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PROCESS FOR THE EPOXI DATI ON OF ALKENES Techni cal Field The present

i nvent i or\géegégsﬁg to the catalytic activation of nolecul ar ppigesioczss
al kene epoXidatron using transition nmetal substituted pol yoxonetal ates as

- caltal ysts. Background Art Epoxidation of alkenes is an inportant chemi cal
transformati on whereby an oxygen atomis added to a carbon-carbon doubl e

bond to forman ep rﬁb ' AN E% medi at e. _
conpounds whi ch ca(r? encggsﬁgns @F?eﬂb?gﬁ%ﬁn% %E?&E‘SF? anpl es incl ude

but are Hriica Pieldt |inted to ethylene glycol and polyethylene glycol

from et hyl ene oxide, propylene glycol from propyl ene oxi de,

phenyl acet al dﬁ‘)&rfésehl ertivhaerates ite the edtdlylit aoiivation of molettiarndxygero! -

Epoxi dati on of al kenes can be carried out using nunerous techni ques. The
ol'dest dorl alkemebépoxidatior: asing traridiioh imetad substitutede palyoxometatatesaras
organi ¢ peracid, according to the reaction set forth in equation (1). [err]
Typi cal gatalysisds used in the art include perbenzoic acid, peracetic acid,
perform c acid, perphthalic acid and substituted perbenzoic acids such as
3- chl orBackarownd Artaci d. The salts of such acids may al so be effective
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PCT/ 1 L9t {¢4rned to final products. Examples include but are certainly not limited to
- ethylene glycol and polyethylene glycol from ethylene oxide, propylene glycol from
propylene oxide, phenylacetaldeyhyde from styrene oxide and propranoiol from 2R-
glycidol. |
Epoxidation of alkenes can be carried out using numerous techniques. The
oldest and probably most common method is to react the alkene with an organic

peracid, according to the reaction set forth in equation (1).
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Typical peracids used in the art include perbenzoic acid, peracetic acid,
performic acid, perphthalic acid and substituted perbenzoic acids such as 3-
chloroperbenzoic acid. The salts of such acids may aiso be effective oxidants as in
the case of magnesium monoperoxophthalate. The acids may be used as pure
-compounds or as prepared in situ in the reaction mixture by for example adding
“hydrogen peroxid_e to acetic anhydride to form peracetic acid. Although processes
based on the reaction as described in equation (1) are known, there are certain

drawbacks that are associated with such reactions. Among these one may site (a)
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t he propensity for formation of by-products such as glycols and gl.ycol
esters by reaction of the epoxide with water and/or acid in the reaction
medi um (b) the necessity of recovering and/or recycling the acid _

co- pr oduowodss416s8) t he necessity for stringent reacti on coPEVHIO8MREBuse of
the safety danger involved in use of organic peracids (acyl W
hydr operoxides). In order to mininize the danger in using peroxides as

oxi dants the use of alkyl and al kylaryl hydroperoxides in place of acyl

hydr oper the geapemsity ifor formatipns ot by-radugtsi such asigiyeols ant glycoli @stars by
normal ly react with al kenes apd the addition,aqf catalyst is.requisyed as
shown i nreastioncelcthe, #PeKides witht Wﬁthnafé&Eéta% n 2‘?‘.3 [Qﬁqt'?"( E‘Fd!ﬂm!ekb) the
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with the use of acyl hydroperOX|g§s remai n. Thus, reactions are not

neC_eS_SaréFyi ERHe afi§idiyl inydroparbsidelhin plass sfcaeyl hpdtiperbdides tisas Ibeeis to-
addi tional " side reactions, for exanple, substitution and oxidation at the

al 1 yli c ewjdested&nd lappliéd.c Theisevxidahts domotgormatigireactwitly alikenesartd thebond.
Simlar to the problens encounter with the use of acyl hydroperoxides, the

al cohol addition ofiatcatalyst is sequicent 8s showndoithe seactian ifustsatedriniesatien (2zed. A
further nmethod to epoxidize al kenes is to use aqueous hydrogen peroxide

