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Abstract

Ž .Amino and ammonium groups have been introduced into polyglycidylmethacrylate PGMA resins by reaction of
trimethylamine either by opening the epoxide ring of PGMA or by reaction with methyl iodide followed by amination. The
aminoalky derivatives were phosphorylated to afford grafted phosphotriamides; when loaded with tungsten species in their
peroxo form, these polymeric carriers exhibited excellent properties as catalysts for the epoxidation of cyclohexene with
hydrogen peroxide. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Several tungstic anions in the free form, com-
plexed or polycondensed, are known to catalyse
the epoxidation of alkenes with hydrogen perox-

w xide as an external oxidant 1–6 . For the pur-
pose of recycling and to get tungsten-free prod-
ucts and effluents, some of these catalysts have
been previously immobilized as ionic or neutral

w xspecies on polystyrene-based resins 7–9 .
We reported recently epoxidations with poly-

styrene-grafted phosphorous ligands as poly-
meric complexing agents for ionic or neutral

w xperoxotungstic species 10 .

) Corresponding author. Fax: q33-4-724-453-99; e-mail:
gelbard@catalyse.univ-lyon1.fr

To check the influence of the hydrophilic–
hydrophobic balance inside the polymeric matri-
ces and the effects on the kinetics, we have now
experimented with other polymeric carriers in
the epoxidation of cyclohexene as a typical
substrate.

The occurrence of a variety of possible side-
reactions also presented an opportunity to check
the selectivity of the supported catalysts.
Besides the expected epoxide, cyclohexen-2-ol
and cyclohexen-2-one may form through
radical oxidation at the allylic position; diol and
hydroxy-hydroperoxide may also appear by
hydrolysis or perhydrolysis, respectively and
cleavage of the ring may subsequently occur
w x Ž .11–13 Fig. 1 .

We describe here the preparation and the use
Ž .of polymethacrylate PMA -based phosphotri-

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. Epoxidation of cyclohexene and side reactions.

amides and anion exchange resins obtained
through the ring-opening of the oxirane function

Ž .in polyglycidylmethacrylate PGMA copoly-
mers.

Preformed peroxotungstic species were im-
mobilized on these carriers and the epoxidation
of cyclohexene investigated.

2. Experimental

2.1. Copolymers of glycidyl methacrylate 1

The polymerisations were performed in a 2 l
double-walled glass reactor fitted with a anchor-
shaped stirrer, a condenser and an external

Ž .heater. Water 900 ml and polyvinylpyrroli-
Ž .done 9 g were stirred and heated at 708C for 2

h under a nitrogen atmosphere. The monomers
were introduced in one portion: glycidyl

Ž .methacrylate 49 ml, 359 mmol , butyl
Ž .methacrylate 49 ml, 359 mmol and ethyleneg-

Ž .lycol dimethacrylate 2 ml, 10 mmol . The
stirring was regulated at 500 rpm and polymeri-

Žsation was initiated with AIBN azobisisobu-
.tyronitrile, 1.03 g . After 1 h, the stirring was

reduced to 250 rpm and 1 h later, the tempera-
ture was raised to 808C. This was maintained
for 6 additional hours under a nitrogen stream.
After cooling, the beads were filtered, crushed
and washed in a Soxhlet for 5 h with acetone.

One oxirane unit corresponds to the composi-
Žtion-derived formula C H O MWs15.6 24.8 5.22

.294.1 ; elemental analysis: calc. % C 63.27, H
8.45, O 28.28; found C 63.0, H 8.4, O 28.3;

w xoxirane group titration 14 , calc. 3.40 meqrg,
Ž y1.found 3.10; FTIR KBr, cm 3001, 2953

Ž . Ž .n CH in CH , 1732 n C5O , 1488, 14522
Ž . Žd CH , 1274 and 1270 n C–O epoxide and

. Ž . Ž .ester , 1149 n C–O ester , 749 d epoxide ring .
ŽMacroporous copolymers 42 molar% of

.EGDMA were made in the presence of a 1r1
mixture of cyclohexanolrdodecanol as a diluent
in a equal volume of that of the monomers.

Ž y1. Ž .FTIR KBr, cm 2992, 2951 n C–H , 1730
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Fig. 2. Glycidyl methacrylate copolymers.

Ž . Ž .n C5O , 1480 and 1452 d C–H in O–CH ,2
Ž . Ž .1260 n C–O epoxide , 1160 n C–O ester .

