WO 2011/ 077140PCT/ GB2010/ 052176 1 Met hod of Producing Acrylic and

Met hacrylic Acid The present invention relates to a nethod of producing
acrylic awmo22atdtawylic acid, and extends to acrylic an#CreHaovoski7e aci d
produced by the nethod and to their al kyl 5esters, especially nethyl

met hacryl ate. Acrylic acid (prop-2-enoic,acid, AA) and nethacrylic acid
(2-met hyl prop-2-enoic acid, MAA) are inportant industrial chem cals,
principally as a precursor to their esters, such as nethyl acrylate (M)
and net hyl ~ et hacr yl Methochef) Pradyiciegenydic ancbMethaeryiigi Aciglopl i cation is
in the production of plastics for various applications. The nost
significant polynerisation application is the casting, noulding or

ext rusi on offhperssest myentiest lekatasyloaa eeftrRIMK)produggegle dridymethacivialecidl arity

pl astics. | b ). f [ are
copol yners g? @rg}égtltehg/?{bnaeét@faacarngﬁgé{hgﬁlt“ﬁacﬂ Er'gp ﬁgéf;h ts)¥ %gﬁéﬁ!}&etg‘ ﬁ?f)ﬁp{g‘%rﬁﬁ {e and
butyl acbyl asters, espeaciaily InjetietiBRpdeand AA are produced entirely from
petrochem cal feedstocks. MAA and MVA are produced on a |arge industri al
scal e by various nethods. For exanple, the acetone cyanohydrin (ACH) route,
whi ch uses Acwelioaeiddpdpidrenagacid, 28) anganeiiecrlic add2-methy! arap-2vhecieapnidt he

i nt er medi at L0 - | th s i.C i u te
cater of ¢ O Rl RaF PSR SIRIRERE, JAopHoRN AL CoBELSOr Bef b

bi sul phat e aweh rethidwaordate (Mh)santertedy! inetinasryletal MMk dors exampleuThéiot h
reactantg, AP ohAlioOBEM HEY AN FRIES Tl Sarbus| HBICABA THERAN and
safety risk and e process produces |arge anounts of unwanted amoni um
sul phat e as signifiggntbpplymetisation Akpelicatien viel the icastingf umptidingpoocedisiont of s
known to st ' j t r [ ert - ct ant
which is thgﬁ'(/%‘%@rz”% ajtcwgt(ﬁgcr Itgiprrlocgﬁ %@eﬁ%égyPrlgbﬁ/aé:l?éﬁd%@ﬁgéchg.%ﬂl\/bre
recently, imanyscoraymiAode tusegs dupedariiveonrtinesrs| grebycopolymersstaigemethwbcess

by 30 the tﬁ%‘i Of&)(ﬁ%?ﬁ&gﬁrb-%t@i st?,(/leei% eﬁm gémlmse%mﬂtyl%rc%tg.n@ﬁﬁentlgqgllkﬂymd by

reacti on w yde t process 1I's known a e Al pha
process15 St 3P and AAdesspriodbest! entiralyp hemi@iredhemidalfe¢dstenkst o t he use of

1, 2-bi s-(di-tbutyl phosphi nonet hyl ) benzene |igand in the palladium catal ysed
carbonyl ati on of ethylene to nethyl propionate in high yield and
selectivity. The applicant has al so 35devel oped a process for the catal ytic
conver sion RiafTeh iR’ 481 38 MR atd MYBsHS! aoid 8 TBHERDMTods. By} L abl e
catalyst for this is a caesiumcatal yst” on a support, for

2011/ 077140PEINEBR theOd @EE7 ey apohyrinaihéed) robite edichHesesvanetonghands bydragen r out e
to MMA pgovi C | Wt (% I ' t.h

react antgg, Bga?ﬁ?(%(é?gr? P%/tg@tg h%ﬂd(saﬁé?r%yr gﬂesi)ﬁa(%@%glages Cgér?oﬁhgééﬁ )C’;Sn%g ngEJI u\xr)lgq ly
occurring ceudeuracid BFasulpbalg eptenios thephethaeylamide, nrainanslyisisr efdvhich gives

al ter nati vehihdiiitiolsulgiSlesaRP MRS L MhEFheibd % RBE bF cXPETE, BEBOUr c
and as an alternative resource tor chemcal process feedstocks.
Accor di ngl ybotbrieaciants orspesiellyubydspgancyeniderrepresenie asionifisest health@nd satetyt o

carry out apy ghy Ttﬂlzep%eé’é@”pr[%&?é‘e%ﬁg@%énﬁ’%;nﬁéggr d@@k% %@H]oﬁfutrﬂr\]’%@pﬁ’éte as o

met hacrylic acid using a bionmass derive ec . Cregard, it
i s wel | 2Zknobyprodeat. dftagadveledn lvorthermureess. Hislknopdy ogaiant withranbeokidylened

from Bi Omsér,ae'aiiivhﬁﬁily,lr(&#-ﬁ%%l e3%aRENRBIR tfm%ﬁ’%ki%bé@?% meﬁ?a‘é?cfl%’ih agtaqw rial

pl ants produce net hano romsyngas on this basis, for exanp

Lausit zer Atraingthiakry@erdeid.Labor at ori um fr Umaelt und Brennstoffe Schwarze
Punpe in Germany, 15 Bi onethanol Chem e Hol dings, Delfzijl, Netherlands.
Noun and Till man, Eval uating synthesis gas based biomass to plastics (BTP)
t echnol ogi edlor¢ ESANTRE Hidras bego knegwn SSRrotly cet MiAs dyectiy dyie woestegeapiocessybyof

product ran o STRIVER o ORYENE KOS neRN HioRn e TolpkRee] rasd il i ry

pat ent and fomajsighede topyigld iNMAI divs riecessod koo rsdife dphgassocess. Stage | is
described in WOQ096/19434 and relates to the wuse of 1,2-bis-(di-t-
butylphosphinomethyl)benzene ligand in the palladium catalysed carbonylation of
ethylene to methyl propionate in high yield and selectivity. The applicant has also

35 developed a process for the catalytic conversion of methyl propionate (MEP) to MMA

using formaldehyde. A suitable catalyst for this is a caesium catalyst on a support, for



20sui tabl e for production of chem cals from bi omass. The production of

et hyl ene by dehydration of biomass derived ethanol is also well established
wi t h manwecehuwd7ngopl ants in, especially, Brazil. 25ThePpraB2otoosm7of

propi onic acid from carbonyl ati on of ethanol and the conversion of bionmass
derived glycerol to nol ecules such as ac%olein and acrylic acid is also
wel | established in the patent literatur Thus et hyl ene, carbon nonoxi de
and ret hanol have wel |l established manufacturing 30 routes from bi omass.

The chemi caln$tanceasiicse Hoyevsi yhistdbissguigrte MMANPVides g0ed Praducisegigotivity

speci fi cati gRd aSreRithbigapesiS thy BShcRRIE aﬂloﬁ»arl lettifishell aRAsd el 8¢ §$BBForvhET €
the same purity is required. WD 2011/'077140PCT/ GB2010/ 052176 3 sinpl e

f eedst ocks §U%<ﬁuré{’ﬂy@@%ﬂ'@r@u €8-bon nonoxi de and nethanol rather sets it
apart as an ideal candidate. Acrylic acid may be produced from propene or

by the hgdrocar boxyl ati on of acetyl ene 5Both of these nethods require
st ar t i ng® maf@F MaNy Ye#rat bigmesshas bpemafferpd 25an alisratiye te fosel fusisbh asraude

oil. In thi ofeﬁﬂ@rgterﬁmlaelé?{e%ﬁﬂés%ufc%l a%@%sea?pblt@rhgﬂme FeRolift@ fof &hBiidal omass
f eedst ocks tor the above Al pha process and the catal ytic conversion of

met hyl pr opPBFasEEEREIPFKS ACpTEngletn BOVIRME sriitieg i diegliznasandossiiele ivep

and fornmal defwysg SR aAy bPHKXnERH bFbce8sE fbF PBpRodUcBEMSEM AW GRetAScriRUdPNed
above. However, 'such a solution still involves consi derabl e processing and

purificati oHSIB® att}‘fénﬁﬁ%'ggd fesdsi@f'te to obtain the feedstock which
processkfg steps thensel ves invol ve the consi derable use of fossil fuels.

