Microencapsulated Catalyst The present invention relates to a catalyst system. In particular the
invention rela¥és oty st in the form of-metal or an alloy that is encepsuBted/ swithin a polymer
shell or matrix. More specifically the invention is directed towards reactive catalytic metals that may be
- pyrophoric or gfherwise reasivecinaysand/or susceptible to oxidation. In particular, the invention is
concerned with catalysts based on nickel. Raney or sponge nickel is highly hazardous: a self-igniting
sold; produces hazardqus fumes when burning;.ayises IMIaUARALIE temhiraiopctact nasal cavities;
causes pulmonar)Pfl rosis i mﬂafe(?; Ingestion may lead to convulsions and intestinal disorders;

causes eye arid KiAtHYRakcRe dpn irBRTe Sk FastiiY hal fealtF i8IS Rifs?Rity SHisitization ("nickel
itch"). The invensionr prewvide blonetalectitalis tset e atiaids slickiprcblem's sgrdivavatalgisod shelf life and

working life. Rggent ﬁﬁ{qggyargéeg}%gpj% rpeamsiliat nexwaeIg: predisalsrRjUSt-eankaIR less than 5 parts

P s ot (R e R St e AR LB mERL IO dlepner cataye:

Contdminate pr(?dﬁ\éef’s or waste streams Wltﬁ metal residues. Despite the many

operational difficulties caused by sponge nickel's hazardous nature, it is still Widelly used as a catalyst

in a variety of &ﬁ@ﬁi@@ﬂ‘ﬁﬁ%%gewﬁﬁf%éﬁﬁﬁ%ﬁfﬁwﬁt ?ssﬁg'écif‘f&gﬁ%%&'gﬁﬁ?%nh?égéjt%’ﬁs because of its

effectiveness dtroasrying butcertaivsearstetinmatiche re ekt daeiniessithenitte cadsacatalyst include

the hazardouspahara9f ghengesnickeb T issaranmibhakthe watalysligamn psesentsignificant safety and

handing issues g ysers. {n addiion, e ey Al pigkskPuges Meannal U catalysts are no
n. Mi

longer a reliably cfmeap option. Microencapsulated catalyst systems have been described in the prior
art. WO 03/00818479848 Ad SELZp RN Atda EHIEVst systems and methods for their production. In
particular, this publication describes palladium-based encapsulated catalysts that find use in coupling
reactions. The3bepalsitionmpisaisied sysebaralirds S EBAE F drivel BYhefdiifcapkertion of palladium
acetate. WO 200510165 1Qdrgarhesa:prooessin ahithien metakcasalyst isugicreienicapsulated in the

presence of a ligand hiseubligaton deserihapahal hieuse-eha loandmaiedies catalyst leaching
during the encapsulation process. WO 2007/096592 discloses a method of repg%rcmg a

microencapsul&tetieEat ARSI oTIHe! (RS CIBRIFC DA RGNS LahLR ARG WA e &S aration and use of
palladium-based wastslysesma whisrmataiieeldeemetal source and a ligand source may be separately
encapsulated to produce the active catalytic species in situ. The ligands exemplified are polymeric
ligands. The ultimate catalytic species in this disclosure is a metal-ligand complex or compound. WO

2005/016510 describes @ methogddongenesmMing ROMusROMMEIRICoRRBAl asyiehcan be used to
enclose metal catali%j/si%s{ %)#)gion,%g}/ with.an add%q Iigand. Thq Iig‘and is.chost%n sucq\/}g&t it may interact
S

with the metal B&H ISR TR EariGan Catalyst'spécies °The microsphieres are formed

through interfaeierpenicifsaten F Dalsserstar depsirsnisrang alsrielite beeticabsulated in a
continuous phaseyiddodbetabhdesoribaressystem for the microencapsulation of heterogeneous
catalysts. The possibility of altering the properties of metal catalysts such as sponge nickel catalysts to

facilitate their ugt%er;apsroabl%%g %%ﬂ_ g\!gi%fsa%eg IC%‘[%?&SP ol el;t’the hazardous nature of sponge

nickel. This means that the catalyst can present significant safety and handling
issues to users. In addition the recently variable nickel prices mean that such

catalysts are no jonger a reliably cheap option.
Microencapsulated catalyst systems have been described in the prior art.

WO 03/006151 describes encapsulated catalyst systems and methods for their
production. In particular, this publication describes palladium-based encapsufated
catalysts that find use in coupling reactions. These palladium-based systems are

most often derved by micro-encapsulation of  palladium  acelate.



GB 2052296 describes the preparation of a non-pyrophoric Raney catalyst by coating a particulate

Raney catalygidn@agnlighyvax. Although this generates a particle coated: i@ ¥ Jakhat organic
polymer which mitigates the pyrophoricity of the material, the coating is not permanent and must be

removed to allgy reagiafekianeeL Al remgyed he cogting PLeveatsthe,ggiiog medium

contacting the catalyst. In addition the coating material will then subsequently contaminate the reaction
mixture. This EEHEEATRREIGTCMHLY R RigHTERT A G58hJ8h RKdcalRaIyersibrs e d@itly used in high
loadings. Cataisests aofighid typierediicaeaingeiceptaibiedioinptfza ereepsitieiirapidciae chemistry applications
due to the likelihood of significant trace amounts of nickel remaining in the end product and the

problem of ey g e sisesoandinalyJafas Aaptiies oLk aLeaRNG Haterpl, US 4395004

describes a process for generating Raney catalysts in a solid polymer support. Thé polymer bound
catalyst is form&t BSIRTKIRGSRANEY Ao RFETRRGH T I8 R RPHERR Py ime Paleddtionally a
plasticiser thebeformiaigtss. miktuné imetsithpesbizestrstonror guttimy. Again theyniskel is embedded
in the solid polypestandibs seraion medivais upakledaigantaetitheniskeriatigirigsremoved. The
catalyst can t@%ﬁﬁgtg\@%%%%q@p&m with a sodium hydroxide solution to leave a polymer bound
active catalyst. Alternatively the polymer is removed by calcination followed by activation to give a
highly specific shaped Raney nickel catalyst. One problem with the system is that since the polymer is
not cross-linkeéddt Hiaetie citidlyexberissofteribid sdestain eactivrissthesntsperteapsrprematurely
releasing the pigkgl.catalyst into solution. The reactivity may also be limited by the low porosity of the
polymer which influences the accessibility to the catalyst. In addition, some of the metal is inevitably
present at the surfaces of the shaped catalyst and this increases the risk of leaching of the metal or
commencemeNCof TR R trsidinmd el a% ioh 8RB BBS I e ShiTERSaCRAISEIE amino coated
metal catalystshice grovid eeed cindpsanmite! fartriyefssalinid® ovithesnthdd st égaon-irophoric. These

catalysts are agtiv@teehspangemeial ensapswatesca@lysis which wates has hegn displaced by an
aliphatic aminhe ahhe ga%%}&st &%\é{ggr i§ieele§%§ds fg%sch%r ir}grmetg t|:[1ner de irelqesl%(\:/iept. Since the
sponge metal gata yst'Is not crossed linked to th coating the amine will Be re eased Into solution. The
amine coating®AMHERTCBREAMMSRB HRE rfaBRBAMALRNFUHBERl R Re REEAPRMaIESEH  expose the
metal sponge contavetatgesechnique not involving Ni catalysts described in WO 2006/007007,
polyvinylpyridines are used to coat titanium zeolite catalysts. A suspension of solid zeolite particles are
surrounded by.a thi r of polymer either coacervation approach or. by in-situ interfacial
polymerisatioﬁjgroglé%ﬁ%eGr?grtr%%s.aTﬁyé;seemcE%{ﬁ;{/%%sﬂg%oﬁgcéacf%%% gfiﬁperb%?(%gaet?gﬁgtach of the
various prior éﬁté%i%ms has its own set of problems. There is thus a need for a convenient, reliable,
safe to handle, economic catalyst system. Not all reactions are capable of catalysis by transition metal
compm;nds ?]rrﬁ@rpmm@s @fmgm@qiﬁ)gbl@&eyehﬂé&e é%%\étXL@delQrsﬁﬁhéé m@:aéi::ng problems
mean that it evio een possible to prepare sujtable metal catalysts of the type
envisaged by %ﬁﬁ%ﬁ%ﬂ%ﬂ&%ﬁﬁﬁﬁ %Sgetilﬁfs?sscr)n%)% %ﬁsgussa?%éqgée&r '\(/Jéﬁ{)Eus size and shape which may
lead to inconsistencies in catalyst behaviour. There are several reasons for this including the difficulty
in producing paptisleg2ha viergthes desiredacgisisfentsizerantbricdtpil ogizlodt thecotitad and the fact that -
metals are nok sakblRIE RN FeRURBLIANALSRAGHQNMRML T Bisdnakes jLrrgblematic to prepare
uniform consistent catalytic materials, ILis A0, aim, of fhe present inventiqn to prayjde a convenient and
less hazardous catafyst systé}m.cr%ey cata ys? S ou.?l%}ebe ea@/y 0 prepare and use. 1t'iS a further aim to
provide a catdl)3¥sl i RERRRENHRS FTHP O FBEMEbIhRRY iEPeiicedONT¥ fifther aim to provide
a relatively cheapanil teopmaing catabyrss. Mnotheiianmisitorpradtctng catabysilgytstem which can be
used in a numpesieh shespigabreactianFIMtboulresHItng baxeestlveaNaRitiesef residual catalyst

appearing in t?ﬁi final%grod ct. A quther ajfm i§ to Qroduce e?%t?l SE that can be;( recovered easily from

the reaction. I_deal g,n né‘%%{%rlé/@? %ysetél n'yi/(fﬁrbgscfﬁgg?e% Felisé andror rreeat}%ﬂ_r%gsleﬁe present
invention satidfidO8draeallaNEsaldE Mrssvinbeneasspeietieeranapaseidisa #icroencapsulated
metal catalystfisystermidineapatahishsysiem tertiafising atdgasicenerace amounts of nickel

remaining in the end product and the problem of removing the correspondingly large

quantities of wax or coating material.



metal and/or at least one metal alloy and a polymeric microsphere which is permeable to liquid to the
extent that the,Jgagtipn mgdium to be catalysed is capable of contacting tgle SDGAnRY ted catalyst,
wherein the or each metal and/or metal alloy is retained inside the polymerlc microsp ere wherein the
microsphere is a polyurea microsphere formed from at least one polyisocyanate and/or tolylene
diisocyanate by interfacial polymerisation; wherein the or each metal and/or metal alloy is not
associated wit%%ﬁ@@ﬁ?ﬁj‘ gCTipEha PipReseiie e Riatiap Gaaystadncdp sursstidmab@enicrosphere is in
the form of a spange:, Whergiyrtigtheumeteadtisyselectecidrony thexigroRpregnsisfingtofhinickel, copper,

cobalt, and IrO%mlg;)wQ@wsé@w %&erarag (};!@@@s@nm%ﬁﬂ%m {5Qr0 fhe group
consisting of: nlgk per, col Slrtbut d iron, :At% sed |S$n§ L%) % %D metalcatalyst
system, the catafyfst ygiem E0mpriging %t (e3P S ikshicasF S dndiond &tal&fioy and a
polymeric mmré%‘bﬁ'é?e’%ﬁ‘iéﬁ 8958 Eabat liguieniamdreiniahel ondaétsmetalvahdlbe metal alloy is
retained insidecthiaysobaméne heiertisphe sy bubisdnt fhitd communicasion:withhetexarior, and wherein

the or each metgAnciordnsialalioyaisipat mﬁ@é\t@ug Wétgﬂn@%%ﬁ%@eﬁ%%1 Hagqolymeric
material thus forms permeable (to liquid) walls of tt micro here a prowdes one or more cavities
? (“ é)?et% Cao IV ?ogw?o q e?hn@%lyﬁg' (?Bg?gp/é\llﬂv 36

within which ths CaahcIRatanal i i esta"i1 orm iS4 8F&rably not in a
catalytically active form when first encapsulated. The metal or metal alloy is activated by reaction of
the system witleesuiiable weagentisdoria the wlinate eajalysisthat dsosmipleyedninthe chosen

reaction. The rgagant Hised.fe-fore), thewitirate raialvstama i SRR 6y ReARALIAOr a base.
Preferably the ac}?vatmg a edpt IS &bas& The term mlcr% ﬁfrg‘??su lation can be used to refer to

processes whill 18ad o protusts aﬂgv% Tty ePopelie e Hpsule is often
used to refer td"§ é@)ﬁ@gh‘éﬂ‘@fy%ﬁﬂ%méﬁ%?ﬁ@ﬁ%ﬁ%hﬁa@é@‘bﬁré"|§d§iji¢0mﬁ>ﬂ'@d05§h® thin polymer
shell. These systethis araieftgnpeaesigne dsuchiibat Hﬂewstselalpﬁaairbb@wamuﬂetdlstmcaa@wgelease of the
core material (ﬁnérﬁg{%ﬂfé%efﬁﬁé'ﬁ?ﬂ?&m&%%ﬁ%&wﬁe‘rﬁféPtﬁB'Péé’éBh%‘}Srﬁﬁd@?d In the present
context to describe the microencapsulated metal catalyst system of the present invention is used to
describe a system where a continuous polymer matrix makes up the particle which encases the
encapsulated MiatefigrrPRsbreeaditvietacpnDe ra efvydsnett asthsistet withideligand and is
present within thecintesior bk thenpeiyaniermnictespharerdmthe apance Dhaayclignre previded as part of
the catalyst sya@%fé@m%&@@wg@l%s&%@é@eé%fggg Ihemetaber metals pisnLingdation state

zero. Where a metlal atoy IS, re1sent and is used as the catalytic species, the componient metals are
again in oxidation SEaE'S SPEANE RYSER R SY FRERT ?fb?&r‘%%gﬁ?%Taerﬁgfé[?ﬁrecursor This
can be in the f&p¥esF ﬁ%ﬁo‘?%Rﬂﬁ@. Peiaksalysie istmet raetiedalinkrs! Ra iy avdkd. The metal alloy
can be a Raneymitkeflpreciursargusty aslafbaluminitinda ickahglloy. ihke dpaskaemenaen metals which
are used 10 PrepaieSHANGR BIRLA! FAIBNISALEDIFkel. SORIRL SaBAlbaNGLIron. These materials are
generally referred to as sponge or skeletal metal catalysts; Raney Nickel is a trademark of W.R.

