WO 2012/ 001394PCT/ GB2011/ 051194 1 A M XED OXI DE CATALYST AND A PROCESS FOR
THE PRODUCTI ON OF ETHYLENI CALLY UNSATURATED CARBOXYLI C ACI DS OR ESTERS The
present iweentyomoel ates to m xed oxi de catal ysts and acprapesiwsinn t he
production of ethylenically unsaturated carboxylic acids or esters,
particularly a, wunsaturated carboxylic acids or esters, nore particularly
(alk)acrylic acids or alkyl (alk)acrylates such as (neth)acrylic acid or

al kyl (meth)acrylates by the condensation of carboxylic acid or esters with
f or mal dehPpdMIZEDa OX3DEC EATASYSIT AND Ph@RICESSN FOROTHH »YARODUATHON QB | yst s,

acryi ¢ oERRENArRpL Y BREpYSRATRD, FARBORYEIE BPRoS ERERRES o0yl at e, by

t he condensation of propionic acid or alkyl esters thereof with
fornaldeh%de or a source thereof in the presence of such m xed oxide
cmMyﬂsIgﬁﬁ%ﬁﬁyﬁmﬂﬁ@%ﬂ%@%ﬁﬁ&@%@@&%ﬁ%@%@@%ﬁ@%ﬂmm

(or ester) ?Jfr c%essqur Ie %j’%r%cﬁlm% ﬁ/rl%nR%aq %%s%rt

|ndependently, a SUIt stituent known the art “of acrgﬁlc conmpounds
such as hydrogeylarc w@udﬂqdrgﬁsnmmses@@cta¢myaalyowerBquﬁa@pﬂnqed

containin -4 carbon atons, with a _sui tab t hyl ene
cource, { UREREHIE B8 165U de SaT SFar mAdEh I M Bor A P e

met hacr yl beiael doraakkyl (gskersrihereafl swegpeghalhcretiyly1met hacry! at e,
may be made by the catalytlc reaction of propionic acid, or the

correspon@ﬁngléWRylm@§@éﬁcr§lagesn@Whﬁﬁepﬂ@@ﬁ@ﬂéﬁélqmtQ$1Qﬂﬁﬁﬂ&%%wwe as a
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R3 - CH (€EH2Odresc@OERdf >mBR3ed &{de Ghﬁﬁlys€€CR4n+pHE®iS®Q@&DC&n&;An

exanpl e of reaction sequence 1 is reaction se uen CH3 CH2 - 4 +
HCHO CH3 NOEHSEEH ?@%)V@%YC@4P1§86%§§C§O? @rig%(?tl@(%ﬁzor&“et 4 >
CH 3 - a@@%hlc g§§%4orlé4kyl esters thereof, for example, methyl

methacrylate, by the condensation of propionic acid or
alkyl esters thereof with formaldehyde or a source thereof

in the presence of such mixed oxide catalysts.

Such acids or esters may be made by reacting an alkanoic
acid (or ester) of the formula R’°- CH, - COOR*, where R’
and R* are each, independently, a suitable substituent
known in the art of acrylic compounds such as hydrogen or
an alkyl group, especially a lower alkyl group containing,
for example, 1-4 carbon atoms, with a suitable methylene
source, for example, a source of formaldehyde. Thus, for
instance, methacrylic acid or alkyl esters thereof,
egpecially methyl methacrylate, may be made Dby the
catalytic reaction of propionic acid, or the corresponding
alkyl ester, e. g. methyl propionate, with formaldehyde as
a methylene source in accordance with the reaction

sequence 1.

R°- CH, — COOR® + HCHO ------- > R® - CH(CH,OH) - COOR‘’

and



The above reaction Sequence 1 or 2 is typically effected at an el evated
tenperature, usually in the range 250- 4 00C , using an aci d-base catal yst.
Wher e t hewdesizmaopr oduct is an ester, the reaction is pceiaablosi®ifect ed
in the presence of the relevant alcohdl in order to mnimse the formation
of the corresponding acid through hydrolysis of the ester. Al so for
convenience it is often desirable to introduce the formal dehyde in the form
of f o rme 1 i n . Hence, for4the productgon of net hyl netQacryIate, t he
reacti on m xtu¢k(¢edH)o t HO@at akyst-whl R genef alfy congi®@t dof Heet hyl
propi onate, nethanol, formal dehyde and water. Conventionally, nethyl
nmet hacryl ate has been produced industrially via the so-called
acet one- cypanobydei n route. The process is capital intensive and produces
met hyl nethacrylate at a relatively high cost. U54560790 descri bes the
production of a, 13 unsaturated carboxylic acids and esters by the
condensat han Qb nBELNYlal b o8 CROROKKL ¢ aCi doakieshekoustigeascatal yst
of general fornula 1,41-/M2/P/0 wherein De is a group Il1Ib WO
2012/ 001394PCT/ GB2011/ 051194 3 netal, preferably alumnium and M is a
group IVb netal, preferably silicon. Sumtono (JP2005213182) have di scl osed
metal oxynitride catalysts for the preparation of u,13-unsaturated products
usi ng for oaldehyde,- nidgr‘dirtngcsionghe -retal oxi,descsuch,.@s TFa2Qmdy t her nal
treatment with ammonia. The resultant oxynitrides catalysed the %as-phase
condensat 8a of CE ordlidehy d@QE r iroxane solifee) Wit Bipr opiitike dcidCt o
nethacryl%%qggkg sum tono al so disclose the possibility of putting these
si ngl e netal oxi des on a support such as silica or alumna. EP 1 243 574
di scl oses the use of Al um nium phosphates, silicoal um nophosphates and
mesopor ous, anor phous alum na-silica and their nitrided or oxynitrided
equi val entiot 6CTal YR8 t heh ot GBPSRonaensHt i on 61 AR WAFRYPal e dE Gind
benzal dehyde {9 WwiI-@vbai Reamrldehyde. 155998657 (i selcosesnbhe suse of
ni obi um oxi de as a catalyst in the reaction of alkyl esters or their acids
wi th net h4R8ICand ok geritt o aprddbce ¢ heatal3ains At atedlest elesgrred
car boxyl i i d. pr.oduct. Silica.,S S ppor.t- f i_ohi oxi de.
As mentio égga%gvé% agﬁin(e)%g%fo&&cet iurts)eﬁgcngjt%rgﬁgo?gﬁ%ﬁr%s%l h%flc}laetaey iC
conver si on rof thet hyte peapiconat e thvEP)cllevbMA usil ng Har mah dedwyder Acsuitabl e
catalyst fqor this is a caesiumcatalyst on a support, for instance, silica.
It has noWlHé@ﬁSfeoLBSﬁ?th Atmatpart Péuldre c%%?%%\gﬁg%‘ﬁl%‘? apd through
2012/0013%§8§%ﬁ9@%%1%koﬁ%%9%é%er. Also for convenience 1t 1is often
desirable to introduce the formaldehyde in the form of
formalin. Hence, for the production of methyl
methacrylate, the reaction mixture fed to the catalyst
will generally consist of methyl propionate, methanol,

formaldehyde and water.

Conventionally, methyl methacrylate has been produced
industrially via the so-called acetone-cyanohydrin route.
The process is capital intensive and produces methyl

methacrylate at a relatively high cost.

US4560790 describes the production of o, B unsaturated
carboxylic acids and esters by the condensation of
methylal with a carboxylic acid or ester using a catalyst

of general formula M'/M?°/P/O wherein M' is a group IIIb



met al oxi de conpound can provide a surprisingly high catalytic activity in
the reaction of formal dehyde or a suitable source thereof with a carboxylic
aci d or esvenizoiproduce et hyl enically unsaturated car bexylGRoaaisd®4or
esters, particularly a, S ethylenicalBy unsaturated carboxylic acids or
esters. According to a first aspect of the present invention there is
provided a catalyst for the reaction of fornal dehyde or a suitable source
thereof with a carboxylic acid or ester to produce an ethylenically

unsat ur at &¢ tear boxyifier sadivd rureistiern, pred eMably a, g8oephyVenineald ly
unsaturategeﬁggggﬁxlig §%Eds or ester, wherein the catal yst conprises a
metal oxi 8é aving at’ FeasP'tmn types of netal cations, ML and M2, wherein
ML is at | east one nmetal selected fromgroup 3 or 4 in the 4th to 6th
periods of the periodic table, group 13 in the 3rd to 5th periods of the
periodi c &I Oy fﬁ%29@ﬁﬁﬂ§ﬂﬁg)eﬁ§ﬁﬁ%t§l§ﬁlpﬁ§dldﬁ?ﬁéﬁi&@%ﬂ%ﬁ%&@%nanely,
scandi um -ytbniums the lant hanide el egenbs, of iELanisuM, Zicon) Why haf ni um
alumnium gallium indiunm and M2 I1s at |east one netal selected from
group 5 i msthg Sohrmerl détlydeer irodsr igfirthes peyiodietéabbsidesgsowh S i n the
4th or 5th _periods of the .periodic table (nanely, .niobhi.um tantalu

r beni o and dnt Pong e e 11 oS ahBr cail g By HHk o) & HArGUIE ¢ hat
the invenbixgmisrdbstd ned chngmdhecexd stence wh san tpeiddend at i snelrayer of
a single netal oxide catalyst formed on a support of another netal oxide.
However, forTeRéEAisiYaheel ofadBubfoutyfsicalt v thecraralyst2¢ati dits, M
and M2, a i i . are [} i.Stkj t u 11 t al

oxi de cat gﬁg&gl;éc\?\fﬁlc@ é.ara?la ys%H@%%gﬁgs£tlgow<F%?%%(gg?m égu%&%lak{/lgﬁs&mre
typi cal | yofapulceasty Gisrag siosile W 201 26 00AS94PCTEGBR2ODOAA5 E1@h Hs
typically, .at |east .especially, at |east 2nm average thickness. This
woul d notsﬁglFﬁeoéaégn]'Pﬁ'a singl e netal oxide |ayer on a support where
the netal of the support only interacts at the | evel of the catalyst

nonol ayer on the support (typically, less than 0.5nmthick) and not

t hroughout the catalyst. Furthernore, in the invention, the nmetal cations,
ML and M2 t oxi-ge of t S e_£ex I: tal yst
and not fP%ﬂﬁa 2§8p§ﬁg f%#sé %S%§t§#§sbgﬁ%ﬁﬁ§,ghﬁﬁééggﬁakﬁgg%%ﬂﬁg%glyst of
t he i nventiian cios 1moti naporghayers amd seppostofior abeptatal ydtunbiuta-a

mul ti-layered catal yst_ having the properties defined above in the first
aspect ofsﬂﬁé‘FhVEH¥iGﬁeﬂﬁkdﬁﬂﬁﬁﬂ?g?tEISL&ﬁ%Qﬂﬂ%%d U generalto any of
the cationstQn & ans fanming dheidmti 2l oxi de catabysti1a1@eh9le and

si mul t aneously netal cations or anions of a catalytic support unless,

i ndependehenghlthéysdgppor - nthevdatahyge ldshivdeaccor dance with the

i nvention throughout its substance. Typically, the netal oxide of the
present invention exists and is used i ndependently of any catalytic
support. Ho®evers7Wiercuseedsofha suepeIft nitdhe uii xed deetaad 20Xt 1pravi des a
metal oxide catalytic surface having ML type and M2 type cations and oxygen
ani ons i ndépehd&nt¥§26f 187y et &1 kati 6A$SERd BXygeheani ot f6r Mg or

cont ri but gd By jbhe SUPPOL Lo ROk of he-avoldapce af pdaubt . by rhe danthani de

el ements or series herein is neant La, Ce, Pr, Nd, Pm Sm Eu, Gd, Tb, Dy
Ho, Er, Towr Yiyrlamdylue adWod2@12/00t394RC0T @GB2051 /1654 94s 6aAcoamdimg to a
second aspect .of the. present invention there is provided a process to
produce anC&t iyFeRitCEI GAdSEur at ed carboxylic acid or ester, preferably
a, 13 ethylenically unsaturated carboxylic acids or ester, conprising the
steps of reacting fornmal dehyde or a suitable source thereof with a

car boxyl i &Sadicd toroTest edL0Ept | BNy RoRe PriedentetbPdahc sl E¥holiS in the
presence @ a catalyst ebhectivet %f_c?nte%lh%gﬁe EJ%% 1182 quEMere] @/JDTAhe
catal yst conprises a netal oxide having a | East two types of neta
cations, Mbiarnd MrmahedeleydeML i%s atiitebst arecaeyat Sekedtleds f temegr oup 3
or 4in the 4th to 6th periods of the periodic table, gr.Qup 13 in the 3rd
to 5th pefr&dsUBr e l¥ali 8di ¢ £aBPEr tor TPhe P EMAT i Ng éﬁéﬁ@nts in the

| ant hani de series (nanely, scandium yttrium the |anthani de el ements,
titanium zirconium hafnium alumnium gallium indium and M2 is at

| east one et s sepecthartr §atgcoupP s i a e Bt dH b r 6EPMiperfbysnofoft he
peri odi ¢ 1abl.g or:aup 5. L0 Lhe gt or, Bty pet fods of. the perjadig table
(nanely, niobium tantalum "arsenic and antinony). &%antageous y, use of
the catal yst of the present invention has been found to produce remarkably
| ow | evel s of unwanted side products in the reaction of formal dehyde or a
sui tabl e source thereof with a carboxylic acid or ester to produce an

et hyl eni cal ly unsaturated carboxylic acid or ester. In particular,

remar kably | ow | evel s of dinethyl ether (DVE) and tol uene are produced

o v S - T T .