2.2. 2-Hydroxy-3-dimethylaminopropyl PMA 2

Ž .Dioxane 40 ml , a 40% aqueous solution of
Ž . Ždimethylamine 69 ml and copolymer 1 2.35

.g were introduced to a 250 ml round-bottomed
flask and the mixture was heated at 608C for 24
h under gentle stirring. The resin was water-
washed over a frit until the effluent was pH
neutral, then rinsed with two volumes of ace-
tone and vacuum dried at 608C.

Elemental analysis for the macroporous resins
2a: calculated formula from one starting oxirane

Ž .unit: C H O MWs191 ; calc. % C11.8 16.8 4.93

59.1 H 8.02 O 28.47, found C 55.3 H 8.25 O
Ž y1. Ž30.0; FTIR KBr, cm 3437 n OH, H

. Ž . Žbounded , 1730 n C5O , 1466 d C–H in O–
. Ž .CH , 1160 n C–O ester .2

Resin 2b was obtained similarly with pure
dibutylamine.

2.3. 2-Hydroxypropyl-3-trialkylammonium
halide PMA 3

In a 250-ml round-bottomed flask fitted with
a magnetic stirrer, a condenser and a moisture

Ž . Žtrap, resin 2 3 g was suspended in dioxane 60
.ml ; then 10 eq. of an alkyl halide were added

Žand the mixture heated for 4 h at 608C with
methyl iodide, at 808C with propyl bromide or

.1-chloro-2-ethanol . The resin was filtered off,
transferred into a glass column and rinsed with

Ž . ya NaCl solution 1 M, 500 ml to remove Br
and Iy anions. The resin was finally water-
washed until no trace of Cly was detected in the
washings. The resins were stored moist and
analytical samples were washed with dioxane
and methylene chloride before drying.

The quaternisations were found to be quanti-
tative in all cases as shown by elemental analy-

Ž . Ž y1.ses NrCl(1 . FTIR KBr, cm , 2992–2952
Ž . Ž .n C–H , 1726–1730 n C5O , 1478–1483
Ž . Ž .d C–H , 1154–1160 n C–O ester and alcohol .

2.4. 2-Methoxy-3-iodopropyl PMA 4b

In a 250-ml round-bottomed flask fitted with
Ža condenser and a moisture trap, resin 1b 20 g,

.68 meq oxirane was allowed to swell for 30
Ž .min in dry DMF 150 ml ; then methyl iodide

Ž .21.2 ml, 340 mmol, fivefold excess and te-
Žtrapropylammonium iodide 1.06 g, 3.4 mmol, 5

.molar% were added. The mixture was gently
stirred and heated at 658C for 60 h.

The resin was collected and methanol-washed
in a Soxhlet for 4 h; the product was pure
enough for amination reaction. Analytical sam-
ples were further washed with methylene chlo-
ride; elemental analyses: calc. % C 39.83 I 33.4,

Ž .found C 44.76 I 27.15 81% transformation .
Ž y1. Ž .FTIR KBr, cm , 1733 n C5O , 1472

Ž . Ž .d C–H O–Me , 1456 d C–H C–OMe ,asym sym
Ž . Ž . Ž .1264 n C–N , 1152 n C–O , 472–546 n C–I .

2.5. 2-Methoxy-3-methylaminopropyl PMA 5

Ž .Resin 4 20 g, 40 mmol was allowed to
Žswell for 30 min in dimethoxymethane ‘‘meth-

Table 1
Composition of PGMA copolymers

Ref. BMA % MMA % GMA % EGDMA % mmol oxiranerg
a1a – – 58 42 4.2

1b 45 – 53 1.7 3.4
1c 74.7 – 22.8 2.5 2
1d – 43.3 55.4 1.3 3.6

a Macroporous resin.
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Fig. 3. PMA based anion-exchange resins.

.ylal’’, 100 ml then a 35% aqueous solution of
Ž .methylamine 100 ml, 850 mmol was added,

and the mixture was then stirred and heated at
508C for 60 h.

The resin was filtered, washed in a column
Ž .with NaOH 1 N, 200 ml with water until

Žneutral and then sequentially with methanol 150
. Ž . Žml , dioxane 70 ml , methylene chloride 50
.ml and finally dried at 608C overnight.

Ž .Elemental analyses of resins 5a with MMA
Ž .and 5b with BMA showed 3.4–4.7% of the

initial iodine left and 85–99% of conversion of
Ž y1.epoxide to amine; FTIR KBr, cm , 1732

Ž . Ž . Ž .n C5O , 1486 d C–H , 1271n C–N , 1158
Ž .n C–O .