15 Further, the Al pha_process regw res multiple feedstocks in one |ocation
whi ch can | &athig E?ga%mn igyalliknpwn SBaictynges (GRHATIMPARYIEE 8R¢ hy@ogeR)iaNafeous

i f any bi ochemiesatont Bltnfasa\eAtded mBtharidPbeh b&Rfkab dokSsyPigad @@@%ﬁlﬁd@@trﬂaurrber
of feedstocks. 20Therefore, an inproved alternative non-fossi| fuel based

route to acpk?r‘&t@oﬁliﬁ?dﬁ%ﬁr‘@”%ldw 2998 CAYNIS RasiRaler ramrie. aldeysitzer Apaiytiand

net hacryl i c GaedH Liabosdtdrium FRAUNWRG und BAhAtSMRE s@hwa&enp@ma@dnaa@ﬂn@pl lity
of crude oi | decllnln and the detrinental environnenta

recoverilpg BlAmEhH9 e dddingsy. Delgilly Agthereeds- dYeurk %”%Jlf”gl?é‘ @?W?E”gr out e

are set to k ﬁ%%asm@é@ Ulé“masishf%)r shece, (Bﬁ'P@QééHn%ldg%sf '(E'gAiRerp@Htﬁ)OtSGB
produci ng al ate and nethacrylate, or their i mredi ate precursors,

such as acr ﬁ%ﬁ 1&%‘ ﬁ@l)ﬁsewyrhecv'%t'tu Oftuﬁ'ég ’T‘%th%%é’ﬁ(’déﬁldé@m BYTUMSISaB’ does

not use any af LafilecORe@étot rd8r el préuctioh 8R6thaPfeedSKBeitd such RTodI@sHydef
aspects of the present invention to address the above nentioned or ot her

probl ems andhe§ PPN BNePHPNindRE NeBIPgIaNsREblicafigns on production of syngas
2011/ 0733 40BGHBP Q&R & chemicals from biomass.

The production of ethylene by dehydration of biomass derived ethanol is also well

established with manufacturing plants in, especially, Brazil.

25 The production of propionic acid from carbonylation of ethanol and the conversion of
biomass derived glycerol to molecules such as acrolein and acrylic acid is also well

established in the patent literature.

Thus ethylene, carbon monoxide and methanol have well established manufacturing
30 routes from biomass. The chemicals produced by this process are either sold to the
same specification as oil/gas derived materials, or are used in processes where the

same purity is required.

Thus in principle there is no barrier to operation of the so called Alpha process above

35 to produce methyl propionate from Biomass derived feedstocks. In fact, its use of



4 Rformula (i) wherein R = H or CH3 5the nethod conprising exposing a
source of a conpound of fornmula (ii) to reaction conditions of tenperature
and presswoenti®77140R0 fornmula (ii) 10 wherein R is defi REWGRIHNISYEE6
wherein, when R = CH3, the source of a conpound of formula (ii) is exposed
to reaction conditions of tenperature ang pressure while being in a liquid
phase. 15Advantageously, it has been found that under certain conditions of
tenperature and pressure, conpounds of forrmula (ii) deconpose into various

conponent s, SEie dednincks sueh A alindenco FIEMIMERoXiés AOH angthgnol rath@f Betsk

appreC|atedabgagsgnQQﬁp&#ﬂqkﬁg formula (i) wherein R=H represents acrylic
acid, and a conpound of fornmula (i) wherein R=0H3 represents nethacrylic

acid. Accordingly, the present invention 20represents an al ternatl ve route

to acrylic ﬂ@@/ll@ﬁ&lh%ﬁ“éy%é ﬁro@Gééﬂﬁrorﬁ'&%pﬁeﬁ@WE?% Wdr&%rrtBEJJy%tléh bl ad ene

avai | abl e from non-fossil fuel sources. For instance, thé conp oun wher ei n
R=0H3 coul dBel ¢} hgee dethedsniearre iskaring malgjialgelvat B&(V‘Péﬂt Te@ﬁ"ﬁa?V%@Plea@ﬁ y

hi gh t enper ahsidRs of Siubkiof. aci d may be produced from known fernentation 25
processes. Accordingly, the process of the invention goes sone way to
providing a biological or part biological route to generate acrylates

directly whid s ﬂ@gaﬂdwmm ofC¥isH 80 68ated ek@RRly!to teelise of H¥Mhass feedstocks for
2011/ 077140PCT/ 010/ 052176 5 Preferably, the reaction conditions corrprl se

a tenper at uf® 8povet A'PBaspcrO%e@ndn&‘aﬁé:aﬁa'ﬂmompgﬁ'%t of mglty! pEponaifh (MEP
preferabhy atoduastio Mk usm{j rbRbayRD| Thedb N/IEﬁSéndZQJQrgaﬂeﬂydéefee@@troéks
preferably g;[)ullj ec%?nte f%om a blomass source as mentioned above. However, such a solution
still involves considerable processing and purification of the biomass resource to
obtain the feedstock which processing steps themselves involve the considerable use
of fossil fuels.
15
Further, the Alpha process requires multiple feedstocks in one location which can lead
to availability issues. It would therefore be advantageous if any biochemical route

avoided multiple feedstocks or lowered the number of feedstocks.

20  Therefore, an improved alternative non-fossil fuel based route to acrylate monomers

such as methyl methacrylate, acrylic acid and methacrylic acid is still required.

With the abundance and availability of crude oil declining and the detrimental
environmental impact of recovering crude oil, the cost of the raw materials to pursue

25 this route are set to increase.

There is, therefore, a desire to find a route to producing alkyl acrylate and
methacrylate, or their immediate precursors, such as acrylic and methacrylic acid, that
is cheap and efficient and does not use any fraction of crude oil as a reactant.

30
It is an object of aspects of the present invention to address the above mentioned or

other problems and to provide one or more solutions.

According to a first aspect of the present invention there is provided a method of

35  producing a compound of formula (i):



Preferably, the reaction conditions conprise a tenperature of |ess than
about 550C, nore preferably | ess than about 500C, nore preferably |ess than
about 475€p 20twwe7@nef erably | ess than about 450C, and ye@CTmmel10sef7er abl y

| ess than about 425C. 10Preferably, the reaction conditions conprise a
tenperature of between about 200 and 450C, nore preferably between about
225C and 425C and nost preferably between about 250C and 400C.

Preferably, the reaction conditions conprise a tenperature at which the
reaction 15mediumis in the liquid pha To maintain the reactants in the
| i quid phase under the above tenperaturle conditions the reaction is carried
out at suitable pressures in excess of ric pressure. Suitable
pressures which will maintain the ggectan n the liquid phase in the
above 20 tenperature ranges are greater thgn 200psi, nore suitably, greater
t han 300psi, nost suitably, greater than 480psi and in any case at a higher
pressure than that bel ow which the reactant nediumw ||l boil. There is no
upper limt of pressure but t he skil | fedmplanidon will operate within

practi cal Ilnlts nd mn i n apparatus tol erances, for instance, at |ess

t han 10, OOOW re ty éally, at less than 5, 000p5|, nost typically, 25at
| ess t han 4000 psi . Preferably the reaction is at a pressure of between

about 20 a d 1000 re prefera e reactl pressure of
bet ween ARG msgoB o RodhG at¥erPes sERGhD Pyl D, BT Hs0
and 3000 psconoBtﬁbnlsrofaenmeeéterer@w @ebadenent, the reaction is at a pressure
at which the reaction nediumis in the quuid phase. WO

2011/ 077140PCT/ GB2010/ 052176 6 Preferably, the reaction conditions conprise
a tenperature and pressure at whicl the reaction nediumis in the liquid
phase. Preferably, the source|pf @Hconmpound of formula (ii) is exposed
to reaction conditions 5of tenperat pressugg in the presence of a
catal yst. The catal yst nay be y n acid catal yst or an acid
and base catalyst. Preferably, Where the catallyst conprises a base

catal yst, the catalyst conprises a 10 sourcellof O+ ions. Preferably, the
base catal yst conprises a metal oxideR hydroxOde, carbonate, acetate

(et hanoate), al koxi de or hydrogencarhggﬁm (i)or a netal salt of a
deconposabl e di- or tri-carboxylic aci or 'a quaternary anmmoni um conpound
of one 9 t WwaetghoRds defined asradbP¥g ably a Group | or Group Il metal oxide,
hydr oxi de, carbonate, acetate, al koxide, hydrogencarbonate, or netal salt
of a di- or tri-carboxylic acid . The 15 base nay conprise one or nore
am ne. Pref @hatsliny, whete RozseHs dhe sosweeef @ rcompered of ferpiuda ¢f) is rrxppegd &wi ng:
Li OH, NaOH, . KOk - Ba{4 i NHAOH

Li 2003, Na2003, A\K%@g?&%ﬁzi oEéo;'géi%%rzoos%Ngséé‘g&'ﬂ% t&%é @r %&w@z}&m

(NH4) 2003, Li HCO3, NaHCO3, KHCO3, RbHCO3, CsHCO3, My(HCX3)2, Ca(HC) 2,

Sr ( HCOB slyN r ain ion O,
)8 ?65@%90% ot Mﬁ%& th%'ﬁarﬁ’de) kel %Qn £8r agfratfiCind-a

Sr0, BaO, Li m%al Cs(ORLl), My(OR1)2, Ca(ORl)Z

Sr(OR1) 2, BR(GRIP2 CONPRYTRLYf mde§0@ﬁgseomt@daoeus:)pam@ﬁwtsu@ﬂﬁraﬁched

or cyclic aWﬁ)@n ts?eﬁ %e%w&%dm %Hl%ﬁlt é%légr%cﬂéietdhthgpg cgfngm?ﬁ@of
zvhe S

functi onal : Cs( )