total non-netal present in the netal oxide of the invention, nore
preferably, 70-100 nol % of the total non- WO 2012/ 001394PCT/ GB2011/ 051194 8
met al prewenvizamiidhe netal oxide, nost preferably, 80-100TraB2041005119%e t ot al
non-netal present, especially, 90-1004nol % of the total non-netal present
in the netal oxide, nore especially, 99% 1 00 nol % nost especially,
substantially 100 nol % For the avoi dance of doubt, non-netals herein does
not include the "netalloid" elenents boron, silicon, germanium arsenic,
ant i nony, medld ur pumdcehdcpoloninmm ban ipcbudes ad | slepenssnhdvi dig i gher
atom ¢ nunbers than the named.el enent(s) in thei espective period of the
per 1 odi 0 (ABreY Brerirab Syt Al Al Ok H6°F ofs o0 TS SU0! B OF the

cat al yst, somrabpeekefabky t h80ebFOwi%h rD s rpcedyariablay,i P&r E3hatr%to
especially, 95-100wt % nore esEeciaIIy, 97-100wm % nost especially,

99- 100wt 9PSC Fheec &LARITN L The L Hallarcd Vs tere Satdt 8y Lits maded p Ut

| mpuriti eg e Bi-nder s, oF choent feyer) al sy Cengrablycallg Mbal oulded or m
about 100% of the catalyst. However, when a binder is used in the present

i nvent i oncietrbway lfior mcapst or5eswe¥%sef the catal yst. Alternatively, the

bi nder may be used in conjunction with a catal yst support to bind the
catalyst to the support. In the latter case, the binder does not formpart
of the cahakystiiag such. rSuistablsechbitnder s HeOb tehematialysit iefn tdieqor esent
invention will be known to those skilled in the art. Non-limting exanples
of suitablé BirrRieredi Acicade Lyislti d&1(ithel ddidng 166! 1991 dalrmsildedgde or
silica-alum h i |..sildica: 1 . SLLlca- t | um na
and aIuni%aﬁgggﬁggggfﬁﬁgggpan J% unimgfﬁS%cﬁgggg%ggéﬁdgkégeﬁﬁfggsﬁa?bbsite,
WD 2012/ 002394PCTLEB20] £/:05Y1ED4 @ 1tlivt ammisa,t risttani ascdated ial wriirh,or
zirconia, cationic clays or anionic clays such as ponite, hentonite,

Kaol i 1, SERCEET e B Dy aFatl & fa or i XETECSEHeragr  Praletnid Bichder s
are silicaarabugiing and & reondacoF, mixépees thereaktailhRe mehalriodde
particles can be enbedded in the binder or vice versa. Generally, when used
as part of fREadarxiyst havRadpierderl sp@icttivons Vs sar fadisdsilveato av6i-d t he
particles,togabhge. Eretenably, sthe parddgl es,ar g horogeneausly dicyribut ed
wi thin the binder or vice versa. The presence of the bi naer gener§1 y | eads
to an i ncgease in oechanical hst rengt hoofe't heefrinals caf akyist pethediypi ca
average surface area of_ the netal _oxide alyst is in the range _.

2- 1000n2913fb,%ennrgéoﬁrpef]e$ abﬁlyFag- 34&(; B° |\/§gJ PHo5eIPr ef eltafl Y 1E-B00
11129--1 agpreasuredy the B & d. o nuhihpoi 0h rBEhedusing @ MLoreneritics
Tri Star 3000 Surface Area and porosity Anal yser. The reference nmateri al
used for dhegks hy t e dmdt powentt peifiormanbe i S aa tdad bodebldckngdwder
supplied Qgtwlc%pnerLtic%jMﬁr1ﬁ% ﬁgﬂgpea ﬁ%§n95m30'61q%ﬁ%(1ﬂ{'Qm%S n2/ g)
part nunber 604-'18833-"00." ‘The t'ypi'cal ‘average partigﬁe Si zé ofc?he cat al yst
particl esansl M tbeatange 2Nk 19p)ectadr erpnefevapl ¥, ionmhe
4000nn(4p%thnnstTﬂreferably, 10nm - SQOOnn(Sp% as neasured by a Ml vern

Zet asi zer “NarftF & usPRgLafRaRtc tPPgRETSE8ECelrithd Cand NG NIPST st ifdar ds.
WO 2012/ 0Q1394PCT1-GBR0L Q51194 10 5ap; be: detabangd By 17Br Uy, siatr usi on
porosi metry using N ST standards. e average pore volune of the catalyst
parti cl es tamyabem, esgsehan @ndlacmiimgniut. i s generally in the range 0.01 -
2cnB/ g as neasured by nitrogen adsorption. However, m croporous catalysts
are not the nost preferred because they may inhibit novenent of reagents
through the cafalysie anfpachpaeepr ef ¢rted ayelf agedpes Moh UtRaitS hef ween
0.3- 1.2cnB/g as neasured by BET multipoint method using nitrogen

adsor pt i oRNFEESEAING St ¢ 1T TIGY0ALZ® 2D0B. S Thet M ERoRer BH ¢ CHrASStTarl Sur f ace
Area and Raposili ANAL YSere i 5q usefloLa 0ehardl ne.par G ol:uiR s b the case
of surface area measurements and the same standards are enployed. In the
case of asnppostuppdr bedtbatraimesis,l ke deet dowexicde May bdausedidiarect |y in

the formof. a catal yst particles either free flowing on together with a
sui tabl e By réEs d %ol FUC of 2EREYFEsiCPdd Xap aﬁ@%o?psif%¥}The

particl esommyidbeant any suict abh ersigey andi dhernefose alispohgnbhe fraram of
powder, granul es or beads either with or without binder. Typically, the
cat al yst & tgsleddd hdeheaterdmssf waifdtxedabed vard epdrendfi st purpose ey be
used al on r a j : r case y. Jd nel a j.tabl e
ol %flat%oﬁbl é&f%,t &goﬁ;gﬁﬁ%gﬁ_% ase may. 4 nglyde a suid

catal yti c binder



However, it is also possible for the catalyst to be used on a support. In
this case, the netal oxide catalyst may forma suitable surface coating on
a suitablwoopponivsf or a catal yst. WD 2012/ 001394PCT/ GB20AB2061059¥411 For
t he purposes of the present inventiony the support does not form part of
the catalyst. Preferred conbinations of netal oxides for use in the present
i nvention nmay be selected fromthe list consisting of:- AI\Sb oxide; Ti\Sb
oxi de; Ga\Sb oxide; In\Sb oxide; A \Nb oxide; Zr\Nbo oxide; Ga\Nb oxi de;

Y\ Nb oxi déyriaeNd voxiede;lealatTal oxi despreaidhl vxi de; lapd tAIANSb\eNis rexdiede. The
oxi des ar g elther unsypporfed oro sunporied onsa suitabl e support, for
exanpl e, aPunina, silica, "sthicon ni rid%, corfol'aal’ §ifircd, ti'tamia or

al um ni umophasphatyesr | dtnwal |si danderisé pod thy tte skidt ed hpersgpdtat a
catal yst of _.the invention nag be _added to a support b¥ any suitabl e neans.
The cat al {8t Yy 5 oG8 P t preEel &Sy Rf clalRi RatfoHSToRPBOA2YEIrt 481 e
support after skLi QR 0fi e LOMoUnd (Mo § NEJURRAIA) PSLAG Gl tabl e
salt in a suitable sol vent and subsequent drying of the surface coated
support. Ahtrengdtdwelthe t ke tedtvaltysthortiseimabee cat atlyst igadentpragcur sors

may be co-precipitated w th e _support _qr suitable s rt precursors such
as a sili¢& esgﬁgﬁﬁoﬁng§ﬁr?aEPea§§1@gn?ngFEFepﬁﬁpﬁ,Ogﬂqg§?dgﬂ§ﬁﬁﬁ% t is
used, norearprekenaliy.eian exddetsuppart1g§stmeMd aned hesgi B. dJidpdstal so

possi ble to use the catal yst of the present invention in a mxture or
admi xt ur e f@itt H-hemot Rk L Eatal Y8t Saccht dPRSES Lt héhr eseht LV AveAti ditor

ot herw se  w th,or wtho suitablke bijpder. £ h 1

2015/ 001384 BETF&BB0LE/ 051184 %?%H%\x%vero, 2 SRt ifer She, 08 B Y wn

bet ween abmet al modnpelrdcaecorditrg vise thizer iingy et @ caored: ta. avo e fayerd of a
metal compound on a netal oxide support where one.or re conponents, netal
M /N2 andPP Gxydertis Priovi eyt (he SUPT AGESREHBBuNE GHATCIE ottier
conmponent s;;pRekakcM2/ ML and/ or oxygen is provided by the support. Such a
nonol ayer arrangenent is not a catal yst according to the present invention
but rather a different catal yst which is supported. In this arrangenent,
the el ene M .. da_not f or t al_yst rdi t i_nvention
throughou?%?ﬁé é&?%?@%?agétgPﬁaﬁf $ﬁglg€%$§%§ ggé?ﬁﬁg%%:ﬁ%%ﬁ%%$g¥m%f
mul ti pl e hayers candiet heatlaertss atdernot hanmbiheanenakayemewalll daati ceenf or m

with the inventjon. A% ment i oned_above, although at Ieagt ong nmetal _of the
type M afd ottt aPloff thett e’ KRSHPECpF e S$%r theIeBERPGEt, Furt her
netal s or ciet abyeld.ons of et heatypeg M8 and/of Miogyqahse he Presend in the
m xed netal oxide. Typically, when present, the at |east one netal M

whet her i anvkatfionmtofroagbavitonter subkéewicse may form between 0.01 and 10
nol % of the total netal present, nore preferably, 0.01-5 nol % of the tota
netal present, nost preferably, 0.1-3 nol % of the total netal present in

t he net al Tgxidal1Syi ttakl ecMB lmekalds: iofcltide pretsalns finemrgrioupsxt sy 2 of
the periodic table, nore preferably, group 1, especially, lithium sodium
pot assi unf rdbitdi uRead/ SR SeRat I EHYpicdal 137 Y WwherT Pt BS&Rt SURO - | east
one netal gMywhet herndh the f onm of &, cation op otherw sg.ray forimbet ween
0.01 and 50 nol %of the total metal present, nore preferably, 0.01-40 nol %
of the tovalovieted @resent], awste prefetmbliy, MrIfB%k noiv%od the thotal net al

present in the,netal oxide, especiall 0.1-20 nol % Suitahle net al s
"ncl ude mBPAl & WO'BB157 001384PC/ CB30TY 051187 13°FESRGTOUS T4 6F % he
periodic tabke, caprierps efref ablygesi 4h CONs gerMBAGURY tobhtandultead byost
preferably, silicon. Preferably, no other netal types are present in the
nmet al oxi@@ec§P§PV§F-conpound of the present invention above a |level of 0.1
nol % ot her than the types M, M2 and optionally M3 and/or M4 as all defined

herein, nore typically, no other netal types are present in the netal oxide
catal yst compound of the present invention above a trace |level than the
types M, M2 and opti.onall nd/or M4 as all defined herein. The neta
M1 s ot eFERably CROSOH RS Ae Mo Torhe BRE ol PARGARArCsPrGaraie Wi h 1 he
oxygen aniserikR hhecnixed axizde cataloest prlypicaldyy, dnhe g nwtalTforms a
4+ cation. It has been found that such M4 netal cations generally do not

af fect thévactig-b&se pRep&Pti é8dofut-he catal yst. Such cations tend to form
gl assy phases in the catalyst matrix. Typically, it is possible to include
two or nore netals of the type M and/or M2 within the scope of the present
invention, nore typically, up to three netals of each type M and/or M,
nost typically, up to two netals of each type M and/or M2, especially, up
to two nmetals of one type and only one netal of the other type, nore
especially, only one netal of each type M and M2: all the above being
possible with or without any one or nore netal of the type M3 and/or M.

