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Reaction of alkaline benzenearsonous and 2,3-
dihydroxypropylarsonous acids with rac-glyci-
dol affords the corresponding arsinic acids,
which after reduction with thiophenol are
acylated with either fatty-acid chlorides/pyri-
dine or fatty acids/dicyclohexylcarbodiimide/4-
dimethylaminopyridine and oxidized with hy-
drogen peroxide to give the arsinolipids (rac-2,3-
diacyloxypropyl)phenylarsinic and bis-(rac-2,3-
diacyloxypropyl)arsinic acids. The latter is a
non-isosteric analogue of bisphosphatidic acid.
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INTRODUCTION

Phosphonolipids are analogues of phospholipids, in
having a P–C instead of a P–O bond.1 Phosphono-
lipids derived from the parent 2-aminoethylphos-
phonic acid occur in nature2 and have been
synthesized in order to confirm the identity of the
natural ones.1 ‘Unnatural’ phosphonolipids, having
the P–C bond on the ‘diglyceride’ side, have also
been synthesized1 for use in biophysical and
biochemical studies.

True arsenic analogues of phospholipids have not
been found in nature and their syntheses will be
extremely difficult because the As–O bond is
hydrolytically very unstable.3 However, organoar-
senic compounds, having an As–C bond, do exist in
plants, microorganisms and animals (including
Man).4 They are especially abundant in marine
organisms. The arsenic in these compounds is in the

arsenic(V) state, e.g. Me3As�CH2COOÿ (arseno-
betaine) and RMe2As=O. In some of them there
are phospholipid components, e.g. glycerol phos-
phate, bisglycerol phosphate, and phosphatidyl
glycerol.4 In 1990 an arsenic-containing phospho-
nolipid, 1, was prepared.5 This lipid, too, contains
arsenic(V), and replaces the nitrogen in the choline
moiety.

Arsenic(V) differs from phosphorus(V) in size,
the instability of its esters, and oxidizing ability; for
example, arsenic(V) is reduced very easily by thiols
to arsenic(III). We thought that by replacing the P
in phosphonolipids with As we would produced
compounds with interesting biochemical proper-
ties. We prepared arsonolipids2 (rac, R, S) by
acylating the mono-6 or the bis-7 tetrabutylammo-
nium salts of rac8,9 or optically active7 2,3-
dihydroxypropylarsonic acids,3, with fatty-acid
anhydrides. Better yields were obtained by acylat-
ing the thioarsenite4 (obtained by reduction of3
with thiophenol), with fatty-acid chlorides/pyri-
dine, followed by oxidation.10 These arsonolipids
proved to be of value in elucidating the mechanism
of action of phospholipase A2

11 and they are potent
non-competitive inhibitors of carbonic anhydrase,
isozyme II.12 The arsonolipids form liposomes
either alone7,10 or in the presence of phospholipids
and/or cholesterol (D. Fatouroset al., in prepara-
tion) and studies are under way to understand their
properties. Also, the liposomes alone or loaded with
drugs, acting as entry species, are being studied
with healthy and cancer cells.

Since a mild way (i.e avoiding concentrated
hydrochloric acid/sulphur dioxide) has been found
for the reduction of arsonic acids to arsenoso
compounds,13 the way is now open for the synthesis
of more complex arsenic-containing lipids, as well
as other analogues of biochemically interesting
molecules.

Herein we report on the synthesis of the
arsinolipidsrac-5 and rac-6, starting from arseno-
sobenzene,7a, and arsenoso(rac-2,3-dihydroxypro-
pane),7b.