My( RC2) 2, %H )FQDFQISGFB&( )ezzldm&r@ F&mnoun;d glefasetiad (i r om
25 i t aconat ﬁ/heﬁ—‘,'lﬁ rF@'td?—'l Rotb nks %etﬁéb?}l@t&|? A@dréﬁﬁbl?etheetph?éleﬂmlﬂf%ntlon _
propyl ani ne, butylanlne pentyl am ne am ne cyc1o exyl am ne, aniline,
or RANCED whEsnsesRnissans alfeseative rwt@rﬁ@ﬁ@'vlmn r@@lﬁwym@fp«}q or butyl. Mre
preferably, the base is selected fromone or nore of the follow ng: LiOH,
NaOH, KOH, (OH)2, Ca(OH)2, Ba(OH)2, CsOH, Sr(OH)2, RbOH, NH4OH, Li2003,
Na2003, K200B€ cappoBls GErTUR ("}@f@@yallmmgm r@@-fmﬂlztyez@ggrcem FeOmStaneg HOCS,
KHCO3, RbH SRR WS RGLD) HCCsB,
Li 20, NaZOCmI%Z%ﬁRbZO H(\)égééo,, e c&%l}'@ﬁ%?%dg%mg%ggw & @&ﬁlaw
Cs(R002), Ng(mmh\/mlgmmy@s TReBPRYobe Bd from menefeﬂo@rzatl@
sel ect edsf ercbgé%oﬁ%%&dln%ﬁ%t Srocé)gs,%fathé |Wen98@b€é§ $oﬁ1§tv{}é}ﬂ% 36}84/.@%04“ um

hydr oxi de, or tetraet ni um hydr oxi de. Mbst er abl t he base is

sel ected frbivlagifal oF nﬁﬁtr élobIg'QahéOl#t@I foog@nagate Neayia e&d#ecm(vm*l)ﬂz MiERNg

reliance on fossil fuels.



WO 2011/ 077140PCT/ GB2010/ 052176 7 Na(RCO2), K(RCQ2), Rb(RCX2), Cs(RCXR),
My(RC2) 2, Ca(RCO2)2, Sr(RCO2)2 or Ba(RCO2)2, where RCO2 is selected from

i taconat eyoentvEargoor oxal ate; or tetranethyl ammoni um hpdT&s8208/0558%anpl es
of acid catalysts include proton acid catalysts and Lewis acid catal ysts.
In a preferred enbodi nent, the proton ac1j_>d catal ysts suitable for use in
the present process include but are not Yimted to hydrochloric acid,
nitric acid, acetic acid, sulfuric acid, trifluoromethanesulfonic acid,
trifluoracetic acid. Said acid catal yst may conpri se a heterogeneous source

of acids SUPPefé'r%bP}/t 'EH%”@aMtu&Fb&ﬂd?tldn@rboﬁﬁﬁ@él%g%n{&'ﬁétﬂl% &f att1BSst 1H8°8 UbrNi C
type. Exanpl es conmerci a avai |l abl'e st ron 1%5(%' dic ion exchange
t

resins of t H@f%rﬁplb/c%'%a%tﬁé@ %r’é‘of%é@@erﬁ?ib\ﬁw G.rraere prafesPneBRIEREY ST
A15, ANMBERLY§F B etﬁW@B&eYéEb%i IAMBERIET 1500H AVBERJET 1200H,
(AMBERJET is a trademark of Rohm and Haas Conpany) DOWEX MSC-1, DONEX 50W
(DOVEX i® a trademark of Dow Chenical Conpany), DELOXAN ASP 119 15

( DELOXAN i s pefbiaB emrﬂéa@tfon%amkshs cbh .éa\b rattheAbIGBEd ﬁlaﬁ atbbeldesmck of
M t subushi ), LEWATI T VP OC 1812, LEWATIT S 100 MB, LEWATIT S

(LEWATI T i smere P%ﬁﬁ%raawe%fth%%w 50%|rme@A@f@b'w\|m RN RSBt ‘t7|\’rAﬁ| REs a
trademar k oprdReiBeRNIdssansh S0 256, @ﬁ@;@ﬂ%@l&eﬂeﬁaﬂﬂe% frAnabBRdU AT por e
dianeter in the range of from600 to 750, availabl'e fromPurlite). In

anot her enbodi nent, 20 suitable Lewis acid catal ysts include but are not

limtedipo 5Ptﬁer%bly5fh@ reactﬂn%ﬂdltlm&ﬂprﬁ%q t%mp%@a@.u% of%@ﬂ&n Mol Zypanh ot her

metal hali des. Co-ca sts such as acetic acid éiy2é %so be used in the

process accé?QhCngmf’E? tpfﬁeraﬁ\)’eﬁ?‘?"@ﬁ” Bp?SsCotindy ndNth &3R8t gUBigrapdt s

i ncl ude por gesveBh@BostUursacanaueg i lica 25 containing 1-10% by wei ght of
an al kali netal (expressed as netal), wherein the catal yst contains at

| east one nodifier elenment selected from boron, nagnesi um al um ni um

zi rconi um apgsiBabRl WM rEXABR| @RdBbnS WempRidd @ ¥FhferauR SXRININNER dactis ai |
in WD 99/52628, the details of which being incorporated herein by

ref erende. SERRRIsIAiNG liyid Rhasepe hombgeneous or het er ogeneous. In one
enbodi ment, the catalyst nmay be dissolved in a liquid reaction phase.

However, the catal yst may be suspended on a solid support over which the
reaction phggé“%t? ”th§ §eaqt§‘1"t§ K @eé'%'ﬁeﬂh?%e UpgRr the gbeYeolmprERiwe; condifigier abl y
mai ntai ned e Rabiidtisdarfi® ButPateRbBR! presstifeARUSRESs BN aTospReric M\sture

2011/ 077140PCT/ GB2010/ 052176 8_Advant a&@ousl y, one be( product may

2- hydr oxy i SEIRRIGPressuesviieh will mapEmn rgpatanty B dfn houid Ptﬁ‘ﬁe\/\lﬁtthe @H@VG
product 20AAle ASGtUEE RBGYs a@‘éréé‘l@F tRR 200péinold AvitaBiyf é@afeh%a@l%ﬂO'pbleo'dfn from
H B to MAA t hus generat| ng further MAA during the process. In the present

i nvention, WHERY RERYE, (NERSLBHRNING W Fasendli Niahe) pr%sgptthgmrgﬁt(pem d and

where R=H, GARhGRERIRM Hedludh WAl tﬁbn( vhe)rel@ndsrabp@r |G & pressuPé @ut%ebﬂuwed the
source of a conpound of fornula (ii) nprises the dicar OX}IIIC acid of
(0}

10f ormul a ( PESONHYH! ARSratg é"(ﬁth'”acﬂ’éﬁ‘qt'P@nﬁﬂnF%/ B Aithigr RRPFPBISy 10IYBALRS 6" one

or nore of gatdncebsi|Bgs @AY 10/000BsI! mFe fPpREMy, lak 18BRAN 5@b0psu Pﬁ16§t39§r@élw; “the
source of a conpound of formula (ii) iS exposed to the reaction conditions

for a tfie pEEFOWaBMO8P PPieast 0. 01 seconds, nmore preferably at |east about
150. 05 seconds, yet nore preferably at Ieast about 0. 1lseconds and nost
preferably at Ieast about 1 second. Preferably, the source of a conpound

of formul a Prefgraply. thepwaetprt 6 atitepiesalde & rPetvred) @b%@of)(ﬂndamqoﬁewp%!lpr%d of
less than a %ra%@oﬁ%e%smﬂ%s aFQrd?e u?é Sf@xmvléerll aBsutHonaty shRuUbsi 209 yet

seconds, yet nore preferab | ess t bout 300 seconds.
more preferably between about 450 and 3000pS|

30

In a preferred embodiment, the reaction is at a pressure at which the reaction medium

is in the liquid phase.

35



Preferably, the source of a compound of fornula (ii) is exposed to the
reaction conditions for a tinme period of between about 0.1 seconds and 300
seconds, worel7efder abl y bet ween about 0.5 seconds and PE0/GBotM#g17and nost
preferably between 25 about 1 second and 200 seconds. Preferably, the
source of a conpound of fornula (ii) furéher conprises water. Preferably,
the source of a conpound of formula (ii)~is aqueous. Preferably, the
reaction occurs under aqueous conditions. 30 Preferabl t he concentration
of the sour EeeforbY. Hrrgachion C@f‘d*F'@'FW"apr(ﬁele)tei”Boeéqtu'l DFGSSO{DQM wiickfha abl y
in an aqueols BN FeliuhhglieMe ligiRIghaBs.ef erably at | east about 0.005M
preferably in an aqueous source thereof; nmore preferably at |east about
0.01M preferably in an aqueous source t hereof. WD