3 as oxidant as shown in the reaction illustrated in equation (3). [err]
Such a readiiorY represents a al | rovenent copgpar to the use
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Some hydro_pe'roxic.les. commonly used in. such reactions -are terl--
butylhydroperoxide, cumene hydroperoxide and ethylbenzene hydroperoxide. The
catalysts used are most commonly based on compounds containing Ti(lV), V(V),
Mo(Vl) or W(Vi) although many compounds based on other metals have been
described as being effective catalysts. These reactions are safer because of the .
lower reactivity of alkyl and alkylaryl hydroperoxides compared to organic peracids,
however, the other disadvantages associated with the use of acyl hydroperoxides -
remain. Thus, reactions are not necessarily more selective, since the presence of -
c'atalets often leads to additional side: reaétions,— for example, substitution and
oxidation at the allylic carbon of the alkene inste_ad of oxygen addition to the double

~bond. Similar to the problems encounter with the use jof acyl hydroperoxides, the
alcohol co-préduct must be recovered, recycléd and/or otherwise utilized.

A further method to epoxidize alkenes is to use aqueous hydrogen peroxide



of organi c hydroperoxides in that the co-product is water and therefore is
en¥i ronmental |y beni gn and need not be recovered or recycled. As in the use
of “al kyl - | kyl aryl hydroperoxi des the presence of a ¢ |
necessar)ng&ﬂ?@ﬁgcat al ysts are again often conpounds cont a?%?)ﬁﬁgmiulu%ﬂév),'
V), Mo(VI) or WWVI), anong others. In,only certain cases has high

sel ecti vi ty been reported for al kene epOxi dation. Sone effective and
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[WZnWn[err](ZnWerr]Jerr])[err]][err]- and cplaced
{PJerr][WO(Ozerrl)[err]][err]}[err]. I'Q nany cases, the uselMIﬂﬂ"ﬂNlH”’n
per oxi de repre n gqeal oxidapnt proyid#d reagtispons are '
exception is ifi C e’? v%’(e}%e the | ow pri thg (eﬁﬁ(l?gi de nake the use of
hydr ogen{3)er oXi de prohibitively expensive® An additional inportant method
for synthesis of epoxides fromal kenes is via formati on of a hal ohydrin,
preferably a chl orohydrin, using hypochlorous acid in the first step,

foll owed by uge of base eg NaOH for rin | gsure in the second, step, as
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al kene egatalydts v &gain bftém cmpsuNded centairsing ﬁfw)prvdm,pmavlpforwwwwoul d.
be nol ecul ar oxygen (di oxygen) as found in air. The addition of dioxygen to
an al kenamongcothées: dn ahlyicertairccases has gl selgdlivity beencreportsd for alkene

epoxidation. Some effective and selective catalysts include titanium silicalite-1 and

other fitanium substituted zeolites, and polyoxometalates such as
[WZnMn2(ZnWgO1)2]12 and {POJWO(O2)2le> In many cases, the use of
hydrogen peroxide represents an ideal oxidant provided reactions are selective. An
exception is in cases where the low price of the epoxide make the use of hydrogen
peroxide prohibitively expensive. |

An additional imporiant method for synthesis of epoxides from alkenes is via
formation of a halohydrin, preferably a chlorohydrin, using hypochiorous acid in the
first step, followed by use of base eg NéO_H for ring closure in the second step, as

shown in the reaction illustrated in equation (4).
> < | | >£°H< NaOH > <
+ HOCl ——> —— + NacC
cl o
(4)