Grace. Thus in one embodiment, the metal catalyst encapsulated in the -microsphere is in the form of a
sponge. In an Hltérigliias dpsbRIain &R, itveldagalNist b edpredertt in WS fEPRP/BP TiSErete particles
held within thepwlictogpheresiMesneeuddiscteseiannethes forgenerating spisrespherscontaining solid -
particles of nickelgatalysialigy, Sy sybsacentaciuaiop of e catalys) coniainjog icrospheres an

active sponge nickel catalyst is produced. The active catalyst is theretore enerated in situ. This can
be done at theJ5BIRESY QUREH'E ﬁ]@ 'Fg%ﬂfl?é %O&G‘&éaaﬂ%ﬁfé’aaﬁ&? BHE'SH @8R catalysts of the
present disclostiga$&dien afieprafraliened reactive catalyst such as Raney nickel can be provided in a
form which is easier to handle, safer to use and dispose of. This is achieved without contamination of

the reaction medi il RANIDBRAPSIURSBloNAX R HECaRIveI Rl tRpLassldisclosure also

overcome the problem of leaching of the’metal which 1Is common in many prior art systems. Thus, in
one embodlmegﬁegf?ﬁg BreCi i %%’I%bel?rr%ag? HEAI SR WARE ?§tﬁ§'€bsé§/e§1metal precursor, for

example a nickel aluminium alloy in finely divided form, is encapsulated. This can be achieved using
one of the encapsudatisnditcedivesplaseriseddalew. hctivadiskeheainlyskeamtizeabe produced
when requ'red&mg&mmﬁq%%&u'@F&%@Q%@!H&éﬁm{?%A%%S;—%m%?'ﬁaq'aﬁéﬁ'ggo %‘eﬁa'umn'um

olly within the

leaving behind nicke] in the form of a fine powder catalyst.” The nickel is retal

polymeric matfEHhiRR i 5Bl Y8l B%Q%S@ﬁﬁ% ORGSR ‘ﬁﬁi""&Bﬂﬁé\fﬁt%\ﬁg/ nickel. In an
embodiment, the resulting nickel has a uniform particle distribution throughout the polymeric
microsphere. 3



Nickel alloy is a particularly preferred candidate for encapsulation. Alternatively, in another
embodiment, the metal such as nickel or another reactive metal may be prepared in
microencapsulated form by encapsulation of a metal compound (i.e. a metal precursor) which can be
decomposed easily. This may be by the application of heat, light or other actinic radiation to
decomposetitedypetah deagedundtios alientiothefsuitabieiaasidytienizes garicealboiahose elements of
the three "dsblock {'anRloPHBEIRLSALES FPME3REERAMN NS BIRENIAAGaRdIUMe)igrRiuM and

lutetium. Preferred elements for forming the ultimate metal or metal alloy catalyst include: cobalt,
rhodium, iri@R¥#rahiEkICpaIiRaitNS Sistising. Krdificyhpdt, RostntoRapialesiiRYBAdMtatinum are
particularly peeferdasnanrtentoked isnnestprefene df haneiae aatieneative ieabostunents the metal is
already in it lve fo IS simply. sul In-an ' |, metal alloy, or
precursor mgé)tﬁa{cfg!:go’rﬂé)’qgn%(? %égpjfgﬂegr,aﬁeg yqégoi%fhﬁﬁﬁgegﬂﬁg %Bgtgﬁ %tégggnéfn%ﬁ%]article size
range and/¢NfAMOrea pastREIEcsiEd/ Hesrmgtials: A known deactivation pathway of sponge metal
catalysts involves the collapse of the highly porous sponge structure. A further advantage of the

talysts of thi t discl is that th | matrix is able t t th tal
Ciucture. THSHRE A EONARER o RGBT oot GO U L FfuCE ot

UEactivation
pathway. Tivetehstpgttethusihave iy ek sbndisdoé e aelativerepirsoant ssende imatalrteadsts. The term
"microencagsulicds Ligka iR WNARISRENLMIGS WHBIM CoPRIBISARIRRQheTMAdrX. This

means that the polymer matrix containing the catalyst is itself in the form of a microcapsule, formed for

example by diREHARE RRNIGE & G ANRRG ERE PHRAAITN S AR ImiSYRABE I8 15 ifed by such
techniques pritkinesgenesallyssplyetical ahicollepsed spheritabamahitarecd ohearicdiareetéod from 1 to

1000 micro@th%{ﬁf%gmyn%g]a%%%%%ﬁeg gﬂ%ﬂﬁ&%‘ﬂ%%%%ﬁ?ﬁ&%%& ?ﬁﬁé’aﬁg TiGANgphe polymer

microcapsule matrix is pe xtent that the reaction um being catalysed is capable of
contacting tR®@¥Rlapbiatesr clthigde KadeeR ptaysbhRicRIdP8dReRYIERBR§ M ERMAM@re available.
These processaimaandeaidivice gLmiosthspadimoatl Bategones dauurysicaloth:phmsg separation and (c)
interfacial reaction methods. In the physical methods category, microcapsule wall material and core
particles are physically brought together and the wall material flows around the core particle to form
the microcapBelpreisethdnphaiiensasfisicorateyeiyofiifieraeeyssaies. are formed by emulsifying or
dispersing the core material in an immiscible continuous phase in which the wall material is dissolved
and caused to physically separate from the continuous phase, such as by coacervation, and deposit

around the b FaRRRE: NG RBIPYEFrEa BB CAtEERA A% B6IR Rl RVERTIsH&d or
dispersed ircamlijmmistdrtecoontrisirgust praserand then an interfacial polymerization reaction is caused

to take place, e SHaceAf Hie CUEIPATICler Lerahy SRRt JieracaRSHISS dMRQgyecfound that
procedures for,mlcrsoencagsul}e%lr?g the metal |t?elf oirt e mteﬁal §é'ecurso¥)e/vh|fch h?v%-:- beﬁn described
in the art foP?H'g ﬁ?eB%r%?ﬂ 3 Faﬁ@gﬁ%l & éﬁ'}%t% Stéfis Can alsé %ae leJSOqu ?8r?t%f59p}e‘c‘baration of
encapsulateirtdpiestsRI3ks hodrging ® thegsfe sl inveRtiaeia Rigk BiseRaerdasstesiitable
microencapssliaiii techoigues; intlade W 2003/0064 5 2/¥ayREa5/Md65dkentbMié 20617/096592.
These systesiim,partafitie,Breae-disclasibRe nifhe jatereSty OhRreity, E&%&Qﬁ@%ﬂ?f these
disclosures |§]not reproduced here in fyll. Ho eyer, jtis ;s,pecmc II{}/ intended t ﬁ the ,conéents of these

. wherein fhe or each metgl and/or _meial alio afs not_assoclate wrtga or %Oltl)rl} 0 F I!ﬁ:)an ; .
disclosures mso":far as they réI5tE to mlcroencap_su)(a IoN processes and suitable polyniéric materials
are to be in¥6OItEe Retei By RfERSABRIFP Ot IR CRIFECTPRETREr de bR pRtafibA @ehER ues and
materials degesidiedijnibesedocumeants feferted tooabavesspegiicatiyifarmopast, ofdbedt disdlosure of the
present invepfon,far Hﬂetﬁéeﬁf%@l“%ﬁ‘o?f @J;ﬁg@glag{e%a@%hgaﬁ%@t%@g&@mmﬁ%meg%s&ent |
disclosure. Theret.arefyarlgqs '%/Pes 0 mﬁer acial polymerisation techniques but all involve reaction at
the interfacE0F & 'c?%ﬁe'rns',%& p% §8ra‘r’1°<§’ A cOntintious phase in an emulsion system. Typically the
dispersed phase is an oil phase and the continuous phase is an



aqueous phase but interfacial polymerisation reactions at the interface of a continuous oil phase and a
dispersed aqueous phase are also possible. Thus for example an oil or organic phase is dispersed into
a continuous aqgueous phase comprising water and a surface-active agent. The organic phase is
dispersed as discrete droplets throughout the aqueous phase by means of emulsification, with an
interface betlveen the disorede organic phase dropletsrmerthalsistoundimgetbntinuosdadgtieous phase

ZOlUtion ze'%f&'?g‘ﬁqa %&B{%@Q?ﬁi@@ﬁ G%Int‘Jf bﬁst tﬂbea‘?%%égﬂﬁé m@t&n%@:‘%@@%@%&u@m&&mdm? 'E[he

ISperse p sSe ar ets. In Qne INnterfacial conde satjon microen apsua 1oNn
B e e e D o Yo O S ot Ll et e

oil/water intevéédeandiorentbiey aflagtibyetanddnssitdertito hnmhecmmmmmewaih in fnidther type of
polymerisaligp fratiiano 1 S SRS CORIRIS OB PO Rsal R 6RRIam alboiine

wall-forming monomers are contained in the oil phase. In situ condensation of the wall-forming
materials aR@c@iRRCEEe ‘ﬁ@&/lﬂ’é@%é%r@ah@@%u%ﬁs&ﬂ%’g@ﬂﬁtém{@@%@"ﬁe iofisted by
heating the gimtitgible t¢ta ligoipevaily eod e thizers pheat 206 pevaidest dROGrandreptmnigdly adjusting
the pH. The ?tlﬁl a&?%’éscg?éi?t%ffé%er% Re, I:é(?g ofotlme to allow substantial completion of in situ
condensation of the prepolymers to convert the organic droplets to capsules consisting of a solid
permeable polymer matrix entrapping the organic core materials. One type of microcapsule prepared

z_y ifll situ CO{I@?&&H@@@H@#&&@WWVb%@e@éﬁé%lf?%ﬂl”&i@é&%ﬂ%@&% %Wﬁ@%&gﬂ_}_ hThiS
isclosure also forms the inventio ar as it relates to e tion processes. These
microcapsu?é]scégg%%%ﬂ j FB)SrFHSE? gHFn(?ﬁ{ fi[%yrﬁsfc%@é rg% tb‘%@ﬁir%ﬁ B& t{ﬁg]s\%?’c%ndensatlon
and/or crossuiiaiie (eef et &ifmthureastonate detsjve tbsins @ndmpdlyntbasdﬂmﬁndﬁa@nﬂabout 50 to
about 98% g, MRty Rl R ARy basRaihedlisditag G4-SARAleohel fprafgsabiysn-butanol).

The prepolymer is added to or included in the organic phase of an oil/water emulsion.
Self-conderfesoh G BRPR EBoRANGLIRLEESNHESL B6nally under the action of heat at low pH. To form

the microcapsules, the temperature of the two-phase emulsion is raised to a value of from about 20C
to about 90, preferably fram.a &Héf‘&cé&n % §Q§t§‘?§1%PrEIeéﬁPé¥J§8§‘ FROHE Fé%‘é g about 60C.
Depending on the system, the pH va ue ma adjusted to an appropriate Ievel For the purpose of
this presentipstisisundieh preYEYSUENSIH S eelpigRsSHRte ANSIBOSERBUIE s OfPR 285920 (also
incorporateechy tefarepeesheipaysRtheieseNhNYaRies) dhel eROY eFSUNGSE Bitallerfor use in
this present dllsclosul;h E?rﬂpartlallg/t etherlfle ure forrqnaldeh e pre §}¥ ers |th ap %h degree of
solubility in %rdanlc phase ana & Jow solabi I?y in watdr, eIgtﬁ'erl urea- rmazi'crl’e ydueoprepolymers are
commercially available in alcohol or in a mixture of alcohol and xylene. Examples of preferred
commercially available prepolymers include the Beetle etherified urea resins manufactured by BIP (eg
BE607, 13E610, BE660, BE676) or the Dynomin Nbutylated urea resins from Dyno Cyanamid (eg
Dynomin UB-24-BX, UB-90-BX etc). Acid polymerisation catalysts capable of enhancing the
microcapsule formation can be placed in either the aqueous or the organic phase. Add polymerisation
catalysts are generally used when the core material is too hydrophobic, since they serve to attract
protons towards the organic phase. Any water soluble acid polymerisation catalyst which has a high
affinity for the organic phase can be used. Carboxylic and sulphonic acids are particularly useful. One
further type of microcapsule prepared by in situ condensation and found in the art, as exemplified in
US 4285720 (also incorporated by reference as part of the present invention) is a polyurea
microcapsule which involves the use of at least one polyisocyanate such as polymethylene
polyphenyleneisocyanate (PMPPI) and/or tolylene diisocyanate (TDI) as the wall-forming material. In
the creation of polyurea microcapsules, the wall-forming reaction is generally initiated by heating the
emulsion to an elevated temperature at which point a proportion of the isocyanate groups are
hydrolyzed at the interface to form amines, which in turn react with unhydrolyzed isocyanate groups to
form the polyurea microcapsule wall. During the hydrolysis of the isocyanate monomer, carbon dioxide
is liberated. The addition of no other reactant is required once the dispersion establishing droplets of
the organic phase within a continuous liquid phase, i.e. aqueous phase, has been accomplished.
Thereafter, and preferably with moderate agitation of the dispersion, the formation of the polyurea
microcapsule can be brought about by heating the continuous liquid phase or by introducing a
polymerisation catalyst such as an alkyl tin or a tertiary amine capable of increasing the rate of
isocyanate hydrolysis. The amount of the organic phase may vary from about 1% to about 75% by
volume of the aqueous phase present in the reaction vessel. The preferred amount of organic phase is
about 10 percent to about 50 percent by volume. The organic polyisocyanates used in this process
includes both aromatic and aliphatic mono and poly functional isocyanates. Examples of suitable
aromatic diisocyanates and other polyisocyanates include the following : 1-chloro-2,4-phenylene
diisocyanate, m- phenylene diisocyanate (and its4aydrogenated derivative), p-phenylene diisocyanate
(and its hydrogenated derivative), 4,4-methylenebis (phenyl isocyanate), 2,4-tolylene diisocyanate,
tolylene diisocyanate (60% 2,4-isomer, 40% 2,6-isomer), 2,6-tolylene diisocyanate,

2 2" _Aimethv1l -4 A'-hinhenviene diicnrvvanate 4 A'-methvieneahic (2- methvinheanvl icocvvanate)



polymeric polyols, for example: polyether, polyTHF, polycarbonates, polyesters and polyesteramides.
One skilled in the art will be aware of many other chemistries available for the production of a
polymeric wall about an emulsion droplet. As well as the established isocyanate/amine reaction to
produce a polyurea wall chemistry, there can be employed improvements to this technology including
for exampleehaitaw veielsa pllitbr siere friséerinl dyatiagsancall arde toasteennd aieandine terith can then
further reactipietpallyda PIRAUGE the RebsHesrhsmistiedasiaser inRAiorexamped midaP 4285720).

