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The use of classical antioxidants is limited by their low bioavailabilities, and therefore, high doses are
usually required to display significant protective activity. In a recent artitlded. Chem2003 46, 5230)

we showed that the ability of the-phenylN-tert-butylnitrone (PBN) to restore the viability of ATPase-
deficient human skin fibroblasts was greatly enhanced by grafting it on a fluorinated amphiphilic carrier.
With the aim of extending this concept to other antioxidants, we present here the design, the synthesis, and
the physicochemical measurements of a new series of fluorinated amphiphilic antioxidant derivatives. The
hydroxyl radical scavenging activity and the radical reducing potency of these newly designed compounds
were respectively demonstrated in an ABTS competition and an ABfES8uction assay. We also showed

that the protective effects of amphiphilic antioxidants derived from PBN, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) or lipoic acid (5-[1,2]-dithiolan-3-ylpentanoic acid) in primary cortical
mixed cell cultures exposed to oxidotoxins are greatly improved compared to their parent compounds in the
following rank-order: (1) PBN, (2) Trolox, and (3) lipoic acid. In contrast, the protective activity of indole-
3-propionic acid was slightly decreased by grafting it on the amphiphilic carrier. Similar observations were
made in in vivo experiments using aquatic invertebrate microorganisms, called rotifers, which were exposed
to lethal concentrations of nonselective,(34) and mitochondria-selective (doxorubicin) oxidotoxins. The
conclusion of these studies is that fluorinated amphiphilic PBN, Trolox, and lipoic acid derivatives exhibit
very potent protective activities in in vitro and in vivo experiments. The findings demonstrated herein therefore
strongly suggest that the amphiphilic character enhances the bioavailability of the antioxidants and allows
for a selective targeting of mitochondria.

Introduction almost exclusively within membranes. Hydrophilic compounds

For many years, reactive oxygen species (ROS) have beencannot penetrate many biological compartments enclosed by
y years, : Y9 P membranes through passive diffusion and largely remain in
known to be implicated in the etiology of a large number of

diseases and disordérsAmong them are atherosclerosis, extracellular compartments. Since oxidative stress is frequently

. - . RN associated with mitochondrial dysfuncti#hantioxidants able
cancers, diabetes, ischaemia-reperfusion injury, and neurotrau-

ma. Enhanced free radicals production and oxidative damageto penetrate intracellular compartments and ensure prot_ection
are also implicated in agiigand related neurodegenerative cl_ose to t_h_e ROS productlon_ site .ShOUId exhibit a_higher
diseases such as Alzheimer's disehBerkinson’s diseaseand bloavallabl_llty than those remaining in tr_le extracellul_ar com-
Huntington’s diseaseThe direct consequence of an accumula- partment (ie., th? hyd_rgphlhc ones) or in cytoplasmic mem-
tion of ROS is an imbalance of the cellular redox homeostasis, branes (".e" the “p.Oph'“C ones). )

which leads to the commonly callextidative stresstate. Thus, According to this, we have previously developed new
therapeutic strategies using antioxidants have been extensively@MPhiphilic compounds bearing-phenylN-tert-butylnitrone
developed. In animal models promising results have been (PBN)as the synthetic antioxidant moiety. We have developed
reported with natural antioxidants such as vitamifi\Ezamin a glyc.ollpldlc nitrone called _TAlPBN as sfhown in F|ggré21_

C,” and flavonoid$. However, clinical trials assessing the The nitronyl group, responsible for antioxidant properties, was

efficiency of antioxidant supplementation have provided incon- 9rafted to a tris amino group by a peptidic spacer arm. TA1IPBN
sistent results. readily diminished superoxide dismutase (SOD) induction and

Usually many natural antioxidants exhibit poor bioavailability apoptosis in cultured skin fibroblasts with an isolated complex

and cannot easily cross biological barriers such as membranes deficiency of the respiratory chain caused by the neurogenic

Lipophilic compounds are insoluble in water and are located ataxia retinitis pigmentosa (NARP) mutatihWe have also
designed a new family of PBN-derived amphiphilic compounds

in which structural modifications can easily be perforritd.
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Figure 2. Fluorinated amphiphilic carriers and antioxidants grafted. DCC/HOBt, CHCly; (d) TFA/ CH.Cl, 3:7 (viv); (€) lactobionic acid, TEA,
methoxyethanol; (f) AgO/pyridine 1:1 (v/v); (gN-tert-butylhydroxylamine,

compound PBN and possibly because they are able to penetratgthanol; (h) HOSu, DCC, Ci€l; (i) H», 7 bar, Pd/C, ethanol/AcOH 99:1

cell compartments including mitochondria, thereby providing /¥): () 3, TEA, CHCz; (k) MeONa, methanol.

on-site protection against ROS.

As a continuation of our efforts focused on the synthesis o
potent mitochondria targeted antioxidants with enhanced bio-
availability, we have designed and developed a new series of
fluorinated amphiphilic carriers (Figure 2). This new fluorinated
amphiphilic carrier exhibits good bioavailability in vivo and does Synthesis.The synthetic pathway of amphiphilic antioxidants
not seem to show any prohibitive toxicity after iv administration is based on three key steps: (i) introduction of a perfluorocarbon
up to 500 mg/kg on micé& The glycosidic hydrophilic head  chain on a suitably protected amino acid; (ii) condensation of
derived from lactobionic acid provides the solubility in water a lactobionamide polar group on the amino acid derivatives;
and biological fluids. On the other hand, the perfluoroalkyl tail (iii) fixation of antioxidant moieties on an amino acid side chain.
provides the hydrophobic character and therefore enables the Perfluorocarbon amino aciti was easily obtained in three
membrane crossing ability without inducing any cell membrane steps from H,1H,2H,2H-perfluoroctyl iodide as starting mate-
destabilizatior?? Lysine and aspartic acid are used as a scaffold rial (Scheme 1). The iodine group was quantitatively converted
upon which hydrophobic and hydrophilic parts are linked into an azido derivative by substitution with a large excess of
respectively by carboxyl and amino groups and upon which PBN sodium azide in DMF. Reduction of the azido group and
moieties are grafted to functional side chain groups through condensation oh*-tert-butyloxycarbonyIN¢-benzyloxycarbo-
amide bonds. To confirm that this targeting strategy is generally nyl-L-lysine in the presence of dicyclohexylcarbodiimide (DCC)/
applicable to a broad spectrum of antioxidant agents, we havehydroxybenzotriazole (HOBY) led td with good yield. After
chosen to graft three other antioxidants with different mecha- N-Boc group removal under acidic conditions, the resulting
nisms of action. Lipoic acid (LA), a “metabolic antioxidant”, lysine amino intermediate was grafted onto a lactobionic acid
is an effective scavenger of numerous ROS and an effective following our well-established procedu€Then acetylation of
protective agent® Indole-3-propionic acid (IPA, OXIGON), an  the hydroxyl groups led to compour] also called carrier 1,
endogenous antioxidant, is a potent hydroxyl radical scavengerwith 40% yield from perfluorooctyl iodide as starting material.
and an effective neuroprotective agent and in contrast to manyBenzyloxycarbonyl group removal was achieved by catalytic
antioxidants does not generate prooxidant intermedidtes. hydrogenolysis, and the resulting amino compound was added
Trolox, a water-soluble vitamin E analogue, is one of the most to N-hydroxysuccimide PBN derivativ@obtained in three steps

¢ powerful antioxidant agents knowh23 and is usually used as
a standard in biological studies on free radical reactions.

Chemistry
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from commercially available 4-carboxybenzaldehyde. Then the
Zemplen de-O-acetylation procedure led, after purification

Ortial et al.

