WO 2010/056200PCT/SG2008/000435 Hydrophobic magnetic particles Technical Field The present
invention relates to hydrophobic magnetic particles, their synthesis and their use. Background of the
Invention  Engyrgmataliszed biotansformations have gained increasingdnportagiag45s organic and
pharmaceutical syntheses. This is due to the superi?r specificity and selectivity of certain enzymes,
and the milder reaction conditions employed compared to conventional chemical synthesis of
enantioselective compounds. 10The main challenges facing the scale-up of enzyme-catalyzed

asymmetric reactions include the Hiffthetiiiebbigimagaeticyrndolesecycling from the solution, and
the deactivation of enzymes when organic so{.\é%ﬂts ar ngjgﬁfj. To overcome these issues, enzymes

have been immobilized onto solid supports to FEnteF them more mechanically robust and thermally
stable, and to facilit3te ceeenistyesdersiaipmivdudeonhabisonreaais pBtcirm them s Béen reported
to exhibit enhapgag;gatalytic activity due to reduced enzyme aggregation in organic media and less
protein denaturation [(a) Lalonde, J.; Margolin. A is in Organic Synthesis; Wiley-VCR:
Weinheim, Germany, 2002; Vol. 2, p. m.@@“\?fb‘fﬁw gng\;é\&/t‘?ﬁt P. A. J Mater. Chem, 2005, 15,
3690. (c) Maury, S.; BigssneapalyperRiorusfogniery Jay 8. EHIYmiTeXe JPE81 %0 Fhere are
generally threega@y tadinmabilicewsinzy meshestio Sbiid inafganic Supporspenpagsoigtiend covalent
bonding and entr;

NURAMENLIQUENGL, e eRralion gk suslk calalsIR fam Adeacipnmistiye would
generally require -

ié -speed centrifugation. There is a need to develop catalytic materials with open,
interconnected AR BPEtAF BTG cu R sis it sne il sHEARTEMITD catalytic sites, while incorporating
attributes that 25woulthallewiforihiéeassy Sejrarafiensofithepcafalstiymrateridizad nasthenreiziction mixture,

Methods of incorparating the. magnelic CharaciersicIaMesePRIgHmS icahay sohrrp, reRorted
recently. They include the electrochemical synthesis of magnﬁe/;[‘ig Rr#a?oparticles \%ithin the walls of the
4 -

silica supports, Bh s Gth YT B Ebaa RN SEANS™ QAFMER- 48 hEhRels via
impregnation asskexpobsave iecoigamibiBecdcids. i4bdveymorsustrayistHbsts methagshesisiionly lead to
pore blocking Tomversame.his PreliRMukiansbissammarkersiRbrcaaddmagnaticaiizseparable
mesoe_:tructured silica with an open pore system, whereby the, magnetic %obalt naquadr&i%l s were
selectively'depSERENB AT AT 2458 TPEEA-15 ?%é%‘b%%ﬂ?%f T RIEY idide K Eehmidt, W
Bill, E.; Fink, G snShiithg@EsgitidminCGhemicSoed20as, k36 188586) dppgration [(a) Lalonde, J.;
Margolin, A. Enzyme Catalysis in Organic Synthesis; Wiley-VCH: Weinheim, Germany,
2002: Vol. 2, p. 163. (b) Yiu, H. H. P.; Wright, P. A. J. Mater. Chem. 2005, 135, 3690. (c)
Maury, S.; Buisson, P.; Pierre, A. C. J. Mol. Catal. B: Enzym. 2002, 19, 269].
20 There are generally three ways to immobilize enzymes onto solid inorganic
supports: encapsulation, covalent bonding and entrapment. However, the separation of
such catalysts from a reaction mixture would generally require high-speed centrifugation.
There is a need to develop catalytic materials with open, interconnected and ultralarge
pores to facilitate substrate diffusion to catalytic sites, while incorporating attributes that
25 would allow for the easy separation of the catalytic material from the reaction mixture.
Methods of incorporating the magnetic characieristics in mesoporous silica have
been reported recemtly. They include the electrochemical synthesis of magnetic
nanoparticies within the walls of the silica supports, and the synthesis of y-Fe;O; within
SBA-15, MCM-41 and MCM-48 channels via impregnation and exposure to organic
30  acids. However, such synthesis methods commonly lead to pore blocking. To overcome
this problem, Lu and his co-workers fabricated magnetically separable mesostructured
silica with an open pore system, whereby the magnetic cobalt nanoparticles were
selectively deposited on the surface of SBA-15 support (Lu, A.-H.; Li, W.-C.; Kiefer, A.;

Schmidt, W.; Bill, E.; Fink, G.; Schiith, F. J 4Am. Chem. Soc. 2004, 126, 8616). This



2 process retained the pore structure, but it was tedious and unclear if the cobalt nanoparticles would
detach from the SBA-15 particles after frequent use. y-Fe203 has also been grafted onto the
mesopore surface of HMMS (hierarchically ordered mesocellular mesoporous silica), and the use of
the resulting support in immobilizing ligands for asymmetric dihydroxylation reactions have been

reported( Les el 8% sord-ERctdre Ik i§&a§%%%ﬁs£tfd’$@le§'iMI\I}I%%\ﬁ%%}{ Qp&t%%%qﬁgﬂg dakth 41)-

Magnetic nanoparticles of 6 nm have also been entrapped in H the crosslinking of enzymes
with tHeomahe pEdidie asing gfisaiaienide. (Kin O3 hasadsoibeppagrifte ontariheBrasopyroaviareRt Kwak,

K. M. .l E i realPbtaclcd RRRBAHOUR ofd sofbs Gy, %{a M Re &ﬂﬁ@%dﬁhﬂ%{;@@%ﬁéﬁ@ﬂ- Wi

Hyeon, T. Small 2005, 1, 1203).  There is therefore a need for a convenient process for producing
magnétiBpRittienedigandn e atarmeir Shuiresy alisnitatiop drre S HEPPFSfdreb Il hbSehtivety rapid
and simplentosimgienent; RBjeds. ofithennyentiona:al. Hosstheobiertahtheiprasepiiivention e
substantially overcome or at least ameliorate one of. more of the above disadvantages. It is a further

objectfd RREARTRAARPRETR, HMALS SN RO RS iHiVe ARENE SaNTHAARS HPPBHEAT fBHREof the
preseptutisdtagyte (Rare is pravided, aiprockss, fBr Making, d. partouiaiematarial GorRprsingark,

mesoporQus particles having granul a metal tajnin ies in at least fi ores
thorest, DA RS oA i St o 1 B She 5 il B g phosic
mesoporous Pantclesheaidre omped ridrie g therraihyydee dnposdiste atree deconpposités rhtemperature

o fornga@d@%talré: Qptainin %ﬁ%@?xﬁ%@%&iﬁ eB%ﬁ%fJ@g pe y%%t%%??%é}ﬁ%lr% thermall ﬁx?t%%'g at said
decomposition temperature: and heating the hydrophobic mesoporous particles having the compound
in the pores thereof to the decompositiétbieaisdielevwntiono decompose the compound and to form

the mesopg{ous, patficlesshaving Aranides Piineinsialsepigiting SPeCES lAkiGaR! SRVBERLhe pores

thereof, and optionally rendering theggore surfaces of the _t;/drophobic mesoporous hydrophilic.
The nidterkyy beisrereEreeIal BEEPHENRACP Mdtatt Periaty setisftraistaornaritae #AYaRSEScobalt. It

may be platinum. It may be palladium. It may gamrmargbination of more than one, for example 2 or 3,
metals (e.qg. transition metalsghThe granules may be 3 magnetic. They may be non-magnetic. They

may be ferrdnfaltat O &) HapBEBartSHagrefers iy RAS Ao Pess e omfdngs tHemtaicor

pxidesqgfetﬁnﬂ toelatsing oo b dinient theimetalisitast andiile siaialngantaiving speeies-aamprises
ron O)élfdtﬁé: pores thereof, said process comprising:
+» allowing a compound of the metal fo enter pores of hydrophobic mesoporous particles, said
compound being thermally decomposable at a decomposition temperatore to form a metal
containing species and said particles being substantially thermally stable at said decomposition
temperature; and
# heating the hydrophobic mesoporous particies having the compound in the pores thereof to the
decomposition temperature so as to decompose the compound and to form the mesoporous
particles having granules of the metal containing species in at least some of the pores thereof;
and
e optionally rendering the pore surfaces of the hydrophobic mesoporous hydrophilic.
The metal may be iron, or it may be some other metal. It may be a transition metal. It may be
cobait, It may be platinum. It may be palladium. It may be a combination of more than one, for example 2

or 3, metals {e.g. transition metals). The granules may be



In a first aspect, there is provided a process for making a particulate material comprising mesoporous
particles having granules of a metal containing species in at least some of the pores thereof, said
process comprising: allowing a compound of the metal to enter pores of hydrophobic mesoporous
particles, said compound being thermally decompdsable at a decomposition temperature to form a
metal containi i nd sai rti ing.su ntially thermally stable at said dec osition
tem peI?l;g u%?#e%?i%gﬁtﬁzb Ey%%%}?%%%&hﬁ% p%ﬁgep%%ﬁlfgagﬁg\?i%@ er}éagr%%&% |ﬁﬁ%cp§£§ thereof
to the Hexopnpuskien defedr trinesd astolterohposelthé compobedinemd thy forr thérenesdporous

particlgsbavingigranies-ot g melalaerialning species in at least some of the pores thereof; and

immobilising a catalytic species in the pores of the particles. ~ In an embodiment, there is provided a
process forlakiffgtadpeiticuhste rsapEstaiehmptiess harsikBsiciniag et aieeres, «anpiprssess

COMPHIRGoANQWIRELRE MM EQMRAUNGF toRALE L ARKESQT YR ADIC.NESAPOraNS RALtiplerosaid iron
compound being thermally decomposable at a decomposition temperature and said particles being

substaAEIP RS ATIIRFSIEE BLOMaRg f FeEBBd S dhetiTipeiafie" BAES AERHFHGRID Iy UFSHIMEHR
mesoparatisspaticiesanih gding emedmpoungddathe.pe@sdhpepiiothedecampsiion temperature
S0 as to decompose. the iron cgmpound and to foym the hydrophqgpic magnetic particles havin
s U ot et AN e e A
the abeveseitiver haaivigl el yydrophalry suiablewombiclatibaving thEheppocedssnniaypoanprsetine step of
allowi facilitation agent tQ enter the pores of the hydrophopic mesoporpus particles prior.to
i B T T S PORESS RS e o
facilitativippizeocdde rdtipg s ighiademp epetisre teiclomipasitor tktherdschecorhpodmimithivaipbe a

compgg&%gg@g{gsq{ ﬁ{gpgjggqgﬁgbep%%ég_es. It may be a surfactant. It may be a carboxylic acid. It

may be an alkanoic acid or an alkenoic acid. = The iron compound may be an iron carbonyl complex.
It may be irh PeRtabetBERY. tHe ihagnatedgtaPraressniay EekingisenttigHegcyara20Sompsagnetic

granulgsmmohe substantiaivsphsiicrbe3achhedggcomposition temperature may be about 250 to
about 350C. The process may comprise the additional step of cooling the hydrophobic magnetic

particles. It af oSS ¥98 SOTRMGAL 'ep\Ir Brasting M ernel mrdrephypieatsGiettidhdrtcles
with a decompesing-agebtig. ghamaxidisiogagest b iheavemithat thejomeomppung iadices

pentacarbonyl, the oxidisin nt may be an amine oxide, for example trimethylamine N-oxide. The
TR SFBHIE THRGHLT pArrere it SR BRI E dgent may comprise

step of treatingbﬁﬁrég(:s’go e
heating the hydraphgliic padgpbbicparticesow tirthd oidisipthagentcompothé ihybk pphehbiersoésoporous

gﬁ‘igi; 's §r{{3§'f‘eysb3§ﬁ?é§5§§§%%ﬁg@%%"%ﬁ%%%i sgoi liga. I R BIOSSRS MAY SOMRIREIFAING, MssoRgrous
hydrophobic magnetic particles having magnetic granules in at least some of the pores.
The following options may be used in conjunction with the above, either individually or in any
suitable combination.