Variation in the degree of cross linking may be achieved by altering the ratio of monomeric isocyanate
to polymeriCRA¥Sh AR R sHithe R S SRV s ey SR téoteqﬁ‘ﬁ%é'l%%fd@é%ﬁﬁbd" BRSE any
alternative isocjanate poymbe matployedids thpsteenpadickenthiCnersialed ihdhenaspaiibieiaware that
the various g}%qi_s previously described to produce polyurea microcapsules typically leave unreacted
amine (normally aromatic amine) groups attached to the polymer matrix. In some cases it may be
advantageous to convert such amine groups to a substantially inert functionality. Preferred are
methods formHe crosue Sian=0fasidedr anatapgIeauUiBsHist KESacRIniEieviEh Braganteagoidns&3enost reaction
of the micro&%g\)gs%%s dli% an ogg%r\léc sci)lver}t rWt'ctah a @(}gO%ggg%%gte c}gc(i) é:rl;llqlrid% [ %\\}%rg ormate
respectively. U 23566 (aSS|gne°<§J f"owﬁayer ﬂ&} discloses ano?ﬁer procé’ssgf%r rming

microcapsufssaliidhwatiiaygolysians Asdoptalitisi soaessisviheieitTaHbavaiiahes oifiascterized in

that they copgistf reaclinmier bl olcrasmiakingageRitogotaaiRa\ind W qldes Withrgocyanates.
The crosslinkin%ﬂaﬁents_necessarg}{aor wall forr?ation include dl-gpr. ol%/]amines, diols, polyols,
'i Sﬂgﬂo

polyfunctiorF A SPAESRoIRC FITMBNEE! JARIRATE 88RE DRy A8 ived there from. These

agents are capable of reacting with the isocyanate groups at the phase interface in order to form the

wall. The prefeeeamalerial Gy SoCeRshle isPAMISR. Orupd Adiestiagd indJS 4265720

or a urea-formaldehyde polymer as déscribed in US 4956129. Again, the teachings of these
documents fA8bIaPRLIRYTEAE to HaFSARIR SulRS BT m%%&m&a&ﬁﬁjie&pma is
preferred beglaysaithisenai®anapsidkdb gascoashbusdet weryrmildreanaitiariansoghaaheequire acidic
pH to promate polymerisation.and so is suitable for use when encapsulati cid-sensitive catalysts.
The most p%{éfr)n?é%' prgﬁ/%r%%r\'tvfp')%\foarr?hgsrﬁtl}cr%cgﬁgﬂ?é%s\él oly ?e§ %@dg%ttégr]g)sgsol %‘r%g ‘i‘&}g@?zo based
on the PMPRIPSSTyisobpinand ditier diepR BieigtaimBiitagsnaially deieregoipak SPORIALM functional
isocyanatessddistnensapsmaton teehrifNeksasd haskaboNemest eaeaonly involve the
microencapsulation of an oil phase dispersed within an agueous continuous phase, and for such
systems the catalyst is suitably capable of being suspended within the microencapsulated oil phase or
more preferabli ig sotebdenivodinatdr-immistibleatalyahiensahaitsditablesfoniosslethesispersed
phase in migioggraARFUlalihRCHAIGH eRe R RE AR BEIRE I R5S ALIANRRRR BB eNer restricted

to the use of oil-in-water microencapsulation systems and water-soluble catalysts may be
encapsulatdf&/igTAEERHAF InRF oA RS 46BN JPS/AYSFARRBR"Emulsion systems. Water-soluble
catalysts may also be encapsulated via interfacial microencapsulation of water-in-oil-in-water emulsion

systems. Prafgrably dfig,puetal r%%'&ﬁb’ﬂo?%'é’#%%ﬂﬂ& #@%’ﬁ?% %%ﬁ%ﬂ%&@oﬂésggﬁcﬁgs asingle

organic phase into the continuous aqueots phase. ng level of the microencapsulated catalyst

can be variétehglicreialsbsalited Eital§LbstnteTbadipiy@ion1indhg tal@ieh ot eiRmical, where

the loading isibaspdpasmpidaretepbrgeadings ehgrmoletateanmel/goare paeyeds In this
invention logdings of the microenc ated metal or metal alloy are considerably higher ranging from
% 10 40 TR BT i i h 1058 & 0 el Er TSP T omcings of 5
wt% to 30 wisedie predefienl. Typical examples of surfactants which can be used to facilitate formation
of the emulsion include: a) condensates of alkyl (eg octyl, nonyl or polyaryl) phenols with ethylene
oxide and optionally propylene oxide and anionjc derivatives thereof such as the corresponding ether
sulphates, etR&r BEHNSTas Bi5d HT0EHRaRE difer BBkl dis Bihdifefiyiiddde and
polypropylerezciidecatmysasubie seifesef sivfattantdeqnuvideciatyadvaabteaniderabierttademark
PLURONIC {1 dROME (> Sl el BAST)TINERI syfpciatifpriles of g sifiers

comprising a range of sorbitan esters condensed with various molar proportions of ethylene oxide;
reaction medium with polymer residues or wax etc. The catalysts of the present

disclosure also overcome the problem of leaching of the metal which is commeon in

many prior art systems.



WO 2010/094946PCT/GB2010/050225 c) condensates of C8 to C30 alkanols with from 2 to 80 molar
proportions of ethylene oxide and optionally propylene oxide; and d) polyvinyl alcohols, including the
carboxylated and sulphonated products. In addition the aqueous phase may contain other additives
which may act as aids to the process of dispersion or the reaction process. For example, de-foamers
may be addégstotesaefrbedimbriilefupe espedisissiRsarindrdiab wWogashisioibitiset A videPhriety of
materials syitahles&pr Use askineorll Rhasekwill acesnienongiskilled ind&ig agtviBxanmples, inglude, diesel
oil, isoparaffin, aroT tig sol1}4entsEi rpggti%% e}(ral%/eglkk}/sligubstitugdt bé:-nznecgegu lcohnasr(t)%gudeur}gs xylene or
propyl benZElE ARG 5, and mixe hapthalene SN0 a?l?y napﬂﬂaleene rac |ons;pmineral olls, white oil,
castor oil, stestwived diklkerosteitved kgl Dafrlist offatiheiride, padingdrynere Waveedmides of fatty
acids such aggagiife %?Q@é@@t%ii@i%%icsﬁﬂ egBaticridnsasRassHECHI@inium
1,1,1-trichloroethane and chlorobenzene; esters of glycol derivatives, such as the acetate of the
n-butyl, eth{iEPhERUNLRIEKRE Bidtfy IBHR glyRci thEALReAEaLR UL Hﬁé?hg}\%ﬂﬁé? SFEBRSbylene glycol:
ketones suerhal/miéithiy| ththybketene, madthylisabigybdetone Tiso phiagriwsadittmaibiyiagciohexanone
(AnydroisORoIong)Eibero PR BRI IU I U SOt A SURIDHTALIREU sffgrand e

acetate products such as ethyl, hexyl, or heptyl acetate. Organic liquids conventionally preferred for
use in micre@rtap SRt Esebe % PRME S BUP PRSI Faraffins and alkyl substituted
benzenes. In addition to the catalyst or catalyst precursor, the oil phase may also include nonligating
dispersing nts tp aid the hamogeneous distribution of the particulate maigrial through the oil phase.
Typical exaﬁrkng% Stg"f‘rfi?%é?easB%’B‘é‘f‘seg %3000 and ﬁgé&jﬁaﬁ%g}r $R%a S»,g?%ﬁ?gpﬁfg%ﬂ}{ (‘#?rﬁ?ng material
may for examnpleshecaboditoenér tatigoaiar B19brep slighed rainanaibey ogarbysaxietaInesyidite place in
sittIJ by polygiepsaiiom fﬁﬁf@éﬁ%&ﬁﬁa_{é@e?wﬂlI%Wnaaggu@mabmatﬁﬁémfeé&?%dﬁcﬁhf@@@rnative "
polymerisation may take place at the interface by the bringing together irst wall-forming materia
added thro@?ﬁt%g%‘&lﬁﬁﬂ o‘ﬁ%‘ﬁa@é%%eg"é‘ée%%g\ﬁﬁﬁiggrﬂ}%ﬁ%%?atBﬁﬁW%SPﬁé%%Wﬁh ous phase.
Surprisinghhese lghteoatsbdoactihih ediespite tecalponcdtsf tigdr doopahednetaioyr associated with
the metal inside the polymer matrix, which ordinarily interact with the polymer matrix to prevent
leaching of the metal catalyst, the metal can still be retained within the microsphere, i.e. remain
microencap3t&fettabiigcatrlvinaratsipiodsn Y (Ak NOscisiemenis, Hfbo 6905 RPHe metal
during reactiansiginbe @ehievrdsusmartradagalyiits tehsgpresentsdissisureytihisusmcantrary to

expectations since itis believed that there is no [ d e ' the polymeric
microspherel%.tel‘{&fgl istﬁg%%rﬁ?%:grﬁn’b%r}%ﬁr%?aﬁégﬂ @gggﬁ,%égﬁ%%|é$|gy{%yvﬁ2%%??£3%’§g§%%§{%§ns intended

to produce EstivéedfpyeldrimeeivadrigeetonisitivediRGeTReiions Mlfksissanpthedp@éntion are
thus capablgspf mgatneRacHEeRlSIHRS Rigelsliy evrRlsaf medalimgusitiesiniinalrdaug products.
Without wishing to be bound by theory, it is normally believed that polymeric ligands are bound tightly
within the polymer matrix of the microcapsule, thereby retaining the catalyst within the microcapsule.
This bindingmenypthiseattrmagveseribddieedtidng (aeich iss dreddvetdiyyketienfornyradlyseduced
diffusion rat&&gv%r&ﬁpgmé‘%g&'eﬁ o Hirereehamical bindingisusluas BiE. Slestastgdic or covalent

bonds formed by polymerisation with the microcapsule shell or a constituent fe. . @ monomer or
prepolymeriREtett BLRdIntE rdtiRRagh: SRR iRAHEH alaR LRoUHng%: W?@%eﬁg%@eﬁ%’.

Neverthelegsirthe el v atigicl eddie tatiisre todnide eittd rd iteibugiondefined by the polymeric matrix. The
metal particles thus do not contaminate reaction products as conventional catalysts. Surprisingly we

have also found that the polyurea matrix of the microspheres is sufficiently resistant to the strong basic

conditions Us&aTABASENTRED RBPWRY S eRpBamiBaiallRRIal FhvinvPleh E181 G amstaPEIRSy that
functions asthecatabis kpbigshasenreastionherdieimase, srerRayerdqurddhaldhrdwietospheres
retain their atrulctural.inttggri%folé?win Igaoim tpsea E:etivatiscl)ln Dro du%?oandm L?%O%%Qe’fﬁse of the
activated enésé:ﬁss‘ﬁﬁgtiesd cata ysf3 pmfcles in chemlcaﬁra ormations. The firetime is thus extended

relative to ki mErEN sellargethéiaschpicanst stitshureanst dpstsadusmiih dpreiv®icfecovered
and reused fafigF-SiHI e WaRRIBGhIR Fidsesn eRideasdians rabardiefliewthegprial ertathen be

recovered and rec}ycled. This Is a significant advantage over prior art catalysts. A further benefit is the
improved saﬁ%tﬁ}yﬁ dfile of the catalysts. Preliminary hazard studies have indicated no evidence of
pyrophoricity. This is a significant advantage over conventional catalysts and allows for safer storage,

handling, regpuepy And disRRs¥apsulated” refers to catalyst which is contained within a
permeable polymer matrix. This means that the polymer matrix containing the

catalyst is itself in the form of a microcapsule, formed for example by one of the



In some instances, the metal catalyst being encapsulated may increase the rate of the interfacial
polymerisation reactions. In such cases it may be advantageous to cool one or both of the organic and
continuous aqueous phases such that interfacial polymerisation is largely prevented whilst the organic
phase is being dispersed. The reaction is then initiated by warming in a controlled manner once the
required ordestioidveplaiasicabieds begreatshiclaidl Faiexariplwjdrpcepsie résiotishsothesagfueous phase

may be coolghififss IAMLL0Ge ARG RREANBRL3fa add CoReiRidC AaR0b figalh phase and

then when the or?anmé)hase is dispersed the aqueous phase may be heated to raise the temperature

above 15C HPMRIEIECPERMLIRARGR MR SrPErE 8RN Mt oS W videat et ssreceMetal catalyst
system as dafinéd &hG0é foicaatalyBiegalphemidelosactide nistdoidipgriecalfiertbahaspéntt there is

provided 2 praegas o1 s, relAiAtin of AdipLaRNcaRBBIed cAlANShINAD SAUALSRRPring @

matrix microsphere by interfacial polymérisation in the presence of a metal precursor and comprises
the steps: (ﬁii’iﬁ’ifé'ﬁbrsing at least one metal precursor in a first phase optionally in the presence of
dispersing agents but without the presence of any bound or unbound ligand, (b) dispersing the first

phase in a sgcond, conliquous phase (o loum A smulsion, (Qreacing ong oL Mere mictocapsule
wall-forming AISEHAIS At The imETace Barneah the cﬂ‘sperse fir<t phase ‘and the Contntous second
phase to fosaredemidinidehiifethegrimasheategnsigssidhanysitel. dishehsed siesepHnseagerésland (d)

optionally recRyerHRY FasJiArcaRSHIE S frem tBﬁy‘s‘F&%ﬁ'&H’&Héd%h%% , @a&@&éﬁm@smnhe metal
precursor to forma s é)g%e metal so that the catal%st encaopsulated in the mjcrosphere is in the form of
i

a sponge nBEiFRh FePATEEAT AL RIBRIGERS AT PHORE FOBE I PR B At IR aA Y Sisclosed is a
process for ar@pdd]barad_impa’rm:mimmmmmmWSMhmbmpdse&f@mda@@omatrix
microsphere, Ry jpisdacial halygiersaton é%ﬁl&f?ﬁ%ed?cﬂigﬁér%%t%@ petalalavgr g matal
precursor. The encapsulated catalyst formed in thiS process is a Catalyst as described above. A
process of HTHFebkh Caminyeuys tieYéTsfe B e diRsiatdp £igasiureh 8RS 43968t one metal
and/or metgltaiiaysiinsadinsiphase bptionatydoshearesansef sispersingrgeniadaspuighout the
presence of an Q%nd or unbgundliglanﬁjt, . . . -
afoun e ¢core pariicles. in the inferfacial reaction category, the core material is
emulsified or dispersed in an immiscible continuous phase, and then an inierfacial
polymerization reaction is caused to take place at the surface of the core particles

thereby forming microcapsules.

We have found that procedures for microencapsulating the metal itself or the metal
precursor which have been described in the art for the preparation of melal-ligand
catalyst systems can also be used for the preparation of encapsulated metal
catalysts according fo the present invention. These disclosures of suitable
microencapsulation techniques inciude WO 2003/006151, WO 2005/016510 and WO
2007/096592. These systems form part of the present disclosure. In the interests of
brevity, the content of these disclosures is not reproduced here in full. However, it is
specifically intended that the contents of these disclosures insofar as they relate to
microencapsulation processes and suitable polymeric materials are to be
incorporated herein by reference. in other words, the microencapsulation techniques
and materials described in these documents referred fo above specifically form part
of the disclosure of the present invention for the preparation of encapsulated metal

catalysts according to the present disclosure.

