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5 The invention relates to a catalyst for the
epoxidation of alkenes using alkylhydroperoxide, the
catalyst comprising an ion of one or more of the metals

molybdenum, wolfram, titanium or vanadium on a solid

inorganic carrier.

10 Processes are known and practiced commercially
for the epoxidation of olefins by catalytic reaction of

alkenes with an alkylhydroperoxide.

EP-A-193682, for

instance, describes the use of molybdenum in a homogeneous
catalysed reaction.

15 Efforts have been made by prior workers to
develop heterogeneous catalyst systems useful in such
epoxidations which are essentially insoluble in the
reaction mixture. EP-A-421781 describes a molybdenum oxide
on a solid silica carrier. Such a catalyst presents the

20 drawback that the yiéld of the epoxidation reaction
decreases if the same catalyst is used several times in
succession. Furthermore, catalysts of this type are
calcined. Calcination often causes sintering of the
surface, which makes such a catalyst less readily

25 regenerable. Furthermore, catalyst is lost in

regeneration.

The invention provides a solution to these
problems by providing a catalyst with which the metal
(ion) is bound to the inorganic carrier via a polydentate

30 organic ligand.

The catalyst according to the invention appears
to combine a very high activity with a high selectivity in
comparison with the catalyst described in EP-A-421781, and
to be very stable as well.

35 : The solid carrier is preferably an oxide of

gilicon,

aluminium,

titanium,

or mixtures hereof;

silicon

oxide in particular is preferred because it is available

in many types.
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——Efforts have been nmade by prior workers to devel op hetero '
systenms useful in such epoxidations which are essgntialIyg?ﬂﬁﬁgﬁH%Qka“y'hmd
reaction mxture, EP-A-421781 describes a nol ybdenum oxi de m HM“M]] ‘e
allica carrier. Such a catalyst presents tZe drawback that ~of e
epoxi dation reaction decreases if the sane catalyst is used several tines
I n succession. Furthernore, catalysts of this type are cal ci ned.
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catal yst less readily regenerable. Further '
regener ati on. has pol%den ate organic lggan 8, to WL XSt éunggie Hetal

jon is coordinated.
An ion chosen from the group of metals
5 comprising molybdenum, wolfram, titanium or vanadium is
chosen as the metal ion. Preferably use is made of
molybdenumn.
The polydentate ligand is preferably bi-, tri-
or tetradentate. With particular preference use is made of
10 di- or tridentate ligands. Higher-dentate ligands may
shield the metal ion, which could make it less active.
The ligand preferably has oxygen, nitrogen or
sulphur atoms as coordinating atoms for the metal ion.
With more preference oxygen and/or nitrogen atoms are
15 chosen. With particﬁlar preference the polydentate ligand
has at least one coordinating nitrogen atom. The
coordinating atoms are preferably in the form of an
alcohol group, a ketone group, an aldehyde group, an ether
group, a carboxyl group, a primary, secondary or tertiary
20 amine group, an aromatic amine group or a sulphide group.
It is important for the catalyst according to
the invention that the polyligand has a great stability
with respect to the reaction medium, in this case the
alkylhydroperoxide solution at a temperature of usually
25 between 20 and 200°C. To this end it is preferable that
' the polydentate ligand contains no C=N (imine) or C=C
(ethylenically unsaturated) groups.
Preferably the polydentate ligand is bound to a
substrate via a siloxane group, the substrate being the
30 inorganic solid carrier.
The carrier preferably has groups according to

Formula I:
. Rﬂl
35 -0, |
substrate \gi-R}-X-R2-Y-R? (1)
7 b .



The invention provides a solution to these problens by providing a catal yst
with which the netal (ion) is bound to the |Inorganic car r iTeis SheetcHasaBeen Replaced
pol ydentate organic |igand. The catal yst according to the i rs
to conbine a very high activity with a higg+selectivity in

the catal yst described in EP-A-421781. and to be very stable as we

solid carrier is preferably an oxide of silicon. alum nium tltanlun1 or

m Xt ures heregﬁéréglicon oxide in particular

M= a metal chosen from the group comp;isihg
molybdenum, wolfram, titanium and vanadium;
n-= 0, lor2; m=20, 1or 2, n + m being 2;
5 R = H or C, C,, alkyl or C,_C,, alkoxy; _
X, ¥ = independently of one another 0, S or NR?, R*
having the meaning of R3;
R! = C,.Cy alkyl, alkaryl, aralkyl or aryl;
R? = C,.C,o Organic residue optionally with C=0, COOH,
10 : COH, CNHR® groups;
R} = H, C,.¢ alkyl or R5°Z, RS having the meaning of R?

and Z having the meaning of X,
where R* and R? and/or R? and R® can together form a(n
aromatic) ring system. '

15

Examples of suitable groups of polydentate
ligands are salenes, bipyridines, diethylacetonates and
quinolines.

Examples of polydentate ligands are: 2,2'-

20 Dbipyridine, 1,10-phenanthroline, terpyridine, derivatives
of salicylaldehyde, pyridinecarboxaldehyde and thiophene-
aldehyde, such as salicylaldehyde—-2-hydroxyanile, bisbis-
(salicylaldehyde)ethylene diimine. The latter two
compounds are preferably used in a hydrogenated form so’

25 that the imine functions are hydrogenated.

The metal ion of the catalyst according to the
invention is also usually coérdinated with a weak
codrdinating ligand before being fed to the reaction.
During the reaction this ligand will dissociate in order

30 to create a free codrdinating place on which the reactants
can codrdinate. The metal ion on the catalyst can be
described according to the following formula in which as
an example the preferred Mo(IV)oxide is used:
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Preferably use is made of nol ybdenum

oO. 0
\W;
L' - Mo - L3 (II)

Lz

wherein Il and L2 represent the polydentate otganic ligands
which ligands are connected in some way to the solid
anorganic carrier and L3 represents the weakly codrdinated
ligand. L' and L2 can be, for example, X and Y of formula
(I).

This weakly coérdinated ligand L3 can be every
ligand that will dissociate under reaction conditions.
Examples of these weakly codrdinated ligands are acetyl-
acetonate, halogenides like chloride and sulfonate.

Catalysts similar to the catalyst according to
the invention are described in EP-A-332970. EP-A-332970
describes a heterogeneous catalyst wherein the active
metal is bound to the carrier via a polydentate organic

‘1ligand. These catalysts are however catalysts for

carbonylation reactions and the catalysts contain noble
metals from group VIII. Moreover all the examples in EP-A-
332970 describe ligands containing fosfine groups. These
fosfine groups will react with alkylhydroperoxide if these
catalysts are used in an epoxidation according to the
invention and are therefore not suitable as a catalyst for
these kind of epoxidation reactions. The polydentate
organic ligand according to the invention preferably does
not contain fosfine groups.

From EP-A-138624 it is known per se to carry out
epoxidation reactions using a catalyst consisting of
organic carrier, in particular a styrene divinylbenzene
resin with polydentate ligands. In praétice this type of
carrier appears to be unstable for the reaction medium and
therefore such a catalyst is not suitable for commercial
application. Surprisingly, it has been found that the
catalyst according to the present invention with its
organic ligands is still stable.

I*nvention the inorganic carrier has polydentate organic |iga |R jaced
suitable nmetal ion is coordinated. An ion chosen fron1the'gr§ HI&E Ir



The polydente ligand is preferably bi-, tri- or tetradentate, TW’SlQetHasBeenReplaced
particula r preference use is made of di- or triden- tate liga

Hi gher-dentato |igands may shield the netal ion, which could nqm MIIHHHI”"
active. The ligand preferably has oxygen,-Bttrogen or suphur at

coordinating atons for the netal ion. Wth nore preference oxygen and/ or
nitrogen atons are chosen. Wth particular preference the pol ydentate

ligand has at |east oneppROLGheaLIG Bllko0ganadb8MolREpe8eEEENEbE NEhe

| i gands are preferagbly in the formof an al cohol group, a _ketone grou
J pepoxi%af%on of an alkene %av?ng 3 orgmorg carton atoﬂs, P

under the influence of a catalyst containing a metal ionm,

with an alkylhydroperoxide, using a catalyst with which an
S ion of molybdenum, wolfram, titanium or vanadium is bound
to inorganic carrier via a polydentate ligand.
Usually a linear, branched or cyclic alkene with
3-30 carbon atoms, preferably 3-18, is chosen as the
alkene. Very suitable are for example propylene,

10 1-butylene, 2-butylene, isobutylene, l-pentene, 2-pentene,
cyclopentene, 1-hexene, 2-hexene, 2-methyl-l1-butylene, 3-
hexene, 2-methyl-l-pentene, 3-methyl-l-pentene, l-heptene,
2-heptene, 3-heptene, l-octene, 2-octene, 2-methyl-1-
heptene, 3-methyl-l-heptene, 3-methyl-2-heptene, 3-octene,

15 4-octene, cyclohekene, cycloheptene, cyclooctene,
cyclododecene, styrene, alpha-methylstyrene and vinyl
toluene. Furthermore alkenes that are substituted with a
hydroxyl group, a carboxyl group or a cyano group can be
used. Alkenes containing amide, imide, ether or esters can

20 also be used. Examples of suitable substituted alkenes are
allyl alcohol, vinyl ethers, unsaturated fatty acids,
unsaturated o0ils and tetrahydrophthalic anhydride and
1,4-(bistetrahydrophthalimide)butane.

