3Jns=7.1 Hz, 6H; 2 x -OCH2CHg3); *C NMR (75 MHz, DMSO-
de): 6=157.6 (C-3), 146.6 (C-4"), 145.9 (C-2"), 132.8 (d, *Jc,p=1.7 Hz; C-1), 132.0 (d, 3Jcp=6.6 Hz; HC=NO), 129.9 (C-5), 128.4 (C-3"),
123.0 (C-6), 117.0 (C-4), 114.3 (C-2), 72.5 (d, YJcp=155.2 Hz; C(CH3)2), 66.7 (C-2’), 63.1 (d, 2Jcp=6.6 Hz; 2 x -OCH2CHz), 60.5 (C-1),
23.4 (s, C(CHs)2), 16.72 (d, 3Jcp=5.5 Hz; 2 x -OCH2CHs3); %P NMR (121.5 MHz, DMSO-ds): 6=23.06; HRMS (ESI): m/z calcd for
C21H30N20sP*: 421.1887 [M]*, found 421.1882.

2-(Diethoxyphosphoryl)-N-(3-(4-N-pyridinylbutoxy)benzylidene)propan-2-amine oxide iodide (7d): Prepared from 16d (500 mg, 1.3
mmol) and 17 (329 mg, 1.6 mmol) in ethanol (10 mL). Treatment: single portion volume, 10 mL. Obtained compound: 7d as a yellow gum
(370 mg, 53%). *H NMR (300 MHz, DMSO-ds): 6=9.11 (d, 3Jn,n=6.6 Hz, 2H; H-2"), 8.61 (t, 3Jnn=7.7 Hz, 1H; H-4"), 8.17 (dd, 3J1+=6.6 and
7.7 Hz, 2H; H-3"), 8.17 (s, 1H; H-2), 7.88 (d, 3Jn,x=2.6 Hz, 1H; HC=NO), 7.69 (d, 3Jun=7.7 Hz, 1H; H-6), 7.34 (t, 3Jn1=8.1 Hz, 1H; H-5),
6.98 (dd, 3Jn,n=2.6 and 8.1 Hz, 1H; H-4), 4.69 (t, 3Jn,n=7.3 Hz, 2H; 1’-CH2), 4.02 (m, 2H; 4-CH>), 4.01 (q, 3Jn,x=7.2 Hz, 4H; 2 x -OCH2CH3),
2.11 (m, 2H; 2’-CHz), 1.76 (m, 2H; 3'-CH2), 1.73 (s, 3H; C(CHa)2), 1.68 (s, 3H; C(CHa)2), 1.23 (t, 3Jn+=7.2 Hz, 6H; 2 x -OCH2CHz3); 3C
NMR (75 MHz, DMSO-de): 6=158.4 (C-3), 146.0 (C-4"), 145.3 (C-2"), 132.7 (d, “Jc,p=1.7Hz; C-1), 132.3 (d, 3Jc,p=6.1 Hz; HC=NO), 129.8
(C-5), 128.6 (C-37), 122.2 (C-6), 117.08 (C-4), 114.3 (C-2), 72.4 (d, YJcp=155.4 Hz; C(CH3)2), 67.3 (C-4’), 63.1 (d, 2Jcp=6.6 Hz; 2 x -
OCH2CHB3), 61.0 (C-1"), 28.2 (C-2'), 25.8 (C-3'), 23.4 (C(CHs3)2), 16.8 (d, 3Jc,p=5.5 Hz; 2 x -OCH2CHz); 3P NMR (121.5 MHz, DMSO-ds):
6=23.07; HRMS (ESI): m/z calcd for C23HzaN20sP*: 449.2200 [M]*, found 449.2200.

2-(diethoxyphosphoryl)-N-(4-(triethylammoniomethyl)benzylidene)propan-2-amine oxide iodide (8): Prepared from 21 (304 mg,
0.88 mmol) and 17 (222 mg, 1.05 mmol) in ethanol (6 mL). Treatment: single portion volume, 6 mL. Obtained compound: 8 as a yellow
powder (371 mg, 78%). m.p. 43.3 °C; *H NMR (300 MHz, DMSO-ds): 6=8.46 (d, 3Jn,+=8.1 Hz, 2H; H-3), 8.03 (d, 3J4,v=2.2 Hz, 1H; CH=NO),
7.58 (d, 3Jnn=8.1 Hz, 2H; H-2), 4.49 (s, 2H; CH2), 4.09 (g, %Jn,+=7.1 Hz, 4H; 2 x -OCH2CH3), 3.16 (g, 3Ju+=7.1 Hz, 6H; 3 x NCH2CHj3),
1.75 (s, 3H; C(CHa)2), 1.71 (s, 3H; C(CHa)2), 1.30 (t, 3Jn.n=7.1 Hz, 9H; 3 x NCH2CHa), 1.24 (t, 3Jun=7.1 Hz, 6H; 2 x -OCH>CHs); 13C NMR
(75 MHz, DMSO-de): 6=133.0 (C-2), 131.7 (C-4), 131.6 (d, 3Jcp=2.2 Hz; HC=NO), 129.7 (C-1), 129.2 (C-3), 73.0 (d, YJc,p=155.0 Hz;
C(CHs3)2), 63.2 (d, 2Jcp=6.6 Hz; 2 x -OCH2CHz), 60.2 (CHz2), 52.6 (3 x NCH2CH3), 23.3 (C(CHs3)2), 16.7 (d, 3Jcp=5.1 Hz; 2 x -OCH2CH3),
8.0 (3 x NCH2CHs3); 3P NMR (121.5 MHz, DMSO-ds): 6=22.96; HRMS (ESI): m/z calcd for C21H3sN204P*: 413.2564 [M]*, found 413.2565.