2011/ 0771405@%%%0%@/%20%7& agcdorﬁ&flﬁﬂﬁmdfmutafk‘ﬁ) %Q&g@ﬂéd Rtre8ftioffcohbospur ce
of a compound of fornmula (ii) is |ess than about M preferably in an
aqueous ouPE@Wﬁéﬁ*@@fa”drﬁﬁ?%ufﬁ"éft@ isEGnce dascatdyit: about 5M preferably in
an aqueous source thereof; nore preferably | ess than about 1M preferably
in an aqueous source thereof. 5 Pref er abl t he concentration of the source
of a conpournbe &ptalyst Ray ge@,qa)se,cgtajyﬁt PAEC] aﬁ@&éy%OOB'lF?/P@@W brge eatghet er abl vy,
0.005M 5M nost preferably, 0.01M 1M preferably in an aqueous source

t hereof . 10The catal yst may be dissolvable in a I|(1U| d nmedi um which nay be
wat er. The EEfaRPY: (e B eAtalyeh coamtrises @ bare salalyeh dip APIRYEY eomprises a

cat al ystomayolee bﬂoﬂﬂloﬁguﬁ%#éra§®| thelR2Be cﬁa%?é&ﬁér}éestahﬁetﬁp&ﬁ@é‘th&éﬁokﬂﬁ of
the catalyst in the reaction mxture is at | east about 0.0001M "nore

pref erabl y &270Paai&t agHieiat(chaperisalkesids ?fr@‘ﬂé‘?%ﬁP%fba'?atPe%rs@ ”éf’d@)'bﬁa”()of(ﬁ)lM

15 Prefer abHMCOfﬁ&%aﬁférlﬁ-etﬂ‘ttFI%bfwgﬁzfactl(hQ)r%Eﬂuﬁtéfﬁé 'aﬂmrﬁ&ﬁurﬁ%ﬁ{ﬂogﬁbméfrﬁ&fe i's
| ess than about 5M nore prefera | ess than about nore preferably

| ess than aBbilie aOXMMase Prelerahly,? Gfor‘i’@ | Op e .lme.t%ﬁX'SP WW@O% sPRpepaten t he

reaction m ytath®, bikokide,!MArdRABEHERaE; SORM M of BRi LorPfiRbAIRAIYacid . The
0. OOOSM 1M m)st preferably, 0.001M0.5 referably in an aqueous source

t hereof 191 n ﬁ?ﬁ/m@&%mpf'?e PR OF BRER PBE] r?‘%r%éﬁge‘%’dls gelested tomeoraral yst

concent rat i gfyré Sofpthef @namng Iums Na@MH, OKORANROHS, tdfaomyh B&OMY| ds@Apunt
to a saturated sol ution errperat ure an gressure t he reacti on.

25Pr ef er abl yr(Qthe F%@'ét'ﬁ'd@'édﬂ@ﬁ N2ef8n Kot CenBoaCSm @éz%@s MIE P 5@ Psof

fornula (iikr¢o,t %WCWHD%OPH LNC@?t NéHﬁOé S P@-ﬂi@ﬁembﬁmt 3Acb,and
1: 100, nore referably t ween yet nore preferably
bet ween aboUFg %C@s)anga(tl@s)z Sr@"f@%)h@ﬁ("'ﬁpe)[?ewl"e’a'c@ﬁrﬂdﬂ? ni#e0; Kolde RbePat i ve

concent pat i eg,®f I\hé@ m@csrc@f %630Q @R(‘J}Jnﬂa@:fRW OIN@R&) (RbbFW td%,@OR)
concentration of or

preferably MogaR' )2 @a((XR )Pr%’f(@Ra)bl ?a@lﬁéZ r'é!'ddg%h V\‘ft?ﬁ?jl'?l dfn@”ér@ d%n@fr ally

acidi c. Prebpmdhbdunbhfhched et bw.ccamwngL@nﬁeﬁgmﬁ.bmy%uab{neﬁedbmthw&eenoabout
1 and about 6, npre preferably be

2 WO
2011/ 077140PCTe cBpeianAb=pauRs: " Li(RCO2), Na(RCO,), K(RCO2), Rb(RCO2), Cs(RCO.),
Mg(RCO,),, Ca(RCO,),, Sr(RCO,), or Ba(RCO,;),, where RCO, is selected from

25 itaconate, citrate, oxalate or acetate; methylamine, ethylamine, propylamine,
butylamine, pentylamine, hexylamine, cyclohexylamine, aniline, or RyNOH where R is
selected from methyl, ethyl propy! or butyl. More preferably, the base is selected from
one or more of the following: LIOH, NaOH, KOH, Mg(OH),, Ca(OH),, Ba(OH),, CsOH,
Sr(OH),, RbOH, NH4OH, Li,CO3;, Na,CO3, K,CO3, Rb,CO3, Cs,CO3, MgCO3;, CaCOs,

30  (NH4).COj3, LIHCO3, NaHCO3;, KHCO;, RbHCO3;, CsHCO3;, Mg(HCO3),, Ca(HCO3),,
Sr(HCO3),, Ba(HCOj3),, NH4HCOj;, Li,O, Nay0O, KO, RbO, Cs,0,; LI(RCO,),
Na(RCO;), K(RCO;), Rb(RCO,), Cs(RCO;), Mg(RCOy,),, Ca(RCO,),, Sr(RCO,), or
Ba(RCO,),, where RCO, is selected from itaconate, citrate, oxalate or acetate;
tetramethylammonium hydroxide, or tetraethylammonium hydroxide. Most preferably,

35 the base is selected from one or more of the following: NaOH, KOH, Ca(OH),, CsOH,
RbOH, NH4OH, Na,CO;, K,COs; Rb,COs; Cs,CO; MgCO; CaCOs;, (NH4)2COs,



10 According to a further aspect of the present invention, there is
provi ded a nethod of converting malic acid to acrylic acid, the nethod
conpri si Nyoerpasirg a source of malic acid to reacti on ®CHmATR20VIS210H
pressure and tenperature. 5According to a further aspect of the present
invention, there is provided a nethod of_converting citramalic acid to
nmet hacrylic acid, the nmethod conprising éxposing a source of citramalic
acid in the |liquid phase to reaction conditions of pressure and

t enper at ur e NaiRERDoMIRAG 2k RARERe: He(R&She MIGICR2re GBSO PHRGRA0A™ t her e
i s provi dedpg(ROOPQURmerS REOTUIA deldotddf Ot CladdnalY cithtd NG @RQWE; agpect s.

According to a further aspect of the present invention there is provided a
net hod of pS@methdgramoaiNYdeids of a conpound of figure (i), the nethod
conprising 1l5esterification of the conmpound of formula (i) forned by any of
t he above aspects. According to a further aspect of the present invention

t here i s9pr 6vaAegs &F Agd I%H'yg?S inGlBdRIBIofY 0 GHBYAS aRELeRs JaidedayBIMR)a t he
met hod CO”pFie%rFij @aTbRHintdn€ atheOProtdn %mhaﬁéggkcs@@b@ fopr igd b YheARYes@ht t he
above aspects to formnethyl methacrylate, 20followed by polynerisation of
the sai d nePMFESHEElde byi a0t iptest Wi grawlosicrgids Rfc %‘%@@?t'%@c'@,rﬁé"fbﬁ*%sent
i nvention t BgfetrifiSorBmeiaf 8sLiRAICHERE MifluBRICBRCAMY. BHfd é&’!ﬁ/wf)alyfspﬁmgféoﬁmbﬁﬁ the

nmet hod of the above aspect. 25As nentioned above, the nmethacrylic acid or

acrylic aci 8 NsieragrconnpopEe L rsidstsusl as slopeld Ackliaion exekangengsipsof the

Potenti a) estifink NF& %nﬁﬂése&ftc%%rﬁér@i‘&ll;%va%_@le%‘tr%bf%;ly%idﬂﬁoﬁ’%gcrfb)ﬁ@éQééfﬁ’d kyl,
y

gl ycidyl, isobornyl, dinethylam noethyl, tripropyléeneglycol esters.
Accor di ng t 8f 3" (RUfARF HRHE BPSE HEOWNeBENe| Fdntieaiest AMBERLY SJr dVPded a

met hod of 3AREHRRANMIYY 38O, MRVBERL YSIP86Y MMEBERSETTEEDAR! WMIBERME . 1280RY | i C
acid, net ha(éard%l ic acid esters and acrylic acid esters co t he steps

of (i) prefMIBERSAT i 3 FogematIRBM pof HarsCompany) ARG HMSCE TR ON Phe

first aspectoif (bOEVEX a§eNkradmemkt bOMow Chemidal idon%hgpr@ﬂ@ﬁmrj\ébcmi on
of the compound prepared in step g::I) _tol:g)r oduce the 35correspondi ng ester;
WO 20117‘@771@@&%%820%@65@%%0& verik) \DISEN it 1B 4PANANoE 2 H@dedrpoahd

prepared i n\gsgtushi) LENKTT Yheoest@n, pEgnariedsi Toeshep (BWATITOBE iomadd v
with one or nore conononers,

| t o _produce @ Ners or co ol%_rirers t her eof .
5pr ef er abl y (LEWATHsiBer tradenpark)of Hsyoe. NAF é&cé&, NAGIR R NP (NMUION igra
02-012 trademark of DuPont) and CT275 (a macroporous resin with a medium pore diameter

in the range of from 600 to 750, available from Purlite). In another embodiment,
20  suitable Lewis acid catalysts include but are not limited to ZnCl,, BeCl,, TiCls, SnCly,
FeCls, FeCl,, SbCls, AICl; and other metal halides. Co-catalysts such as acetic acid

may also be used in the process according to the invention.