The process may comprise the step of allowing a facilitation agent to enter the pores of the
hydrophobic mesoporous particles prior to ailowing the iron compound to enter said pores. The
facilitation agent may be a compound capable of facilitating or accelerating the high temperature
decomposition of the iron compound. It may be a compound capable of stabilising the granules. It may be
a surfactant. It may be a carboxylic acid. It may be an alkanoic acid or an alkenoic acid.

The iron compound may be an iron carbonyl complex. It may be iron pentacarbonyl. The

magnetic granules may comprise magnetic v-Fe,O;. The magnetic granules may be substantially

spherical.



WO 2010/056200PCT/SG2008/000435 4 as to produce the hydrophobic mesoporous particles. The
surfaces of the pores of the hydrophobic mesoporous particles may comprise hydrophobic groups
such as trialkylsilyl groups, e.g. trirnethylsilyl groups, dimethyloctylsilyl groups, dimethyloctadecylsilyl
groups or a mixture of any two or all of these. 5THe process may comprise the step of immobilising a
catalytic spegigs dg%% POLES @Rﬁ%@aﬂ%@?ﬁm&fi Jnagnelicparticles. The catalytic species may be an
enzyme. The step of immobilising the enzyme may comprise passing a fluid comprising the enzyme
through the hYthrdpsiseticnayagiatiesp ditielsstonticimigh prelsutires Infbophebsura gneljcmartitlesadt about
25MPgalf mayPebaiverRakav L and Ahank S8MRabied N5 dlvish bRy Re:ARid Coaqiiequs dauid. In

some cases the immobilising may comprise rendering the pore surfaces of the hydrophobic magnetic

particl&PRIBPEHA MR G SnEhHfsBIsiIRERY thEEStERIIREHECOS sppRp HrBphiR e Stifdbes. In

some gaaRmihasiemsf IRnderingdhsieeresekasss hydeaphilicnaysedepiise depevirgddiphobic
groups from th por%_surfaces. In an_ embadiment there is provided a process for making a particulate

materf&I°1% SSHBRIING APSPERRBBIRRgHaE DRI Seit Sretessriowh AriAg: PaIfingHih
pentacarpenyteider pbres oidydpaphabic mesoporous silica particles; and heating the hydrophobic
mesoporous particles having the iron compound in the pores thereof to about 250 to about 350C so as
1 docomposL T SR e A P i 5 R B i BT ATAG
magnetingisnuiesig atiepstvseomaopitielporet: a hirrapiothieg egnixadiment there is provided a process
for making a particulate material comprising hydrophobic magnetic particles, said process comprising:
allowing a facilitation agent to enter the pores of mesoporous silica particles;



25 allowing iron pentacarbonyl to enter the pores; and heating the hydrophobic mesoporous particles
having the iron compound in the pores thereof to about 250 to about 350C so as to decompose the
iron pentacarbowy anglota:frlio the hydrophobic magnetic particles havingpgnagestici@sasules in at least
some of the pores. 30In another embodiment there is, provided a process for making a particulate
material comprising hydrophobic magnetic particles, said process comprising: treating mesoporous
silica with a hydrophobing agent so as to produce mesoporous silica particles; 5 allowing a carboxylic

acid facilitation agenptodeniande horbsias mese@eﬁﬁ@q@ua@dlim@gﬁﬁlﬁ@'o@w@mérgpm

pentacarbonyl t |l|c rtl heatln

Mesoporous pagfY %&?ﬁ%gtﬁ%%%gﬁ%@n%%ﬁé ﬁf‘?g Ffoeorg&r ereof%) S fpﬁfg%aﬁgg out 350C S0 as
to decompose tHEHRSn Eéntgl%’é?%?ﬁﬁyén@?%rﬁ’%@@ﬁ%ﬁ@ﬁh’éb@%@rfbﬁ?@tbﬂméﬂégcﬁaﬂbﬁg magnetic
granules in at leastysome ofdioe pdaeg iveoaliflhdhiesydrophobic magnetic particles; treating the

cooled hydrgphobic m%}gé&@ﬁ%ﬂéﬁﬁlﬁﬂ@ &m&%xﬁw&msﬂzg% gtr‘:‘{ﬁh'”%@euﬁﬁﬁt“'“@ﬁ% 4rophobic

hydrophobic m rgnetlc particles; and passing a fluid comprising an E?% roug
magnetic particB<h TERRP IS IRTRES BSERIP ARl iSRS GRS SHFERAEy e ifidhe pores of
the hydrophobmfnmgnéﬂbspgttbbsnzyme may comprise passing a fluid comprising the enzyme

through the hydrophobic magnetic particles under high pressure. The pressure may be at
least about 25MPa. It may be between about 25 and about 50MPa. The fluid may be an
10 agueous liguid. In some cases the immobilising may comprise rendering the pore surfaces
of the hydrophobic magnetic particles hydrophilic and then immobilising the catalytic
species on the hydrophilic pore surfaces. In some cases the step of rendering the pore
surfaces hydrophilic may comprise removing hydrophobic groups from the pore surfaces.
In an embodiment there is provided a process for making a particulate material
15 comprising hydrophobic magnetic particles, said process comprising:
¢ allowing iron pentacarbony! to enter pores of hydrophobic mesoporous silica
particles; and
e heating the hydrophobic mesoporous particles having the fron compound in the
pores thereof to about 250 to about 350°C so as to decompose the iron
20 pentacarbonyl and to form the hydrophobic magnetic particles having magnetic
granules in at least some of the pores.
In another embodiment there is provided 2 process for making a particulate material
comprising hydrophobic magnetic particles, said process comprising:
« allowing a facilitation agent fo enter the pores of mesoporous silica particles;
25 ¢ allowing iron pentacarbonyl to enter the pores; and
» heating the hydrophobic mesoporous particles having the iron compound in the
pores thereof to about 250 to about 350°C so as to decompose the iron
pentacarbonyl and to form the hydrophobic magnetic particles having magnetic
granules in at Jeast some of the pores.
30 In another embodiment there is provided a process for making a particulate material
comprising hydrophobic magnetic particles, said process comprising:
¢ ftreating mesoporous silica with a hydrophobing agent so as to produce

mesoporous silica particles;



In an embodiment, there is provided a particulate material comprising a plurality of magnetic particles,
said particles comprising mesoporous particles having magnetic granules in at least some of the pores
thereof The magnetic particles and the mesoporous particles may both be hydrophobic. More
broadly there is provided a particulate material comprising a plurality of particles, said particles
comprising mesoporous particles having granules of a metal containing species in at least some of the
pores thereof In a second aspect, there is provided a particulate material comprising a plurality of
magnetic particles, said particles comprising hydréphobic mesoporous particles having magnetic

granules in 3f legel, 39ine of i peres ngLantAnd.sald radicuiae materlal faving g cafelyiic.species
immobilised in the poreés of the patrticles. In a third aspect, there Is provided a particulate material
comprising a plurdliglest magnetic particles, said particles comprising mesoporous particles having
magnetic granulgg,in.atileastsemealihe RArresthareef 8ridhRBFIAeshRYIpgRIEIMmMObilised
homogeneous catalyst thereon, The metal containing species may be a metal. It may be a metal
oxide. It may*be"§87B BEEF IR & SIeRTTY RID LN CE REL hHFer AR WS Shid e PRE TP hRy be iron
or cobalt or platisiin aspalagiom . li0aaydesaiiransitigosmeial osma pixitasoaiiransitohmetats.

The following ogiiang may e ised . coninetionuith ihe, above eilherdivdally.or in any stitable
combination. epmesop rous particles may yd%p obic mesoporous silica particles. The

pores may havecsokfcbs logmplridiisgragehisprobitsgroups such as trialkylsilyl groups. 5a  The
mesoporous particles,Mav.iaven dsipHeHY SR RIRGIRAIEE ieg.eywingows, wherein the

mean diameter of the windows is smaller than the mean diameter of the pores. The magnetic granules

may have a rhed P U BtFBEieBaREHe S Hidin 8tBIbFtRBIores and the mean diameter of the
windows. 6 Thepmagnetiiganipesinay Lompriseupagnelcyrke90dadhey paaybe:substantlly

spherical - The parfigilate aterial may have. &%}gﬂ“%esﬁe Ezeego#‘%ﬁg?%bel Ised i the pores of the
particles. The caataﬁ/atlc species may be an enzyme. Thediameter-of the enzyyme may be Between the
mean diameter ghtldcpores and the mean diameter of the windows. In an embodiment there is

provided a parficiiaieynaterial GRrRIising &k palitnekhydigrickic magnetisparticlesmanidiparticles
comprising hydrophobic tnesoporous particles having magnetic y-Fe203 granules in at least some of
the pord¥ifiestd ParfRles TR EH BSMRIBISBHSIS Fordasachadiettiae hiateTaieBniiibng a
pluralitypafdaystiephohicimagnetapadticiash said particles-comprisingdydrgphghisisnesoporous silica
particles, pores of sgid articles having aurfa(%tes ?mljﬁrising trialk SIlsilé/L1 roups a})r}d sl%igegaréilales
having magne |c°§/e- e g'r%rﬁu1 ¥ i At ealissme of the ?ooLrOem eredf. I andthér embodiment
there is providedanparticulsteematepial Coniprsing a pherafitynet dydnphobivsiagnetidepartiches, said

particles camprising. hyeraphahic mesopqrans.siicapatlisles. pares.ah srid-narticles hawing spirfaces

comprising trialkylsilyl groups and said particles having magnetic y-Fe203 granules in at least some of
the poreAHEHE ARty AR ErfARREsRe B IRCE e BRSPS iaving magnetic granules

in at least some of the pores thereof and said particulate material having a catalytic species immobilised in
the pores of the particles. In a third aspect, there is provided a particulate material comprising a plurality
of magnetic particles, said particles comprising mesoporous particies having magnetic granules in at least
some of the pores thereof, said particies having an immobilised homogeneous catalyst thereon. The metal
containing species may be a metal. It may be a metal oxide. It may be some other metal containing
substance. It is preferably a solid. The metal may be iron or cobalt or platinum or palladium. It may be a
transition metal or a mixture of transition metals.

The following options may be used in conjunction with the above, either individually or in any
suitable combination.

The mesoporous particles may be hydrophobic mesoporous silica particles. The pores may have

surfaces comprising hydrophobic groups such as trialkylsilyl groups.