Y T 1 . . o



that the nmetal oxide conmpound consists of one or two each, nore especially,
one each of the netal cations M and M2 together with oxygen anions. A
further pweferymasfiormul a for the netal oxide is therefece/ddpni@smd®qmd r-p
O wherein M is a cation, preferably,6a 3+ cation and M2 is a cati on,
preferably, a 5+ cation, n, mand p nay be a positive integer or deci nal
nunber and g and r may be a positive integer or decimal nunber or zero.
Generally, n and m may independently be between 0.1 and 20, nore

pr ef er abl pcovetdiesn 00 1 andet®ndossrpref erfablitire bet @een t0.1nvard B wher eas

p is chos t o bal ance the pasitive charge proyided by and m nerally,
b iy BE Bt wBER 6 B S0 P S & a8 0eR Sl ety
pref erabl yns@thrantdkdb.cdrbéxpat ti cad avl ywpr ekeered poemelraylangd, meare both
1 and p is 4. For the_avoidance of doubt, the values on n, m r and g
defined aBéve el Ehe 1ot dlS Hunber ForcMOOWRI 1 /B afid M Oype Sitdl's i f
nore than-opg,catiQg of, each Lype 46 p£§§§£‘£ngGe@%&%élydeﬁ?ﬁew%trm 2xi de of
the present invention is a neutral nolecule and therefore the negatively
charged oxygérbdr onsirard optienal vyrfhary aotHerxnbhe netadls obaletce ,t he
positivel har netal s present. As ntiqne erei.n, .the termnetal
e SholPa B8IaHderd: 608 PEerASSetd S CHORTEL: scnsd M FAEATBIE: or
coval ent e@moung: haytngethecgener alo festal gsd Mh)y ReGMR) ol (MBreg 44) r Qo
wherein n and mnust be greater than 0 and can take a decimal value and g
and r ar ethRdepéndent ¥ Gdatesrs thart bt ! etpuate t B2V AfAd2Ean 1&1esd thake a

deci mal v ) er ¥, ol yyionlg gonmpouad ks formed_hy it t al
VO 2012/ Ogél%%EP%/nGBé;éoélll/%%tl{f%fQ'ﬁMox?%gs of The ;e)resentglg n\?teanﬁ%ﬁs.tr?he

met al oxi deccompoahdselsekbdoff riohe present iowedt iion shoulddmoto bé™”

understood in any non-conventional sense as relating to an_adm xture of
metal s an8Fdr 9 i&’gs_%? cfﬁejajoo‘%b? FSEE\ene\ﬁr&degécog%oﬁﬂﬁs as def Pned
herein. The Mele ratienef pMibaiM dapigenesal tyel Rehibe niange 1Hhchto 1: 10,
nmore preferably, 5:1 to 1:5, nost preferably, 3:1 to 1:3. It will be
appreci at éd ttHs bxygeaniifl sgenepal (nansd Yor eseptdatna Veveliue Bdlsance t he
total catiqnj rge. _Typically, - : sel_ec f.r o] r: ore of

t he net al sl(%ﬁmng?ﬁgﬁ C?%t e-(lzioeﬁ{élggﬁ é/n’g g%:g%éalng? Umzelyj{(?glnulnl]?ﬂ]f hgl%l%n]t%ni de

el ement s, afliubdniium, kaflniium, aludiabhpmendalM’i um ort | hdasm onmer engureef er abl y,
Al (3+), G(3+), Y(3+), In(3+) or La(3+), nost preferably, Ga(3+), Y(3+),

I n(34), ors(eﬁ%-%q( %%‘E)I@cfyglol , ia_(l§+)t%ﬁ éa(39¥ .?tTy@edéCW? %' éyF be

sel ected bromsene eLyTRN & Mehals, i1k tihe drstscopsi sti pE Afcas NI 3H)e  Sb(5+)
or Ta(5+) , nore preferably,” No(5+) or Sb(5+), nost preferably, No(5+). The
m xed net &k roxd dec coabownd(maye be , suppdritted ohaatsuiunabl ®r sappor tarsuch as
silica, silicognnitride, colloidal silica, alumna, titania or alum nium
phosphat e. The s&%ﬁort may or may not be an al kali metal doped support. If
the support is alkali netal doped, the al kali nmetal doping agent nay be

sel ected fromone or nore of caesium_potassium sodium or |ithium

pr ef er abl $AVEAEF UPP BF L ot 45st ufRL notlee preferabPy, edesitii AWSESFHt i vel y,
the mixed;qxide imRY Haselde ber sloped: wi t ho V0. 2012/,091894PCT/, GB20LY 051194
16 any one or nore of the above nentioned doping netal s'representing 1,43,
parti cul aplfy unwes¢ cof graupdodbove. 1Pr eher abkyt inhewr fa fseperlate sigppor t
for the catal yst of :Dﬁe first ort%econ asptggt is used Jiehe weight rati o of
cat al yst : Sdppor £ &3P St 1€ Varge " 16T o "1 ,anocraer%:b?}g Tabf§ro1:°1 to

1: 20, nostspref efabbyoddcd &e lothdy1 Advant pgeaushynrursat Whaled aster
selectivity is increased by doping cations having a | ow charge to radius
rati o thusCeges?umtRas ¥ ouhd P& 1Be Grorae sl et vePthad 97 t he Ul SPdf er abl vy,
ther ef or €qs i cig9de G doRING Jifaloeathonais Gagsluly uhdiug angd/ or

pot assi um nore preferably, rublidiumand/or caesium nost p &f erab y

caesi um Ppefremahlonal hes cal bokyl icuabi édsor aésimem ireactlans pbh tehe Ipr esent

i nvention i%.of. formil a R3-C%—|2-COCR4 wherein R4lis ei t her %dr%gendor an

al kyl gro@p%arid °Rs it$%ithet’ ¥i/dt dyen’ *an KRG LGP talfit &g Ly an

activity.



According to a further aspect of the present invention there is provided a
production process for the manufacture of ethylenically unsaturated

car boxyl iwoaoiz®i1n esters thereof, preferably, an a, 12cetdBzbawisce| y
unsat urated carboxylic acid or ester,7conprising the steps of contacting an
al kanoic acid or ester of the fornmula R3- CH2-COOR4 with formal dehyde or a
sui tabl e source thereof, optionally in the presence of an al cohol, wherein
R3 and R4 are each |ndependently hydrogen or an al kyl group and R3 may al so
be an aryPrgfeupplim fhe ipr eseicet ot &remt ahysurefiftectd vert 6 dat dihyse t he

reaction, ,wherei the geat |y ccor% gce wi-th .the ﬁe aspect of

t he preser%t %veﬁ?l on \ﬂ% fgﬁ/%%ﬁj?,% 011/ (%ffs%l K gﬁl {'abl e

sour ce of tfeor mal debyde nayobe acgoapeund efhef onmHwEndn R elements, (1 )
titanium, zirconium, hafnium; gallium, indium or more
likely scandium, the lanthanide elements, titanium,
zirconium and hafnium such as scandium, lanthanum,

titanium, zirconium and hafnium.

Preferably, M are cations, preferably, in the 3+
oxidation state. Preferably, M’ are cations, preferably,

in the +5 oxidation state.

The said metal cations of the type M' and M’ , whether one
or more of each type is present, may form from 40 to 100
mol % of the total metal present such as from 45, 47, 50,
55, 57, 60, 65 or 67 mol % in the metal oxide of the
invention, more preferably, 70-100 mol% of the total metal
present such as from 75 or 77 mol % in the metal oxide,
most preferably, 80-100 mols of the total metal present,
egspecially, 90-100 mol% of the total metal present in the
mixed metal oxide, more especially, 95-100 mol%, most
especially, 97-100 mol%, particularly, substantially 100
mol%s. If another metal of the type M’ and/or M* set out
below or another metal type is present, the metals of the
type M' and M? may form up to 99.99 or 99.98 or 99.89 or
99.88 mol% of the total metal present, more typically, up
to 99.90 or 99.80 or 99.70mol% of the total metal present

in the metal oxide with the same lower limits as already

set out above.

Preferably, oxygen may form from 50 to 100 mol® of the
total non-metal present in the metal oxide of the

invention, more preferably, 70-100 mol% of the total non-



wherein R5 and R6 are independently selected fromd -Cl2 hydrocarbons or H,
Xis 0, nis an integer from1l to 100, and mis 1. Preferably, R5 and R6
are i ndepgodermdoy3sgel ected from CC 12 al kyl, al kenyl or parydB2as/def%ined
herein, or H nore preferably, Cd-C o8alkyl, or H nost preferably, C-C6
al kyl or H, especially, nmethyl or H Preferably, nis an integer from1l to
10, nore preferably 1 to 5, especially, 1-3. However, other sources of

f ormal dehyde may be used including trioxane. Therefore, a suitable source
of f or mal delyde piresleudest ramheqoétébr drhdeonpositt ibor feicdl yoays orld\d de a
source of fqgnal e@ %eﬁx) afphe%_ogt%ﬂphjggﬁgqge(Qyt ar e, hot Eﬁﬁjqﬁfted to
nmet hyl al Ff,f)d?net oxyTme %anef, {'ri-6xane, p&fybxyﬂ%?%y?enés -dl (CH2

-0) 1- R2 whernei nR1tapdior R2 ese-adkyl growpstorirye ogan ail=b:tial€l00,

par af or mal dehyde, formalin (fornal dehyde, nethanol, water) and other

equi | i bri G EShpSSIR § 6L St¥ha $2anm £t Ur e8P 1 for mafMdeRylide, S SRSt HaNdIY -and

met hyl prgpi,erate. ;TYpi ¢all ¥o1the pol yoxynet hyl enes are higher formals or
hem formal s of formal dehyde and met hanol CH3-0- (CH2-0)1- CH3 ("formal-i")
or CH3-0- (CH2-0)1-H ("hem formal -i"), WD 2012/001394PCT/ GB2011/ 051194 18
wherein i =1 to 100, pr.eferabl -5, .especi al -3, or ot her

pol yoxymef iyl enes WVtH & n%%é%% §ﬁ§91n ﬂ%?ﬁ@?y?%ﬁmn%ﬂekﬁoﬁ%?STﬁgFéfore
the source rof 1 orenmkdebydermya aliso be a ealeraxymethykene, ofsifiargsd a

R31-0- (CH2-0-) 1R, where R31 and R32 may be the sanme or different groups and
at | east GRETESISE ectlE®Tirom anE2neBYal kgl lgrous Fof PAsPaACE R =

i sobut yl = t hyl . Prefer : t i.t ahl e :sou f qr dehyde
is selectggggﬁﬁéﬁmfﬁgléﬁ?mﬁpgﬁeP eﬁ%%o?%ﬁﬁgroggngﬁglégﬁgggsaﬁggﬁéthanol
CH3- 0- ( CiH2-<0)rahkdherener, (foriml itrhedrr arasxéatéveoppriisidngo forthed dehyde,
met hanol and .nethyl propionate. Preferably, by the termformalin is neant a
m xture o?efégﬁﬁpdéﬁgégrnethanol:mater inthe ratio 25 to 65% 0.01 to 25%
25 to 70% by wei ght. Mre preferably, by the termfornmalin is neant a

m xture of formal dehyde: met hanol :water in the ratio 30 to 60% 0.03 to 20%
35 to 609y hweiedhty, NOst predfael abk ydeby orie tef m ot al it § sofedntc a

m Xt ure of K de : swat er, i e rati % 0.05 to 18%
42 to 53?58&8%g?éht&%%%egg%ggﬁégl&ﬁe%gi%pgﬁgOdoﬁgfﬁsgﬁsﬁgﬁgﬁﬁEaeﬁgge,

met hanol andwnet, hglspprdpilanat @5cantaitins hess tdware G%Mat,ero byl 0teitght . Mor e
preferably, the m xture conprising_formal dehyde, nethanol and nethyl

pr opi onat Oé&n?éPﬁElﬁégg't%§ﬁlf@¥&ét8ﬁ By YN\ost s &PeraS Ot he

m xture compy ising §of mebdehyde, ygrebhanel, and et hyl ; propi opat e cont ai ns
0.1 to 0.5%water by weight. WO 2012/00%@94PCT/é82011/051194 19

met hacryl netaeiid ]l sacGgnieraddivd, et hydt avet dracdy| apensethybtadiylzatad or

but yl acr¥k%teatggretpreferably, it is an ethylenically unsaturated ester,
nost preferabe, nthyI nmet hacryl ate. The process of the invention is
particularly suitable for the production of acrylic, alkacrylic,