Table 1. Physicochemical Data of Antioxidan#s-7 and 11 and Parent
Compounds

compd cmeé Yemd Acm& log Kw
PBN d d d 1.69
4 0.047 26.2 42.3 5.18
11 0.347 24.1 59.5 5.07
Trolox d d d 1.34
5 0.025 25.5 58.9 d
lipoic acid d d d 1.61
6 d d d 6.19
IPA d d d 1.36
7 0.019 26.3 41.3 5.69

acmc, critical micellar concentration, in mM.y, limit surface tension,
in mN/m. ¢ Occupied area per molecule at cridlot determined.

After acetylation of hydroxyl groups and subsequent purification
by silica gel chromatography, compouBgdalso called carrier

2, was obtained in 22% yield from perfluorooctyl iodide as
starting material. The ester bond of thert-butoxycarbonyl
protective group was cleaved under acidic conditions, and
4-(1,3-dioxacyclopent-2-yl)benzylamitfewas linked to the
carboxylic group in the presence of benzotriazol-1-yloxy-tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP). Then
transacetalization with acetaldehyde afforded benzaldeb§de
The nitrone moiety was obtained by condensifigert-butyl-
hydroxylamine with10 under an inert atmosphere following
our general proceduf@.The kinetics of this coupling reaction
was dramatically increased by using acetic acid as a cosolvent
instead of using pure THF. The Zemplale-O-acetylation
procedure led, after purification through Sephadex LH-20 size
exclusion chromatography, to amphiphilic PBRN.

All amphiphilic compounds were fully characterized 4y,
13C, andF NMR, distortionless enhancement by polarization
transfer (DEPT), and heteronuclear multiple-quantum coherence
(HMQC) NMR sequences. Mass spectrometry (positive fast
atom bombardment (FAB)) allowed for the observation of
characteristic adducts (see Experimental Section). The purity
of samples was checked by C18 reverse phase HPLC and was
higher than 96%.

Physicochemical MeasurementsAll amphiphilic antioxi-
dants obtained were freely soluble in water except for the lipoic
acid derivative, which exhibit very low solubility. To specify
their surfactant properties, critical micellar concentrations were
determined using surface tension measurements. In agreement
with the literature?®2” these perfluorinated surfactants exhibit
very low critical micellar concentration (cmc) and very low
surface tension at the cmgg,g. By comparing the cmc values
of the two PBN derivatived and11, we showed that the nature

through Sephadex LH-20 size exclusion chromatography, to of these amino acid derivatives can modulate the physicochem-

amphiphilic PBN4.

ical properties. The lysine derivative with its four-methylene

The same procedure was followed for the synthesis of the side chain led to a lower cmc than the aspartic acid derivative.

amphiphilic lysine antioxidant derivatives—7 (Scheme 2).
Lipoic acid and indole-3-propionic acid were converted to
N-hydrosuccinimide derivatives according to a general proce-
dure®® and were grafted onto an amino deprotected carrier 1.
Trolox was grafted on carrier 1 by direct condensation in the
presence of DCC/HOBt. Removal of acetyl groups from the
sugar moiety followed by suitable purification led to amphiphilic
compounds5—7 in quantitative yields.

Aspartic acid derivativell was prepared by a connected
synthetic pathway (Scheme 3)HM1H,2H,2H-Perfluorocty-
lamine was condensed ad*-(9-fluorenylmethyloxycarbonyl-
L-aspartic acigb-tert-butyl ester in the presence of DCC/HOBt
to lead to compoun@ with 70% yield. TheN-Fmoc protective
group of compoun® was removed under basic conditions, and
the resulting amino compound was linked to lactobionic acid.

The nature of these antioxidants grafted on carriers was also of
importance in determining their properties as surfactants.

The relative lipophilicities (lod'w) of all these compounds
were measured by a chromatographic technique we used in
previous work!> All parent antioxidants and PBN were also
included for the sake of comparison. The values obtained were
in good agreement with data resulting from superficial tension
measurements. The nature of these antioxidants has a significant
influence on the physicochemical properties of amphiphilic
compounds. For instance, the cmc and the lipophilicity of lysine
derivatives were enhanced with increasing lipophilicity of the
antioxidant agent (Table 1).

The radical scavenging ability was investigated by means of
a scavenger competition assay based on the formation of the
intensely green 2;2azinobis(3-ethylbenzthiazoline-6-sulfonic
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Table 2. Radical Scavenging and Reduction by the Antioxidant Agents
As Determined by the ABTS Competition and Reduction A3say

compd quenched ABTS reduced ABTS"
(1 umol/mL) (nmol/30 min) (nmol/30 min)
PBN 18.2+ 0.9 7.8+ 0.3
4 83.4+0.8 9.9+ 0.5
11 85.4+1.0 19.3+£ 0.7
Trolox 873t 11 93.4£ 0.8
5 85.9+1.2 86.1+ 1.2
lipoic acid —-18.6+0.9 44,1+ 1.2
6 10.8+ 0.7 879+ 1.2
IPA 95.7+ 0.7 96.5+ 0.4
7 94.84+ 0.9 92.7£15

aInhibition of hydroxyl radical initiated ABTS cation radical formation
(quenched ABTS cation radicals in nmol over 30 min) and reduction of
this organic radical (reduced ABTS cation radicals in nmol over 30 min)
by different antioxidant agents. The findings are presented as the #tnean
SEM (N = 10). All results are statistically significantly different from control
(vehicle) atp < 0.01 (ANOVA followed by Bonferront-test). Lipoic acid
is prooxidant {-18.6) in the ABTS competition assay as determined by
enhanced ABTS cation radical formation.

acid) (ABTS) cation radical initiated by a Fenton reactn.

Radical scavengers suppressed the burstlike formation of ABTS
cation radicals, which reached a stable plateau after 3 min of
incubation. Measurements were made at 420 nm and monitored®
for 30 min in the absence and presence of 1 mM scavenging

competitor dissolved in DMSO. Because of their very low cmc
values, all the amphiphilic derivatives were dissolved in DMSO
to prevent the formation of micellar aggregation at 1 mM. When
their uniform distribution in the incubation medium was ensured,

the use of DMSO allowed for a comparison of the scavenging

potency of compounds with a different degree of hydro-, amphi-,
and lipophilicity. Radical scavenging was indirectly determined
by competition of the antioxidants with ABTS. Previous

studied®2°have demonstrated that hydrophilic compounds have

an advantage over lipophiphilic ones in protecting the highly
polar ABTS molecule against oxidation by free radicals formed

in the Fenton reaction in pure agueous systems, if DMSO is

not used as a solvent and intermediate.

Radical scavenging activity by parent antioxidants and by
amphiphilic derivatives}—7 and 11 was easily demonstrable
by the ABTS competition assay and resulted in significant
suppression of ABTS cation radical formation. All compounds
showed considerable effects on ABTS oxidation (Table 2). As
previously showA?2|PA acted as a very potent hydroxyl radical
scavenger and inhibited almost completely the formation of
ABTS cation radicals. Trolox exhibited high scavenging activity
but was less potent than IPA. In contrast, PBN was a hydroxyl

radical scavenger of low potency and reduced only slightly the

formation of ABTS'. Lipoic acid even enhanced ABTS

Journal of Medicinal Chemistry, 2006, Vol. 49, N@&15

intermediates formed upon oxidation of the scavengers, and
oxygen and iron present in the incubation medium. Thus, oxygen
consumption or iron chelation could contribute to a reduced
ABTS cation radical formation and lead to artifactual results

under the experimental conditions employed. Nonspecific and
unselective reactions of the carrier structures with reactants
present in the medium or formed during incubation are possible
and are now investigated in detail.