In another embodiment there is provided a particulate material comprising a plurality of magnetic
particles, said particles comprising mesoporous particles having magnetic granules in at least some of
the pores thereof and the pore walls thereof having an enzyme immobilised thereon. In a fourth
aspect, there is provided a particulate material cofaprising a plurality of particles, said particles
comprising hygrophobicmesaparos paricies having granules,ofa metal coptaining oediesn at least
some of the pores thereof n& saldmp riculate matena avmé% cata(f)r}ﬂc speé’ies immobiiised in the
pores tbf theapdrtivkis; sai panticwiatesmateridhivthmecofpriging Mlxgretic Jhamdgs:tic gratlasfifth
aspect, Inayg Is provided g ot aparlishiaie.mateliakas# earalysl sald pariculale, materigl geing as
desciibed in the second and third aspects. In an embodiment, said particulate material has a catalytic
specig¥iidiidbilised in the pores of the particles. In a sixth aspect, there is also provided a particulate
material when used as a catalyst, said particulate material being as described in the second and third
aspects. In an embodiment, said particulate material has a catalytic species immobilised in the pores
of the particles. In a seventh aspect, there is provided a method for converting a starting material
to a product, said method comprising exposing the starting material to a particulate material as
described in the second and third aspects, wherein the catalytic species is capable of catalysing the
conversion of the starting material to the product. 6a In an embodiment, there is provided a
method for converting a starting material to a product, said method comprising exposing the starting
material to a particulate material comprising a plurality of magnetic particles, said particles comprising
mesoporous particles having magnetic granules in at least some of the pores thereof and having a
catalytic species immobilised in the pores of the particles, wherein the catalytic 7 species is capable of
catalysing the conversion of the starting material to the product. The magnetic particles and the
mesoporous particles may both be hydrophobic. The following options may be used in conjunction
with the above, either individually or in any suitable combination. The starting material may be
dissolved in a solvent during the step of exposing said starting material to said particulate material.
The solvent may be a non-polar solvent. The step of exposing may comprise adding the particulate
material to a solution of the starting material in the solvent. The method may comprise the step of
separating the particulate material from the starting material and the product. The step of separating
may comprise exposing the particulate material to a magnetic field. The method may also comprise
the step of reusing the particulate material as a catalyst in a subsequent reaction. The subsequent
reaction may convert the starting material to the product. The yield of the product of the subsequent
reaction may be at least 90% of the yield of the product from the previous reaction. Inan
embodiment there is provided a method for converting a starting material to a product, said method
comprising adding a particulate material to a solution of the starting material in a non-polar solvent,
said particulate material comprising a plurality of hydrophobic magnetic particles, said particles
comprising hydrophobic mesoporous particles having magnetic granules in at least some of the pores
thereof and having a catalytic species immobilised in the pores of the particles, wherein the catalytic
species is capable of catalysing the conversion of the starting material to the product.



In another embodiment there is provided a method for converting a starting material to a product, said
method comprising: adding a particulate material to a solution of the starting material in a non-polar
solvent, said particulate material comprising a plurality of hydrophobic magnetic particles, said
particles comprising hydrophobic mesoporous particles having magnetic granules in at least some of
the pores thereof and having a catalytic species immobilised in the pores of the particles, wherein the
catalytic species is capable of catalysing the conversion of the starting material to the product;
exposing the particulate material to a magnetic fieldl so as to separate the particulate material from the
product and. ifgiesent, e siarting, matcrial,and,(eusing the narieu aie maleyiasasg caalystin a
subsequent reaction; WG 2010/056200PC T15620081000435 8 whereby the'yield of the product of
the subsequerfbrereione s ittEasna0beve fathdaliEicotittaprodiicedrormitnerpreliba syaaetione Brief
Descriptipn,af thecRrawings enzyREeiairethambodimentsof the prassntinvention yilthaovsis.

described, by way of 5 example only, with reference to the accompanying drawings wherein: Figure 1

shows SERA iidlfaRsat diamayse D &dppiied on y-Fe203/C18-MCF microparticles; Figure 2 shows TEM
images of catatysh Rnswapaiitedon ¥-he203iGigdMcmictiepartiolesidigureldsmopwsShadamdasr XRD
pattern of y-Fe203/C18-MCF microparticles; igure 4 shows nitrogen adsorption-desorption
aother B () LM P o por et : mr a e e SR Re,
y-Fe203 g Gt (adshefarefdntb ¢ dfteacbnzyme entrapment; Figure 6 shows a graph of conversion
of 1-phenylethangl,as & fupaten afiine aued-(4) satalyst Axd cataiahB. flhcatalyshieansk(6)
catalyst D, and (0) free CALB;

magnetic particles, said particles comprising hydrophobic mesoporous silica particles, pores of said particles

having surfaces comprising trialkyisilyl groups and said particles having magnetic y-Fe,O; granules in at least
some of the pores thereof.,

In another embodiment there is provided a particulate material comprising a plurality of hydrophobic
magnetic particles, said particies comprising hydrophobic mesoporous silica particles, pores of said particles
having surfaces comprising trialkylsilyl groups and said particles having magnefic y-Fe;O: granules in at least
some of the pores thereof and having an enzyme immobilised in the pores thereof.

In another embodiment there is provided a particulate material comprising a pluralify of magnetic
particles, said particles comprising mesoporous particies having magnetic granules in at least some of the pores
thereof and the pore walls thereof having an enzyme immobilised thereon.

In a fourth aspect, there is provided a particulate material comprising a plurality of particles, said
particles comprising hydrophobic mesoporous particles having granules of a metal containing species in at
least some of the pores thereof and said particulate material having a catalytic species immobilised in the pores
of the particles, said particulate material further comprising magnetic granules.

In a fifth aspect, there is provided use of a particulate material as a catalyst, said particulate material
being as described in the second and third aspects. In an embodiment, said particulate material has a catalytic
species immobilised in the pores of the particies. In a sixth aspect, there is aiso provided a particulate material
when used as a cafalyst, said pariiculate material being as described in the second and third aspects. In an
embodiment, said particulate material has a catalytic species immobilised in the pores of the particies.

In a seventh aspect, there is provided a method for converting_a starting material to a product, said
method comprising exposing the starting magerial to a particulate material as described in the second and third
aspects, wherein the catalytic species is capable of catalysing the conversion of the starting material {o the

product.



15Figure 7 is Nitrogen adsorption-desorption isotherms of (0) catalyst A, (A) catalyst B, (x) catalyst C,
and (0) catalyst D; and Figure 8 shows a graph of conversion of 1-phenylethanol as a function of time
for Catalyst D over 5 consecutive runs Detailed Description of the Invention 20An embodiment of the
present invention relates to the synthesis of novebmagnetic, hydrophobic, siliceous mesocellular foam
(MCF) and its_ application in. enzyme immobilization,. In the present specification, .the term "magnetic” is
ke to refel lo L T K RO dr S bGPt 8 S By Aot GBiniion
from thetMdcopapitsDictivraiyg 2ivd EditanyThdd/acquarnictiicanaPtigll tdm@Sd)e Maryrd$yenzymatic
catabsishave peehmmanliarse.alieeaus. AN alher laiaric suPRoiS.A hiaa ey aigmore
mechanically robust and thermally stable than polymer-supported catalysts, the separation of such
cataly&¥8frehibhecresibgsnimidhrasigeneralliregoniesimghbdised dedbnnofag afids prtideatishcSach
procegiresAygdedious and difficult to apply towards large-scale synthesis of pharmaceuticals and fine
chemicals. The present 30 inventors have successfully introduced magnetic attributes to the
hydrophobic MCF support to facilitate the recovery and reuse of enzymatic catalysts. This novel
support material can also be applied towards immobilizing organometallic and organic catalysts to
enhance catalyst separation. The catalysts supported on magnetic MCF are robust and easily
collected, by means of a magnet, for reuse. The presently described synthesis of WO
2010/056200PCT/SG2008/000435 9 magnetic MCF is novel, as the magnetic granules are entrapped
in the mesopores, and the resulting material offers a well-defined, three-dimensional porous structure.
This invention provides a facile and inexpensive method for the preparation of magnetic MCF supports
for use as efficient and reusable catalyst systems. In particular, 5 the introduction of magnetic
attributes does not disrupt the three-dimensional porosity of mesoporous silica. The magnetic MCF
may also be tailored easily in terms of microstructure, pore size, surface chemistry and magnetic
granule loading for particular applications. The magnetic granules may be magnetic nanoparticles.



The present invention describes a process for making a particulate material 10 comprising
hydrophobic magnetic particles. In the process an iron compound is passed into the pores of
hydrophobic mesoporous particles. The hydrophobic mesoporous particles having the iron compound
in the pores are then heated to the decompositiontemperature of the iron compound so as to
decompose. the o, compaUnd 2o 4 19 form magnelic gianuics In.at least some of e pores, The
decomposition ofthe iron co po ndﬁlqgmay be facilitate b)% a facifitation aSent. " The sﬁgﬁ of passing
the iroretoinpoulitcmoestrerpores tmay heydotidbctedrusingigas phase or liquid phase iron compound.
The nature o3 AV AIERSIACRIDENAI % &Rt 0LDGUKOD eRMPAHAdILTAY e passed
into the pores by passing a vapour or a liquid comprising the iron compound Into the pores. THis may
comprigéfge atimgiaEcPo particles in the vapour or liquid, or it may comprise passing the vapour or
liquid past Ofﬁﬂéoééﬁhx%?iﬂa&%ﬁi%% Yeraavsamphsedarming.a.hed otthe padicles aadPassing the
vapour or liquid through the bed. It may comprise passing a vapour into the particles. The vapour or
liquid mﬁv@%ﬁ%p%ﬁ?epéfe%&mﬁt?ﬂ@- SePVaNy AU RITHRY BorAPREe Bif iFert YaZROY MitEgen,
carbonhigxidedargome heliuwm sieninihr caseiaiam bauid dmay R samprsesarsaivent for the iron
compound that does ngt react with.the iron compound.. In a particular embodiment, the iron compound

is added as a RedPitg0Ta™the VBA B iSotify AhaSraRaliRe d i 8%{?.‘336? SH6TA. T EFWoI per
gram efamyrdiloptiothic padicte Shersadportt éhﬁa@ir@ tady, &M@r@ﬁ&a@melm&@a@bﬁmbﬁmw a2, 2:5,
3, 3.5, 4, 4.2 O inmollg. 20T he stpb of heating the hé’fdr%?!%ﬂloi%]ij% mﬁ?@ﬁﬁé%%‘%@%ﬁta%'%s J%%”%the ron
compourid in'the pores so as to Hecompo]%e e irorn compou npay optiona y’be RORGTIRRE T the
presencetof@deconiposiiy agentcapablsiof degompesithy thetingmeenip outhd. trodha. Shentdhie iron
comp IS, [ 0 : ine oxi : :

e e b B B o S 200d OBo M Hmssosing
agent icxddeerefterthe formation of the majority of the magnetic particles have formed, commonly

after the partigles havsubesn atleas-patially faaledol BsNealing Manbenle-asuiiabie dreamposition
temperature. It may be between about 100 and about 400C, or about 100 to 300, 100 to 200, 200 to

400, 308iedeRErSEE idHhsDeE PatCUNE IR 180 stlptiane! Sinsietinh el Phe MIERY may be

in differeninstege SaficuldOma&ianasneashof yighnayyadependentydr shaorobinetempgratures
or ranges above%ég%geating may be in g single stage. The temperature may depend on the nature

of the TWSH CSftp & S5 RISE A BB DN PRELRLS BREBEE LA IF4 Rt dufE Kent.
toThe dnvesttans havie foucdapteneexanipladcdilibel protessoaditbe iy entiorshah#em the catalytic

pentacarbonyl:ole' ac}d com Iexhin the pares P{ Mesoporous siliga articles is decomposed at about
Sﬁl CIES IS capanic 01 ¢a S I_‘I}gi ] c?nv TS1071: O %16 Sta; 3(%/1113’[ I1a %.6%8 Hct.. .. ..
300C. The complexes start to form at a temperature above about . The'initial decomposition of

the complex leadsthertbmbiohmaticheof seedvphricios/yradhivlesn Enesesthpagicias giowdunhgtheating
for 1 hy, 2 308G JLaGRugHtors
o adding a particulate material to a solution of the starting material in a non-polar solvent, said
particulate material comprising a plurality of hydrophobic magnetic particles, said particles
comprising hydrbphobic mesoporous particles having magnetic granules in at least some of the
pores thereof and having a catalytic species immobilised in the pores of the particles, wherein the
catalytic species is capable of catalysing the conversion of the starting material to the product;
s exposing the particulate material to a magnetic field so as to separate the particulate material from
the product and, if present, the starting material; and

e reusing the particulate material as a catalyst in a subsequent reaction;