2-(diethoxyphosphoryl)-N-(4-(N-pyridinemethyl)benzylidene)propan-2-amine oxide chloride (9): Prepared from 22 (222 mg, 0.95
mmol) and 17 (241 mg, 1.14 mmol) in ethanol (4 mL). Treatment: single portion volume, 5 mL. Obtained compound: 9 as a yellow powder
(370 mg, 93%). m.p. 63.2 °C; *H NMR (300 MHz, DMSO-ds): 6=9.22 (d, 3Jn+=5.7 Hz, 2H; H-2"), 8.63 (t, Jnx=7.7 Hz, 1H; H-4"), 8.37 (d,
3Jnn=8.4 Hz, 2H; H-2), 8.17 (dd, 3Jnn=5.7 and 7.7 Hz, 2H; H-3’), 7.95 (d, 3J1,x=2.6 Hz, 1H; HC=NO), 7.57 (d, 3Jnx=8.4 Hz, 2H; H-3), 5.92
(s, 2H; CH2), 4.06 (g, 3Jn+=7.2 Hz, 4H; 2 x -OCH2CH3), 1.72 (s, 3H; C(CHa)2), 1.68 (s, 3H; C(CHs)2), 1.21 (t, 3Jn+=7.2 Hz, 6H; 2 x -
OCH2CHa); 3C NMR (75 MHz, DMSO-ds): 6=146.5 (C-4’), 145.4 (C-2’), 136.1 (C-4), 132.3 (d, “Jc,p=1.7 Hz; C-1), 131.7 (d, 3Jc,p=6.6Hz;
HC=NO), 129.6 (C-2), 129.2 (C-3), 129.0 (C-3'), 72.6 (d, *Jc,p=155.1 Hz; C(CHs3)2), 63.4 (CHz2), 63.1 (d, 2Jc,p=7.2 Hz; 2 x -OCH2CHz), 23.4
(C(CHs3)2), 16.7 (d, 3Jc,p=5.5 Hz; 2 x -OCH2CHs3); 3P NMR (121.5 MHz, DMSO-ds): 6=22.92; HRMS (ESI): m/z calcd for C20H2sN204P*:
391.1781 [M]*, found 391.1784.

2-(Diethoxyphosphoryl)-N-(3-(N-pyridinyl)benzylidene)propan-2-amine oxide chloride (10): Prepared from 27 (209 mg, 0.95 mmol)
and 17 (241 mg, 1.14 mmol) in ethanol (4 mL). Treatment: single portion volume, 5 mL. Obtained compound: 10 as a brown powder (70
mg, 78%). m.p. 76.7 °C; *H NMR (400 MHz, DMSO-ds): 6=9.34 (dd, 3Jnx=1.1 and 6.8 Hz, 2H; H-2'), 9.07 (s, 1H; H-2), 8.79 (tt, 3Jun=1.1
and 7.9 Hz, 1H; H-4’), 8.41 (d, 3Jun=7.9 Hz, 1H; H-6), 8.31 (dd, 3Jnx=6.8 and 7.9 Hz, 2H; H-3'), 8.18 (d, 3Jnx=2.6 Hz, 1H; HC=NO), 7.91
(ddd, 3Jnw=0.5, 1.8 and 7.7 Hz, 1H; H-4), 7.81 (t, 3Ju+=8.0 Hz, 1H; H-5), 4.06 (q, 3Ju+=7.0 Hz, 4H; 2 x -OCH2CHz3), 1.77 (s, 3H; C(CHz)2),
1.72 (s, 3H;C(CHa)2), 1.23 (t, 3Jn,s=7.0 Hz, 6H; 2 x -OCH2CH?3); *C NMR (100 MHz, DMSO-de): 6=147.3 (C-4’), 146.5 (C-3), 145.5 (C-2"),
143.3 (C-1), 131.7 (C-6), 131.3 (d, 3Jcp=5.9 Hz; HC=NO), 130.7 (C-5), 128.7 (C-3’), 126.7 (C-4), 124.0 (C-2), 73.1 (d, Jc,p=155.0 Hz;
C(CHBa)2), 63.3 (d, 2Jc,p=6.6 Hz; 2 x -OCH2CHs3), 23.3 (C(CHz)2), 16.81 (d, 3Jcp=5.1 Hz; 2 x -OCH2CH3); 3!P NMR (121.5 MHz, DMSO-ds):
6=22.59; HRMS (ESI): m/z calcd for C19H26N204P*: 377.1625 [M]*, found 377.1627.

