1 A N TRIDED M XED OXI DE CATALYST SYSTEM AND A PROCESS FOR THE PRODUCTI ON
OF ETHYLENI CALLY UNSATURATED CARBOXYLI C ACI DS OR ESTERS 5 The present

i nventi orwoebet®s3950 nitrided m xed oxi de catal ysts andraT@Boa#s1f9sr t he
production of ethylenically unsaturated carboxylic acids or esters,
particularly a, B unsaturated carboxylic ,acids or esters, nore particularly
(alk)acrylic acids or alkyl 10 (al k) acry} ates such as (neth)acrylic acid or
al kyl (meth)acryl at es b&the condensati on of carboxylic acids or esters
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particular, but n ates to a process for
t he productl on of (meth) acrylic akCBDS)rORIRSITEESters t her eof , f or exanpl e,
met hyl nethacrylate, by the condensati on of propionic acid or alkyl
esters thereof with formal dehyde or a source thereof in the presence of 20

such nitgidedem xedsoxtdei cadt ¥t s.reSuahr Ackds QI teshens kaede Honad der ed
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the fornul acR8alge2zs- COOR4, v\her]@r%e%ﬁd Récar e Eaeh, 23dydependertiiy, a
suitabl e substibuent kown i the au of. 4 go&yﬁcw%%@ds ueh, ag. hydr ogen
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(meth)acrylates by the condensation of carboxylic acids or
esters with a methylene or ethylene source, such as
formaldehyde or a suitable source thereof in the presence
of nitrided mixed oxide catalysts. In particular, but not
15 exclusively, the invention relates to a process for the
production of (meth) acrylic acid or alkyl 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

20 such nitrided mixed oxide catalysts.

Such acids or esters can be considered as being produced
formulaically by reacting an alkanoic acid (or ester) of
the formula R°- CH, - COOR% where R’ and R* are each,
25 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 gsource of formaldehyde. Thus, for instance,
30 methacrylic acid or alkyl esters thereof, especially
methyl methacrylate, may be made by the catalytic reaction

of propionic acid, or the corresponding alkyl ester, e. g.



met hyl propionate, with fornal dehyde as a nethyl ene source in accordance

with the reaction sequence 1. R3- CH2 - COOR4 + HCHO 5 and R3 - CH

(CH2OH) -woeoRrmos®quence 1 > R3 - CH (CH20H) - COOR4 PCR&B200G/051195CH2 ) -
COOR4 + H20 An exanpl e of reaction sequence 1 is reaction sequence
ZIOCHB-CHZ-COO?4+HCI—|OCI—!3-CI—|(§:HZO—|)-COO?4Sequence2 > CH3

- CH(CH2OH) - COOR4 > CH3 - C( @ CH2) = COOR4 + H20
methyl propionate, with formaldehyde as a methylene source

in accordance with the reaction seguence 1.

R°- CH, — COOR® + HCHO ------- > R® - CH(CH,OH) - COOR‘’
5 and
R° - CH(CH,0H) - COOR® —————- > R - C(:CH,) - COOR? + H,0

Sequence 1

An example of reaction sequence 1 is reaction sequence 2
10

CHs; - CHy - COOR* + HCHO ------- > CH; - CH(CH,OH) - COOR*

CH; - CH(CH,OH) - COOR* ------ > CH; - C(:CHz) - COOR® + H,0

Sequence 2

15 The above reaction Sequence 1 or 2 is typically effected
at an elevated temperature, wusually in the range 250-
400°C, wusing an acid/base catalyst. Where the desired
product is an ester, the reaction is preferably effected
in the presence of the relevant alcohol in order to

200 minimise the formation of the corresponding acid through
hydrolysis of the ester. Also for convenience it is 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

25 will generally consist of methyl propionate, methanol,

formaldehyde and water.

Conventionally, methyl methacrylate has been produced
industrially via the so-called acetone-cyanohydrin route.
30 The process 1s capital intensive and produces methyl

methacrylate at a relatively high cost.



15 The above reaction Sequence 1 or 2 is typically effected at an el evated
tenperature, usually in the range 250- 400C, using an aci d/ base catal yst.
Wher e t hewoOeasizvmwwIsr oduct is an ester, the reaction is pcefGatlos1®sfect ed
in the presence of the relevant al cohol in order to 20 mnimse the
formati on of the corresponding acid throygh hydrol ysis of the ester. Al so
for convenience it is often desirable to’introduce the formal dehyde in the

formof formalin. Hence, for the production of nmethyl nethacrylate, the
reaction ni ¥64P&0f88 teLehelleas alyst PEORMFEIgEnetfal Py conginstator arschy|
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al umi ni um &m@fREapPs vasgrléegpnl-Vb netal, preferably silicon. Suni t omo have
di scl osed netal oxynitride catal ysts for the

pr epar ati onof ¢, - unsat ur at edpr oduct susi ng 10 formal dehyde, JP 2005-213182A,
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ammoni a. The resul tant oxyni rldes atal ysed th as-ph
preparat?on y % 5 uns turateg 9 pe ucts

using
10 formaldehyde, JP 2005-213182A, nitriding single metal
oxides such as Ta0s by thermal treatment with ammonia.
The resultant oxynitrides catalysed the gas-phase
condensation of formaldehyde (trioxane source) with
propionic acid to methacrylic acid. Sumitomo also disclose

15 the possibility of putting these single metal oxides on a

support such as silica or alumina.

EP 1 243 574 discloses the use of Aluminium phosphates,
silicoaluminophosphates and mesoporous amorphous alumina-
20 silica and their nitrided or oxynitrided equivalents to
catalyse the mixed aldol condensation of an n-
alkylaldehyde and benzaldehyde to a-n-amylcinnamaldehyde.
No noticeable improvement for the nitrided catalysts was
found or taught. There is no disclosure of the use of a
25 support. In fact, an increase 1in the vyield of side

products was noted for the nitrided catalysts.

As mentioned above, a known production method for MMA is
the catalytic conversion of methyl propionate (MEP) to MMA
30 using formaldehyde. A suitable catalyst for this is a

caesium catalyst on a support, for instance, silica.



condensati on of formal dehyde(tri oxane source)with propionic acid to
nmet hacrylic acid. Sum tono al so disclose 15 the possibility of putting
t hese si rgbDeoreaadosoxi des on a support such as silica oPCalGBnas1IBP 1 243
574 di scl oses the use of Al um nium phosphates, silicoal um nophosphates and
mesopor ous anor phous alum na- 20 silica and their nitrided or oxynitrided
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the effect of nitridi na the silica support. Unnodified silicais
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silicon nitrid Si 3N4) f which has . %rated sgrface anal ogous to that of

silica. ThePBRoPECUSonfar édato ©s £6 litmeregnatEd i c&£O A et®sids ca i s

not sui ygbl exf.eequseckn e condgnsat han reactdon;betwaensf,orpgh detyle and
a carboxylic amg or ester to produce MVA. However, it has now been found
that a partiiegl an IS\ onbidersonlof nesalioxi dativeanstiatras lidehaydei el net al

oxi de that hag_been nitrided can _pravide a surprigingly high selectivity
for the ethylenlcaFVy un§at ur at ed carboxyplc acids or ester product in the
reaction of a nmethyl ene or ethylene source such as fornmal dehyde, or a 20
suitabl e source thereof with a carboxylic acid or ester to produce
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et hyl enijgal Ly yasatunat ede caphoxyl bei @t sy ors+834er Sin 2% Ageordi ngd0 a
first aspect of the present invention there is provided a method of

produci ng anxéthylterittahky Uesat unateddedr bexylproaicid or segtrerisiprefer abl y
an 2 13 ethyleni callyunsal ur ated cathoxyl Le, ELY; 91, B3t elun SATRIASIO the
carboxylic acids or ester product in the reaction of a
methylene or ethylene source such as formaldehyde, or a
20 suitable source thereof with a carboxylic acid or ester to
produce ethylenically wunsaturated carboxylic acids or

esters, particularly o, B ethylenically unsaturated

carboxylic acids or esters.

25 According to a first aspect of the present invention there
is provided a method of producing an ethylenically
unsaturated carboxylic acid or ester, preferably an o, B
ethylenically unsaturated carboxylic acid or ester,
comprising the steps of contacting formaldehyde or a

30 suitable source thereof with a carboxylic acid or ester in
the presence of a catalyst and optionally in the presence
of an alcohol, wherein the catalyst comprises a nitrided

metal oxide having at least two types of metal cations,



30 suitable source thereof with a carboxylic acid or ester in the presence
of a catalyst and optionally in the presence of an al cohol, wherein the

cat al yst worgprz®em®sa nitrided netal oxide having at | ea®PCTIGR21IYBEDSOf

metal cations, 5 ML and M2, wherein ML is selected fromthe netals of
group 2, 3, 4, 13 (called also II1A) or 14 (called also IVA) of the
periodic table and M2 is selected fromthe netals of groups 5 or 15 (called
also VA) of the perjodic table. 5 1t will be appreciated by the skilled
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25 layered catalyst having the properties defined 1in the

invention throughout its substance.

Thus, in general, the <cations or anions forming the
nitrided metal oxide catalyst are not simultaneously metal
30 cations or anions of a catalytic support unless,
independent of the support, the catalyst is in accordance

with the invention throughout its substance.



catal ysts of the present invention, use of the catal yst of the present
i nvention has been found to produce remarkably |ow | evel s of unwanted side
products wo 2bteon®act i on of fornal dehyde or a suitabl e fomGBotimsSI®Sf Wi th
a 30 carboxylic acid or ester to produce an ethylenically unsaturated

carboxylic acid or ester. In particular

i sobutyrate
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Pref erably,
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S.
f two to four net§I égiions,

and oxygen apdtmibuagenbgnicars supdohtpreferred forrmula for the m xed oxide

is therefore Ilwl iw2 21 x21 yUnwherein ML is one or nore 2+, 3+ or 4+

cations and M2 is a 5+ cation wherein x is the nunber of ML atoms, y is the
number qff MR abenrBnandcd is the RUMbes 0ft 0OXeRhe present invention
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25

30

there 1is provided a catalyst system for the reaction of
formaldehyde or a suitable source thereof with a
carboxylic acid or ester, optionally in the presence of an
alcohol, to produce an ethylenically unsaturated
carboxylic acid or ester, preferably o, B ethylenically
unsaturated carboxylic acids or esters, wherein the
catalyst comprises a nitrided metal oxide having at least
two types of metal cations, M' and M’, wherein M' 1is
selected from at least two metals of group 2, 3, 4, 13
(called also IIIA), 14 (called also IVA) of the periodic
table and M’ is selected from at least one metal of group
5 or at least one metal of group 15 (called also VA) in

the 4" to 6™ periods of the periodic table.