15 have found that they were able to control the amount of entrapped magnetic granules by adjusting
the amount of iron pentacarbonyl and oleic acid used in the process. Different catalysts may be
prepared havingvaiffeantamounts of entrapped magnetic granules and delferemioposensize of MCF. It is
also possible to entrap other metals such into the pgres of the mesoporous silica having cage-like
pores, which may be used as catalysts. The 20 invéntors find that it is preferable to use surfactants
with a short carbon chain to entrap surfactant-stabilized nanoparticles in the pores of small pore size
particles. To egiaRupagnatic baperasticesrimihasaalpersiof Klaleds §0unr wingrw pore, 8 nm cell
pore), hexanoic acid was. used instead of o!eic acid. Other than when FDU-12 was used, magnetic
granules Were%Smﬂ%ﬁﬁ%%? gé’rﬁgli?l‘lgq%ae%ogbid. 25The hydrophobic mesoporous particles may
comprise silica, or a metal, or a met@rigklessrigfiestahthal Rsawdnghe metal may be for example iron,
titanium, zirconium pealueaiRiHPAdIRRE OB IRPPRNSIMARAREKOMS RatBleB-maydacts faameffor example
open celled foam, o mgié’be%iné%rred g{o réervc\:/isg or.oug.ullg‘v%gglwe ré]g_sostructured cellular foam
(MCF) or FSDU?ﬁi?BSe esenbedin Sehmidt-win e?et%ﬁ,g cience, §§ 548, 30 Lettow et al,
Langmuir, 200Biees; Bsiwtva SHYE dmasene! mjesPonerptteforgE0gS 1 R misIpaHifiPe a silica
foam accordingiae G Fherplimiianf&HISGA003/0003S4tbe chaibS efuhisticargaitickrporated
herein by crossfeerenee. 116, aRhoBlE MESPRIQUS PAKelps MAkHAYE:R particle size between

about 100nm and 200 microns. particle size may be between abgut 500nm and 2Q0 microns, or

between aboutFiZEitd “WHY D THRISE2 BB EPHECESEUBI00 £S8 1208, 19 aht->Hd-58%ra 200, 100
and 200, Land-308/d;abad A paachikE: Dycrons or between about 100nm and 100 microns, 100nm
and 10 microngy0OTLARA bEA0 GaA0NM. Bl ehinen. @RdIRAY DR BPutd 10,200, 300, 400,
500, 600, 700, 800 or 900 microns, or about 1, 2, 3, i 5,6,7,8,9, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 110, 120, B45H<%0, 150, 160, 170, 180, 190 or 200 microns. The hydrophobic mesoporous
particles may Hayera dshoow partidlesize distoibufid miEhdethmaly de [Esstibranidboto88%ebf particles

having a particlg,sige, MALs Lan499¢ dfferentfomdealerhan auesprbaohing mean particle size,
or there may be less than about 45, 40, 35, 30, 25, 20, 15, 10 % 5%3&)?@%3@%&@\@{%? garticle size
more than 4094 EHEreH HoRetRe THERICpARATEISE SOl &) 158 VR 152255385y Uh 20, 25, 30,
35, 40,45 or 50%abfspartivktsohastirgsalhanticle size more than 10% different from the mean particle
size. The hydraphabig esaPereMsioarticiesrMay eompriseytelalike Mmesaperes eannastes by windows
of a smaller size. The ratio of the size. of the mesopores and the size of the windows may be between
about 10:1 alnd(QI”T?'#i*”’fEi)r‘EYee SEREHOUE I8 and 2:1, 10:1 and 5.1, 5:1 and 1.5:1, 15 3:1 and 1.5:1,
5:1 and 3:1 or 8:1 and 4:1, and mabefaiigddes@iption of theAnvetios:1 45:1 4:1, 3.5:1, 3:1, 2.5:1,
2:1 or 1.5:3, or may ke sapegiethen atiostsshamdbrundasioodtbpinbens aleet near-dstnade to the

"pore size" of IS%{C?% (%%)t%rialgﬂit refers tcs) tcféﬁ u?ge%ié/l% pg\;é%az%hheﬁgh%p? 26 0f ﬁh@nn%gg)%%st portion of

a flow channe fe matenial. TRus in a structur prising cell-like mesopores”connected by
windows of a 20msabiliaptitze Iinbe peveiserciifeioto B! eiPe” BREREIRI NAJARPIAd X 18 the size of
the mesoporesykhamesoporaystaniceasmashasedomennpdrey sizeafiretvidedvitdiaimeter) of
between about 50nm of. hetwee 10 AR ,I@Q@nd 40, 10
and 30, 10 and %, %%lr?g% 1%8%% %g&%%%@%%@%@%% %r‘ﬁ) %%gr%g 3%?%93%1% may have a
mean poreZsizeHEts, Gtadysts Bave Beeg, iopilizesl an sigequs 2 sthesdnorgane SHBPYE o 50mn.
The actual poregtragihaive adneantiamstet pichetdtiheabibustdfotm; peliddoBopdedo 20,20 to

100,50 t0 100 Q1. 20 10 50N €0 APGHLAR Aeisks Il e 1 Backfinhinte Rndi2FedBre35, 40, 45,
5-, 60, 70, 80, 90 or 100mn. Jﬁhe hydrophobic mesqporous particles m@g%%\{gf%%&re volﬁjme between

about 0.5 and SEFZRSCEFEHAEAMRR0R HFALULIBRTE BERVAER ABolL BAREPM and 5, 3
and 5 30 or 1 atev&dEmBihgs-acmdemayithene of porevetantiedretiwde ArebobwGi@lsl, 118, Pregest 3, 3.5, 4,

4.5 or 5 ems/g.Theymanhave.a.vaighy guas.elbehuaen aRawhal andR0fbaRbReswerrabout 50 and
70, 60 and 70, 70 and 80, 80 and 90 or 75 and.85%, and may have v?ldf/olume ?f abo% 50, 55, 60,
by EPBURea ABBLEDS BN

65, 70, 75, 80, BERFHEAFHEY My HaVe s Bk HEh Sty BFEet S50t B> %

& about an Ig}‘lﬁﬁ?or between
about 0.5 and In@:2izrdr0aBo Oappid Oidy@de immobilizing organometallic and organic catalysts to :

enhance catalyst separation. The catalysts supported on magnetic MCF are robust and

easily collected, by means of a magpet, for reuse. The presently described synthesis of



WO 20101056200PCT/SG2008/000435 12 and 0.3, 0.3 and 0.4 or 0.25 and 0.35g/nal. and may have
a bulk density of about 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95
or 1g/ml. Thevprogessseescribed herein may comprise the step of hydmpheting/meseporous
particles to obtain the hydrophobic mesoporous p%ticles. The step of hydrophobing may comprise
exposing the particles to a hydrophobing agent. The hydrophobing agent may be in solution. It may be
dissolved in a solvent. The hydrophobing agent may have a group capable of reacting with the porous

support, and may.alsafave; ahieast apahyasop kebiagraypniaipesamplendisherpreatser particles

comprise silica, then the hydrophobing, agent Mmay.com rise a4 g olysahle group, such as a chlorosilyl
group, an aIk&Q%‘ﬂ%%atﬁr B, RS gvzgia%r?deg%%%dp o?e%ﬂfri%n%ﬁﬁler%uéaée group. The hydrophobic agent

may be a slime, foifbiainysiatiathatoiishe, Bl 25th dsERsRsiR ARSI OISR BEYEF tPhe of
hydrolysable silapri{sughmsugpoaseixysiianeidmoximosiabe, amngmigesiandeter)iciiae hydrophobic
group may be an.alkyl group..for exam 0 Ligogrth -@naryl group, for
example C6 tég&i%rgé}lﬁ%{lg}l gg%%%%ﬁ%r%?%%%ed%%%%lgéﬁgbic groﬁ%&%%ﬁ%j%%ro%@m?y be straight
chain or branchesdRsieis, sRermAYAAEISERVYEN1 BRY 3BT BORShS %Tybé?wgghg 1%nd 18, 1 and
12, 1 and 6, 6anehdchRandr24iay, Guaiack tBcpsithyrradongpeignayhivading Tryaai®ls, 7, 8, 9, 10,
11, 12, 14, 1631%10280}:12&‘.21%; %ﬂaggg@coga%@ggw ggq;{a%géﬁgqgggo glealkyl group such as cyclopentyl,
cyclohexyl or c% oﬁepty’l. %e aryl group may be for example p nﬁ/l, 20 bi hekngél, natohgi\yl or some
other aryl group. Tl@%rmeé?%lﬁﬁ‘gﬁjﬁ rﬂ&?rgéeﬁllfor?ﬁ%ﬁﬁ f"rp%%?ugriﬁalfglgi o perfiuorinated. The
hydrophohing agenisng:tushohie, hagnethrgertvlenohe freaprohesiedhyjere SHBBRIBAEBAEEE molecule. It
may for exam%@ohﬁi\éegolf&rrgylw iXhic gfe%g@i%;ﬂygﬁg_refﬁei%m@wﬂmpﬂﬁehjmwp, Xis the
hydrolysable group and n is 1, 2’or 3. Alternatively the Qéldro(?pe%btifgg{%gt%n%n Ao g})ggi%%a siloxane or
a 25 cyclosiloRFFSiEe MrdrEpHoBIRYAGSh S Y Thalideenisrodimethyloctylsilane,
chlorodimethyletaneoysiifie, irme toomppeh ethsd siladseomipetlAdiaTetABROENd g8 25 to form

hexarnethyldiSHgT%%m hexamethyidisiioxaper drornethvicyseppoiatinaane BBy motiner
cyclosiloxanes. The progess of h gro hobin may comprise exposing the precursor particles to the
hydrophobing BG&hE %ﬁﬁ’éﬁg‘?l?ytg %?ﬁéarn\?vriltﬁggnc'atalyst, for between about 30 1 and 48 hours, for
example between 1Tanctee of pasing 2bel Poarrempyed el ths BTeOBPS6MABrete ¥ bout 1, 2, 3,

4,5, 6, 12, 18,24::30: RG4S ho ok lampasaiererhisiwesndabed d0tnd-80€ cBne
temperature may be between about 10 60, 10 and ang.80,43.and 80, 60 and
80, 20 and 60 3‘3{3@%8%% ,T%%%frr?%’y aacre)%ﬁ%aa’t]_b fopaisoeﬁgtotl}gg? %%I%ggg% OI?%OC#' he cilatalyst may
depend on theliwaidrecsfofvnI\ies JOT0/OBBPBBPE!P/ SE R9BE/0bHA a8ey gomprise locating the

2% paﬁicles in the vapour or liquid, or it may comprise passing the vapour or liquid past or
through said particles. It may comprise forming a bed of the particies and passing the
vapour or liquid through the bed. It may comprise passing a vapour into the particles. The
vapour or liquid may comprise a carrier. In the case of a vapour this may comprise an |
inert gas e.g. nitrogen, carbon dioxide, argon, helium etc. In the case of a liquid it may

25 comprise a solvent for the iron compound that does not react with the iron compound. In a
particular embodiment, the iron compound is added as a neat liquid. The iron compound
may be used at a ratio of about 1 to about 5 mmol per gram of hydrophobic particles, or
about 110 3, 3 10 5, 2 to 4 or 2 to 3mmol/g, e.g. about 1, 1.5, 2, 2.5,3,35, 4,45 or
Smmol/g.