2-(Diethoxyphosphoryl)-N-(4-(berberrubinemethyl)benzylidene)propan-2-amine oxide chloride (11): Prepared from 30 (300 mg, 632
umol) and 17 (200 mg, 947 pmol) in ethanol (3 mL). At the end of the procedure, the reaction mixture was concentrated in vacuo and the
residue dissolved in methanol (2 mL) and precipitated with diethyl ether (75 mL). The precipitate was filtrated and dried under vacuum to
afford 11 as a brown powder (320 mg, 76%). m.p. decomp. > 150 °C; *H NMR (600 MHz, DMSO-de): 6=9.77 (s, 1H; 8-CH), 8.93 (s, 1H;



13-CH), 8.36 (d, 3Ju#=8.1 Hz, 2H; 2 x H-2'), 8.20 (d, 3J1+=8.9 Hz, 1H; 11-CH), 8.00 (d, 3Jn+=8.9 Hz, 1H; 12-CH), 7.93 (d, 3Ju#=2.4 Hz,
1H; HC=NO), 7.78 (s, 1H; 1-CH), 7.65 (d, 3Ju#=8.1 Hz, 2H; 2 x H-3"), 7.08 (s, 1H; 4-CH), 6.17 (s, 2H; -OCH,0-), 5.40 (s, 2H; -OCH_-Ph),
4.92 (t, 3Ju4=6.2 Hz, 2H; 6-CHy), 4.08-4.05 (m, 4H; 2 x -OCH2CHs), 4.09 (s, 3H; -OCHs), 3.19 (t, 3Jn=6.2 Hz, 2H; 5-CHz), 1.73 (s, 3H;
C(CHa3)2), 1.70 (s, 3H; C(CHa)2), 1.2 (t, 3Jn4=7.3 Hz, 6H; 2 x -OCH2CHa); 13C NMR (150.9 MHz, DMSO-ds): 5=150.6 (C-10), 149.9 (C-3),
147.7 (C-2), 145.3 (C-8), 141.8 (C-9), 138.3 (C-4’), 137.4 (C-13a), 132.9 (C-12a), 131.4 (d, 3Jc,p=6.3 Hz; HC=NO), 130.9 (C-1"), 130.4 (C-
4a), 128.5 (C-2'), 128.4 (C-3), 126.6 (C-11), 123.8 (C-12), 121.8 (C-8a), 120.4 (C-13b), 120.3 (C-13), 108.4 (C-4), 105.4 (C-1), 102.1 (-
OCH,0-), 74.9 (-OCHz-Ph), 73.0 (d, Wc,p=156.6 Hz; C(CHa)2), 62.6 (d, 2Jc,p=6.3 Hz; 2 x -OCH2CH3), 57.1 (OCH3), 55.3 (C-6), 26.4 (C-5),
22.9 (C(CHa)2), 16.2 (d, 3Jcp=7.8 Hz; 2 x -OCH2CHs); 3P NMR (121.5 MHz, DMSO-de): 6=23.05; HRMS (ESI): m/z calcd for C1oH1sNO4*:
633.2360 [M]*, found 633.2361.