In addition to the high selectivity achieved by the
catalysts of the present invention, use of the catalyst of
the present invention has been found to produce remarkably
low levels of unwanted side products in the reaction of
formaldehyde or a suitable source thereof with a
carboxylic acid or ester to produce an ethylenically
unsaturated carboxylic acid or ester. In particular,
remarkably low levels of methyl isobutyrate (MIB), toluene

and diethyl ketone compared to conventional catalysts such



25 atons. Thus the nitrided netal oxide may be given by formula M-xMyOnN,
wherein z is the average nunber of nitrogen atons and wherein x, y, n and z
may each we 2a12dweiosal nunber or positive integer. Gener &CIryGB2#11/051198 and z
may i ndependently be between 0.1 and 20, nore 30 preferably, between 0.1
and 10, nost preferably, between 0.1 and 5. In a particularly preferred
formula x and y are both 1 and n and z afe nunbers which provide the

ani oni ¢ bal ance to the cationic charge of ML and M2. 8 Typically, the ML
type of netaf RRYTBE1EE ELERPRLEEM die 36 ifs8  nétdl Satmltied g irstovide

con5|st|ng 5Ba, Ra, B, Al, G, In, Tl, Sc, Y, La, Ac,
beligntwgctg??tgr

Si, G, Sn, , nor e preferably, A, G orLa, nost

pref erabl vy, . Typically, the M2 type of netal in the process of the 10
pr esent invggtlon may e sel ect ed fr% one or re neti]s inthe |ist
Ponstting. SPe: BEBsrnin LR T AGT 5 B S ( S TP ORCE Y R T offabl y,

P(5+), No(5%)iceEs8l(:9+)hetMRSt BT ehgrraklivig I%(h%ﬂseﬂémlaﬁltlyy,oft he Mhdiype of

metal in the catalyst invention of the second aspect of the present 15

i nventi on mayipécselcgdtedd sfsom o orh ¥k e ﬁ@%%¢§thtvhe(Ppstt@on§¥%1|ng
of : - Nb(5+) Sty or T f )(54),
nnst preferggl lg%ﬁ(ﬁggg' véﬁ%%ié%ugggg?ﬁg£g §E89 gFSrngﬁk §§ of

t he type Nﬂtgpées nortes 1fvisebdd b||¢aw |npnndnﬁglngvtb®130|d«iﬁnyidnﬂaymmy(ﬁ
the catalyst. In particular, a_further ML netal can be . introduced to
provi de an PH§@§&§§t8ﬁ GEEPEEYe 1tn 2&¢PdPEy 58S CapFrdfFitate tYPr ef erred ML
nodi fieqgnetals for this 25 purpose are barium and | ant hanum Preferably,
ML is/are cation(s) in the 3+ oxidation state. Preferably, M2 is a cation
in the +5 oXirgacirerlst at éheBOHAstgaudiedg mitX@@ger@XiisienotiSa retealareshi dyiret al
cations of th R nd NQ mhether e .or re C y ;
present, may 5%%1&1 %‘lgom%l er%ﬁ) %lpﬁcatlgtoyal gr% gﬁ pré:srgln atlnor{ he
m xed netalt@éﬁd&enﬁareoespﬁﬁnﬁkhy 39%13800159 hours are found to be
nnl@bnnstespeC|aIIy 97-100nol % particul arly, substantially 100 nol % If
anot her net 8 L6FtiHE t%%et%ﬁfs@%téﬁgaBéPBMNFQ 6P€seﬁ%t%%ﬂ¥b? FGHRES net al

type, the mebalkseof the fyupe M 1and M MRY fQHMMR (999 Qr- 9% 89,5 or
99.90 nmol % of the tfotal metal present, nore typically, up to 99.90 or 99.80

mol % of t hedeptalimet ah phesemtrudath@nnepaﬁloxpde winth stibe tgaresl.oner
limts as al ready set out above. 10 Preferably, oxygen and nitrogen may
formfromb50 to 100 nol % of the total non-netal present in the netal oxide

of the inveptkgaramie pitef enablydedOnliGRImbY @ thestetal soncwet ao
present in the nmetal oxide, nost preferably, 80- 100 nol % of the total
non-netal presénfictadpeaitarny, 90 P3VU6D ABHYSETORENt 68AP Ron- net al
present ,hn the netal oxide, nore especially, 99% 100 nol % nost especially,
substantrally 100 nol % For the avoi dance of doubt, non-netals herein does
not 20 incIadepthée%nedalf@¢Mdl@IemBmtSﬁ@nrmmxeﬁibebde phosphicrstore

ermani um arsenjic, .anti.non tellurium and um but, i ncl udes al
glenen;g ha@ﬁﬁg hi ﬁ@F"éPO clﬁuﬁﬁg?gﬂiﬁﬁﬁxfﬁ ha dogréﬁéﬁﬁégfnﬁanﬁ%.r

respective p@rh@déﬁSJf@h@@%hoghéréﬁﬁ|%-1s the number of M' atoms, vy
is the number of M’ atoms and n is the number of oxygen

25 atoms. Thus the nitrided metal oxide may be given by
formula M',M°,O.N, wherein =z 1is the average number of

nitrogen atoms and wherein x, y, n and z may each be a

decimal number or positive integer. Generally, x, vy, n and

z ~may 1independently be between 0.1 and 20, more

30 preferably, between 0.1 and 10, most preferably, between

0.1 and 5. In a particularly preferred formula x and y are

both 1 and n and z are numbers which provide the anionic

balance to the cationic charge of M' and M’.



25 Preferably, the nitrided netal oxide fornms 50 - 100 wt % of the catalyst,
nore preferably, 80-100wm % nost preferably, 90-100wt % especially,

95- 100wt Rvoreor2anoepeci al |y, 97- 100wm % nost especi al | y PCISGRR200MIS9496T t he
catal yst. The 30 bal ance of the catalyst is made up of inpurities, binders
or inert materials. Generally, the nitriged nmetal oxide fornms about 100% of
the catalyst. 10 However, when a binder®is used in the present invention
it my formup to 50 wt % of the catalyst. Alternatively, the binder may be
used in conjunction with a catalyst support to bind the catalyst to the
support. In the latter case, 5 the binder does not formpart of the

catal yst as such. Suitable binders for the catal yst of the present

i nventi on wlkbibelkgowthe Mhoseeskdf| edtbn ey drd . shbactedi tfirng exanpl es
of suitable binders include si&H Cﬁ.(si ncl udi.ng .10 cal | oi dal ﬁfi lica),

si | i ca- al un’ia™ ¢GcA4§ ‘Eonvertordl® tsiAF¢d-"ar i 14, sidS cd%odt®ed Hiuni na
and al unsnagegatred $,!ixa, @nd aluntna, ssuch, asa(pseydeliboeyi tsw,, githbsite,
titania, titania-coated alumna, zirconia, cationic clays or anionic clays
such as sap@pirt eZ2r berdtfoni Ré, Rkabdei MreEIBEpiol | B orChydrtot al it e st

m xt ures thgrrggf ra$r S/f enned binders are silica, alumna and zirconia or

m xt ures thereof. I;u ‘nitrided nmetal oxide particles can be enbedded in the
20 bi nder or vice versa. CGenerally, when used as part of the catal yst, the
bi nder functions ﬁr an adhesi,ve to hold the partic]les to%et her. Preferably,
the particl é§PaFélndmogeteolis! y-3dist Prbuted Wi thi ntthe Biorde of fvitde

versa. The presence iof;chhe i nder wenetaldyed eadsnt gnancirngleasend i
mechani cal strength of the final catalyst. The typical average surface area

of the netalinoxhge laattalopsisliss iing e + arlge ) 2- NBOOMg- s, (fore S Eftarabl vy,

5- 400 nRkg 1, t \.preferabl 10-,300 1 -1 asur the 3
B.ET nult PﬁoiTga?(%ﬁét’hénc? ruesi%%é%e%%%’ne%ﬁ?)c’s ]ﬁl??gfmgr %§O%g) (gﬁl) f aéneos%r ea

and por osi t prAdakyser., Fhe-nef ergnce Imterited MSedyforocheeking ihhe he
i nstrunment performance is a carbon bl ack powder supplied bg M cronmeritics
with a WO 2682PO0E395PET9ER2011/,05149% FEcond aspect of the present

15 invention may be selected from one or more metals in the
list consisting of:- Nb(5+), As (5+) Sb(5+) or Ta(b5+) ,
more preferably, Nb(5+) or Sb(b+), most preferably,
Nb (5+) .

20 Advantageously, using a mixture of metals of the type M
gives more flexibility in modifying the acid-base balance
of the catalyst. In particular, a further M' metal can be
introduced to provide an increase or decrease in acidity
as appropriate. Preferred M' modifier metals for this

25 purpose are barium and lanthanum.

Preferably, M' is/are cation(s) in the 3+ oxidation state.

Preferably, M? is a cation in the +5 oxidation state.

30 Assuming nitrogen is not a metal, said metal cations of
the type M' and M’ , whether one or more of each type is
present, may form from 90 to 100 mol % of the total metal

present in the mixed metal oxide, more especially, 95-100



surface area of 30.6 n2/g (+/- 0.75 n2/g), part nunber 004-16833-00. The
typi cal average particle size of the catalyst 5 particles is in the range
2nm 10000mn200pP)395nore preferably, 5nm - 4000nm (4p), mOSIGR2oEfSIBL Y,
10nm - 3000nm (3p) as neasured by a Malvern Zetasizer Nano S using dynamc
i ght scattering and using N ST standardg 10 If the material is porous, it
is preferably nmesoporous with an average” pore size of between 2 and 50nm
Pore size can _be deternmined by mercury intrusion porosimetry using N ST
standards. TS1The alephge pepPecvallre of 9The0Qat dlgikst: pamtddies gyl he | ess

than 0.01 C%&%tg‘dhaéb%é”ﬁ@' h¥1En the éﬁ&@ﬁefy%taﬂ%@/ gnas ¢ %:t“MEd by

ni trogen adsorption ver, m croporous cat sts are not the
preferred bee&usnnthbglumyﬁaﬂpiﬁ$emmvenéhbrobmuﬂhyaﬂmet&&omeeth¢he

catal yst 20 and.a r err ge vol une i s _hetween .3-
1.2cnB/ g as ﬁ%&%&rgg ?Tﬁh & gﬁo ©48i HY ﬁrtP% éﬁé Fottion
according tegrl SQ, 135)9%1% %Q@Gthe'rh@o%w fERENLt bes sERiESt @for%ur’dcy%ﬁ%aﬂrl%ﬂ and
Porosity Analyser is used to determ ne pore volune as in the case of

surface 25 apeé;%%%u%rreﬁt§9ar$& thel safe shandartdsl aretehpPége@nt] it he
case of a neR.s F&%ﬁt %l%%t par%hért%grfﬁﬁﬁh 8X'a@e’£%>£e%%ry“5s%dc

directly in the ormof a cata cles el ree flrown

t oget her w thtaaB0Ovsuitabl e blnder to create a solid of the desrred shape
and/ or size. The particles may be of any suitable size and therefore al so
in the formof powder, granules or beads either with or w thout binder.

Typi cal iy, thereatahyst d.8,qd? dsedniBrbhent oap ofoanfirxed bed apd ffay this
purpose may be used al'one or on a support and in the latter case nay

i nclude a surlptlabloef datcalyatial bionterctol bppesentt ont heesmppedt ox8 ddowdver ,
bl 5 150 ROSSINIALAL gl AYabolo,08 SRl 10 B SUPPOEL - pln LU S case,
itri e’10"¢ Pys U

the nitrided metal oxi a forma suit e surface coating on
a suitabl e suppertaflopraseatalinstheFake ttarle opuIRgs e saf ptrhﬁenraeﬂe/r)t 80-
i nvention, the support does not formpart of the catalyst. 15 Preferred

conbi nat i ong 08f THiltT | 4B dThBt 410 teWi de¥ Tt alsePF RS eher prassat alAVentilon may

be sel eqtjedlforoo%ébﬁ |4t ¢@NSESELNG Ofn = PONG IR SAPON, o ZiNRQY;
GaSbON; and GaAlPON. These oxides are either unsupported or supported 20 on

a suitabl e suppert,mboe exarplisgllal umi9a,- 190 i valssi Inecon misoadelly,

col | oi dal srl ni a.or al ugi ni um phosphate. It will be understood by
the skilled BEFESHE g Y 1%@ @ﬁﬁélyst of the invention may be added to a

support by any

For the avoidance of doubt, non-metals herein does not

20 include the “metalloid” elements boron, silicon,
phosphorus, germanium, arsenic, antimony, tellurium and
polonium but includes all elements having higher atomic
numbers than the named element(s) 1in their regpective
period of the periodic table.

