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Chemical decontamination of toxic compounds (chemical warfare agents and/or insecticides) is of increasing
importance. In this study, we report the use of u-phthalimidoperoxyalkanoic acids 2 in the destruction of paraoxon
(O,O-diethyl-O-para-nitrophenylphosphate), a well-known insecticide, and 2-chloro-2@-phenyldiethyl sulÐde (a half
mustard). We show that while all the peroxyacids used in this series allow the destruction of toxic compounds, the
length n of the alkanoic side chain is important to the choice of the optimal industrial compound, which is 2d
(n \ 5).
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In our previous work, we described the use of peroxyacids for
the destruction of toxic organophosphorus (OP) and
organosulfur (OS) compounds.1h6 Industrial magnesium
monoperoxyphthalate (MMPP, 1) is a very efficient product
for achieving the complete reaction in a mild aqueous medium
at pH close to 9 in a very short time.5h7

Other peroxyacids for the decontamination of organo-
phosphorus and organosulfur toxic compounds have been
studied ; we recently reported that the industrial phthalimido-
peroxyhexanoic acid (PAP, 2d (n \ 5) is the bestEureco})
peroxy compound for the destruction of pollutants.8h10

We describe in this work a series of these peroxyacids and
the strategy concerning the choice of 2d as the best compound
(low price, water solubility and high reactivity) in the family
2aÈ2f.

Results and discussion
u-Phthalimidoperoxyalkanoic acids have been widely used as
bleaching additives in detergents11 but nothing was known
about the reaction of these compounds with

organophosphorus and organosulfur toxics. We describe here :
(i) a general and easy pathway for obtaining the u-
phthalimidoperoxyalkanoic acids with di†erent chain lengths
and (ii) a comparative study of the activity of the peroxyacids
with organophosphorus and organosulfur compounds.

General pathway for the synthesis of x-phthalimidoperoxyacids
2a–f

The industrial preparation of compounds 2c (n \ 4) and 2d
(n \ 5) uses the condensation of c-pyrrolidone and e-
caprolactam with phthalic anhydride in the presence of water
at high temperature under pressure.11 This method gives
quantitative yields of the corresponding phthalimidoacids but
does not allow the synthesis of other compounds with di†er-
ent chain lengths.

We have developed an easy and general synthesis (Scheme
1) of the peroxyacids 2 with an overall yield of 60È90%. They
are prepared by a three-step reaction : (i) u-bromoalkanoic
acid esteriÐcation, (ii) substitution of the u-bromoalkanoic
ester by potassium phthalimide and (iii) perhydrolysis of the
u-phthalimidoalkanoic ester.

Destruction of O,O-diethyl-O-para-nitrophenylphosphate
(paraoxon)

The reaction of peroxyacids 2 with an organophosphorus
toxic insecticide, paraoxon, was followed at 25 ¡C by deter-
mining the rate of para-nitrophenate formation by UV-visible
spectroscopy1h4 (Scheme 2). Table 1 gives the rate of hydro-
lysis with or without micellar catalysis by cetyltrimethyl-
ammonium bromide (CTABr). In the same way, Fig. 1
presents the reactivity ratio of peroxyacids 2aÈ2f in akmic/kH2Obasic aqueous medium with and without CTABr. The destruc-
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Scheme 1 General pathway for the synthesis of u-phthalimido-
peroxyalkanoic acids.

tion of paraoxon appears to be very fast in a micellar medium
for all the peroxyacids, with an enhanced rate for the medium
chain length (n \ 3È6) and an increasing micellar e†ect up to
300È500 for these compounds.

Table 1 shows that the rates of destruction of paraoxon are
the highest for compounds 2b–2d. Compound 2d is already a
product of great interest for use in detergents and bactericides,
it is also one of the best compounds for the destruction of
toxic organophosphorus pollutants. The decontamination
products (sodium diethylphosphate and sodium p-nitro-
phenate) are non-toxic compounds.