30 The step of heating the hydrophobic mesoporous particles having the iron
compound in the pores so as to decompose the iron compound may optionally be
conducted in the presence of a decomposing agent capable of decomposing the iron
compound. In the event the iron compound is iren pentacarbonyl, the decomposing

compound may be an amine oxide e.g. trimethylamine N-oxide. In some cases the



hydrophobing agent and of the precursor particles. It may be for example an amine, such as a tertiary
at, and may be for example trimethylarnine or triethylamine, pyridine or some other base. The
hydrophobing ageiamnssibpresent, the catalyst, may be dissolved in a splvent:2éhz@makgent may be
organic, and may be non-hydroxylic, and may be for 5 example toluene, xylene or some other suitable
solvent. The exposing may comprise immersing the!frecursor particles in a solution of the
hydrophobing agent in the solvent, and may comprise stirring, swirling, shaking, sonicating or

otmenwise agtagng .ok Jian: WdBe ARIHS SHRRRIL HISHE!Rk IR EQMRRIRE BAZRIRD the

solution through the porous support, and optionally recirculating thesolution t rouE% ' porous
support. It 10 gy bR soamRLiss: e agsirstAvPsphe R FEiattSRoled. Fhehsasagrsor
particles may bexgepasse duitaicdtotediepobidtor eipimghiny drophobetethhay dnay b heateddo a

temperature bejyeen about,196:and&00Gs far meavpleaiwess 109N 350.439ARd.120, 150 and
200, 170 and 200 or 125 and 17 110, 120, 130, 140, 150, 160, 170, 180, 190 or

5C (e. hout 100, )
2000). 1t iy RSO R oty 15 DN, s LA B Tt 2888r lerature as
listed above. They thatpdraverdastvhoptiomaiyddriadegtisés, passad theretimougleatatmespheric

temperature. It f8ay:be: exPRsedlA YREHURl AlePSIalR Asisted ARoVE s Thevaguim may have
an absolute pressyre of less thag abcc[)ut 10-2 torr, or less than about %*10- : é%—S 5*104, 104, 5*10-5,
% 3 iELD

10-5, 5#106 or fé ton” ahe R R va R B R P re S e PP 158t & FEPBRITE0-6 ton, or
between about 38 and 10-6 ton, 104 and 10-6 ton, 10-5 and 10-6 tom 10-3 and 10-5 torr or 104 and

le toff, andnay haves:pressdre 1fa ke 551083 e:lOnle20e 1R4&* 40 H0:1aT 16iRH 10.6 tort
After being hydroghob d q}ﬁehé/droghobic mesop rguso%%rtio es mag be washed one.or more times

Each wash maf]) éa\c/:vaﬁ Ogydl erent i/vgg?ﬁ)g solvent, of some of the 25 was lé%arrfjgf/'t ]Blees\'/vi’t?] the same
solvent. The soff&PRPASIGE 2 als or Tiapdserives ertTthdasr ahfcisonmsstnaydye gutar or

non-polar. SuitallEsolventminaludesrpeiisnetiane!, @iiprel isaprapansliassiane odighlgromethane,
ethyl acetate, t / S y miscible combinati uitable solvents. After
%saggé%@%ém%e%&% Rk a%%% BRI MRinaipRohsutable Sc

any or all of the wa e porous support m rying may comprise Fgﬁé)xample
heating (fot*30 BXEmpa A desibes ae e popaekihe ngHs! (i SUEHPRRAG RYSITHSBR§Tdsoporous
particles, or expdiisitnthfamataoanyadutsm (omexasapleasdescibetcabivity Fbegadiffayhe air,

nitrogen, carboeﬂg&g%Qélgg@fggﬁéﬁaga%@}Q&@m&ﬂga&?gn%gy@,cmsgﬂé%&hga&%gs e

2010/056200PCT/SG200 _ The process of the present invention may comprise the step
of allowing a faliftaaBHPAGEFLS M this plspdositlvdasrtranmbH csids I8t BarERShrior to
allowing the irotheanepaumalitosgdite heeig pepesikEhpofagilitdticdn ageemaydbes capaipte. oftiacilitating
decomposifjon gfithe,fop-aampauad.ie.form hegranuias.i may LesrRakIs pkfasiitating the

decomposition at elevated tgéryf}perature. It may be capable of reacting,.or associating, or complexing,

with the iron coPatAY SE XL ARNPATERY Be s MBSO iR FoiAT AU cdih 5BEMY-facilitation
agent complex,wasisiic ubsanguentlyitdbompdsesrat hightermpdfanmevtndomptite granuled. The
facilitation agerjoRaynbe:sapable wistebilisingdhg sranwies teintedin the.peres.of the pasticles. The

facilitation . . N
magnetic granules were commonly formed using oleic acid.

et The hydrophobic mesoporous particles may comprise silica, or & metal, or a metal
oxide or mixed metal oxide., The metal may be for example iron, fitanium, zirconium or
aluminium. The hydrophobic mesoporous particles may be a foam, for example open
celled foam, or may be sintered or otherwise porous. It may be mesostructured cellular
foam (MCF) or FDU-12, as described in Schmidt-Winkel et al, Science, 1999, 548,
30 Lettow er al, Langmuir, 2000, 16, 8291 and Fan er al, Angew. Chem. Int. Ed., 2003, 42,
3146. It may be a silica foam according to PCT application PCT/SG2005/000194, the
contents of which are incorporated herein by cross reference. The hydrophobic
mesoporous particles may have a particle size between about 100nm and 200 microns.

The particle size may be between about 500nm and 200 microns, or between about 1 and



i0 agent may be a surfactant. It may be an anionic surfactant. It may be a cationic surfactant. It may be
a non-ionic surfactant. It may be a zwitterionic surfactant. In some cases more than one facilitation
agent, or more thanrnedype of facilitation agent, may be used. The facilitatimGagenisay be for
example a long chain fatty acid. It may be saturated or it may be unsaturated. It may be for example a
06 to 020 saturated or unsaturated fatty acid, or 15 s to 018, C6to 012, C12 to 018, C14 to 020 or
024 to C18. It may for example be oleic acid. It may be hexanoic acid. It may be a mixture of fatty

acids. It may bgf Mixiie0h. GhZia 98 faimariln, amuPneoon mrerbvhich Mmay:beinsaturated.

The length of the ¢chain_of the carboxylic acid may, end.op the pore size of the mesoporous
particles. The fg?ﬁ"fffgﬁﬁﬁoélb‘ﬁ% Wa?}lgﬁf%)rIfﬁgoﬁlé’rég@#%%ﬁtiﬁhﬁﬁf%“@b@ﬁ%ﬁ%ﬁé@%ﬁﬁ% may be 20
a volatile solvef®@mazskightyicrotatilel sotydmt ahomadPbeéh efiel ol SMbtoke HsEMewtP} suitable
sol\f/entt- Itt may aﬁm%@m{elg*@,@yh%b@,r?{dje,%;al,t_@rtﬁemog bf %@cw @ét),h bm,aitm?yt tﬁﬂi@m thte "
surfactant, or abgu r.15 to,25%. The of allowing the surfactant to enter the
ores may Lonise R ant 1 M e R e B S A Ty
comprise passimgitievsotutiorotirpeigale Sish dist painnhehssrtiorss bit Festyteshibase $8¥midg a bed of
the particles anghparsingythe Sehiian heomgh thenbrd, Tiepassiog (aaubetmoar igsavibapr it may be
under an appliet%prgssug%cil'ehs?z pr_@'{‘ﬁgr res %r(% m b&g&fggi%t 5% CRUSE %e %olwigrnsgg enter the
pores of the par icles. The solton may be dried Tollowin enteting the pores. TI%IS’ may comprise
heating the parBcRE&HRGiRY e SBRtigh W??Hé%%@tﬁ@ééﬁ?%}ﬁemi%%iﬁﬁ 870 vacuum to
the particles hasingthesalation, in the,pones thereafslt sscompsise ddthodbihkde. Behimgemperature
and pressure aggt}k’l‘%e_ f%a}élgl% SHIiCIgRE 19 ASIIOVERY 91?4%@%%%8@@%?‘%%“1{3%}%%%0'Ut'O”-

These three factors will of course be interdependent, so that, for example, the lower ressure, the

shorter the time SRS aPRIGRARS 18y o%ﬁéﬁﬁeoﬁe{‘ﬁgkﬁa‘ﬁﬁ%’l(ﬂﬁeﬁa%ﬁ?‘%h@vﬁ’mﬂf% 8f the solvent
and of the surfagialitt; SMAHOT20 HEH05G2RO R SE2H08/0064 351 he Hhress facteisishouldypbeferably be

sufficient to remaye. spbsiantiAl.Rlliof. the. maiRiue M pehremeve fubsianial amaunisigl the
surfactant. Suitable temperatures are gen?g%!lé/ about 30 to about 80C, or about 30 to 50, 50 to 80 or

40 to 60C, &.g. HbAUE 30 ke 58°%6: 17 SreBE “PhaiFrEed e 1 6% hobitibd thisakto kbout 10-2

mbar. The time&Sreqgéired.fnhy3bk abfout B tocalicut 36r hoeysbosaibe uitbetor@®. 10 $0881 dre20 to 30

hours, €.9. aboyh B3 dLix20ndS AEADIONIS M8 ROMERSRgses ShisSlommaNbs aRiled, or may
take less time, e.g. 1, 2, 3 or 4 hours. . As di%

f %Jssed earlier, the irﬁnﬁom oun(iitma E%han iron -
carbonyl compl®X TEHRLY BE S & RteEATE0 Ay f A 5E: SSHE Stha T8 caél%epouﬁggprof’/ided that it
is stable in Ic) ongmia.sBiusion sastrovncteonppeising relidie shdeemsmep goniselest bievaadetierh perature,

optionally ipy the,presenss al-a-facilipion-agent ds descripcvalzpubemiharainnthemagnetic granules
may comprise iron oxide,,ltgr example ma .&'éig[x-F%ZO& Tth may Ilz)zee %ueb%ﬁg%llxis t};tgﬂ']cal. They
| a

may not be e|or%€§?88. ihefr‘ﬁ%%? orf’ﬁsepmagne c&Wraevg.a'ljﬁfe:y y be constrained Within the pores of

the particles. Tleépamaytrboita sodabie Ps ufhwprs avattRepdetndtadnStarmmdiRPimpetitlHély of a fluid
through the porggi agd thraghothe widdmysjeiingihe peges, Toeyndnsy, baveddsize Bookis
intermediate befyeen that of the windows of the particle the-pQr t riicl that they
are able to fit ir(?:I t nglb%r?eénﬂﬁtﬁ ot %gisesa% rgfs%ﬁ%rgnbotﬁlt%’u%g’f?;%é %vﬁr? 6\%2@%%1%&%(:{%2%8% comprise

the additioAal stdp23f 3BalidthES 1y dfah dibrRtaR) metre may have a mean diameter of about 10 {0
about 100nm, or 10 to 50, 10 1o 20, 20 fo 100, 50 to 100 or 20 to 50nm, e.g. about 10, 11,