25
Preferably, the nitrided metal oxide forms 50 - 100 wt% of
the catalyst, more preferably, 80-100wt%, most preferably,
90-100wt%, especially, 95-100wt%, more especially, 97-
100wt%, most especially, 99-100wt% of the catalyst. The

30 balance of the catalyst is made up of impurities, binders
or 1inert materials. Generally, the nitrided metal oxide

forms about 100% of the catalyst.



sui tabl e means. The catal yst may be fixed, preferably by calcination, onto
a suitable support after deposition of the conmpound onto the support using
a suit ablwo=ailzooi3vsa suitabl e sol vent and subsequent drycmgBb1tdse19sur f ace
30 coated support. Alternatively, the catalyst or suitable catal yst salt
precursors may be co-precipitated with tBe support or suitable support
precursors such as a silica sol froma sdi t abl e sol vent. Preferably, an

oxi de support WD 2012/ 001395PCT/ (GB2011/051195 13 is used, nore preferably,
an oxi de suﬁﬁéﬂetveés W@ﬁlnl @n@dnﬁ@rrellﬁ Used sraltde possicsite %fb’%qfhe‘tt

catalyst of ., 2 1 Slyentiopei ppa @a)galig/%tor 24 XL %e‘ﬂ' ot her

e A
cat al yst acco?dl ng to the present 1 nvention or “otherw se Wi th w thout a
sui t abl e bi bdederThet dtealudeaveln ofomjtncdednnivxed exicdes,l yeat |smn3>ca1td

ani ons and be the. sape as set out herein. 1 ver, a

'St nct T on tShoUI Bt SHhbLthest & et SiPRpouy ACEORATAE S & e

i nventi og aﬂ@leabma@raﬁ%sofno@ ret-al peerpeyndnencachetalk axi dgcgupport or a
nitrogen contai ni ng support where one or nore conponents, netal 15 nm/n®

and/ or oxygen and/or nitrogen is provided by the surface conpound and the

ot her CO”"O@%étt%ﬁl'%eﬁo%d]'X%/sW ongiar tarl?/%ec” o%ncyh%r g%lys%%”c g %v%rﬁ OqIEd by

t he support nmonol ayer —ar rangenent not st accor
t he present wiilveridd oknbuh rcat htehro@e dskﬂenedt matﬂheys'arﬁo \Murc—hLJmsLtlng
supported. In this arrangenent, el enent s %/ll N and 0 do not, forma

cat al yst ac@é@ﬂ‘?ﬂr&sto hesanmeio OREEEghobt L HAE c%&JaJr%t HEYEHENI The

surfacejgoatbngwakh censish) of Jwulitdple dnayer,s andnt hgs| avghaRtiela it han
t he nonol ayer will not conformto the 25 invention. As nentioned above,

al t hough at siéase-eAasmipgal @il-’em-ct@/@*eeq&/ll aéw@l@@e @@@alaloﬂfmm@erqqmeed\/lz are
present in th§ ;cat alays& {urthgr el | s_or gg% f% H{mlt e lyRe MB 30

may al so be preseht i'm" t e m xed meta oxu& Y, V\,he presenet t he
at | east oneimehak, M&ﬂMﬁﬂﬂ&HCddtdthlumlna, 21rcon1a, cationic clays

or anionic <c¢lays such as saponite, bentonite, kaolin,
15 sepiolite or hydrotalcite or mixtures thereof. Preferred
binders are silica, alumina and =zirconia or mixtures

thereof.

The nitrided metal oxide particles can be embedded in the
20 binder or vice versa. Generally, when used as part of the
catalyst, the binder functions as an adhesive to hold the
particles together. Preferably, the particles are
homogeneously distributed within the binder or vice versa.
The presence of the binder generally leads to an increase

25 in mechanical strength of the final catalyst.

The typical average surface area of the metal oxide
catalyst is in the range 2-1000m’g™' , more preferably, 5-
400 Hfgq', most preferably, 10-300 Hfgq'as measured by the
30 B.E.T. multipoint method using a Micromeritics TriStar
3000 Surface Area and porosity Analyser. The reference
material used for checking the instrument performance is a

carbon black powder supplied by Micromeritics with a



formof a cation or otherwi se may form between 0.01 and 10 nol % of the
total netal present, nore preferably, 0.01-5 WO

2012/ 001396RaR/0GBAS11/ 051195 14 nol % of the total netal PprasE2Ntl/0SMOSt
preferably, 0.1-3 nol% of the total netal present in the nmetal oxide.
Suitable M3 netals include netals fromgroup | of the periodic table, nore
preferably, lithium sodiun1 5 potassiuﬂf rubi di um and/ or caesi um
Preferably, no other netal types arg present in the yetal oxide catalyst
conpound of StiéagrestrRa i Mrent? of abéqe & /10 Pot’al TotWer nBEaF MeVEIef 0.1
ol % ot her than tRestypes mf n2 and optionally M3 as all defined herein,
more typically, no other netal types are present in the netal oxide

catal yst conpound of the present invention above a trace |evel than the

types M, and o onally M3 as a efined here cal t
el e o TR U or T et s et T A TAL andPEr R the

scope Ofsthga@%Q%Q@% |m%£nt1@n thRr e daHcal bym-upot @k hr ee ot al snafe each
type 20 De and/or M2, nost typically, up to two netals of each égpe ML

and/or M2, espéerablly, upito twelhetal s 460 -oneotyperai@remlly onelnet al of
the ot her t%B%OnH{Drgs, fp%%' taJﬁéé{SuPQ yb ea”%g?‘ivé% e%%*%as%%%m a%gg Ne: all

t he above being pos or w one or nore of the
type M3. Prekenabbynamiel adighg Ehetaérhe@shndneswhgawdSWQsmahdbxdehe nmet al
oxi de conpound may have up to four or nore preferably up to three netal
cations in total, nost 30 preferably, however, there are only tw netal

cationsipn E@e-ﬂ§£ahaQéEQ%l Tb§r%8@&%s'tltsJ%ﬁpﬁEé?&kXbpye%%&k%%ﬂdﬁg the
nmet al oxi de conpound consists of one or two each

2012/ 001395PCThGB20 2VEORTEOBOre size of between P and 50nm. Pore size

can be determined by mercury intrusion porosimetry using

NIST standards.

15 The average pore volume of the catalyst particles may be
less than 0.01 cm?/g but is generally in the range 0.01 -
2cm?/g as measured by nitrogen adsorption. However,
microporous catalysts are not the most preferred because
they may inhibit movement of reagents through the catalyst

200 and a more preferred average pore volume is between 0.3-
1.2cm’/g as measured by BET multipoint method wusing
nitrogen adsorption according to ISO 15901-2:2006. The
Micromeritics TriStar Surface Area and Porosity Analyser
is used to determine pore volume as in the case of surface

25 area measurements and the same standards are employed.

In the case of a non supported catalyst, the nitrided
metal oxide may be used directly in the form of a
catalyst particles either free flowing or together with a
30 suitable binder to create a solid of the desired shape
and/or size. The particles may be of any suitable size and
therefore also in the form of powder, granules or beads

either with or without binder. Typically, the catalyst is



15 nore especially, one each of the netal cations M and M2 together with
oxygen anions. A further preferred fornmula for the nitrided netal oxide 5

i s therefwoeoMooMIVBqOPN, wherein m is a cation, prefecaliBzp1izosmwscati on
and M2 is a cation, preferably, a 5+ cation, n, m p and s may be a
positive integer or decimal nunber and 32nay be a positive integer or

deci mal nunber or zero. Cenerally, n and“m may i ndependently be 10 between
0.1 and 20, nore preferably, between 0.1 and 10, nopst greferably, bet ween
0.1 and 5 mﬁéﬁ§a§fsﬁh@tf@ﬁmeaﬁlﬁeélMﬂQaﬁﬁQnam@véProF APt PYd&CISen Td p i s
a nunber whi.ch provi he_bal anc N e r

provi ded byb% g% %31 %l?g ﬁ%tgbglgﬁbgg by s. 1259%9n2?§Fb¥ C%’@%ay e

bet ween 0O amdczﬂdennaesmnetﬁﬂablyatalitand]dindmmstopr@i@iabky,t@ Ihend 5.
In a particul a preferred formula n and mare both 1. For the avoi dance
of doubt, tHREP @8%665 on n, mand q defined above are al so the total
relative5nunber for M, M2, MB type netals if nore 20 than one cation of
each type is present. Cenerally, the nitrided nmetal oxide of the present
invention is a neutral nolecule and therefore the negatively charged oxygen
and nitrogen anions and 25 optionally, any other non-netals bal ance the
positively charged netals present. Preferably, the nole ratio of oxygen to
ni t rogen inghevekLrhdedum1aedonpbablbxbdédﬁsﬂhet&mtabyge ﬁolbboLAQﬁil 30

nor e preferably, 2:1 to 100:1, npst preferably 21 to 4
Pref er abl y, %Phe?| W8IPFL ni tFogbRiFn ??ﬁ?TﬂtﬁqedealﬁFkQﬁdne?%ﬁa%xﬁ%ﬁ%QQS in

the rangg 0cktho,20 Wa¥% fARLE p%%f%%%QQYSUQE%CQOc%%ﬂ@héﬁoﬂngﬂsdﬂ@ﬂfﬁﬁb|y
1to 15w % However, it will be appreciated that the wt% of nitrogen 5
and oxygen ERPphe thifori dedanexedtnet al oxi de wil | depend on the nol ecul ar
wei ght of the netals selected. Preferably, the nitrided m xed oxide
consists of the netal 10 cations ML and M2 and oxygen and nitrogen ani ons.
For the avoirdancehof pdepbisesgener ahley, poatyna sinvglre inet,al toé eagibdype is
present. However, it is also possible to include two or nore netals of the
type M andﬂ@?swﬁoﬁnFﬁFﬁ-Pﬁét08§t§%ﬁ 68 teAE¥SHresent invention. 15 As
mentiongeg herein, the termnitrided nmetal oxide should be understood in the
general chem cal sense as an ionic or coval ent conpound having the general
formul a (mpreEsRyetVBPmAINa bileeseiod mLﬂnid@dnmﬂtdkaqyﬁ%wﬂﬂknhanxﬂjand 20

can take a ci mal vaI and L S_i ndependent | er_.than qr ual, to 0
and can alsg%Fakg T5° 88 gFﬁ@? GEhér 4 ?y %L%ﬁ ($ dﬂ?c1§5 gﬁﬁ&
formed by thenmiikktided cmetal ADKoMes zefolhe wm&ntzrm@mﬂ gasmihe netial

oxi de conpound itself of the present invention should not 25 be understood
in any non- E6AVERY- ofaleSSerisel 48° retat FhEhed HHSHHHP%FﬁﬂeQ¥ SR - %hd/ or

niiridesy oxhdes whiiebaflocnoL,fopm new Lt Il dagh o de, omounds, A def i ned

her ei n nole ratio o type is generally in t e range
silicon nitride, colloidal 51llca, titania or aluminium

phosphate.