Direct reduction of the organic ABTS cation radicals by the
antioxidants was negligible under the current assay conditions.
If iron or hydrogen peroxide were omitted from the incubation
medium, no significant ABTS cation radical formation can be
seen using the present incubation protocol, indicating that a
Fenton reaction specifically initiated the oxidation of the
chromogen. The burstlike formation of the ABTS cation radicals
and the immediate inhibition of this ABTS oxidation by all
compounds except lipoic acid also indicate that competition is
the main principle of action exerted by the radical scavengers
tested in this assay.

We also investigated the ability of antioxidants and am-
phiphilic derivatives to act as electron donors in an ABTS
reduction assay as previously descriBédPA and Trolox
roved to be much better reductants than lipoic acid. As in the
competition assay, PBN was the least efficient compound and
led to a very poor reduction of the ABTScation radical.
Amphiphilic antioxidant derivative5—7 showed high antioxi-
dant activity, as demonstrated by their extensive reduction of
cation radical. However, for PBN derivative$ and 11,
significant differences were observed between the inhibition and
the reduction of ABTS", showing that there were potent
hydroxyl scavengers but limited reductants and electron donors
in the ABTS assay.

With the exception of IPA and Trolox, all amphiphilic
derivatives were more potent radical scavengers and reducers
than their parent compounds, as judged by the ABTS competi-
tion and reduction assays. The 4-fold increase in reactivity of
the amphiphilic derivatived and 11 toward reactive radicals
compared to PBN and the change from pro- to antioxidant
activity after derivatization of lipoic acid as also demonstrated
in the ABTS competition assay may be due to direct scavenging
by the carriers, unspecific effects of these groups, or their
modulation of certain physicochemical properties of the active
moieties. Since IPA and Trolox react at a diffusion-controlled
rate with the hydroxyl radical and the highly reactive ABTS
cation radical?ab28jt is not surprising that derivatization of
the compounds using carriers cannot enhance their scavenging
and electron-donating activity.

We are currently investigating the effects of the carriers and

oxidation in this competition assay, indicating significant their possible interactions with the different active moieties in

prooxidant activity. Such prooxidant activity in the presence of 9reat detail. In biological compartments, highly reactive radicals
redox active iron has been previously demonstrated to be ac@n only be detoxified by scavengers that can provide on-site
potentially dangerous property of many other antioxidant agents protect!on, since the;e short-lived |nt¢rmed|ates would otherwise
of similar reactivity!®® Grafting the antioxidants on an am- immediately react Wl_th other organic compounds_ to pro_duce
phiphilic perfluorinated amino acid derivative fully preserves Secondary radicaf$.Since secondary and even tertiary radicals
the radical scavenging activity of the Trolox and the IPA Can mediate oxidative stress, damage, and dé#tl, superiority
analogue. The prooxidant activity of the parent compound lipoic ©f the amphiphilic derivatives compared to their parent com-
acid is turned into a slight antioxidant effect by derivatization. PouUnds in mediating antioxidant protection is very likely caused
Surprisingly, the amphiphilic PBN derivativélsand 11 acted by th_e[r enhanced bloavallqblllty and not .b.y their enhanc.ed
as very effective radical scavengers and reduced the formationf@activity as demonstrated in the competition and reduction
of ABTS** with a potency increased by more than 4-fold when 2aSSays.
compared to their parent compound PBN.

In the presence of excess DMSO, the chemistry of the ABTS
competition assay is highly complex and possible reactions may Primary Cortical Mixed Cell Cultures. To determine the
involve secondary methyl and peroxyl radicals, other reactive antioxidant properties of our amphiphilic derivatives, we

Biological Results
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Table 3. Inhibition of Hydrogen Peroxide, Peroxynitrite, and Table 4. Hydrogen Peroxide and Doxorubicin Toxicity and Antioxidant
Doxorubicin Induced Cell Death in Mixed Cortical Cultutes Protection: Percentage of Viable Rotifers after Treatment with
o Antioxidant Agent8
% inhibition
compd hydrogen peroxide  peroxynitrite doxorubicin % viable rotifers
(10 uM) (200uM) (200uM) (200uM) compd hydrogen peroxide doxorubicin
PBN 25.0+ 0.9 206+ 0.7 24.2+ 0.8 (104M) (200u4M) (200uM)
4 526+ 1.2 422+ 1.2 64.5+ 0.7 control 119+ 04 15.0+ 0.6
11 54.6+ 1.3 53.7+ 15 732+ 1.0 PBN 25.6+ 0.8 18.7+ 0.5
Trolox 22.2+0.7 16.8+ 0.6 15.5+ 0.5 4 66.0+ 1.0 69.0£ 1.0
5 25.7+0.7 25.9+0.8 23.8+£0.8 11 76.6+ 1.1 80.7£ 0.9
lipoic acid 15.1+ 0.5 13.1+ 0.5 148+ 0.4 Trolox 13.0+0.5° 13.1+ 0.5
6 28.6+ 0.7 23.4+ 0.7 32.4+0.8 5 18.0£ 0.6 26.8£ 0.
IPA 87.7+1.1 83.8+£ 15 76.1£ 0.9 lipoic acid 14.1+ 0.5 13.3+ 0.5
7 47.6+ 1.2 439+ 14 61.6+ 0.8 6 23.2+0.6 24.1+0.8
- - - . IPA 679+ 1.0 53.8£ 0.7
a Cultures were treated for 24 h with oxidotoxin at 20@. Antioxidants 7 603+ 1.1 411+ 1.2

were added at 10M to evaluate their putative cytoprotective effects. Shown
is the percentage inhibition of trypan blue absorbance indicating enhanced 2 Rotifers were treated for 24 h with oxidotoxin at 2001. Antioxidants

survival of the cells. The findings are presented as the re&EM (N = were added at 1M to evaluate their putative protective effects in vivo.
10). All results were statistically significantly different from control (vehicle) ~ Shown is the percentage of viable organisms after exposure of the aquatic
atp < 0.01 (ANOVA followed by Bonferront-test). animals to the oxidotoxins hydrogen peroxide and doxorubicin. The findings

) ) ) ) are presented as the meanSEM (N = 10). Results were statistically
examined the prevention of cell death in three paradigms of significantly different from control (vehicle) @ < 0.01 (ANOVA followed

lethal oxidative stress in primary cortical mixed cell cultures. by Bonferronit-test) unless otherwise indicatétStatistically nonsignificant
There was no survival of neuronal cells in vehicle treated Versus h‘y(‘jrog‘en per(_mde with vehicfeStatistically nonsignificant versus