12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 33, 40, 45, 5-, 60, 70, 80, 90 or 100nm. The
hydrophobic mesoporous particles may have a pore volume between. about 0.5 and
Scm®/g, and may have a pore volume between about 0.5 and 2, 0.5 and 1, 1 and 5, 3 and 5
3 orland3 cm3/g, and may have a pore volume between about 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5 or 5 em’/g. They may have a void volume of between about 50 and 90%, or between
about 50 and 70, 60 and 70, 70 and 80, 80 and 90 or 75 and 83%, and may have a void
volume of about 50, 55, 60, 65, 70, 75, 80, 85 or 90%. They may have a bulk density of
between about 0.2 and 1g/ml, or between about 0.5 and 1, 0.2 and 0.5, 0.2 and 0.4, 0.2



20 particles. The cooling may be to a temperature of between about 50 to about 150C, or about 50 to
100, 100 to 150 or 70 to 120C, e.g. about 50, 60, 70, 80, 90, 100, 110, 120, 130, 140 or 150C. It may
comprise the agditipnadsstep of treating the cooled hydrophobic magneticpeavticiessivithsa decomposing
agent, e.g. an oxidising agent. In the event that the_iron compound is iron pentacarbonyl, the oxidising
agent may be an amine oxide, for 25 example trimé?hylamine N-oxide Other related amine oxides may
also be used, e.g. triethylamine N-oxide, and mixtures of such amine oxides are also suitable. The

amine oxide may, b suitahie (pEesomnasing ediamAeRIcaMORLEPEIGN oxidesThis may be
conducted at elevated temperature, and I'[5%1e rE}ro %58 %iaélgc%rgf’)rbsg B%%:[ln% t/h particles with the
amine oxide tooé’s%ﬁ%ks}lét@ﬁ?pglﬁat?n?e{;? i Salﬁ e forexanipleé abou o] %_(511 0 about 150C (e.g.
about 120, 130, 14Tler k666 desdtipadyrtreinighe cotoprisy he fop etATbhebdine a1F9epeEra00 and

190, 200, 250, B B AR e R e each es being at
150, , 250, ,.350 0r4 . The heating ma .in more than one stage, each s eing at a
different tempeiTRES SERASHSIR 2PEE o?satod?fag%?%q%%é%ha%?ngré%?.}mdgm %‘(%%llﬁ' aggggrﬁ'%fr?agy be useful
for WO 2010/656060RCI 156 20081000485 2odesnipe Siudyibiig 4260 S5 pBITRIZIEP has not been
decomposed by, thg e valashioRpaialpiss suppatpiacassy may esnpisevasiingdhisiarticles
having the magnetic granules fgr\/%%es therel; PhIRf0aYsG M&%ﬁ%&‘%&%@%@f@g tts (e.g.

unbound facilitsiGR %rg%}?\aflgo as well as‘any magne |(;q?éanules that are’sufficiently small not to

be immobiliseckesithinagh ot es hyde yrehiel 89 Rat Pt ASHE SR IR s REERIBAlY have a
diameter smallgrthan thatat thewissewseafitke pasticlesyandiaraytientiore readilpseioved. The

solvent used for.the washing is co ¥.20 Qrganic solvent. 39a5.10 hecaralieofyragily
penetrating the"’%%nr%s\y %n%{avj\%ﬁ%oevgggn %%g{%art?cles and of 10 g?gsolving ressidliﬁlgg\qg}}gyenﬁglt may be
'S

capable of wetliigrtHEaba SR EIEh €8 SRS B RHRCSHDS SIS Il particles
as described ab@a@phobit heoprosesbenaydidditionallfocerapise these) ellimrmobidigingeocatalytic
species in the poyes;efithe hydrgphabig magneticartietes, kastars affaoingdherstakilissiand activity of
immobilized enzymes include enzyme accessibility, support s%tga}lce %rrga 1%)&}nd agfxiigi%abetween the
support and th SRR EH9 PR d S5 hERTRTBBNI VR SFBIRY SPaBlia S TRpIhS BRcanSittion, covalent
bonding and enirephesntEnaabdlatibonofiengymestirgolyanéis, jelsdahdl sekgéldad Rtaitations in

that the supports Lisyally,do.REtRSSESSAWeE!ksielinednere strugiuses negatively impacting the
enzyme accessibigé[r)é and the resulting catalytic activity. AIthou.%h Ieachf'ggk ig%t not b agrevalent

problem when 26 alfeiyrte & SvARRR BSHE: ttglé’sgﬂlapsrbﬁpaorﬁy & Rranmulation ant
functionalizationycibestymeyneheceuse thdgratein Thedenbenummeeiode ifercaranrie aheRity.
Entrappin%helﬁgﬁaﬂmﬁaﬁmﬁs%eeﬁw%%@wbﬁg %é@%ﬂﬁ%ﬁl@%ﬂp&ﬂmemﬁﬂiﬂmmcedthe
mesoporous silica supports, could be tailor ith lar urface areas, hi r an
well-defined pongi‘bggﬂ%%W d7esi ) S%r%%%‘}/%r,y gﬁ’ %gls%gég%s%ﬁ rﬁ%ﬁ%%ﬁe%&rected,

cage-like mesoperedhimatiesmtateapobitzgraess whilsskeHitath i dmmidimricob s iEdand
products. The cageandvingdowiSizesat Ruehmaiptialsaan alee bk taitbead deohostlspecific enzymes,
according to th%nirdr?nozlse ?,%a grdéamﬁié%zslﬁveiy the hydrophobing agent may comprise a siloxane or a
25 oyclosiloxane, Suitable hydrophobing agents may inciude chlorodimethyloctylsilane,
chlorodimeibyloctadecylsilane, — methoxytrimethylsilane, dimethyldimethoxysilane,
hexamethyldisilazane, hexamethyldisiloxane, decamethylcyclopentasiloxane (D5) or
other cyclosiloxanes. The process of hydrophobing may comprise exposing the precursor
particles to the hydrophobing agent, optionally together with a catalyst, for between about
30 1 and 48 hours, for example between 1 and 24, 1 and 12, 12 and 48, 24 and 48 or 12 and
36 hours (e.g. for about 1,2, 3,4, 5, 6,12, 18, 24, 30, 36, 42 or 48 hours) at a temperature
between about 10 and 80°C. The temperature may be between about 10 and 60, 10 and
40, 10 and 20, 20 and 80, 40 and 80, 60 and 80, 20 and 60 or 40 and 60°C, and may be

about 10, 20, 30, 40, 50, 60, 70 or 80°C. The catalyst may depend on the nature of the



The catalytic species may be immobilised in the pores by virtue of its size: the catalytic species may
be unboond to the pores but may be immobilised therein by virtue 30 of being too large to pass out of
the windows of {he fafes2dhus they may be immobilised physically. Altemativebsskmmnatalytic species
may be bound to the pore walls, for example covalently bound, optionally by means of linker groups
Commonly in the latter case the pore walls will be h)]/arophilic (which may be obtained from the
hydrophobic magnetic particles by removing hydrophobic groups on the pore walls). Suitable catalytic

VO 201010562408 GTIBGR00AI0AR43% sbpcien il s sl bR oGyl nclude

ring closing metathesis catalysts. These g:%%. for example be bound to the pore walls by means of urea

groups. In som&SAEAREE S ARG ABH O ASh STEERICHENSERAL SRS Bishianiitap Hdiiives have
catalytic propertiess SHaebasei T hindiydtiephibion zgme aantid pragnt. isithedesk ohaffinityiselvwéen the
enzyme and thejnolgae SHPRANRHHRG D CakEING the ﬁ%@@%ﬁtwcfrm Hhe, pRprt. This
problem can be resollve%j bé/ggraftgenrg Igng-chain h}/drotcazﬁrborhs o?t the surface silanol groups of
siliceous suppofe gl By EFophaDic suiRte TURCASRR G S0 hAVE BERITERINH (PBEEE the
esterification actvigreingbeimproisiiiZeatiprises ot to iakitalspBordersiofimagivivde, as
com pareocli tt)o fL%f%ﬂW“&ﬁﬂﬁ;@@@fﬁi{%ﬂgI B%%S%mgﬁ M&i‘d ﬁagg%gooth@rﬁ?s@y%@aﬁﬁgsﬁWﬁS
promoted by the hydrophobicity of the suppert, and the hydrophobic interactions between the enzyme
and the supports?)1%k?élngt“httagnl%z%e/rﬁ{()-:‘r ‘i%%%‘ﬁ?ﬁ‘fg‘g‘é" lfow t %I%n%oﬁgsteopﬁgﬁﬁe i%é%%?ﬁ/grggﬁ ormation.
Methods of imniBoRPZIg SRpYw el st plbrsisHepRinsEEe pirbgs SR hiveorpeensesraevBloped,
including the comyebtiarapsiipingo payPUsssilicadphameazReis&olution, and the pressure-driven
method for enzyme girapme0t, b Enaymeloadinds:And siogiisatsisagling e Rsen reported
when enzymes were immobilized onto mesoporous silica via conventional means. Ir‘?contrast, the
pressure-driven @Rt EFIRSHGEL M §iTBW SR IvIe Rhue retp st ARk 20Phe: (B G h RfvEsstaly tic
activity, improveadahadmab stabdity,1a0,0120 sed aced: ghaydEieactingnini e resemarorkphigh

pressure immohjifisafion feehnifyes ware wadonpRYehebLHREaLS MaxasuReEHiaple for use

with the magnetic particies of the invention.” The catalytic Species may be an enzyme This may
comprise pHssiffgfrerssinptied Pesrduqueh AL AT 5 HYRE HMcICRCH BRI B8tSicling the
species throughrthier2Bypdrisdegisem desdad ipregsongh Bheatmgbphesssurepmayede pene:fobexample on

the particle size.and pae.siz0h e %{O{Js@a}e i v e geeaias hananaw M Ea A nay be
greater than about 15, 20, 25, 30, 35, 40, 45 gr 50MPa, and may be between,about 10 and 50,20 and

50,25 and 50, SN EEUdEhdHEB, 16P4hd %0, TFartd d6516%hPRIo s ahd 40'8r-28 Al 30MPa. It
may be about 10)45* 20", 257 30185 04004 Sour SEMRR hTrem absolute pressure of between about

20 107 and 10" torr, or between about 10® and 10°® torr, 10 and 10 torr, 10° and 107 torr,
107 and 107 torr or 10™ and 107 torr, and may have a pressure of about 5%1073, 107,
54107, 107, 5%107%, 107, 5%10°¢ or 10°° torr.

After being hydrophobed, the hydrophobic mesoporous parficles may be washed

one or more times. Each wash may be with a different washing solvent, or some of the

25 washes may be with the same solvent. The solvent may be aqueous or may be organic.
The organic solvent may be polar or non-polar, Suitable solvents include water, methanol,
ethanol, isopropanol, acetone, dichloromethane, ethyl acetate, toluene and xylene, and
may also be any miscible combination of suitable solvents. After any or all of the washes
the porous support may be dried. The drying may comprise for example heating (for

30 example as described above), passing a gas through the hydrophobic mesoporous
particles, or exposing them to a vacoum (for example as described above). The gas may
be air, nitrogen, carbon dioxide or some other gas, and may be heated or may be not
heated.