For the lipids2, having the —AsO3H2 attached to
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a 2,3-diacyloxypropyl group we proposed8 the
trivial name‘arsonolipids’.Thename‘arsinolipids’
canbe given to lipids like 5 and6 which havean
RAsO2H— attached to a 2,3-diacyloxypropyl
group. The lipids 2, 5 and 6 are non-isosteric1

analoguesof phospholipidsbecausethey do not
havethe C—O— As grouping.Isostericarsonoli-
pidswith the C—CH2—AsO3H2 group,havebeen
preparedin very low overall yields.14,15

EXPERIMENTAL

Materials

Arsenosobenzene7a (m.p. 118–120°C) and

impure arsenoso(rac-2,3-dihydroxypropane) 7b
were preparedby reduction13 of phenylarsonic
acid (Aldrich) and rac-2,3-dihydroxypropylarso-
nic acid.8,9 rac-Glycidol (b.p. 41°C/1.5mmHg)
was preparedaccordingto the literature.16 Lauric
and docosanoic acids (Aldrich), myristic acid
(Serva), palmitic acid (Sigma) and stearic acid
(Ferak) were used and the fatty-acid chlorides
were preparedfrom redistilled thionyl chloride.10

1,3-Dicyclohexylcarbodiimide and 4-dimethyla-
minopyridine were from Aldrich. Carbon tetra-
chloride was dried over A4 molecular sieves
while dry chloroform was preparedjust before
use by distillation from phosphoruspentoxide.
Silica gel 60 H (for TLC) was from Merck and
silica gel Si 60 (for columnchromatography)was
from Serva.
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Instruments and analyses

Thin-layer chromatography(TLC) was run on
microslides.Visualizationwasachievedby spray-
ing with 35% sulphuric acid and charring. IR
spectrawere obtainedin KBr discs on a Perkin-
Elmer model 16PC FT-IR spectrometer,and 1H
NMR spectrawere obtained on Bruker models
AMX or DPX Avanceat 400MHz. Melting points
wereobtainedon anElectrothermalmodelIA9100
apparatus.Elementalanalysesweredoneby CNRS,
France.

(rac-2,3-Dihydroxypropyl)-
phenylarsinic acid (9a)

Arsenosobenzene7a (1.0000g, 5.95mmol) was
dissolved,at 50°C, in 2 ml 6 M sodiumhydroxide
(12mmol). To the stirred viscous solution, rac-
glycidol (0.39ml, 5.95mmol)wasaddeddropwise,
during 1 h, at 50°C. TLC (methanol)showedthe
saltof theproductat Rf 0.29andtracesof glycerol
at Rf 0.78,while in methanol/conc.ammonia(4:1)
the product had Rf 0.40. After stirring at room
temperature(RT) for 30min, the solution was
acidified to pH 2 with 6 M hydrochloric acid,
evaporated(rotary,40°C) anddried in vacuoover
phosphoruspentoxidefor two days.The brownish
solid was extracted, at RT, with methanol
(4� 4 ml) and the extractswere evaporatedand
dried in vacuoover phosphoruspentoxidefor one
day. The product (1.54 g) was an impure white
foamy solid, decomposingat ca 65°C, solublein
water, methanol and DMSO, and insoluble in
chloroform, diethyl ether (Et2O) and petroleum
ether. The impurities were arsenosobenzeneand
methanol(from 1H NMR) andtracesof glycerol(by
TLC). IR (KBr) (cmÿ1): 3370broadvs,2550broad
vw, 1648m, 1440m, 1404vw, 1090ms, 1083m
(shoulder),1045m, 876m, 803m, 746ms,690m,
464 m. The 1H NMR spectrumin CH3OH-d4 or
DMSO-d6 was not well resolvedfor the propyl
hydrogens.

(rac-2,3-Diacyloxypropyl)-
phenylarsinic acids (5)

Using fatty acid chloride for acylation: general
procedure
To a solution of impure 9a (600mg, 2.3mmol if
assumedto be pure 9a) in methanol (5 ml),
thiophenol(759mg, 6.9mmol) in methanol(3 ml)
was addedand stirred at RT for 1 h. Evaporation
anddrying in vacuooverphosphoruspentoxidefor