It will be understood by the skilled person that a
25 catalyst of the invention may be added to a support by any
suitable means. The catalyst may be fixed, preferably by
calcination, onto a suitable support after deposition of
the compound onto the support using a suitable salt in a
suitable solvent and subsequent drying of the surface
30 coated support. Alternatively, the catalyst or suitable
catalyst salt precursors may be co-precipitated with the
support or suitable support precursors such as a silica

sol from a suitable solvent. Preferably, an oxide support



30 10:1 to 1:10, nore preferably, 5:1 to 1:5, nost preferably, 3:1 to 1:3,
especially, 2:1 to 1:2, nore especially approximately 1:1. It will be

appr eci atwo 2012013990 2012/ 001395PCT/ GB2011/ 051195 17 oxpgecEnd/asitosogen
will generally be present at a | evel to balance the total cationic charge.
The m xed netal oxide conpound may be sggported on a 5 suitabl e support
such as silica, silicon nitride, colloidal silica, alumna, titania or

al um ni um phosphate. The support nmay or nmay not be an alkali netal doped
support. |f 1Bhé &kfppoPPres Palkaatet-al 2op&ddet M RRKE! i 2 fretian tdap

agent may b?e§gLﬁqted fromone or nore of 10 caesi um potassi um sodi um or
lithiumpre er ab y, caesiumor potassium nore preferably, caesium

Al ternatively, the m xed oxide may itself be doped with any one or nore of
t he above ntioned doping netals representing 1,43, particularly those of
Group | above. 15 PP el D hoht a Sepat 4% e CEUARSFE 10 CHE CHATS: of
the first onnsee@Rdnaspec msxused, ot heawekghter atiic@ Qhotatadl wsltsupport is
in the range 10:1 to 1:50, nore preferably, 1:1 to 1:20, npst preferably,
2:3 to 1:10acgorAdvanteyedbls| pramesidt urar et 68t ePrsed @1 Wi 1y Fsthn@eased

by dopi ng cati hayi - C t o adi ti us_ecaesi.un
found to be%%%ggﬁéeﬁ%cgg&g%ﬁ%%l??%%lﬂh]Tﬁ@bf%?% ?y?ﬁﬁihe?grgiqu%%%d,

t he dopi ng metkad catides | sc2bicaesiam rubbdsumrahdbondpot assi ung mire
preferably, rubidium and/or_ caesium nost preferably caesium Preferably,
the car boxyPPECaédS6r e8tefSr&alrant of the present invention is of
formul a;fR3- CH2- COOR4 wherein R4 is 30 either hydrogen or an al kyl group and
R3 is either hydrogen, an al kyl or aryl group. WO

2012/ 001395FCVEE@B20114 051893 nt8 iAGcoslb gt dbeca fuavhebcasipect of neiel

present invention there is,.provide production propcess f th

Fanu act ur e CaF PSPRYI Gl T et i e BaPEaFbely P i BehBlabdf ept =

t hereof , prekesabl yomasudd b3 ebkhydetdicabkydunsaipwated ord garioxydden aci d
or ester, conprising contacting an al kanoic acid or ester of CH2-COOR4 with

f or mal dehyd&°8f-2aNs{iPt abfRPOr t h&'h"§tiéps©OBE tHe FOFFul BOTBRNSBET ce et eof
15 M'/M’” and/or oxygen and/or nitrogen is provided by the

surface compound and the other components, metal M? /M
and/or nitrogen and/or oxygen 1is provided by the support.
Such a monolayer arrangement is not a catalyst according
to the present invention but rather a different catalyst
20 which is supported. In this arrangement, the elements M,
M?, N and O do not form a catalyst according to the
invention throughout the catalyst material. The surface
coating will consist of multiple layers and the layers
other than the monolayer will not conform to the

25 invention.

As mentioned above, although at least one metal of the
type M' and one metal of the type M? are present in the
catalyst, further metals or metal cations of the type M°
30 may also be present in the mixed metal oxide. Typically,
when present, the at least one metal M’ whether in the
form of a cation or otherwise may form between 0.01 and 10

<

mol % of the total metal present, more preferably, 0.01-5



optionally in the presence of an al cohol, wherein R3 and R4 are each

i ndependently hydrogen or an al kyl group and 10 R3 may al so be an aryl
group, i rwoheryoemence of a catal yst effective to catal pee/GHre1WSASI ON,
wherein the catalyst is in accordance with the first aspect of the present
i nvention. A suitable source of forqaldehyde may be a conpound of 15
formula | R5x (cE x tR6 | wherein R8%and R6 are i ndependently sel ected
fromd -Cl2 20 hydrocarbons or H X is 0, nis an integer from1l to 100,
and mis 1. "Plef etfablhe B tadd Bt ak eplrﬁééﬁémdéﬁ*ﬂs’r%/ BEféEeredlyrom-GC 12

al kyl , al kepyl .or _ary S ne re ef ly, Clo
al kyl, or H%%%Dst gre¢%€agﬁ§£h' q@% 3Fe%§“ EP e%%%cfﬁ%%g; Yot d H.
Preferably,Sulmsbaa i it egetai$ommmﬂnmkﬂ0memaﬂe pfeder ajdourl o 6f the

especi al ly, The fore, a suitabl urce of_f naldeh de |ncludes
o ot || bPEERCEdmos  EPOR: wh BRr Fay Brotr LY cour kT, o

fornaldeﬁydgogé@@gbgs efipsushm aghude butsare .not 5 restricted to nethylal
(1,1 di net hoxynet hane), trioxane, polyoxymethylenes RL-0-(CH2 -0)i-R2

wherein RL and/or R2 are al kyl groups or hydrogen, i=1 to 100,

par af or mal dehyde, formalin (fornmal dehyde, nethanol, water) and ot her

equi | i briunconposi ti onssuchasam xtureof 10 formal dehyde, nethanol and

met hyl prop@meaéeanypim@lbmhdﬂmmqmﬂyomypmﬁhatenpSeaeethﬁghemefmmﬂﬁﬂs or

hem f ormal s of fornalde de and ne hanol rm

CH3- 0- ( CH298) EEHEHEM % Tr neP ey nd 1 mﬁggg.ﬁfm&ep %‘Oﬁntb?éf é%&ff@y,a 1- 5
especi ahhy 134100 t0fherndol yoxyhet hxker@ei whd a@uﬁ@@smgﬁe then tRidyl
term nal group. Therefore, the source of formal dehyde nay al so be a

poIyoxynetthené4ofaﬁdrnﬂPélFQQlQY(@ﬁ 8s) , anwheréeRied arfek R mayndse t he
same or dlfferentlgrouD%)%%%mﬂ‘Hetal types are present in the metal
oxide catalyst compound of the present invention above a
trace level than the types M', M’ and optionally M’ as all

15 defined herein.

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
20 M' and/or M?, most typically, up to two metals of each
type M' and/or M?, especially, 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

25 metals of the type 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
30 preferably, however, there are only two metal cations in
the metal oxide. Therefore, it 1s especially preferred

that the metal oxide compound consists of one or two each,



20 at least one is selected froma C2-Co al kyl group, for instance R21- =
i sobutyl and R22 = nethyl. Preferably, the suitable source of forml dehyde
i s sel ectwo 2broooudvet hyl al , hi gher hem formal s of formal gemyGBoRBH5ar9d

met hanol , CH3-0-(CH2-0)1-H where i=2, formalin or a m xture conprising

f or mal dehyde, net hanol and net hyl propi ol ate. Preferably, by the term
formalin is nmeant a m xture of 30 formaldehyde: net hanol :water in the ratio
25 to 65% 0.01 to 25% 25 to 70% by weight. Mre preferably, by the ferm
formalin i sTREENCPAAUNe of"¢ oPABR yd@?%@ﬁéﬁgl Swattersi nlt G dlio 30
to 60% 0.0 0 t % b i.ght. WO 2012/ 001395PCT/ GB2011/ 051195
20 Most pr e?é’%%%ﬁ%fa g}%%%lhgxggré% %grﬁ%n%%i'n is meant a m xture of

f or mal dehyde: nmet hanol :water in the ratio 35 to 55% 0.05 to 18% 42 to 53%
by wei ght. Preferably, the m xture co i Si f or pal dehyde, t hanpl and
oty St opfore Hednt o e TE0S FRER 8% mator Ty erphtSUNBEL r SPardbl y.
the m xt grejgonprhstagofor ma'gehyde; nret hasekiand met hylk propi enatien,
contains less than 1% water by weight. Mst preferably, the mxture 10
conpri si ng P&EHaIFdeRYde 2 et haalol crandndrellhyl s proprshate EoRti&immS 10,1 a0

0. 5% wat er .0 Preferably, the_e i call ns.at ur i r
ester pr odu?gdv)%%/@lth%]ne’ p%bcg{s’s fatnﬁie ?nblea t?gén ?s %Oeﬁulg%s:l?}eéé ﬁlg%ﬁ?%@ 0

met hacryl i c daciidalaciylbier acid,q medhybe met baer yh ate inethyl acr yleatienadr
butyl acrylate; nore preferably, it iis an ethylenically unsaturated ester,
nmost prefer QHW,@rm?tfhﬁ?rﬁet ha@yreﬁe&taé.lyzo MTRED b ESY FFPFHETIEIY &F i s
particuligrl yesykbable if ofnd heopr gduet ion f racry! iCec@d&acpyhi ang 10,

2- but enoi c, cycl ohexenoic, naleic, itaconic and fumaric acids and their

al kyl estergosSui pabFerabalkacriy¢tecari ds- landnchedr whesegsare 1s the
(C0_8alk)acryl ¢ agid l aLkyl (e%%a 2 8#1%29&5%’1?% €2 tgép‘i ally fhom the
reaction of ‘the correspon&ﬁ ng 51 anoi ¢ acid or ester ?%e eof with a

met hyl ene satricd syebvasekor spkdebydenta the ptlesenceninihe gatsltyistg
preferably the production of nethacrylic acid or especially neth

met hacryl at EPRIVEF fRIGH st5haRBi & 30°@Acid "Bt Gret byl Tpropr ok & ¢ eélpfecsti vely.
IQSC[ ieg‘ri:ji ng%rtaﬁ@‘aylﬁ)r ESEAl HaveRlLRR MRY Re &AL O CAUILMIQUS o | 1
and 10, most preferably, 0.1 and 5. In a particularly
preferred formula n and m are both 1. For the avoidance of
doubt, the wvalues on n, m and g defined above are also the

total relative number for M', M?, M’ .y, metals if more

20  than one cation of each type is present.

Generally, the nitrided metal oxide of the ©present
invention is a neutral molecule and therefore the
negatively charged oxygen and nitrogen anions and
25 optionally, any other non-metals balance the positively

charged metals present.

Preferably, the mole ratio of oxygen to nitrogen in the
nitrided mixed metal oxide is in the range 1:1 to 400:1,

30 more preferably, 2:1 to 100:1, most preferably, 3:1 to
40:1.



The term "al kyl" when used herein, nmeans, unless otherw se specified, O to
Cl2 al kyl and includes nethyl, ethyl, ethenyl, propyl, propenyl butyl,

but enyl , worb14001®5pent enyl, hexyl, hexenyl and heptyl @gcoge1psefdsr ably,
met hyl , ethyl, propyl, butyl, pentyl and hexyl. Unless otherw se specified,
al kyl groups may, when there is a sufficient nunber of carbon atons, be

| i near or branched, be cyclic, acyclic of part cyclic/acyclic, be 10
unsubsti t ut ed, substituted or terninated by one or nore substituents

sel ected fr@#ﬁﬁ&ﬁébldyaddﬁfnﬂ?Vel PRIt X9¢0) 1R20he Cnioyifed, migqd)
OR22, -NR23 G NpoR2G, _Sk20. LU0V SRA0, - LS MRTERE,  ror
unsubstltute or substituted aryl, or unsubstituted or substltuteglﬁe
wher ei n R19ptre fR3ab3 yhee Sand @@n@ﬁahlyHbemapraﬂmmMIMUedendedﬁiyﬂrépresent
hydr ogen, h unsubstitu d or substit un ybstltuted or
SISt rs Ut ed BVRYEL o [ hePBnskPar ot Sthal iRt ks ontey Ao "Hrid Sho
and/ or be lBh@f&ﬁ@kﬁﬂlbynOﬂﬁe0h1&@&@eﬁpmgB@kﬁhhdtéES§xiﬁénw4h10X$éﬁth

sul phur, 20 silicon atons, or by silano or dialkylsilcon groups, or

m xt ures t hepesdhe Ppéﬁepéelrywetlﬁetaplfyrth@r Beps lar ecuRSEBSti t ut ed,
preferably, linear and preferably, saturated. 25 The term' aIkenyI" shoul d
be understood as "al kyl" above except at |east one carbon carbon bond
therein is unsaturated and accordingly the termrelates to C2 to Cl2

al kenyl gr oups. 30, The tgrn1 ‘al k" or the |ike should, in the absence of

i nf or mat i on "6 - CRECIENt FaFy M ifd ke At & CaOs darice Wi (1S FE WWove

defi ni tijgn @fau%'n'éWM eXCERF 2GR &l gdTRaisd NQN: sybshi hHt edsW Hyan ral kyI
22 The term "aryl" when used herein |ncludes five-to-ten- nenbered,