Examples of acid and base catalysts include porous high surface area silica
25 containing 1-10% by weight of an alkali metal (expressed as metal), wherein the
catalyst contains at least one modifier element selected from boron, magnesium,
aluminium, zirconium and hafnium. Examples of such catalysts are explained in detail

in WO 99/52628, the details of which being incorporated herein by reference.

30 The catalyst may be homogeneous or heterogeneous. In one embodiment, the
catalyst may be dissolved in a liquid reaction phase. However, the catalyst may be
suspended on a solid support over which the reaction phase may pass. In this
scenario, the reaction phase is preferably maintained in a liquid, more preferably, an
aqueous phase.

35

The process of the present invention may be a batch or continuous process.



hydr oxyal kyl , glycidyl, isobornyl, dinmethylam noethyl, tripropyl eneglycol
acrylic and nethacrylic esters, nore preferably, ethyl, n-butyl, i-butyl,
hydr oxymewbybi1/diydpoxypr opyl or nethyl acryl ate and net r@ErGB2a104)52170St
preferably, nmethyl nethacrylate. 10 Advant ageously, such polymers will have
an appreciable portion if not all of the_ nononer residues derived froma
source other than fossil fuels. I n an@ case, preferred conononers

i ncl ude for exanple, nonoethylenically 15unsaturated carboxylic acids and
di carboxylic acids and their derivatives, such as esters, am des and

anhydri des. AQ@drthgddusty! bﬁné’bﬂ)%dh@tdm‘a‘?%W&&ﬂé@otﬁﬁf&édn&(kﬂm d/hwﬂ%txfé‘{é
acryl ate, ethyl acrylate, p%{ch | ate,” n-buty | ate, iso-butyl

acryl ate, tlrbewl'brwm Wtattae g0 xmcordzrag'hcmaat@ ohm AP Bl $ e

acryl ate, Ié@u.msrruwiromwlt@mﬂm& gaﬁérxim fuRREAVARRIUAYG tHERb@eky| ate, et hyl
met hacryl ate, propyl nethacrylate, n-butyl methacrylate, iso-butyl

nmet hacryPate, t-butyl nethacrylate, 2-ethyl hexyl methacrylate, hydroxyethyl
met hacryl at &, the@iédtnt FRERRA Wn@i‘eeR @My%éiaémwnfaa& Ffd/rhﬁﬂ'eﬁﬁu) RyctramtRrRRy |

met hacryl ate, iso-bornyl methacrylate, dinethylam noethyl methacrylate,
tripropyl endgd ybsre 2t 1he semppit of e tigis maliedde) | styrene, vinyl
acetate, acrylonitrile, butadi ene, butadiene and st yrene (MBS) and ABS

subject to any of the above conononers not being noner sel ected from
net hacryl i c PERIP@PYr the seefagLf @yaompoxed af ioselp ('l')rFompf'S%? thejdigarb@ylieasiéh ohny

gi ven cepol ydmmaS@\{ IR Ny 4188 RRItBnAR 6F JRAYIREY] Eoriprise BnelorShbid Sl
nonomer in h one or nore of the conmpbnoners. 30 It is of course al so

i) W
possi bl e t oP8E8 3Ry GreRksordsrodp fliegtalf@licononomer s.  The conononers t henmsel ves
may or nmay not be prepared by the same process as the nononmers from (i) or
(i1) above. WD 2011/ 077140PCT/ GB2010/ 052176 12 initial polyner or
copol yner bPEIR@ONndrDSoaE8ef PAGHRMNE e Tormeapd) yansxpesed 11 Biekgsaction

Accor di ng t gofdifidtstrbes tl?fﬁal'ﬁtodoéf dt h@as@b@leﬁcoh(ﬂw&ﬁ%rb%efew;ﬁaﬂ Bagtraougded 5
pol ymet hgl nmet hacryl ate honppol i/ﬁ(r;srs or copolynmers formed fromthe

met hod &P t ﬁ@5a§ﬁ99@dsa§/6bﬁlore F'Eﬂfer?lPl'é ahirsstabrRy OoTseél%”Lﬂﬁa”doTOE‘th@'efE’é?W at
citramal i c g&kfabdus1¥BadHd.t he fol l ow ng conmpound of fornmula (iii) 10 0
formula (iii) Citramalic acid has a chiral centre at "*", however,
for the purposes of the present 15invention it is uninportant whether " R

or "S" citr phabisglyaghd sobrcdseda dﬁ%’poﬁjh@ cﬁV@hﬁ@IBC(‘ﬁ) ®f eﬁﬁé{:}@b tobihet Rcli®T M
malic acid, is_neant thefollovmnP und of formula (iv)
conditions for a time period of less than about 1000 seconds, moré preferably less

20  than about 500 seconds, yet more preferably less than about 300 seconds.

Preferably, the source of a compound of formula (i) is exposed to the reaction
conditions for a time period of between about 0.1 seconds and 300 seconds, more
preferably between about 0.5 seconds and 250 seconds and most preferably between

25 about 1 second and 200 seconds.

Preferably, the source of a compound of formula (ii) further comprises water.
Preferably, the source of a compound of formula (ii) is aqueous. Preferably, the
reaction occurs under agueous conditions.

30
Preferably, the concentration of the source of a compound of formula (ii) is at least
0.001M, preferably in an aqueous source thereof;, more preferably at least about
0.005M, preferably in an aqueous source thereof; more preferably at least about
0.01M, preferably in an aqueous source thereof.

35



200 formula (iv) Malic acid has a chiral centre at "*", however, for the
pur poses of the present invention it is uninportant whether "R' or "S"

mal i ¢ aciwoi281gedd 25 WO 2011/ 077140PCT/ GB2010/ 052176 PC3/aB2010205REHt er
under standi ng of the invention, and to show how enbodi nrents of the sanme may
be carried into effect, reference will now be nmade, by way of exanple, to
the following figures and exanples. 5Figure 1 shows a diagrammtic

representation of a possible reactor. Referring to !qgure 1 there is shown
a diagr ammabreferaglyr Beesangenteionof e eures eha semependiofXomya idatesedhars, a

reaction m xpsite oM, pre¥@BREH afBdubd R uldY RBBBF; dndrE FdrBabil( @ss 'tr%noéb%[]? hed
by a flow of quench water fromvessel 108 and i's deposite

10i
col | ection visoegferphly, in|an ABYROUEIOHIGe, tthE}Oéar@preoWef—ﬁr@(lflnﬂegssotha@@@@@tugM

citramalic ?Féfé}agwrﬁ)éh ahibudRogrewresf catalyst is punped fromvessel 104
by a pu 1 via'a valve 114, a pressure nonitor 116 (being connected to a

pressure’trip 118) and a pressure relief valve 120 15 to a reactor vessel

106. The reaeéferrabwe%ebor;le@ﬁtrat%ncemm%cgcﬁﬁcet@f Qdo%fﬂé@ﬁ@td#rf@rnﬁ%“'(lr)% I.rerthel19
and heater 121 to alter the tenperature conditions therewith

products | eEN@et IQé)OrWh&Q'\A’ntm%fﬁd PEgRragiye e R&M B, amﬁbv@rgﬁer%\f do\ﬁéi\’b?'\"f rom

vessel 108 (whdablyiisadlbhyusRpuredtgBsh punp 122, via a valve 124). The
guenched products proceed via a first filter 126, a heat exchanger 128 and

a second filter 130 to a back 20pressure regulator 132 and into a

col l ecthon vwRseshivalPay BERIsEHIOSEle A a lidlfd RiddREn, Whichandy be aafiRy The calalyar ed
and the tenperature of the reactor closely controlled to alter reaction

condi ti ons Wayhbth dtsﬁ@v?‘@ﬁdf‘lt% roadion| mixiuse-anther e3fPyEhEBY thend A tAURYhe

react or ves§&ht.&pﬁpref’e$atﬁ9<an@b@rﬁzen%@nfﬁltrh@walgst%mga.ow.ﬁtuwQ%te%lsten as
follows. A precursor solution is pre di ssal vi ng

olid
(R -(-)-citPaeHl -804, dme@oﬁf?é?réb'élqtye%}aﬁh%bp@opﬁh{'mmﬂm preferably at least
about 0.001M.

15
Preferably, the concentration of the catalyst in the reaction mixture is less than about

5M, more preferably, less than about 1M, more preferably less than about 0.5M.

Preferably, the concentration of the catalyst in the reaction mixture is in the range
20 0.0001M-5M, more preferably, 0.0005M-1M, most preferably, 0.001M-0.5M,
preferably in an agueous source thereof. In any case, if the reaction is in agueous
solution, the catalyst concentration is preferably less than or equal to that which would

amount to a saturated solution at the temperature and pressure of the reaction.

25 Preferably, the relative concentration of the source of a compound of formula (ii) to the
concentration of catalyst is between about 100:1 and 1:100, more preferably between

about 10:1 and 1:10, and yet more preferably between about 5:1 and 1:5.