. doxorubicin with vehicle.
cultures after exposure to the lethal concentrations of hydrogen
peroxide, peroxynitrite, and doxorubicin. Almost all cells were themselves exhibited any toxicity, with the indole and nitrone
stained with trypan blue after exposure to these oxidotoxins, agents even showing some neurotrophic activity. The findings
indicating that the oxidative stress was very severe. Under suchpresented herein confirm the extremely high efficacy of the
conditions only very potent protective agents are able to rescueamphiphilic antioxidants in enhancing cellular survival and the
the cells and prevent their degeneration and death. Althoughsuperiority of these new derivatives compared to their parent
all compounds exhibited significant neuroprotective activity compounds.
against the toxicity of hydrogen peroxide, peroxynitrite, and Rotifer Cultures. The in vitro experiments on the neuronal
doxorubicin, all other amphiphilic antioxidants, with exception cells were repeated in in vivo experiments using a well-
of the IPA derivative, were significantly more effective than established animal model for the large-scale analysis of the
their corresponding parent compounds (Table 3) in enhancing protective effects of antioxidant drugs on whole organisms of
neuronal survival. The fact that derivatization of IPA reduced a defined and uniform agé€.Again, all amphiphilic derivatives
its protective potency was surprising, since this single exception showed protective effects, increasing rotifer survival in both
contrasted with the observation that all other amphiphilic experimental models of lethal oxidative stress: the nonselective
antioxidants were superior compared to their parent compounds.toxin hydrogen peroxide and the mitochondria-selective toxin
Interestingly, the amphiphilic nitrone derivatives were more than doxorubicin (Table 4). The most pronounced effects were
twice as potent as their parent compound PBN in protecting observed with the nitrone derivatives and the amphiphilic indole
the neuronal cells against the toxicity of hydrogen peroxide, compound. Since IPA itself is a very potent protective com-
peroxynitrite, and doxorubicin. All amphiphilic antioxidants pound in vivo, it is very important to note that the amphiphilic
demonstrated highly significant protective effects against the derivatives almost matched its efficacy. The degree of protection
mitochondria-selective oxidotoxin doxorubicin. These findings against the lethal toxicity of hydrogen peroxide and doxorubicin
are very promising and may be of great importance indicating by both indole compounds is indeed very remarkable. In this
a potential advantage and superiority of such novel compoundscontext, it is important to note that the amphiphilic nitrodes
in neuroprotectiof®5because mitochondria are considered to and 11 protected more efficiently against the mitochondrial
be the primary target and origin of free radical mediated oxidotoxin doxorubicin than IPA and its derivative
oxidative stresg? Since the lethal toxicity of all oxidotoxins at The high concentrations of hydrogen peroxide and doxoru-
the very high concentrations used resulted in a complete lossbicin killed almost all test animals treated with vehicle, and so
of viable cells in nonprotected cultures, even the least potenteven a survival rate of 20% or less may reflect a significant
compounds have a significant neuroprotective activity. A similar protective effect. Thus, even PBN itself exhibited some anti-
degree of neuroprotection against the lethal toxicity of such oxidant activity in these animal models of severe oxidative
oxidotoxins has been only demonstrated after pretreatment withstress. It is important to note that the amphiphilic nitrone
certain indole and nitrone antioxidaif8:3° When lower derivatives were 34 times more active in promoting survival
concentrations of the toxins were used, even conventionalthan the parent compound. The best outcome with almost
antioxidant agents such as Trolox can exert profound neuro- complete protection was achieved after treatment with doxo-
protective activity. These observations are in good agreementrubicin, clearly demonstrating the superiority of the new
with previous findings of other&. We used the unusually high  amphiphilic derivatives. Moreover, amphiphilic PBMN was
concentrations of the toxins to demonstrate the differences in slightly more potent than the IPA derivativen protecting the
potency of protection. The extremely high potency of the organisms against the toxicity of hydrogen peroxide and
compounds is also demonstrated by the fact that all agentsdoxorubicin, whereas amphiphilic PBM1 was much more
exhibited significant neuroprotection at only &M, antagoniz- effective when compared to the indole compound. The extremely
ing cell death induced by oxidative stress at a 20-fold lower high potency of these amphiphilic PBN derivatives in vivo
concentration than that used for employing the toxins. At the confirms previous findings using such agents in vitro and in
low micromolar concentration used, none of the compounds vivo.1*15300ur observations indicate that enhanced bioavail-
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ability is a key feature in determining the antioxidant activity rooctyl iodide (13 g, 2.% 1072 mol) in DMF. After 72 h of being

in cells and organisms. All compounds were well tolerated when stirred at room temperature, the mixture was poured into cold water
used at the low concentration of only M. At a 10-fold higher ~ and extracted with BO (3x). The organic layer was washed with
concentration for all compounds tested in this study, only Trolox Drine (2x), dried over NaSQ,, filtered, and concentrated in vacuo.
and lipoid acid showed some minor toxicity at longer incubation 'Ne resulting yellow oil was dissolved in£& with 0.31 g of 10%
periods but not if the animals were exposed for only 24 h to Pd/C and submitted to a hydrogen atmosphere for 12 h (7 bar).

both antioxidants as in these experiments. These findings Filtration of the catalyst through a pad of Celite _and evaporation
S - o ) ) of the solvent gaveH,1H,2H,2H-perfluorooctylamine (8.1 g, 2.2
indicate that amphiphilic antioxidants have a great potential as . 142 mol, 80% yield). A mixture of amine (8.1 g, 2.2 102
protective agents in preventing death of organisms exposed toyq) BocLys(z)OH (8.8 g, 2.3< 102 mol), DCC (5.4 g, 2.6x
enhanced oxidative stress and damage. The development of sucho-2 mol), and HOBt in dry CHCI, was stirred for 24 h at room

agents may lead to more effective treatments of diseasestemperature and then concentrated in vacuo. Purification by flash

associated with free radical mediated pathologies. chromatography, eluting with EtOAc/cyclohexane (5/5 v/v) fol-
. lowed by crystallization from EtOAcotheptane, gave compouiid
Conclusion (12.27 g, 1.7x 1072 mol, 77% yield).R; = 0.36 in EtOAc. Mp 89

°C (dec). [l]Dzo —9.4 (cl, CH.Cl). 1H NMR (CDCls, 250 MHz)

We synthesized new glycolipidic amphiphilic antioxidant
- . S . 7.36 (5H, s), 6.80 (1H, m), 5.27 (1H, d), 5.11 (2H, s), 4.97 (1H,
derivatives possessing a lactobionic polar head, a perfluorlnatedg’ 4.06 (1H, m), 3.59 (2H, §J = 6.5 Hz), 3.20 (2H, qJ = 6.5

hyd_rophobic tqil, and an amino agid as sqaffold upon which Hz), 2.35 (2H, m), 1.891.29 (6H, m), 1.44 (9H, s)'F NMR
antioxidants (I.e., PBN, TrOlOX, |Ip0|C aCId, and indole-3- (CDC|3, 235 MHZ)(S —-80.7 (3F, CE‘): —114.0 (2F, CE’); —121.8,
propionic acid) were grafted. Our results confirm and extend —122 .8 —123.5 (6F, 3CR), —126.1 (2F, CE). 13C NMR (CDCk,
previous findings demonstrating that the amphiphilic character 62.86 MHz)6 172.5, 156.7 (CO), 136.5 (C), 128.5, 128.1 (CH),
of antioxidant drugs is a very important parameter determining 80.3 (C), 66.7 (Ch), 54.3 (CH), 31.8, 31.4, 30.6, 29.5 (G}i28.2
the biological efficacy of these compounds. The best results (CHs), 22.4 (CH).

were obtained with the nitrone derivatives, but our findings  N-(2,3,4,6,23,4',6-O-Acetyllactobionyl)-N<-(benzyloxycarbo-
indicate that the protective activity of other antioxidants can nyl)-L-lysinyl-1H,1H,2H,2H-perfluorooctylamide (2). At 0 °C,
also be greatly improved. The most pronounced improvementscompoundl (4 g, 5.5x 10-3 mol) was dissolved in a TFA/CH

by derivatization were observed after challenge with lethal Cl2 (3/7 v/v) mixture. After 4 h, the solution was concentrated in

concentrations of the mitochondria-selective oxidotoxin doxo- Vacuo to give the corresponding amino derivative as a yellow oil.
rubicin. A certain amphiphilicity is a necessity to ensure on- Lactobionolactone, prepared according to a published procétiure,