2-(Diethoxyphosphoryl)-N-(4-(4-berberrubinebutoxy)benzylidene)propan-2-amine oxide bromide (12): Prepared from 32 (328 mg,
614 pmol) and 17 (390 mg, 1.848 mmol) in ethanol (5 mL). At the end of the procedure, the reaction mixture was concentrated in vacuo
and the residue dissolved in methanol (2 mL) and precipitated with diethyl ether (75 mL). The precipitate was filtrated and dried under
vacuum to afford 12 as a brown powder (327 mg, 73%). m.p. decomp. > 142 °C; *H NMR (500 MHz, DMSO-ds): 6=9.77 (s, 1H; 8-CH),
8.94 (s, 1H; 13-CH), 8.32 (d, 3Jnn=8.7 Hz, 2H; 2 x H-2’), 8.19 (d, 3Jn#=9.1 Hz, 1H; 11-CH), 8.00 (d, 3Ju+=9.1 Hz, 1H; 12-CH), 7.81 (d,
3Jnun=2.2 Hz, 1H; HC=NO), 7.79 (s, 1H; 1-CH), 7.08 (s, 1H; 4-CH), 7.00 (d, 3Jnx=8.7 Hz, 2H; 2 x H-3), 6.17 (s, 2H; -OCH20-), 4.94 {(t,
3Jum=5.7 Hz, 2H; 6-CHy), 4.36 (t, 3JH+=5.9 Hz, 2H; BBR-CH2-CHz-), 4.16 (t, J=5.9 Hz, 2H; -CH2-CH20-Ph), 4.11-4.00 (m, 4H; 2 x -
OCH2CHBa), 4.04 (s, 3H; -OCHg), 3.20 (t, 3J1+=5.7 Hz, 2H; 5-CHz2), 2.09-2.01 (m, 2H; BBR-CH2-CH>-), 2.02-1.95 (m, 2H; -CH2-CH20-Ph),
1.71 (s, 3H; C(CHa)2), 1.68 (s, 3H; C(CHz3)2), 1.22 (t, 3Jnn=7.3 Hz, 6H; 2 x -OCH2CHa); 3C NMR (125.8 MHz, DMSO-ds): 6=159.8 (C-4’),
150.4 (C-10), 149.8 (C-3), 147.7 (C-2), 145.2 (C-8), 142.8 (C-9), 137.5 (C-13a), 133.5 (C-12a), 131.2 (d, 3Jc,p=5.7 Hz; HC=NO), 130.7 (C-
4a), 130.6 (C-2’), 126.7 (C-11), 123.9 (C-1’), 123.4 (C-12), 121.6 (C-8a), 120.5 (C-13b), 120.2 (C-13), 114.1 (C-3’), 108.4 (C-4), 105.5 (C-
1), 102.1 (-OCH20-), 73.9 (BBR-CH2-CH>-), 72.3 (d, *Jc,p=156.4 Hz; C(CH3)2), 67.4 (-CH2-CH20-Ph), 62.5 (d, 2Jc,=6.5 Hz; 2 x -OCH2CHj3),
57.1 (OCHz), 55.3 (C-6), 26.3 (C-5), 26.3 (BBR-CH2-CHz-), 25.2 (-CH2-CH20-Ph), 22.9 (C(CHa)2), 16.3 (d, %Jc,p=5.5 Hz; 2 x -OCH2CHs3);
31P NMR (202.5 MHz, DMSO-ds): 6=23.5; HRMS (ESI): m/z calcd for Ca7H4aN209P*: 691.2779 [M]*, found 691.2778.

Superoxide quenching

Allopurinol was from Acros and. glycine buffer, xanthine oxidase (XO; from buttermilk), lucigenin (N,N-dimethyl-9,9-biacridinium dinitrate),
PBN, were from Sigma-Aldrich. PPN were prepared and purified as described.[®3¢] White non-treated Nunc 96-well plates were from
Thermo Fisher scientific (Waltham, MA, USA).

Superoxide quenching property of nitrones was evaluated at 37 °C in DMSO supplemented glycine buffer (GB, 6.25 mM, pH 10.1) on
96-well plates by measuring the concentration dependent inhibition of lucigenin derived chemiluminescence produced by an allopurinol/XO
02+~ generating system.[8:21] Stock solutions of nitrones (0.1 M) in DMSO were diluted in GB to obtain test solutions (1-1,000 uM) containing
up to 0.1% DMSO. Briefly, 185 pL of test solution (or GB alone for blanks) were first introduced in each well, followed by sequential addition
of 15 pL of GB solutions of allopurinol (working concentration, 375 uM), 20 pL of XO (working concentration, 150 mU/mL), and 30 pL of
lucigenin (working concentration, 500 uM). Luminescence of the sample was monitored for 10 min following lucigenin addition using an
Infinite M200 microplate reader (TECAN, Switzerland). Superoxide quenching activity, calculated by subtracting areas-under-curve against
blank, was expressed as ICso values (in uM) from 3 independent experiments made in triplicate.

Spin adduct formation and EPR studies

Chemical and samples preparation: Diethylenetriaminepentaacetic acid (DTPA), H202, KH2PO4, hypoxanthine, XO from bovine liver,
and all other reagents and solvents were of the highest purity or grade from Sigma-Aldrich. Aqueous solutions were prepared using doubly
distilled deionized water. The phosphate buffer (10-40 mM, pH 7.4), containing 0.01-1 mM DTPA for removal of adventitious metal
catalysts, was passed through a 0.2-mm Millipore filter before use.