Usually an alkylhydroperoxide having 3-30 carbon

25 atoms, preferably 3-18, is chosen as the alkylhydro-
peroxide. Very suitable are for example 2-propylhydro-
peroxide, cyclohexylhydroperoxide, t-butylhydroperoxide,
cumylhydroperoxide and ethylbenzenehydroperoxide.

Optionally a hydrocarbon such as cyclohexane,

30 benzene or chlorinated benzene can be used as a solvent.
The alkene or the alcohol formed in the oxidation are also
very suitable. If use is made of for example t-butylhydro-
peroxide, t-butanol is a very suitable solvent.

Dependent on the availability of the starting

35 product, either the alkene or the hydroperoxide can be
used in excess. The ratio of the two will usually lie
between 5:1 and 1:5, preferably between 2:1 and 1:2, in
particular between 1.2:1 and 1:1.2. If a solvent is used,
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the reagents.

The epoxidation reaction is usually carried out
using 0.0005-0.1 mol of metal complex relative to the
alkene. Preferably use is made of 0.005-0.01 mol.

The reaction usually takes place at a
temperature of between 0 and 200°C, preferably at a
temperature of above 20°C, in particular above 40°C. The
temperature is preferably chosen to be lower than 150°C,
in particular lower than 100°C.

The reaction can be carried out batch-wise or in
continuous mode. For industrial application a continuous
embodiment will usually be chosen, for example in a
packed-bed reactor. |

The reaction can take place at autogenous
pressure, but also at elevated pressure, for example
between 0.1 and 2 MPa. A pressure higher than atmospheric
pressure will be chosen in particular if a component that
is gaseous or very volatile at the desired reaction
temperature is chosen as the alkene or as the solvent.

The invention will be further elucidated with
reference to the following non-limiting examples.

Examples I and II and comparative experiment A
Coupling of a ligand to an inorganic carrier

In a nitrogen atmosphere 500 ml of methanol was
added to 100 g of silica from Grace (type: SG 254 [30-100
microm.; BET 540 m?/g]) at room temperature. This
suspension was stirred for 15 minutes. Then 250 g of 3-
aminopropyltrimethoxysilane was added. The suspension was
stirred for 1 hour at room temperature. After filtration
the solids were washed with 200 ml of toluene. This
washing was repeated twice. The product was then dried.
Then 6.0 g (0.049 mole) of salicylaldehyde in 5 ml of
toluene was added dropwise to 40 g of this modified silica
(Element Analysis (in mass %): C, 4.6; N, 1.6) in 100 ml
of toluene/ethanol (1:1 v/v), in a nitrogen atmosphere, at
90°C. The reaction mixture was heated for 2 hours, after

a pri NEThs SheHBEaT Beplaced

: and
Is preferable that the polydentate |igand contains no



Pﬁeferably the polydentate ligand is bound to a substrate ¥H

_ 851 8et Blad DX ERE taced
group, the substrate being the inorganic solid carrier. The % ' Y
preferably has groups according to Fornula 1: [err] ﬂ II " Iu ﬂ'
- —7_

which it was cooled to room temperature, filtered and
extracted in refluxing acetone and ethanol. The product
(carrier with ligand A) was dried in vacuum at 90°C. The
yield was 45 gram.

Preparation of catalyst I
The catalyst was prepared by refluxing 10 g of

: éarrier with ligand A with 3.3 g of Mo(0), (acac), [acac is

the abbreviation for acetylacetonate] in ethanol (in a
10 nitrogen atmosphere) for 4 hours. Then the reaction

mixture was cooled, filtered, extracted in refluxing
ethanol and dried. 11.2 g of yellow product remained.

- Catalyst I can be described with the following formula:

N\
15 r— o\\\
—0 - sr//ﬂ\\‘//ﬂ\\‘N =
o] o
// |
‘)——-0 ' O ~=Mo— O
20 |
o}
Preparation of catalyst II
25 The imine functionality of the carrier with

ligand a was reduced (to a carrier with ligand b) by
adding, in a nitrogen atmosphere, 0.08 g of NaBH,;, in
small portions, to 0.94 g (= 1 mmole of imine) of this
silica in 10 ml of ethanol at room temperature. The

30 reaction mixture was heated for 8 hours at 50°C. Then the
reaction mixture was cooled to room temperature, filtered,
washed using 3 portions of 40 ml1 of 1 N HCl, followed by
washing with a diluted NaHCO; solution, H,0 and ethanol,
and then dried. The yield was 0.860 g of product.

35 The catalyst was then prepared in a manner
analogous to that described above using 0.850 g of carrier
with ligand b and 0.300 g of Mo(O),(acac), in ethanol. The
yield was 0.944 g.
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Element analysis (in mass %): C, 10.3; H, 2.1; N, 1.0; Mo,
6.8. Catalyst II can be described with the following
formula:

\_o\

o.—.si/’/\\\,//,\\\

./

Preparation of catalyst A

Catalyst A, not according to the invention, was
prepared by absorbing molybdenum onto silica that had been
modified with propylamine as described in the first
paragraph of Example I. This carrier hence has mono-
dentate ligands. The catalyst was prepared by refluxing 2
g of modified silica with 0.726 g (2.2 mmole) of
Mo(0O),(acac), in 20 ml of ethanol, in a nitrogen
atmosphere, for 3 hours.

After cooling, filtering and extracting using ethanol
2.267 g of green product was obtained. Element analysis
(in mass %): C, 7.2; H, 1.8; N, 1.4; Mo, 5.5.

Examples III-VIII and comparative experiments B and C
Catalytic experiments were carried out by
introducing approximately 4x10-° mole of molybdenum

complex and approximately 20 mmole of alkene into 6 ml of
1,2-dichloroethane. The reaction mixture was then brought
into a nitrogen atmosphere and heated (thermostat
temperature: 60°C for cyclohexene; 80°C for l-octene).
Then approximately 10 mmole of alkylhydroperoxide was
added. Reaction products were characterised with the aid
of H-NMR (after removing the catalyst by filtering the
reaction mixture through A1,0;), GC-MS and gas
chromatography (Chrompack 438A using a Spectraphysics SP
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[ ] monitored v?gpgas cﬁromatograpﬂy. Suéi&g the reactions the
peroxide concentrations were spectrophotometrically
determined. The peroxide concentration was determined

5 using a predetermined calibration line.

The degree of conversion of hydroperoxide was
iodometrically determined after each reaction. _

Cyclohexylhydroperoxide and t-butylhydroperoxide
were used as alkylhydroperoxides. Cyclohexylhydroperoxide

10 was used as a mixture consisting of 46.5 wt.% cyclo-
hexylhydroperoxide, 20 wt.% cyclohexanol and 13 wt.%
cyclohexanone in cyclohexane. t-Butylhydroperoxide was
prepared free from water via azeotropic distillation.
After all the water had been removed, 1,2-dichloroethane

15 was added to the residue until a solution of 58 wt.% was
obtained.

Epoxidation reactions were carried out using
cyclohexene and l-octene as the alkene (alkenes obtained
from Aldrich p.a.).

20 The results are shown in Tables 1 and 2 (see
below). -

Tables 1 and 2 show that catalyst II almost quantitatively
epoxidizes cyclohexene and l-octene with t-butylhydro-
peroxide and yields better results than catalyst I or

25 catalyst A.

With catalyst I slightly lower degrees of
conversion and lower selectivities are obtained than with
catalyst II. With this compound the imine was found to
hydrolyse during the reaction, as a result of which

30 molybdenum could be rinsed from the catalyst.

Catalyst A with Mo(0O),(acac) is also selective
but it is much slower than catalyst I or catalyst II.