There are various types of interfacial polymerisation technigues but all involve
reaction at the interface of a dispersed phase and g continuous phase in an emulsion
system. Typically the dispersed phase is an oil phase and the continuous phase is an



(b) dispersing the first phase in a second, continuous phase to form an emulsion, (c) reacting one or
more microcapsule wall-forming materials at the interface between the dispersed first phase and the
continuous second phase to form a microcapsule polymer shell encapsulating the dispersed first
phase core, and optionally (d) recovering the microcapsules from the continuous phase. Another
significant kenebuef thasatdystintértheigdrgsephdisdisuregadides intthibainifderfite obthe metal

partice sizespagiGed PRARIalianOLil SIeLGARNS! e a5 dsksl Asde mafal pgrticies are

physically entrapped within a polymer matrix they are unable to aggregate, coalesce or sinter to form
larger parti@&3MRIG RIS A HEBREHH PRRSH WtHIEBPIFERLIBIRI B FORYBUNER AT RANESRNATHS means that

the catalystdaehipisasgirmatepnsistensamstprestiotablpsmamner oRpaci ghepeitogredrisingsatalysts of

the invention are exgec}ed E Brogee %t more uniform ratt)es. Similarny thF £x0 herms,generated
: ISCreté droplels % Haho the a uepus phase by means o efrm,[: smcation wﬁ n

during reacﬁ'ons IS more controlléd: This’is particularly |mpyor ant for reactions conducted on an

industrial scalerfause deiwgrngdreofdisreaieapsidaied plierel chralipie havihgthecarefigiypdivatrolled

particlg Siz%&ﬁ@ﬁﬁg@%@q%ﬁ&r%@é@%@ﬁ% rsagamm t%@%e%@@tﬁ%@b’%%%memion are
useful in a wide Va“?ﬁ%( of reactlorg&ﬁartlcularl in the productjon of pharmaceutical actives and

intermediatt¥ MRS T EGFGREU RIGLIRHSRURRIES ' ARETHH RE I AIRRE Frust contain less than 5
parts per mitiameftyesidiiahterétaiat atatyisnSitiotapyly therB&ianmpose stapt vigjisinepnecdsson the levels

of residual metais, 1 ACKYE;ALPIRY G SN IS R6EL RS RALRIYSL QLG AYE BoN R QUi R cleaner

catalyst system, relative to known catalysts, that does not contaminate products or waste streams with
metal resid@e&NUWRIRRI BTGP HieiFstRtdaantReIcCatapsRLvR drdRIg e thBMFPSARBH Nd its
method of praparatienci&owpeestHbgthbedaviorarease, afseiewncatdhecatatysidagsiened to below

as Ni EnCat. GGeneral Procedures nalysis. was carried out using a Varian.Saturn 2100T
SIS st RT ol TS 2 R TRt B L BT S e
quantificatidgh@teh& ssterns siepdieierinted b oow SiaisaRisis athaudatRicysenglywere based on

rzggkt a;eo% raﬁmibﬁééﬁi&f@d@ﬁ&@gr@@btuﬁiigﬁ@é/@gwiﬁa@g Eg%#@ﬂ%%ﬁwﬁbﬂ%}' QetltlecAtic;]n at

0 nm. analyslis Oof produc conten s carri Qut using a ermo- rell-As
At Sean P HREEMR A AN Rt AL LB AReD b S i HaP B S G e Bh s of kown
concentratidireGeatingl @roapiulatiificieth odrvdigpirsdot alay dissdhdeilicanpietemid phase such as
chioroform gha loadinggfich- A0ME%8-0aSHAAR the BrYshomanty e Rl hesaRsapsulated. A

metal or metal alloy was added at a loading of 1 -40 wt% of the target polymer content of the
consisting of a solid permeable polymer matrix entrapping the organic core materials.

One type of microcapsule prepared by in situ condensation and known in the art is
exemplified in US 4956129 and US 5332584, This disclosure also forms part of the
invention insofar as it relates to encapsulation processes. These microcapsules,
commonly fermed "aminoplast” microcapsules, are prepared by the self-
condensation andfor cross- linking of etherified urea-formaldehyde resins or
prepolymers in which from about 50 to about 98% of the methylol groups have been
etherified with a C,-C,4 alcohol (preferably n-butanol). The prepolymer is added fo or
included in the organic phase of an oil/lwater emulsion. Self-condensation of the
prepolymer takes place optionally under the action of heat at low pH. To form the
microcapsules, the temperature of the two-phase emulsion is raised to a value of
from about 20°C to about 90°C, preferably from about 40°C to about 90°C, most
preferably from about 46°C o about 60°C. Depending on the system, the pH value
may be adjusted to an appropriate level. For the purpose of this present disclosure, a pH of
about 1.5 to 3 is appropriate.

As described in US 4285720 (aiso incorporated by reference as part of the present

invention) the prepolymers most suitable for use in this present disclosure are partially



microspheres. The suspension was stirred for 10 - 30 minutes. Polyfunctional isocyanate was added to

the suspension at the dgsired amount to generate the required porosity in the product, typically a
polymer content'df 361941 the final EnCat bead. An aqueous phase cdsi&By 850225

stabilisers/surfactants was prepared separately. This was stirred at high shear and the oil phase added
over a few mirftEeTerhEHEHP TR IS CRMEEHIRMIY Petiok dgwpriaheolhiiy spheasicleft to cure at
room temperatesdéorrseydral suuhiiyohowee. bytaditastienddnatiatdl Crephignagsiaas phase was

decanted and §he-hears,washe withwrles by Sesanting fwise; The.cncapsylated metal or metal alloy

were collected b filgdat(i:%rrjnand,sQored W Eer wet. Example, 1 - Nickel-Aluminium alloy encapsulation at

) o At 3 DA £33 R WHRH gives approx

1Kg Scale Thgrqﬁ(r)wmg raw materials ar_ee rgagﬁﬁié’ﬁ%sr _ _
2.8 kgs beads" @509 WEErGRbYNERRAIFSH REbiht RESRMBESTAD insEreiearmMNE 00 M Solid 840g
n/a SurfactanttligtgitdlimeaiBsas 100 %yGoligab@bli (eg Dynomin UB-24-BX, UB-90-BX efc).

Acid polymerisation catalysts capable of enhancing the microcapsule formation can
be placed in either the aqueous or the organic phase. Acid polymerisation catalysts
are generally used when the core material is foo hydrophobic, since they serve to
attract protons towards the organic phase. Any water soluble acid polymerisation
catalyst which has a high affinity for the organic phase can be used. Carboxylic and
suiphonic acids are particularly useful.

One further type of microcapsule prepared by In sifu condensation and found in the
art, as exemplified in US 4285720 (also incorporated by reference as part of the
present invention) is a polyurea microcapsule which invoives the use of at ieast one
polyisocyanate such as polymethylene polyphenyleneisocyanate (PMPP1) and/or
tolylene diisocyanate (TDI) as the wall-forming material. In the creation of polyurea
microcapsules, the wall-forming reaction is generally initiated by heating the emulsion
io an elevated temperature at which point a proportion of the isocyanate groups are
hydrolyzed at the interface to form amines, which in turn react with unhydrolyzed
isocyanate groups to form the polyurea microcapsule wall. During the hydrolysis of
the isocyanate monomer, carbon dioxide is Hberated. The addition of no other
reactant is required once the dispersion estabiishing droplets of the organic phase
within a continuous liquid phase, i.e. agueous phase, has been accomplished.
Thereafter, and preferably with moderate agitation of the dispersion, the formation of
the polyurea microcapsuie can be brought about by heating the continuous liguid
phase or by introducing a polymerisation catalyst such as an alkyl tin or a terfiary
amine capable of increasing the rate of isccyanate hydrolysis.

The amount of the organic phase may vary from about 1% to about 75% by volume
of the aqueous phase present in the reaction vessel. The preferred amount of
organic phase is about 10 percent to about 50 percent by volume. The organic
polyisocyanates used in this process includes both aromatic and aliphatic mono and
poly functional isocyanates. Examples of suitable aromatic diisocyanates and other

polyisocyanates include the following : 1-chloro-2 4-phenylene diisocyanate, m-



n/a Surfactant Polyvinyl alcohol as 100% Solid 420g n/a Deionised Water for aqueous phase Liquid

n/a 9135m1 Chloroform, stabilised with amylene Liquid 2880g 2009 ml Polymethylpolyphenyl
isocyanate Lj cfﬁ%mmmw“ PCT/GB2010/050225

phenylene diisocyanate (and iis hydrogenated derivative), p-phenylene diisocyanate
(and its hydrogenated derivative), 4,4'-methylenebis (phenyl isocyanate), 2.4-tolylene
diisocyanate, tolylene diisocyanate (80% 2,4-isomer, 40% 2,8-isomer), 2,6-tolylene
diisocyanate, 3,3“dimethyl-4,4-biphenylene diisocyanate, 44-methylenebis (2-
methylphenyl isocyanate), 3,3'-dimethoxy-4,4"-biphenylene diisocyanate, 2,2',5,5'-
tetramethyl-4,4"-biphenylene diisocyanate, 80% 2, 4- and 20% 2.6-isomer of tolylene
diisocyanate, polymethylene polyphenylisocyante (PMPPI), 1,6-hexamethylens
diisocyanate, isophorone diisocyanate, tetframethyixylene diisocyanate and 1,5-
naphthylens  diilsccyanate, hydrophilic aliphatic  polyisocyanates based on
hexamethylene diisocyanate (eg Bayhydur 3100, Bayhydur VP LS2319 and
Bayhydur VP 182336) and hydrophilic aliphatic polyisocyanates based on
isophorone diisocyanate (eg Bayhydur VP .82150/1).

It may be desirable to use combinations of the above mentioned polyisocyanates.
Preferred polyisocyanates are polymethylene polyphenylisocyanate (PMPPY) and
mixtures of polymethylene polyphenyiisocyanate (PMPP!) with tolylene diisocyanate

or other difunctional aromatic or aliphatic isocyanates.

One further class of polymer precursors consists of a primarily oil-soluble component
and a primarity water-soluble component which react together to undergo interfacial
polymerisation at a water/oil interface. Typical of such precursors are an opil-soluble
isocyanate such as those listed above and a water-soluble poly amine such as
ethylenediamine and/or diethylenetriamine to ensure that chain extension andfor
cross-linking takes place. Cross-linking variation may be achieved by increasing the
functionality of the amine. Thus for example, cross-inking is increased if
sthylenediamine is replaced by a polyfunctional amine such as DETA (Diethylene
triamine), TEPA (Tetraethylene pentamine) and other well established cross linking
amines. Isocyanate funciionality can be altered (and thus cross-linking also aftered)
by moving from monomeric isocyanates such as toluene diisocyanate to PMPPI.
Mixiures of isocyanates, for example mixtures of tolylene diisocyanate and PMPPRI,
may also be used. Moreover, the chemisfry may be varied from aromatic
isocyanates to aliphatic isocyanates such as hexamethylenediisocyanate and
isophorone diisocyanate. Further modifications can be achieved by parfially reacting
the (poly) isocyanate with a polyol to produce an amount of a polyurethane within the
isocyanate chemisiry to induce different properties to the wall chemistry. For
example, suitable polyols could include simple tow molecuiar weight aliphatic di, tri or

tetraols or polymeric_poiyols. The poiymefic polyols may be members of any class of

10



13509 1125m1 Dispersant Solsperse TM 32000 Solid 27.34qg rila Nickel-Aluminum Alloy Solid 270g
n/a Deionised%%al% L 6(—:‘cantation Ligquid 20000g 20000m1 De ionised Water for washes

PCT/GB2010/050225
polymeric polyols, for example: polyether, polyTHF, polycarbonates, polyesters and
polyesteramides. One skilled in the art will be aware of many other chemistries
available for the production of a pelymeric wall about an emulsion droplet. As welf as
the established isocyanate/amine reaction to produce a polyurea wall chemistry,
there can be employed improvements to this technology including for exampie that in
which hydrolysis of the isocyanate is allowed to occur to an amine which can then
further react internally to produce the polyurea chemistry (as described for example
in USP 4285720). Variation in the degree of cross linking may bs achieved by
altering the ratio of monomeric isocyanate to polymeric isocyanate, As with the
conventional isocyanate technology described above, any alternative isocyanates
¢an be employed in this erﬁbodiment.

One skilled in the art will be aware that the various methods previously described to
produce polyurea microcapsules typically leave unreacted amine {normally aromatic
amine) groups attached to the polymer matrix. In some cases it may be
advantageous to convert such amine groups to a substantially inert functionaiity.
Preferred are methods for the conversion of such amine groups to urea, amide or
urethane groups by post reaction of the microcapsules in an organic solvent with a

monoisocyanate, acid chioride or chlorcformate respectively.

US 6020066 (assigned to Bayer AG) discloses another process for forming
microcapsules having walls of polyureas and polyiminoursas, wherein the walls are
characterized in that they consist of reaction products of crosslinking agents
containing NH» groups with isocyanates. The crosslinking agents necessary for wall
formation inciude di-or polyamines, diols, polyois, polyfunctional amino alcohols,
guanidine, guaniding salts, and compounds derived there from. These agenis are
capable of reacting with the isocyanate groups at the phase interface in order to form

the wail.

The preferred materials for the microcapsule are a polyurea, formed as described in
US 4285720, or a urea-formaldehyde polymer as described in US 4856129, Again,
the teachings of these documents in so far as they relate to materials suitable for
forming microcapsules. Polyurea is preferred because the microcapsule is formed
under very mild conditions and does not require acidic pH to promote polymerisation
and so is suitable for use when ancapsuiating acid-sensitive catalysts., The most
preferred polymer type for the microcapsule is polyurea as described in US 4285720
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Liquid 50000g 50000m1 Organic Base Solid 13.5¢g n/a Industrial Methylated Sp(IMS) Liquid 86000g
20000m1

WO 2010/094946 PCT/GB2010/050225
based on the PMPP! polyisocyanaie either alorie or in combination with other

aromatic di or multi functional isocyanates.

Microencapsulation technigues described above most commonly involve the
microencapsulation of an oil phase dispersed within an aqueous confinuous phase,
and for such systems the catalyst is suitably capable of being suspendad within the
microencapsutated cil phase or more preferably is soluble in a water-immiscible
organic solvént suitable for use as the dispersed phase in microencapsulation
techniques. The scope of the present invention is not however restricted to the use
of oil-in-water microencapsulation systems and water-soluble catalysts may be
encapsulated via interfacial microencapsulation of water-in-oil emulsion systems.
Water-soluble catalysts may also be encapsulated via inferfacial microencapsutation

of water-in-oil-in-water emuision systems.

Preferably the metal catalyst, solvent and wall forming material are dispersed as a

single organic phase into the continucus agusous phase.

The lcading level of the microencapsulated catalyst can  be varled.
Microencapsulated catalysis with loadings 0.01mmol/g to 0.8mmclig are typical,
where the loading is based on metal content. Loadings of ¢.2mmol/g to 0.6mmollg
are preferred. In this invention loadings of the microencapsulated metal or metal alloy
are considerably higher ranging from 1 wi% to 40 wi%, whers loading is based on
the mass of metal to mass of microcapsule. Loadings of 8 wi% to 30 wi% are

preferred.