Mito-PPNs spin adducts were produced in agqueous medium by reacting near saturated solutions of the nitrones (20—150 mM) with
established HOe, Oz¢~, or carbon centered radical generators.!® These included a FeSO4 (1 mM) / H202 (1-3 mM) Fenton system in DTPA
(1 mM) added phosphate buffer (20 mM; pH 7.0-7.4) for HOe, a hypoxanthine (0.4 mM)/xanthine oxidase (0.08 units/mL) generator in
DTPA (1 mM) added phosphate buffer (pH 7.4) for Oz¢~, and the above Fenton system run in the presence of 40% MeOH or EtOH for
CH20H and *CH(OH)CHs, respectively. For details on spin-trapping experiments using photolytic HOO+ and HO« generating systems, see
the Supporting Information.

CAUTION: Solutions of iodides 6b,d, 7b,d, and 8 undergo a spontaneous exothermic reaction with H202 at room temperature, with
formation of a foam, and therefore their handling with H202 solutions > 1% m/m should be avoided (see main Text).

After addition of the last component of the free radical generator (e.g., iron salt or enzyme), the mixture was vortexed for 5 s and the
solution was loaded into a calibrated 50 pL glass capillary, sealed at lower end by a proper wax, positioned within a TM110 cavity and EPR
spectra were monitored 40-75 s later.

EPR spectroscopy: EPR measurements were carried out on a Bruker ESP 300 spectrometer (Karlsruhe, Germany) operating at X-band
(~ 9.8 GHz) with a 100 kHz modulation frequency to provide usual first derivative signals. For determining g-factors, a Hewlett-Packard
5350B frequency counter and a Bruker ER 035M NMR gaussmeter were operated. Unless otherwise stated, all spectra resulted from 10
accumulated scans at a microwave power of 10 mW and a field resolution of 2018 points. Other settings are indicated under Figure 3
legend. Throughout, the hyperfine splitting constants of spin adducts were optimized by simulation with an automatic fitting program. 26!



Cell culture and cytotoxicity measurements

HDF and FGM were from Sigma-Aldrich. Trypsin-EDTA (1X) and fetal calf serum (FCV) were from Gibco Technologies (Thermo Fisher
Scientific). T75 flasks were purchased from Sarstedt (NUmbrecht, Germany) and Nunc 96-well plates were from Thermo Fisher Scientific.
Phosphate-buffered saline (PBS 1X (+/+)) was from Life Technology Corp. (St Aubin, France).

Stock solutions of nitrones 6-10 were prepared in FGM (50 mM) and stored at -20 °C. Nitrones 1, 2, 11 and 12 were dissolved in
DMSO (500 mM) and diluted with FGM to obtain 500 uM stock solutions containing up to 0.1 % DMSO and stored at -20 °C. Nitrone
solutions were then freshly diluted (0.001-100 uM) in culture medium prior to use and filtered through a 0.2-um Millipore filter.

Cell culture: HDF cells were frozen in a medium containing FGM supplemented with 10% fetal calf serum and 10% DMSO. A cell aliquot
(0.5 x 108 cells) was rapidly thawed, and cells were transferred into cold medium (15 mL) in a T75 flask, cultured at 37 °C in a humidified
atmosphere of 5% COz for 24 h. After 24 h, the medium was replaced by new FGM (15 mL). Cell adhesion and growth were observed
under microscope until confluency by renewing the medium once or twice a week. Flasks containing confluent cells were trypsinized and
cells were seeded in 96-well plates at a density of 3 x 102 cells per well in FGM (100 pL).

Cytotoxicity measurements (MTT assay): Twenty-four hours after seeding, the medium is replaced by the diluted nitrone solutions (100
yL per well) and plate was incubated at 37 °C under controlled atmosphere for 72 h. Wells were then rinsed with PBS. An aliquot of 100
pL of FGM containing 0.5 mg/mL MTT (Acros) in PBS 1X (+/+) was added to the wells and incubation was extended for 2 h at 37 °C
protected from the light. The medium was replaced by 100 pL/well DMSO and incubation was prolonged for 15 min at room temperature
under stirring. The conversion of MTT to a purple formazan precipitate was monitored at 600 nm (UVmc2 spectrophotometer, SAFAS,
Monaco). The inhibition of cell viability was calculated as ICso values using regression calculations from at least 3 different concentrations
for each sample.

Mitochondrial permeation

Chemicals: Sucrose, HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), CH2Cl2, and DMSO were from Sigma Aldrich. KH
buffer consisted of (in mM): KH2PO4 (1.2), NaCl (119), KCI (4.8), MgS0Oa (1.2), NaHCOs (25), and CaClz (1.3).