: e : P dded to a solution of amino compound in 2-methoxyethanol
site protection in this intracellular compartment against oxidative was a & . '
stress. The design, synthesis, and development of mitochondria-wIth TEA (pH 8-9). The mixture was stirred at 6% under argon

e S . - for 24 h until complete consumption of the amino derivative. Then
targeted amphiphilic antioxidant agents is very promising and the solvent was evaporated in vacuo and the residue was added to

may I_ead to more safe and _effe_ctive treatments of diseases, go|ution of AeO/pyridine (40 mL, 1/1 v/v) at OC. After 12 h,
associated with enhanced oxidative stress and damage. Amthe mixture was poured into @ll N HCI and extracted three times
phiphilic antioxidants have a great potential in preventing death with CH,Cl,. The organic layer was washed with brine, dried over
of cells and organisms exposed to increased levels of ROS byNaSQ,, and concentrated in vacuo. Purification by flash chroma-
targeting the mitochondria, which are their primary source.  tography, eluting with EtOAc/cyclohexane (4/6 v/v), gave com-
pound2 (4.65 g, 3.57x 10-3 mol, 65% yield) as a white foank

Experimental Section = 0.25 in EtOAc/cyclohexane (6/4 viv). Mp 5& (dec). )Pz
+2.7 (c1, CH,Cly). 'H NMR (CDCl;, 250 MHz) 6 7.36 (5H, s),
6.66 (1H, m), 6.58 (1H, m), 5.51 (1H, m), 5.39 (1H, m), 5.33 (1H,
m), 5.115.03 (5H, m), 4.60 (1H, d), 4.58 (1H, m), 4.23.90
(6H, m), 3.57 (2H, q), 3.18 (2H, m), 2.35 (2H, m), 2:07.40 (6H,

), 2.24-2.04 (24H, m).2% NMR (CDCk, 235 MHz) 6 —80.7
3F, CR), —114.1 (2F, Cp), —121.8,—122.8,—123.5 (6F, 3CP),
—126.1 (2F, CR). 13C NMR (CDCk, 62.86 MHz)6 171.1, 170.6,
170.1, 169.8, 169.3, 168.0, 156.7 (CO), 136.7 (C), 128.5, 128.1,
128.0, 101.6, 77.9, 72.6, 71.2, 70.9, 69.9, 69.4, 68.9, 66.9 (CH),
66.6, 61.6, 61.0 (ChJ, 52.7 (CH), 40.3, 32.0, 30.9, 30.5, 29.1, 22.2

Synthesis.All starting materials were purchased from Sigma-
Aldrich except for the amino acids, which were purchased from
Iris Biotech, and H,1H,2H,2H-pefluorooctyliodide, which were
from EIf Atochem. All solvents were distilled and dried according
to standard procedures. TLC analyses were performed on sheet
precoated with silica gel 60F254 (Merck). Compound detection was
achieved by exposure to UV light (254 nm), by spraying a 5%
sulfuric acid solution in methanol or 5% ninhydrin solution in
ethanol and then heating at 180. Flash chromatography experi-
ments were carried out on Merck silica gel Geduran Si 60 (0-063
0.200 mm), and size exclusion chromatography experiments were(CH2), ZO'E(CHQ' MS (FAB+, m/z) 1302 [(M+ H)*, 5%)], 1324
carried out on Sephadex LH 20 (Amersham Biosciences). Optical [(M + Na)", 14%].
rotations were determined with a Perkin-Elmer MC241 polarimeter. ~ N-tert-Butyl-o-4-(2,5-dioxopyrrolidin-1-ylphenylester)]nitro-
Mass spectra were recorded on a DX 300 JEOL apparatus forne (3).A solution of 4-formylbenzoic acid (0.41 g, 4.02 10°2
FAB+ experiments and on a Triple quadripolar spectrometer API mol) andN-tert-butylhydroxylamine (0.6 g, 4.02 10~° mol) was
1l Plus Sciex for ES# experiments. Melting points were measured stirred at 65°C in ethanol under argon and in the dark for 48 h.
on an Electrothermal IA9100 apparatus and have not been correctedEvery 12 h, 0.1 equiv of hydroxylamine was added to complete
HPLC analyses were performed on a Varian Microsorb C18 column the reaction. The mixture was concentrated in vacuo, purified by
(5 um, 4.6 mmx 250 mm i.d.). UV spectra were recorded on a flash chromatography eluting with EtOAc/cyclohexane (8/2 v/v),
Shimadzu A160 apparatus. THe, 13C, and'%F NMR spectra were and crystallized from MeOH/ED to afford N-tert-butyl-a-(4-
recorded on a Biker AC-250 spectrometer. Chemical shifts are carboxyphenyl)nitrone (0.38 g, 1.72 102 mol, 43% yield) as a
given in ppm relative to tetramethylsilane using the deuterium signal white powder. The nitrone was added to a solution of NHS (0.237

of the solvent (CDG) as a heteronuclear reference forand3C. g, 2.06 x 1072 mol) and DCC (0.425 g, 2.0& 102 mol) in dry

For the %F NMR spectra, the internal reference is CEQAb- THF. After 12 h, the solvent was removed in vacuo and the mixture

breviations used for signal patterns are as follows: s, singlet; d, was purified by flash chromatography, eluting with EtOAc/

doublet; t, triplet; g, quadruplet; m, multiplet. cyclohexane (5/5 v/v) to giv8 (0.40 g, 1.26x 103 mol, 93%
N-(tert-Butyloxycarbonyl)-N¢-(benzyloxycarbonyl)4 -lysinyl- yield) as a white powder = 0.72 in EtOAc/MeOH (9/1 v/iv).

1H,1H,2H,2H-perfluorooctylamide (1). Sodium azide (10.4 g, 16  Mp 177°C (dec).!H NMR (CDCls, 250 MHz)¢6 8.41 (2H, d,J =
x 1072 mol) was added to a solution ofHl1H,2H,2H-perfluo- 8.5 Hz), 8.17 (2H, dJ = 8.5 Hz), 7.68 (1H, s), 2.93 (4H, s), 1.63
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(9H, s).23C NMR (CDCE, 62.86 MHz)6 169.3, 161.3 (CO), 136.8,
130.7, 128.5 (CH), 128.3, 125.4, 72.1 (C), 28.4 ¢;25.7, 25.0
(CHy).

N-Lactobionyl-N¢-(N-tert-butyl- o.-carboxyphenylnitrone)-L -
lysinyl-1H,1H,2H,2H-perfluorooctylamide (4). At 0 °C, com-
pound2 (1.24 g, 9.51x 10~* mol) was dissolved in ethanol/acetic
acid (99/1 v/v) and 0.060 g of 10% Pd/C was slowly added. The
reaction mixture was submitted to a hydrogen atmosphere for 12 h
(7 bar). After filtration of the catalyst through a pad of Celite and
evaporation of the solvent in vacuo, the resulting amino compound
was added to a solution & (0.030 g, 9.4x 104 mol) in dry
CH,CI, with TEA (pH 8—9) at room temperature under argon. After

Ortial et al.

g, 5.07x 1074 mol) prepared following the same procedure as for
compound3. The crude mixture was purified by flash chromatog-
raphy eluting with EtOAc/cyclohexane (4/6 vi/v) and by size
exclusion chromatography eluting with GEl,/MeOH (1/1 viv)

to give the acetylated derivativga (0.437 g, 3.22x 10~ mol,
70% yield) as a slightly yellow foam. After deacetylation, acid resin
(IRC 50) was added to neutralize the solution followed by filtration.
Purification by size exclusion chromatography eluting with MeOH
and precipitation in BO afforded6 (0.262 g, 2.57x 10~* mol,
80%) as a slightly yellow powdeR: = 0.61 EtOAc/MeOH/HO
(71211 viv). Mp 106°C (dec). p]Pz +14.2 (c |, DMSO). UV
Amax 330 nm.*H NMR (CD3OD, 250 MHz)6 8.01 (1H, m), 4.52