In a most preferred embodiment, the relative concentration of the source of a
30 compound of formula (ii) to the concentration of catalyst is between about 3:1 and 1:1,

for example, preferably about 2:1.

Preferably, the reaction conditions are generally acidic. Preferably, the reaction
conditions comprise a pH of between about 1 and about 6, more preferably between
35 about 2 and about 5.



30l nternational) with a sodi um hydroxi de catal yst in nano-pure water to the
requi red concentration. The precursor solution is punped into the system
usi ng a Gvborvanabyti cal HPLC punp. The sol ution is puRrp@EtB2ntonsal7aeat er
unit (coil of pipe with heated core and 35jacket), which is itself housed
in an oven. The oven serves to reduce te1 erature variations of the heater
unit by providing an increased anbi ent environnental WO

2011/ 077140PCT/ GB2010/ 052176 14 tenperature. The oven tenperature in the
fol | owi ng eRafyrieg tp @ fuitherpsReciofttbepersgnLindeyoN2thGes isprpvidedaaethed olini t
is set to tRenwefiy Rdii¢ aaEt toCRtriIRMREd, ahtBethdd tc@hphélﬁg'e'ilgoéirﬁ@ "Rl &S of t he
resul tant product flowis directed out of the oven and mXxed with a
second f| owTfic @gifl & regstion eRsiditicarpEpPrges 8 RNl ferpReiaiure.o quench furt her
reaction. The quenching water is introduced into the systemvia a second
G I son HPLC punp. The reactor volunme is considered to be that between the
start of 9t h&csEdingio afyrhereaspgeniHhe gressnhinventorhihert isnrdded Adaeibed of

sol ution iscbRRAIMASIHEEMalidLeMID meliRRlyIi& BN métRod REHPAshE CexXpBERE AL ur e

further, before | eaving the systemthrough a back pressure regul ator for
col | ection &dcarhicfigglic el Psihg ligrid prasgrigdgastion; spndiiens iof Rrasspieasy i s
conduct ed usdrfisbridug)- pressure liquid 15 chromatography. Al products known
to occur are pre-calibrated on the HPLC system and |inear concentration
response ranges for each conpound are established. For the analysis of a

sanpl e, 1fur hb%rdﬂ%g!télbif%ér%sb&‘ﬂéi’ Ih¥ pr&stiat oentiod tMé@'iQ?@Qﬂﬁé%tdo%dogﬁé of hat
lie within these [inear response ranges. Resolution of conpounds in the

HPLC anal ysf@mui Qaredired by snng’ Be MReYRARECHM monosacchari de col utm and a
0. 0005M H2SO4 20npbi | e phase. Gaseous products (not limted to carbon

di oxide) are also known to be fornmed in this reaction, Qualitative detection
of these prﬁ@%ﬁj@gitg acfHHH%fc%%’GCWfathaﬁeiﬂ'?F MB%}@ﬁfﬁy'sL@Pﬁﬁedaa\V&?th%Of

CP- 4900 m cppidheinblodeVakyl 18 ef R QBHpoEndr & figtﬁﬁec(‘i')[ reat ngthdat cansiy ed
for quantitatively and ttherefore are not reported In these results. It is
acknow é@lge&s"ﬁﬂ‘%&a ioh pEthgicompprrd pidaearie hefopagd By apy ot the aP@}fﬁ)?ﬁF@Gtsn&ss

bal ances. Product yields are expressed as absol ute nole percent (100

x nmol es product/nole of 30reactant fed) Experinment 1 = WO,
2011/ 077140P€59rdiBg de & fuebarsgspect of the présent invention there is provided a method of

producing polymethylmethacrylate (PMMA), the method comprising esterification of
methacrylic acid formed by any of the above aspects to form methyl methacrylate,

20  followed by polymerisation of the said methyl methacrylate.

According to a further aspect of the present invention there is provided

polymethylmethacrylate (PMMA) formed from the method of the above aspect.

25 As mentioned above, the methacrylic acid or acrylic acid product may be esterified to
produce an ester thereof. Potential esters may be selected from C4-Cy; alkyl or C,-C1,

hydroxyalkyl, glycidyl, isobornyl, dimethylaminoethyl, tripropyleneglycol esters.

According to a further aspect of the present invention there is provided a method of
30 preparing polymers or copolymers of methacrylic acid, acrylic acid, methacrylic acid

esters and acrylic acid esters comprising the steps of

(i) preparation of a compound of formula (i) in accordance with the first aspect of the

present invention;

(i) optional esterification of the compound prepared in step (i) to produce the

35 corresponding ester;



15 Conditions: Precursor:0.01M C tramalic acid Catal yst: 0. 005M sodi um

Hydr oxi de Tenper at ure: 250C 5Pressure: 5070psi The results for experinment 1
at di fferwotoriggidence tines is shown in table 1, bel owPCR&EEH2085217¢i ne (S)
CM conversion ((Yip) MAyield (%9 23.5 25.96 17.87 64.3 70.85 32.26 123.1
100. 00 33.52 190.6 100.00 18.03 Table 11110 Key: CM = Citramalic acid MA =
Meth acrylic acid

(iii) polymerisation of the compound prepared in step (i) and/or the ester prepared in
step (ii), optionally with one or more comonomers, to produce polymers or copolymers

thereof.

5 Preferably, the ester of (ii) above is selected from C1-C12 alkyl or C2-C12
hydroxyalkyl, glycidyl, isobornyl, dimethylaminoethyl, tripropyleneglycol acrylic and
methacrylic esters, more preferably, ethyl, n-butyl, i-butyl, hydroxymethyl,
hydroxypropyl or methyl acrylate and methacrylate, most preferably, methyl
methacrylate.

10
Advantageously, such polymers will have an appreciable portion if not all of the

monomer residues derived from a source other than fossil fuels.

In any case, preferred comonomers include for example, monoethylenically
15 unsaturated carboxylic acids and dicarboxylic acids and their derivatives, such as

esters, amides and anhydrides.

Particularly preferred comonomers are acrylic acid, methyl acrylate, ethyl acrylate,
propyl acrylate, n-butyl acrylate, iso-butyl acrylate, t-butyl acrylate, 2-ethylhexyl

20 acrylate, hydroxyethyl acrylate, iso-bornyl acrylate, methacrylic acid, methyl
methacrylate, ethyl methacrylate, propyl methacrylate, n-butyl methacrylate, iso-butyl
methacrylate, t-butyl methacrylate, 2-ethylhexyl methacrylate, hydroxyethyl
methacrylate, lauryl methacrylate, glycidyl methacrylate, hydroxypropyl methacrylate,
iso-bornyl  methacrylate, dimethylaminoethyl methacrylate, tripropyleneglycol

25 diacrylate, styrene, a-methyl styrene, vinyl acetate, acrylonitrile, butadiene, butadiene
and styrene (MBS) and ABS subject to any of the above comonomers not being the
momomer selected from methacrylic acid or a methacrylic acid ester in (i) or (ii) above
in any given copolymerisation of the said acid monomer in (i) or a said ester monomer
in (ii) with one or more of the comonomers.

30
It is of course also possible to use mixtures of different comonomers. The
comonomers themselves may or may not be prepared by the same process as the

monomers from (i) or (ii) above.

35 The invention also extends to block copolymers prepared from the further aspect

monomers of (i) or (ii) above together with optional comonomers and one or more



Experinment 2 15 Citramalic acid deconposition at 300C Conditions:
Precursor:0.01M G tranalic acid 20Catal yst: 0. 005M sodi um Hydr oxi de

Tenper at WO:2800C7Rnessur e: 5070psi The results for experipagm@B2R10A26T f er ent
residence tinmes is shown in table 2, below 25 Residence Tine (s) CM
conversion ((Yip) MAyield (% 21 100.00,80.80 63.9 100.00 24.50 1234.6
100. 00 36.94 WD 2011/ 077140PCT/ GB2010/ 082176 16 191.7

initial polymer or copolymer blocks and/or added polymerised or copolymerised

blocks.

According to a further aspect of the present invention there is provided
5 polymethylmethacrylate (PMMA) homopolymers or copolymers formed from the

method of the above aspect.

For the avoidance of doubt, by the term citramalic acid, is meant the following
compound of formula (iii)
10

HO
HO

formula (iii)

Citramalic acid has a chiral centre at “*”, however, for the purposes of the present

15 invention it is unimportant whether “R” or “S” citramalic acid is used.

For the avoidance of doubt, by the term malic acid, is meant the following compound

of formula (iv)

HO

20 o)
formula (iv)

Malic acid has a chiral centre at “*”, however, for the purposes of the present invention
it is unimportant whether “R” or “S” malic acid is used.

25
All of the features contained herein may be combined with any of the above aspects,

in any combination.



100. 00 31.69 Table 2 As is shown in the experinmental results above,
citramalic acid is converted into nmethacrylic acid in a one step process by
exposi ng WO 20n/9xess heat and pressure in 5the presenc@COGBRROASRLI6

catal yst. Experinent 3 In experinment 3, the deconposition of malic acid
was undertaken using the method of 10exq%ples 1 and 2, but the pH was
varied to asses the effect of pH on the T"evels of acrylic acid production.
Condi tions: Precursor0.1 MMlic Acid 15Catal yst[NaOH - Vari able

Tenper at ur e280& hdier yedrratanfing 3¥dhe dreAten. ENdstouTeno oW (pembogmenis 0ddhf t s of

experi ment 3adb rihyf hEESRE Mo lefus! Forérd¥cd MIVAIE bE Meade0 BE QR Thldxamprf tdNaOH
catalyst), are show belowin table 3. pH Malic Acid Cohversion Acrylic
Aci d the following figures and examples.