2.6. PMMA-supported PMPA 6

A three-necked flask was fitted with a con-
denser and a dropping funnel and dry DMF
Ž .100 ml was introduced. The flask was flushed
with nitrogen; pentane-washed sodium hydride
Ž0.48 g, 11.9 mmol, from the 60% oil suspen-

.sion was introduced and, after complete disper-
Ž .sion, resin 5 7.92 mm eq. was added; the

suspension was heated under gentle stirring at
608C for 3 h. The flask was allowed to cool to
room temperature and a solution of tetramethyl

Ž .phosphorodiamidic chloride 2 g, 11.9 mmol in

Ž .DMF 5 m L was added dropwise; the mixture
was heated again at 608C for 40 h.

The final resin was filtered, methanol-washed
in a Soxhlet, and rinsed with methylene chlo-
ride. The analytical data are reported in Table 5;

Ž y1. Ž . Ž .FTIR KBr, cm 1267 n P5O , 993 n P–N .

2.7. PMMA-supported PMPA-WO complexes 75

Ž .PMMA resin 6 1.15 meq in a conical flask
was soaked overnight with shaking in a solution

Ž .of peroxotungstic acid 3 ml, 2.4 meq W in
Ž .dioxane 20 ml . The beads were filtered and

washed with methanol until neutral then rinsed
with dioxane and methylene chloride. Drying

Žwas performed for 24 h at 508C never higher
due to risks of decomposition of the peroxo

.species in the dry state . The analytical data are
Ž y1.reported in Table 5; FTIR KBr, cm 965

Ž . Ž . Žn W5O , 625 n W–O–O , 550 n W–O–asym sym
.O .

2.8. PMMA-supported ammonium peroxo-
tungstates 8

Ž .Resin 3 10 ml in a glass column was slowly
washed with a fivefold excess of WO equiva-5

lents in the form of a 0.1 N aqueous solution of
NaHW O ; the resin was washed with water2 11

Table 2
PMA-based quaternary ammonium resins 3

X qŽ . Ž .Starting PGMA Amine R NH meq Nrg DF % Alkylating agent Resins 3 NrX ratio meq N rg2

in resins 2
X Ž . Ž .1a R 5CH 2.7 87 2a ICH 3a 0.94 2.533 3
X Ž .1a R 5CH 2a BrC H 3b 0.94 1.943 3 7
X Ž .1a R 5CH 2a ClC H OH 3c 0.92 2.243 2 4
X Ž . Ž .1b R 5C H 2.8 94 2b ICH 3d 1.0 2.04 9 3
X Ž . Ž .1b R 5C H 2.1 88 2c BrC H 3e 1.1 1.504 9 4 9
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Fig. 4. Direct access to b-hydrolylated PMA based anion-exchange resins.

then rinsed and dried as above. Resin 8aX was
obtained with a solution of H W O and resins2 2 11

8g and 8h with solutions of the relevant salts
w x3,15 ; the analytical data are reported in Table

Ž y1. Ž .6. FTIR KBr, cm 1737 and 1714 n C5O ,
Ž . Ž . Ž960 n W5O , 869 n O–O , 666 n W-O–sym

. Ž .O , 543 n W-O–O .sym

2.9. Polystyrene-supported ammonium peroxo-
tungstates 10

Gel-type chloromethylated polystyrene beads
with increasing chlorine capacity are available

Ž .from Eastman-Kodak 0.7 meq Clrg , Aldrich
Ž . Ž . Ž .1.1 , BioRad 1.35 and Fluka 2.2 . In a
round-bottomed flask equipped with a reflux
condenser, 50 meq of choromethylated resins
were swelled in 50 ml of dimethoxymethane for
1 h at 358C, then 200 mmol of trimethylamine
Ž .from a 40% aqueous solution were added and
the mixture heated under gentle stirring for 2 h
at 408C. The condenser was replaced by a distil-
lation still and the temperature increased to
608C; after the distillation, the cold resin was
poured in 100 ml of 1 M HCl, stirred for several
minutes and finally water-washed until the neu-
trality of the filtrate was achieved.

A sample of resin 9 was put in a small glass
column, washed with a few milliliters of aceto-

Ž .nitrile; a solution of 2 g of NBu C H –4 2 6 5
Ž . w xPO WO 15 in 10 ml acetonitrile was per-3 5 2

colated through a bed of the resin; after washing
with the solvent, the resin 10 was vacuum-dried
overnight. The tungsten contents are given in
Table 8.

2.10. General method of epoxidation

Epoxidations were performed at 708C in a
100 ml thermostated glass reactor fitted with a
condenser, a dropping funnel and a gas burette
Žto measure O which may result from the2

.decomposition of hydrogen peroxide ; cylohex-
Ž . Žene 296 mmol , decane 5 mmol as an internal

. Ž . Žstandard , dioxane 30 ml and the catalyst 0.18
.meq W, 0.6 molar% were introduced and the

system was swept by a nitrogen stream when
heating. When the temperature was stabilised,

Žthe nitrogen flow was stopped and 1 ml 27.2
.mmol of 65% hydrogen peroxide was added

dropwise.