Table 2 shows that the epoxidation of l-octene
using catalyst II and t-butylhydroperoxide leads to very

35 high degrees of conversion and selectivities. The only
byproduct obtained was 2-octene oxide (approx. 3%). 3-
octene oxide was not observed. Catalyst II was found to be
a very stable complex under the reaction conditions.
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Catalyts simlar to the catalyst accordi rRgOt0 the invention a

I n EP- A-332570. EP- A-332970 descri bes a heterogeneous catal yst mhereln the
active new is bound to the carrier via a polydentate organic |igand. These

cat- alysts are hovever jgaLabysinehPl §2EROPYEALYEE teaghgons and the

catal ysts contain noble rom group [ eo-
cyclohexylhydroperoxide carrled out in cyclohexane the

following results were obtained: with cyclohexene a degree

of conversion of 90% and a selectivity of 99% was obtained
$ and with l-octene a degree of conversion of 45% and a
selectivity of 95%. The replacement of 1,2-dichloroethane
as the solvent by cyclohexane caused a slight reduction in
the degree of conversion but it did_not affect the
selectivity.
10
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rler I n artlcular a styrene divinyl benzene resin wth pol ydentate

R |||;|l|1uug . s, Lype Type o carr er 2ppears ¢ :ETI ]‘@T mi

conner0|al appllcatlon Surprisingly, it ha8-been found that EHET
according to the present invention with its organic ligands is still stable
The invention also relates to a process for the epoxidation of an al kene
having 3 or nore carbon atons, under dhe g nf lmence of a catal yst containing
a netal ion, with an al kyhydroperoxi'de, using a catalyst with which an
i on of nol yb-

1. Catalyst for the epoxidation of alkenes'using

alkylhydroperoxide, the catalyst comprising an ion of

5 one or more of the metals molybdenum, wolfram,
titanium or vanadium on a solid inorganic carrier,
characterised in that the metal ion is bound to the
inorganic carrier via a polydentate organic ligand.

2. Catalyst according to claim 1, characterised in that

10 the solid carrier is an oxide of silicon, aluminium,
titanium or of mixtures hereof. .

3. Catalyst according to claim 1 or claim 2,

" characterised in that the metal ion is bound to a
solid carrier via a bi-, tri- or tetradentate ligand.

15 4. Catalyst according to any one of claims 1-3,
characterised in that the ligand, which is at least
bidentate, has oxygen, nitrogen or sulphur atoms as
coordinating atoms.

5. Catalyst according to any one of claims 1-4,

20 characterised in that alcohol, ether, ketone,
aldehyde, carboxyl, primary, secondary or tertiary
amine, aromatic amine or sulphide are chosen as the
coordinating atoms.

6. Catalyst according to any one of claims 1-5,

25 characterised in that the ligand, which is at least
bidentate, has no C=N or C=C groups.

7. Catalyst according to any one of claims 1-6,
characterised in that the carrier has groups
according to formula I:

30

Yo,

substrate /Si-—Rl—}'(-Rz—Y—R’ (1)

35 7

where:
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cycl opentene, 1-hex- ene, 2-hexane 2-netyl-1-butyl ene, 3-hexene,
2- et hyl - 1- pentene. 3-net hyl - 1-pentene, 1-heptene, 2-heptene, 3-hep- tene,

1-octane, 2-octeney 2- met ethlheRiiRen $rval htle Yrioopt edtiprising
3- et hyl - 2- hept ene. 3-0ctgg§Ybééoctene

10.

11.

num, wolfram, titanium and vanadium;

n= 0, lor 2; m=20, 1 or 2, n + m being 2;

R = H, or C, C,, alkyl or C,_C;, alkoxy;

X,Y = independently of one another O, S or NR?, R*
having the meaning of R3;

R! = C,.Cs alkyl, alkaryl, aralkyl or aryl;

R? = C,_C,, organic residue, optionally with C=0,

COOH, COH or CNHR* groups;
R3 = H, C,_¢ alkyl or R5Z, RS haviﬁg the meaning of
R? and Z having the meaning of X,
where R! and R? and/or R?2 and R® can together
constitute a(n aromatic) ring system.
Catalyst according to any one of claims 1-7,
characterized in that the metal is represented by
molybdenum(IV)oxide and that the metal is codrdinated
in the following manner:

o 0

\ 7/

L! - Mo - L3 : (II)

L2

wherein L! and L’-répresent the polydentate organic
ligand bound to the solid anorganic carrier and
wherein L3® represents a weakly codérdinated ligand.
Process for the preparation of alkene oxide by
epoxidizing an alkene having 3 or more carbon atoms,
with an alkylhydroperoxide under the influence of a
catalyst containing an an ion of one or more of the
metals molybdenum, wolfram, titanium or vanadium,
characterised in that the catalyst used is a catalyst
according to ény one of claims 1-8.

Process according to claim 9, characterized in that
the catalyst contains an ion of molybdenum.

Process according to any one of claims 9-10,
characterized in that the reaction is carried out
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12. Process according to any one of claims 9—11,
' characterized in that the temperature lies between
5 20-150°C.
13. Catalyst and process as substantially described in
the specification and the examples.
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ABSTRACT

The invention relates to a catalysf for the
epoxidation of alkenes using alkylhydroperoxide, the
5 catalyst comprising an ion of one or more of the metals
molybdenum, wolfram, titanium or vanadium on an inorganic
carrier, characterised in that the metal ion is bound to
the carrier via a polydentate organié ligand.
The invention also relates to a process for the
10 preparation of an alkene oxide by an alkene having 3 or
more carbon atoms with an alkylhydroperoxide, using the
catalyst described above.
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5 The invention relates to a catalyét for the

epoxidation of alkenes using alkylhydroperoxide, the
catalyst comprising an ion of one or more of the metals
molybdenum, wolfram, titanium or vanadium on a solid

. inorganic carrier.

10 Processes are known and practiced commercially
for the époxidation of olefins by catalytic reaction of
alkenes with an alkylhydroperoxide. EP-A-193682, for
instance, describes the use of molybdenum in a homogeneous
catalysed reaction.

15 : Efforts have been made by prior workers to
develop heterogeneous catalyst systems useful in such
epoxidations which are essentially insoluble in the
reaction mixture. EP-A-421781 describes a molybdenum oxide
on a solid silica carrier. Such a catalyst presents the

20 drawback that the yield of the epoxidation reaction
decreases if the same catalyst is used several times in
succession. Furthermore, catalysts of this type are
calcined. Calcination often causes sintering of the
surface, which makes such a catalyst less readily

25 regenerable. Furthermore, catalyst is lost in
regeneration.

The invention provides a solution to these
problems by providing a catalyst with which the metal
(ion) is bound to the inorganic carrier via a polydentate

30 organic ligand.

The catalyst according to the invention appears
to combine a very high activity with a high selectivity in
comparison with the catalyst described in EP-A-421781, and
to be very stable as well.

35 ' The solid carrier is preferably an oxide of
silicon, aluminium, titanium, or mixtures hereof; silicon
oxide in particular is preferred because it is available
in many types. | -
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According to the invention the inorganic carrier
has polydentate organic ligands, to which a suitable metal

_ aly application a continugus enbod-
chpbsen, for exanplein a packed-bad reactr.

ion is coordinated.
An ion chosen from the group of metals
5 comprising molybdenum, wolfram, titanium or vanadium is
chosen as the metal ion. Preferably use is made of
molybdenum. _ .
The polydentate ligand is preferably bi-, tri-
or tetradentate. With particular preference use is made of
10 di- or tridentate ligands. Higher—dentate ligands may
shield the metal ion, which could make it less active.

The ligand preferably has oxygen, nitrogen or
sulphur atoms as coordinating atoms for the metal ion.
With more preference oxygen and/or nitrogen atoms are

15 chosen. With particular preference the polydentate ligand
has at least one coordinating nitrogen atom. The
coordinating atoms are preferably in the form of an
alcohol group, a ketone group, an aldehyde group, an ether
group, & carboxyl group, a primary, secondary or tertiary

20 amine group, an aromatic amine group or a sulphide group.

It is important for the catalyst according to
the invention that the polyligand has a great stability
with respect to the reaction medium, in this case the
alkylhydroperoxide solution at a temperature of usually

25 Dbetween 20 and 200°C. To this end it is preferable that
the polydentate ligand contains no C=N (imine) or C=C
(ethylenically unsaturated) groups.

Preferably the polydentate ligand is bound to a
substrate via a siloxane group, the substrate being the

30 inorganic solid carrier.

' The carrier preferably has groups according to
Formula I: ' |

35 -0, | |
substrate \Si,—nl-x-kz-;z—p.’ . (1)
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where:

M= a metal chosen from the group comprising
molybdenum, wolfram, titanium and vanadium;

n= 0, 1or 2; m=0, 10or 2, n +m being 2;

R = H or C, C,, alkyl or C,.C,, alkoxy;

X,¥Y = independently of one another O, S or NR*, R*
having the meaning of R?;

R! = C,.C3¢ alkyl, alkaryl, aralkyl or aryl;

R? = C,.C,o Oorganic residue optionally with C=0, COOH,
COH, CNHR* groups;

RI = H, C,.¢ alkyl or R%%, R® having the meaning of R?

and Z having the meaning of X,
where R! and R? and/or R? and R® can together form a(n
aromatic) ring system.