2- but enoic, cycl ohexenoic, maleic, itaconic and fumaric acids and their
al kyl est 8P¥EVSit HbEE, 2alPRACRy] 6 dciEds 1and hendite sedtterid vand i ida | k)

acrylic agal, d.0h &, (£9_8al krachyl ates. kypi ealdoy framdihe reaction of
t he correspondi ng al'kanoic acid or ester thereof wth a nmethyl'ene source

such as f ormaledemgde Hen udwed presemceunftibe vathl pstca tprlefsdr ahipp atie

d [ f . i ' iall I I vA) f
b1 opanoi ¢ e 61 et HyT CBRGBT ofAt ¢ PoSpRET ety * THECT CRE on OF The

present i pvenbiedefByiobe aochatrehmobag@nbirngaus ckeadkisenasThecherm "al kyl "
when used herein, neans, unless otherw se specified, C to Cl2 al kyl and
i ncludes nethyl, ethyl, ethenyl, propyl, propenyl butyl, butenyl, pentyl,

pentenyl, Sﬁ%fﬁ\élb’leh%)iﬁ@aék ar}%rh%%tey'ca@a%%t%h JY Ghes e@e{ﬁghwaﬁnktg{o@y .

propyl, butyl, penty hexyl. ‘Unl ess erw se specl groups
may, whenwtiidr éod skaosuf frioci @ntsaurbel ledl dar bolneabons, Nueiliimedrirgr

branched, be cyclic, _.acyclic or part. cyclic/acyclic, . be unsubstit.uted,

Subst i t uj E4°BP 1t i hat Bt BY° Ofie oP gt SUBLETEuent 42581 derb THoIA hal o,

cyano, nitho,1o0i@R19,s+1ica), silica-alumina, such as conventional
silica-alumina, silica-coated alumina and alumina-coated

silica, and alumina, such as (pseudo)boehmite, gibbsite,



20 R 2 R1,4, _ OC(0)-C(0)-C(0)0R22, -NR23R2C(0) NR25R 26, _SR29, - (C(0)5R30,
-C(S)NR27R28, unsubstituted or substituted aryl, or unsubstituted or

subst i t utwa 2bietao13sherein R19 to R3c) WO 2012/ 001394PCTPCGBAMERA1061M094 20
here and generally herein each i ndepefdently represent hydrogen, hal o,
unsubstituted or substituted aryl or unsubstituted or substituted al kyl,
or, in the case of R21, halo, nitro, cyano and am no and/or be interrupted
by one or nore (preferably |ess than 4) oxygen, sul phur, silicon atons, or
by si | anotattadiial, kyligidrder qpradiges a2 lommixt urescohepeofatPpefier ablays t he

al kyl grougs are wnsubstituted, preferably,|inear_and preferably,,
saturated’ The ' t&m™ a eﬁyl" should bé Bnaerstoodaas malkyl" above except
at | east e@epeocddrdeorcanbonobanditkenei mistcuwnsat yhated fan® rageardicngl y t he
termrelates to C2 to Cl2_al kenyl _groups. The term "al k" or the like

shoul d, i R1P'AETEbsence Bf Littfor nat HoA 't ¥he contTaYe beft dket1EDe in
accordancepw tht he above definition of "alkyl" except "Co al k" neans
non-substituted with an alkyl. The term "aryl" when used herein includes
five-to-tennmenbered, preferably five to ei ght nmenbered, carbocyclic

aromatic pseudq aronmtic _gr.oyps, such as phenyl., .cyclopentadi enyl and
nonyl anPonEehte AAORERTErMRLER SRIupS R b i Grd s O
substi t ut ed cwi R rene e SUbsiidiluent Sdsetephed bromnwnsuhstitdad ed or

substituted aryl, algyl (which group may itself be unsubstituted or
subst i t ut E8CoP e datnsdt e et e HEreFhYS Het NewRi hegeud ireyes t sel f

be unsubst.i r i or..t er m_nat. iLn j | o,
cyano, ni%F%g$%£?€9,%%%?%?%%%?9C(6?ﬁglgk%?6§%§%§,%%%gsggg?%%?%¥%ﬁg§aR2 6 f
WO 2012/ 001394PCTAEB2 011051 194 24irsidist ot uvedearylcsar. dhkylprasdrcte al kyl
group may itiﬁ]f bedpnsubstiég%ed or substituted or tetninat$9 as defined
herein), 8F, Wi PHEEAsEOFTRZTY H&PES di% A8, 1y diT66r A e o fHéE ter m
"hal 0" when ruse@dnhherei-Acmeans1ac-ghkaok@r .bromo, iodo or fluoro group,
preferably, chloro or fluoro. Wthout prejudice to the scope of protection
and wi t hout being bound by theory, upon making this surprising discovery,

t he i nvent.ars t. r e y. be ie i ri at causi ng
t he colouﬁgf?o%?gﬁggﬁggg%g§5§%$i%ﬁr%?¥ﬁpt%%e%ié%gpﬁng é%%%ggofnﬁg%%1to

af fect theadéneti npurirt itgse | dentéf tedpodndicat i ngrehatretfbeabipyr ity may
not be a diene, The term"Het", when used herein, includes four- to
tmelve-neﬁ@grgﬁg pr eF8PabPY S6GPL e tiéh-PntePed 2Fi RGASYSEESY Whi%h ri ngs
contai n one rOry kg1 heberioat aib: sehectad f rammi trogen; t9x¥gen.; ssyl.fur and
m xtures thereof, and which rings contain no, one or nore double bonds or
may be nogld@rbn®it i Eacpartige aporatiar oflvihoAng larsemas | Bhé n nf@rsotas . The
ring syst gus ey be MANCYCldg. By CLiC sor. Lused. Fach.hel o arqun

i dentified“nérein may be “unsubstitut ed or substi it & 6 y one or nore
substi t uentas-iseh eptled: ¥ r powlial 10, sGpana,ediby o, Moxoomakkyli danhiichhalkyl
group may itself be unsubstituted,or substituted or term nated as defined
herein) -6RIGACE RI¥S RYG G 0§ 27C( 6) 20T 0) 6RZZ, -N(RD3) Rart CY®N (R25),
- SR29, -G(Q)L$R3zaLpC(S) N(R27) R28 wherein R19 to R3 each independently
represent hydrogen, unsubstituted or substituted aryl or al kyl (which al kyl
group itself may be unsubstituted or substituted or term nated as defined

The typical average particle size of the catalyst
particles is in the range 2nm-10000nm (10w ) , more
preferably, b5nm - 4000nm(4u), most preferably, 10nm -
3000nm(3u) as measured by a Malvern Zetasizer Nano S using

dynamic light scattering and using NIST standards.

If the material is porous, it 1is preferably mesoporous

with an average pore size of between 2 and 50nm. Pore size



WO 2012/ 001394PCT/ GB2011/ 051194 22 herein) or, in the case of R21, hal o,
nitro, amno or cyano. The term "Het" thus includes groups such as

opt i onal lwo=otxmiioat ed azeti di nyl, pyrrolidinyl, im dazecylGBndshihk,
furanyl, oxazolyl, isoxazolyl, oxadi a®wolyl, thiazolyl, thiadiazolyl,
triazolyl, oxatriazolyl, thiatriazolyl, pyridazinyl, norpholinyl,
pyrimdinyl, pyrazinyl, quinolinyl, isoquinolinyl, piperidinyl, pyrazolyl
and piperazinyl. Substitution at Het may be at a carbon atom of the Het
ring or, wherappeoprinaned v amrorrnoret oisidie hetresoatdmy. UsHetd groups

may al so B§ Enség%dggrg1of an N oxide. Suitable optional alcohols for use
in the ca aFyse reacp1dn of the present invention nmay be selected froma
Cl - CH al kanol, including aryl al cohols, which may be optionally substituted

with one or nore substituents_selected fromalkyl, aryl, Het, halo, cyano,
nitro, ORI8E EESEEPERPOEE (071 e, o€ (B D3l Ko gRe Ut L ELe0) "R2SR6, C
(S) NR27TR28 ¢ SR29 -0r () SRH /as wief inedyhierel m H ghl yppr ebgreed ahkanols are
Cl - C8 al kanol s such as nethanol, ethanol, propanol, 1so-prodpanol,

i so- but andkt £ lgut vk almsahol r ephdmol , nhibuwtaaol adsd ret or beapiopevalcohol

Al t hough the nnnoalkanok§]gr eno_st @rgfq{red go{y-alganola, referably,
sel ect ed fromoHCIGCEa 61 SR a8 di oF° , }F?dP StiBtracors“a éxgﬂﬁﬁ?s may
al so be uthkisedy Typiieakl ovedeh tpeltyalkarelts aresefrected Jaemykt 2-

et hanedi ol, 1, 3-propanediol, glycerol, 1,2,4 butanetriol,
2-(hydrox9ﬁ€tﬁyP§04§39£@%%ﬁﬁ%giéW?rfS?,Gxﬁﬁih?@%%&?hé%aﬁ@ﬁwﬁéﬁtééﬁythritoI
L L1 trighydroxymet byl hebhane, anagnoss - sarase,  gakacaseo and, atner
sugars. Preferred sugars 1 nclude sucrose, fructose and gl ucose. Especial |y

pr ef er r ednadltkands adeonpet hamola@mareéf hgnalo. The OmoBE90WR2 :2006. The

2012/ 001394PCT/ GB2011/ 051194 23 greferre al kanol Es met hanqgl . The anount
of al cohol™ & AGE 1SS ddit> ‘Goner BF F§CCanbiit A e “USEH TN EXEeSS T the
anount of jsubstiate e tkergsiedoiicedo1Thus e nalgrhels gy rserver as t he
reaction solvent as well, although, if desired, separate or further

sol vent s AHEfaal§especliseds Fppi ar 6oREi titonslagtist efperarhrgcdnd pressure
in the process of the invention are between 100C and 400C, nore preferably,
200C and 375C, nost preferably, 300C and 360C; between 0.001 MPa and 1 MrPa,
nore prefenablhg O3 dMPaaamd 0. dudRae; tabstatpa ef €r abkye bettwden Q.23 MPa
and 0.3 MPa. Contact tipes for the reactants in the presence of the

catal yst AP¢ d&pentfehtdbretemperdt e PHdsset ed CRE Sl &3 &y Ssuppor t
and the cengentrati@n afofhe; cat al ygd Mt hy L €8PECELE RaBAY SURRRIE Ut are
typically between 0.05 and 150 secs, nore preferably, 0.1 and 120 secs,
nost preferasite 8. 5@hdd60isethe edpecrad phapandn2y osecsl zFhe Tount  of
catalyst ysed;in the progesscof the present inyentign s ot necessarily
critical &id w1 be “det er m ne By e practlcaTi?les of "the process in
which it s ednd oyedm Howemerde# heyadmunés ob rcaicd steMithd r genehaldry be
chosen to effect the optinumselectivity and yield. Neverthel ess, the

skill ed p&rd&RUG M1n5pT ecilatd GHatY 1 % Kidrhim Bhouh? ofS &4t alty<tiShoul d

be sufficignt, L@ Brimng-abewly ehiedhiveqal & %sh SULfACe L AURCE, 109, d he
reactants during the contact tinme. In addition, the skilled person woul d

appreci at et hat theseprpoultd arod fealtlye béadneuppes ski maty t onthedansunt of

catal yst suitable catalytic binder to bind it to the support.

However, it is also possible for the catalyst to be used
on a support. In this case, the metal oxide catalyst may
form a suitable surface coating on a suitable support for

a catalyst.



WO 2012/ 001394PCT/ GB2011/ 051194 24 relative to the reactants but that in
practice this may be governed again by the contact tinme required. The

rel ati ve worarntooodo4r eagents in the process of the i nventrorGBan/osarsy Wt hin
wide limts but generally the nole rattio of formal dehyde or suitable source
thereof to the carboxylic acid or ester is within the range of 20:1 to

1: 20, nore preferably, 5:1 to 1:15, The nost preferred ratio will depend on
the formof the fornal dehyde and the ability of the catalyst to liberate

f or mal dehyde frlogn thedfooraml dehydic speeras. iThe thighl ytheastipmrt

f or mal deh %E% %%Qs%%gcesa@@eg% one %rtggtgtof R3 i 1 and Rn R310- (CH2-O0-
)1IR32 is require repaplvely | ow'r afi 6s; typically, in this case, the nole
rati o of formal dehyde or suitable source thereof to the carboxylic acid or
ester is within the range of 1:1 to 1:9. \Were neither of R31 and R32 is H,
as for inStaicEied GV AP, OF MRLEH oXARESHi gitef P& 08" ardSost
preferredy typhealibyendibat Gal 3o Av1MRAUONEd Akoye 1 jdye L0 dihg ssour ce of
formal dehyde, water may al so be present in the reaction m xture. Depending
on the soworfce ofalf\¢ial-detnrdeli$b neyide; néeeSbaryite r dmwe sormelcor all of
t he water efromprior, to catalysis. intainin wer .l evel s wat er

t han thatAitlSﬁ hé”%%%$be£%¥&?09ﬁﬁ§8§h 3@N%gfnﬁﬁﬁ%ﬂvghﬁggggﬁgeVoIfh b

catal yti cogfilieGi enicyr ansl ose subsequentx ipw;i fdcat honseinbhexpreductss Wt er
at less than 10 nole %in the reactor is preferred, nore preferably, |ess
than 5 noP&lGesmEste pretepablySUPRSStERAR 2 THIIRC YheFher mel &l itati s of

al cohol t i is typi i:thi . t he: 1to 120,

pr ef er abl %u%%?)lraccﬂodflc?]ao,%%tﬁg{ tlers)'r e%lglrng %/)/5‘:@11 l'?locrhl': gg,el];%?&gxgﬁp elo%'l. VO
2012/ 0013e4PCPAGB2051/1053194 i25nHaweve r 1uhé niost ppoeberted ratio wil |
depend on the amount of water fed to the catalyst in the reactants plus the
anount produced by the reaction, so that the preferred nolar ratio of the
al cohol ta ¢ hgitiot abeWati8hetkBLbhE reactign Wikl beqatpd east kira@and, nore
preferably at |east 3:1. The reagents may be fed to the reactor

i ndependefrgelty LoE taftfehgr L@V emitiong Maryd Pehé dsiest s sofS Ut &1y ey be

conti nuou r ch.. Pref I er Nt us (S ed.
TypicalIy?u?ﬁg%?%hc€¥%ﬁhtgggg %F5g2§?§ Fﬁ@gégg % g§§{ g%g%g?%& y}%ZUitable
condensi ngaéguinpremnitn,i rgenes akuy thequ reegbtoco tconfleasedthespraducto St r eam
after reaction has taken place. Simlarl .a vaporiser. may be used to bring