2.11. Monitoring

The reference compounds, epoxycyclohex-
ane, 2-cyclohenen-1-ol, 2-cyclohexen-1-one and
n-decane were commercially available Fluka
pure compounds and were used as such. The
reaction was monitored on a Carlo Erba Fracto-
vap GLC apparatus fitted with a JW-DB1 sili-
con column and a FID detector with the follow-
ing operating conditions: oven 708C, N flow 52

mlrmin, retention times, epoxide mn, enol,
enone, decane mn, diol mn. At the end of the

Table 3
Direct synthesis of quaternary ammonium PMA-resins 3

Ž .PGMA resin Molar composition Exchange capacity N%

Ž . Ž .1e MMA 55.3% 1.93 meq Nrg 2.72
Ž . Ž .gel-type GMA 43.4%

Ž .EGMA 1.3%
Ž . Ž .LS6 GMA 83% 2.93 meq Nrg 4.13

Ž . Ž .macroporous DVB 17%
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Fig. 5. Iodomethylation of PGMA copolymers.

reaction and after cooling, the reaction mixture
was adjusted in a volumetric flask and the unre-
acted hydrogen peroxide was titrated by iodom-
etry so as to get the conversion.

3. Results and discussion

3.1. Preparation of the PMA polymeric ligands

3.1.1. Copolymers of GMA
Gel-type and macroporous glycidylmethacryl-
Ž .ate GMA -based polymers were obtained by

copolymerisation with methyl- or butylmeth-
Ž .acrylate MMA and BMA, respectively as

Ž .comonomers and with divinylbenzene DVB or
Ž .ethyleneglycol-dimethacrylate EGDMA as

cross-linking agents.
Suspension polymerisation were performed

with 2 up to 46% of EGDMA to get gel-type or
macroporous polymer beads. The latter were
obtained with cyclohexanolrdodecanol mix-

Ž .tures as porogenic solvents Fig. 2 .
The analytical data for these PMA copoly-

mers are reported in Table 1.

3.1.2. Amination and quaternisation
For the immobilisation of peroxotungstic

species, several quaternary ammonium deriva-

tives 3 were obtained in two-step reaction simi-
w xlar to that reported by Svec et al. 16 involving

the opening of the oxirane ring with secondary
amines followed by quaternisation of the inter-

Ž .mediate tertiary amines 2 Fig. 3 .
The amination reaction always proceeded

with )90% conversion but required a large
excess of amine. The quaternisation reactions

Ž .were complete Table 2 .
We have also found that some of these qua-

ternary ammonium derivatives can be obtained
directly by a one-pot reaction when using ter-

Ž .tiary amine hydrochlorides Fig. 4 .
The postulated pathway involves the ring-

opening of the oxirane by the chloride anion to
give a chloro-alcolate which deprotonates the
tertiary amine, releasing the free amine for the
quaternisation step. The reactions were straight-
forward and essentially quantitative yields of

Table 4
Iodoalkylated PMA resins 4

Starting Iodoalkylated Capacity meq DF %
Ž .PGMA PMA resins Irg I %

Ž .1a 4a 2.14 27.2 83
Ž .1b 4b 2.13 27.1 82
Ž .1c 4c 1.1 13.5 85
Ž .1d 4d 1.55 19.74 98
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Fig. 6. Phosphotriamide derivatives of PGMA copolymers.

the ammonium ion function from oxirane were
obtained. The results are reported in Table 3.

It should be mentioned here that the three
substituents R1R2R3 in the quaternary ammo-
nium group are introduced at the same time
through the tertiary amine NR1R2R3. As a com-
mon feature, all these quaternary ammonium
derivatives have a b-OH group between the
polymeric chain and the ammonium group.

During the sequence 2™3 some additional
cross-linking may occur though the same side
reaction of the intermediate alcolate as reported

Ž .in Fig. 4 vide infra ; this may explain discrep-
ancies between the original oxirane content of
the resins and the final capacity of quaternary
ammonium groups.

Anyhow, this approach is very original as
most of the commercially available PMA-based
anion exchange resins result from the transami-
dation of methylmethacrylate copolymers with
Ž .2- dimethylamino ethylamine followed by a

quaternisation step.

3.1.3. Iodomethylation
Most of the functionalised polystyrenes are

derived from gel-type or macroporous chloro-
w xmethylated derivatives 17 after reaction with

nucleophilic species. The analogous halo-

genated PMA species are not available as start-
ing material.