two daysgave1.176g of the product10a, the by-
product diphenyl disulphide and impurities [gly-
cerol and PhAs(SPh)2]. To the solid, dissolvedin
dry chloroform (8 ml), dry pyridine (0.46ml,
5.75mmol) was added and cooled at 0 °C. A
solutionof myristoyl chloride(1.417g, 5.75mmol)
in dry chloroform (4 ml) was added dropwise,
during2 h, at 0 °C, andthenit wasleft in thedark
for six days. TLC (Et2O/petroleum ether, 1:5)
showedthree‘spots’: Rf 0.24for RCOOH;Rf 0.64
for 11a, triglyceride and PhAs(SPh)2; Rf 0.95 for
PhSSPhandRCOSPh.Evaporationgavea yellow-
ish semi-solid to which Et2O (10ml) and water
(5 ml) were addedto give two clear, colourless
phases.Addition of 0.38ml of 30% hydrogen
peroxide (3.45mmol) and vigorous stirring for
2.5h gaveclear phasesanda solid productat the
interface.Thewaterwassyringedoff andtheEt2O
plus solid evaporated.The solid was dissolvedin
chloroform(3 ml) andappliedto a columnof silica
gel (80 g) in ether. Elution with Et2O (400ml)
removedthe impurities,thenchloroform/methanol
(1:1; 10ml) wasaddedto pushtheproductinto the
column (for otherwiseit dissolvesin chloroform/
methanol,20:3),andtheproductelutedwith 200ml
chloroform/methanol (20:3). The pure product
rac-5 (R = C13H27) was a white solid, soluble in
dichloromethane,chloroform, acetone or warm
Et2O, moderatelysoluble in ether, and sparingly
solublein petroleumether.Dataareshownin Table
1. IR (KBr) (cmÿ1): 2920vs, 2850vs, 2700broad
vw, 1740 vs, 1468 m, 1457 mw, 1376 mw, 1256
mw, 1246 mw, 1209 m (shoulder),1172 s, 1124
mw, 1094mw, 882mw, 744m, 692mw, 470mw.
1H NMR (CDCl3), d: 0.90 (s, 6H, CH3), 1.27 and
1.45 (s and shoulder,40H, (CH2)10), 1.60 (s, 4H,
CH2CH2CO—),2.30(s,4H,CH2CH2CO),2.61and
2.69 (s and broad,2H, CH2As), 3.21 (broad,7H,
As—OH and 3H2O), 4.20 and 4.39 (s and s, 2H,
RCOOCH2), 5.42(s, 1H, RCOOCH), 7.53(s, 3H),
7.79(s, 1.3H) and8.09(s, 0.7H) for —C6H5.

Using fatty acid/1,3-dicyclohexylcarbodiimide
for acylation: general procedure
Impure 9a (333mg, 1.28mmol if assumedto be
pure9a) wasconverted,asdescribedabove,to 10a.
To this solid, docosanoic acid (957mg,
2.82mmol), 4-dimethylaminopyridine (32mg,
0.25mmol) and dry carbon tetrachloride(12ml)
were added.A solution of 1,3-dicyclohexylcarbo-
diimide (659mg, 3.2mmol) in dry carbon tetra-
chloride(2 ml) wasaddeddropwise,during15min,
at RT, andthesystemwasstirredovera weekend.
TLC (Et2O) showedanintensespotatRf 0.95–1.00
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due to PhSSPh,PhAs(SPh)2, triglyceride and the
product11a, andfaint spotsat Rf 0.72for RCOOH
and Rf 0.60 for acylateddicyclohexylurea(which
gave a characteristicyellow colour before being
charred).Filtration through Celite, washingwith
chloroform (12ml), evaporation and drying in
vacuogavea solid which wasoxidizedby 0.18ml
of 30% hydrogen peroxide (1.92mmol) in a
biphasicEt2O/H2O (15ml:7 ml) system.Isolation
of the impure productandchromatography[silica
gel (50 g) in Et2O; elution with Et2O (300ml),
chloroform/methanol(1:1; 10ml), (seethepreced-
ing section) and chloroform/methanol (20:3;
400ml)] as above gave the product rac-5
(R = C21H43) (648mg, 56%) as a white solid,
solublein chloroform,moderatelysolublein warm
Et2O, and sparingly soluble in acetone.Data are
shownin Table1.TheIR spectrumis similar to that
of rac-5 (R = C13H27), asis the1H NMR spectrum;
in this case,nine water moleculesresonateat d
2.10–2.17.