Y,
the react aRfs COPRCS Ferfier At thie FHPBPIto UCHE dedt af Y5t hed. SErbodimént s of

the inventigr wikl Bew ke descyi %é@ﬁd@r&ef ereNceyt gt hen bold owing
non-limting exanples and by way of illustration only. Experinmental Exanple
1 10 g of calamdchusehd o i delipngCrdtimely, nitlod derfianersl i sed swattéodith 0.1

m of nitrl cidH wer e added _dropwi,se to 22.4.q.0f, anti nmony .ghl ori de
SbCI5 whi PETEORT MG Th 1E bR aRs PO pPael hrt ot & Btk B BvF Bt e
sol uti on efuparanidim Bydeaxilde swapoaddesramtitsopd Fuwas seached.1ithe
reaction mxture was aged for 1 hr, after that it was filtered and washed
with a C06P6u§r§ﬁbd%tSQﬁt@@&%r$O%Yeﬂbs Preferably, an oxide support

is used, more preferably, an oxide support as mentioned

herein.

It is also possible to use the catalyst of the present
invention in a mixture or admixture with another catalyst
according to the present invention or otherwise with or

without a suitable binder.

The total level of mixed oxides, cations and anions and

binder may be the same as set out herein.



WO 2012/ 001394PCT/ GB2011/ 051194 26 dried at 80 C overnight and then
calcined in air at 600 Cfor 1 hr. Catalyst testing: 3 g of catal yst was

pl aced i rwa 28t2iondoass steel tubul ar reactor connected teca/ceporiss®s. The
reactor was heated to 350 C and the vi2gpouriser to 300C. The m xture of 56.2
nol e% of net hyl propionate, 33.7 nol e% of nethanol, 9.6 nol e% of

for mal dehyde and 0.5 nol e% of water was passed through. The condensed
reaction m xture was anal ysed by gas chromat ography equi pped with CP-Sil
1701. Conpavatiate exanplsg Ihc37Z.E1 gslofubd ufienudr aitr dteg wiosrahy dmette 1

Al (NG3) 39H20 and 13. 2 f dia iLum_hydrogen phosphate (NH4) 2HPO4 wer e

i Ssolved COBRLNE ShFea A Bf BBm ABYT T oS8 VOLbr alPart Ped uth o tr e
aci d HNGBmeSallutcioamn cofhdarsrpn um tydr oxi de waspaddedhunti bnpHot was- o eached.
Formed hydrogel was m xed for, further 1 hr, after that it was filtered and
washed wi ERTRREEN LSt MR ldr led! at2 By € over#fght! SankfF S heRcealei ddd® in air
at 600 C tor d b . -Jheocalalysh wWas teshed asofescehbed bR exanpkayl.
Exanple 2 17.3 g of titaniumchloride Ti Cl5 were added slowy to 54.5 g of
anti nony ehBdrirdex8ig€ns5 iisn o7 omiidefd denither slvicped twatSerchwsi [me i bé vy
Subsequent | %/E t he soltuti on wa(fs di | ut eg Wltt h 160 gd of dem’cner al i sed tWat er.
The preci pirtare e st15r88 Fof 6P YAt~ 100" €8 tHen et £4%5 St and at
room t enpematdi €i evem ghtra Fheal |y, dirnaseht! t ened andt washiedh wiitdh

dem neralised water, dried at 110 C overni ght and then calcined in air at
600 C for SEPRPIteD o1 7007 394PTTEER20t 1/ 082194 <petfe M at & ysfwds tested
as descri i X ratdve e 2 7. 0 I Anamni

hydr ogen %ﬁ%s&k&aﬁe%@) JZHHngé‘r?%l?Oé?ﬂ a§¢gg§%§%erélc?sgg %vager vvere&g]dded
dropwi se torbdighogtt ithanicamadlylsar imde cFii€l5 The2@Mrmfacef cdermiimer aliilsled wat er

acidified with nitric id and stirred for 3 hrs. It was filtered and
nashed wi EHOAEGr 04 (™o R P elP AT 116 7E GVt niBHE Brdlc BN (B4PCi e I n ai
at 550 C heholafer Theicabal yshrwasm teshednasideseriibed in exanple 1.
Exanmple 3 5 g of galliumchloride GaCl3 in 25 m of dem neralised water

acidified with nitric acid HNO3 were added dropwi se to 8. 6 g of antinony

chl ori de Cl15_ i.n. m ner.al i ter L tirring. Su quently
a sol uti o%téo%?eaﬁn%)cﬁ?% %@89%% gael%(gsgglgdgg uln él[\?t pﬁn% V\H/gegﬂé:ga%ﬁeg;%%rhe
reacti on miyxteune wasl aged fretal hrf ahtetypbats’i tammspfébéetednanthavashed

with a copi Qus anmount of water. |t was dried at 80 C oyernight and then

cal ci ned FRYEIYSHr 600 EFor™atatS The | Y E e t @5t edtCas s i bed in

exanpl e 1qnByaphe 4y 529561 Yandi s &AL of hde HNGLB. 48 daclh Ofxide.

demi neralised water acidified with nitric acid HNGB were ad3ded dropwi se to
11. 3 g of Tartlicadndy ,chhemni deeStisCls ithes afl Isfademirereg isediwatherthei | e
stirring. .Eh hrg Lure was di_l ut ed byO %di ti.on of affurther 25 mo cbf1

. 1 rm a catlion” oI crwlse Jna orm b&tween .
dem neral i sed water. §ubsequent 'y 7@ solution of " “Amroni umehy(?r oxi de ‘was

added unt bhdpH07 nwels ¥ eachee Theal easthonpiexkure was caged fcarakll hr, after

that it was filtered and washed with WO 2012/ 001394PCT/ GB2011/ 051194
0.01-5 mol® of the total metal present, most preferably,

0.1-3 mol% of the total metal present in the metal oxide.

Suitable M’ metals include metals from groups 1 and 2 of

the periodic table, more preferably, group 1, especially,

lithium, sodium, potassium, rubidium and/or caesium.

Typically, when present, the at least one metal M® whether
in the form of a cation or otherwise may form between 0.01
and 50 mol % of the total metal present, more preferably,
0.01-40 mol% of the total metal present, most preferably,
0.1-30 mol% of the total metal present in the metal oxide,

especially, 0.1-20 mol%. Suitable M® metals include metals



28 a copious anount of water. It was dried at 80 C overnight and then
calcined in air at 600 C for 1 hr. The catalyst was tested as described in
exanpl e IwoBsenpi®45 10 g of al um num chl ori de ALC13 i nP2@/GH20D051194

dem neralised water acidified with niBric acid HNG3 were mxed with 20.3 g
of niobiumchloride NbC1l5 in 30 ml of demneralised water acidified with
nitric acid HNG3 while stirring. After that a solution of amoni um

hydr oxi de was added until pH 7 was reached. This was aged for 1 hr, and
then it wagdnlyered drfd washedewndr so¢opi 684 lanpunt T of pmfe&rablty,was
dried at 80 G overn%%pt and t hen caIC|n%p |f ai a%o600 C f r. The

cat al yst was %esPéd s Be8 M ed T A exarnp ife Ie 6 “10. g o Y'ni obi um
chl ori de MBCi%oinn @&eﬂeﬂﬁbxyﬂnm@rakhsedm&ﬂaﬂ ﬁypéhfaed wirelBenict rirc aci d
HNO3 were added to 12.1 g of 2|rcon|un1oxychlor|de ZrOC12-8H20 in 25 m of
deni ner al it88dMfater Oééid& Fieéd Wistth SAMPOE cadifd HHROP WHRSTE StV Af t er
that a sobuti.en ;of) apamoni im hydroxidewas added upt iy 7ywas,” eached.
This was aged for 1 hr and then it was filtered and mashed 'with a copi ous
amount of O\mtlemaliymﬂls denéd cat 180 @<overlki ghte andetheére cal o, nebien air at
600 C for 1 hr. .The cat al yst.was ﬁn%ed as descri bed %n ex%g%

Conpar at i V& éx&mplle 3. % o Mak AmbAPam [y dr ogen® phosphat (r{ﬂ%alePm

di ssol vedoixA 420 Jalt z0fy dent siep ahh g ed fwatres ;Vb.%s@eraﬂdﬁﬁjvélﬂi@p&\hsabto@el% 3 g of

zi rconi um oxychl ori de Zr OC12- 8H20 di ssolved in
2012/ 001394PCT GB2611/105119429" 2oB° ! of!! d@rﬁ%é}%w@dﬂvﬁet%r et/ i ed

with nitrie aciditH dystirred for 2 hrs. It was filtered and washed
with water. ?t was gﬂ % C overnight and then calcined in air at 550

Cfor 1 hr. The catalyst mas tested as descrlbed in exanple 1. Exanple 7

10.1 g of n|ob|un1 hl oride NbC15 in é of de neralised water acidified
with nitririd%ciaA werg aadedcra 3%(ﬂl%ﬁeaa FiAfm Th1 ofi de® El4E13 in 25

m of denmipBerahicsed Water, A6 d fi edhWhB Riktides aglihHNOE whil eyistdd ri ng.
After that a solution of ammoni um hydroxi de was added until pH 7 was

reached. PHiislewgstaged tf-of vPieal land thised! i mewas fhioreér éd 4andatdsiied with a

copi ous_agpunt, of, it efo,, |4 WAS dLied B0, overnlght sand Lhen cgl ci ned

in air ecata ySt was teste crlbe |n exarrple
1. Exanpl @o® affect the acid-base properties of the catalyst. Such

cations tend to form glassy phases in the catalyst matrix.

Typically, it is possible to include two or more metals of
the type M' and/or M? within the scope of the present
invention, more typically, up to three metals of each type
M' and/or M?, most typically, up to two metals of each
type M' and/or M?, egspecially, up to two metals of one
type and only one metal of the other type, more
especially, only one metal of each type M' and M?: all the
above being possible with or without any one or more metal

of the type M’ and/or M*.