We therefore devised a new pathway to ob-
tain halogenated PMA from PGMA copolymers
which results from the formal addition of methyl
iodide to the oxirane ring in the presence of

Žquaternary ammonium halide as catalyst Fig.
.5 .

The postulated mechanism relies on the
ring-opening by nucleophilic attack of the halide
w x Ž18 , which first affords the iodoalcolate step
.a and then the methyl ether forms through a

ŽWilliamson reaction with methyl iodide step
.b . The iodide anion, which is displaced, can

react again with another oxirane.
With gel-type polymers, some additional

cross-linking may also occur after step a when
a vicinal oxirane in the polymer is opened
through a nucleophilic attack of the alcolate.

Several iodoalkylated polymers 4 were pre-
pared in this way from PGMA copolymers 1
and the relevant data are reported in Table 4.

This new iodomethylation procedure affords
a family of v-iodoalkylated polymers 4 which
can be considered as the polyacrylate analogues
of Merrifield resins. Their use as electrophilic
polymers in several other functionalisation reac-
tions is currently under investigation.

Table 5
PMA-supported PMPA ligands 6 and complexes 7

Ž .Iodoalkyl-PMA PMA-supported NrP ratio meq Prg P% Peroxotungstic-loaded PrW ratio
Ž .HMPA resins 7 meq Wrg

Ž . Ž .4a 6a 4.68 0.59 1.84 7a 1.10 0.36
Ž . Ž .4b 6b 4.97 0.38 0.98 7b 0.08 4.61
Ž . Ž .4c 6c 4.15 0.58 1.81 7c 0.90 0.50
Ž . Ž .4d 6d 2.92 0.57 1.78 7d 0.70 0.72
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Fig. 7. Peroxotungstic species immobilised on phosphotriamide
derivatives of PGMA.

3.1.4. Phosphorylation
As HMPA has been shown to be a good

w xcomplexing ligand for WO 19 , we described5

previously some polystyrene-supported HMPA
complexed with peroxotungstic species as cat-

w xalyts 10 for alkene epoxidation. The PMA-
supported analogues 6 were expected to show
improved activities.

The phosphoramide ligand was introduced by
the reaction of tetramethyl phosphorodiamidic
chloride with the amino resins 5, the latter being
obtained after treatment of the iodo intermediate
4 with an aqueous solution of methylamine
Ž .Fig. 6 .

The final capacities of the phosphorylated
PMA resins are given in Table 5.

The formation of phosphotriamide groups
should give an NrP atomic ratios3. With the

exception of resin 6d, in practice the other
samples exhibited values )3 which indicates
the presence of free methylamino groups re-
maining as a result of uncomplete phosphoryla-
tion.

3.1.5. Complexation or exchange with peroxo-
tungstic acid

The PMPA resins were swollen in dioxane
and impregnated with a solution of peroxo-
tungstic acid H W O . This afforded the ex-2 2 11

Ž .pected neutral species 7 Fig. 7 .
In some cases, the elemental analytical data

showed the presence of polyperoxotungstic
species when the PrW atomic ratio is -1
Ž .Table 5 . The typical IR band of complexed

y1 Ž .HMPT was found at 1267 cm for n P5O
w x19 .

The PMA–ammonium resins were ex-
changed with the HW Oy anion from a diox-2 11

ane–water solution of tetrabutylammonium
hydrogen peroxotungstate Bu NHW O . The4 2 11

structure and the content of the tungsten-loaded
resins are given in Table 6.

For the sake of comparison, two commer-
cially available polyacrylate-based macroporous
resins Amberlite IRA958 and Lewatit AP247A

Table 6
Peroxotungstic supported on PMA-based ammonium resinsa

PMA-based ammonium Structure Capacity NrW
Ž .meq Wrg

X qbŽ .2a™8a PMA–CO CH CH OH CH –NHMe 2.15 0.602 2 2 2
qŽ .3a™8a PMA–CO CH CH OH CH –NMe 1.70 0.902 2 2 3

qŽ .3b™8b PMA–CO CH CH OH CH –NMe Pr 1.75 0.752 2 2 2
qŽ . Ž .3c™8c PMA–CO CH CH OH CH –NMe C H OH 1.55 0.702 2 2 2 2 4

qŽ .3d™8d PMA–CO CH CH OH CH –NMe 1.45 1.02 2 2 3
qŽ .3e™8e PMA–CO CH CH OH CH –NBu 1.30 0.902 2 2 3