This is a very simple procedure whiéh has, however, two problems. First,

usually the presence of molecular chlorine in hypochlorous acid leads to formation
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0 be applied. In cases where there is no allylic carbon to the double
bond, oxygen may be added to the double bond using a silver catal yst at

ed tenperatures. In this way, ethylene oxide is manufactured fr
ne. WAp98/5#168 | ar procedures with ot her al kenes, such @CTILbRIS2¢E
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e etc. this reaction fails to give epoxide in significant anounts.
The basic problemin use of dioxygen #or  epoxidation of alkene lies in the

| nature of the nol ecul ar oxygen nol ecul e.. I n honbgenous reacti

ons,
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tution of hydrogen at an allylic carbon atom Therefore, the co

mon
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m cked or exanp usi ng manganese an ron porphyrins’
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. ucing” agent in order to cleave. the oxygen-oxygen bond | eadi
t@Aperatiree. higthisawap! etfiyiene ©xidd ¥ piamifactiuped dtan cethplenek e Fer
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ation. Froma process point of viewthe reduci ng agent WO 98/ 54165

Snitir procédlires awitls other dikerigs, sych esgk-butene; iproplene ett. dhisgeaction

s the attractivity of such a process. The alternative is activation
of di ofsilsclo give epoxise ifesigoificapbhameudtsanibenbasic pirbiem indse phdioxyaRIXy gen

aved usjng two netal centers |leadjing to fornation :
for epoxidation of alkene lies in the radical nature of the molecular oxygen

molecule. In homogenous reactions, this radical nature always leads to a preferred
radical reaction via substitutiqn of hydrogen at an allylic carbor; atom. Thereforé,
thé common mode of Utilizaﬁén of dioxygen in liquid phase catalyzed reactions
does not 'yield epoxide as a -major_ product. The situation in gas phase reactions is
similar wherein activation of alkenes leads to allylic type carbocations, carbanions
or carbon radicals again preventing fonhation of epoxides as a significant product.
Conceptually, in order to use dioxygen for alkene epoxidation, activation of

dioxygen should be via formation of a high valent metal oxo compound formed after

scission of the oxygen-oxygen bond. These high valent metal-oxo intermediates

are effective epoxidizing agents. Most commonly this is carried out in nature by
use of monoxygenase type eniyme such as cytochrome P-450 or methane
monoxygenase. Such enzymes may be mimicked, for example, by using
manganese and iron porphyrins as catalysts. The monooxygenase mechanism,
however, requires two electrons from a reducing agent in order to cleave the
oxygen-oxygen bond leading to formation of the high valent metal-oxo intermediate

active in alkene epoxidation. From a process point of view the reducing agent

- .



of two high val ent nmetal -oxo species. This 'typ.e of reaction has been only
realized using a ruthenium substituted tetranesityl porphyrin (RUTMP).

Tufnover rates to epoxide are very |low and the catal yst ha h
st abi |it9’!’°?§(§“ﬁf'med stability of porphyrin Iigands has ?Ceé"{‘]ggp"tﬁg‘é

suggestion that transition netal substituted pol yoxonetal ates may be
I nportant alternative catalysts to netal | oporphyrins as disclosed and
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signifi a(s thermal |y and oxi-datively stable, thus allowing their
use as sﬁ%ﬁg%"#ﬁg catal ysts. This previous work describes the application

of transiti qheEitéthalivd s h&ﬁ%@g& yrg&gggf.%aé eﬁ:xye%?%@ tﬁfé)ﬁiééz%hﬁ?n of

al kenes usi ng oxygen donors s benzene: er report academ c

r esear ¢ sbals acréakien dibRyadriscléNd Using dwbahietad 66hichs tbatlifg 16 fothtationat i on
usi ng ot her oxygen donor’s such as tert- ut yl hydr oper oxi de, hydrogen

per oxi &f two thigh vslemb métal-oxo spectigsaTHis type\obreabtionTihas been @nly realized on
met al substituted pol yoxonetal ates as catal ysts for al kene epoxidation with
mol eculusing>ayrutheniam suabstituted-tetramesityipatphpris (RuJMER). ofTurhevémratesi ton
Accordingly, it is an object of this invention to provide a novel process
for thepopise aratvesy low andidbe catalysthasiimited stabiltyy gen as oxidant. It is