Scheme 2 General pathway for the destruction of paraoxon by per-
oxyacids.

Table 1 Kinetics of the dephosphorylation of paraoxon by per-
oxyacids 2a

Peroxyacid (n) 105 kH2O/s~1 b 103 kmic/s~1c kmic/kH2O
2a (1) 3.4 8.1 240
2b (3) 4.0 11.5 288
2c (4) 3.4 11.5 333
2d (5) 2.7 11.0 407
2e (6) 1.8 9.9 542
2f (10) 3.4 6.9 200

a All reactions were carried out at 25 ¡C, pH\ 10,
[paraoxon]\ 3.78] 10~5 mol L~1, [peroxyacid]\ [CTABr]\
2 ] 10~3 mol L~1. without CTABr. with CTABr.b kH2O : c kmic :

Oxidation of organosulfur compounds

The reaction was tested with di-n-butyl sulÐde (3), diphenyl
sulÐde (4) and 2-chloro-2@-phenyldiethyl sulÐde, the half
mustard 5. The oxidation was followed by gas chromatog-
raphy.7 With an excess of the peroxyacid 2 (3 mol of per-
oxyacid per mol of sulÐde), after 5 min no sulÐde was left.
Table 2 gives the ratio of sulfoxide : sulfone obtained after this
period and after 30 min, only the sulfone is isolated quantitat-
ively. For compound 5, the chlorosulfone gives subsequently

Table 2 Oxidation of organosulfur substrates 3È5 in micellar
medium by peroxyacids 2a

Sulfoxide : sulfone selectivityb

pH \ 7 pH\ 10

Peroxyacid (n) 3 4 5 3 4 5

2a (1) 0 : 100 0 : 100 40 : 60 22 : 78 0 : 100 0 : 100
2b (3) 0 : 100 0 : 100 10 : 90 16 : 84 0 : 100 0 : 100
2c (4) 0 : 100 0 : 100 10 : 90 0 : 100 0 : 100 0 : 100
2e (6) 0 : 100 0 : 100 10 : 90 0 : 100 0 : 100 0 : 100
2f (10) 0 : 100 0 : 100 10 : 90 0 : 100 0 : 100 0 : 100

a All reactions were carried out at 25 ¡C in micellar medium for 5
min. The peroxyacid/sulÐde molar ratio is constant and equal to 3.
Yields are quantitative (98È100%). b The sulfoxide : sulfone selec-
tivity, determined by GC using the internal standard method, is given
with ^2% precision.

Scheme 3 Oxidation of compound 5.
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Fig. 1 Micellar catalysis of the dephosphorylation of paraoxon
vs. length of the side chain in 2).(kmic/kH2O

the corresponding harmless vinylsulfone by HCl elimination
(Scheme 3). The length of the side chain here has very little
inÑuence on the rate of the oxidation reaction.

In another study on the oxidation of toxic organosulfur
analogues (3, 4 and 5) in real conditions at the CEB, we used a
Ðvefold excess of peroxyacid 2d over the sulÐde compound.
This system allowed the quantitative oxidation of the sulÐde
with more than 99% sulfone production.

Our work has shown that u-phthalimidoperoxyalkanoic
acids 2aÈf are very good decontaminants of organo-
phosphorus and organosulfur pollutants. The length of the
side chain has a great inÑuence on the rate and efficiency of
the decontamination of organophosphorus compounds in
micellar medium. The optimal length of the chain is between
perbutanoic 2b (n \ 3) and perheptanoic 2e (n \ 6) acids. In
the oxidation of organosulÐdes, the length of the chain has no
importance ; the sulfone is obtained quantitatively in a very
short period of time. Among the products, the industrial u-
phthalimidoperoxyhexanoic acid (PAP, 2d (n \ 5),Eureco})
which is also a very good detergent and bactericide, is also the
best chemical decontaminant in the series.