preferably Biveedeocei gt deeiber e@necr@rllicyoy@lmlc/ ar orradle oretpsewdo c@rdmat i ¢
groups, such a en ycC nL adlen and |nd | |ons and napht hyl ,
whi ch groupsyﬁéyjbe:%%%%%e%ltggggv SubStI%L& mﬁ?%sdﬁg or Cludj
subst|tuentsweeke@tﬁdrér@ﬂﬁuﬂﬁybsfl&ﬂkﬁdtppesmﬁs&nkukﬁd M%yw;tahkyhjﬁmhlch
group may itself be unsubstituted or substituted or term nated as defined
10 herei n), CABECEMPEN thFoBp SREY LI £8¥PRtBe unsubst i tut ed or substituted or
term nated as defined herein), halo, cyano, nitro, OR 19, OC(0)R2, C(0)R21,
C(0)0R22, NR23R24, C (0) NR25 R2 6 f SR29. C(0)SR3 or C(S)NR27R28 wherein
R19 to R3 eéehﬂamﬂﬂmﬂaﬁﬂﬁdwamprd@eﬂth@dmogenrmdedbwetadteddde1$hould

substituted, ar I 0 K ch aIk p itself be unsubstltuted or
Subeti f it ol YpaPreRethy 10 U Rttt T R S AN P Y O

nitro, cyaneogtlamino. C&Qp&hhedtemravm@l o twhen q&%ifzﬂerelfermeaas a(ehl oro,
brono, iodo or flugro roup, preferably, chloro or fluoro. Wthout

prej udi ce to(¥he EcopeNof v E&EEBL MorP dUWERGUt S e TR BUNERBY Phevtd,
upon makjng LA ?aﬁ%ﬁ PLi $ing 23 di SEQVeLYy the;d n%ﬁ% ﬁd&ﬁ%ﬁgd d’f‘l}ls%t%err

there may be a diene inpurity that was causing t ouratl wever,
reaction w thanheodi enophi |te> déessmbt caeemlt<m atheet & héedimad ivpurd ties

|dent|f|ed indicating that th urity may not be a di ene. 3 The term
\Het" whenCEogdmdvarnt | Hetiaes Tou s roteosia % ASiea Sy

nitrided metal oxides of the present invention. The metal
oxide compound itself of the present invention should not
25 Dbe understood in any non-conventional sense as relating to
an admixture of metals and/or nitrides, oxides which do

not form new nitrided oxide compounds as defined herein.

The mole ratio of M' to M type 1s generally in the range
30 10:1 to 1:10, more preferably, 5:1 to 1:5, most
preferably, 3:1 to 1:3, especially, 2:1 to 1:2, more
especially approximately 1:1. It will be appreciated that



twel ve- nenbered, preferably four- to ten-nenbered ring systens, which rings
contain one or nore heteroatons 23 selected fromnitrogen, oxygen, sulfur
and m xt we=otmi1sf, and which rings contain no, one oPCREB20UNsNI9E bonds
or may be non-aromatic, partly aromatic or wholly aromatic in character.
The ring systens may be nonocyclic, 5 blﬁyclic or fused. Each "Het" group
identified herein may be unsubstituted substituted by one or nore
substituents selected fromhal o, cyano, nitro, oxo, alkyl (which alkyl
group may | PEEPEIhENhstbstPIeHt et oF SEPSERLEtedDrOIRFM hatbd cas Al ned

o6, Srob, - L0 SRR oF © CUSN RB7) RO e et K18 to RH Each |

i ndependent |y represent hydr ogen, unsubstituted or substituted aryl or
al kyl (mhicg aIk %roggaltself .may be unsubsti t ut d or subs |tuted or
termnated a3<d ?ﬁ d e’ 96T, CPRPPRRC c 45 0fPSR2TPREF5S%ni ©7 0,® ami no

or cyanosThgugeégu Hetsugdhatst | neb@@es £E OURS 1SUGH aSsilicon nitride,
optional | ysubstit ut edazetidinyl, pyrrolidinyl,

i m dazol yl, p@éléloyplaflulsarlylca@xa@@nwn@,sG%é;ﬁénlﬂ or aluminium phosphate.

OxadiaZO|y| Q'a§€$¥ér£hHﬁQ%a%ﬁlyha%r'ﬁ59|%#0|In lalkall . eta}

oxatrlazolyl azol yridazi pyri mdi nyl, pﬁ%azinyl,
qui nol i nyl , sU@pqmmnoHﬁnWhe[nqpﬂdxhrm@ apyahzohytaandopbﬁerabbnwlkali

Substitution at _Het nmay be at a carbon at om of t2§ ring or, where
appr opr i at eMe&E Lo R horeSBF Y neters IGmmeegﬁHﬂpgoﬁﬁycﬁiso be

in the figr mabsanmN oxb e ssium, sodium, or lithium, preferably,
caesium or potassium, more preferably, caesium.
Alternatively, the mixed oxide may itself be doped with
any one or more of the above mentioned doping metals

representing M°, particularly those of group I above.

15
Preferably, when a separate support for the catalyst of
the first or second aspect is used, the weight ratio of
catalyst:support 1is in the range 10:1 to 1:50, more
preferably, 1:1 to 1:20, most preferably, 2:3 to 1:10.

20

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
25 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

30 either hydrogen or an alkyl group and R’ 1is either
hydrogen, an alkyl or aryl group.



Sui tabl e optional alcohols for use in the catal ysed reaction of the present
i nvention may be selected from30 a O -CH al kanol, including aryl al cohols,
whi ch maywbeopgoidssal |y substituted with one or nore sulpsTiGBrentos1®8l| ect ed
fromal kyl, aryl, Het, halo, cyano, nitro, OR18, OC(0)R28, C(0) RZNR23R24,
1, C(0)0R22,C (0) NR25R26, C (S)NR27R28,,, WD 2012/ 001395PCT/ GB2011/ 051195
24 SR29 or C(0)SR3 as defined herein.HidﬁIy preferred al kanols are O -C8

al kanol s such as net hanol, ethanol, . .
propanol , i s6CEPEFARE! |, FSo2but ahelct - BEPPECtal @bhdine pheRsENt n-Bitedricicrand
chl orocapry | cohal : g al I t oref
pon-aIkano%ggr%rggePé@kggggePe%?ggéfgg%%dﬁgﬁﬁ%ﬁ%ﬁzﬁéE%% ggﬁiéﬁéﬁﬁ%ﬁiols,
tetra-ols and saigay semiayahl o ubeattirkitsed. cdyipixal 1y, asuicls poryalskanal s are

selected fr 1, 2- ethapediol, 1,3-propapedial, glycerol, 1,2, 4

but anet r | of CNEG55 hyBF SRGMBOhY1 ) o 30pr oparibdt bt ot XS8! Bt iRzt Gk ane,
pentaeryshrich@box{nlcl tadihydsexyeribyl ) ethafesi Nannosene Sokhase, of

gal act ose and ot her sugars. Preferred sugars include sucrose, fructose and

gl ucose. Esp€enaPricy 1prefast r edkankafiolas iar eorethansl @ndteehdivgimuiive Rost 15
preferred abﬁgﬂé’@ﬂz‘s Wﬁﬁag%mafﬂ&ga‘é“?& of %EQQ@ie' %oﬂgfcecreﬁér%ac!fd
anou 0 u e

Ceneral ly, nts are used i n excess t he anpunt of substrate to
esterified. oPhusnthevalicohohe nayesenve ag tdre abachodp sbkvenh as weld ,

al t hough, if ,desired, separate ég further, solvents may al so be used. 20 It

will be appRecPafedddat It HELEHEDPr bduct I6PIERe Oledtt | ONYS L8P at

| east inQgpairt Ry, he1sQuree 0£na|£§@9|qﬂ§ﬁgn Far, | patanges s&s€e Of o frethano
produces the corresponding nethyl ester. 25 Typical conditions of
t enper at ur ecatd lyséssiifedtiitchet pr cedsd vof tihe | nwention, arvécbetiwedm<el00C

and 400C, r r ef erabl 200C and 375C, t. preterabl 300C and ,360C;
bet ween O.ng%ﬁggggndii a?ﬁﬁﬁéﬁ%ﬁ% ewggﬁgﬁjﬁgogl§6%M§§%§$ 09% 53 nost
preferably, phetweenifv@3thBa.and 0.3 MPa. 25

A suitable source of formaldehyde may be a compound of

15 formula I

wherein R° and R° are independently selected from C:-Cip
20 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
25 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.



Contact tinmes for the reactants in the presence of the catal yst are
dependent on tenperature, pressure, the nature of any support and the
concent r avpan120f1398e cat al yst with respect to any suppoPCTHR208r&S1t9§pi cal |y
5 between 0.05 and 300 secs, nore preferably, 0.1 and 240 secs, nost
preferably, 0.5 and 120 secs, especially,1 and 40 secs. The anount of

catal yst used in the process of the preégnt 10 invention is not necessarily
critical and will be determ ned by the practicalities of the process in
which it is enployed. However, the anount of catalyst will generally be
chosen to efibect e ol imumselecliyidy 8Rdeyialdacheuer thehess, the
skilled person will appreciate 15 that the m ni num anbunt of catal yst
shoul d be sebfiidiemtiutmo boinpgsaboot eftfiect i wenycapabystiesuaf ageucont act of

t he reactants during the contact tinme. |n addition, the skilled persan

wul A appr eEPATE LORM Eher o KGHTELAD: ?bal Ty be SHCHIgor T tis T
amount of catakystt2@ red ahkvaeytait he reagtabtsohyhetRabe) D PrAGLLR OIS
may be governed again b{ the contact time required. The relative amount of
reagent s i nPPREFOBIECESYLenesh® rAvARt oM cdh Vaeyewit B nandder iFi tesr<but
general ly t ti dehyde .0 hta of to

t he car boxy ?gégcgﬁé%gis?gﬁﬂ¥§%§#%ﬁh ?hg Fﬁ%gZHgf 2%§f§?%&%%ﬁéﬁiéﬁé

pref erably, forhatlanl: 156fohel doisyder ef eratddirrcdt,i 0 wihlktkrdepemdd on dtdre#f or m

of the fornaldehﬁge,and the ability of the catal%%t to liberate
f or mal dehyd& W r-omPERETM30 FOFRRISdEYdiSc spetites. dhus Ri ghfy ¥ &&étivert

formal dehydire -aubstagees waenanene on Reth,of ;R3Liand:B32 in R310- (CH2-0-
)IR32 is Hrequire relatively lowratios, typically, in this case, the nole

rati o of formal dehyde or suitable 26 source thereof to the carboxylic acid
or ester is.wthin,the nge of 1;1 tq 1:9. \Were nei r o 1. and R32 is
[ os for | AoPaREE A B0 GE HE i Sne hgRe: At Tes ard ot
preferred, typic€alkhy]ls3:cf t 6odndldShise menitd onethabove, cueotgctheosour ce
of fornaldeh%de, wat er may al so be Eresent in the reaction mxture.
Dependi ng offthe (sdGF&€1af " or il deh{feed ™ [tHamdd) :pB nelcd$¥Hiyy 15 rénove some

or all qf thecpatar fhereframolO prdpL, 410 gat alysi Sesg!\@éirﬁﬁ%i ng3! ower
| evel s of water than that in the source of” fornal dehyde may 'be advant ageous
to the catabyhec ebbilgpespuptapdtoessubsequeat pledst cation mofn t e indduct s.

vater at |egs than 10 mole %0 1he £ €ahOr (L8, BLELEr (el g RLET S At Y.
532

also be a polyoxymethylene of formula R*'-0- (CH2-0-):R*?,
where R’' and R* may be the same or different groups and
20 at least one is selected from a Cy;-Cio alkyl group, for

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

Preferably, the suitable source of formaldehyde is
selected from methylal, higher hemiformals of formaldehyde
25 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
30 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.