al so an object of this invention to provide a nethod for carrying out this

epoxi dat i on Toe limitedestahility ofoPamivEn tgands, nasi leg do tthensugaestian: that
o2 3 e DRl BBt oSGk Sy b rberBH Bl i
o2t 215 motmPBSHINS i T S 808 ACEA L8 Pt HERATY,
metal i3kl dathiyStsARbYIRYRERh 3h8 High adtivity 8t iicrmeilloporhyrin counterparts,
i hov(lever,'are significantly more thermally and oxidatively stable, thus allowing their
2 use as long living catalysts. This previous work déscribes the application of
transiti_oﬁ metal substituted polyoxometalates for the epoxidation of alkenes using
oxygen donors such a iodosylbenzene. Other reported academic research has
‘evolved from this report and has described alkene epoxidation using other oxygen
donors such as fert-butylhydroperoxide, hydrogen peroxide: and p-cyano-N,N-
dimethylaniline-N-oxide. The use of transition metal substituted polyoxometalates
as catalysts for alkene epoxidation with molecular oxygen has never been
described. _
Disclosure of the invention
Accordingly, it is an object of this invention to provide a novel process for the
epoxidation of alkenes using molecular oxygen as oxidant. It is also an object of
this invention to provide a method for carrying out this epoxidation of alkenes with
molecular oxygen using a transition metal catalyst. Furthermore, it is an objective of
this invention to carry out said epoxidation using a transition metal substituted

polyoxometalate as catalyst.



the epoxidation of alkenes with nolecul ar oxygen. Mre particularly the
present invention prolhisfbet HasBeaReplaceior t he catal ytic epoxi dation of

al kene conpri sing cont i tion nmetal substituted pol yoxonetal at &
and .-nol ecWOR8/54368gen e process described i nPCEIEISA0245nt | ON
relates to the use of transition "al substituted polyoxonetal ates (TMSP) _
to catal yze the epoxidation-of al kenes w th nol ecul ar oxygen according to
the followi ng equation (5). [err] (5) Polyoxonetal ates are oligoneric

oxi des of def iAtedrdihgUtdt the bpresentinvisiiiondthere hes0RGWNbed®| diBEevared . a

ni obi um or vandi um or . a conbi nation thereof. Mire specifically, transition
met al sulpsocesst whicholges transitiont metah rsaibstitubed: polyoxbmidialates as datakysisfor |
Xerr](TM[err]MJerr] where the heteroatom X, if present (x_ 0) may be
mai n gr omepwdaﬁemdakmwimmmwcm@amatorrs, M are nol ybdenum

t ungst en,. ni obi um or vanadi um or a conbination thereof, and TMis one or
several diffeMare partidiarlydhe presenkinventipa prayidesta pregesssfor dhetgatalytici on
met al substi tut.ed p?lé xonetal ates, [RUerr] ZnwW(znWerr]Qerr])[err]],
used in FH@”H@&Q@SQ d b &PMRAISING 6P 9i Avdrnsiion, @ aﬁ&é’ﬁ@ﬂt d as

a dinmer of.a truncated Kegqin,structure. haying a "belt"” of WZn and ot her
tralnsi ti BHW,?‘!}?H\%‘?C'#\%a'&%{’?ﬂ%@““gg’ﬁ{ﬂﬁ%cmaw@ggmen the two B-XWerr]Jerr]
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or thi r dnjgleuldPé’ygentadiording t’élﬂqemoaﬁﬁ@bhﬁaﬁoﬁl(g)l_e metal selected from -