30 passing, or recycling, may be for a period of at least 30 minutes, or at least 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5 or 5 hours, and may be for between about 0.5 and 5 hours, or between about 0.5 and 2, 0.5 and 1,
1 and 5,2 and 5y pands3ohours, and may be for about 1, 1.5, 2, 2.5, 3, 3&pdeddsanizshours. It may
be for sufficient time to achieve the desired loading of catalytic species. A low temperature such as 0C
may be used during the passing or WO 2010/05626DPCT/SG2008/000435 18 recycling, particularly
when the catalytic species of limited stability. The low temperature may be between about 0 and 15C,

or between about 0-4pd 10, Q.a0€ 5520010, QrARANhHEP CorAPEkE & DE BB oRirkD pr 15C. The
catalytic species may be a protein, a protein fragment, a s c%haride, an enzyme, a DNAtfragment, a
peptide or a coﬁ%‘i’b‘i’%’c?ﬁnagﬁm SHFRGRS SPIFRS W%ﬁ%@%& Some giart atgu(‘):;eéa?g|l§/rticospecies. The
catalytic speciesiondngzainplied ¢ontheupdrtichesrisail foids-ate theliigidmiagnberay kfutahdde ekample an
aqueous liquidg,The.catabiiGReciss SPay hedissolec aepsnded:-enusifiadphdispessed in the
fluid. The concentration, of the ca?tj%lg/éic ,specie;s int e fluid will g{e en?ﬁoﬁgl t%?eno%tr%rée ncx):f tkg)e catalytic
species. Tﬁe'cBﬂ@@Hi%ﬁ&g?%gv SROBEhABBHT 1°8RG 10 50mg/nt, of between abott 1 and 25, 1
and 10, 1 and 55B@athE0T LommekBe, 28th itk SOnSanePPHicp Bsdndariitaigthe dasraoRnalipe about 1, 2,
3.4,5.6.7. 8.8 My Lid0.£53, Smfludbianmad g uhestibnayialso sompusmotner
species, for example, salts, buffers, nutrients etc. The pH_of the fluid.m n e nature of the
catalytic speciegs? < gnnl K Soﬁbf(?lk% sgﬁ%ﬂefﬁtgfeth%g (%3?5]35% %ﬁaengllgss' ii]%te%fgﬁl 'g é%%%g%€%£§p% between 15
about 2 and 9. spiEeSatrbilising thampruissaREsiAnHE ForandttegrEgR %ér{%f’%?"l‘i‘ave a pH of
about 2, 3;4, 5 BnimeyBe% shifaceaialyticspeciesivay hepassed irpbgh catigaicyeidettmough, the

partcles at a tsmperature, at docg Aol AenALe a1 fegrads e calaivic sRssles andayl depend on
es having the catalét[c species immobilized thereon may

the nature of the cata ytic species. The partic al
have greater 2Qhems#ns BrviljietitnRarRs FREIS Jardgiamver SLRCINEte: pradranin sl 125, 150,

175, 200, 225, fifitAih eEA0RMBigoandmy dlave detween ahbut HoydrcS06mbfy iongetween

bout 100 and 30 0 ) ‘ 1i20Q and 250
150 and 200m3 ?z%ﬁ%%%%%%%%%ﬁ‘%ﬁi%%? Rt %%%%%%‘;?é%%%% o300 malg.

The particlés me§ BavBBaFigAcr DadiRgoor LS ficors 2 huctedd il Hbbil BatHE SSHRSPthe porous
support would basedéit, iteneybatedwitiatie Gatalytic spédies eifddy atidrodipheribepragsine. It may be

at least about 10% highet, Or.at Isast akowhd 5r 20:23s 3% 3mAP b8 2nBRrBRA 6B EREA o5, SO, 85,
90, 95 or 100% higher than the porgus support would have if it were loaded with the c%

) t?l tic species
under atmosphElEHFR e RIS Hor A BRHASTEALBL I PSTOHOY Bp 80050 %5 c%% 55, 60, 65,

70, 75, 80, 85, Ube 8;ilaMnlient2g; 486, thdpaesiBEohHighdhesalvenidPchessslippeabeuld have if it
were loadeg with Jhe Gataiylic SPECIEsHpdRIAIN GSRRA!IE RIS SIe: Tine: GrtalytieEnecivmenay be
phyicaly adsoied o GrBL ST e RO BRI g Ul SOl
2010/056200P @862 008/ 00438 fg:tant, or about 10 to 20, 20 to 30 or 15 to 25%. The step o
allowing the surfactant to enter the pores may comprise immersing the hydrophobic
mesoporous particles in the solution, or it may comprise passing the solution through
25 and/or past the particles. Tt may comprise forming a bed of the particles and passing the
solution through the bed. The passing may be under gravity or it may be under an applied
pressure. The applied pressure may be sufficient to cause the solution to enter the pores of
the particles. The solution may be dried foliowing entering the pores. This may comprise
heating the particles having the solution in the pores thereof. It may comprise applying a
50 vacuum io the particles having the solution in the pores thereof. It may comprise both of
these, The temperature and pressure and time may be sufficient to remove substantially
all of the moisture in the solution. These three factors will of course be interdependent, so
that, for example, the lower the pressure, the shorter the time may be, and will also

depend on the nature (in particular the volatility) of the solvent and of the surfactant.



The invention also provides a particulate material comprising a plurality of hydrophobic magnetic
particles. The particles of the material comprise mesoporous patrticles (optionally hydrophobic) having
magnetic granues imabdeast some of the pores thereof. In a broader sengerthigdmveniian provides a
particulate material comprising 5 mesoporous particles having metal granules in at least some of the
pores thereof. The material may be used as a catal)}ét in particular a heterogeneous catalyst. It may
be a magnetic material so as to facilitate separatlon thereof from a reaction mixture. The

mesoporous pafides.bix S misRRbaicaesAsRiRS Uik ARt ThaRgas makkave surfaces
comprising trialk I%I%% %"ﬁ s. The alkyl groups, of the jo trlall§ Isil %?erougg may be ClI to C24 alkyl or

bigger than C24 8?8% RS e e AT SRS IR or
diarylalkylsilyl gimup80 Thebany|8§P6u pr riayti® for38xafiol 6008 6 ©160 4yt Othentsifitaificstydrophobic

grczjups mﬁy beg@reaﬁm oeheTsly haQuR- Jﬁe@@ﬂfﬁwm %a@hb@nﬁmprm@%ﬁ%ed fahgin, ,
and may have betwe on ato or between ,6and 24,1
and 1524 6r 6 aﬂ%ufg bona§ 8Fcn§s X ?’ﬁm o4 A% %’]@ 8, %1 %(J?%ff @zﬁ %16, 18, 20,
22 or 24 carbors-&t8heyt ﬁ rﬁ%y%oﬁﬁ’pﬁé@@@;}&@ﬁlklﬁ @@epnﬁ@eheaéb@@%p@ﬁryhecw@h@m or
cycloheptyl. Th@l@ryi@wmayelgeﬁoz exxamnpde:phenyl, biphenyl naphthyl or some other aryl group.

The aryl or alkl group may b bg e%ﬂ-?t%d or po O\ﬁ\luonga Qb rfluorl C%QET S mesgporous
particles may have a structure com rism pores Eohnected y Winc ows erein the mean diameter of
the windows is &nisiePeparrthR Ik é?éﬁdﬁ’f’ﬁé%&\ré@@ﬁ@%@ﬁ@ﬁ@ @%M%zﬁﬁ@%ave amean

diameter betwegpatfie mﬁmrmdlameb@{ @fﬂp&@&f@&ﬁiﬂﬁhth&ﬁm&mdﬂl&mﬂﬂéﬂidﬂl&wﬁﬁm The pore

size and windoy size fiag bgen described e i‘%‘&%ﬁ%@% ”ﬁ@s%ﬂﬁél? GE30HIes mayhaye a mean
diameter 25 of about 5to about 100nm, or about 5 to 50, 5 5t0 10, 10 to 100,20 to 100, 50 to

100, 10 to 50, TOREISY Siaopith BRF GAVBTHE 4B A for %ﬂ@pi%mi&ﬂei}?ﬁ@n They mwvas 30, 35, 40,
45, 50, 60, 70, 8adstatailii0Phericdefaadimgyamthie phrgand Whadovnegizet dkthepatiiclesesThey may be

present in the paticlps atabgitl.ig a0 2gn &egro@%%éﬁeléso ﬂﬁegm%ob% 319 20240 20, 10 to
20,2 t0 10,2 to 5 or 5 to 1Crwt%, e.g, about 1, 2, 303, 4 12, 13, 14, 15, 16, 17, 18,

19 or 20wtdh alﬁﬁ‘&?ﬁgﬁ%%&éﬁ%ﬁ%ﬁ@%ﬁ&lﬁ@eﬁe@%‘ﬁPﬁ?&‘f‘@d@‘?‘?ﬁﬁﬂ?r%%?&ﬁéi thrp e magnetic
granules may chmpisewmdgnetictiroresxidéce igay Haed 0 3izE taanipleder@iate between that of
2010/ 056200P@1?§ﬁ&99&%@@@%31@s and the pores of the particles so that they are able to fit in the

pores but not pass out of them throvgh the windows.
The process may comprise the additional step of cooling the hydrophobic magnetic
20 particies. The cooling may be to a temperature of between about 50 to about 150°C, or
about 50 to 100, 100 to 150 or 70 to 120°C, e.g, about 50, 60, 70, 80, 90, 100, 110, 120,
130, 140 or 150°C. It may comprise the additional step of treating the cooled hydrophobic
magnetic particles with a decompbsing agent, e.g. an oxidising agent. In the event that the
iron compound is iron pentacarbonyl, the oxidising agent may be an amine oxide, for
25 example trimethylamine N-oxide. Other related amine oxides may also be used, e.g.
triethylamine N-oxide, and mixtures of such amine oxides are also suitable. The amine
oxide may be suitable for decomposing the iron pentacarbonyl to form iron oxide. This
may be conducted at elevated temperature, and the process may comprise heating the
particles with the amine oxide to a suitable temperature. This may be for example about
3 120 to about 150°C (e.g. about 120, 130, 140 or 150°C), or it may be higher. It may be for
example between about 100 and about 400°C, or about 100 to 300, 100 to 200, 200 to
400, 300 to 400 or 250 to 350°C, e.g. about 100, 150, 200, 250, 300, 350 or 400°C. The
heating may be in more than one stage, each stage being at a different temperature,

optionally also for a different length of time. The oxidising agent may be useful for



The entrapment of magnetic nanoparticles in the pores of hydrophobic mesocellular foams (MCF) is
described. The resulting material was successfully applied towards the immobilization of Candida
antartica lipase ®d@M4B)20bhe activity of the resulting enzyme catalyst wag-igsiaddosstae acylation of
1-phenylethartol with isopropenyl acetate 5(see Scheme 1). Scheme 1. Kinetic Resolution of
1-Phenylethanol with Isopropenyl Acetate over cAL¥ Racemic Mixture(R)-1-Phenylethyl
Acetate(S)-1-Phenylethanol of 1-Phenylethanol 10 Synthesis of Magnetic Hydrophobic MCF

y-Fe203nanopagliclesiyaie:entiaPRRA IS AR AP haPARH RLESORNAbI MCRdresacelular

siliceous foam) patrticles. Figure 1 illustrates the size and shape of the MCF micropatrticles, which were
rendered hydroSBETIEHY the reaction of the surface silanol 15 groups with hexamethyldisilazane
(RADS), dimethylchlBropetyhsianey (©8)rosd imstngl dhiareticted beyisi| dme f@58)ic iSatapped MCF

was obtained byapaiepbasenasafiindsanhich ledde.axeniiah loading of LtdpunelietdMS groups/g.
Figure 2 shows very u ifgfri[g%s‘%%d m%%netic nano arti[clealgntrap within thﬁ pores (ﬂ‘ MCF.