c qIRA958 ™8f PMA–CO C H –NMe 1.70 3.02 2 4 3
q 3ydIRA958™8g PMA–CO C H –NMe PW O 1.90 1.102 2 4 3 4 22
q 2yeŽ .IRA958™8h PMA–CO C H –NMe C H –PO WO 2.10 0.802 2 4 3 6 5 3 5 2

f qAP247A™8i PMA–CO C H –NMe 2.40 1.372 2 4 3

a With HW Oy anion unless quoted.2 11
b Non-quaternised tertiary amine.
c Macroporous polyacrylate Amberlite from Rohm & Haas.
d 3y w xWith the PW O anion 3 .4 22
e Ž .2y w xWith the C H –PO WO anion 5,15 .6 5 3 5 2
f Macroporous polyacrylate Lewatit from Bayer.
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Fig. 8. Peroxotungstic species immobilised on polystyrene-based quaternary ammonium resins.

were examined as well. Though their exact
composition is unknown, they were exchanged
with HW Oy and with the complex phospho-2 11

and phosphonoperoxo tungstate anions PW O3y
4 22

Ž .2yand C H –PO WO as already described6 5 3 5 2
w x3,15 . These anions exhibit excellent catalytic
properties in homogenous solution.

ŽThough the elemental analytical data NrW
.ratio showed that the exchange was not com-

plete, the tungsten contents of the final catalysts
ranged from 0.08 up to 2.36 meq Wrg. This
allowed the study of the influence of the loading
on the efficiency of the catalysts. It should be
noted that the commercial resins IRA958 and
AP247A are designed to have a high capacity of
ammonium groups, and so not surprisingly ex-
hibit higher contents of tungsten.

3.2. Preparation of polystyrene-supported per-
oxotungstic ammonium salts

These polystyrene-supported catalysts 10
were obtained from a series of Merrifield-type

chloromethylated polystyrene resins of increas-
ing chlorine capacity; they were first treated
with trimethylamine so as to get the quaternary
ammonium species 9 and then exchanged by
percolation with a acetonitrile solution of the

Ž .ammonium peroxotungstate NBu C H –4 2 6 5
Ž . w x Ž .PO WO 15 Fig. 8 .3 5 2

3.3. Epoxidation of cyclohexene

Cyclohexene was chosen as a model sub-
strate for screening the catalysts. The experi-
ments were performed with variable amounts of
polymer so as to adjust the level of tungsten to a
constant value 0.5% molar vs. the substrate. The
liquid phase was made homogeneous by adding
dioxane to the cyclohexenerhydrogen peroxide
mixture. The reaction was monitored by GLC
and the final hydrogen peroxide content was
determined by iodometry; then, the conversion
included the spontaneous and catalysed decom-
position and the effective oxygen transfers to
the substrate; oxygen and allylic oxidation

Table 7
Epoxidation of cyclohexene with peroxotungstic species supported on PMA ammonium resins 8

a bŽ . Ž . Ž . Ž .Catalyst Conv. H O % Yield epoxide % By-products yield % Time Capacity meq Wrg Initial TOF2 2

Diol Allyl. O2

X8a 95 38 62 0 0 50 min 2.15 515
8a 71 84 0 11 5 4 h 1.70 33
8b 89 65 11 16 8 4 h 1.75 34
8c 82 68 24 9 0 4 h 1.55 46
8d 76 49 0 22 30 4 h 1.45 41
8e 99 54 46 0 0 3 h 1.30 197
8f 72 22 0 33 45 21 h 1.70 11
8g 67 42 0 37 20 22 h 1.90 22
8h 76 48 3 30 15 22 h 2.10 27
8i 72 18 0 0 82 4 h 2.40 6

a1,2-Cyclohexane diol, 2-cylohexenol and 2-cyclohexenone, O from decomposition of H O .2 2 2
b Units: mmol epoxidermmol Wrh.
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Table 8
Epoxidation of cyclohexene with polystyrene-supported peroxo-
tungstic aniona

Catalyst meq Time H O Yield TOF2 2
Ž .Wrg h conv. epoxide

Ž . Ž .% %

10a 0.11 1.75 92 89 135
10b 0.52 0.75 97 88 193
10c 0.72 1.25 94 86 123
10d 1.1 4.5 83 73 28

bSoluble 1 97 97 154

a Ž .2yC H –PO WO .6 5 3 5 2
bŽ . Ž . w xNBu C H –PO WO , see Ref. 15 .4 2 6 5 3 5 2

derivatives were considered as by-products. The
yields of epoxide are referred to the amount of
hydrogen peroxide introduced, the turnover fre-

Ž .quencies TOF are the initial ones.
The results with PMA-based ammonium salts

are reported in Table 7.
Catalyst 8aX is a simple tertiary ammonium

salt and exhibits an exceptional catalytic effi-
Ž .ciency TOFs515 but the protonated amine