t he group 7 consi sting of “ruthenium Thodium "palladium osmum iridium
and platinum Most preferably the TMatomis ruthenium The heteroatom
atom X, ofytheytrivacant Keggli.msi,r.agrrent_s an he any het eroat om known for
Keggi n conp s astis @gl |- »-' I o .
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Polyoxometalates are oligomeridoxides of defined structure based on addenda of
tungsten, molybdenum, niobium or vandium or a combination thereof. = More
~ specifically, transition metal substituted polyoxometalates are compounds of the -
general formula Xy (TM)yMmO_%" where the heteroatom, X, if present (x _ 0) may be
main group or transition metals, the addenda atoms, M, are molybdenum, tungsten,
niobium or vanadium or a combination thereof, and TM is one or several different
trénsition metals. The specific class of transition metal substituted
polyoxometalates, [WZnTM2(XWg019)2]9-, used in the process described by the
present invention are characterized as a dimer of a truncated Keggin structure
having a "belt" of W,Zn and other transition metal (TM) cations "sandwiched"
between the two B-XWgQO34 trivacant Keggin fragments the structure of which is
shown in appended Figure 1. The transition metal cations are assumed to be
positioned at terminal positions and are hexacoordinate with at least one labile
ligand such as water. The TM atom can be any transition metal of the first, second

or third row. More preferably the TM atom is a noble metal selected from the group
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known in the art, Forexanpte;—X—can—be a nonmet al such as phosphorous,

silicon germani um bgL tﬁ£s}§%§|} ' Al ternatively X can be a netal such as
zinc, cob‘glt !élr‘;gn et mA
pol yoxone 9I9§’ls or tﬂm mﬂs{
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No=transition nmetal s
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) m oxonet al ates or 34 those of the general
structure described and shown above ha®%e ever been used as catal ysts for
t he epoxi dation of al kenes with nol ecul ar oxygen. The counter cation of the
above tcomsisting of nuthehium;rhodium.cpalladiymy osmiumairidiumegnd cplatinuont Most
including for exanple alkali nmetals, alkaline earth cations, transition
metal  cpreferably the il atencia raheniumsh Bhe hetarestom yatamoki ofrthe tivacante
catal ytic reaction as described in equation %g)) is carried out
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a sinple solid followed by addition of the-reactants. The support used for

t he cat catalystsifor the epoxidatiopaftalkersss with mbletaize oxygen.aTHey sounten ehtioh ng -

anong others silica, alumna and ot her oxides. The al kenes applicable as

r eact anofk then above fransition mejalbsubstituted> pobfoxametalates may beTtany catibnides

sinmple term nal and |linear al kenes such as ethene, propene, 1 -butene, 1

- oct eneinsluding fier exaleple alkali metals, ialkalingaeanth gatinas, wansitiaa {netal katiensuch
2- . 2- - hyl - 2-h 2, 3-di hyl - 2- but , etc.

gEPL AbCEmm enrge agpz%gqtocgoenges’u as augtemarye r#w%ggium ’sg!tg.l methy butene, etc

The catalytic reaction as described in equation (5) is carried out by
contacting the catalyst with molecular oxygen and alkene. In one process the
catalyst is contacted with molecular oxygen, followed by contact with the alkene. In
another process the catalyst is contacted simultaneously with both the molecular
oxygen and alkene. The reaction or contact between the catalyst and reactants
(alkene and molecular oxygen) may take place in a solvent whereby the reactants
are added to the catalyst dissolved in an liquid phase. Some typical solvents are
aliphatic, aromatic or halogenated hydrocarbons. Some exemplary solvents of
these classes are 1,2-dichloroethane, heptane, toluene, xylene, chiorobenzene or
mixtures thereof. Alternatively, 'the catalyst may be placed on a support or used as
a simple solid followed by addition of the reactants. The support used for the
catalyst may be any support used in heterogenous catalysis including among
others silica, alumina and other oxides.

The alkenes applicable as reactants in this process may be any type of

~ alkenes known. This includes simple terminal and linear alkenes such as ethene,
propene, 1-butene, 1-octene etc. The alkene may be an internal branched or linear
alkene such as 2-butene, 2-octene, 2-methyl-2-heptene, 2,3-dimethyl-2-butene, etc.