Typical examples of surfactants which can be used to facilitaie formation of the

emulsion inciude:

a) condensates.of alkyl (eg octyl, nony! or polyaryl) phenols with ethylene oxide
and optionally propylens oxide and anicnic derivatives thereof such as the
corresponding ether sulphates, ether carboxylates and phosphate esters;

block copolymers of polyethyiene oxide and polypropylene oxide such as the
series of surfactanis commercially available under the trademark PLURONIC
(PLURONIC is a frademark of BASF);

b) TWEEN surfactants, a series of emulsifiers comprising a range of sorbitan

esters condensed with various molar proportions of ethylene oxide;
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A. Preparation of Aqueous Phase in Reactor 1. In a 20L reactor fitted with mechanical stirrer,
thermocouple, condenser and feed line 1.68L of deionised water was added followed by 4209 of
Surfactant poweiﬁi}f”aufégﬁol and 105g of Surfactant Tergitolfm XD. The Rohtetd Pt reactor were
then heated to 60-65C and agitated until all solids are dissolved. The reactor contents were then

cooled to 28CCAnd SEBIRsEF R ML SenP RS adddae e 8RB0 meradivifisdd water was then
added to the reactortnérgitdteduhtibalhsilicsratendissotvedd B. Preparation of Organic Phase in
Reactor 2 A 5L feed reactor was purged with nitrogen and then 532 ml chloroform was added to the

reactor. The digperspayibglsiperse TivtiB200thécelorpiamaselilisnbidieddadict) mis Chloroform), was
then added to the reactor followed by 389 ml chloroform and the contents stirred for 10 minutes. The

Nickel-Aluminjymyalay (%/Qalu@sHhen Addedhi.ihe reataniollowed by, 468 nLehiproform and the
contents stlrre;L_ foI[OBO mlrgtéiées <r311;l ar][) rglxmat%%ZSC. 13%09 of %%%I%met%}%%ol phenél isocyanate
(PMPPI) was 24ded 16 He TeREBr Fotiowed 35y the PeR&iniRg 5 281 ERSASTS M #hSdark grey mixture
was then agit&E§3or SesaiifaBLalDBE ceropleerinatidn JFRe @liteton speed in main reactor was

set to "high speed" setting and the temperature control for the reactor was set to 28C. The oil phase

was transferréovinto weggieatsiphasibbdocopstart fopbues Rildogmites eiskdigaaristaltic pump
fitted with solvgatresistaniaersiniserdrber subingathe reasiaregiian: Wasimainaiped at the "high
speed" for a f%g@ﬁ%é minutes theigl re%yced to "low speed"”. A representative sar %(Ije of the agitated

am
S enzZenes such a Uene, Xylene or pro henzene fraciions, an | !
reactor contents was taken, and visually examined usi g gymlcroscope or dccepr?a)b e droplet size. If

droplets appe&PREHEN R et tRtteigtediPabingiorremh e inbie adc@ i Righusferr” for a further 5
minutes, then@djustedrta Helypeetdy aindiyisualstastiegeatect: DnBeqditngildig of Organic Base
was added to sheJeasias whlsiagiiationwasmaintaines @briawsnsadcAptifoam, was added in small
guantities duripg {Qﬁcglrorcg Spast q%ﬁilroegbt% Qigir@% eréoo i’ng.dehe tetm erat(%lre Wt%s maintained at
28C for 0.66 hours and then {he contents s OWR/ héa ed_ov%?/éjmi iU of 4 hotirs, to 40C by addition
of heat to the faelaie. Tare WaidtarEn! neft Trhubttise eulickiylese eisavéra pighempesature differential
between jacketsind agtor damtentsdq@imirinisenthedikeliboatkbi/sighificanthtganimg! If vigorous
foaming starteg HRIPIEARS i SRR SntEHERSIOJIEHBRSIHYIGIAR I A GurrgRL temperature until
the foaming Sls"t?c%l%‘es%ﬁethyl tert-butyt sther and cyclopentyl methyl ether and the acetate products

such as ethyl, hexyl, or heptyl acetate. Organic liquids conventionally preferred for

use in microencapsuiation processes are xylene, diesel cil, isoparaffins and alkyl

substiuted benzenes.

in addition to the catalyst or catalyst precursor, the oil phase may also include non-
ligating dispersing agents to aid the homogeneous distribution of the pariiculate
material through the oil phase. Typical examples include Sclsperse 32000 and
EFKA-4401.

The microcapsule wall-forming material may for example be a monomer, oligomer or
pre-polymer and the polymerisation may fake place in sifu by polymerisation and/or
curing of the wall-forming material at the interface. In the alternative polymerisation
may take place at the interface by the bringing together of a first wall-forming material
added through the continuous phase and a second wall-forming material in the

discontinuous phase.

Surprisingly, we have also found that despite the absence of ligands on the metal or

associated with the metal inside the polymer matrix, which ordinarily interact with the
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then gentle heating was resumed. The batch was held at 40C until foaming subsided for 1 hour. 1.5L
deionised water was then added to the reactor and the contents cooled to 25C over 1 hour and held at
25C for up to 18 hours, or until foaming had largely subsided. A sample of the beads was taken and
tested for mechanical strength. The agitation was reduced by 66%, and approx 3L was decanted from
the upper laydym&furthiex 3o deerest deactiegwels thddedttn ttealyattdneEnatlesus dikdamtation and

Fines Remayali The aaiatanuasisionResant meshahthe AURMR YRLaASAg caniedrising a

vacuum lance, fitted with a 100 micron filter on the end, without disturbing the bulk of the beads. A
further 3L dEfGRESEMRhNEE i RTe d e tndtHERT G A7t tREIOR CarifhY it ERCHEp &R #%0ur times. F.
Bead WashirigeTddeuseaclie nqpels ot wiaspikansieraddo. a Shitasedditiratiorsimnitaing résieual aqueous

phase remqyegh oy, a0RNIRGNGEEUNTM fodhgrealerd sy siem-2AL0L dRiRBISsEhWAtELYGRdhgn added to

the beads and the mixture agitated slowly for 10 minutes. The filtrate was then removed and this
process waElEpERREE3 tIESS FoBIgR icR e BRI BN v RS igHAHS AR RRIRISINES repeated
once more. ety sheneraghect iwasroshedotith Ll deidnisedayates tiseezatidetherogntents filtered
until materi % t. The W [ fr Siltratio e d stored as
water ot DR R e e B S T g the
beads in a é2Kkgesifnidevesedngtrtipenesis i fomicifeg Rrodisturs. The solution was cooled, removed
and replaced by a further portion of 6 M sodium hydroxide. The mixture was heated for a further 1

hour, then the soluti d and the bead hed wi il pH <9 h
(apbroxmatb RO N e S a1 B B o T RS Ao weater.
Example 2 afrépandtightyf Wittivatiee! pohone anatriz 50 s caleronapiles thevelapeiaining theionised
water was achiaguOlRHECHRY RAScsadlEn HRTOGR PRBISIRSOR ligholhe MSiNervals whis

stirring. Once all the sodium hydroxide was added the solution was allowed to cool to room

temperaturd S48 28I GE PSRRI RitHRRI¥JERYTE G ATy sieRe eI Sh FEIORIPRYES with
mechanicalstitrendheteoccaldmdiay dertarssndity 2isdetd@imdr abealesti bsodistformae pgred above

were added&)%%@r%éﬁ&?t% Agegwin 'gr@ge%gpg%gf %‘?ﬁﬁ%%E(Q%?‘té°%fi‘c9l?%¥}4%¥eo"r"ei9hed out

and added reactor in 50g portions whilst stirring. ervescence was observed followed by

P
evolution of i§apbEHeR e RRAlch WS VBlveginetrsuRPrarlvitetn e A alNeE 10 HmWESSAk reaction

subsided ang Biiber 308.6ftherds angerdy Weideadianal S PLocesWRE tBpeaiacdiuntiball the beads
were addedbto me re%?ctor., The rteact P_t]emrgetrf?turer,,[}/(\;/‘:g\as tg]en géadHill infrren?s d tp 90C and held at
this temperaﬁ:re?o? ToUrs. TRE Teactor comtentdWeEre then cooled to Dalow 366 and the caustic
layer decanpeeivictsaasamnyentiones fatetysiith a 100 micron filter on the end until most of the liquid was
removed. 400m1 of 'fresh' caustic solution was then added to the reactor and the contents heated to
90C for further 1 hour. After the contents of reactor had cooled to below 35C, the liquid phase was

decanted ofP YRETISN G IRLD 584 RN 58 WP YU RPHHE AlbR AR A s Sgitated. The
stirrer was thaficktofpedsistdrthéonihtersiayey desanteshditotive veediudnriagcactiVhi®protass was

repeated a fyrther Q.H4mesi8l Yathine ME pEievaterlPRIMASDBIRNs TReheadsWer g.then
collected and stored under Water.
the chosen reaction. Furthermore, we have found that the microspheres retain their

structural integrity following both the activation procedure and foliowing the use of the
activated encapsulated catalyst particles in chemical transformations. The lifetime is

thus extended relative to known catalysts.

A further technical benefit of the catalysis is that they can be recovered and reused
(after suitable washing) in subsequent reactions. At end of life, the metal can then be

recovered and recycled. This is a significant advantage over prior art catalysts.

A further benefit is the improved safety profile of the catalysts. Preliminary hazard
studies have indicated no evidence of pyrophoricity. This is a significant advantage
over conventional catalysts and allows for safer storage, handling, recovery and

disposal.
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The activity of the Ni EnCat beads produced according to the invention is exemplified by a number of
chemical transformations which are conventionally carried out with sponge nickel. Example 3 -
Reduction of 4-chloronitrobenzene 20 mol% Ni CI fl NO2 H2 (5 bar), IMS, r.t. Activated Ni EnCat (0.26
g, water wet, 20 mol% Ni on substrate) was washed with IMS three times to remove water and added
to 4-chloronitrobenzene (0.157 g, 1 mmol) dissolved in IMS (4 ml) in a pressure vessel. The vessel

was sealed|angpurgReiiese wMthhvdregen/henpigeskisedide-a npaidddsaysEoges snd the
contents magnetically stlrred at room teergr%%lratur Prof%ress of reactlorlé as, carried out %/ GCMS

analysis. AR TSR HHAPIPEHSRIRD SR Th o InaURT ERees HeRgY 0@ B9 EHSN. The filtrate
was concertdoatethenabatany theapgratiordodgoeatihuchip espsgitine 02y s@@%)at@@ﬂscm!lrlty 86 %.

Example 4 pﬁﬁﬂ@ﬁ%ﬂ%ﬁﬁé‘ﬁ%@f?‘a%ﬁg&"ﬁ@@t%%&gr@ fddelie GeRg addeRBLehkL It

Activated Ni EnCat (0.26 g, water wet, 20 mol% Ni on substrate) was washed with MeOH three times
to remove \K&Qé?%fhﬁ g&!b’&‘{@tﬁdcwo‘?@ﬁ"é‘ﬁ‘ﬂ)ﬁﬁl@m@?ﬂ ARFHENCEI % IFEH TRYREAM Monia in
MeOH (4 mlarusb&maaswe W@asebﬁmeuessebmmw@alempaegﬂdmne avjtdydppges then

pressiuised g SOl IdTpgEn B e canisuspanstall stitsd gt erdamperature

Progress of reaction was carried odt SIS ogen was vented and the
Ni EnCat bééd%er@fhébé@ﬁb@mﬂ%'@Whﬁﬁéiﬁmmﬁsobéﬁ@éﬁt‘ﬁéﬁé@ Wé%tﬁ%%@‘ﬁaﬁﬁ to give

4-chlorobenzylapaingAltd dalt %e Pl Riritbve%s X ampiak pR9fieiandef tert-butyl
W4R,6R)-6-(cyanomethyl)-2,2-dimethyl-1,3- dioxane-4-y1) acetate (1) 00 0
Thus, in one aspect, there is provided the use of a metal catalyst system as defined

above for catalysing a chemical reaction.

According to a further aspect, there is provided a process for the preparation of a
microencapsulated catalyst which comprises forming a
mattix microsphere by interfacial polymerisation in the presence of a metal precursor and

comprises the steps:

{a) dispersing at least one metal precursor in a first phase optionally in the presence of

dispersing agenis but without the presence of any bound or unbound ligand,
(b) dispersing the first phase in a second, continuous phase o form an emuision,
(c) reacting one or more microcapsule wall-forming materials at the interface
between the dispersed first phase and the continuous second phase to form a
microcapsule polymer shell encapsulating the dispersed first phase core, and
(d) optionally recovering the microcapsules from the continuous phase and
(e) decomposing the metal precursor to form a sponge metal so that the catalyst

encapsulated in the microsphere is in the form of a sponge metal; wherein the

metal is selected from nickel, copper, cobalt and iron.
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NCjo,K 12 Activated Ni EnCat (0.54 g, water wet, 12.5 wt% Ni on substrate) was washed with MeOH
then added to tert-butyl WAR,6R)-6-(cyanomethyl)-2,2-dimethyl-1,3-dioxane4-yl) acetate (1) (0.23 g,
0.85 mmol) in toluene (3 ml) and 7 N ammonia in MeOH (1 ml) in a pressure vessel. The vessel was
sealed and purged twice with hydrogen then pressurised to 5 bar with hydrogen gas and stirred
vigorously dtlsodciesviberartreesRigaction progress was analysed by HPLC. After 24 h the beads were
removed bxﬁét@f%armt@ é%‘?ét%@ri@@ﬁéﬁ%fé@%@@%f&ﬂrﬁ&h ace@ﬁ@ns@ya@@ﬁa«tgréwu& tert-butyl

(4R,6R)-6-(2 th thyl-1,3-d -4- tat %), Purity by HPLC >
05 05, Act AR U (BT AT SIS SO Rl RESH GBS e MELEH R wieOH thrce

times to remwetwwmmaﬁemmmzamwab%mdm&g ifh thmpmdmmmawenasm ml) in a
pressure vegsel.Jheyessel was sealed and purged twice with hydrogen then pressurised to 5 - 6 bar
with hydrogen and the contents magnetically stirred at room temperature. Progress of reaction was
carried out by GCMS analysis. After 24 h the hydrogen was vented and the Ni EnCat beads removed
by filtration ATherfibisate whsteongest@ieddrcotaryreppdiateiote givendbrisbertitbutaspne (0.149 g,
99%). Example 7 - Optimisation of the hydrogenation of a 4-chloro-2-nitroaromatic 3 CICI 34
4-Chloro-2-nitro compound 3 (1.0 mmol) was dissolved in methanol (5 m Wé\aglamal acetic acid (1.0
mmol) and Ni EHexdigpraindatigasbeaaaepsd, and/onielrt sllaysdorgé pRRoRHENBRY S stir under 1

bar of H2 for 24QBiRkatFeeBrtABRSEE e gERE VSIS IRIHSLEARRDOrd fbyas faljovmrmdHPLC. The
reaction was carried oué using a range of Ni EnCat catalyst loadings showing that th’e caéalyst charge
could be reduce(‘j"z o 1). Entry Catalyst (mai%)

(b) dispersing the first phase in a second, continuous phase to form an

emulsion,

{c) reacting one or more microcapsule wall-forming materials at the interface
between the dispersed first phase and the continuous second phase to form a
microcapsule polymer shell encapsulating the dispersed first phase core, and

optionally

(d) recovering the microcapsules from the continuous phase.
Another significant benefit of the catalysts of the present disclosure resides in the
uniformity of the meial particle sizes produced on activation of the metal catalyst

such as nickel. As the metal particles are physically entrapped within a polymer

matrix they are unable to aggregate, coalesce or sinter to form larger particles, a
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Time (mins) % Conversion 1 NiEnCat(20) 240 100 2 NiEnCat'TM (10) 240 100 3 NiEnCar (5) 240 100

WO 2010/094946 PCT/GB2016/050225

process which can occur with conventional sponge nickel catalysts. This means that

the catalyst behaves in a consistent and predictable manner.