)NHq is too acidic as shown by the exten-
sive formation of diol; then, the corresponding
quaternary ammonium salts 8a and 8d, which
are neutral, are very selective as no diol at all is
formed, but this is at the expense of the reactiv-
ity which dropped significantly. This is a gen-
eral phenomena found with tungsten-based cata-
lyst where a balance must be found for the pH
of the medium: acidity induces both the reactiv-

ity of the salt and the hydrolysis of the epoxide
Ž .which was formed. Increased bulkiness 8b or

Ž .local hydrophilicity 8c around the ammonium
ion seems to promote some hydrolysis, the rea-
sons for which are not clear yet.

The catalysts 8e–8i were made from com-
mercial resins; they induced decomposition of
hydrogen peroxide or afforded significant levels
of enol and enone as a result of oxidation at the
allylic position, irrespective of the peroxo-
tungstic anion being used; this might be due to
the high loading density with the tungsten-based
complex. The high capacity of these polymers
Žwhich was required for their industrial uses as

.ion exchangers make the environment of the
catalytic sites very polar, thus less prone for the
diffusion of the apolar alkene; this may explain
the prolongated reaction time required to get
significant chemical yields.

The effect of increasing polarity inside the
polymer beads, around the catalytic site, was
examined by as study performed with the same

Ž .2yC H –PO WO peroxoanion immobilized6 5 3 5 2

on a series of polystyrene carriers containing
increasing amounts of quaternary ammonium
groups.

For the same amount of tungsten involved,
when increasing the capacity of the resin from
0.11 to 1.1 meq Wrg, the yields and the con-
version of hydrogen peroxide remain quite simi-

Fig. 9. Influence of the capacity of the resins on the reactivity.



( )G. Gelbard et al.rJournal of Molecular Catalysis A: Chemical 153 2000 7–18 17

Table 9
Epoxidation of cyclohexene with peroxotungstic species supported on PMA–HMPA resins 7

bŽ .Catalyst H O Epoxide By-products % Time Capacity TOF2 2
aŽ . Ž . Ž .conv. % selec. % meq WrgDiol Allyl. O2

7a 87 77 13 0 10 45 min 1.10 405
7b 88 86 0 1 12 10 min 0.08 1235
7c 94 91 0 0 8 45 min 0.90 229
7d 89 81 0 0 16 10 min 0.70 1176

cSoluble 93 57 28 0 14 5 h – 74

a 2-Cylohexenol and 2-cyclohexenone.
b Units: mmol epoxidermmol Wrh.
c w xWO , HMPA, H O according to Ref. 19 .5 2

lar as reported in Table 8, but the reaction time
required to get the same yield is not the same.
The corresponding TOF values show a maxi-
mum as shown in Fig. 9.

This maximum TOF value is obtained with a
resin containing about 0.5 meq Wrg; that would
correspond to a local polarity which provides
such a hydrophilic–hydrophobic balance that
the non-polar alkene and the very polar hydro-
gen peroxide can diffuse at a similar rate to-
wards the catalytic sites. It should be noted also
that this maximum TOF value is somewhat
higher than what was given by the correspond-
ing soluble ammonium salt: here the polarity
around the metal is optimised vs. what occurs in
homogeneous solution.

Below 0.4 meq Wrg, the polymer is very
little polar and not suitable for the diffusion of
H O ; in the contrary, above 0.8 meq Wrg, the2 2

resin is much too polar for a good diffusion of
the alkene. This subtle equilibra should be de-
termined for each type of polymeric carrier.

In all cases, the metal salt remained tightly
bound in the resins, as shown by the low value

Ž .of W -2 ppm found in the supernatant reac-
tion mixture after reaction.

The last series of experiments were per-
formed with the PMA-based phosphoramides 6
as macroligands, as shown by the data in Table
9 which were found even more remakable.

The gel-type resins 7b, 7c and 7d were found
extremely selective towards epoxide formation
as no diol nor allylic oxidation products were
formed; TOF Õalues aboÕe 1000 were obtained;

and the macroporous resin 7a was even better
than the ionic gel-type 8a mentioned above.

Also particularly interesting here is the com-
parison with the soluble catalyst analogue
HMPT,WO which was found to have a rather5

Ž .low activity TOFs75 and to be somewhat
acidic.

This is the first report of immobilized homo-
geneous metal complex catalysts where both the
activity and selectivity are significantly higher
Ž .by a factor 17 than the soluble analogues.