5 Figure 1 shows a diagrammatic representation of a possible reactor.

Referring to figure 1 there is shown a diagrammatic representation of a reaction
scheme 102. In broad terms, a reaction mixture from vessel 104 flows through a
reactor 106, is quenched by a flow of quench water from vessel 108 and is deposited

10 into a collection vessel 110.

In more detail, a reaction mixture of aqueous citramalic acid comprising an amount of
catalyst is pumped from vessel 104 by a pump 112 via a valve 114, a pressure
monitor 116 (being connected to a pressure trip 118) and a pressure relief valve 120
15 to a reactor vessel 106. The reactor vessel 106 is connected to a temperature
controller 119 and heater 121 to alter the temperature conditions therewithin. The
products leave the reactant and are quenched by a flow of cold water from vessel 108
(which is driven by a quench pump 122, via a valve 124). The quenched products
proceed via a first filter 126, a heat exchanger 128 and a second filter 130 to a back

20  pressure regulator 132 and into a collection vessel 110.

The speed of the pumps 112 and 122 may be altered and the temperature of the
reactor closely controlled to alter reaction conditions within the reaction vessel 106
and residence time within the reactor vessel 106.

25

Examples

The following examples were undertaken as follows. A precursor solution is prepared
by dissolving solid (R)-(-)-citramalic acid (commercially available from VWR
30 International) with a sodium hydroxide catalyst in nano-pure water to the required

concentration.

The precursor solution is pumped into the system using a Gilson analytical HPLC
pump. The solution is pumped into a heater unit (coil of pipe with heated core and
35 jacket), which is itself housed in an oven. The oven serves to reduce temperature

variations of the heater unit by providing an increased ambient environmental



Yield Maleic Acid Yield Fumaric Acid Yield 2.12 42.11 0.88 8.20 12.60 2.52
43.36 2.16 11.35 15.77 2.72 50.73 3.26 13.73 18.92 3.19 55.19 6.37 20.42
29. 44 3. W60 04077140 PCT/GB2010/052176
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temperature. The oven temperature in the following examples is fixed at a

temperature of 200°C, but the heater unit is set to the desired reaction temperature.

After leaving the heater, the resultant product flow is directed out of the oven and
5 mixed with a second flow of water (at room temperature) in order to quench further
reaction. The quenching water is introduced into the system via a second Gilson
HPLC pump. The reactor volume is considered to be that between the start of the

heater and the quenching point.

10  The quenched product solution is then passed through a heat exchanger to reduce
the temperature further, before leaving the system through a back pressure regulator

for collection and analysis.

Analysis of the products in the liquid phase is conducted using high-pressure liquid
15  chromatography. All products known to occur are pre-calibrated on the HPLC system,
and linear concentration response ranges for each compound are established. For the
analysis of a sample, further dilution is usually required to yield concentrations that lie
within these linear response ranges. Resolution of compounds in the HPLC analysis
is achieved using a Phenomex RHM-monosaccharide column and a 0.0005M H,SO,

20  mobile phase.

Gaseous products (not limited to carbon dioxide) are also known to be formed in this
reaction. Qualitative detection of these products is conducted via gas
chromatography using a Varian CP-4900 microGC. However, these products are
25 currently not accounted for quantitatively and therefore are not reported in these
results. It is acknowledged that this will influence the values of the reported mass

balances.
Product yields are expressed as absolute mole percent (100 x moles product/mole of

30 reactant fed)

Experiment 1

35 Citramalic acid decomposition at 250°C.



7.87 20.53 33.34 5.8 47.60 1.61 7.77 21.26 Table 3 Experinent 4 WO

2011/ 077140PCT/ GB2010/ 052176 17 I n experinent 4, the deconposition of malic
aci d was woaderttegkan usi ng the net hod of exanples 1 and PCTHIR20t0/152176
tenperature was varied to asses the effect of tenperature on the |evels of
acrylic acid production. 5Conditions: Pr1 cursor0.1 MMalic Acid

Catal yst[NaOH] - 0.05M pH3. 17 TenperaturéVari abl e 10Resi dence ti nel00
seconds Pressure2500 psi The results of experinment 4 are shown hereunder in
Tabl e 4. 15ComdifigRs: at ur e

Precursor: 0.01M Citramalic acid
Catalyst: 0.005M sodium Hydroxide
Temperature:  250°C

5 Pressure: 5070psi

The results for experiment 1 at different residence times is shown in table 1, below.

Residence Time (s) CM conversion (%) MA vyield (%)
23.5 25.96 17.87
64.3 70.85 32.26
123.1 100.00 33.52
190.6 100.00 18.03
Table 1
10
Key: CM = Citramalic acid
MA = Methacrylic acid
Experiment 2
15
Citramalic acid decomposition at 300°C
Conditions:
Precursor: 0.01M Citramalic acid
20 Catalyst: 0.005M sodium Hydroxide
Temperature:  300°C
Pressure: 5070psi
The results for experiment 2 at different residence times is shown in table 2, below.
25

Residence Time (s) CM conversion (%) MA vyield (%)
21 100.00 80.80
63.9 100.00 24.50
1234.6 100.00 36.94




(C© Malic Acid Conversion Acrylic Acid Yield Maleic Acid Yield Fumaric
Acid Yield 280 57.33 7.87 18.30 24.77 290 70.40 13.36 24.48 32.87 300 81.11

19. 09 26.W0 2841/0814810 86. 76 27.62 PCT/GB2010/052176
16
191.7 100.00 31.69
Table 2

As is shown in the experimental results above, citramalic acid is converted into
methacrylic acid in a one step process by exposing it to excess heat and pressure in

5 the presence of a basic catalyst.

Experiment 3

In experiment 3, the decomposition of malic acid was undertaken using the method of
10 examples 1 and 2, but the pH was varied to asses the effect of pH on the levels of

acrylic acid production.

Conditions:

Precursor 0.1 M Malic Acid
15  Catalyst [NaOH] — Variable

Temperature 260°C

Residence time 350 seconds

Pressure 5070 psi

20 The results of experiment 3 at different pH levels (by varying the concentration of

NaOH catalyst), are show below in table 3.

Malic Acid Acrylic Acid Maleic Fumaric
pH Conversion Yield Acid Yield Acid Yield
212 42.11 0.88 8.20 12.60
2.52 43.36 216 11.35 15.77
272 50.73 3.26 13.73 18.92
3.19 55.19 6.37 20.42 29.44
3.9 68.04 7.87 20.53 33.34
5.8 47.60 1.61 7.77 21.26
Table 3

Experiment 4
25



26. 44 34.53 320 90.97 36.97 23.92 27.12 330 95.90 41.78 16.11 12.58 340
95. 11 59.23 10.52 6.88 Table 4 Experinment 5 20Experinment 5 is simlar to
experi merwo4otr/deonposi ti on of malic acid was undert ak@aoTiEs20/askE6 et hod
of exanples 1 and 2, but the tenperature was varied to asses the effect of
tenperature on the levels of acrylic aci1c} production. WO

2011/ 077140PCT/ GB2010/ 052176 18 pH3. 31

In experiment 4, the decomposition of malic acid was undertaken using the method of
examples 1 and 2, but the temperature was varied to asses the effect of temperature

on the levels of acrylic acid production.

5 Conditions:
Precursor 0.1 M Malic Acid
Catalyst [NaOH] - 0.05M
pH 3.17
Temperature Variable
10  Residence time 100 seconds
Pressure 2500 psi

The results of experiment 4 are shown hereunder in Table 4.

15
Temperature Malic Acid Acrylic Acid Maleic Fumaric
(°C) Conversion Yield Acid Yield Acid Yield
280 57.33 7.87 18.30 24.77
290 70.40 13.36 24.48 32.87
300 81.11 19.09 26.13 34.98
310 86.76 27.62 26.44 34.53
320 90.97 36.97 23.92 27.12
330 95.90 41.78 16.11 12.58
340 95.11 59.23 10.52 6.88
Table 4

Experiment 5

20  Experiment 5 is similar to experiment 4 - decomposition of malic acid was undertaken
using the method of examples 1 and 2, but the temperature was varied to asses the

effect of temperature on the levels of acrylic acid production.

Conditions:
25 Precursor 0.1 M Malic Acid
Catalyst [NaOH] - 0.05M



Tenper atureVari abl e Resi dence ti mne1l00 seconds Pressure3500 psi 5 The

results of experinment 5 are shown hereunder in Table 5. Tenperature (C

Mal i ¢ AciwoQorvgrsibon Acrylic Acid Yield Maleic Acid Yi eca/dBsmavise17Aci d
Yield 330 95.41 43.66 16.36 13.35 335 96.34 52.30 13.40 9.56

10

15

20

25

18
pH 3.31
Temperature Variable
Residence time 100 seconds
Pressure 3500 psi

The results of experiment 5 are shown hereunder in Table 5.