The al kene may al so be cyctie—fer—exanpl e cycl ohexene, cycl ooct ene,
, etc. Ml equigg gen nay be used pure, as-air, as oxygen
enriched air, or as o m ed r. Inert gases may be added. The
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for nlﬁe hours in a cl gsed v ssel . - The gxygen sol ution was cooled to

dams. 1 Thusy &) fellawing \exampleeqwhich  include - preferred
embodiments will serve to |Ilust;ate the practice of this invention, it being

understood that the particulars shown are by way of example and for purposes of -
illustrative discussion of preferred embodiments of the present invention only and .
are presented in the cause of providing what is believed to be the most useful and *

readily understood description of formulation procedures as well as of the principles
and conceptual aspects of the invention.

Brief Description of the Drawings

Figure 1 - illustrates the molecular structure of an exemplary transition metal

substituted polyoxometalafe, [WZnRu2(ZnWgO1g)2]11-, active in the cataly_sis of

molecular oxygen addition to alkenes to form epoxides.

Example 1

A 5 ml solution of degassed 1,2-dichloroethane containing 100 pmol
Q11WZnRu2(ZnWg0O1g)2 in which Q is tricaprylmethyl ammonium was kept under 1
atm molecular oxygen at 90 °C for nine hours in a closed vessel. The oxygen

solution was cooled to room temperature and 11.2 mg cyclooctene was added.

i nventi on onIy and_are, presented |n the cause of
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Jerr] V\Zn\&ﬁ[%égﬂcéézw\[e in which Qis tri caprPﬁT%?!KW“
angoni um was kept under 1 atm rml ecul ar oxygen at 120 [err]C for six hours
in a closed vessel. The oxygen solutio® was cooled to roomtenperature and
11.2 ng cycl ooctene was added. After 2 hours the solution was analéﬁed by

9 After 2 hours the smwmaﬁam%n nal yzed by GLC. The anal ysis showed a
ﬁfﬁ
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ammoni up was kept under 1 atm nol ecul ar oxygen.at 90 [err]C for nine hours
in a cl gﬁé&ﬂ’&iel. The oxygen sol ution was cool ed to roomtenperature and

The anafysPs Mhodibiens 6 subfted otrlesiabeliaih  E8nliiod" DAS D hend < 5
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The anal ysis showed a 63.7 %conver sion to cycl ooctene oxi de. Exanple A5

m  sol uiafien 2hodrsythes sdiutiod-was: @naiyzedhby €lO.nt Ehe ianglysi¥) showed a 72. 1%
Jerr]WenRuferr] (ZnWerr]Qerr])[err] in which Qis tricapryl methyl

ammoni uconvarsiamto cyclizocteneoxideol ecul ar oxygen at 90 C for nine hours in a
cl osed vessel. The oxygen solution was cooled to roomterrperature and 8.4
ng 2, 3- Exampleld 2- but ene was

A 5 ml solution of degassed 1,2-dichloroethane containing 100 pmol
Q41WZnRu2(ZnWg01g)2 in which Q is tricapryimethyl ammonium was kept under 1
: atm molecular oxygen at 90 °C for nine hours in a closed veésel. The oxygen
solution was cooled to room temperature and 9.4 mg norbornene was added. . After
2 hours the solution was analyzed by GLC. The analysis showed a 82.1 %
conversion to norbornene oxide.
- Example 4 |
A 5 mi solution of degassed toluene containing 100 pmol Q11WZnRu2(ZnWg019)2
in which Q is tricapryimethyl ammonium was kept under 1 atm molecular oxygen at
90 °C for nine hours in a closed vessel. The oxygen solution was cooled to room
temperature and 11.2 mg cyclooctene was added. Aifter 2 hours the solution was
analyzed by GLC. The analysis showed.a 63.7 % conversion to cyclooctene oxide.
Example 5
A 5 ml solution of degassed 91,2-dichloroethane containing 100 pmol
Q11WZnRu2(ZnWg0O19)2 in which Q is tricaprylmethyl ammonium was kept under 1
atm molecular oxygen at 80 °C for nine hours in a closed vessel. The oxygen