15 preferably, less than 2 nole % The nolar ratio of alcohol to the acid
or ester is typically within the range 20:1 to 1:20, preferably 10:1 to
1: 10, nmoswopnefmiably 5:1 to 1:5, for exanple 1:1. 20 HepeexGB20tls1196St
preferred ratio will depend on the anmpbunt of water fed to the catalyst in

the reactants plus the anmount produced the reaction, so that the
preferred nolar ratio of the al cohol to“the total water in the reaction
will be at least 1:1 and nore preferably at |east 253:1. The reagents nmay

be fed to tHestequtdiciardepenenthy 6Fraf tier™srlilor +e xTRAgNAnd tHeistess
of reacti O”O%Hyfé’%ngf’%ﬁf&'&%e%aﬁ?ﬂ .+ FF efier ably, Y€hs a §on{dnuous

30 process i s used. equired to condense the product stream after
reacti on ha$.paken pBace42Sitcm barl py acvgpori ser may be used to bring the
reactants up to tenperature prior to the catalyst bed. 5 Enbodi nents of the
invention will now be described with reference to the foll ow ng

non-1im§i ngrexarpbes , anthdymwayy & 'tbllnpﬁgQﬁj[;oriogﬁwdeia@dléxp%ﬂmcaﬂ
Table 1 Catalyst Contact tine[s] MVA+MAA yield[%4 MAA selectivity Hfﬂ
MVA+MAA sel égdli virgyhydq propionate contains less than 5% water y

weight. More preferably, the mixture comprising
formaldehyde, methanol and methyl propionate contains less
than 1% water by weight. Most preferably, the mixture
10 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
15 methacrylic acid, acrylic acid, methyl methacrylate, ethyl
acrylate or butyl acrylate; more preferably, it 1is an
ethylenically unsaturated ester, most preferably, methyl

methacrylate.

20 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 (Cogalk)acrylic acid or alkyl (Co-

25 galk)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

30 acid or methyl propionate regpectively.

The reaction of the present invention may be a batch or

continuous reaction.



MVA+ MAA yield/s Conp Ex.1 A1PO 5.20 4.9 10.4 59.3 0.9 Conp Ex.1 A1PO 1.47
4.8 12.9 78.0 3.3 Ex.1 AIPON 03750 1.47 3.1 13.4 95.2 2.1
WO 2012/001395 PCT/GB2011/051195

21

The term “alkyl” when used herein, means, unless otherwise
specified, C; to C;; alkyl and includes methyl, ethyl,
ethenyl, propvl, propenyl butyl, butenyl, pentvyl,
5 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 cyclic, acyclic or part cyclic/acyclic, be
10 unsubstituted, substituted or terminated by one or more
substituents selected from halo, c¢yano, nitro, —ORI% -
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 aryl,
or unsubstituted or substituted Het, wherein R to R
15 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 1less than 4) oxygen, sulphur,

20 silicon atoms, or by silano or dialkylsilcon groups, or

mixtures thereof. Preferably, the alkyl groups are
unsubstituted, preferably, linear and preferably,
saturated.

25 The term “alkenyl” should be understood as “alkyl” above
except at least one carbon carbon bond therein 1is
unsaturated and accordingly the term relates to C; to Ci»

alkenyl groups.

30 The term “alk” or the 1like should, in 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.



Ex.1 Al PON 03750 5. 20 Ex.2 Al PON 06750 5.20 7.6 16.5 92.4 1.5 Ex.3
Al PON 15750 5.20 8.1 17.3 93.5 1.6
WO 2012/001395 PCT/GB2011/051195

10

15

20

25

30

22

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 Dbe
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(0O)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
substituted aryl or alkyl (which alkyl group may itself be
unsubstituted or substituted or terminated as defined
herein), or, 1in the case of R2H 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



15 Conparative Exanple 1 ALPO The acid catal yst that provided the base
substrate for nodification was an anor phous al um ni um phosphate (A1P0O) WO
2012/ 001396RC/@BP»S11/ 051195 28 prepared by a sol -gel meCh@EB220nvBEWENg
co-gelation froma solution containing the conponent salts. Co-gel ation

Met hod 5 A high surface-area anorphous §I um ni um phosphat e was prepared by
co-gelation of a solution of salts cont & ni ng the elenments al um ni um and
phosphorus. 37.5 g of alum niumnitrate nonahydrate Al (NOG3)39H20 and 13.2 g
of di anmoni ﬁ@ﬁ?@ﬁ@gerﬁ@ﬁbsﬁﬁﬂ@%%) 2HPCACer eSEOTHE sseNFed Migdettfes in
160 mM of d i a i npLri Ci H%(g% ion of
anmoni um hygg‘g%% g mzaggjaggggéﬁnt%:lﬁ (gOﬁ,m\éfag{sn}eg%he rl%Fo((r}ir ydrodﬁl

m xed for fobonhker dr hmayafaeerndgﬂnaammat/vacs, f bhtréled anshavaishedrwwtho Mat er.

It was dried at 80 C.15 vern| nd then calcined in air at 600 C for 1
e “The cal GFABA tpFodlof ae Soreved o Heraid GEaRIMEY £8 SEnEa i

di anet er k f@ﬁc@c@ﬁ"ca'o&ts'[fds%ﬁ' rngacrcat@éystgt:@w Agen31di0k aceatial yedy was
placed in a 20 stainless steel tubular reactor connected to a vapori ser.

The react or Pias hearkedtibuBsd C @hd vapurtiidertad 3009 C. oThe n@&tuﬂr@nﬁ 56. 2
nol e% of ne I at 0 t

f or mal dehy dtgﬁ%née%ggh%g %’loe%?tv?/adt gﬂ%fig&;‘;e?ﬁ?ﬁmu ﬁ(é %e cor'lde lk(-Jyd1
reacti on m Xwhieh25 aldsylanalysed byagas mgjnﬁat o]g@apbylsetmrtp)pedew t bCP-Si |
1701 columm. Exanple 1 Al PON 03750 roximately 7 g.of granul e _product
from conpar §Pfo\§§ng6‘t§9anﬁffe ﬁe%+%a€$‘gce%sl S Uit oddt R he centre

of a tuhg fuenage’and-hegied at-b/dasa, rany (g3 gr¥l ow ofo)df pr?nj k1°0gen at

the rate of 150 m /'min. At GOCthe ga2sf§8ed was svmtched)to dry anmoni a

at a rate ofR150 ni/(@)BRR 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

15 herein) or, 1in the case of R2H halo, nitro, amino or

cyano. The term “Het” thus includes groups such as
opticonally substituted azetidinyl, pyrrolidinyl,
imidazolyl, indolyl, furanyl, oxazolyl, isoxazolyl,
oxadiazolyl, thiazolyl, thiadiazolyl, triazolyl,

20  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.

25

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

Suitable optional alcohols for wuse 1in the catalysed
reaction of the present invention may be selected from

30 a Ci1-Cs3p alkanol, including aryl alcohols, which may be
optionally substituted with one or more substituents
selected from alkyl, aryl, Het, halo, cyano, nitro, OR”,

0C (0)R?Y, C(0)R?, C(0)OR??, NR*R?**, C(0)NR?’R%*®, C(S)NR?'R?%®,



29 while continuing to heat to 750 C and maintained at this tenperature for
3 hrs before the feed gas was switched back to dry nitrogen (150 ml/mn).
The furnawe 2eesosd9sowed to cool to bel ow 100 C before saeplGB20806ve5Yy from
the 5 dry atnosphere. Catal yst was tested as described in conparative
exanple 1. Exanple 2 Al PON 06750 10 Cat azlt4yst was prepared as in exanple 1,
except that instead of 3 hrs of amnia“treatnent 6 hrs were applied.
Catal yst was tested as described in conparative exanple 1. Exanple 3
ALPON15750 $8° Catodl ySt(OMGE pr épar €gfagern eranphe 1, 'exdept thHafamsidead of
3 hrs of amuppig treatpent- 15 hrs, pl.ed. Catalyst was tested as
described in cgmgarsat%ve exanpl e 1. a]%%)egi1 Cat al yst ont a’cteetscltrrecg]'
MVA+MAA yi ebdp¥anbAA selectdnddand 94 Me-MAAsebbct i virbytydd MkeoHEA
yieldls Cbnghgébl% %Lﬁgééﬁgﬁ and chlorocapryl alcohol. Although the
5 monoalkanols are most 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 gelected from 1, 2-
ethanediol, 1,3-propanediol, glycerol, 1,2,4 butanetriol,
10 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

15 preferred alkanol is 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.

20
It will be appreciated that the end product of the
reaction is determined at least in part by the source of
alkanol used. For instance, use of methanol produces the
corresponding methyl ester.

25

Typical conditions of temperature and pressure 1in 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

30 MPa and 0.5 MPa, most preferably, between 0.03 MPa and 0.3
MPa.



4.04 7.5 64.6 9.8 Ex. 4 ZrPON 03750 0.41 4.55 7.4 71.6 11.1 Conp Ex. 3 SnPO
2.00 2.1 11.0 64.3 1.0 Ex. 5 SnPON 06400 3. 05
WO 2012/001395 PCT/GB2011/051195

25

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
5 Dbetween 0.05 and 300 secs, more preferably, 0.1 and 240
secs, most preferably, 0.5 and 120 secs, especially, 1

and 40 secs.

The amount of catalyst used in the process of the present
10 invention is not necessarily «critical and will Dbe
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
15 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 limit to the amount of catalyst
20 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
25 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
30 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



2.1 0.3 86.4 0.7 20 Conparative exanple 2 ZrPO 30 7.9 g of di anmoni um
hydr ogen phosphate (NH4) 2HPO4 di ssolved in 50 mM of dem neralised water
wer e addewlodnpwid®e to 19.3 g of zirconium oxychl ori de PCOGHR208HE0195

di ssolved in 200 m of dem neralised water acidified with nitric acid 5
HNO3 and stirred for 2 hrs. It was filt r6ed and washed with water, then
dried at 110 C overnight and calcined irmrair at 550 C for 1 hr. Catalyst
was tested as described in conparative exanple 1. 10 Exanple 4 Zr PON 03750
Appr oxi mat eBpUFCg dfhegieariul e SEBQU(?@IpPémlé@rrﬁzfrléi i¥e 8REAPI é52 WAdihe bl aced

amp i & 1100 o 0y °hi tragan A Cha Fare OF 180 1 n CAL 800 'C He g

ry nitrogen at the rate o n. ie gas
15 feed wasasw fachednsaadicy aimoriifaOaCHa- 0@ie obr 150 nttnorambhi lhegher
continuing to _heat to 750 C ang mai nt ai.ned at thi gogerrpera%ure for 3 hrs
before the f8&d°Gad a&°sh PCREGBECK TEPAFY nivtr dgen “P150°m /min). The
furnace was allowed to cool to below 100 C before sanple recovery fromthe
20 dry atnosphere. Catal yst was tested as descri bed in conparative exanple
1. Conpar at Pve eXERpPRed SRPYCSE3. Uy ¢ tFhe chovricte SACIA e 1ZFER vide -of

dem neralis r heat ed C and stirr i.t.h._a i ¢ bar
whi | e addi nggér%%pw%tsdg 7\%&8 o] tedi g%’r%ﬁn%?ll}m ﬁ&drzcéleen %%g\gptﬁg)tne 0!
di ssol ved i ped@ddihgof odenither alsicsedewatoer . fPheatiddhngiepas icontianuedbef or 2

hrs. After that the product was filtered and washe ith water. 1t_was
dried 30 at “EE65€36Verlrfi ghtMaNKE tHEH caFcithed P% dﬁ%’e ateaes CHGE I Ky

Cat al ystgwag tiest ed ascdesehished in eammaative exafRie br wdker 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

<

15 preferably, less than 2 mole %.