Temperature Malic Acid Acrylic Acid | Maleic Acid Fumaric Acid
(°C) Conversion Yield Yield Yield
330 95.41 43.66 16.36 13.35
335 96.34 52.30 13.40 9.56
340 97.48 53.22 8.68 5.72
345 98.26 56.18 5.22 3.24
350 98.54 57.73 2.68 1.42
355 100.00 49.02 0.59 0.00
360 100.00 44.68 0.17 0.00
365 100.00 42.21 0.02 0.00

Table 5

As shown in experiments 3 to 5, acrylic acid can be produced by thermal

decomposition of malic acid in the presence of a base catalyst.

Advantageously, the present invention provides an alternative route to acrylic and
methacrylic acid.

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
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 (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.




340 97.48 53.22 8.68 5.72 345 98.26 56.18 5.22 3.24 350 98.54 57.73 2.68
1.42 355 100.00 49.02 0.59 0.00 360 100.00 44.68 0.17 0.00 365
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Each 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

5 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
10  drawings), or to any novel one, or any novel combination, of the steps of any method

or process so disclosed.



100.00 42.21 0.02 0.00 Table 5 10As shown in experiments 3 to 5, acrylic
acid can be produced by thernmal deconposition of nmalic acid in the presence
of a basewoapvaloyst4p Advant ageously, the present inventi @OT{ER2010ES2178n
alternative route to acrylic and nmethacrylic acid. Attention is directed to
all papers and docunents which are fileﬂwconcurrently with or previous to
this specification in connection with tHi“s application and which are open
to public inspection with this specification, and the contents of all such
papers and &&UMents are incorporated herein by reference. Al of the
features disclosed in this specification (including any acconpanyi ng
clainms, abstract and drawi ngs), and/or all of the steps of any nethod or
process so di scAdBehod ghRrogecingabpReeundPfdeinUWaihi nat i on, except

conbi nati ons where at | east sone of suaqh features and/or steps are nutually
excl usive. WD 2011/077140PCT/ GB2010/ 092176 19 Each feature disclosed in
this specification (including any acco i clainms, abstract and

drawi ngs) nmay be repl aced by alternati fes serving the sane,

equi val ent or simlar purpose, unld@9s exprdSsly stated ot herw se. Thus,

unl ess expressly stated otherw se, each fegture disclosed is one exanple
only of a generic 5series of equivalent orrsimlar features. The invention
is not rgstricted to the details of tpe fprﬁgoing enbodi ment (s). The

i nvention extends to any novel one, 09”8H9('0vel conmbi nati on, of the
features di stbeteR 3ot BiHs specification (including any acconpanyi ng
clains, abstract and 10draw ngs), or to any novel one, or any novel

conbi nati on, of the steps of any method or process so disclosed. WO

2011/ 077140RPETMEBDRA ldohi{ibidihgeexpOsin@larddlisce of a compound of formula (i) to reaction

conditions of temperature and pressure:

10

OH
OH
HO

R 0
formula (ii)

wherein R is defined as above

15 wherein, when R = CHjs, the source of a compound of formula (i) is exposed to
reaction conditions of temperature and pressure while being in a liquid phase,

optionally, an aqueous phase.

2. A method as claimed in claim 1, wherein the reaction conditions comprise a
20  temperature of between about 200 and 450°C.

3. A method as claimed in either of claim 1 or claim 2, wherein the reaction

conditions comprise a pressure of between about 200 and 10,000psi.

25 4. A method as claimed in any preceding claim, wherein the reaction conditions
comprise a temperature and pressure at which the reaction medium is in the liquid

phase.



1. A method of producing a conmpound of formula (i): 0 HOR formula (i)
wherein R = H or CH3 the nethod conprising exposing a source of a conpound
of formulwOo@oifjo7t@or eacti on conditi ons of tenperature aRdTFBOBNNS521760 RO
formula (ii) wherein Ris defined as above 15 wherein, when R = CH3, the
source of a conpound of fornula (ii) iséjxposed to reaction conditions of

t enperature and pressure whil e being in l'iquid phase, optionally, an
aqueous phase. . Anethod as clainmed in claim1, wherein the
reaction coﬁdltﬁdﬁ@h@bﬁb@?@@KH”ZWYPéﬁﬁﬂwﬁﬂU¥@ whersis the sAursp §lia comOOMY

450C. 3. AoRirMaR @5isCbaiodBd tb ReRkibRebn@liofs 6 ®mbeRfture! fdpréss B el @idd t he
reaction conditions corrprl se a pressure of between about 200 and 10, 000psi .

254. A net ho@ressnes efisedlaly$t- any preceding claim wherein the reaction
conditions conprise a tenperature and pressure at which the reaction medi um
is in the liquid phase. WD 2011/077140PCT/ GB2010/ 052176 21 5. A net hod as
claimed ?Pn &ny ﬁr"@%té@l‘i’ Ag clRimeHin cipier2ivhereis thereatelysids adags g3t aBfadibr nul a

(i) is expgm@si&gn%émb&@r@ug%@ns of tenperature and pressure in the
presence of a catalyst. A nmethod as claimed in claimb5, wherein the

catal yst is a base catalyst, an acid catalyst or an acid and base catal yst.
7. A method as claimed in any preceding claim, wherein the source of a compound

of formula (ii) is exposed to the reaction conditions for a time period of between about

10 0.1 seconds and 300 seconds.

8. A method as claimed in any preceding claim, wherein the reaction conditions
are generally acidic.

15 9. A method of converting malic acid to acrylic acid, the method comprising

exposing a source of malic acid to reaction conditions of pressure and temperature.

10. A method of converting citramalic acid to methacrylic acid, the method
comprising exposing a source of citramalic acid in the liquid phase to reaction

20  conditions of pressure and temperature.
11. A compound of formula (i) produced by the method of any of claims 1 to 10.

12. A method of producing an alkyl ester of a compound of figure (i),
25

HO

R
Figure (i)

the method comprising esterification of the compound of formula (i) formed by the

30  method of any of claims 1 to 10.



7. A nethod as clainmed in any preceding claim wherein the source of a
conpound of fornmula (ii) is exposed to the reaction conditions for a tine
peri od ofwbebwsm4about 100. 1 seconds and 300 seconds. PBT/GB2aBX150L6as
clainmed in any preceding claim wherein the reaction conditions are
generally acidic. 159. A nethod of converzéif ng malic acid to acrylic acid,
the nmet hod conprising exposing a source mal iC aci d to reaction
conditions of pressure and tenperature A et hod of converting

citramalic asi dAteethed AERIPGYGIRI a@vraethv'ﬁ@tmﬂ@ta (RMMA); terpethad emprping

source of cikkaf@hibs oﬁﬁie%dcﬂ/hk"é‘ém'fbﬁﬁ'édjby’hﬁ'b'stﬁeih‘édra‘m%tf'c%ﬂn@@qgﬁ@'tb*f&ﬂﬁ of
pressure and tenperature Ac und of fornu produced by the
net hod of afptA ”‘@F%C%at& fPUPV‘!L@ by pOWme”SfQO” S@fthﬁtsﬂ'édn@wﬁ?%m'ﬁ@ an al kyl
ester of a conpound of figure (i), 25 0 HC.: R Fi gure (|) WO

2011/ 077140PCT/ GB2010/ 052176 22 13. A method of producin

pol ynet h9| nﬁf‘ha@?k}’ﬂ'@f@“’(‘@l\‘/ﬂﬁ)"atq(ﬁ’é’”\ﬂ@cfﬁﬂ'ﬂe%ﬁ%ﬁh%mﬁﬁ‘oéétféﬂalnﬁ|1§at| on of

nmet hacrylic acid fornmed by the nethod any of claims 1 to 10 to form nethyl
nmet hacryl ate, followed by polynerisation of the said nethyl nethacryl ate.
514. Pol ymef ﬁyl feteifed of BreaaiTaRAYME1SACAPPlY BRTS M enetBatvliF a¥d. acallinedd: 15,
A et hod of niRRANit BGIIRAtETBAG oPACTPIRRRI Y ERES BmpABh @t tbpsoraci d, acrylic
acid, nmethacrylic acid esters and/or acrylic acid esters conprising the
steps of (i f')Bﬁeéﬁre@F'@'? Pb# CoMPRUNISHHITINER BFin pesardencewith Gl3imabcor dance with
clai m 140 10(ij)i dptioRhI e8@lifi@ebRT ff iheabbrAfoud bFé%aFé?j”Wléféi) 41} QQa;Br@Quden tisd ep
(i) to produce the corresponding ester; (iil) polymerisation of the
conpound pr EYERPANFiRISEeH (i) and/ or the ester prepared in step (ii),
optional Iy yiitdbi@R&isationTBf #ieCOMPIRAE pPepardd Ar AEBIGE aR@bY IHR! St prESRed HTer s

t hereof. 15
step (ii), optionally with one or more comonomers, to produce polymers or copolymers

thereof.
15