Reactions performad using catalysts of the inventicn are expected to progeed at
more uniform rates. Similarly, the exotherms generated during reactions is more
controlled.  This is particularly important for reactions conducted on an industrial
scale. The advantages of an encapsulated nickel catalyst having a carefully
conirolled particle size profile have not previously been recognised in the art. The
catalysts of the invention are useful in a wide variety of reactions, particularly in the
production of pharmaceutical actives and intermediates. Recent Eurcpean legislation
means that new drug products must contain less than 5 parts per million of residual
metal catalyst. Simitarly, the FDA impose strict requirements on the levels of residual
mstals in active drug products. Hence, the calalysts of the invention provide a
cleaner catalyst system, relative to known catalysts, that does not contaminate

products or waste streams with metal residues.

A summary of an encapsulated nickel catalyst according to the invention and its
method of preparation is now described below. For ease of reference, the catalyst is
referred to below as Ni EnCat.

General Procedures

GCMS analysis was carried out using a Varian Saturn 2100T GC/MS instrument with
a FactorFour VF-8MS 30 m % 0.25 mm capilfary column. Identification and
quantification of the products were determined by GCMS analysis and relative yields
were based on peak area ratio.

HPLC was carried out using a Waters Alliance 2885 L.C system with UV detection at
190 to 400 nm.

ICP analysis of product metal content was carried out using a Thermo-Jarrell-Ash
Atom Scan 16 measuring unknown samples against calibration carried out using

standards of known concantration.

General encapsulation method

A dispersant was dissolved in an organic phase such as chlorofarm at a ivading of 1
— 20 wit% based on the target quantity of metal alicy to be encapsulated. A metal or
metal alloy was added at a loading of 1 - 40 wi% of the target polymer content of the
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Table 1 The reactions showed that it was possible to lower the loading of Ni EnCat needed for the
reaction to go to comgletlon The recyclability of the Ni EnCat in the process was investigated using 5
mol% of the cRIFEE A4 Ioro-2-nitro compound 3 (1.0 mmol) was diss8NEEHHEHETol (5 mL),
glacial acetic acid (1.0 mmol) and Ni EnCat (5 mol%) were added, the mixture was purged with H2 and
left to stir undéP' TR eREI2 ot SUTPPRRR atFSofi et ferafure. B omineisforPrivEowiooaind 4 was
followed by HRoCyDateentine adietiantinasusoanpletesitie: casalyst mvas all@vgshéasettie and the reaction

mhdure was regved RmIE aaiabIBN AeeRnIAlm The GRlRlS e waSHATReduth methanol (

x 5 ml) and then fresh 4-chloro-2-nitro compound 0 mmol), glacial acetic acid (1.0 mmol) and
methanol (5 m?fj were added. The mixture was purged with H2 and left to stir under 1 bar of H2 for 240
mins at room temperature. Conversion to compound 4 was followed by HPLC which again showed

complete reactengemaensitatingrtause saspssitieftable psCypladimpdaomuassion (mins) 1
240 100 2 240,35 stirred at high shear and the oil phase added over a few minutes. The shear rate

was subsequently reduced and the microspheres ieft to cure at room temperature for

several hours followed by at least one hour at 45 °C. The agusous phase was

decanted and the beads washed with water by decanting twice. The encapsulated

metal or metal alloy were collected by filfration and stored water wet.

Example 1 — Nicket-Aluminium alloy encapsulation at 1Kg Scale

The foliowing raw materiais are required for a notional 1.33 kg batch, which gives
approx 2.8 kgs beads @ 50% water-wet:

Material Form | Weight | Volume
Stabiliser Reax™ 100M Solid | 840g nfa
Surfactant Tergitol™ XD as 100% Sotid | 105¢g n/a
Surfactant Polyvinyl alcohol as 100% | Solid | 420g nla

Deionised Water for aqueous phaese | Liguid | n/fa 9135mi

Chloroform, stabilised with amylene | Liguid | 2880g | 2009 ml

Polymethylpolyphenyl isocyanate Liquid { 1350g | 1125ml

Dispersant Solsperse™ 32000 Solid | 27.34g | n/a
Nickel-Aluminum Alloy Solid | 270g nia
Deionised Water for Decantation Liguid | 20000g | 20000ml
Deionised Water fbr washes | Liquid | 50000g | 50000ml
QOrganic Base Solid | 13.5¢ "nfa
Industrial Methyiated Spirit (IMS) Liquid | 86000g | 20000ml

A. Preparation of Aqueous Phase in Reactor 1.

In a 201 reactor fitted with mechanical stirrer, thermocouple, condenser and feed line
1.68L of deionised water was added followed by 420g of Surfactant polyvinyl alcohol
and 105g of Surfactant Tergitol™ XD. The contents of the reactor were then heated
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100 Table 2 Comparative Example 1 - Activation of Ni/Al alloy without encapsulation For comparison,
sponge nickel was prepared by sodium hydroxide activation of the same Ni/Al alloy encapsulated in Ni
EnCat. Ni/Al aff@2tAtiERbaluminium-nickel catalyst, 0.5 g) was added iRSH{EFHSE#S to 6 M sodium
hydroxide solution (6 ml) at room temperature with stirring. After complete addition of the alloy the
solution was hisefed 2t0omCafsieteh umthelssiisionavissdeeded heererpiedeniente pleredteby a further
portion of 6 M seslddmdypdroxigel Eheimbitwewas ipatetdoraadsatheridehrdh@s thessolution removed

and the beadsqupaited WERNAISTHONT LS biseacled (ERPOMIAIINGE A vasies) The active

catalyst was stored under nitrogen degassed water. Comparative Example 2 - Sponge Nickel
reduction of teABAKAY((4R,6R)-6- (cyanomethyl)-2,2-dimethyl-1,3-dioxane-4-y1) acetate (1) 12
Sponge nickel from Comparative Example 1 (17 mg, 12.5 wt% Ni on substrate) was washed with
MeOH then added to tert-butyl (((4R,6R)-6-(cyanomethyl)-2,2-dimethyl1,3-dioxane-4-y1) acetate (1)
(0.23 g, 0.85 niimé&teiretdlorne{@ank) Anesd iNRmameoRia in MeOH (1 ml) in a pressure vessel. The

vessel was sealed aad Rurgrd dwiseqsithbydiegen dhemaiessunisedisdhdwillubydrogen gas and

tirred vi t . ' I by HRLC. 24 h th
;{;elys‘t’b%‘;?:‘eﬁizéo%gé?iﬁﬁ%”a%%5?%5‘@ tﬁ%ﬁ&?&%@ﬂ PRI R NP ¥30 dony(ﬂ.slzr%l Afer ©

iltration an eaction mixture concentrated on a rot r?/ evaporator to give
at mixture of téﬂg‘oﬁﬂﬁr@/@iﬁzﬁ‘ﬁ?}%lﬁ’-ﬁﬂﬂ%&ﬁ%-FQ,E’EIHTﬁ‘?@ﬂ‘fﬂ?ﬂ-?}’?ﬁ‘?o‘i@bﬁ@%@i?ﬂ”aad@tate (2) and
starting materitile Rarigntsy sHridC'd 31 SomBotep af bt el desieihphén BrReidu didbod vk iterobenzonitrile
with sponge nigkgld iSpeNERdEkeldiRM Ky amp aiativerdxamide dd 13-R8i20Hag!%: Nbon substrate)

v washed NGO ISR ATES iETOUE TS, Y

d?d to 4-chlorobenzanitrile (0.137 g, 1
. heényl
mmol) dissolve monia I Me a‘pres Ure'vessel THe r\'/egesaézg}a v%glj sealed and

purged twice Wit? R§EFE R A THBACIYdLQiREY (bS58 Har ArFP Y gaiPEhd BedRE¥SHts magnetically

stirred at roomntitnperatuienRaigres 05t oantien avds Carried out by GCMS analysis. After 24 h the

hydrogen was vented and the Ni catalyst removed by filtration. The filtrate was concentrated on a

rotary evapora&or[BQOgs'é/ltq:gEﬁlgl%obenzylamine (0.14 g, 99 %). GCMS purity 78%. Example 8 - Reuse
a

of Ni EnCat and metal leaching .
The agiiation speed in main reactor was set to “high speed” setting and the

temperature control for the reactor was set to 28°C.

The oil phase was transferred into the aquecus phase at a constant flow over 2-4
minutes via a peristaltic pump fitted with solvent resisiant versinic rubber tubing. The
reactor agitator was maintained at the “high speed” for a further 3.5 minutes then
reduced fo "low speed”. A representative sample of the agiialed reactor contents was
taken, and visually examined using a microscope for acceptable droplet size. if

roplets appear to be too largs, the reactor agitation can be increased to “high

speed” for a further § minutes, then adjusted to “low speed”, and visual test repeated.

D. Bead Curing

13 g of Organic Base was added to the reactor whilst agitation was maintained at
“low speed”. Antifoam was added in small quantities during the process, as required
to minimise foaming. The temperaiure was maintained at 28°C for 0.66 hours and
then the contents slowly heated over a minimum of 4 hours, to 40°C by addition of
heat to the jackei. Care was taken not {o heat foo quickly, or to have a high
temperature differential between jacket and reactor contents, to minimise the
likelihood of significant foaming. If vigorous foaming started before 40°C is reachad,

the reactor temperature was held at current termnperature until the foaming subsided,
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OOONCO1NiEnCat,H,000H2N 2 NiEnCat (1.0 g of 66% water wet beads, 6.5 wt% Ni) was
weighed into a glass reaction tube and washed three times with methanol. 1 (0.50 g, 1.86 mmol),
methanol (4 miP28HE 4t fmonia aq. (0.1 ml) and a magnetic stirrer bar WeFEGEHIBH0225

then gentie heating was resumed. The baich was held at 40°C until foaming
subsided for 1 hour. 1.5L deionised water was then added to the reactor and the
contents cooled to 25°C over 1 hour and held at 25°C for up to 18 hours, or until
foaming had largely subsided. A sample of the beads was taken and fested for
mechanical strength. The agitation was reduced by 66%, and approx 3L was
decanted from the upper layer. A further 3L deionised water was added fo the

reactor.

E. Agueous Decantation and Fines Removal

The agitator was stopped and most of the agueous layer was decanted using a
vacuum lfance, fitted with a 100 micron filter on the end, without disturbing the bulk of
the beads. A further 3L deionised water was added to the reactor and the decanting
process repeated four times,

F. Bead Washing

The reaction product was transferred {o a sintered filtration unit and residual agueous
phase removed by applying vacuum fo the sealed system. 10L of deionised water
was then added to the beads and the mixture agitated slowly for 10 minutes. The
filtrate was then removed and this process was repeated 3 times.

10L of IMS was then added to wash the beads and this was repeated once more.
Finally the product was washed with 10L of deionised water twice and the contents
filtered until material was 50% water wet. The beads were discharged from the

filtration system and stored as water wet beads.

General Activation method

Activation of the catalyst was achieved by heating the beads in a 6 M solution of
sodium hydroxide at 80 °C for 1 — 5 hours. The solution was cooled, removed and
replaced by a further portion of 6 M sodium hydroxide. The mixture was heated for a
further 1 hour, then the solution removed and the beads washed with water until pH <
9 is reached (approximately 10 washes). The active catalyst beads were stored
under nitrogen degassed water.

Example 2 - Preparation of Activated Ni EnCat at 250g Scale

In a 2L screw-cap jar, 1L deionised water was added followed by 240g sodium
hydroxide pellets in 50g aliquot at 5 minute intervals whilst stirring. Once all the
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and the reaction tube sealed in a pressure vessel. The vessel was purged with hydrogen twice then
stirred at 45 C for 16-20 h under 5 bar hydrogen pressure. Reaction mixture was removed from the
catalyst by de®Sht2idA*“ fashing the catalyst residue twice with methandf EatiBHES*ethanol
washings were concentrated under reduced pressure to yield 2 (0.467 g, 95%). The reaction was
analysed by G&4US Wisickidn dredrsbigeididioncgprotiguestts 99obioNPesHRETRSiAid$neasured by ICP
by dissolving thedpimancsishaskagenwniassredddMSO. The unknown was compared against Ni
standards of known concentration, taking an average of three measurement. The measured Nicontent

in the solid was 39 ppm. A‘;[ thaﬁand of thetexr)fe%i?enttﬁ the rﬁac_tio,n r?ixturef'hwas decanted from the
catalyst beads WHCH WS BRh AN Ler i e e e L WitHREWLRd| BEiBte HATVSA B A fresh portion of

substrate. Thigordsnespeat inftdtomehtersitaeuing prrsad Hveatalysdres e rable 3). Run Ni
loading Conversions dsalgied i aoodent 200@oY ialded Ni EnCat beads were weighed out and

added ioc the reactor in 50g portions whilst stirring. Rapid effervescence was
observed followed by evolution of hydrogen gas which was vented owt through a
water trap. After 10 minutes the reaction subsided and further 50g of beads added to
the reactor. This process was repeated until all the beads were added to the reactor.
The reactor temperature was then gradually increased to 90°C and held at this
temperature for 2 hours. The reactor confents were then cooled to below 35°C and
the caustic layer decanted via a vacuum lance fitted with a 100 micron filter on the
end until most of the liquid was removed. 400mi of fresh’ caustic solution was then
added to the reactor and the contenis heated to 90°C for further 1 hour. After the
contents of reactor had cooled to below 35°C, the liguid phase was decanted off and
1L nitrogen-sparged deionised water added to the reactor and contents agitated.

The stirrer was then stopped and the water layer decanied via the vacuum lance,
This process was repeated a further 9 times or until the pH of the water layer was
below 9. The beads were then collected and stored under water.