Bis-(rac-2,3-dihydroxypropyl)arsinic
acid (9b)

Impure13 (contaminated with traces of Ph3
P�CH2CH(OH)CH2OH, CH3OH and silica gel)
arsenoso(rac-2,3-dihydroxypropane) 7b (141mg,
0.85mmol) wasdissolved,at 50°C, in 0.26ml of
6.5 M sodium hydroxide (1.7mmol) to give an
opalescent yellowish solution. rac-Glycidol
(0.06ml, 0.85mmol) was addeddropwise,during
15min, to thesolutionat 50°C, andthenstirredat
RT for 30min. TLC (MeOH/conc. NH3, 4:1)
showedthe product (tailing spot at Rf 0.4) and
traces of glycerol (Rf 0.75). The solution was
acidified to pH 2 with 6 M hydrochloric acid,
evaporatedand dried in vacuo over phosphorus
pentoxidefor two days.Thewhite,stickysolidwas
extractedwith methanol (3� 1 ml), the extracts
evaporatedand dried in vacuo over phosphorus
pentoxideto give the impureproduct9b asa very
hygroscopic white solid (275mg, 219mg ex-
pected),solublein waterandmethanol.Theproduct
hadthe following impurities: tracesof SiO2�xH2O
and CH2(OH)CH(OH)CH2P

�Ph3 from the impure
7b, glycerol and3, methanolandtracesof sodium
chloride. IR (neat) (cmÿ1): 3356 broad vs, 2600
broadvw, 1648m, 1457m, 1401m, 1088s,1053s,
876m, 793mw (shoulder),748m, 699w. 1H NMR
(D2O), d:2.56 (s, CH2As), 3.51 (s, CH2OH and
glycerol), 4.16 (s, CHOH), 7.50 (m, CH2(OH)-
CH(OH)CH2P

�Ph3).

Phenyl ester of bis-(rac-2,3-
dihydroxypropyl) thioarsinous acid
(10b)

To theimpure9b (270mg,0.85mmolif assumedto
bepure9b) dissolvedin methanol(1 ml) to give an
opalescent solution, thiophenol (280mg,
2.55mmol)dissolvedin methanol(1 ml) wasadded
andstirredatRT for 1 h. Evaporationanddrying in
vacuogavea white solid from which the diphenyl
disulphidewasextractedby warmpetroleumether
(4� 2 ml). The gum was then extracted with
boiling acetonitrile (3� 2 ml). Removal of the
solvent and drying gave the impure product 10b
(306mg, 284mg expected)assemi-solidcrystals,
soluble in methanol and moderately soluble in
water.Theproductwascontaminatedby CH2(OH)-
CH(OH)CH2P

�Ph3, thethioarsenite4 andglycerol
(by TLC and 1H NMR). IR (neat) (cmÿ1): 3418
broadvs, 3070m, 2922s, 2885s, 1646w, 1578s,
1472vs, 1436vs, 1414s, 1330m, 1234m, 1068
broadvs, 1045vs, 926 w, 868 m, 742 vs, 692 vs.
1H NMR (CH3OH-d4), d:2.04 (s, CH2As), 3.55
(s, CH2OH andglycerol),3.99(s, CHOH), 7.4 (m,
C6H5).

Bis-(rac-2,3-diacyloxypropyl)arsinic
acids (6)

General procedure
Impure10b (388mg, 1.16mmol if assumedto be
pure 10b), stearicacid (1.4490g, 5.1mmol), and
4-dimethylaminopyridine(32mg,0.26mmol)were
dissolvedin dry carbontetrachloride(10ml). To
the opalescentsolution was added,at RT, during
15min a solutionof 1,3-dicyclohexylcarbodiimide
(1.195g, 5.8mmol) in dry carbon tetrachloride
(2 ml) and the systemwas stirred at RT over a
weekend.Filtration through Celite, washingwith
chloroform (8 ml), evaporationand drying gavea
foamy white solid. TLC (Et2O) showedan intense
spotat Rf 0.95–1.00dueto triglyceride,esterified4
andthe product11b, andfaint spotsat Rf 0.70 for
RCOOH, 0.50 for acylateddicyclohexylureaand
�0.1 for CH2(OCOR)CH(OCOR)CH2 P