The molar ratio of alcohol to the acid or ester 1is
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.
20 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

25 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

30 process is used.

Typically, the reaction takes place in the gas phase.

Accordingly, suitable condensing equipment is generally



Exanpl e 5 SnPON 06400 Approximately 7 g of granule product from conparative
exanple 3 were placed in an alumna boat in the centre of a tube furnace
and heat edoan12mo0Q3¥95i n ranp in a flow of 5 dry nitrogen &CTidB20tiase1d9sf 150
m/mn. At 250 Cthe gas feed was switched to dry amonia at a rate of 150
m/mn while continuing to heat to 400 %and mai ntained at this tenperature
for 6 hrs before the feed gas was switc dd back to dry nitrogen (150
m/mn). The furnace was allowed 10 to cool to bel ow 100 C before sanple
recovery fréﬁﬂﬁlﬁée@rﬁoa?ﬁ@%ﬁéﬁeth@a%%@ﬁ%qe@ﬂ tes descrtiised Has

t T t t 9
VA gol ect | Vity L9 M+ RA Se act vity ot RRstRA y1el 87 oot Bte

ZrNbO 0.6 5tbhe3r8a8@abts up to temperature prior to the catalyst bed.

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

way of illustration only.

10
Experimental
Table 1
MAA MMA + MAA | MMA +
Contact MMA+MAA
Catalyst selectivity | selectivity | MAA
time [s] yvield [%]
[%] [%] yield/s
Comp
AlPO 5.20 4.9 10.4 59.3 0.9
Ex. 1
Comp
AlPO 1.47 4.8 12.9 78.0 3.3
Ex. 1
A1PON
Ex. 1 1.47 3.1 13.4 95.2 2.1
03750
A1PON
Ex. 1 5.20
03750
A1PON
Ex. 2 5.20 7.6 16.5 92.4 1.5
06750
A1PON
Ex. 3 5.20 8.1 17.3 93.5 1.6
15750
15

Comparative Example 1 A1PO
The acid catalyst that provided the base substrate for

modification was an amorphous aluminium phosphate (A1PQ)



9.2 Conp Ex. 5 GaSbh0 1.12 6.5 1.9 77.8 5.8 15 Conparative exanple 4 ZrNbO
10.1 g of niobiumchloride NoCl5 in 25 ml of dem neralised water acidified
Wi th nitrwo /1348103 were added to 12.1 g of zirconi umPeXyGH2D OViSHDS
ZrOC12-8H20 in 25 m of 20 dem neralised water acidified with nitric acid
HNO3 while stirring. After that a solutggn of ammoni um hydr oxi de was added
until pH 7 was reached. This was aged f 1 hr, and then it was filtered
and washed wi th copi ous anbunt of water. It was dried at 80 C overnight and
t hen cal ci n@deP8rrA &Y aatSGOET fBETICRr InVND7 2092008395 PCPAGE2ZOT /2051195

32 Cat al yst .est : rihed .i rati exanple 1. Exanple 6
Zr NoON 0%408%§35%§§i§gFg iqgﬁg gpggfgngﬁggg?ogééﬁgfronrgonparativgp5

exanple 4 were placed in an alumna boat in the centre of a tube furnace
and heated at 5 Elnin r inaflowof dry nitrogen at the rate of 150
m/mn, At %@Qgé—éﬁéQQaggEQQQ was switched to dry ammonia at a rate of 150
m/mn while canghnugngriechgatat 04Ol Koadd HBimta ed HodglisSe was
prepared by co-gelation of a solution of salts containing
the elements aluminium and phosphorus.
37.5 g of aluminium nitrate nonahydrate Al (NOs)s3-9H,O and
13.2 g of diammonium hydrogen phosphate (NHy) HPO, were
10 dissolved together in 160 ml of demineralised water
acidified with nitric acid HNO;. Solution of ammonium
hydroxide was added wuntil 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
15 overnight and then calcined in air at 600 °C for 1 hr. The
calcined product was sieved to retain granules (0.5 -1.4

mm in diameter) for a catalyst testing.

Catalyst testing: 3 g of a catalyst was placed in a

20 stainless steel tubular reactor connected to a vaporiser.
The reactor was heated to 350 °C and vaporiser to 300 °C.
The mixture of 56.2 mole% of methyl propionate, 33.7 mole%
of methanol, 9.6 mole% of formaldehyde and 0.5 mole% of
water was passed through. The condensed reaction mixture

25 was analysed by gas chromatography equipped with CP-Sil
1701 column.

Example 1 A1PON 03750

Approximately 7 g of granule product from comparative
30 example 1 were placed in an alumina boat in the centre of

a tube furnace and heated at 5 °C/min ramp in a flow of

dry nitrogen at the rate of 150 ml/min. At 600 °C the gas

feed was switched to dry ammonia at a rate of 150 ml/min



10 tenperature for 6 hrs before the feed gas was switched back to dry
nitrogen (150 m/mn). The furnace was allowed to cool to below 100 C

bef ore sawpleiwmwesery fromthe dry atnosphere. CaramGR20was1198st ed as
described in conparative exanple 1 15 and found to have i nproved
selectivity. Conparative exanple 5 GaSbg?S g of galliumchloride GCl3 in
25 mM of demneralised water acidified wth nitric acid HNO3 were added
dropwi se 20 to 8.6 g of antinony chloride SbCl5 in 5 mM of dem neralised
wat er whlIew§ﬂ#ﬁrﬁ%ﬂ?tlSWB§@qd%%nh§fﬂa1§b|ﬁ@@oncoﬁnénﬁ@ﬁpﬁﬁ#ﬁ§@f@%1deUWEs
added unti | e n t g f after
that it was %HPté%ggr% 3§ ﬁegnﬁﬁtﬁgg%%?nghgngégg E%SQ%B gﬁv%¥?ﬁ§%5

dri ed at 80bEcaveprnidglyt nandoeen (d&l0cimigdiinn .aiTheatf uBOG e fwers B lrowed

06400° 30 ApkPoi i oty 7o4081 GRanr o Brdacts TEOR CORRar Y ve BRatpi 5

wer e plageddkg g@m@ggﬂb@@ boat in the centre of a tube furnace and heated
at 5 Cmnranp in a flowof dry nitrogen at the rate of 150 m/mn. At 250
Cthe gas 33 feed was switched to dry anmonia at a rate of 150 m/mn

whi | e conti pui t 0 ai.ne e re for
hrs before ?ﬁgggéég Qgg ﬁ§§t§%|€§ha§gbac h g o %%FFEEZXE(%EgE%#% ¥ The
furnace was al |l owed 5 to cooI to bel ow 100 C before sanpl e recovery from

the dry atnnsphere ﬁ' mg% tested as described in conparative exanple
1 and found®#6"RaGe 2 |ﬁ%?8 °dalectivity. 10 Table 4 Catalyst Contact tine

[s] MVATHYAACKehd sk% aMAD rseleeldl ist Yl U aMMAEVAA cxcept that instead
of 3 hrs of ammonia treatment 6 hrs were applied.

Catalyst was tested as described in comparative example 1.

Example 3 ALPON15750
15 Catalyst was prepared as in example 1, except that instead
of 3 hrs of ammonia treatment 15 hrs was applied.

Catalyst was tested as described in comparative example 1.

Table 2
MAA MMA + MAA | MMA +
Contact MMA+MAA
Catalyst selectivity | selectivity | MAA
time [s] yvield [%] .
[%] [%] yield/s
Comp
Ex. ZrPO 0.41 4.04 7.5 64.6 9.8
2
Ex
ZrPON 03750 0.41 4.55 7.4 71.6 11.1
4
Comp
Ex. SnPO 2.00 2.1 11.0 64.3 1.0
3
Ex
SnPON 06400 3.05 2.1 0.3 86.4 0.7
5

20

Comparative example 2 ZrPO



selectivity [A4 MVA+ MAA yield/s Conp. Ex. 6 Ga0.1A10.9P0 2.40 4.3 10.4 64.1
1.8 Ex.8 0. 1A10.9PON 03750 2.36 6.4 11.7 75.2 2.7 Ex.9 0. 1A10. 9PON
15750 2. 320201/001395 PCT/GB2011/051195
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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 Zr0Cl,;-8H,O dissolved in
200 ml of demineralised water acidified with nitric acid

5 HNO; and stirred for 2 hrs. It was filtered and washed
with water, then dried at 110 °C overnight and calcined in
air at 550 °C for 1 hr.

Catalyst was tested as described in comparative example 1.

10 Example 4 ZrPON 03750
Approximately 7 g of granule product from comparative
example 2 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of
dry nitrogen at the rate of 150 ml/min. At 600 °C the gas

15 feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 750 °C and maintained at this
temperature for 3 hrs before the feed gas was switched
back to dry nitrogen (150 ml/min). The furnace was allowed
to cool to below 100 °C before sample recovery from the

20 dry atmosphere.

Catalyst was tested as described in comparative example 1.

Comparative example 3 SnPO
13.0 g of tin chloride SnCls; in 200 ml of demineralised
25 water was heated to 50 °C and stirred with a magnetic bar
while adding dropwise 7.1 g of diammonium hydrogen
phosphate (NH,),HPOs; dissolved in 300 ml of demineralised
water. The mixing was continued for 2 hrs. After that the
product was filtered and washed with water. It was dried
30 at 110 °C overnight and then calcined in air at 400 °C for
1 hr.

Catalyst was tested as described in comparative example 1.



4.9 80.9 2.4 Conparative exanple 6 Ga0.1A10.9P0 5 g of gallium chloride,
34 g of alum niumchloride ALC13 were m xed with 19.4 g of phosphoric acid
H3PO4 i n w@20rdo01®s50f dem neral i sed water. This was coolPed/GB2o0/081198 a dry
i ce al cohol bath. Subsequently a | arge excess of propyl ene oxide was slowy
added under vigorous stirring. The solutjon turned into a translucent gel
after a few hours. The product was washed wit h i sopropanol . It was dried at
20 110 C overnight and then calcined in air at 650 C for 1 hr. Catal yst was
tested as d&serPbed i ANEENpAraLlve exanple 1. Exanple 8 Ga0. 1A10. 9PON 03750
34 Appr oxi mgt.el f, ,granul e odyct from.yc atjyve e 6 6 uere
pl aced in anggffér}#ﬁgt%ogt inu(% heoq{:eg’t %euo gbtgggé{:urna%% an haeéatﬁcelﬁt 5
C/ mn ranp emaapfleow ofemdr yolidadgen at &hemiateboftl150 mhemcentAte 600 C
the gas 5 feed S switched t ry ammoni a_at rate of 150 m/mn ile
cont ' nui ng B0 R TorYER CRANA A B e at CORLE. CefBerdi ufe 18P % hr <
before the Heed gasowes sw tighed-back:t o19symnyhiegenr (250 1w/ minR) gakhe
furnace was allowed to cool to bel ow 100 C before sanple recovery fromthe
10 dry at nn$pkér &asCatval yFtedaso t 85¥ edmaendéscrti bedr # Be cofpaPat ifde Texanpl e
1. Exanple =a0. . 75 a to r - i e>@$ !e 8,
except that %P%tgeé?%gfl%§g#rg‘l5ﬁ %aéﬁitoﬁ?% %ggat &nlg%{lalgﬁﬁﬁggvl\ggda%ﬁ i ed.
Cat al yst wasetnestreduas descricbed-d nbebopar atfievefexdnplees lwaFabiwe tehed
Catalyst CbgggittglgggsLitrogen (150 ml/min). The furnace was allowed

10 to cool to below 100 °C before sample recovery from the

dry atmosphere.

Catalyst was tested as described in comparative example 1.

Table 3
MAA MMA + MAA
Contact MMA+MAA MMA + MAA
Catalyst selectivity selectivity
time [s] yield [%] yield/s
[%] [%]
Comp
Ex. ZrNbO 0.6 5.5 3.8 80.6 9.2
4
Comp
Ex. GasSbO 1.12 6.5 1.9 77.8 5.8
5

15
Comparative example 4 ZrNbO
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 2rOCl,+8H0 in 25 ml of
20 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 copious amount of
water. It was dried at 80 °C overnight and then calcined

25 in air at 600 °C for 1 hr.