Examples of suitable groups of polydentate
ligands are salenes, bipyridines, diethylacetonates and
quinolines.

Examples of polydentate ligands are: 2,2'-
bipyridine, 1,l10-phenanthroline, terpyridine, derivatives
of salicylaldehyde,'pyridinecarboxaldehyde and thiophene-—
aldehyde, such as salicylaldehyde—-2-hydroxyanile, bisbis-
(salicylaldehyde)ethylene diimine. The latter two
compounds are preferably used in a hydrogenated form so

that the imine functions are hydrogenated.

The metal ion of the catalyst according to the
invention is also usually codrdinated with a weak
coérdinating ligand before being fed to the reaction.
During the reaction this ligand will dissociate in order
to create a free codérdinating place on which the reactants
can codrdinate. The metal ion on the catalyst can be
described according to the following formula in which as
an example the preferred Mo(IV)oxide is used:
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wherein L* and L? represent the polydentate organic ligands
which ligands are connected in some way to the solid
anorganic carrier and L3 represents the weakly codrdinated

10 ligand. L' and L? can be, for example, X and Y of formula
(1). '

This weakly codrdinated ligand L3 can be every
ligand that will dissociate under reaction conditions.
Examples of these weakly codérdinated ligands are acetyl-

15 acetonate, halogenides like chloride and sulfonate.

Catalysts similar to the catalyst according to
the invention are described in EP-A-332970. EP-A-332970
describes a heterogeneous catalyst wherein the active
metal is bound to the carrier via a polydentate organic

20 ligand. These catalysts are however catalysts for
carbonylation reactions and the catalysts contain noble

-metals from group VIII. Moreover all the examples in EP-A-
332970 describe ligands containing fosfine groups. These
fosfine groups will react with alkylhydroperoxide if these

25 catalysts are used in an epoxidation according to the
invention and are therefore not suitable as a catalyst for
these kind of epoxidation reactions. The polydentate
organic ligand according to the invention preferably does
not contain fosfine groups. _

30 From EP-A-138624 it is known per se to carry out
epoxidation reactions using a catalyst consisting of
organic carrier, in particular a styrene divinylbenzene
resin with polydentate ligands. In practice this type of
carrier appears to be unstable for the reaction medium and

35 therefore such a catalyst is not suitable for commercial
application. Surprisinle; it has been found that the
catalyst according to the present invention with its
organic ligands is still stable.
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epoxidation of an alkene having 3 or more carbon atoms,

under the influence of a catalyst containing a metal ionm,
with an alkylhydroperoxide, using a catalyst with which an
5 ion of molybdenum, wolfram, titanium or vanadium is bound
to inorganic carrier via a polydentate ligand.
Usually a linear, branched or cyclic alkene with
3-30 carbon atoms, preferably 3-18, is chosen as the
alkene. Very suitable are for example propylene,

10 1-butylene, 2-butylene, isobutylene, l-pentene, 2-pentene,
cyclopentene, l-hexene, 2-hexene, 2—methy1—1—butylene,'3—
hexene, 2-methyl-l-pentene, 3-methyl-l-pentene, l-heptene,
Z—heptene, 3-heptene, l-octene, 2-octene, 2-methyl-1--
heptene, 3-methyl-l-heptene, 3-methyl-2-heptene, 3-octene,

15 4-octene, cyclohexene, cycloheptene, cyclooctene,
cyclododecene, styrene, alpha-methylstyrene and vinyl
toluene. Furthermore alkenes that are substituted with a
hydroxyl group, a carboxyl group or a cyano group can be
used. Alkenes containing amide, imide, ether or esters can'

20 also be used. Examples of suitable substituted alkenes are
allyl alcohol, vinyl ethers, unsaturated fatty acids,
unsaturated oils and tetrahydrophthalic anhydride and
1,4~ (bistetrahydrophthalimide)butane.

Usually an alkylhydroperoxide having 3-30 carbon

25 atoms, preferably 3-18, is chosen as the alkylhydro-
peroxide. Very suitable are for example 2-propylhydro-
peroxide, cyclohexylhydroperoxide, t-butylhydroperoxide,
cumylhydroperoxide and ethylbenzenehydroperoxide.

Optionally a hydrocarbon such as cyclohexane,

30 Dbenzene or chlorinated benzene can be used as a solvent.
The alkene or the alcohol formed in the oxidation are also
very.suitable. If use is made of for example t-butylhydro-
peroxide, t-butanol is a very suitable solvent.

Dependent on the availability of the starting

35 product, either the alkene or the hydroperoxide can be
used in excess. The ratio of the two will usually lie
between 5:1 and 1:5, ﬁreferably between 2:1 and 1:2, in
particular between 1.2:1 and 1:1.2. If a solvent is used,
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it will usually have a volume that is 0.1-10 times that of

the reagents.

The epoxidation reaction is usually carried out

using 0.0005-0.1 mol of metal complex relative to the
5 alkene. Preferably use is made of 0.005-0.01 mol.

The reaction usually takes place at a
temperature of between 0 and 200°C, preferably at a
temperature of above 20°C, in'particular'above 40°C. The
temperature is preferably chosen to be lower than 150°C,

10 in particular lower than 100°C. '

The reaction can be carried out batch-wise or in
continuous mode. For industrial application a continuous
embodiment will usually be chosen, for example in a
packed-bed reactor.

15 The reaction can take place at autogenous
pressure, but also at elevated pressure, for example
between 0.1 and 2 MPa. A pressure higher than atmospheric
pressure will be chosen in particular if a component that
is gaseous or very volatile at the desired reaction

20 temperature is chosen as the alkene or as the solvent.

The invention will be further elucidated with
reference to the following non-limiting examples.

Examples I and II and comparative experiment A

25 Coupling of a ligand to an inorganic carrier
In a nitrogen atmosphere S00 ml of methanol was

added to 100 g of silica from Grace (type: SG 254 [30-100
microm.; BET 540 m?/g]) at room temperature. This
suspension was stirred for 15 minutes. Then 250 g of 3-

30 aminopropyltrimethoxysilane was added. The suspension was
stirred for 1 hour at room temperature. After filtration
the solids were washed with 200 ml of toluene. This
washing was repeated twice. The product was then dried.
Then 6.0 g (0.049 mole) of salicylaldehyde in 5 ml of

35 toluene was added dropwise to 40 g of this modified silica
(Element Analysis (in mass %): C, 4.6; N, 1.6) in 100‘m1 .
of-toluene/ethahol (1:1 v/v), in a nitrogen atmosphere, at
90°C. The reaction mixture was heated for 2 hours, after
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in ethanol (in a nitrogen atnogphere) for é lnced
hours Thgn it he r ion i xture was cooled, fil- tered, extlrg ccil heplace
refl uxi ng 4t h@ﬁﬁ%ﬁ%&ﬁn ed. 11.2 g of yellow product remain Imﬁl :
can be dqsdsbed—with thejfollowing fornmula: O The imne fu i

the carrifer with ligand a ywas reduced (to~@-carrier with ligard b) by
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which it was cooled to rooﬁ temperature, filtered and
extracted in refluxing acetone and ethanocl. The product
(carrier with ligand A) was dried in vacuum at 90°C. The
yield was 45 gram. '

Preparation of catalyst I
- The catalyst was prepared by refluxing 10 g of

carrier with ligand A with 3.3 g of Mo(0), (acac), [acac is
the abbreviation for acetylacetonate] in ethanol (in a

10 nitrogen atmosphere) for 4 hours. Then the reaction
mixture was cooled, filtered, extracted in refluxing
ethanol and dried. 11.2 g of yellow product remained.
Catalyst I can be described with the following formula:

N\

15 — 0
N
— 0 - Si7
..-.o /
w7

Preparation of catalyst IT

25 : The imine functionality of the carrier with
ligand a was reduced (to a carrier with ligand b) by
adding, in a nitrogen atmosphere, 0.08 g of NaBH,, in
small portions, to 0.94 g (= 1 mmole of imine) of this
silica in 10 ml of ethanol at room temperature. The

30 reaction mixture was heated for 8 hours at 50°C. Then the
reaction mixture was cooled to room temperature, filtered,‘
washed using 3 portions of 40 ml of 1 N HCl, followed by
washing with a diluted NaHCO, solution, H,0 and ethanol,
and then dried. The yield was 0.860 g of product.