Preferably, including the at least one M' and M’ metal,
the metal oxide compound may have up to four or more
preferably up to three metal cations in total, most
preferably, however, there are only two metal cations in

the metal oxide. Therefore, it 1is especially preferred



11.4 g of yttriumchloride YC13 in 25 m of demneralised water acidified
wth nitric acid HNO3 were added to 10.1 g of niobiumchloride NoCl5 in 25
m of demwvoensldoss»d water acidified with nitric acid HNEBTWB20E/B119%r i ng.
After that a solution of amoni um hyddoxi de was added until pH 7 was
reached. This was aged for 1 hr, and then it was filtered and washed with a
copi ous anount of water. It was dried at 80 C overnight and then cal ci ned
inair at 600 Cfor 1 hr. The catal yst was tested as described in exanple
1. Exanpl ¢het12h2 geskll amtkign@emppdingt e omistirsatse dfa(ONEE)3- XH20 gavi20 m  of
dem neral i sed water .a idifiqg ng@g“gfit ac%g F%K%at@DnS L and M2
2012/ 001384PCTFEBZ 61T 0571192 30°Rere “added t 8510 1 g o nig%iun1chloride
NbC15 in 20ggkhef demhnexgbisednwaher acidified with nitric acid HNG3 while
stirring. After that a solution of ammoni um hydroxi de was added until pH 7
was reached. This was aged for 1 hr, and then it was filtered and washed

Wi th a copi oys anpunt [of Matetq I, Mas) dried: at 80 Gavernightgand £ hen
calcined in air at 608 C for 1 hr. The catalyst was tested as described in
exanmpl e 1thExafplre 10.5.4 f -@) whienenchioridea AtEL3oinn 25 eflersoly,

dem neral is water acidified.wth nitric acid H wer added ta 13.4 g of
tant al um 8hl%or icoaetﬁ%rbl%n?inMZSl% aofca&éﬁ%erpaﬁ?%%%’eraaggdicfaitelc?% th
nitric achd HNGBGt @ whiy @estd i@ vAf tiercddeat o siditizan fmmmridim

hydr oxi de was added until pH 7 was reached. This was aged for 1 hr, and
then it wés 1dt &r ¢ Yanee was R Wi 1 al topPdtis Canoifft 188 L watBPer| t0has
dried at ovex nj d th Ci i i G.for The

cat al yst %ggg%estgghgggéggér%bggu?ﬁﬁexgﬁ%{epﬁaééﬁgﬁ%ﬁgg{lb%.f%}%ﬁen

| ant hanumOhyidram € idt,r aheréa(@NEB)Sc xR0, | beleermi 0 01 derd néb al inset wat er
acidified with nitric acid HNO3 re added to 6.7 g of .tantalum chl oride
TaCI5 | B3 ST dth HEPoR | JbUTvaPer  SoithTFBASWR hify (PHESRE FTNGS to
whil e stipriings cAf tief ot hat @ tSo} dit Eﬁarﬁfe ampyy uaehky dspxi de was added unti |
pH 7 was reached. This was aged for 1 hr, and then it was filtered and
washed wi El8&® Copl Bus Jamairt 6f Water Ol t bRdsvdened atergd € loveringht and

t hen cal ci i i t 600 r . | yst S sted-as
descri bedb?%%f%r?glyé %.'W%‘%lfz%oﬁgﬁpﬁﬁéﬁggﬁly%101'\513 §E§<an€ e ™2 10 g
of al um nparchlorizde yAICES cannd dl Fokmg laf nnisohl umaatd ardtde Iwerrel m xed w t h
25 m of dem neralised water acidifi ith nitric acid HNO3 each

\ d w
separat el ¥ TRén “F'Re 2V 8ELENES O\f@erdé)u%txe& oJEtNES &7d Padded Tdrdhi%e to
11.2 g of santipenyuiorhide $hClS i d AlmsE degnanal iged watgrqwei | e
stirring. Subsequently solution of anmoni um hydroxi de was added until pH 7
was reachédpr<Thectedct ioh modter éhwas aged daorianhof ateeh thapei tisnas
filtered agg wa hed with a copi ous anount of water. It was dried at 80 C
overnightpan§ then calcined in air at 600 Cfor 1 hr. The catal yst was
tested as described in exanple 1. Exanple 13 5 g of alum num chloride A1C13
and 9.1 g of nighiumchloride were mxed with 25 m of dem neralised water
aci di fi ed SRPER 2iltri Ehsci e HNEBORAER Sdpditist P Thenl BhelF &8kt aft € were

mi xed toggthar, andygdded, dr opwigser {Ordsd2e @ﬁ&%g@@h@@!ﬁ@ﬁ% 15 in 1
m of water while stirring. Subsequently solution of amoni um hydr oxi de was

added unt bkygHn7 anasnseaciiedp ttvealdact iaovy mibttteur e omasegged frerlahdw, after
that it m@g_filteked ﬁnd ﬁashe%_mj%h cogious %nnunt of water. It was dried
at 80 C ovBFnPYRt "dNG ¥hEREEFEi ASGR &P 5600 C for 1 hr.

As mentioned herein, the term metal oxide should be
understood in the general chemical sense as an ionic or
covalent compound having the general formula (MHH(M2LHQP)q
(M*) ,0, wherein n and m must be greater than 0 and can take
a decimal value and g and r are independently greater than
or equal to 0 and can also take a decimal wvalue.

Generally, a mainly ionic compound is formed by the metal



The catal yst was tested as described in exanple 1. Attention is directed to
all papers and docunents which are filed concurrently with or previous to
t hi s specwDbi2omtdomsy4i n connection with this applicati on aod/cHwoinsare open
to public inspection with this specifiscati on, and the contents of all such
papers and docunents are incorporated herein by reference. WO

2012/ 001394PCT/ GB2011/ 051194 32 Al of the features disclosed in this
specification (including an y acconpanying clains, abstract and draw ngs),
and/ or al bxefleishe fsteps wfesdiyt nethewt oen pr Bbesyese ldioxcldss epnaray e
combined in any cmbi nat Lo, except, conbinations, where at | easts sone of
such feat drés andlor S?egs are nutu§¥1y excl'usive. " Eachf eatur'e diScl osed
in this speciahiycatdront drwed widi gl agynh a€cogpanyidgngl abmen abstinsagireand
drawi ngs) may be replaced by alternative features serving the sane
equivalenPj%rm%Fﬁﬂﬁhra%ﬂ/ﬁésé?‘h%?ésé”é%b?e§§lyngﬁat%ﬂIBRHé%Vﬁ§€9— us,
unl ess exppesshnast akedeot hepwhsecigach feature disclosed is one exanple
only of a generic series of equivalent or simlar features. The invention
is not restricted to the details of the foregoing enbodi nent(s). The

[ ti t t | 2 mbi nati on, of. t
foat ur eo GRScTBaEd Aot 16 Spde ookt oRCRF Ik Ther hE A ZeRBfmd g
clainms, abstnact,and ér awefgshp16r, t5Q 1amy; Navel nenre, e RMAYIGNEI3: 1

conbi nati on, of the steps of any nethod or process so disclosed. 33
oweCh:X - 0t oggg. beoryPreciated that oxygen will generally

be present at a level to balance the total cationic

charge.

Typically, M' may be selected from one or more of the
metals in the list consisting of: Scandium, yttrium, the
lanthanide elements, titanium, hafnium, aluminium, gallium
or indium, more preferably, Al (3+), Ga(3+), Y(3+), In(3+)
or La(3+), most preferably, Ga(3+), Y(34+), In(3+), or
La(3+), especially, La(3+) or Ga(3+)

Typically, M? may be selected from one or more metals in
the list consisting of:- Nb(5+), Sb(5+) or Ta(5+) , more
preferably, Nb(5+) or Sb(b+), most preferably, Nb(5+).

The mixed metal oxide compound may be supported on a
suitable support such as silica, silicon nitride,
colloidal silica, alumina, titania or aluminium phosphate.
The support may or may not be an alkali metal doped
support. If the support is alkali metal doped, the alkali
metal doping agent may be selected from one or more of
caesium, potassium, sodium, or lithium, preferably,
caesium or potassium, more preferably, caesium.

Alternatively, the mixed oxide may itself be doped with
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any one or more of the above mentioned doping metals

representing M°, particularly those of group 1 above.

Preferably, when a separate support for the catalyst of
the first or second aspect is used, the weight ratio of
catalyst:support is in the range 10:1 to 1:50, more

preferably, 1:1 to 1:20, most preferably, 2:3 to 1:10.

Advantageously, unsaturated ester selectivity is increased
by doping cations having a low charge to radius ratio thus
caesium was found to be more selective than lithium.
Preferably, therefore, if used, the doping metal cation is
caesium, rubidium and/or potassium, more preferably,

rubidium and/or caesium, most preferably caesium.

Preferably, the carboxylic acid or ester reactant of the
present invention is of formula R’-CH,-COOR* wherein R* is
either hydrogen or an alkyl group and R’ 1is either

hydrogen, an alkyl or aryl group.

According to a further aspect of the present invention
there is provided a production process for the manufacture
of ethylenically unsaturated carboxylic acids or esters
thereof, preferably, an «, B ethylenically unsaturated
carboxylic acid or ester, comprising the steps of
contacting an alkanoic acid or ester of the formula R’-
CH,-COOR® with formaldehyde or a suitable source thereof,
optionally in the presence of an alcohol, wherein R° and
R’ are each independently hydrogen or an alkyl group and
R’ may also be an aryl group, 1in the presence of a
catalyst effective to catalyse the reaction, wherein the
catalyst is in accordance with the second aspect of the

present invention.
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A suitable source of formaldehyde may be a compound of

formula I

wherein R° and R° are independently selected from C:-Ci;
hydrocarbons or H, X is O, n is an integer from 1 to 100,

and m is 1.

Preferably, R’ and R® are independently selected from Ci-
Ci» alkyl, alkenyl or aryl as defined herein, or H, more
preferably, C;-C;p alkyl, or H, most preferably, C;-Cs alkyl
or H, especially, methyl or H. Preferably, n is an integer

from 1 to 10, more preferably 1 to 5, especially, 1-3.

However, other sources of formaldehyde may be used

including trioxane.

Therefore, a suitable source of formaldehyde includes any
equilibrium composition which may provide a source of
formaldehyde. Examples of such include but are not
restricted to methylal (1,1 dimethoxymethane), trioxane,
polyoxymethylenes R'-0- (CH,-0) ;-R? wherein R' and/or R? are
alkyl groups or hydrogen, i=1 to 100, paraformaldehyde,
formalin (formaldehyde, methanol, water) and other
equilibrium compositions such a s a mixture of

formaldehyde, methanol and methyl propionate.

Typically, the polyoxymethylenes are higher formals or
hemiformals of formaldehyde and methanol CH;-0- (CH,-0) i-
CHs (“formal-1i”) or CH;-0O-(CH,-0);-H (“hemiformal-1i"),
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wherein i=1 to 100, preferably, 1-5, especially 1-3, or
other polyoxymethylenes with at least one non methyl
terminal group. Therefore, the source of formaldehyde may
also be a polyoxymethylene of formula R*'-0- (CH2-0-):R*?,
where R’' and R* may be the same or different groups and
at least one is selected from a C;-C;g alkyl group, for

instance R’' = isobutyl and R’) = methyl.

Preferably, the suitable source of formaldehyde is
selected from methylal, higher hemiformals of formaldehyde
and methanol, CH3-0-(CH;-0);-H where 1i=2, formalin or a
mixture comprising formaldehyde, methanol and methyl

propionate.

Preferably, by the term formalin is meant a mixture of
formaldehyde:methanol:water in the ratio 25 to 65%: 0.01
to 25%: 25 to 70% by weight. More preferably, by the term
formalin is meant a mixture of formaldehyde:methanol:water
in the ratio 30 to 60%: 0.03 to 20%: 35 to 60% by weight.
Most preferably, by the term formalin is meant a mixture
of formaldehyde:methanol:water in the ratio 35 to 55%:

0.05 to 18%: 42 to 53% by weight.

Preferably, the mixture comprising formaldehyde, methanol
and methyl propionate contains 1less than 5% water by
weight. More preferably, the mixture comprising
formaldehyde, methanol and methyl propionate contains less
than 1% water by weight. Most preferably, the mixture
comprising formaldehyde, methanol and methyl propionate

contains 0.1 to 0.5% water by weight.

Preferably, the ethylenically unsaturated acid or ester

produced by the process of the invention is selected from
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methacrylic acid, acrylic acid, methyl methacrylate, ethyl
acrylate or butyl acrylate, more preferably, it 1is an
ethylenically unsaturated ester, most preferably, methyl

methacrylate.

The process of the invention is particularly suitable for
the production of acrylic, alkacrylic, 2-butenoic,
cyclohexenoic, maleic, itaconic and fumaric acids and
their alkyl esters. Suitable, alkacrylic acids and their
esters are (Co-galk)acrylic acid or alkyl (Co-
salk)acrylates, typically from the reaction of the
corresponding alkanoic acid or ester thereof with a
methylene source such as formaldehyde in the presence of
the catalyst, preferably the production of methacrylic
acid or especially methyl methacrylate (MMA) from propanoic

acid or methyl propionate respectively.

The reaction of the present invention may be a batch or

continuous reaction.

The term “alkyl” when used herein, means, unless otherwise
specified, C; to Ci;; alkyl and includes methyl, ethyl,
ethenyl, propyl, propenyl butvyl, butenyl, pentyl,
pentenyl, hexyl, hexenyl and heptyl groups, preferably,
methyl, ethyl, propyl, butyl, pentyl and hexyl. Unless
otherwise specified, alkyl groups may, when there is a
sufficient number of carbon atoms, be linear or branched,
be c¢yclic, acyclic or part cyclic/acyclic, be
unsubstituted, substituted or terminated by one or more
substituents selected from halo, cyano, nitro, —OR”,

oC (0)R??, -C(0)R”", -C(0)OR?”’, -NRR’®, -C(O)NR*’R’®, -SR”’,

C(O)SR?% —C(S)NRWR?a unsubstituted or substituted arvl,

or unsubstituted or substituted Het, wherein R to R
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here and generally herein each independently represent
hydrogen, halo, unsubstituted or substituted aryl or
unsubstituted or substituted alkyl, or, in the case of
R?', halo, nitro, cyano and amino and/or be interrupted by
one or more (preferably less than 4) oxygen, sulphur,
silicon atoms, or by silano or dialkylsilcon groups, or
mixtures thereof. Preferably, the alkyl groups are
unsubstituted, preferably, linear and preferably,

saturated.