MVA+MAA vyiel d[% MAA selectivity [4 MVA+MAA selectivity [ MVA+ MAA
yield/s Conp. Ex.7 zr02 0.89 5.8 1.5 50.9 6.5 Conp. Ex.8 ZrON 15500 4.58
5.7 0.5 590Qo/@1386np. Ex. 9 PCT/GB2011/051195
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Catalyst was tested as described in comparative example 1.

Example 6 ZrNbON 06400
Approximately 7 g of granule product from comparative
5 example 4 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of
dry nitrogen at the rate of 150 ml/min. At 250 °C the gas
feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 400 °C and maintained at this
10 temperature for 6 hrs before the feed gas was switched
back to dry nitrogen (150 ml/min). The furnace was allowed
to cool to below 100 °C before sample recovery from the
dry atmosphere.
Catalyst was tested as described in comparative example 1

15 and found to have improved selectivity.

Comparative example 5 GaSbO
5 g of gallium chloride GaCl; in 25 ml of demineralised
water acidified with nitric acid HNO; were added dropwise
20 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 copious amount of
25 water. It was dried at 80 °C overnight and then calcined
in air at 600 °C for 1 hr.

Catalyst was tested as described in comparative example 1.

Example 7 GaSbON 06400

30 Approximately 7 g of granule product from comparative
example 5 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of

dry nitrogen at the rate of 150 ml/min. At 250 °C the gas



S102 10.03 0.15

0.015 Conp. Ex.10 SION(Grace) 15400 14.57 0.6 0. 04
Conp. Ex.11 SION(Grace) 15750 8.53 0.6 0.07 Conp. Al 203
WO 2012/001395 PCT/GB2011/051195
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15

20
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feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 400 °C and maintained at this
temperature for 6 hrs before the feed gas was switched

back to dry nitrogen (150 ml/min). The furnace was allowed

to cool to below 100 °C before sample recovery from the
dry atmosphere.
Catalyst was tested as described in comparative example 1

and found to have improved selectivity.

Table 4
Contact MMA+MAA MAA MMA + MAA | MMA +
Catalyst time yield selectivity | selectivity | MAA
[s] [%] [%] [%] vield/s
Comp.Ex.
. Gag.1Aly PO 2.40 4.3 10.4 64.1 1.8
Gao_lAlo_QPON
Ex. 8 2.36 6.4 11.7 75.2 2.7
03750
Gao_lAlo_QPON
Ex. 9 2.32 5.5 4.9 80.9 2.4
15750

Comparative example 6 GaO.l1A10.9PO

5 g of gallium chloride, 34 g of aluminium chloride AICIls;

were mixed with 19.4 g of phosphoric acid H3PO; in 122 ml

of demineralised water. This was cooled to 0 °C in a dry

ice alcohol bath. Subsequently a large excess of propylene

oxide was slowly added under vigorous stirring. The

solution turned into a translucent gel after a few hours.
The product was washed with isopropanol. It was dried at
110

hr.

°C overnight and then calcined in air at 650 °C for 1

Catalyst was tested as described in comparative example 1.

Example 8 Ga0.1A10.9PON 03750




4.0 5.6 6.3 64.0 10.2 WD 2012/001395PCT/ GB2011/051195 35 Ex. 12
13 AION 03750 5.6 5.6 7.6 60.0 10.4
WO 2012/001395 PCT/GB2011/051195
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Approximately 7 g of granule product from comparative
example 6 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of
dry nitrogen at the rate of 150 ml/min. At 600 °C the gas
feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 750 °C and maintained at this
temperature for 3 hrs before the feed gas was switched
back to dry nitrogen (150 ml/min). The furnace was allowed
to cool to below 100 °C before sample recovery from the
dry atmosphere.

Catalyst was tested as described in comparative example 1.

Example 9 Ga0.1A10.9PON 15750
Catalyst was prepared as in example 8, except that instead
of 3 hrs of ammonia treatment 15 hrs was applied.

Catalyst was tested as described in comparative example 1.

Conp.

Table 5
MAA MMA + MAA | MMA
Contact MMA+MAA
Catalyst selectivity | selectivity | MAA
time [s] yvield [%] .
[%] [%] yield/s
Comp.
Zr0, 0.89 5.8 1.5 50.9 6.5
Ex. 7
Comp.
ZrON 15500 4.58 5.7 0.5 50.0 1.2
Ex. 8
Comp.
510, 10.03 0.15 - - 0.015
Ex. 9
Comp. SiON (Grace)
14.57 0.6 - - 0.04
Ex. 10 15400
Comp. SiON (Grace)
8.53 0.6 - - 0.07
Ex. 11 15750
Comp. Al,03 4.0 5.6 6.3 64.0 10.2




Conparative exanple 7 Zr02 14.5 g of zirconium oxychl oride octahydrate
Zr OC12- 8H20 were dissolved in 300 mM of dem neralised water and 5 stirred
cont i nuowsbyourioh®saddi ng 10 mM of 30% amonia in 110 mPCoIGRYALIANS119Fhe
suspensi on was agitated at

descri bed

roomtenperature for 3 hrs,
washed with water to renove any residue
at 80 C overnight and calcined at 500 C
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di ssolution. The gel was precipitated by addition of aqueous amoni a. The
gel was filtered and 37 washed with maggr. After drying overnight at 110
C, it was calcined at 500 Cin air flowfor 1 hr. Catalyst was tested as
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15 Comparative example 11 SiON (Grace) 15750
Approximately 7 g of granule product from comparative
example 9 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of
dry nitrogen at the rate of 150 ml/min. At 600 °C the gas

20 feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 750 °C and maintained at this
temperature for 15 hrs before the feed gas was switched
back to dry nitrogen (150 ml/min). The furnace was allowed
to cool to below 100 °C before sample recovery from the

25 dry atmosphere.

Catalyst was tested as described in comparative example 1.

Comparative example 12 Al,03

75.0 g of aluminium nitrate were dissolved in
30 demineralised water, which was acidified with drops of

nitric acid to aid dissolution. The gel was precipitated

by addition of aqueous ammonia. The gel was filtered and
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2012/ 001395PCT/ GB2011/ 051195 38 Ex.1 Al PON 1.47 0.0013 0.0031 0.0003 03750
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washed with water. After drying overnight at 110 °C, it
was calcined at 500 °C in air flow for 1 hr.

Catalyst was tested as described in comparative example 1.

5 Comparative example 13 AION 03750
Approximately 7 g of granule product from comparative
example 12 were placed in an alumina boat in the centre of
a tube furnace and heated at 5 °C/min ramp in a flow of
dry nitrogen at the rate of 150 ml/min. At 600 °C the gas

10 feed was switched to dry ammonia at a rate of 150 ml/min
while continuing to heat to 750 °C and maintained at this
temperature for 3 hrs before the feed gas was switched
back to dry nitrogen (150 ml/min). The furnace was allowed
to cool to below 100 °C before sample recovery from the

15 dry atmosphere.

Catalyst was tested as described in comparative example 1.

Several examples were tested for the generation of side
products in the condensed reaction mixture. Three side
20 products that may prove problematic during separation in
an industrial process due to their being close in boiling
point to one of the desired end products, methyl
methacrylate, were tested. These are toluene, diethyl
ketone and methyl isobutyrate. The results are shown in
25 table 6 and show a marked reduction in such impurities for
the nitrided mixed oxides compared with both non-nitrided

mixed oxides and nitrided single metal oxides.

Table 6

Catalyst Contact MIB DEK toluene

time [s] [mole%] [mole%] [mole%]

Comp. Ex. 1 AlPO 1.83 0.0240 0.0547 0.0054




Ex.2 A PON 5.20 0.0126 0.0038 0.0008 06750 Conp. Ex. 2 Zr PO 0. 42 0. 0228
0. 0569 0.0042 Ex.4 ZrPON 0.41 0.0150 0.0370

WO 2012/001395 PCT/GB2011/051195
38

Ex. 1 A1PON 1.47 0.0013 0.0031 0.0003
03750

Ex. 2 A1PON 5.20 0.0126 0.0038 0.0008
06750

Comp. Ex. 2 ZrPO 0.42 0.0228 0.0569 0.0042

Ex. 4 ZrPON 0.41 0.0150 0.0370 0.0028
03750

Comp. Ex. 7 Zr02 1.01 0.1819 0.7004 0.0001

Comp. Ex. 8 ZrON 15500 4.70 0.2591 0.8241 0.0001

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

documents are incorporated herein by reference.

All of the features disclosed in this specification
10 (including any 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.
15
FEach feature disclosed in this specification (including
any accompanying claims, abstract and drawings) may Dbe
replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated
20 otherwise. Thus, unless expressly stated otherwise, each
feature disclosed is one example only of a generic series

of equivalent or similar features.



0. 0028 03750 Conp. Ex. 7 Zr02 1.01 0.1819 0.7004 0.0001 Conp. Ex.8 Zr ON
15500 4. 70 0.2591 0.8241 0.0001 Attention is directed to all papers and
docunent swoatznoazve fil ed concurrently with or previ ousPCO/GHBE/051195
specification in connection with this application and 5 which are open to
public inspection with this specificati gg and the contents of all such
papers and docunents are incorporated herein by reference.

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
5 accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any

method or process so disclosed.
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CLAIMS

A method of producing an ethylenically unsaturated
carboxylic acid or ester, preferably an «, B
ethylenically unsaturated carboxylic acid or ester,
comprising the steps of contacting formaldehyde or
a suitable source thereof with a carboxylic acid or
ester in the presence of a catalyst and optionally
in the presence of an alcohol, wherein the catalyst
comprises a nitrided metal oxide having at least
two types of metal cations, M! and Mz, wherein M! is
selected from the metals of group 2, 3, 4, 13
(called also IIIA) or 14 (called also IVA) of the
periodic table and M? is selected from the metals
of groups 5 or 15 (called also VA) of the periodic
table.

A method according to claim 1, wherein the nitrided
metal oxide consists of two to four metal cations,

and oxygen and nitrogen anions.

A method according to any of claims 1-2, wherein
the M' type of metal is selected from one or more
metals in the list consisting of:- Be, Mg, Ca, Sr,
Ba, Ra, B, Al, Ga, In, Tl, Sc, Y, La, Ac, 3i, Ge,
Sn, Pb, Ti, 2Z2r, Hf and Rf.

A method according to any of claims 1-3, wherein
the M? type of metal is selected from one or more
metals 1in the list consisting of:- P(5+), Nb(5+),

As (5+) Sb(5+) and Ta(5+).

A method according to any of claims 1-4, wherein

the nitrided metal oxide 1is selected from the 1list
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consisting of:-  AlPON; ZrPON; SnPON; ZrNbON;
GaSbON; and GaAlPON, either unsupported or
supported on a suitable support, for example,

alumina, silica, silicon nitride, collcocidal silica,

titania or aluminium phosphate.

A method according to any of claims 1-5, wherein a
further metal or metal cation of the type M’ is also
present in the nitrided mixed metal oxide wherein M3
metals include metals from group I of the periodic

table.

A method according to any of claims 1-6, wherein
the nitrided metal oxide formula is: M M*M’GONs
wherein M! is a cation, preferably, a 3+ cation and
M’ is a cation, preferably, a 5+ cation, n, m, p and
s are a positive integer or decimal number and g is

a positive integer or decimal number or zero.

A method according to any of claims 1-7, wherein
the carboxylic acid or ester reactant 1s 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 method according to any of claims 1-8, wherein
the ethylenically unsaturated acid or ester
produced by the process of the invention 1is
selected from methacrylic acid, acrylic acid,
methyl methacrylate, ethyl acrylate or butyl

acrylate.