24 h, the solvent was removed in vacuo and the crude mixture was(1H, d, J = 7.5 Hz), 4.49-4.20 (3H, m), 3.98:3.49 (13H, m),

purified by flash chromatography eluting with EtOAc/cyclohexane
(4/6 viv) and by size exclusion chromatography eluting with,CH
Cl,/MeOH (1/1 viv) to give the acetylated derivati¢e (0.800 g,
5.84 x 1074 mol, 69% yield) as a white foam. A catalytic amount
of sodium methoxide was added under argon to a solution of
compounda in MeOH. The mixture was stirred for 4 h, and 1 N
HCl was added dropwise to neutralize the solution. Purification by
size exclusion chromatography eluting with MeOH and precipitation
in Et,O afforded4 (0.544 g, 5.25x 104 mol, 90% vyield) as a
white powder.Ry = 0.49 in EtOAc/MeOH/HO (7/2/1 viv). Mp
124 °C (dec). p]Pz +8.4° (c I, DMSO). UV Amax 300 nm.*H
NMR (CD;OD, 250 MHz)6 8.40 (2H, d,J = 8.6 Hz), 7.98 (1H,
s), 7.88 (2H, dJ = 8.6 Hz), 4.48 (1H, dJ = 7.3 Hz), 4.39 (2H,
m), 4.20 (1H, m), 3.943.69 (7H, m), 3.57#3.39 (7H, m), 2.41
(2H, m), 2.16-1.67 (4H, m), 1.61 (9H, s), 1.47 (2H, nifF NMR
(CDs0OD, 235 MHz)d —80.2 (3F, Ck), —113.4 (2F, Cp), —121.7,
—122.6,—123.2 (6F, 3Cp), —125.7 (2F, Ch). 13C NMR (CDs-
OD, 62.86 MHz)¢ 174.1, 172.8, 167.9 (CO), 135.9, 133.3 (C),
132.3,129.2,126.9, 104.4, 81.9, 75.9, 73.4, 72.8, 71.8 (CH), 71.4
(C), 71.3,68.9 (CH), 62.4, 61.2 (GH53.0 (CH), 39.3, 31.4, 31.1,
29.9, 28.6 (CH), 27.0 (CH), 22.9 (CH). MS (ESH, nVz) 1305
[(M + H)*], 1052 [(M + NH,)*], 1057 [(M + Na)'], 1073 [(M +
K)+] Anal. (Q:,8H51F13N4014'1H20) C, H, N.
N-Lactobionyl-N¢-(6-hydroxy-2,5,7,8-tetramethylchroman-2-
oyl)-L-lysinyl-1H,1H,2H,2H-perfluorooctylamide (5). The syn-
thetic procedure was essentially the same as for compdund
Compound2 was submitted to hydrogenolysis, and the resulting
amino compound was added to Trolox (0.127 g, 500 * mol),
DCC (0.114 g, 5.53«< 104 mol), and a catalytic amount of HOBt
in CH,Cl, with DIEA (pH 8—9) at room temperature. After 24 h,
the solvent was removed in vacuo and the mixture was purified by
flash chromatography eluting with EtOAc/cyclohexane (4/6 viv)
and by size exclusion chromatography eluting with,CH/MeOH
(1/1 viv) to give the acetylated derivatiéa (0.260 g, 1.86x 1074
mol, 40%) as a white foam. After deacetylation, acid resin (IRC
50) was added to neutralize the solution followed by filtration.
Purification by size exclusion chromatography eluting with MeOH
and precipitation in BO afforded5 (0.162 g, 1.53x 1074 mol,
82%) as a white powdeR; = 0.61 EtOAc/MeOH/HO (7/2/1 viv).
Mp 95 °C (dec). p]P2 +11.6° (c |, DMSO). UV Amax 289 nm.
1H (CD30D, 250 MHz)o 7.24 (1H, m), 4.52 (1H, d) = 7,5 Hz),
4.50-4.20 (3H, m), 3.973.52 (12H, m), 3.05 (2H, m), 2.39 (5H,
m), 2.18 (6H, s), 2.09 (3H, s, GY 1.75 (1H, m), 1.51 (3H, s),
1.90-1.17 (6H, m).1%F NMR (CD;OD, 235 MHz)6 —80.1 (3F,
CFs), —113.4 (2F, Cp), —121.7,—122.6, —123.2 (6F, 3Cp),
—125.7 (2F, CE). 13C NMR (DMSO+ds) ¢ 173.6, 172.8, 172.0
(CO), 146.3, 144.4, 123.2, 121.6, 120.8, 117.5 (C), 105.3 (CH),
83.9 (C), 83.8, 77.6, 76.2, 73.7, 72.6, 71.8, 71.6, 68.6 (CH), 62.7,
61.0 (CH), 52.6 (CH), 38.7, 31.1, 30.7, 29.9, 29.3, 29.0 ¢&tH
24.4 (CHy), 22.8, 20.5 (Ch), 13.2, 12.5, 12.2 (C§). MS (ESH-,
m/z) 1065 [(M + H)*], 1082 [(M + NH,)*], 1087 [(M + Na)'],
1103 [(M + K)+] Anal. (C40H54F13N30]_5'1H20) C, H, N.
N-Lactobionyl-N¢-(5-[1,2]-dithiolan-3-ylpentanoyl)- -lysinyl-
1H,1H,2H,2H-perfluorooctylamide (6). The synthetic procedure
was essentially the same as for compodndCompound2 was
submitted to hydrogenolysis, and the resulting amino compound
was added tdN-hydroxysuccinimide activated lipoic acid (0.154