The term “alkenyl” should be understood as “alkyl” above
except at least one carbon carbon bond therein is
unsaturated and accordingly the term relates to C; to Ci»

alkenyl groups.

The term “alk” or the like should, 1in the absence of
information to the contrary, be taken to be in accordance
with the above definition of “alkyl” except “Cy alk” means

non-substituted with an alkyl.

The term “aryl” when used herein includes five-to-ten-
membered, preferably five to eight membered, carbocyclic
aromatic or pseudo aromatic groups, such as phenyl,
cyclopentadienyl and indenyl anions and naphthyl, which
groups may be unsubstituted or substituted with one or
more substituents selected from unsubstituted or
substituted aryl, alkyl (which group may itself be
unsubstituted or substituted or terminated as defined
herein), Het (which group may itself be unsubstituted or
substituted or terminated as defined herein), halo, cyano,
nitro, OR"’, OC(0)R’’, C(O)R’", C(0)OR??, NR”R*, C(0)NR”R’®,
SR, C(0)SR™ or C(S)NR'R*® wherein R to R’ each

independently represent hydrogen, unsubstituted or
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substituted aryl or alkyl (which alkyl group may itself be
unsubstituted or substituted or terminated as defined
herein), or, 1in the case of Rm, halo, nitro, cyano or

amino.

The term “halo” when used herein means a chloro, bromo,

iodo or fluoro group, preferably, chloro or fluoro.

Without prejudice to the scope of protection and without
being bound by theory, upon making this surprising
discovery, the inventors tested whether there may be a
diene impurity that was causing the colouration. However,
reaction with the dienophile does not seem to affect the
diene impurities identified, indicating that the impurity

may not be a diene.

The term “Het”, when used herein, includes four- to
twelve-membered, preferably four- to ten-membered ring
systems, which rings contain one or more heteroatoms
selected from nitrogen, oxygen, sulfur and mixtures
thereof, and which rings contain no, one or more double
bonds or may be non-aromatic, partly aromatic or wholly
aromatic in character. The ring systems may be monocyclic,
bicyclic or fused. Each “Het” group identified herein may
be unsubstituted or substituted by one or more
substituents selected from halo, cyano, nitro, oxo, alkyl
(which alkyl group may itself Dbe wunsubstituted or
substituted or terminated as defined herein) -O0ORY’,

OC (0)R*Y, -C(O)R”", -C(0)OR”, -N(R”)R™, -C(O)N(R”)R’®,

SR”?, -C(0)SR” or -C(S)N(R”)R*’® wherein R to R’ each
independently represent hydrogen, unsubstituted or
substituted aryl or alkyl (which alkyl group itself may be

unsubstituted or substituted or terminated as defined
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herein) or, 1in the case of Rm, halo, nitro, amino or
cyano. The term “Het” thus includes groups such as
optionally substituted azetidinyl, pyrrolidinyl,
imidazolyl, indolyl, furanyl, oxazolyl, isoxazolyl,
oxadiazolyl, thiazolyl, thiadiazolyl, triazolyl,
oxatriazolyl, thiatriazolyl, pyridazinyl, morpholinyl,
pyrimidinyl, pyrazinyl, guinolinyl, isoquinolinyl,
piperidinyl, pyrazolyl and piperazinyl. Substitution at
Het may be at a carbon atom of the Het ring or, where

appropriate, at one or more of the heterocatoms.

“Het” groups may also be in the form of an N oxide.

Suitable optional alcohols for use in the catalysed
reaction of the present invention may be selected from

a C1-C3p alkanol, including aryl alcohols, which may be
optionally substituted with one or more substituents
selected from alkyl, aryl, Het, halo, c¢yano, nitro, OR”,
oC (0)R?, C(0O)R*, C(0)OR?”, NR™R?, C(O)NR”R’®, C(S)NR’'R’®,
SR’ or C(0)SR™ as defined herein. Highly preferred
alkanocls are C;-Csg alkanols such as methanocl, ethanol,
propanol, iso-propanol, iso-butanol, t-butyl alcohol,
phenol, n-butanol and chlorocapryl alcohol. Although the
monoalkanols ar e mo s t preferred, poly-alkanols,
preferably, selected from di-octa ols such as diols,
triols, tetra-ols and sugars may also be utilised.
Typically, such polyalkanols are gselected from 1, 2-
ethanediol, 1,3-propanediol, glycerol, 1,2,4 butanetriol,
2-(hydroxymethyl) -1, 3-propanediol, 1,2,6 trihydroxyhexane,
pentaerythritol, 1,1,1 tri(hydroxymethyl)ethane, nannose,
sorbase, galactose and other sugars. Preferred sugars
include sucrose, fructose and glucose. Especially

preferred alkanols are methanol and ethanol. The most
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preferred alkanol 1is methanol. The amount of alcohol is
not critical. Generally, amounts are used in excess of the
amount of substrate to be esterified. Thus the alcohol may
serve as the reaction solvent as well, although, if

desired, separate or further solvents may also be used.

Typical conditions of temperature and pressure in the
process of the invention are between 100°C and 400°C, more
preferably, 200°C and 375°C, most preferably, 300°C and
360°C; between 0.001 MPa and 1 MPa, more preferably, 0.03
MPa and 0.5 MPa, most preferably, between 0.03 MPa and 0.3
MPa.

Contact times for the reactants in the presence of the
catalyst are dependent on temperature, pressure, the
nature of any support and the concentration of the
catalyst with respect to any support but are typically
between 0.05 and 150 secs, more preferably, 0.1 and 120
secs, most preferably, 0.5 and 60 secs, especially, 1 and

20 secs.

The amount of catalyst used in the process of the present
invention is not necessarily c¢ritical and will be
determined by the practicalities of the process in which
it is employed. However, the amount of catalyst will
generally be chosen to effect the optimum selectivity and
yield. Nevertheless, the skilled person will appreciate
that the minimum amount of catalyst should be sufficient
to bring about effective catalyst surface contact of the
reactants during the contact time. In addition, the
skilled person would appreciate that there would not

really be an upper 1limit to the amount of catalyst
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relative to the reactants but that in practice this may be

governed again by the contact time required.

The relative amount of reagents in the process of the
invention can vary within wide limits but generally the
mole ratio of formaldehyde or suitable source thereof to
the carboxylic acid or ester is within the range of 20:1
to 1:20, more preferably, 5:1 to 1:15, The most preferred
ratio will depend on the form of the formaldehyde and the
ability of the catalyst to liberate formaldehyde from the
formaldehydic species. Thus highly reactive formaldehydic
substances where one or both of R’ and R in R’0- (CH,-0-
);:R is H require relatively low ratios, typically, in
this case, the mole ratio of formaldehyde or suitable
source thereof to the carboxylic acid or ester is within
the range of 1:1 to 1:9. Where neither of R’" and R*’ is H,
as for instance in CH30-CH;-OCH;, or 1in trioxane higher

ratios are most preferred, typically, 3:1 to 1:3.

As mentioned above, due to the source of formaldehyde,
water may also be present in the reaction mixture.
Depending on the source of formaldehyde, it may be
necessary to remove some or all of the water therefrom
prior to catalysis. Maintaining lower levels of water than
that in the source of formaldehyde may be advantageous to
the catalytic efficiency and/or subsequent purification of
the products. Water at less than 10 mole % in the reactor
is preferred, more preferably, less than 5 mole %, most

<

preferably, less than 2 mole %.

The molar ratio of alcohol to the acid or ester is
typically within the range 20:1 to 1:20, preferably 10:1
to 1:10, most preferably 5:1 to 1:5, for example 1:1.
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However the most preferred ratio will depend on the amount
of water fed to the catalyst in the reactants plus the
amount produced by the reaction, so that the preferred
molar ratio of the alcohol to the total water in the
reaction will be at least 1:1 and more preferably at least

3:1.

The reagents may be fed to the reactor independently or
after prior mixing and the process of reaction may be
continuous or batch. Preferably, however, a continuous

process is used.

Typically, the reaction takes place in the gas phase.
Accordingly, suitable condensing equipment is generally
required to condense the product stream after reaction has
taken place. Similarly, a vaporiser may be used to bring

the reactants up to temperature prior to the catalyst bed.

Embodiments of the invention will now be described with
reference to the following non-limiting examples and by

way of illustration only.

Experimental

Example 1

10 g of aluminum chloride AlCl; in 15 ml of demineralised
water with 0.1 ml of nitric acid HNO; were added dropwise
to 22.4 g of antimony chloride SbCls while stirring. In
order to precipitate aluminium antimonate a solution of
ammonium hydroxide was added until pH 7 was reached. The
reaction mixture was aged for 1 hr, after that it was

filtered and washed with a copious amount of water. It was
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dried at 80 °C overnight and then calcined in air at 600

°Cc for 1 hr.

Catalyst testing: 3 g of catalyst was placed in a
stainless steel tubular reactor connected to a vaporiser.
The reactor was heated to 350 °C and the vapouriser to
300°C. The mixture of 56.2 mole% of methyl propionate,
33.7 mole% of methancl, 9.6 mole%s of formaldehyde and 0.5
mole% of water was passed through. The condensed reaction
mixture was analysed by gas chromatography equipped with

CP-5il 1701.

Comparative example 1

37.5 g of aluminum nitrate nonahydrate Al (NO3)s3-9H,O and
13.2 g of diammonium hydrogen phosphate (NHy),HPO, were
dissolved together in 160 ml of demineralised water
acidified with nitric acid HNOs;. Solution of ammonium
hydroxide was added until pH 7 was reached. Formed
hydrogel was mixed for further 1 hr, after that it was
filtered and washed with water. It was dried at 80 °C
overnight and then calcined in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 2

17.3 g of titanium chloride TiCls were added slowly to
54.5 g of antimony chloride SbCls in 7 ml of demineralised
water while mixing. Subsequently the solution was diluted
with 160 ml of demineralised water. The precipitate was
stirred for 6 hrs at 100 °C, and then left to stand at
room temperature overnight. Finally, it was filtered and
washed with demineralised water, dried at 110 °C overnight

and then calcined in air at 600 °C for 1 hr.
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The catalyst was tested as described in example 1.

Comparative example 2

7.9 g of diammonium hydrogen phosphate (NHy)HPO, in 50 ml
of demineralised water were added dropwise to 11.4 g
titanium chloride TiCls in 200 ml of demineralised water
acidified with nitric acid HNO; and stirred for 3 hrs. It
was filtered and washed with water. It was dried at 110 °C
overnight and then calcined in air at 550 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 3

5 g of gallium chloride GaCl; in 25 ml of demineralised
water acidified with nitric acid HNO; were added dropwise
to 8.6 g of antimony chloride SbCls in 5 ml of
demineralised water while stirring. Subsequently a
solution of ammonium hydroxide was added until pH 7 was
reached. The reaction mixture was aged for 1 hr, after
that it was filtered and washed with a copious amount of
water. It was dried at 80 °C overnight and then calcined
in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 4

8.5 g of indium chloride InCl; in 25 ml of demineralised
water acidified with nitric acid HNO; were added dropwise
to 11.3 g of antimony chloride SbCls in 5 ml of
demineralised water while stirring. The mixture was
diluted by addition of a further 25 ml of demineralised
water. Subsequently a solution of ammonium hydroxide was
added until pH 7 was reached. The reaction mixture was

aged for 1 hr, after that it was filtered and washed with
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a copious amount of water. It was dried at 80 °C overnight
and then calcined in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 5

10 g of aluminum chloride AICl; in 20 ml of demineralised
water acidified with nitric acid HNO; were mixed with 20.3
g of niobium chloride NbCls in 30 ml of demineralised
water acidified with nitric acid HNO3; while stirring.
After that a solution of ammonium hydroxide was added
until pH 7 was reached. This was aged for 1 hr, and then
it was filtered and washed with a copious amount of water.
It was dried at 80 °C overnight and then calcined in air
at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 6

10.1 g of niobium chloride NbCls in 25 ml of demineralised
water acidified with nitric acid HNO; were added to 12.1 g
of =zirconium oxychloride ZrOCl,-8H;0O in 25 ml of
demineralised water acidified with nitric acid HNO; while
stirring. After that a solution of ammonium hydroxide was
added until pH 7 was reached. This was aged for 1 hr, and
then it was filtered and washed with a copious amount of
water. It was dried at 80 °C overnight and then calcined

in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Comparative example 3
7.9 g of diammonium hydrogen phosphate (NHy) HPO, dissolved
in 50 ml of demineralised water were added dropwise to

19.3 g of zirconium oxychloride ZrOCl,-8H,O dissolved in
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200 ml of demineralised water acidified with nitric acid
HNO; and stirred for 2 hrs. It was filtered and washed
with water. It was dried at 110 °C overnight and then
calcined in air at 550 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 7

10.1 g of niobium chloride NbCls in 25 ml of demineralised
water acidified with nitric acid HNOz; were added to 6.6 g
of gallium chloride GaCl; in 25 ml of demineralised water
acidified with nitric acid HNO; while stirring. After that
a solution of ammonium hydroxide was added until pH 7 was
reached. This was aged for 1 hr, and then it was filtered
and washed with a copious amount of water. It was dried at
80 °C overnight and then calcined in air at 600 °C for 1
hr.