35 The catalyst was then prepared in a manner
analogous to that described above using 0.850 g of carrier
with ligand b and 0.300 g of Mo(0),(acac), in ethanol. The
vield was 0.944 g.
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6.8. Catalyst II can be described with the fdllowing
formula:

\r_o\

r—o-—-Si/\/\

./

Preparation of catalyst A

Catalyst A, not according to the invention, was
prepared by absorbing molybdenum onto silica that had been
modified with propylamine as described in the first
paragraph of Example I. This carrier hence has mono-
dentate ligands. The catalyst was prepared by refluxing 2
g of modified silica with 0.726 g (2.2 mmole) of
Mo(0O),(acac), in 20 ml of ethanol, in a nitrogen
atmosphere, for 3 hours.

After cooling, filtering and extracting using ethanol
2.267 g of green product was obtained. Element analysis
(in mass %): C, 7.2; H, 1.8; N, 1.4; Mo, 5.5.

Examples III-VITIT and comparative éxgeriments B and C
Catalytic experiments were carried out by
introducing approximately 4x10-° mole of molybdenum
complex and approximately 20 mmole of alkene into 6 ml of
1,2-dichloroethane. The reaction mixture was then brought
into a nitrogen atmosphere and heated (thermostat
temperature: 60°C for cyclohexene; 80°C for l-octene).
Then approximately 10 mmole of alkylhydroperoxide was
added. Reaction products were characterised with the aid
of H-NMR (after removing the catalyst by filtering the
reaction mixture through A1,0,), GC-MS and gas
chromatography (Chrompack 438A using a Spectraphysics SP
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4290 integrator; column: carbowax 20M). The reactions were
monitored via gas chromatography. During the reactions the

' peroxide concentrations were spectrophotometrically

determined. The'peroxide concentration was determined
using a predetermined calibration line.

The degree of conversion of hydroperoxide was
iodometrically determined after each reaction.

Cyclohexylhydroperoxide and t-butylhydroperoxide
were used as alkylhydroperoxides. Cyclohexylhydroperoxide
was used as a mixture consisting of 46.5 wt.% cyclo-
hexylhydroperoxide, 20 wt.% cyclohexanol and 13 wt.%
cyclohexanone in cyclohexane. t-Butylhydroperoxide was
prepared free from water via azeotropic distillation.
After all the water had been removed, 1,2-dichloroethane
was added to the residue until a solution of 58 wt.% was
obtained. '

Epoxidation reactions were carried out using
cyclohexene and l-octene as the alkene (alkenes obtained
from Aldrich p.a.). '

The results are shown in Tables 1 and 2 (see
below).

Tables 1 and 2 show that catalyst II almost quantitatively
epoxidizes-cyclohexene and l-octene with t-butylhydro-
peroxide and yields better results than catalyst I or
catalyst A.

With catalyst I slightly lower degrees of
conversion and lower selectivities are obtained than with
catalyst II. With this compound the imine was found to
hydrolyse during the reaction, as a result of which
molybdenum could be rinsed from the.catalysf.

Catalyst A with Mo(0),(acac) is also selective -
but it is much slower than catalyst I or catalyst II.

Table 2 shows that the epoxidation of l-octene
using catalyst II and t-butylhydroperoxide leads to very
high degrees of conversion and selectivities. The only
byproduct obtained was 2-octene oxide (approx. 3%). 3-
octene oxide was not observed. Catalyst II was found to be
a very stable complex under the reaction conditions.
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In experiments with catalyst II and
cyclohexylhydroperoxide carried out in cyclohexane the
following results were obtained: with cyclohexene a degree
of conversion of 90% and a selectivity of 99% was obtained

5 and with l-octene a degree of conversion of 45% and a
selectivity of 95%. The replacement of 1,2-dichloroethane
as the solvent by cyclohexane-caused a slight reduction in
the degree of conversion but it did not affect the
selectivity.

10
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Catalyst for the epoxidation of alkenes using

alkylhydroperoxide, the catalyst comprising an ion of

one or more of the metals molybdenum, wolfram,
titanium or vanadium on a solid inorganic carrier,
characterised in that the metal ion is bound to the
inorganic carrier via a polydentate organic ligand.

Catalyst according to claim 1, characterised in that

the solid carrier is an oxide of silicon, aluminium
titanium or of mixtures hereof.

Catalyst according to claim 1 or claim 2,
characterised in that the metal ion is bound to a

’

solid carrier via a bi-, tri- or tetradentate ligand.

Catalyst according to any one of claims 1-3,
characterised in that the ligand, which is at least
bidentate, has oxygen, nitrogen or sulphur atoms as
coordinating atoms.

Catalyst according to any one of claims 1-4,
characterised in that alcohol, ether, ketone,
aldehyde, carboxyl, primary, secondary or tertiary
amine, aromatic amine or sulphide are chosen as the
coordinating atoms. |

Catalyst according to any one of claims 1-5,
characterised in that the ligand, which is at least
bidentate, has no C=N or C=C groups.

Catalyst according to any one of claims 1-6,
characterised in that the carrier has groups
according to formula I: |

Ry
0, \
LY
substrate Si-R!-X-R2-Y-R? (I)
V4 ] ? .
o] ‘. M-

where:

.This Sheet Has Been Replaced
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10.

11.

M= metal, chosen from the group comprising N
molybdenum, wolfram, titanium and vanadium;

n-= 0, 1l or 2; m=0, 1 or 2, n + m being 2;

R = H, or C,_C,, alkyl or C,;.C,, alkoxy;

X,¥ = independently of one another O, S or NR*, R*
having the meaning of R?;

R! = C,-Cyo alkyl, alkaryl, aralkyl or aryl;

R? = C,_C,, organic residue, optionally with C=0,
COOH, COH or CNHR® groups;

R3 = H, C,_g alkyl or R5%Z, R® having the meaning of

R? and 2 having the meaning of X,
where R' and R? and/or R? and R® can together
constitute a(n aromatic) ring system.
Catalyst according to any one of claims 1-7,
characterized in that the metal is represented by
molybdenum(IV)oxide and that the metal is coérdinated
in the following manner:

(1)

\\ // This Sheet Has Been Reﬂ laced
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Lz
wherein L' and L? represent the polydentate organic
ligand bound to the solid anorganic carrier and
wherein L® represents a weakly codrdinated ligand.
Process for the preparation of alkene oxide by

epoxidizing an alkene having 3 or more .carbon atoms,
with an alkylhydroperoxide under the influence of a
catalyst containing an an ion of one or more of the
metals molybdenum, wolfram, titanium or vanadium,
characterised in that the catalyst used is a catalyst
according to any one of claims 1-8.

Process according to claim 9, characterized in that
the catalyst contains an ion of molybdenum.

Process according to any one of claims 9-10,
characterized in that the reaction is carried out

ndd after
rle used



had been removed 1, 2-di chl or oet hane was added to the {REPLAGEMENT SHEET|
sol ution of 58 Epoxi dati on reaction
using cycl ohexummﬂmﬂmnm -as the al kene (al kene
Aldrich p.a. Thé resdit "ard& shown in Tables | nd 2 (sge

and 2 show that catalysy if alnpbst quantitatively spo
and 1l-ociene wth t-butythyoroperox- —14- _ _

using 0.005-0.01 mole of metal complex relative to
the alkene. -
12. Process according to any one of claims 9-11,
characterized in that the temperature lies between
5 20-150°C. ’
13. Catalyst and process as substantially described in
the specification and the examples.
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EPOXIDATION CATALYET

ABSTRACT

The invention relates to a catalyst for the
epoxidation of alkenes using alkylhydroperoxide, the
catalyst comprising an ion of one or more of the metals
molybdenum, wolfram, titanium or vanadium on an inorganic
carrier, characterised in that the metal ion is bound to
the carrier via a polydentate organic ligand.

The invention also relates to a process for the
preparation of an alkene oxide by an alkene having 3 or
more carbon atoms with an alkylhydroperoxide, using the
catalyst described above.
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Tha invention relates to a catalyst jor the epoxidation of ajkenés using alicylhydroperoxide, the catalyst comprising
an ian of ane or mora of the metals molybdenum, tungsten, ttanium or vanadium on & solid inorganic carrigr.

Procasses are known and practiced commercially for the spaxidatian of olefing by catalytic reaction of alkanes with
an alkylhydroperaxide. EP-A-193682, for instanca, descrbes the use of molybdenum In a homogeneous catalysed
reaction.