Animals: All animal care, protocols and procedures were completed under the guidelines of the Directive 2010/63/EU of the European
Parliament. The study was under the supervision of a DVM at CNRS (agreement No.13-122), The study was approved by the Ethics
Committee of Provence (CEEA 14) at Aix Marseille University and the French Ministry of National Education, Higher Education and
Research (protocol code APAFIS#2396-2015112910476544, date of approval: 03/01/2016). All participating institutions have currently
allowance for animal housing and experimentation (agreement C13-055-06) delivered by the French Government. Male Sprague-Dawley
rats (~ 120 g; CERJ, Le Genest St Isle, France) were used for the experiments. Housing and feeding conditions have been described
previously.[8:13]

Liver perfusion and preparation of mitochondrial and cytosolic fractions: Perfusion fluids and procedures were previously
described.['%120.13.37] Animals were fasted for 24 h and subsequently anesthetized with 100 mg/kg intraperitoneal sodium pentobarbital
(Ceva Santé Animale, Libourne, France) before surgery.

Livers were perfused via cannulation of the portal vein with KH buffer (pH 7.35, 37 °C) bubbled with a 95% O2 and 5% CO- gas mixture
in a nonrecirculating perfusion mode. The starting perfusion rate was set at 20 mL/min, assuming the liver to be about 4% of the body
weight. After weighing of the excised liver, the flow rate was set at 3 mL/min/g for a 30-min equilibration period; afterwards an aliquot of a
stock solution of the tested nitrone in DMSO (1 mM) was infused as to expose the liver to 1 uM nitrone for 1 h. Then, test compound was
eliminated from the extracellular space by switching the perfusion medium to an ice cold plain KH buffer for 10 min.

The liver was removed from the cannula, cut into small pieces and homogenized in five volumes of 0.25 M sucrose and 10 mM HEPES.
Atfter filtration, the homogenate was centrifuged at 750 x g for 10 min at 2 °C. The pellet was used for preparation of the mitochondria and
the supernatant was used for preparation of the cytosol by differential centrifugations as described.[*2*:13371 The mitochondrial and cytosolic
fractions were finally resuspended in 1 mL KH buffer. These samples were extracted at 20 °C with CH2Cl2 (2 x 5 mL), the organic layers
combined and concentrated in vacuo to give the corresponding dry residues which were pooled (3-4 livers/test compound), dissolved in
20 uL DMSO and frozen until 1P NMR analysis.

31P NMR determination of mitochondria:cytosol distribution: After thawing, each residue solution was diluted with DMSO-ds (0.5 mL,
Eurisotop, Saclay, France) and 3P NMR spectra were acquired at 242.94 MHz in 5-mm tubes on a Bruker Avance |l — 600 MHz
spectrometer equipped with a BBFO+ probe, under DMSO-ds lock using a ZGIG pulse program with a 30° (17.07 ms) pulse width,
acquisition time of 0.84 s, repetition delay of 2.00 s, and a 32 scans acquisition. Relative mitochondria:cytosol distribution was then
determined from the ratio of peak integrals.

Protective effect of mito-PPNs in H>O2-stressed Schwann cells

Schwann cells from bilateral sciatic nerves of Sprague Dawley male rats (provided by the Institute of Neuroscience, Hopital de la Timone,
Marseille) were cultured in Dubelcco’s Modified Eagle Medium (DMEM) / Ham’s F-12 nutrient (Gibco Technologies) as reported. 33031
Cells were pretreated for 8 h at 37 °C with aliquots of test nitrones or the reference compounds PPN and 2 dissolved in culture medium
containing 1% DMSO to reach a final concentration of 0.1 uM. Apoptosis was then triggered by adding 100 pM H20: and incubation was
prolonged for 16 h. The extent of cell damage was assessed by the MTT assay and by measuring LDH release using a commercial kit
(Biolabo, Maizy, France) as reported.[10.13]



Statistics

Data are expressed as mean * SD for the indicated number of independent experiments. Statistical significance was assessed by one-
way analysis of variance (ANOVA) followed by Duncan test. (Prism 5.0 software, GraphPad, San Diego, CA). Differences were considered
significant when p < 0.05.

Acknowledgements

We thank the French Ministry for C.D.’s grant (MENRT), the Agence Nationale de la Recherche (ANR JCJC MitoDiaPM —
N° ANR-17-CE34-0006-01) for funding M.E.’s and M. Ch.’s grants and part of this study.

Keywords: cellular viability « EPR spin-trapping * mitochondria-targeted nitrones « 3'P NMR - superoxide quenching

[1] a) E. Cadenas, K. J. A. Davies, Free Radic. Biol. Med. 2000, 29, 222-230; b) J. P. Kehrer, L. O. Klotz, Crit. Rev. Toxicol. 2015, 45, 765-798;
¢) S. Drose, U. Brandt, Adv. Exp. Med. Biol. 2012, 748, 145-169; d) N.S. Chandel, BMC Biol. 2014, 12, 34.