�
Ph3. The

solidwasoxidizedby vigorousstirringfor 1 h atRT
in a biphasicEt2O/H2O (20ml/8 ml) systemwith
30% hydrogen peroxide (0.25ml, 2.26mmol).
After centrifugation,the water was syringed off
andtheEt2O plussolidproductwasevaporatedand
driedin vacuoto give1.77g of awhitefoamysolid.
This, dissolved in chloroform/methanol (10:1;
3 ml) waschromatographedon silica gel (70 g) in
Et2O. Elution with Et2O (550ml), chloroform/
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methanol(1:1; 10ml) to pushthe productinto the
column, and chloroform/methanol (10:1; 500ml)
gave the pure product in the last eluent as per a
white solid (663mg, 43%), solublein chloroform

andinsolublein petroleumether,Et2O, acetoneand
methanol.Data are shown in Table 1. IR (KBr)
(cmÿ1): 2920vs, 2850vs, 2633broadvw, 1742s,
1626m, 1576mw, 1468m, 1243w, 1170m, 1106

Scheme1
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w, 894 w, 754 w, 722 w, 658 w, 614 w, 1H NMR
(CDCl3), d: 0.90 (s, 12H, CH3), 1.27 (s, 112 H,
4� (CH2)14), 1.62(s, 8H, CH2CH2CO—), 2.33(s,
8H, CH2CH2CO—), 2.57 (s, 4H, CH2As), 4.10,
4.20, 4.42 (s, s, s, 4H, RCOOCH2), 5.49 (s, 2H,
RCOOCH). The water molecules resonate at
d = 1.14 (3H2O), 1.72 (3H2O), 1.95 (2H2O) and
3.49(1H2O).

RESULTS AND DISCUSSION

Thesynthesisof thearsinolipids5 and6 (Scheme1)
startsfrom pure 7a and impure 7b. All reactions
createby-productsthe natureof which is known,
but theycannoteasilyor totally beremovedateach
step.Someof them are inert to thiols and some
consumeacylating reagents.However,chromato-
graphicpurificationof the final products,5 and6,
waseffective.

The Meyer reaction,17 i.e. productionof arsonic
acids from aqueousalkaline arsenite and alkyl
halide,is very fastandgivesa high yield of 3 with
the water-solubleglycidol,7,10 although the con-
centrationof thenucleophilic18 species,AsO3

3ÿ, is
extremely low. The Auger reaction19 for the
preparationof arsinicacidsfrom aqueousalkaline
arsoniteandalkyl halideis analogousto theMeyer
reaction.Becausearsonousacidsarevery weak,20

the concentrationof the active speciessuch as 8
shouldbe low. Howeverwe found that 8 reacted
fast and in high yields with the water-soluble
glycidol to give 9.

Thereductionof As(V) in 9 to As(III) in 10 with
thiophenol allows some purification of 10b by
extractions,but not so for 10a, which has some
solubility in petroleumether. Compound10 was
acylatedby fatty-acid chloride/pyridine,as in the
caseof 2,10 andby fatty acids/1,3-dicyclohexylcar-
bodiimide (DCC) in the presenceof a catalytic
amount of 4-dimethylaminopyridine.21 In both
caseswe could not follow the completeacylation
by TLC becauseof the impuritiespresent.

Duringtheoxidationof 11by hydrogenperoxide

in a biphasicEt2O/watersystem10 the long-chain
arsinolipids 5 (R = C15H31–C21H43) and all 6
(R = C11H23–C17H35) precipitatedat theinterphase.
Isolationandpurificationby recrystallizationswas
not as successfulas in the caseof arsonolipids
26,7,10 becauseof finite solubilities of 5 and 6 in
Et2O andthe co-precipitationof the (excess)fatty
acids,but it waseffectedby columnchromatogra-
phy.