Efforts hava been made by prior warkars to davelop haterogenecus catalyst systems useful in such Widatlonl
which arq gssentially insoluble in the reaction mixture. EP-A-421781 describes a molybdenum axids an & solid sifica
carriar, Such a catalyst prasants the drawback that the yield of the epaxidation reaction dacreases & tha same catalyst
is used several times in succession. Furtharmara, catalysts of this type are calcined. Calcination often causas sintering
of the surface, which makes such a catalyst less reaclly regenarable. Fusrthermore, catalyst is lost in rageneration,

The inventicn pravides a solution to these prablems by providing 2 catalyst with which the metal (ian) is bound o
the inarganic sarrier via a polydentate organic ligand.

The catalyst according to the invention appears to combine a very high activity with a high selectivity in comparisan
with the catalyst described in EP-A-421781, and 9 be very stable as weil.

Thae sclid carrier ig preferably an oxide of silicon, aluminium, ttanium, or mixtures hereof; sificon oxide in particular
is preferred becausa it is availabla in many typee,

According 10 the Invention the inarganic carrier has polydantate organic ligands, to which a suitable metal ion is
coordinated.

An jon chosen from the group of matals camprising motybdanum, tungsten, titanium or vanadium is chosen as the
metal ion. Preferably yse is made of molybdenum.

The palydentate figand is preferably bi-, ti- or tetradentate. With particular preferance use is made of di- or triden-
tate ligands. Higher-dantate ligands may shield the metal ion, which coukt make it less active.

The ligand preferably has oxygen, nitragen or sulphur atoms as coordinating atoms for the metal ion. With mora
preferanca oxygen and/or nitrogen atoms are chosen. With particular preference the polydentate ligand has at least
©one coordinating nitrogen atorn. Tha ceordinating ligands ara preferably in the form t an alcohol group, a ketone group,
an aidehyde group. an ether group, a caroxyl group, & primary, secondary ar tertiary amine group, an aromatic amine

.group or a suichide group.

itis important for the catalyst according to the invention that the palyligand has a great stability with respect to the
reaction medijum, in this case the aliythydreperoxide sciution at a tamperature of usudlly between 20 and 200°C. To this
end it is preferaiile that the polydentate ligand contains na C=N (imine) or C=C (sthylenically unsaturated) groups.
Preferably the poiydentate ligand is bound 1o 1 substrata via a siloxane group, the substrate being the inorganic
solid carrier.
" Tha carrier preferably has groups according to Formula I:

R,
.-0‘
substrate’ N§i-Ri-X-R2-y-p? ' (I)

1 [
0/ ‘snl'

where;

M= a metal chasen fram the group comprising molybdenum, tungsten, titanium and vanadium;
na O1or2im=0, 10r2, n+mbeing 2;

R= Har Cy.Cyz aliyl or C1.Cyq alkoxy:

XY= independantly of one another O, S or NR*, R* having the meaning ot R%;

R'a  Cy.Cy alkyl, alkaryl, aralicy! or aryl;

R2a  C).Cy organic residue optionally withh Ca0, COOH. COH, CNHR* groups;

R H, Cyqalkyl or R¥2Z, RS having the meaning of R? and Z having the meaning of X,

- where R' and R? andlor A% and R2 can togather form a{n aromatic) ring system.

Examples of suitable groups of polydentate ligands are salenes, bipyridines, diethylacetonates and quinofines.
Examples of palydentate ligands are: 2,2*-bipyriding, 1,10-phananthraline, lerpyridine, derivatives of saficylaide-
hyde. pyridinecarbosaldehyda arid thiophenealdghyde, such as salicylaldehyde-2-hydroxyanile, bisbis(salicylalde-
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hyde)ethylana diimine, The latter two compounda are preferably used In a hydrogenated form g0 that the imine
functions are hydrogenatec,

Tha metal ion of the catalyst according to the invention is also usually codrdinated with & weak codrdinating ligand
before being fad to the raaction. During the reaction this ligand will disscciate in order o creata a free coordinating place
an which tha reactants can codedinata. The maetal ion on the catalyst can be described according to the lollowing for-
mula In which as an example the prafarred Mo(IV)oxide is used:

o 0

\W4

L ~ Mo - L3 (II)

l

Ll

wharein L' and L2 represent the polydentate organic ligands which ligands ar@ connected in some way 1o the solid inor-
ganic camier and L? represents the wealdy co-ordinated ligand. L' and L2 can be, for @ample, Xand Y of formula (1).

This waakly ca-ordinated ligand L can be every ligand that will disscciate under reaction conditions. Examples of
these weakly co-ordinated ligands are acatylacetonate. halogenides like chioride and sulfonate.

Catalysts similar i the catalyst according ta the invention are described in EP-A332970. EP-A-332970 describes
a heterogencous catalyst wherein the activa metal is bound ta the carrier via a polydentate organic ligand. Thesa cat-
alysts are howaver catalysts for carbonylation reactions and the catalysts contain nable metals irom group VIll, Moreo-
ver all the examples in EP-A-332970 describe ligands containing phesphine groups. These phosphine groups will react
with alicylycroperoxide if these catalysts are used in an epoxidation according to the invention and are therefore nat
sultable as a catalyst for these Wind of epoxidation reactions. The polydentate organic ligand according to the invention
preferably does not contain phosphine groups. .

From EP-A-138624 it is known per sa o carry out epoxidation reactions using a catalyst consisting of arganic car-
rier, n particular a styrene divinyloenzene resin with polydentata igands. In pmﬁcommeofwﬁ“w?ﬂb‘

" unstable for the reaction mediurn and therefore such a catalyst is not suitable for commercial application. Surpeisingty,
it has baan found that the catalyst according to the present invention with its organic ligands is still stable

The invention aisa ralates to & procass for the epoxidation of an alkene having 3 or more carbon atoms, under the
influence of 2 catalyst cantaining a metal ion, with an allyihydroperoxide, using & catalyst with which an fon of molyb-

.+ denum, tungsten, tharium or vanadium is boun! {0 inorganic carrier via a polydentate figand.

Usually a linear, branched or cyclic alkene with 3-30 carbon atoms, preferably 3-18, is chosen as the alkene. Very .
suitable are for example propylene, 1-butylene, 2-butylene, isobutylene, 1-pentans, 2-pantena, cyclopentenq, T-hex-
ene, 2-hexene, 2-methyl-1-butylene, 3-hexene, 2-mathyl-1-pentene, 3-mathyi-1-pentans, 1-heptene, 2-heptene, 3-hep-
tene, 1-octens, 2-octene, 2-methwl-1-heptene, d-methyl-1-heptane, 3-mathyl-2-heptane, 3-octene. 4-oclene,
cyciohaxene, cyclaheptena, cyclooctene, cyclodadecene, styrene, aipha-methylstyrene and viny! toluens. Furthermare
alikenes that are substituted with & hydroxyl group, a carbaxyl group or a Gyano group ¢an be used. Alkenes containing
amide, imide, ather or asters can alsa be used. Examples of suitable substituted alkenes are allyl alcohol. vinyl ethers,
unsaturated fatty acids, unsaturated oils and tetrahydrophthalic anhydride and 1.4-{bistatrahydrophthaimidejoutane.

Usually an alkyihydroperaxide having 3-30 carbon atoms, prefarably 3-18, is chosen as the alkylhydroperaxide.
Very suitable are for example 2-propylhydroperoxide, cyciohexylhydroperaxide, t-butylhydroperoxide, cumylhydroperox-
ide and ethythenzenehydroperoxide. :

Opticnally a hydrecarbon such as cyciohexana, benzene or chicrinated benzene can be used as a saivent. The
alkens or the aleshol formed in the axiclation are alsa very suitable. If use is mada of for examgle t-butylhydroperaxide,
t-butanol is a very suitable solvert.

Dapendent on the avaitability of the starting product, either the alkene or the hydroperoxide can be used in éxcess.
The ratio of the two will usually lis betwaen 5:1 and 1.5, preferably between 2:1and 1:2, in particular between 1.2:1 and
1:1.2, ¥ & solvent is usad, it will usually have a volume that is 0.1-10 imes that of the reagents.

The epoxidation reaction is usually carrled out using 0.0005-0.1 mol of metal complex relative to tha alkena. Pref-
erably use is mada of 0.005-0.01 mol, - _

‘Tha reaction usually takes placa at a termparature of batwaen § and 200°C, preferably at & termperature of above
20C, in particular above 40°C. The tempsratura is praferably chosan to ba lower than 150°C, in pacticuler lower than
100°C.

Thae reaction can be carried out batch-wise or In continuous mode. For industrial application a continuous embod-
iment will uguaily be chosen, for example in a packed-bed reactor,
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The reaction can take place at autogenous pressurs, but also at elevated presaure, for exampie between 0.1 and
2 MPa. A prassure higher than atmospheric pressure will be chosen In particular if 2 component that s gasecus ar very
volafiie at the desired reaction temperature i chosen as the alkene or au the salvent.

The lavention will be further elucidated with reference to the following non-limiting examples.