The catalyst was tested as described in example 1.

Example 8

11.4 g of yttrium chloride YCl; in 25 ml of demineralised
water acidified with nitric acid HNOs; were added to 10.1 g
of niobium chloride NbCls in 25 ml of demineralised water
acidified with nitric acid HNO; while stirring. After that
a solution of ammonium hydroxide was added until pH 7 was
reached. This was aged for 1 hr, and then it was filtered
and washed with a copious amount of water. It was dried at
80 °C overnight and then calcined in air at 600 °C for 1
hr.

The catalyst was tested as described in example 1.

Example 9
12.2 g of lanthanum hydrate nitrate La (NOs3)3+xH,O in 20 ml

of demineralised water acidified with nitric acid HNO;
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were added to 10.1 g of niobium chloride NbCls in 20 ml of
demineralised water acidified with nitric acid HNO; while
stirring. After that a solution of ammonium hydroxide was
added until pH 7 was reached. This was aged for 1 hr, and
then it was filtered and washed with a copious amount of
water. It was dried at 80 °C overnight and then calcined
in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 10

5 g of aluminum chloride AlCls in 25 ml of demineralised
water acidified with nitric acid HNOs; wer added to 13.4 g
of tantalum chloride TaCls in 25 ml of demineralised water
acidified with nitric acid HNO; to while stirring. After
that a solution of ammonium hydroxide was added until pH 7
was reached. This was aged for 1 hr, and then it was
filtered and washed with a copious amount of water. It was
dried at 80 °C overnight and then calcined in air at 600
°C for 1 hr.

The catalyst was tested as described in example 1.

Example 11

6.1 g of lanthanum hydrate nitrate La(NO3)s3-xH,O in 12.5 ml
of demineralised water acidified with nitric acid HNOs;
were added to 6.7 g of tantalum chloride TaCls in 12.5 ml
of demineralised water acidified with nitric acid HNO; to
while stirring. After that a solution of ammonium
hydroxide was added until pH 7 was reached. This was aged
for 1 hr, and then it was filtered and washed with a
copious amount of water. It was dried at 80 °C overnight
and then calcined in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.
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Example 12

10 g of aluminum chloride AlCls; and 10.1 g of niobium
chloride were mixed with 25 ml of demineralised water
acidified with nitric acid HNO; each separately. Then the
reactants were mixed together and added dropwise to 11.2 g
of antimony chloride SbCls in 5 ml of demineralised water
while stirring. Subsequently solution of ammonium
hydroxide was added until pH 7 was reached. The reaction
mixture was aged for 1 hr, after that it was filtered and
washed with a copious amount of water. It was dried at 80
°C overnight and then calcined in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Example 13

5 g of aluminum chloride AlCls; and 9.1 g of niobium
chloride were mixed with 25 ml of demineralised water
acidified with nitric acid HNO; each separately. Then the
reactants were mixed together and added dropwise to 1.12 g
of antimony chloride SbCls in 1 ml of water while
stirring. Subsequently solution of ammonium hydroxide was
added until pH 7 was reached. The reaction mixture was
aged for 1 hr, after that it was filtered and washed with
copious amount of water. It was dried at 80 °C overnight
and then calcined in air at 600 °C for 1 hr.

The catalyst was tested as described in example 1.

Attention is directed to all papers and documents which
are filed concurrently with or previous to this
specification in connection with +this application and
which are open to publ ic inspection with this
specification, and the contents of all such papers and

documents are incorporated herein by reference.
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All of the features disclosed in this specification
(including an y accompanying claims, abstract and
drawings), and/or all of the steps of any method or
process so disclosed, may be combined in any combination,
except combinations where at least some of such features

and/or steps are mutually exclusive.

Fach feature disclosed in this specification (including
any accompanying claims, abstract and drawings) may be
replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated
otherwise. Thus, unless expressly stated otherwise, each
feature disclosed is one example only of a generic series

of equivalent or similar features.

The invention is not restricted to the details of the
foregoing embodiment(s). The invention extends to any
novel one, or any novel combination, of the features
disclosed in this specification (including any
accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any

method or process so disclosed.



Table 1
MMA+MAA
HCHO MAA DME
MMA+MAA yield
Contact conver | MMA+MAA selecti DME Toluene [mole%]/
Catalyst selectivi [%1/
time[s] sion yvield [%] vity [mole%] [mole%] MMA+MAR
ty [%] contact .
[%] (%] . yield
time [s]
Ex 1 A1SbO 0.42 80.7 6.9 0.2 82.4 0.04 0.0003 16.43 0.006
Comp Ex A1lPO 1.47 52.1 4.8 12.9 78.0 10.6 0.0045 3.26 2.2
Ex 2 TiSbO 1.42 67.6 4.8 2.0 79.0 0.014 0.0001 3.38 0.003
Comp Ex TiPO 1.49 59.6 4.4 6.1 85.8 8.3 0.0004 2.95 1.9
Table 2
MMA+MAA
DME
Contact HCHO MMA+MAA MAA MMA+MAA yield
DME Toluene [mole%]/
Catalyst time conversion | yield selectivity | selectivity [%
[mole%] [mole%] MMA+MAA
[s] [%] [%] [%] [%] contact .
yield
time [s]
Ex 3 GasSbO 1.12 88.9 6.5 1.9 77.8 0.03 0.00004 | 5.80 0.005
Ex 4 InSbO 0.37 85.1 3.5 1.5 69.7 0.003 0.00004 | 9.45 0.0009
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Table 3
MMA+MAA
MMA + DME
HCHO MAA MMA+MAA DEK yield
Contact MAA DME Toluene [mole%]/
Catalyst conversion selectivi selectivi selectivi %1/
time [s] yield [mole%] [mole%] MMA+
[%] ty [%] ty [%] ty [%] contact .
[%] MAA yield
time [s]
Ex 5 | ALNbO 2.97 71.7 5.9 2.7 85.1 1.4 0.0012 0.6 1.99 0.2
Comp
A1lPO 1.47 52.1 4.8 12.9 78.0 10.6 0.0045 0.9 3.26 2.2
Ex 1
Ex 6 ZrNbO 0.6 84.3 5.5 3.8 80.6 4.3 0.0020 0.4 9.16 0.8
Comp
ZrPO 0.41 89.1 4.0 7.5 64.6 9.3 0.0042 1.2 9.76 2.3
Ex 3
Table 4
MMA+MAA
DME
HCHO MMA+MAA MAA MMA+MAA DEK yield
Contact DME Toluene [mole%]/
Catalyst conversion | yield selectivi | selectivi selectiv [%1/
time [s] [mole%] [mole%] . MMA+MAA
[%] [%] ty [%] ty [%] ity [%] contact .
yield
time [s]
Ex 7 | GaNboO 0.35 66.1 3.1 3.7 81.6 5.3 0.0014 0.6 8.97 1.7
Ex 8 | YNDbO 0.51 62.8 2.9 3.0 70.6 3.0 0.0017 0.5 5.68 1.0
Ex 9 | LaNboO 2.13 42.8 2.2 2.4 84.2 0.4 0.0005 0.5 1.03 0.2
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Table 5
MMA+MAA
DME
HCHO MAA MMA+MAA yield
Contact MMA+MAA DME Toluene [mole%]/
Catalyst conversi selectivi | selectivi [%1/
time [s] yvield [%] [mole%] [mole%] MMA+MAA
on [%] ty [%] ty [%] contact
yield
time [s]
Ex 10 [ A1TaO 2.68 69.6 3.2 3.7 81l.1 4.4 0.0007 1.19 1.4
Ex 11 | LaTaO 1.73 86.4 4.5 1.6 75.8 0.4 0.0001 3.75 0.09
Table 6
MMA+MAA
DME
HCHO MMA+MAA MAA MMA+MAA DME DEK yield
Contact Toluene . [mole%]/
Catalyst conversion yield selectiv | selectivi [mole% selectiv %1/
time [s] . [mole%] . MMA+MAA
[%] [% ity [%] ty [%] ] ity [%] contact .
yield
time [s]
Ex 12 AlSby sNby sO0 | 1.96 83.1 7. 1.6 81l.1 0.6 0.0003 0.6 3.67 0.08
Ex 13 AlSby Nby o0 [ 0.53 72.4 6. 3.8 82.9 4.6 0.0013 0.3 11.3 0.8
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36
CLAIMS

1. A catalyst for the reaction of formaldehyde or a
suitable source thereof with a carboxylic acid or
ester to produce an ethylenically unsaturated
carboxylic acid or ester, preferably o, B
ethylenically unsaturated carboxylic acids or ester,
wherein the catalyst comprises a metal oxide having
at least two types of metal cations, M' and M?,
wherein M' is at least one metal selected from group
3 or 4 in the 4™ to 6" periods of the periodic
table, group 13 in the 3" to 5" periods of the
periodic table, or the remaining elements 1in the
lanthanide series (namely, scandium, yttrium, the
lanthanide elements, titanium, zirconium, hafnium;
aluminium, gallium, indium) and M? is at least one

metal selected from group 5 in the 5™ or 6" periods

4th 5th

of the periodic table or group 15 in the or
periods of the periodic table (namely, niobium,
tantalum, arsenic and antimony) and optionally, M’ or
M?, wherein M’ is selected from groups 1 and 2 of the
periodic table and M! is selected from group 14 of

the periodic table,
wherein the ratio M*:M? is in the range 10:1 to 1:10,

and wherein the metal oxide catalyst compound of the
invention does not include other metal types above a
level 0.1 mol% other than the types MY, M? and

optionally M?® and/or M*.
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A catalyst according to claim 1, wherein M' is
selected from the 4™-6"" periods of the periodic

table.

A catalyst according to claim 1 or 2, wherein M! are

cations in the 3+ oxidation state.

A catalyst according to any of claims 1-3, wherein M?

are cations in the +5 oxidation state.

A catalyst according to any of claims 1, 3 and 4,
wherein the combinations of metal oxides for use in
the present invention may be selected from the list
consisting of:- AlI\Sb oxide; Ti\Sb oxide; Ga\Sb
oxide; In\Sb oxide; Al\Nb oxide; Zr\Nb oxide; Ga\Nb
oxide; Y\Nb oxide; La\Nb oxide; Al\Ta oxide; La\Ta
oxide; and Al\Sb\Nb oxide which oxides are either
unsupported or supported on a suitable support, for
example, alumina, silica, silicon nitride, colloidal

silica, titania or aluminium phosphate.

A catalyst according to any of claims 1-5, wherein
further metals or metal cations of the type M’ and/or

M* may also be present in the mixed metal oxide.

A catalyst according to any of claims 1-6, wherein
the formula for the metal oxide 1is M%M%&PqMﬂop
wherein M' is a cation, preferably, a 3+ cation and
M’ is a cation, preferably, a 5+ cation, n, m and p
may be a positive integer or decimal number and g and
r may be a positive integer or decimal number or

Zero.
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A catalyst according to any of claims 1-6, wherein a

binder 1is used and forms up to 50 wt% of the

catalyst.

A process to produce an ethylenically unsaturated
carboxylic acid or ester, preferably o, B
ethylenically unsaturated carboxylic acids or ester,
comprising the steps of reacting formaldehyde or a
suitable source thereof with a carboxylic acid or
ester, optionally in the presence of an alcohol, in
the presence of a catalyst according to any of claims

1-8.

A process for the production of ethylenically
unsaturated carboxylic acids or esters according to
claim 9, wherein the carboxylic acid or ester
reactant of the present invention is of formula R’-
CH,-COOR* wherein R® is either hydrogen or an alkyl
group and R® is either hydrogen, an alkyl or aryl

group.

A process for the production of ethylenically
unsaturated carboxylic acids or esters according to
claim 9 or 10, wherein the ethylenically unsaturated
acid or ester produced by the process of the
invention is selected from methacrylic acid, acrylic
acid, methyl methacrylate, ethyl acrylate or butyl
acrylate, more preferably, it 1is an ethylenically
unsaturated ester, most preferably, methyl

methacrylate.

Use of the catalyst of any of claims 1-8 as a

producer of low levels of dimethyl ether (DME) and/or
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toluene in the reaction of formaldehyde or a suitable
source thereof with a carboxylic acid or ester,

optionally in the presence of an alcohol.

Use of the catalyst of any of claims 1-8 as a
provider of improved selectivity and/or activity in
the reaction of formaldehyde or a suitable source
thereof with a carboxylic acid or ester, optionally

in the presence of an alcohol.