The activity of the Ni EnCat beads produced according to the invention is exemplified
by a number of chemica! transformations which are conventionally carried out with

sponge nickel.
Example 3 — Reduction of 4-chloronitrobenzene

20 mol% Ni
Cl-—<;>—wo2 - CI-Q‘NHQ
H, {5 bar), IMS,

rt

Activated Ni EnCat (0.26 g, water wet, 20 mol% Ni on substrate) was washed with
IMS three times to remove water and added to 4-chloronitrobenzene (0.157 g, 1
mmol) dissolved in IMS {4 mb) in a pressure vessel. The vessel was sealed and
purged fwice with hydrogen then pressurised to 5 — 6 bar with hydrogen and the
contents magnetically stirred at room temperature. Progress of reaction was carried
out by GCMS analysis. After 24 h the hydrogen was venied and the Ni EnCat beads
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16.5-100% 0.467 g 39 ppm 6.5 <1% >99% 0.513 g 14 ppm 3 6.5 9%

WO 2010/094946 PCT/GB2010/450225

removed by filtration. The filtrate was concentrated on a rotary evaporator to give 4-
chloroaniling {6.12 g, 95 %). GCMS purity 86 %.

Example 4 — Reduction of 4-chiorobenzonitrile

20 mol% Ni
Cl 7N =N 3o Cl“'Q—\
e H, {5 bar), MeCH, NH

£t

2

Activated Ni EnCat (0.26 g, water wet, 20 mol% Ni on substrate) was washed with
MeCH three times to remove water and added o 4-chiorobenzonitrile (0.137 g, 1
mmol) dissolved in 7 N ammaonia in MeOM (4 mi) in a pressure vessel. The vessel
was sealed and purged twice with hydrogen then pressurised to 5 — 6 bar with
hydrogen and the contents magnetically stirred at room temperature. Progress of
reaction was carried out by GCMS analysis. After 24 h the hydrogen was vented and
the Ni EnCat beads removed by fiitration. The filtrate was concentrated on a rotary
evaporator to give 4-chiorobenzylamine (0.13 g, 91 %). GCMS purity 77 %.

Example 5 ~ Reduction of ter-butyl (((4R,6R)-6-(cyanomethyl)-2,2-dimethyi-1,3-
dioxane-4-yl) acetate (1)

>
o><o o} ,k Ni EnCat, H, w ]
NC\/I\MO H,N o/<
1 2

Activated Ni EnCat (0.54 g, water wet, 12.5 wi% Ni on substrate) was washed with
MeQOH then added {o fert-butyl (((4R.6R)-6-(cyanomethyi}-2,2-dimethyi-1,3-dioxane-
4-yt} acetate (1) (0.23 g, 0.85 mmol) in toluene {3 ml) and 7 N ammonia in MeOH (1
mil} in & pressure vessel, The vessel was ssaled and purged iwice with hydrogen

then pressurised to 5 bar with hydrogen gas and sfirred vigorously at room
temperature. Reaction progress was analysed by HPLC. After 24 h the beads were
removed by filtration and the reaction mixture concentrated on a rotary evaporator to
give fert-butyl ({{4R.8R)-6-(2-aminoethyl)-2,2-dimethyl-1,3-dioxane-4-yl} acetate (2)
(0.195 g, 85 %). Purity by HPLC > 95 %,.

Example 6 — Reduction of benzalacetone
O 20 mol% Ni 0

\\ oo
©/-\)\ H, (5 bar), MeOM, O/\)J\
rt.
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91% 0.512 g 17 ppm Table 3: Ni EnCat Recycling in Hydrogenation of 1 at 45 C The activity of Ni
EnCat is maintained in the second run though there is a slight drop off to the third run. Conversions
were nonethe®@8sHfEité#than 90% and consistently high isolated yield HerERAHMEIHEd throughout.
Consistently low levels of Ni were measured in the product. This example demonstrates that the
catalytic systercteriegdiiansad (The cavalgswedf Inenpleddintriravdatialetnias webilsid thith potential to be
re-used in a largsoruirtestipkeelrsmel ieteasiio Bidg oBerethanoht @y ehesyof thenepaction.

Comparative E4amis Mol (#aghing A sbgae Mkl MekGeaialis (Rignasgycion Raney ()

2400 Nickel, 0.5 g of 50% water wet catalyst, 50 wt% E\Il was weighed into a eaction tube and
washed three fﬂ?f@s%ﬁ‘%‘@ﬂ?&n@ﬁﬁ?@?ﬁ@@?efé%ffn'rT?o[F)?rrf‘?’étfhaﬁgf’?&%ﬂ‘)‘,déaﬁéioa’i’?ﬁ‘ﬁonia ag. (0.1 ml)
and a magneticratirededigrsiirese aidideth deingretvesadtioortabekualdginaprasittevessel. The vessel
was purged withowelrageritwisssthen stisredhaldse€ s Memdtihanadee Snibandydregen pressure.
Reaction mixt 2] fr. i I lyst residue twice
with methanol%g%wn@r%gm %geﬁt%érﬁ)ﬂg Vﬁg%%%ﬁ?g@%%@ﬁﬁ%ﬁgﬁ%%% ugcrg%%xesiéure to yield 2

'~ (0.506 g, 99% ) PREGEERAMHWLE Sndiyéed by GC-MS which showed a conversion to product of >99%.
For comparison we measured the Ni content in the Ra-Ni catalysed reaction (Table 2) which showed

more than ten gmes the N gonteatiniie solidgdemonstatingihe o sgiease.af Ni from Ni EnCat.
Temperature Catalyst Niloading

R R
NO, Ni EnCat NH,
MeOH, H,
Ci cl
3 4

4-Chioro-2-nitro compound 3 (1.0 mmol) was dissolved in methanol {5 mL), glacial
acetlic acid {1.0 mmol) and Ni EnCat {5-20 mol%) were added, the mixture was
purged with H, and left to stir under 1 bar of H; for 240 mins at room temperature.
Conversion to compound 4 was followed by HPLC.
The reaction was carried out using a range of Ni EnCat catalyst loadings showing
that the catalyst charge could be reduced (Table 1).

Entry | Catalyst Time | % Conversion
{mat%) {mins)
1 NiEnCat™ (20) | 240 | 100

2 NiEnCat™ {10) | 240 | 100

3 NiEnCat™ {5) | 240 100

Table 1

The reactions showed that it was possible to lower the loading of Ni EnCat needed

for the reaction to go to completion.
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Conversions Ni content C wt% 1 2 45 Ni EnCat 6.5 <1% >99% 39 ppm 45

W 2010/094946 PCT/GB2010/050225

The recyclability of the Ni EnCat in the process was investigated using 5 mol% of the
catalyst. 4-Chloro-2-nitro compound 3 (1.0 mmol) was dissolved in methanol (5 mL),
glacial acetic acid (1.0 mmol) and Ni EnCat (5 mol%) were added, the mixture was
purged with H; and left to stir under 1 bar of H; for 240 mins at room temperature.
Conversion 1o compound 4 was followed by HPLC. Once the reaction was complete,
the catalyst was allowed to settie and the reaction mixture was removed from the
catalyst by decantation. The catalyst bed was washed with methanol (3 x 5 ml) and
then fresh 4-chloro-2-nitro compound 3 (1.0 mmol), glacial acetic acid (1.0 mmol) and
methanol (5 mL) were added. The mixture was purged with Hz and left to stir under 1
bar of H, for 240 mins at room temperature. Conversion o compound 4 was followed

by HPLC which again showed complate reaction demonsirating reuse was possible

{Table 2).
Cycle | Time | % Conversion
{mins)
1 240 100
2 240 100
Table 2

Comparative Example 1 - Activation of Ni/Al alloy without encapsulation

For comparison, sponge nickel was prepared by sodium hydroxide activation of the
same NifAl alloy encapsuiated in Ni EnCat. Ni/Al ailoy (Aldrich aluminium-nickel
catalyst, 0.5 g) was added in small portions to 6 M sodium hydroxide solution (6 ml)
at room femperature with stirring. After complete addition of the alloy the solution was
heated at 90 °C for 1 h. The solution was cooled, removed and replaced by a further
portion of 8 M sodium hydroxide. The mixture was heated for a further 1 h, then the
solution removed and the beads washed with water untl pH < 9 is reached
(approximately 10 washes). The active catalyst was stored under nitrogen degassed
water,

Comparative Example 2 — Sponge Nickel reduction of terf-butyl (((4R,6R)-6-
(cyanomethyl)-2,2-dimethyl-1,3-dioxane-4-yl) acetate (1)
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Ra-Ni 50 <1% >99% 421 ppm Table 4: Metal content in Ni EnCat and Re-Ni Hydrogenation Example

9 - Reuse of Ni EnCat in Reduction of 4-chlorobenzonitrile CI 20 mol% Ni Cl
WO 2010/094946 PCT/GB2010/650225

¢ 9 O k Ni EnCat, H, /\/?\/?\)OL /k
e A _ ™ o
1 2

Sponge nicke! from Comparative Example 1 (17 mg, 12.5 wit% Ni on substrate) was
washed with MeOH then added to fert-buty! (({(4R,6R)»6-(cyanomethyl)-2,2-dimethyi-
1,3-dioxane-4-yl) acetate (1) (0.23 g, 0.85 mmol} in toluene (3 ml) and 7 N ammonia
in MeOH (1 ml} in a pressure vessel. The vessel was sealed and purged fwice with
hydrogen then pressurised to 5 bar with hydrogen gas and stirred vigorously at room
temperature. Reaction progress was analysed by HPLC. After 24 h the catalyst was
removed by fiitration and the reaction mixture concentrated on a rotary evaporator to
give at mixture of tert-buty! (({4R,6R)-6-(2-aminoethyi}-2,2-dimethyl-1,3-dioxane-4-yl)
acetate (2) and starting material, Purity by HPLC 53 %.

Comparative Example 3 — Reduction of 4-chlorobenzonitrile with sponge nickal

20 mol% Ni
a— V=N - Cl-@—\
= M, {5 bar},MeCH, NH

r.t.

2

Sponge nickel from Comparative Example 1 {12 mg, 20 mol% Ni on substrate} was
washed with MeOH three times to remove water and added to 4-chiorobenzonitrile
(0.137 g, 1 mmol) dissolved in 7 N ammonia in MeOH (4 mi) in a pressure vessel.
The vessel was sealed and purged twice with hydrogen then pressurised to 5 — 6 bar
with hydrogen and the contents magnetically stirred at room temperature. Progress
of reaction was carried out by GCMS analysis. Affer 24 h the hydrogen was vented
and the Ni catalyst removed by filtration. The fiitrate was concenirated on & rotary
evaporator to give 4-chlorobenzylamine {0.14 g, 99 %). GCMS purity 78%.

Example 8 ~ Reuse of Ni EnCat and metal leaching

o 0 o J< Ni EnCat, H, /\/OK/UJ\ k
Nc\wo H,N 0
1 2

Ni EnCat (1.0 g of 66% water wet beads, 6.5 wi% Ni) was weighed into a giass
reaction tube and washed three times with methanol. 1 {0.50 g, 1.86 mmol),

methano! {4 mi), conc. ammonia ag. (0.1 mi) and a magnefic stirrer bar were added
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H2 (5 bar),MeOH, r.t. Activated Ni EnCat (0.26 g, water wet, 20 mol% Ni on substrate) was washed
with MeOH three times to remove water and added to 4-chlorobenzonitrile (0.137 g, 1 mmol) dissolved

in 7 N ammont29ri9éBt4¢4 ml) in a pressure vessel. The vessel was seZReFEAYHIFEEY twice with

hydrogen then pressurised to 5 - 6 bar with hydrogen and the contents magnetically stirred at room
temperature. AftEr P9 FeasEORyHRSgP IR Ve MEgartl \CBMSTAAaIpsss! stigsvedrershiplete consumption
of the starting mategal anckaprodticépurity o820t GLhe prodidenituiel wash reraved from the Ni

EnCat beads by decaniation aad r.caialyst Waswashed Witk methanohisd pidy Gresh

4-chlorobenzonitrile (0.137 g, 1 mmol) and 7 N ammonia in MeOH (4 ml) were added to the catalyst
roaction s EAHRCA T ) SERR ) SO AR BIGTlY RGP PR HURSGbH e vented and
analysis of reatefyRa9yPEENS Bhotied Cothpletdebnslinpaanior tee statsry Mafefdf&nd a product
purity of 65%. @ashpamiide: cxanaplenSe Relusedt8ponge Nickel catalyst 20 ma% Ni  Cl

Ni content was measured by ICP by dissolving the product in a known mass of
DMSO. The unknown was compared against Ni standards of known concentration,
taking an average of three measurement. The measured Ni content in the solid was

36 ppm.

At the end of the experiment, the reaction mixture was decanted from the catalyst
beads which were then washed three times with methanol before addition of a fresh
portion of substrate. This was repeated twice to demonstrate the potential for catalyst
recycle {Table 3).

Run Niloading | Conversions Isolated NI content
1 2 Yield
1 8.5 - 100% 0.467 g 39 ppm
6.5 <1% >99% 0513¢g 14 ppm
8.5 8% 91% 0512 g 17 ppm

Table 3: Ni EnCat Recycling in Hydrogenation of 1 at 45 °C

The activity of Ni EnCat is maintained in the second run though there is a slight drop
off to the third run. Conversions were nonetheless greater than 90% and consistently
high isolated yield were maintained throughout. Consistently low levels of Ni were

measured in the produch,

This example demonsirates that the catalytic system can be reused. The catalysis of
the present invention thus exhibil the potential to be re-used in a large number of
cycles of the reaction, e.g., more than 10 cycles of the reaction.

Comparative Example 4 — Metal leaching from Sponge Nickel

Nickel catalyst (Sigma-Aldrich Raney® 2400 Nickel, 0.5 g of 50% water wet catalyst,
50 wi% Ni) was weighed into a glass reaction tube and washed three times with
methanot. 1 (0.50 g. 1.86 mmol), methanol (4 ml), conc. ammonia ag. (0.1 ml)and a
magnetic stirrer bar were added and the reaction tube sealed in a pressure vessel,

The vessel was purged with hydrogen twice then stirred at 45 °C for 16-20 h under 5
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H2 (5 bar), MeOH,NH2 r.t. Sponge nickel from Comparative Example 1 (30 mg of a 50% wet slurry, 20
mol% Ni on substrate) was washed with MeOH three times to remove water and added to 4-
chlorobenzonitfeH&4%74§, 1 mmol) dissolved in 7 N ammonia in MeOHY 4G A 4LPESsure vessel.
The vessel was sealed and purged twice with hydrogen then pressurised to 5 - 6 bar with hydrogen
and the conterttd nhgivaataniessiried Rgadiom maperatase ratred 2mhdhrydpetesh Was vented and
analysis of reagtiamnthyot GMbish ewed s pieieueanaisnyitionstidhe. Startbigtnatariadoil he product
solution was remayedk frm the catalvat by decantal Q&getlg@my@@gg%ﬂv%%egh\gith methanol (3

x 4 ml). Fresh 4-chlorobenzonitrile 1 mmol) and 7 N ammonia in MeOH ?4 ml) were added to

1379, ] |
the catalyst reé%?%'ﬁWQ?Lﬁ’éalgﬁ?%ay%%‘gﬁe%gﬁpesb/% S PO BIREVILG Y RHEF S 3% the hydrogen was

vegted andlabnabf&i@r%gﬁ@fgtm m}éfa@%\{ld%éfégw&%w @%%@)hﬁ&%tgt@%m%&%ﬁr{@law&s Consumfd

and several byproducts had been formed (16% progduct purity),. Example 10- Ni EnCat Activity Lifetime
Activated Ni Er?&vg%*fﬁ.i%mg’ﬁ o e TR e 2l G e B veom tec
times to removVe{(yaRAs8 R N dFBNFA @ orobenzonitrile (0.137 g, 1 mmol) dissolved in 7 N ammonia
in MeOH (4 ml Wémﬁékmgg%gg ek Thevessainassaaledant purged-twigeyihiygrogen then
pressurised to 5’6 6 atm with hydrogen anq/the con e,ims-magnegeauysumad at room temperature.
After 18 h the hydrogen was vented and the Ni EnCat beads refaoved by filtration. A sample of

reaction mixtuté'was then ahaRS8H by EéMs. Timeems rRedliie 39 ppm
45 Ra-Ni 50 <1% >95% 421 ppm

Table 4: Metal content in Ni EnCat and Ra-Ni Hydrogenation

Example ¢ — Reuse of Ni EnCat in Reduction of 4-chlorobenzonitrile

20 mol% Ni
a— H—=n - m—@—\
— H, (5 bar),MeOH, NH

rt.