In a nitregen atmosphere S00 mi of methanoi was added to 100 g of silica from Grace (type: SG 254 [':10-100
microm.; BET 540 mA/g]) at room termparature. This suspension was stirred for 1S minutes. Then 250 g of 3-aminopro-
pyitrimethoxysilane was added. The suspension was stimed for 1 hour at room temparature. After flltration the solids
were washed with 200 mi of toluene. This washing was repeated twice. The product was then dried. Then 8.0 g (0.049
mole) of salicylaldehyde in S mi of toluene was added dropwise to 40 g of this moditied silica (Element Analysia (in mass
%): C, 4.8; N, 1.6) in 100 mi of toluene/athanct {1:1 W), in a nitrogen atmosphere, at 90°C. The reaction mixture was
heated for 2 hours, aftar which & was coaled 1 roarm temperaturs, filtered and extracted in refluxing acetone and etha-
nol. The product (carrier with ligand A} was dried in vacuum at 90°C. The yiald was 43 gram.

Preparation of catalyst |

The catalyst was prapared by refluxing 10 g of carrier with ligand A with 3.3 g of Mo(Q), (acac); facac is the abbre-
viation for acatylacetonate] in ethanal (in a nitrogen atmosphere) for 4 hours. Then the reaction mixturg was cooled, fil-
tered, extracted in refluxing ethanol and dried. 11.2 g of yeflow product remained. Catalyst | can be described with the
foliawing formula:

Pregaration of catalyst Il

Tha imine functicnality of the carrier with igand a was reduced (o a carrier with ligand b) by adding, in & nitragen
atnosphare, 0.08 g of NaBH,, in small portions, 1o 0,94 g (« 1 mmile of imine) of this silica in 10 mi of ethanc] at room
temperature, The reaction mixture was heated for 8 haurs at S0°C. Then the reaction mixture was cooled to room tem-
perature, {iitered, washed using 3 postions of 40 mi of 1 N HC!, followed by washing with a diluted NaHCO; solution.
20 and ethangl, and then dried. Tha yield was 0.860 ¢ of produce, .

The catalyst was then prapared in @ manner analogous to that described above using 0.850 g of carrier with ligand
b and 0,300 g of Mo(Q)a(acac)z in ethanol. The yleld was 0.944 g. '

Element analyais (in mass %): C, 10.3; H, 2.1; N, 1.0; Ma, 6.8, Catalyst |l can be describad with the following for-
mula: ,
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Prenaration of catalyst A

Catalyst A, not according o the invention, was preparad by absarbing molybderum onto siica that had been mod-
ified with propylamine as described in the first paragraph of Example Lmardahencomm’mmm
The catalyst wes prepared by refiuxing 2 g of madiified silica with 0.728 g (2.2 mmole) of Mo(O)z(acac)s in 20 mi of ath-
anol, in a nirogen atmosphare, for 3 hours. - .

After caaling, filtering and extracting using ethanol 2.267 g ¢f green product was cbtained. Element analysis (in mass
%): G, 7.2: H, 1.8; N, 1.4; Mo, 5.5.

Catalyic mxperiments were caried cut by introducing spproximately 4x10-% mole of molybdenum camplex and
. approximately 20 mmgle of aliene into & mi of 1,2-dichioroethane. The reaction mixiure was then brought into 8 nitro-
wmwmm«mmm:wcummwcmtm».m'w
. 10 mmois of alkylhydroperoxide was added. Reaction products were characterised with the aid of "H-NMR (after

" remaving the catalyst by fitering the reaction mixture through AlOg), GC-MS and gas chvomatography (Chrompack
438A using a Spaclraphysics SP 4290 integrator; column: carbowax 20M). The reactions were monstored vid gas chra-
matography. During the reactions the peroxide concantrations were spectraphatometrically determined. The peraxide
concentration was determined using a predetermined calibration fine. .

Tha degree of conversion of hydroperaxide was iodometrically determined after aach r .

Cycichexylhydroperoxide and t-butyihydroperaxide were used as alkyhydroperoxides. o
was used as a mixture cansisting of 46.5 Wt.% cyciohaxythydroperaxide, 20 wt.% cyciohexanol and 13 wt.% cyciohex-
mhwmewmmm«ummmwmmﬂmwc
had been remaved, 1,2-dichioroethane was added 1o the residue unti a solution of 58 wt.% was oblained.

Epcxidation reactions were camied out using Cyciochexene and 1-octene as the alicena (alkenes chtained from

-+ Aldrichp.a).

The results ara ehawn in Tables 1 and 2 (see below). .

Tables 1 and 2 show that catalyst i aimost quantitatively spaxicizes cyciohexene and 1-octens with t-butythyaroperox-
ide and yiekis batter resuits thar catalyst | or catalyst A,

With catalyst [ siightly lower dagrass of convarsion and lower selectivities are obtained than with catalyst il. With
this compound the imine was found to hydrolysa during the reaction, as & resuit of which molybdenum coukd be rinsed
from the catalyst.

Catalyst A with Mo(O)g(acac) Is also selective but it is much slower than catalyst ! or catalyst .

Tabie 2 shows that the epaxidation of 1-octena using catalyst Il and t-butyihydroperaxide leads to very high degrees
of canveraion and selectivities. The only byproduct cbtained was 2-actanae oxide (approx. 3%). 3-octene oxide was not
obeacved. Catalyet it was found 13 bie & very stable camplex under the reaction condftfons.

In experimants with catalyst il and cyclohexythydroperoxide carried out In cyciohaxane the following resulls were
obtained: with cyciohaxene a degree of canversion of 90% and & selectivity of 59% was cbiained and with 1-octene 2
dagrea of conversion of 43% and a selectivity of 95%. The raplacement of 1,2-dichicroethans a8 the saivent by
cycichqxang causad a slight raduction in the degree of conversion but it did not affact the selactivity.
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! Table 1
Epoxidation of cyciahexens using molybdanum on a carrier.
opariment | catalyst | peroxide | t(min,) | degree of conver- | degree of corver- |  selectivity
sion of peroxide slonof allkena | Wwards epaxice
B A t-BuQOH" 380 as a8 87
u ! t-BuOOH | 250 65 7% 99
v u t+-BuOOH 210 99 9 100
v i | CyooH= | 240 % o %
~ cycohenyihydropercuida
Table 2
Epoxidation of 1-0ctere Using molybdanum on & carrier.
eperiment | catalyst | peroxide | t(min) | degree of conver- | degree of conver. selectivity
| sion of peroxide sion of atkene | towards epoxide
o] A t-BuO0H 480 89 82 -]
vi ] +-BuOOH | 200 99 94 o7
Vit ! CcyooH | 320 95 57 s
vill ‘N |-CyOOH | 240 Y s2 %
Claims

1.

Catalyst for the epaxidation of alkenes uaing akythydroperaxida, the catalyst comprising an ion of one or mare of
memeulsmolyhdenmwnqm titanium or vanadium on a solid inorganic carrier, characterisad in that the metal
ion is bound 1o the inorganic axide carrler via a polydentate organic ligand.

Catalyst according to claim 1, characterised in that the solkd casrier is an oxide of silicon, aluminium, titanium or of
mixiuree herect.

Catalyst according to claim 1 or claim 2, chasscterised in that the metal ion is bound to a solld carvier via @ bie. i~
or tetradentate ligand,

Catatyst according to any ona of claims 1-3, characterised in that tha ligand, which I at laast bidentate, has oxy-
gen, nitrogen or sulphur atoms as coordinating atoms.

Catalyst according o any one of claims 14, characterised in that alcohol, ether, ketona, aldehyde, carboxyl, pri
mary, secondary or tertiary amine, aromatic amine or sulphide are chosen as the coordinating ligands.

Cafalyst according to any one of claims 1-8, characterised in that the ligand, which is atieast bidentate, has no CaN
or CaG groups. ' .
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Table 1
Epoxidation of cycliohexens using molybdenum on a carrier.

oqariment | catalyst | peroxide | t(min.) | degree of conver- | degree of conver- | - selectivity
sion ¢f peroxida sionof alicana | towards epaxide
B A +-8uQQ0H" 360 8s 88 97
" ! t+BuOOH | 250 65 % 99
v 0 | +BuOOH | 21¢ 99 %9 100
v u CyQOH*™ | 240 )] 5 9
* -butyitydroperaxide;
** cycichexythydroparoxide
Table 2

Epoxidation of 1-actene using molybdacum on 4 cartier.

experiment | catalyst | peroxide | t(min.) | degree of conver- | degree of conver selectivity
sion of peroxide sion of atkene | fowards epaxide
c A t+-BuOOM 480 63 g2 89
vi T on +-BUO0H | 200 99 94 97
Vi I | CyooH | 320 95 7 8
Vil n -CyOOH 240 88 s 94

coie AR UL

1. Catalyst for the epcxidation of alkenes using akythydroperaxida, the catalyst comprising an lon of one or more of
the metals molybdenum, tungsten, itanium or vanadium on a soid inorganic carrier, characterised in that the metal

ion ks bound ta the inorganic axide carrier via a polydentate organic figand.