Given the complexity of the systems10 to be
acylated, the possible C–As and/or S–As bond
fissionsduringtheacylationandoxidationwerenot
studiedastheyhadbeenin thecaseof arsonolipids
2.10 The yields of arsinolipids5 and 6 (Table 1)
wereaboutthesameasthosefor arsonolipids2,6,10

and those of 5 were better than those of 6. No
differencein the yields of 5 was notedwhen the
acylationwasdoneby fatty-acidchloridesandby
fatty acids/DCC,although the latter methodwas
muchfaster.

Themeltingpointsof botharsinolipids,5 and6,
increasedby ca9 °C perCH2CH2 unit in thechains.
In the racemicarsonolipids,2, an increaseof ca
7 °C per CH2CH2 in the chainswas observed.6,10

Themeltingpointsof the lipids with thesameacyl
chainsarein theorder2> 6> 5, implying stronger
hydrogenbondingof thehead-group,—AsO3H2, in
thearsonolipids2 thanin arsinolipids5 and6 which
havean=AsO2H head-group.The highermelting
pointsof arsinolipids6 comparedwith 5 shouldbe
attributedto strongerhydrophobicinteractionsof
the former becausethey havefour acyl chainsper
moleculewhereasthe latter haveonly two plus a
phenyl group, which may weaken these hydro-
phobicinteractions.

No differencesin themobilitiesof 2, of 5 or of 6
with different fatty-acyl chainswere observedby
TLC. However,2, 5 and6 havedifferentmobilities
in TLC with varioussolvents:with CHCl3/MeOH
(10:1),Rf 0.10for 2, 0.45for 5, 0.42and0.53for 6
(attributable to diastereomers)and with CHCl3/
AcOH (10:1)10 Rf 0.28for 2, 0.45for 5, 0.67for 6.

Qualitativeexperimentsshowedthat2 dissolved
in wet CHCl3/MeOH (84:16)is morestablethan6.
After threedaysat RT, faint spotsat Rf 0.17 and
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0.33 (CHCl3/MeOH, 10:1) appearedthat were
attributableto bis(lyso-6) andlyso-6, respectively,
dueto hydrolysisof fatty-acyl chain(s).

Thestretchingfrequencyof As=O in 9a and9b
is at 876cmÿ1, as it is in diphenylarsinicacid.22

The As—O stretchingvibration in diphenylarsinic
acid is split (770 and 755cmÿ1) becauseof
hydrogen bonding.22 For both 9a and 9b, the
v(As—O) are found to be at �800 and747cmÿ1,
implying different hydrogen-bondingpatterns.For
thearsinolipids5 and6 thev(As=O) is somewhat
broad, indicating association. The frequencies
v(As=O) and v(As—O) and the different intensi-
ties of the v(As—O) bands (Table 1) imply
hydrogen bonding of different strengths,which
we attributeto arrangementsA andB.

The 1H NMR spectrumof 7b showed three
peaks for the CH2OH and two peaks for the
CH2As groups.13 The product 9b showed these
absorptionsat the expectedd values (3.51 and
2.56, respectively),which are the sameas those
found in the spectrumof 3.8 In the 1H NMR
spectrumof 10b theCH2As(III) movesto d 2.04in
accordancewith the lower electronegativity of
As(III) thanAs(V).

All thelinesin the1H NMR spectra,in CDCl3, of
the arsinolipids 5 and 6 are broad, probably
indicating association.The RCOOCH2 protonsin
5 and6, belongingto the AB part of an ABX spin
system,are not resolved.They resonatein two
regions:4.10–4.20and4.35–4.39.The RCOOCH2
protonsof optically activedipalmitoyl-lecithin and
1,2-dipalmitoylglycerol, but not of dipalmitoyl-3-
phosphatidic acid, resonate in two regions23

Similarly, the CH2As protons are not resolved.
For 5 theyarefoundeitherat d 2.63and2.69,or at
2.68,andfor all 6 areatd 2.56.Finally, thelipids 5
and 6 pick up water molecules(Table 1). These
form weak hydrogen bonds, thus resonatingat
1.14–2.60, or stronger hydrogen bonds, thus
resonatingat lower fields.24

The arsinolipids5 and 6, therefore,can absorb
water moleculesfrom the solventor from the air
(seeTable1).
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