3.18 (4H, m), 2.56 (4H, m), 2.21 (2H, t), 1.95 (2H, m), 1-9044
(10H, m).*F NMR (DMSO-ds, 235 MHz) 6 —80,1 (3F, Chk),
—113.1 (2F, Ck), —121.5,—122.4,-123.0 (6F, 3CR), —125.5
(2F,CR). °C NMR (CD;0D, 62.86 MHz)0 174.6, 174.2, 172.8,
(CO), 104.4, 81.8, 75.9, 73.4, 72.8, 71.8, 71.7, 71.4, 68.9 (CH),
62.3, 61.3 (CH), 56.2, 53.0 (CH), 39.9, 38.7, 38.0, 35.5, 34.4, 31.4,
31.0, 29.8, 28.6, 28.5, 25.4, 22.9 (HVS (ESH-, m/z) 1020 [(M
+ H)*], 1037 [(M + NH,)*], 1042 [(M + Na)'], 1058 [(M +
K)+] Anal. (C34H50F13N301352'1H20) C, H, N.
N-Lactobionyl-N¢-[3-(1H-indol-3-yl)propionyl)]- L-lysinyl-
1H,1H,2H,2H-perfluorooctylamide (7). The synthetic procedure
was essentially the same as for compodndCompound2 was
submitted to hydrogenolysis, and the resulting amino compound
was added tdN-hydroxysuccinimide activated indole-3-propionic
acid (0.171 g, 6< 10~* mol) prepared following the same procedure
as for compound3. The crude mixture was purified by flash
chromatography eluting with EtOAc/cyclohexane (4/6 v/v) and by
size exclusion chromatography eluting with £CH/MeOH (1/1 viv)
to give the acetylated derivativéa (0.567 g, 4.23x 10~ mol,
78% vyield) as a white foam. After deacetylation, acid resin (IRC
50) was added to neutralize the solution followed by filtration.
Purification by size exclusion chromatography eluting with MeOH
and precipitation in O afforded7 (0.348 g, 3.47x 1074 mol,
82% yield) as a white powdeR; = 0.51 EtOAc/MeOH/HO (7/
2/1 viv). Mp 137°C (dec). p]P +11.8 (c I, DMSO). UV Amax
281 nm.*"H NMR (CDs0OD, 250 MHz)¢6 7.57 (1H, d,J = 7.75
Hz), 7.34 (1H, dJ = 7.75 Hz), 7.04 (3H, m), 4.52 (1H,d,= 7.5
Hz), 4.49-4.20 (3H, m), 3.983.49 (12H, m), 3.13 (4H, m), 2.56
(2H, t,J = 7.25 Hz), 2.45 (2H, m), 1.961.20 (6H, m).1°F NMR
(DMSO-ds, 235 MHz) 0 —80.1 (3F, Ck), —113.1 (2F, Ch),
—121.7,—122.6,—123.2 (6F, 3CE), —125.7 (2F, CR). °C NMR
(CDsOD, 62.86 MHz)o 173.0, 172.6, 171.4 (CO) 135.2, 125.6
(C), 120.2, 119.4, 116.6, 116.4 (CH), 112.0 (C), 109.3, 102.9, 80.4,
74.3,71.9,71.2,70.2,69.8,67.4 (CH), 60.8, 59.7 {CHlL.5 (CH),
37.1, 35.5, 29.9, 29.4, 28.3, 26.9, 21.2, 19.8 {CHAS (ESH,
m/z) 1004 [(M + H)*], 1021 [(M + NHg)*], 1025 [(M + Na)'],
1042 [(M + K)*]. Anal. (Ca7H47F13N4013-1H,0) H, N. C: calcd,
43.53; found, 41.86.
N-(9-Fluorenylmethyloxycarbonyl)-f-(tert-butyloxycarbonyl)-
L-aspartyl-1H,1H,2H,2H-perfluorooctylamide (8). The synthetic
procedure was essentially the same as for compauAdmixture
of 1H,1H,2H,2H-perfluorooctylamine (2 g, 5.5< 10-3 mol),
FmocAsp(@Bu)OH (2.4 g, 5.78x 102 mol), DCC (1.36 g, 6.60
x 1073 mol), and HOBt in dry CHCI, was stirred for 24 h at room
temperature and then concentrated in vacuo. Purification by flash
chromatography, eluting with EtOAc/cyclohexane (1/9 vl/v) fol-
lowed by crystallization from EtOAcotheptane, gave compouigd
(2.9 g, 3.83x 103 mol, 70% yield) as a white powdeR: = 0.68
EtOAc/cyclohexane (4/6 viv). Mp 123C (dec). P2 +11.4 (c
I, CH.CI;). IH NMR (CDCl3) 6 7.79 (2H, d,J = 7.25 Hz), 7.60
(2H, d,J = 7.25 Hz), 7.46-7.29 (4H, m), 6.82 (1H, m), 5.97 (1H,
d,J=7.75Hz), 4.48 (3H, m), 4.24 (1H, §,= 6.5 Hz), 3.59 (2H,
m), 2.99-2.57 (2H, m), 2.35 (2H, m), 1.47 (9H, s)F NMR
(CDCl;, 235 MHz)0 —80.7 (3F, Ch), —114.1 (2F, Cg), —121.8,
—122.8,—123,6 (6F, 3CE), —126.1 (CE). 13C NMR (CDCh, 62.86
MHz) 6 171.3, 170.8, 156.1 (CO), 143.5, 141.4 (C), 127.8, 127.1,
125.0, 124.9, 120.1 (CH), 82.1 (C), 67.2 (§H51.0, 47.2 (CH),
37.2, 32.1, 30.6 (Ch), 28.0 (CH).
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N-(2,3,4,6,23,4',6'-O-Acetyllactobionyl)-f-(tert-butyloxycar-
bonyl)-L-aspartyl-1H,1H,2H,2H-perfluorooctylamide (9). The
synthetic procedure was essentially the same as for compaund
CompoundB (1 g, 1.32x 1073 mol) was dissolved in a DEA/C#

CN mixture (1/9 v/v) at room temperature. After 1 h, the solvent
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(2F, CR), —122.6,—123.6,—124.3 (6F, 3CR, —127.1 (2F, CR).

13C NMR (CD;0OD) 6 174.0, 171.9, 171.2 (CO), 141.9 (C), 133.5,
129.7(CH), 129.4 (C), 127.0, 104.4 (CH), 81.9 (C), 75.9, 73.4, 72.8,
72.3,72.1, 71.8 (CH), 71.4 (C), 68.9 (CH), 62.3, 61.2 {;49.8
(CH), 42.4, 36.0, 31.5, 29.8 (G 27.0 (CH). MS (ESH, m/2)

was removed in vacuo, the resulting amino derivative was added 1007 [(M + H)™], 1024 [(M + NH,4)*], 1029 [(M + Na)], 1045

to a solution of lactobionlactone (0.571 g, 1.5810°2 mol) in
2-methoxyethanol with TEA, and the mixture was stirred at65
under argon. After acetylation of the crude mixture and convenient
workup, purification by flash chromatography eluting with EtOAc/
cyclohexane (4/6 v/v) gave compou@d0.640 g, 5.3x 1074 mol,
40% vyield) as a white foanR = 0.22 EtOAc/cyclohexane (6/4
v/v). Mp 54°C (dec). ]P0 +48.2° (c |, CH,Cly). *H NMR (CDCls,
250 MHz) 6 7.58 (1H, d,J = 8.5 Hz), 7.00 (1H, tJ = 5.25 Hz),
5.45 (1H, m), 5.41 (2H, m), 5.15 (2H, m), 5.03 (1H, m), 468
4.58 (3H, m), 4.153.92 (5H, m), 3.57 (2H, m), 3.03 (1H, dd=
6.5 Hz, 10.75 Hz), 2.37 (3H, m), 2.22.00 (24H, m), 1.46 (9H,
s). F NMR (CDCk, 235 MHz) 6 —80.7 (3F, CR), —114.1 (2F,
CFR), —121.8,—122.8,—123.5 (6F, 3CR), —126.1 (2F, CR). 1*C
NMR (CDCl;, 62.86 MHz)¢6 172.1, 170.8, 170.5, 170.1, 169.8,
169.5, 169.2, 168.5 (CO), 101.6 (CH), 82.1 (C), 77.9, 72.1, 71.2,
70.9, 70.0, 69.8, 68.9, 66.9 (CH), 61.6, 61.0 (549.0 (CH), 35.5,
32.2,30.2 (CH), 27.9, 20.6 (CH). MS (FAB+, m/2) 1211 [(M +
H)*], 1233 [(M + Na)'].
N-(2,3,4,6,2,3,4',6-O-Acetyllactobionyl)-f-(4-amidomethyl-
benzaldehyde)-aspartyl-1H,1H,2H,2H-perfluorooctylamide (10).
At 0 °C, compound (1.78 g, 1.47x 103 mol) was dissolved in
a TFA/CHCI, (4/6 v/v) mixture. After 2 h, the solution was
concentrated in vacuo. The acid derivative obtained (1.5 g, £.30
1073 mol, 88%) was added to a solution of BOP (0.69 g, 1:56
103 mol) and 4-[1,3]-dioxolan-2-ylbenzylamifg(0.25 g, 1.43x
1072 mol) in THF with TEA. The mixture was stirred for 12 h at
room temperature, and the crude product was purified by column
flash chromatography, eluting with EtOAc/cyclohexane (6/4 viv).
The white foam obtained (1.57 g, 1.3910-3 mol, 92%) was then
dissolved with a catalytic amount of apts in gEHO cooled at 10
°C. After 12 h, the mixture was evaporated in vacuo, washed with
NaHCG; and brine, and dried over N&O,. Concentration in vacuo
gavel0 (1.25 g, 9.83x 1074 mol) as a white foam in 89% yield.
R: = 0.42 EtOAc. Mp 52°C (dec).'H NMR (CDCls, 250 MHz) 6
10.01 (1H, s), 8.05 (1H, d] = 7.25 Hz), 7.86 (2H, dJ = 8.25
Hz), 7.56 (1H, t,J = 7.75 Hz), 7.45 (2H, dJ = 8.25 Hz), 6.73
(1H, t,J = 7.75 Hz), 5.51 (1H, m), 5.44 (1H, m), 5.37 (1H, m),
5.16-5.03 (2H, m), 4.654.51 (5H, m), 4.36-3.92 (6H, m), 3.55
(2H, m), 2.95 (1H, m), 2.42 (3H, m), 2.22.00 (24H, m).1°F
NMR (CDCls, 235 MHz) 6 —80.7 (3F, CFk), —114.1 (2F, CB),
—121.9,—122.9,—123.6 (6F, 3CR), —126.2 (2F, CE). 13C NMR

[(M + K)+] Anal. (C36H47F13N4014’1H20) C, H, N.