[2] a) B. Halliwell, J. M. C. Gutteridge, Free Radicals in Biology and Medicine, Oxford Uni. Press, 5th Ed, United Kingdom, 2015; b) A. M. van
der Bliek, M. M. Sedensky, P. G. Morgan, Genetics 2017, 207, 843-871.

[3] a) R. K. Lane, T. Hilsabeck, S. L. Rea, Biochim. Biophys. Acts 2018, 1847, 1387-1400; b) J. Hroudova, N. Singh, Z. Fisar, K. K. Ghosh, Eur.
J. Med. Chem. 2016, 121, 774-784.

[4] a) L. F. Yousif, K. M. Stewart, S. O. Kelley, ChemBioChem 2009, 10, 1939-1950; b) V. Sorrentino, K. J. Menzies, J. Auwerx, Annu. Rev.
Pharmacol. Toxicol. 2018, 58, 353-389; c) L. Biasutto, A. Mattarei, M. La Spina, M. Azzolini, S. Parrasia, |. Szabo, M. Zoratti, Eur. J. Med.
Chem. 2019, 181, 111557; d) Z. Q. Liu, Eur. J. Med. Chem. 2020, 189 112020; €) V. Weissig, Trends Mol. Med. 2020, 26, 40-57; f) M. J.
Wawi, A. Bijoux, N. Inguimbert, C. Mahler, S. Wagner, T. B. Marder, A.C. Ribou, ChemBioChem 2021, 22, 1676-1685.

[5] a) E.G. Janzen, Y. Kotake, R. D. Hinton, Free Radic. Biol. Med. 1992, 12, 169-173.; b) M. J. Davies, Methods 2016, 109, 21-30.

[6] a) M. P. Murphy, R. A. J. Smith, Annu. Rev. Pharmacol. Toxicol. 2007, 47, 629-656; b) J. Wang, J. Li, Y. Xiao, B. Fu, Z. Qin, ChemMedChem
2020, 15, 404-410.

[7] a) R. A. Floyd, R. D. Kopke, C. H. Choi, S. B. Foster, S. Doblas, R. A. Towner, Free Radic. Biol. Med. 2008, 45, 1361-1374; b) C. Oliveira,
S. Benfeito, C. Fernandes, F. Cagide, T. Silva, F. Borges, Med. Res. Rev. 2018, 38, 1159-1187.

[8] M. Cassien, C. Petrocchi, S. Thétiot-Laurent, M. Robin, E. Ricquebourg, C. Kandouli, A. Asteian, A. Rockenbauer, A. Mercier, C. Culcasi, S.
Pietri, Eur. J. Med. Chem. 2016, 119, 197-217.

[9] M. P. Murphy, K. S. Echtay, F. H. Blaikie, J. Asin-Cayuela, H. M. Cochemé, K. Green, J. A. Buckingham, E. R. Taylor, F. Hurrell, G. Hughes,
S. Miwa, C. E. Cooper, D. A. Svistunenko, R. A. J. Smith, M. D. Brand, J. Biol. Chem. 2003, 278, 48534—-48545.

[10] M. Culcasi, L. Benameur, A. Mercier, C. Lucchesi, H. Rahmouni, A. Asteian, G. Casano, A. Botta, H. Kovacic, S. Pietri, Chem. Biol. Interact.
2012, 199, 161-176.

[11] M. Wu, L. Liao, L. Jiang, C. Zhang, H. Gao, L. Qiao, S. Liu, D. Shi, Biomaterials 2019, 222, 119457.

[12] a) E. Maurelli, M. Culcasi, M. C. Delmas-Beauvieux, M. Miollan, J. L. Gallis, T. Tron, S. Pietri, Free Radic. Biol. Med. 1999, 27, 34-41; b) M.
Culcasi, G. Casano, C. Lucchesi, A. Mercier, J. L. Clément, V. Pique, L. Michelet, A. Krieger-Liszkay, M. Robin, S. Pietri, J. Med. Chem.
2013, 56, 2487-2499.

[13] C. Petrocchi, S. Thétiot-Laurent, M. Culcasi, S. Pietri, in Mitochondrial Medicine, Vol. 1 (Eds: V. Weissig, M. Eds), Humana Press, 2021, pp.
65-85.

[14] C. Reily, T. Mitchell, B. K. Chacko, G. A. Benavides, M. P. Murphy, V. M. Darley-Usmar, Redox Biol. 2013, 1, 86-93.