2

Activated Ni EnCat (0.26 g, water wet, 20 mol% Ni on substrate) was washed with
MeOH three times to remove water and added to 4-chlorobenzonitrile {0.137 g, 1
mmol) dissolved in 7 N ammonia in MeOH (4 ml) in a pressure vessel. The vessel
was sealed and purged twice with hydrogen then pressurised o 5 — 6 bar with
hydrogen and the contents magnetically stirred at room temperature. After 22 h the
hydrogen was vented and GCMS analysis showed compiete consumption of the
starting material and a product purity of 82%. The product mixture was removed from
the Ni EnCat beads by decantation and the catalyst was washed with methanol {3 x
4 mi). Fresh 4-chiorobenzonitriie (0.137 g, 1 mmol) and 7 N ammoniz in MeOH (4 mi)
were added to the catalyst reaction mixture stirred in a pressure vessel as previously,
Afier 22 h the hydrogen was vented and analysis of reaction by GCMS showed
complete consumption of the starting material and a product purity of 65%.

Comparative Example 5 - Reuse of Sponge Nickel catalyst

20 mol% Ni
o— VH—=n - CHQ—\
P H, (5 bar), MeOH, NH

rt.

2

Sponge nickel from Comparative Exampie 1 (30 mg of a 50% wet slurry, 20 mol% Ni
-oh subsirate) was washed with MeOH three times to remove water and added fo 4-
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Conversion (%) Purity (%) Fresh Catalyst > 99 77 2 months > 99 72 4 months > 99 75 6 months > 99

54
WO 2010/054946 PCT/GB2010/056225

chlorobenzonitrile (0.137 g, 1 mmol) dissolved in 7 N ammonia in MeCH (4 ml} in a
pressure vessel. The vessel was sealed and purged iwice with hydrogen then
pressurised to 5 — 6 bar with hydrogen and the contents magnetically stirred at room
temperature. After 22 h the hydrogen was vented and analysis of reaction by GCMS
showed complete consumption of the starting materal. The product solution was
removed from the cafalyst by decantation and the catalyst was washed with
methanol (3 x 4 mi}. Fresh 4-chlorcbenzonitrile (0.137 g, 1 mmol) and 7 N ammonia
in MeOH (4 ml) were added to the catalyst reaction mixture stirred in a pressure
vessel as previously. After 22 h the hydrogen was vented and analysis of reaction by
GCMS showed only 68% of the starting material was consumed and several by-
products had been formed {16% product purity).

Example 10 — Ni EnCat Activity Lifetime

Activated Ni EnCat (0.26 g, 60 % water wet, 15 mol% Ni on substrate) was washed
with MeOH three times to remove water and added to 4-chiorobenzonifrile (0.137 g,
1 mmol) dissolved in 7 N ammonia in MeOH (4 ml) in a pressure vesssl. The vassel
was sealed and purged twice with hydrogen then pressurised o 5 - 6 atm with
hydrogen and the contents magnstically stirred at room temperature. After 18 h the
hydrogen was venied and the Ni EnCat beads removed by filtration. A sample of

reaction mixture was then analysed by GCMS3.

GCMS Result
Time
Conversion (%} Purity {%)
Fresh Catalyst > 99 77
2 months > a9 72
4 months > 99 ' 75
6 months > 99 54

Table 5

This experiment shows that the catalyst retains activity over a 6 month period.

Example 11 — Mechanical Stability of Ni EnCat

The mechanical stability of Ni EnCat product has been tested by subjecting the
beads to magnetic stirring whilst suspended in various solvents for 7 days.

27



Table 5 This experiment shows that the catalyst retains activity over a 6 month period. Example 11 -
Mechanical Stability of Ni EnCat The mechanical stability of Ni EnCat product has been tested by
subjecting the%%\‘ﬁgj‘{%“%fagnetic stirring whilst suspended in various so?&ér(ﬁnggf"‘?s%s. Activated Ni
EnCat beads (1 g) were weighed into 50 ml tubes from a Radleys Carousel reactor. 15 ml of the test
solvent was thesiigre dNid- et dgetsr thise ard YR pikitie Sirmtdubsh §eroasS8fieyagnetic
follower. After Zatlayss) samiplessohtioe thataly sbiwereviak érefordeied | uatherdaytoptibat mmaroscopy, and the

solvents were filtered faranaly 36hd2aucian s, haditiateskom heexaprimepisiwere then
analysed for N|cl«?l z%md Aly inium coqtent vig md&xctlvely cou(pled Iaa%ma Q’able Q,) Table 6 After 7
- alyst were. taken for evaluagiion, Dy. oplical microsc #r)\ he sbivenis wer .
days stirring af.:?ng\r’] agl?aeflon Speeds, op?l_cal icroscope exammmation (_)fethe eads show no sign of
attritional or cHéfffcaltaRitgndatidn. AR o' He MBASE el Bieverpadienietseedieing levels in each
of the test solventgsdoxamiiesl 2ad\il rniCiath Safetyt Benefitsitdie dallosd pidvay €rbiges)addressed
through hazard testing measurements on activation Ni EnCat. Tests carried out were: UN Self-heating
Solids - Basket Test .

Acstone

2-Propanol <5 <2

Toluene <5 <2

Water <5 «9
Table

After 7 days slirring at high agitation speeds, optical microscope examination of the
beads show no sign of attritional or chemical degradation. This is also demonsirated
by very low metal leaching levels in each of the test solvents.

cxampie 12 — Ni EnCat Safety Benefits

The following have been addressed through hazard testing measuremenis on
activation Ni EnCat. Tests carried out were:

< UN Self-heating Solids — Basket Test
« UN Test N.2: Pyrophoric Solids Test

The Basket Test is conducted to define whether a material exhibits self-heating
properties and, if so, to designate the transportation classification and packaging
class. The sample container is housed in the cenire of an oven and the oven
temperaiure is raised to 140 °C and held isothermally for 24 hours. The temperature
of the sample and oven are continually monitored / recorded. A positive result is

denoted by a 80 °C dse in temperature over the oven temperature within 24 hours.

With a basket size of 100 mm and a test temperature of 140 °C it was determined
that Ni EnCat should be classified as ‘Nof a selfheating substance of Class 4,
Division 4.2".
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The Basket Test is conducted to define whether a material exhibits self-heating properties and, if so, to
designate the transportation classification and packaging class. The sample container is housed in the
centre of an oVEPHAY & oven temperature is raised to 140 C and held?'sOFRIHAIRY Y 24 hours. The
temperature of the sample and oven are continually monitored / recorded. A positive result is denoted
by a 60 C rise Tha@itipritaicife tovieranecnderiad inserat i siitiitho aohd uis aniennachaigket size of 100
mm and a testigmperaineal off It wasdetermibedothad Nekentatshouotd beglassified as 'Not a
seltheating suaiégx%tefa%ﬁ.%&nmfﬂslgeu%aHb%&ve;@mqwg%%aa\aﬁoqw&u&%to define

8

whether the sol ill ignite in contact with air. 1-2 m| of powdeyy substance to be tested were poured
from about 1 T REIEIRAR ASHECHTBREHT YHhad IR RIATA SIS RGFIE b whether the
substance ignRegaduifh g Esssint e vtheR i aripauies ebaswith . ITthrepriciaies i Performed six
times, unless amestive, esuliaesehiined b tbessaraplgigrites dhorrcafdbe drsisiddhm material should
be considered%@@% ng shauld e classified in Packing Group I of Division 4.2. The water was
poured off Ni EnCat and the powder was allowed to dry on a filter paper for approximately 5 minutes,
prior to testingTAcheakkopdestomas dpatad 8 tmetsvithwderigiaitialicimedachinase alfitas been
determined thab i ERCRbRI@HMEResCIRasIEe dhas Nota Ry orhobeselis ahEagsHd sSeparately the
Ni EnCat sample dricl under iraden, prior 9 {esUgs The diop st Weis fepeaied 6 mes with no
ignition in each case. It has bean determimed that Ni EntCat ehould be classitied Bs Not a pyrophoric
solid of Class #'3#sified a8 NeraeremneiesidRhEtERs éatalysts of the invention allow reactions to be
conducted in NghYield ieneasalnble aacieliahimanaer. Bhs: 163uling Rradycls ghtained are

consistent with expectations based on t%e chemistries involved. Thus thée catalysts not only overcome

the problems SY35rTBPEHEL\EIENGE Bt SRHIL pEATHTRR CE BEhERES. ¢S RTRR ¥ lpsulated metal
catalyst systerhn@at sbatady spstéied conlmnisiny etheristaidefbéed 4Ad/or at least one metal alloy and
a polymeric microsphere which is permeable to liquid to the extent that the reaction medium to be

catalysed is capable of contacting the encapsulated catalyst, wherein the or each metal and/or metal

alloy is retained ingide.terpalynagsic Micias PRI WREIRNIIEHIITORANeEIR A NBlydrea microsphere
formed from a|qgst g0 nelyisaynate andior tolylens disaryanais v ifrlagial pelymerisation:
wherein the or each meta n(for metal gﬁoy IS not associated with or bound to a ligand; wherein the
metal catalyst ¥RAPS GAENHSIRY IR BHFTERITS fPERE ?Brmeo‘frﬁ@ﬁgf‘?@é?‘(ﬁi’{@?eiﬂ%ﬁsthe metal is
selected from the grelypteonsistingedravokeh e oppémeoifaiticardt irysteansdo(if) dee haetal alloy
comprises at lgagteppdastaksglected from the group consisting of: nickel, copper, cobalt, and iron. 2.
A metal catalyst system as claimed in claim 1, wherein the metal is nickel or wherein the metal alloy
includes nickel. 3. A metal catalyst system according to any preceding claim, wherein the loading of
the microencapsulated metal or metal alloy is in the range of from 1 wt% to 40 wt%, where loading is
based on the mass of metal or metal alloy to mass of microcapsule. 4. A metal catalyst system
according to any preceding claim, wherein the material used to form the walls of the microsphere is
selected from the group comprising a monomer, oligomer or pre-polymer. 5. A metal catalyst system
according to any preceding claim, wherein the polymeric microsphere is a polyurea or a

. urea-formaldehyde polymer. 6. A metal catalyst system as claimed in claim 5, wherein the polymeric
microsphere is a polyurea formed from polymethylene polyphenyleneisocyanate and/or tolylene
diisocyanate. 7. A process for the preparation of a microencapsulated catalyst which comprises
forming a matrix microsphere by interfacial polymerisation in the presence of a metal precursor and
comprises the steps:
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(a) dispersing at least one metal precursor in a first phase optionally in the presence of dispersing
agents but without the presence of any bound or unbound ligand, (b) dispersing the first phase in a
second, cStiEtous phase to form an emulsion, (c) reacting one or more microcapsule wall-forming
materials at the interface between the dispersed first phase and the continuous second phase to form

a microcapsuie polymeesbelkancapsuiatingther diskersed fiishphaseseimmed, ()aptignrally
recovering the micracapsyles fQm-the CaBUNLAYS RNASK ARA: (S JeR0IMRRSING é%&ﬁi@!@mecursm to

form a sponge mete}l sQ #Q%tethgec? alyﬁ;[eerggaﬂgg%géed in"the microsphere the form %f a sponge

is i
metal; wherein the metalis Seiecte From ic el, cop'){g%}? COBAlT '5?? i%ﬁ?@%gfecg t?ﬁﬁgtaﬁcatalyst

system as claimed if'&ifyii GFEIKIMY T8 §'F EATARSIAG A ChBRift Al TeBLEGHed insice the

polymeric microsphere; wherein the microsphere is a polyurea microsphera formed from
at least one polyisocyanate and/or tolylene diisocyanate by interfacial polymerisation;
wherein the or each metal and/or metal alloy is not associated with or bound fo a figand;
wherein the metal catalyst encapsulated in the microsphere is in the form of a sponge;
wherein (i) the metal is selected from the group consisting of: nickel, copper, cobalt, and
iron, and (i) the meial alloy comprises at least one metal selected from the group

consisting of: nickel, copper, cobalt, and iron.

2. A metal catalyst system as claimed in claim 1, wherein the metal is nickel or wherein the

metal alloy includes nickel.

3. A metal catalyst system according to any preceding claim, wherein the loading of the
microencapsuiated metal or metal attoy is in the range of from 1 wt% to 40 wi%, where

loading is based on the mass of metal or metal alioy io mass of microcapsule.

4, A metal catalyst systém according fo any preceding claim, wherein the material used to .
form the walls of the microsphere is selected from the group comprising a monomer,

cligomer or pre-polymer.

5. A metal catalyst system according to any preceding claim, wherein the polymeric

microsphere is a polyurea or a urea-formaldehyde polymer.

8, A metal catalyst system as claimed in claim 5§, wherein the polymeric microsphers is a
polyurea formed from polymethylene polyphenyleneisocyanate and/or tolylene

diisocyanate.
7. A process for the preparation of a microencapsulated catalyst which comprises forming a
matrix microsphere by interfacial polymerisation in the presence of a metal precursor and

comprises the sieps:

(a) dispersing at ieast one metal precursor in a first phase oplionally in the presence of

dispersing agents but without the presence of any bound or unbound ligand,
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(b) dispersing the first phase in a second, continuous phase to form an emulsion,
{c) reacting one or more microcapsule wail-forming materials at the interface
between the dispersed first phase and the continuous second phase to form a
microcapsule polymer shell encapsulating the dispersed first phase core, and

(d} optionally recovering the microcapsules from the continuous phase and

{e) decomposing the metal precursor to form a sponge metal so that the catalyst
encapsulated in the microsphere is in the form of a sponge metal; wherein the

metal is selected from nickel, copper, cobalt and iron.

Use of a metal catalyst system as claimed in any one of claims 1 to 6 for

catalysing a chemical reaction.
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