Determination of log k', Values. Compounds were dissolved
in MeOH at 1.0 mg/mL, injected onto a Microsorb C18 column
(250 mmx 4.6 mm, 5um), and eluted with various mixtures of
MeOH and water (9:1 to 6:4 (v/v), 3 concentrations/compound).
The flow rate was 0.8 mL/min. The column temperature was 23
°C, and the UV detector wavelength was= 298 nm. The lok
values were calculated by using the equationkog log((t — to)/
to), Wheret is the retention time of the nitrone amgis the elution
time of MeOH, which is not retained on the column. Linear
regression analysis{ > 0.999) was performed on the three data
points for each nitrone, and the resulting line was extrapolated to
100% aqueous to give the légy values listed in Table 1.

Surface Tension MeasurementAll the surfactant solutions
were prepared by using Milli-Q water (resistivity of 18.XMcm;
surface tension of 72.8 mN/m). All measurements were carried out
at 25°C. The surface tensions of surfactant solutions were measured
with a Kriiss K12ST tensiometer controlled by the Ksu_abdesk
software (Kriss, Germany) by the Wilhelmy plate technique. The
critical micellar concentration (cmc) and the surface tensjoRd
were determined from the break point of the surface tension and
logarithm of the concentration curve. The occupied area per
molecule at the cmdme Was determined by the equatidgy,. =
1/(NI'cmg), whereN is the Avogadro number arddis the adsorption
amount of surfactant calculated by the Gibbs adsorption isotherm
equation.

Radical ScavengingRadical scavenging was investigated using
a scavenger competition assay based on the burstlike formation of
the intensely green 2;azinobis(3-ethylbenzthiazoline-6-sulfonic
acid) ABTS cation radical initiated by a Fenton reacti®n.
Measurements were made at 420 nm, and the mixture was
monitored for a period of 30 min in the absence and presence of
scavenging competitor at 1 mM dissolved in DMSO. The reaction
system consisted of 0.9 mL of distilled water, adjusted to pH 5.0,
0.15 mL of ABTS at 1 mM, 0.15 mL of FeSCat 0.5 mM, 0.15
mL of the test compound at 1 mM dissolved in DMSO, and 0.15
mL of H,O, at 10 mM. Controls received the DMSO vehicle only,
with the solvent reaching a final concentration of 10% in the assay.
The reaction was started with the addition af04, and the rapidly
increasing concentration of the ABTS cation radicals was deter-
mined every minute. Radical scavengers suppressed this time-

(CDCls, 62.86 MHz)6 191.7, 171.4, 170.9, 170.7, 170.4, 170.1, dependent ABTS cation radical formation by competition. Scav-
169.9, 169.8, 169.2, 168.6 (CO), 144.6, 135.7 (C), 130.1, 127.9, enging was determined by quenching ABTS cation radical formation
101.6, 77.9, 72.6, 71.2, 70.9, 69.9, 69.4, 68.9 (CH), 61.6, 61.0 due to the trapping of the secondary radicals formed in the presence
(CHy), 49.6 (CH), 43.3, 36.3, 32.1, 30.5 (gK20.7 (CH). of DMSO.
N-Lactobionyl-f-[N-tert-butyl-4-amidomethylphenylnitrone)- Radical Reduction.ABTS cation radical reduction was assayed
L-aspartyl-1H,1H,2H,2H-perfluorooctylamide (11). A solution according to Re et &k with the following modificationg?® assay
of 10(0.262 g, 2.06< 10~* mol) andN-(tert-butyl)hydroxylamine concentration of the ABTS cation radical was 10§; final
acetate (0.03 g, 2.06& 10 mol) in THF/AcOH (3/2 v/v) was concentration of the test compounds was 0.5 mM. The reaction
stirred 48 h at 60C under argon and in the dark. Every 12 h, 0.2 was followed for 30 min. Controls received DMSO vehicle only,
equiv of hydroxylamine was added to complete the reaction. The reaching a final concentration of 2.5% in the assay. Measurements
mixture was then concentrated in vacuo and purified by flash were started with the addition of the test agent, and reduction of
chromatography eluting with EtOAc/cyclohexane (9/1 viv) followed the ABTS cation radical was monitored every minute at 420 nm.

by size exclusion chromatography eluting with £HY/MeOH (1/1
vlv) to give the acetylated derivativEla (0.152 g, 1.13x 104
mol, 55% yield) as a white foam. After deacetylatidnN HCI
was added dropwise to neutralize the solution. Purification by size
exclusion chromatography eluting with MeOH and precipitation
in Et,O afforded11 (0.091 g, 9.04x 105 mol, 80%) as a white
powder.R; = 0.57 EtOAc/MeOH/HO (7/2/1 viv). Mp 157C (dec).
[0]P20 +22.7 (c |, MeOH). UV Amax 296 nm.*H NMR (CDsOD,
250 MHz) ¢ 8.29 (2H, d,J = 8.25 Hz), 7.88 (1H, s), 7.39 (2H, d,
J=8.25Hz), 4.52 (1H, d) = 7.5 Hz), 4.49-4.20 (3H, m), 3.98
3.49 (12H, m), 3.18 (2H, m), 2.80 (2H, m), 2.56 (2H, m), 1.61
(9H, s).2°F NMR (CD;0D, 235 MHz)6 —82.3 (3F, CR), —115.0

Primary Cortical Mixed Cell Cultures. Mixed cortical cell
cultures from E15 Sprague-Dawley rat embryos were prepared,
cultured, and treated as described by Law &t @he cultures were
exposed to toxins and antioxidant agents for 24 h. Cell death was
quantified by the trypan blue absorbance assashe absorbance
of the dye was measured spectrophotometrically at 590 nm. The
percentage of inhibition of trypan blue absorbance is a highly
reproducible and reliable method to determine prevention of cell
death and to evaluate cytoprotection by antioxidant agents.

Rotifers. The animal model using rotifers allowed for a fast
large-scale analysis of the protective effects of antioxidant drugs
tested on organisms of defined age and uniform character. Survival
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of rotifers was investigated in standardized viability assays as (15) Durand, G.; Polidori, A.; Ouari, O.; Tordo, P.; Geromel, V.; Rustin,

described previousi Experiments on the controls receiving P.; Pucci, B. Synthesis and preliminary biological evaluations of ionic
vehicle only resulted in very low survival and were carried out in g‘”ﬁﬂ’e‘g”gﬁ'ecmaz”agg'22"'g‘z"s’gfggg;"te”'buw'”'tm”e derivatives.
paral_lel on animals of th_e_ same stock c_ulture to ensure absolutely (16) Peino, S.; Contino-Ppih, C.: Jasseron, S.; Rapp, M.; Maurizis, J.-
identical exposure conditions for all animals. C.; Pucci, B. Design, synthesis and preliminary biological evaluations
., . . . of novel amphiphilic drug carrier8ioorg. Med. Chem. LetR00g
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