2. Catalyst according {0 claim 1, characlerisad in that the solki carrier is an oxide of silicon, aluminium, tianium or of
mixiures hereof.

3. Camnlyst according to ¢daim 1 or claim 2, characterised in that the metal ion is bound to a solid carvier via a bis. iri-
armw.

4. mmumnmymaiwmm.mmwmmmugw which ig af least bidentate, has oxy-
gen, nitrogen or suiphur atoms as coordinating atoms.

§. Catalyst according 1o any one of claims 14, characterised In that alcohol, ether, katona, aidetyde, carbaxyl, pr-
mary, sscondary or tartiary amine, aromatic amine or suiphiie are chosen as the coordinating igands.

6. Cagl-cmM\gbmymofdam 1-§, characterised in that the ligand, wmd\lumubidmmnow
or groups.
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7. Catalyst accarding o any ana of claims 18, characterised in that the carrlar has groups according o fonmeda

n.
0,
substrate ;si-n‘-I.:-l’-‘!-l‘ ()
o \‘ H' [ J

M= metal, chosen from the group compriging molybdenum, tungsten, Stanium and vanadium;
= 0, 1or2;m=0, 10r2 n+mbeing 2

R= H, or C;.Cqa alkeyl or Cy.Cy5 alkoxy;

XY=  Independently of one arother O, S or NRY, R* having the meaning of A*;

Rla  Cy.Cyaliyl, aliaryl, araileyl or aryl;

A= C,.Cy Organic resicue, cptionally with C<0, COOH, COH or CNHR® groups;
) c,‘waaszn’mmmmmimaaawzmmmmofx.

whars R' and A2 andior R? and 83 can together constite a(n aromatic) ring systemn.

Catalyst according 10 any one of claims 1-7, characterized inthat the mtsr-prmedbymlybdwnﬂv)m
wmhmmlhmadmtdhmblbwﬁmm .

L} - Mo - L3 . (II)

whersin L' and L2 represent the polydaniate arganic ligand baund 5 the eoiid anorganic camier and wherein L3
WMMAMWMMMMWWMWsmm

Pmbrhprm of allena cxide by epoxicizing an alkene having 3 or more carbon ajoms, with an aligt-
hydroperaxide under the influence of a calalyst containing an an ion of one or morg of the metals molybdenum,

?-:Mm . titanium or vanedium, characterised in that the catalyst used is a catalyst according to any one of claims

10. Procass according to claim 9, characterized in that the catalyst contains an lon of molybdenum.

11. Process acconding 10 any one of claims 9-10, mummm«wmhaﬂuumo 005-0.01 mole

olmhlemmlurddnbmllhm

12. Process according fo any one of claims 9-11, charactarized in that the temperature flas between 20-150°C.
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9. Process for t he preparation of al kene by epoxidizing an al kenexzhigyisngs 3
ot nore.carbhan .atons,...w.th.an.alkyl- hydroperozi de under the influence of a
cat al yst REPLACEMBNT HHEEIS of SGone jor nore of the netal nol ybdnum

t ungs dﬂD&sbﬁmm:rpagedxfartacpagcd...char acterised in that the catalyst used is
a cat al BClaingepr di paged &..a0ypaged.7af |cl ai ms 14.

O Drawing(s) : paged ..... to paged .....

Abstract  :paged Z... to paged ...
DATE OF RECEIPT ..AB(Y......... -5~
Table 1
Epaxidation af cyciohexens using molybdenum on & carrter.
pament | catalyst | peroxide | t(min.) | degrae of conver | degree of convers aalectivity

sion of peroxide sion of alkene | WWAIKS epoxiie

8 A +-8u00H" | 360 as K 87 .

m I ] tBuOCH | 250 &5 % 99

L | +8u0OH | 210 99 ® 100

v B | cyoor~ | 240 « % )

~ FoutyRydroperaxide;
* Gyciohexythydroperoxida
: © Table2
- . Epaxidation ef 1-octane using molybdanum on & carrier.
operiment | catalyst | peroxide | t({min.) | degrae of conver- | degres of corver- selectivity

sion of peroxide | sion of alkene | towards epaxide

c A +-8uOOH 480 =] 2 -

Vi N t-8uCCOH 200 ] 94 o7

vu V| oyoom | 320 o5 57 K

vilt ‘I | CyoOH (| 24g %8 52 %4




10. Prodess according to claim9. characterised in that the in that the

eat al';l“ﬂ‘ll%‘lﬁ'l“ﬂﬂi“Llon of nolyderum 11. Process according to any one of
cl ai i terised in that the reactionh is carried out using
0.005-0.01"mof'e f retal conplex relative to the al kene. 12 Process
according to any one of clainms 9-11, characterised on that in that the

tenperature lies between [err]

-6 -

Claima
1. Cataiyst for the epaxidatian of alkenes using alkythydroperaxida, the catalyst comprising an fon of ona o mare of

the metals malybdenum, fungsten, tanium o vanadium on a sod inorganic carrier. characterised in that the metal
fon is bound o the inorganic oxiie carrler via 2 polydentata erganic figand.

Catalyst according 1o claim 1, charactarised in that the saild carrler Is an axide of silicon. aluminium, thanium or of
mixturea hereot

Catalyst according fo claim 1 or claim 2, characterised in that the metal on is bound to a salkd carier via a bie. ri-

or tatradentats igand.

Catatyst accarding o any ana of ctaims 1-3, characterised in that tha ligand, which Is at least bidentate, has oxy- |
gen, nitrogen o sulphur atoms as coardinating atoms. '

Catalyst according 1o any one of claims 14, characterised In that alcoho!, ether, ketona, aidahyde, carboxyl, prie
mary, secondary or tertiary amine, aromatic amine or suiphide are chosen as the coordinating ligands.

Catalyst according to any cnie of claims 1-8, characterisad in that the ligand, which is at least bidentate, has no C«N
or Ca groups. : }

7. Catatyst according 0 any ana of ciaims 18, charecterisad In that the carrler has groups according la nmua b -

. .
substrate ;sz-n*—:‘:-n‘-r-k‘ : (1)
[}
S, nc ’.

Ma  metal, chosen from the group compriging molybdenum, tungsten, titankum and vanadiums
a= 0lorZ;m=0 12, n+mbeing2: :

R=  H orGr.Cralkyl or Cy.Cyz alexy;
XY« independently of one ancther O, S or NR*, R having the meaning of %

R'a  Cy.Cyq atkyl, allaryl, aralkyl or aryl; .

AR C2.Cyq arganic residue, optiarally with C=0, COOH, COH or CNHR* groupe:
R H.C,,Maﬂ‘lﬂ‘mmmeuﬁmdﬂzﬂzmmemdx.
whars R' and R? andior A2 and RS can togethar canstitute a(n aromatic) ring system.

Catalyst according (0 anty one of daims 1-7, characterized in that the metal Is represented by molybdenum(IVjoxids
and thet the metal is codrdinated in the following manner; ' ' o

o] Q
\W4
I..‘.- Mo - L3 (II)

L!

‘wherain L1 and L? represent the polydantate arganic igand bound 1 the eolid anarganic carrer and wharein L
represents & wealdy coSrdinated ligand, which wesidy codrdinated igand will disscciate under reaction condifons.
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* m«m.mmm«mammmmmmamamdmn:mw
mm«mm«mmmmmmmmw any claims
1-8.

10. Procass sccandiag 10 claim 9, dumﬂudhhtmcawynm:nbndmwdm

1. Process soconding 10 arty cne of claims 9-10, mdhhtmenadonhwﬂuodmn 005-0.01 mole
of matal complex ralative 1o the alkane.

12, Procass according fo any one of deime 911, Mcdadtummtw flag between 20-150°C.



ABSTRAC

EPOXIDATION CATALYST

The invention relates to a catalyst for the epoxidation of
alkenes using alkylhydroperoxide, the catalyst comprising an ion
of one or more of the metals mblybdenum, wolfram, titanium or
vanadium on an inorganic carrier, characterised in that the metal
ion -is bound to the carrier via a polydentate organic .ligand.

" The. invention also relates to a process for the preparation
of an alkene oxide by an ‘alkene:having.3 or more'carbon atoms. .
:. w::.th an alkylhydroperoxide, using the catalyst desch.bed above.-':