Experimental
Materials and methods

Ethyl 4-bromobutyrate, ethyl 7-bromoheptanoate, 2-
phthalimidoacetic acid, phthalimide potassium salt, 5-
bromopentanoic acid, 11-bromoundecanoic acid, di-n-butyl
sulÐde, diphenyl sulÐde, the corresponding sulfoxide and
sulfone and paraoxon were purchased from Aldrich. 2-Chloro-
2@-phenyldiethyl sulÐde, the corresponding sulfoxide, the
sulfone and the vinylsulfone have been previously described.12
The other products are prepared as indicated below. All
physical spectra (NMR, IR, mass, UV) are in accordance with
the structures. The reaction kinetics of peroxyacids with
paraoxon has already been described.1h4 The oxidation of
sulÐde was followed by gas chromatography.7,12

Synthesis of the esters

Methyl 5-bromopentanoate. Heating 5-bromoheptanoic acid
(18.1 g, 0.1 mol) in 200 mL of dry reÑuxing methanol with a
few drops of sulfuric acid, gives the corresponding ester (16.0
g, 82%). Bp 101È103 ¡C/15 mm; lit.13 91 ¡C/12 mm.

Methyl 11-bromoundecanoate. Using the same procedure,
23.4 g (88 mmol) of 11-bromoundecanoic acid yields 93%
(22.8 g, 82 mmol) of the ester. Bp 120È122 ¡C/0.5 mm; lit.14
126È128 ¡C/0.65 mm.

Ethyl and methyl x-phthalimidoalkylcarboxylates

These compounds were obtained following the literature
procedure15 by reÑuxing the potassium phthalimide salt

with the bromoester in acetonitrile for 4 h. Ethyl 4-
phthalimidobutyrate : 98% yield. Mp 68È70 ¡C. Methyl 5-
phthalimidopentanoate, ethyl 7-phthalimidoheptanoate and
methyl 11-phthalimidoundecanoate (yields 98, 77 and 99%)
are yellow, quite pure oils, (determined by TLC), which were
used without further puriÐcation.

General procedure for preparation of the peroxyacids

The general method for the peroxidation of acids or esters has
been described in the literature :16 addition of hydrogen per-
oxide (30%, 110 volumes) to the acid or the ester in concen-
trated sulfuric acid at a temperature below 10 ¡C.

2-Phthalimidoperacetic acid, 2a. From 2-phthalimidoacetic
acid (82%). Mp 116È118 ¡C; IR (KBr) 1775 1730(lCJO), (lCJO),
1090 cm~1 ; active oxygen calc. 20.00, found(lChOhOhH)
19.08%.

4-Phthalimidoperbutanoic acid, 2b. From ethyl 4-
phthalimidobutyrate (94%). Mp 100È102 ¡C; IR (KBr) 1770

1720 1110 cm~1 ; active oxygen calc.(lCJO), (lCJO), (lChOhOhH)
17.75, found 17.02%.

5-Phthalimidoperpentanoic acid, 2c. From methyl 5-
phthalimidopentanoate (82%). Mp 80È84 ¡C; IR (KBr) 1770

1715 1105 cm~1 ; active oxygen calc.(lCJO), (lCJO), (lChOhOhH)
16.81, found 16.27%.

7-Phthalimidoperheptanoic acid, 2e. From ethyl 7-phthal-
imidoheptanoate (93%). Mp 90È94 ¡C; IR (KBr) 1775 (lCJO),
1710 1100 cm~1 ; active oxygen calc. 15.19,(lCJO), (lChOhOhH)
found 14.38%.

11-Phthalimidoperundecanoic acid, 2f. From methyl 11-
phthalimidoundecanoate (66%). Mp 100È104 ¡C; IR (KBr)
1770 1710 1095 cm~1 ; active oxygen(lCJO), (lCJO), (lChOhOhH)
calc. 12.74, found 12.00%.
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