This exceptional behaviour seems to be ac-
counted for by the lipophilic–hydrophilic bal-
ance inside the polymeric beads which behave
as microreactors, as mentioned above. The inte-
rior polar structure is compatible with both the
polar hydrogen peroxide and the non-polar
alkene, thus allowing good diffusion of all reac-
tants and product. Such a favourable situation
cannot readily occur in homogeneous solution.

4. Conclusions

We found aminophosphorylated PMA as re-
markable ligands for peroxotungstic species in
the selective epoxidation of alkenes with hydro-
gen peroxide as no cleavage products formed
w x20 . Since no leakage of metal was observed
Ž .less than 2 ppm W these PMA-based phosphor-
amides appear very appropriate for further stud-

Ž .ies including: i improving the hydrophilic–hy-
drophobic balance with even more appropriate

Ž .methacrylate monomer compositions; ii re-
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peated recyclings of the same sample of catalyst
w x Ž .using the ‘‘tea-bag’’ technique 21,22 ; iii the

use of the polymers in triphasic conditions:
alkeneqaqueous H O qpolymeric beads; and2 2
Ž .iv experiments with a series of other alkenes.

Acknowledgements

The authors appreciate the interest in this
work provided by Dr. H. Ledon and Dr. C. Huet
Ž .both at Chemoxal-Air Liquide and Dr. L.

Ž .Krumenacker Rhone-Poulenc . The CNRS,ˆ
Rhone-Poulenc and Chemoxal-Air Liquide areˆ
acknowledged for the financial support and for

Ž .fellowships to some of us M.Q. and F.B. .
Many thanks to Atochem, Bayer and Rohm &
Haas for the supply of hydrogen peroxide and
samples of resin, respectively. The elemental
analyses were performed by the Service Central
d’Analyses-CNRS at Solaize.

References

w x Ž .1 Z. Racisiewsky, J. Am. Chem. Soc. 82 1960 1267.
w x Ž .2 V.N. Sapunov, N.N. Lebedev, J. Org. Chem. USSR, 1966

263.

w x3 C. Venturello, R. D’Aloisio, J.C.J. Bart, M. Ricci, J. Mol.
Ž .Catal. 32 1985 107.

w x Ž .4 D. Pratt, R. Lett, Tetrahedron Lett., 27 1986 707 and 711.
w x5 M. Quenard, V. Bonmarin, G. Gelbard, Nouv. J. Chim. 13

Ž .1989 183.
w x Ž .6 C.L. Hill, Chem. Rev. 98 1998 1.
w x Ž .7 G.G. Allan, A.N. Neogi, J. Catal. 16 1970 197.
w x8 F.R. Hartley, Supported Metal Complexes, D. Reidel, Dor-

drecht, 1985.
w x Ž .9 Kamaludsin, H.V. Singh, J. Catal. 137 1992 510.

w x10 G. Gelbard, F. Breton, M. Benelmoudeni, M. Quenard, Reac-
Ž .tive Funct. Polym. 33 1997 117.

w x Ž .11 C. Venturello, M. Gambaro, Synthesis, 1989 295.
w x12 M. Schwengler, M. Floor, H. Van Bekkum, Tetrahedron

Ž .Lett. 29 1988 823.
w x13 A.M. Mattucci., E. Perrotti, Santambrogio A., J. Chem. Soc.,

Ž .Chem. Commun., 1970 1198.
w x14 P.G. Harisson, N.W. Sharpe, C. Pelizzi, P. Tarasconi, J.

Ž .Chem. Soc., Dalton Trans., 1983 921.
w x15 G. Gelbard, F. Raison, E. Roditi-Lachter, R. Thouvenot, L.

Ž .Ouahab, D. Grandjean, J. Mol. Catal. 114 1996 77.
w x16 F. Svec, J. Kalal, E. Kalalova, Z. Radova, Eur. Polym. J. 13

Ž .1977 293.
w x17 J.P. Montheard, M. Chatzopoulos, M. Camps, J. Macromol.

Ž .Sci., Rev. Macromol. Chem. Phys. C 28 1988 503.
w x18 D. Klamann, P. Weyerstahl, F. Nerdel, Liebigs Ann. Chem.

Ž .710 1967 59.
w x19 H. Mimoun, I. Sere de Roch, L. Sajus, Bull. Soc. Chim. Fr.,

Ž .1969 1481.
w x20 E. Antonelli, R. D’Aloisio, M. Gambaro, T. Fiorani, C.

Ž .Venturello, J. Org. Chem. 63 1998 7191.
w x Ž .21 R.A. Houghten, Proc. Natl. Acad. Sci. U.S.A. 82 1985

5131.
w x22 P.J. Comina, A.K. Beck, D. Seebach, Org. Proc. Res. Dev. 2

Ž .1998 18.