solution was cooled to room temperature and 8.4 mg 2,3-dimethyi-2-butene was



10 added. After 2 hours the—selutt+en—was anal yzed by GLC. The anal ysis

|
showed a 78.4 % convgf g9 t 2, 3-di met hyl - 2- but ene oxide. Exanple 6 A, 5 _
m solution of degas M e oet hane cont ai ni ng 100 [err]nol i
d er r ] W pgzs4165 ZnW r] in which Qis tricafiGA/BaPR2HsS -

ammoni um was kept un | ecul ar oxygen at 90 [err]C for nine v

hours in a closed vessel. The oxygen g@ ution was cooled to room
tenperature and the solution was purged and repressurized with 1 atm

of Ope“e'adgg%;%Acf%ég’m%sg{grﬁ&gQﬁ% Was! &%aly2ed by CBLOASTRE Tricihds Bioled-a The

anal ysi s 4% acrolein as the only products.
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[err] D err] V\ZnRu[err](Z_nV\[er_r] Jerr])[err] in which Qis
tri capr gxamiglgle anmoni um was kept under 1 atm nolecul ar oxygen at 120 C for
si.x hours In a closed vessel. The oxygen sol ution was cooled to room
t enper afur® ank solation! wfi cdégassedur ,2edighloroethane s cantaining t 100 apmol -
propene. After 2 hours at roomtenperature the solution was analyzed {/)y
GLC. ThQaWAnRu(ZaWsQ1s) BvwhichQ s ticapndmethylammonium i waskeptianaan 1,
products. Exanple 8 A 5 m _solution of de aSSﬁd , 2-di chl_gr oet hane :
cont ai natny malegular axyges| atPe "G fﬁ!nﬂﬂﬁe’f‘?‘fréz%\/\feﬁ’ Pf?ﬂlé’ﬁsﬁﬂ er® PG ch O
is tricapryl methyl a nj um was ,kept under_ 1, 34 at | ecul ar_ oxygen_ at 90
[err] C sejution wa r§°qWﬁT3a Q |T8eRY t?@@@@%‘reﬂ@‘{)jvﬁeﬁg@ggﬂtm RHEQ%‘go? to
roomtenperature 1.2 - OCt, -0 rNHLE, : S, -
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conver spotst@. Thd Enallfzid ¥hded BEYPrepene oxide and 4% acrolein as the only
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Example 7 |
A 5 mi solution of degassed 1,2-dichloroethane containing 100 pmol -
Q41WZnRuz2(ZnWg01g)2 in which Q'is' tricapryimethyl ammonium was kept under 1
atm molecular oxygen at 120 °C for six hours in a closed ‘vessel. The oxygen
solution was cooled to room temperature and the _'solution was purged and
repressurized with 1 atm propene. After 2 hours at room temperature the solution
was analyzed by GLC. The analysis showed 98% propene oxide and 2% acrolein -
as the only products. '
Example 8 |
A 5 mi solution of degassed 1,2-dichioroethane containing 100 pmol
Q11WZnRuz(ZnWg01g)2 in which Q is tricapfylmethyl ammonium was kept under 1 -
atm molecular oxygen at 90 °C for 18 hours in a closed vessel. The oxygen
solution was cooled to room temperature and 11.2 mg 1-octene was added. After
18 hours at 60 °C the solution was analyzed by GLC. The analysis showed a 76 %
conversion to 1-octene oxide. |
Example 9
A 5 ml solution of degassed toluene containing 2.5 umol Q14WZnRuz2(ZnWgO1g)2

in which Q is tricapryimethyl ammonium and 280 mg was kept under 5 atm



A5 m solution of degassed toluene containing 2.5 [err]nol
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anmoni u ng was kept under 5 atm WO 98/ 54165
PU/ILQ%%§%1 nol ecul ar oxygen at 90 [err]C for 24 houlF%rl{ n a cfosed

vessel . After cooling GLC analysis sh d a 15 % conversion of cycl ooctene
to cyclooctene oxide. It will be evid to those skilled in the art that