[15] a) B. Poeggeler, G. Durand, A. Polidori, M. A. Pappolla, I. Vega-Naredo, A. Coto-Montes, J. Boker, R. Hardeland, B. Pucci, J. Neurochem.
2005, 95, 962—-973; b) S. El Fangour, M. Marini, J. Good, S. J. McQuaker, P. G. Shiels, R. C. Hartley, AGE 2009, 31, 296-276.

[16] a)E. G. Janzen, R. L. Dudley, R. V. Shetty, J. Am. Chem. Soc. 1979, 101, 243-245; b) H. A. O. Hill, P. J. Thornalley, Can. J. Chem. 1982,
60, 1528-1531; c) E. G. Janzen, M. S. West, Y. Kotake, C. M. DuBose, J. Biochem. Biophys. Methods 1996, 32, 183-190; d) C. P. Sar, E.
Hideg, I. Vass, K. Hideg, Bioorg. Med. Chem. Lett. 1998, 8, 379-384.

[17] L. Robertson, R. C. Hartley, Tetrahedron 2009, 65, 5284-5292.

[18] Y. Li, X. Yuan, X. Rong, Y. Gao, Z. Qiu, Z. Zhang, D. Zhou, W. Li, RSC Adv. 2016, 6, 81924-81931.

[19] K. G. Lyamzaev, A. V. Pustovidko, R. A. Simonyan, T. |. Rokitskaya, L. V. Domnina, O. Y. Ivanova, I. I. Severina, N. V. Sumbatyan, G. A.
Korshunova, V. N. Tashlitsky, V. A. Roginsky, Y. N. Antonenko, M. V. Skulachev, B. V. Chemyak, V. P. Skulachev, Pharm. Res. 2011, 28,
2883-2895.

[20] R. Fiammengo, K. Musilek, A. Jaschke, J. Am. Chem. Soc. 2005, 127, 9271-9276.

[21] B. A. Stoica, G. Bordeianu, R. Stanescu, D. N. Serban, M. A. Nechifor, J. Biol. Inorg. Chem. 2011, 16, 753-761.

[22] L. Wei, Q. Li, W. Tan, F. Dong, F. Luan, Z. Guo, Molecules 2017, 22, 501-512.

[23] http://www.vcclab.org/lab/alogps/ (accessed on 10 September 2022)

[24] H. A. Liebhafsky, J. Am. Chem. Soc. 1932, 54, 1792-1806.

[25] B. Tuccio, A. Zeghdaoui, J. P. Finet, V. Cerri, P. Tordo, Res. Chem.6Intermed. 1996, 22, 393-404.

[26] A. Rockenbauer, L. Korecz, Appl. Magn. Reson. 1996, 10, 29-43.

[27] M. Hardy, F. Poulhés, E. Rizzato, A. Rockenbauer K. Banaszak, H. Karoui, M. Lopez, J. Zielonka, J. Vasquez-Vivar, S. Sethumadhavan, B.
Kalyanaraman, P. Tordo, O. Ouari, Chem. Rev. Toxicol. 2014, 27, 155-1165.

[28] L. Zhang, F. Su, X. Kong, F. Lee, S. Sher, K. Day, Y. Tian, D. R. Meldrum, ChemBioChem 2016, 17, 1719-1724.

[29] G. Gosset, J. L. Clément, M. Culcasi, A. Rockenbauer, S. Pietri, Bioorg. Med. Chem. 2011, 19, 2218-2230.

[30] R. Kaewkhaw, A. M. Scutt, J. W. Haycock, Nat. Protoc. 2012, 7, 1996-2004.

[31] B.He, F. Wu, L. Fan, X. H. Li, Y. Liu, Y. J. Liu, W. J. Ding, M. Deng, Y. Zhou, Eur. J. Pharmacol. 2018, 825, 48-56.

[32] G. Gong, Y. Qin, W. Huang, S. Zhou, X. Yang, D. Li, Eur. J. Pharmacol. 2010, 628, 27-35.

]

L. Nagarapu, Aneesa, A. Satyender, G. Chandana, R. Bantu, J. Heterocycl. Chem. 2009, 46, 195-200.


http://www.vcclab.org/lab/alogps/

J. W. Baker, J. A. L. Brieux, D. G. Saunders, J. Chem. Soc. 1956, 404—414.
M. Schmidt, J. Ungvari, J. Glode, B. Dobner, A. Langner, Bioorg. Med. Chem. 2007, 15, 2283-2297.

C. Fréjaville, H. Karoui, B. Tuccio, F. Le Moigne, M. Culcasi, S. Pietri, R. Lauricella, P. Tordo, J. Med. Chem. 1995, 38, 258-265.
D. Cova, L. De Angelis, E. Monti, F. Piccinini, Free Radic. Res. Commun. 1992, 15, 353-360.