LQSWLPZ&%%”%M%%@Q? (1o L RoE, Py cBrselinfianél RS0 chold G | C

forns r i and it is

t heref or eg‘gem% %e%égkgﬁlﬁﬁggg&geaeﬁ%ﬁﬁ éggbe%%ér%%e Bga%e consi der ed
in all respertvdllde ewhuunt toothose skilledivi thecart that thecinvesticn faet lmited torade
to the appended clains, rather than to the foregm ng description, and all

changesthsm!etmla @frﬁe\fqregnmghliustatmcamues tttnqpreagm wm;entlbntmay
cl ai nB t.herefore. i ntend her.ei n . it te sheet -
T Nov B EMEGHIS 35 Sy SHEEHG tormswitBout Separing frd the AsSepi) e

d I
owygen isnsot andlt & HRRErarS Bekirp et il it &@%ﬁ%@zﬁ%@@%&%ﬁ‘%{ﬁ& -
f or mul acoridibiered inil féspectél=y mhsﬁwe aa.a ﬁbt tddtdttive, referencabéingimade to

het er oat om sel ected from Zn, Ge, B and As and6§ is a counter
cation. the appenge@cn&@mswamu mgnttp meufmegomgardasnnmwrs snd it shangesn Zn

d Co. di I 1 d t
2 cat 1 oWEt) SomBy ViFuT B8 Heei ‘s cande ‘ohethialera el %m%ZP'é’Qtlin

Or an therefore intended to be embraced therein.



organi c cation. 4. A process according-te—€laim1l wherein said transition
nmet al substituted pol yoxonetal ate mula [RU err] Zn W(X Werr]
err])[err]][err] Qerr], 5“ E\Eﬂ!&m ording to claim4 wherein le
tricaprylwebssdiesmoni um 6. saceor di ng to cl airCTILABEN2dS n sai d
al kene is selected fromthe group consi sting of branched, linear and cyclig
al kenes. 7. A process according to glzaim 1 wherein sai d transition netal
substituted pol yoxonetalate is first contacted with nol ecul ar oxygen,

fol | onvetiyt is Clarfiedss h sai d al kene. 8. . A process according to claim1l
wherein said transition nmetal substituted poI yoxonet al ate i s simultaneously

cont act ¢d W Ahprisieess Jor the tateiptic epoxidationaot! alitdnen comprisifigd sbntacting dheet -
16 Novenber 1999 13 9. A process according to claim1l wherein said

epoxi datrapsition netal subsstituted polyoxoavgtalate and mclet:hlarlcxylgen withtalkemen 25
[err]C and 250 [err]C. 10. A process according to claim1l wherein said
epoxi da2i on Asprogess eaatcordingttosalaim- hiwierneirersiaid sransitiore metal substitutachs s
according to claim1 wherein said nolecul ar oxygen is diluted with at |east
i nert gpelyoxometalate is first contacted with molecular oxygen followed by contact with
alkene.
3. . A process according _to claim 1 wherein said transition metal substituted
polyoxometalate is simultaneously contacted with molecular oxygen and with
alkene. |
4. . A process according to claim 1 wherein said alkene is selected from the
group consisting of branched, linear and cyclic alkenes.
5. A process according to claim 1 wherein said epoxidation is carried out at a
temperature in the range of between 25 °C and 250 °C.
6. A process accordlng to clarm 1 whereln saad epoxidation is carried out at
super-atmcspherlc pressure | |
7. A process according to claim 1 wherem said transition metal is a noble
metal. .
8. A process according to claim 1 wherein said molecular oxygen is diluted with
at least inert gas.

. A process according to claim 1 wherein said transition metal is ruthenium.
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