During the ssyntfi%éliéch’) ‘f/ Fia MR PR poStioh ﬁ:%r&: 50 aﬁ%p]etﬁf}élé% Were foimed

in the pores of EpAIPkrsEivTIORhTPAggles Bideshpyahdipirasermsbedfoleic thisidteripfantas around the
nascent nanopakiiclesdiuhigh fasilitatadan that of the windows of the particles, and are therefore

readily removed. The solvent used for the washing is cotnmonly an organic solvent, $o as
to be capable of readily penetrating the pores and windows of the particles and of

1w dissolving residual reagents. It may be capable of wetting the magnetic granules so as to
be capable of washing out the very small particles as described above.

The process may additionalb} comprise the step of immobilising a catalytic
gpecies in the pores of the hydrophobic magnetic particles. Factors affecting the stability
and activity of immobilized enzymes include enzyme accessibility, support surface area,

15 and affinity between the support and the enzyme. Enzymes may be immobilized onto a
solid support by encapsulation, covalent bonding and entrapment. Encapsulation of
enzymes in polymeric gels and sol-gels has limitations in that the supports usually do not
possess a well-defined pore structure, negatively impacting the enzyme accessibility and
the resulting catalytic activity. Although leaching might not be a prevalent problem when

20 ap enzyme is covalently bonded to a solid support, the manipulation and functionalization
of enzyme may cause the protein to denature and lose its catalytic activity. Entrapping the
enzymes in mesoporous silica would be ideal for enzyme immobilizafion since the
mesoporous silica supports could be tailored with large surface areas, bigh pore volumes,
and well-defined pore and window sizes. In particular, MCF possesses ultralarge,

25 infercommected, cage-like mesopores that can entrap enzymes while facilitating the
diffusion of substrates and products. The cage and window sizes of such materials can
also be tailored to host specific enzymes, according to their molecular diameters.

The catalytic species may be immobilised in the pores by virtue of its size: the
catalyiic species may be unbound to the pores but may be immeobilised therein by virtue

30 of being too large to pass out of the windows of the pores. Thus they may be immobilised
physicalily. Alternatively the catalytic species may be bound to the pore walls, for
example covalently bound, optionally by means of linker groups. Commonly in the latter
case the pore walls will be hydrophilic (which may be obtained from the hydrophobic
magnetic particles by removing hydrophobic groups on the pdre walls). Suitable catalytic



hydrophobic interactions with the hydrophobically modified silica surface. Strong interactions have
previously been reported between the hydrophobic silica surface and the surfactant-capped magnetic
nanoparticles. ke hydrephebicity of MCF and the formation 25 of iron-oleicaigdeegmglexes during the
reaction also prevented the decomposition of Fe(COiS on MCF surface. The nanoparticles were then
entrapped in the pores of MCF, and subsequent wa %ing was used to remove excess oleic acid
surfactant and the smaller oleic acid-stabilized y-Fe203 nanoparticles. In the present system, the

y-Fe203 nanopgiliclesiaguith okl eachdiay s unaste apdlieyete laosilabputdangy than the 30

window size of MCF (about 10 ami? hes reIatlve%/ﬁ%r ge y-Fe703_nanoparticles facilitated the

magnetic separ‘ﬁ”‘fﬁ;?ﬁs@f HHESE RANATE FRETRIRRS ROYR %féﬁ%ﬁ?ﬂ%m’uﬁ@% urea groups. In
2010/056200PMWW@W@@%@WI@MQM@WMEM OfepmbadRBhere MC?. The

loading of magpatig A d@é{{g@les on MCF could be easily controlled by adjusting the amounts of
Fe(C0)5 and oleic aclfl added rl&; the s¥nthe5|s The TMS > groups in MS -ca ped MCF were
easily removed by calcmaIPon ater e &n meenfm?pr]hnggnetlc hari gxéy e cen th

enzyme and the morgamc support surface, causing the 1eachmo of enzyme from the

support. This problem can be resolved by grafting long-chain hydrocarbons onto the

surface silanol groups of siliceous supports. Such hydrophobic surface functional groups

have beer shown to boost the esterification activity of the immobilized lipases in organic

1w media by 5 orders of magnitude, as compared to free enzymes in solution. The access of

the substrates to the catalytic sites was promoted by the hydrophobicity of the support,

and the hydrophobic interactions between the enzyme and the support prevent enzyme
leaching and allow the enzyme to maintain its active conformation.

Methods of immobilizing enzymes onto hydrophobic mesoporous silica have been

15 developed, including the conventional stirting of porous silica in an enzyme sohstion, and

the pressure-driven method for enzyme entrapment. Low enzyme loadings and significant

leaching have been reported when enzymes were immobilized onto MEesOporous silica via

conventional means. In contrast, the pressure-driven entrapment of enzymes in MCF has

led to high enzyme loadings, high catalytic activity, improved thermal stability, and

20 reduced enzyme leaching. In the present work, high pressure immobilisation technigues

were used, however other methods may also be suitable for use with the magnetic

particles of the invention.

The catalytic species may be an enzyme. This may comprise passing the catalytic

species (e.g. enzyme) through the particles, optionally recycling the species through the

25 particles, under high pressure. The high pressure may depend for example on the particle

size and pore size of the particles. It may be greater than about 10MPa, and may be

greater than about 15, 20, 25, 30, 35, 40, 45 or 50MPa, and may be between about 10 and

50, 20 and 50, 25 and 50, 30 and 50, 40 and 50, 10 and 40, 10 and 30, 10 and 20, 25 and

4¢) or 25 and 30MPa. It may be about 10, 15, 20, 25, 30, 35, 40, 45 or 50MPa. The

a0 passing, or recycling, may be for a period of at least 30 minutes, or at least 1, 1.5, 2, 2.5,

3,3.5, 4, 4.5 or 5 hours, and may be for between about 0.5 and 5 hours, or between about

05and 2, 0.5and 1, 1 and 5, 2 and 5 or 1 and 3 hours, and may be for about 1, 1.5, 2, 2.5,

3, 3.5, 4, 4.5 or 5 hours. It may be for sufficient time to achieve the desired loading of

catalytic species. A low temperature such as 0°C may be used during the passing or



5 calcined y-Fe203/MCF support could then be used for the immobilization of homogeneous catalysts.
xxx  The material showed X-ray diffraction (XRD) peaks corresponding to the y-Fe203 phase
(Figure 3). The p@eRrXRIP patterns also consisted of a broad band (20 sckk@f)ansegiated with
amorphous silica. 10Previous efforts in deriving magnetically modified MCF adversely affected the
total surface area and the pore size of the mesopor Bs material. In contrast, the BET surface area and
pore volume of the present C18-1MCF material were only slightly reduced from 238 m2/g to 228 m2/g

and from 1.22 qm3/g ,ﬁa&%ﬁ@rgf%éﬁ%ggalﬂﬁlbfc g;f&%{emﬁ lﬂﬁ%ﬁ%@éiﬁ&?&*&?%"{%ﬁggfb%e

nanoparticles. Figure 4 shows the N2 adsarption-desorption is isotheuu of C18-MCF, before and after

the incorporatidAeSfanBEHTERE FheHbparfcleC TP PSR RAPHiNdER Kz8sed &182RICE RErtined almost
unchanged aftemth&sé@iteagd mentbefabuag Befic ifamoiidfticles cBayinephrimahilizatioprdemjnventors

have ?mmO_biIizgg@iﬁtﬁ%@m@gaeamsi%hygﬁgmbﬁm%g&éﬂ@ 20 B ResSHIE R Method as
described in W 5006/096132, the contents of which a?e incorparated herein by cross reference

Enzyme loadings SP1 35580 thioPmizgRe i 298 LREC ST Y oS it BBYRACE were
achieved (TablertyicAlyughliticie dryaaitbading Ivad mot ts Aigh asythaefépoddd:-fora@8idVCF (275

mg/g), it was stifhcepsiderabhahioheciidnithgiaitaingd va fhesaanyenionalslivingmeaingd (92 ma/g

of 25 C8-MCF).,The lower en oading on magnetic C8:MCF as campared oﬁ -MCF was likely
due to the redu%ﬁg?lrsg s{ltljpt)hﬁ%oétxgb?%{“% unr%g%%%ogc%’g% i ygﬁ}ﬁfgéafﬁﬁsléna |en§. ‘gllgg?ﬁ%dof magnetic

nanoparticles irPeakalpatirs whihighdytiaaanariot i keatanpsuativhistaydsubeitrsenaahowet éngyme loading
for the former. Fhedeadingsabmagpatichanspasieles, fongptalysts B antkktd werestheisanse; this gave

rise to the same me 3 ding in these two catalysis. Tahl nzyme ing
Characteristics %n?;?eloégtaﬁ%g?sragagfg;ya& ﬁ%jpo?tﬁ%r?lzl?/r};ﬁsg’lah‘g%’eﬁé?dgé g’izig’\)\;??%gv%%?z%%’
(ng/g)(nna)(nrafOAgﬁoSFW@/dWFéQ@Q?Z@WQZW.9150 comprise other species, for example, salts,

buffers, nuirients etc. The pH of the fluid may depend on the nature of the catalytic

species, and should be such that the catalytic species is stable. It may have a pH between

15 about 2 and 9, or between about 2 and 7, 2 and 5, 4 and 9, 7 and 9 or 4 and 7, and may

have a pH of about 2, 3, 4, 5, 6, 7, 8 or 9. The catalytic species may be passed through, or

recycled through, the particles at a temperature that does not denature or degrade the
catalytic species and will depend on the nature of the catalytic species.

The particles having the catalytic species immobilized thereon may have greater

20 than 50mg catalytic species per gram of particles, or greater than 75, 100, 125, 150, 175,

200G, 225, 250, 275 or 300 mg/g, and may have between about 50 and 300mg/g,‘ or

between about 100 and 300, 150 and 300, 200 and 300, 250 and 300, 50 and 250, 50 and

100, 100 énd 250 or 150 and 200mg/g, and may have about 50, 75, 100, 125, 150, 175,

200, 225, 250, 275 or 300 mg/g. The particles may have a higher loading of catalytic

25 species immobilized thereon than the porous support would have if it were loaded with

the catalytic species under atmospheric pressure. It may be at least about 10% higher, or

at least about 15, 20, 23, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95 or 100%

higher than the porous suppori would have if it were loaded with the catalytic species

under atmospheric pressure. it may for example be about 15, 20, 25, 30, 35, 40, 45, 50,

36 55,60, 65,70, 75, 80, 85, 90, 95, 100, 110, 120, 130, 140 or 150% higher than the porous

support would have if it were loaded with the catalytic species under atmospheric

pressure. The catalytic species may be physically adsorbed into and/or onto the porous

support. It may be immobilised, e.g. physically immobilised, in the pores of the porous

support (i.e. the particles of the particulate material).



WO 2010/056200 22 PCT/SG2008/000435 C8-MCF (5 pm) 4.62 wt% y-Fe2031 C8-MCF (5 pm) 4.75
wt% y-Fe203/ C8-MCF (2 tun) 5.43 wt% y-Fe203/ C18-MCF (5 pm) 143 143 129 79.1 21.4 20.9 8.4
8.9 WO 2010/056200 PCT/SG2008/000435
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The invention also provides a particulate material comprising a plurality of
hydrophobic magnetic particles. The particles of the material comprise mesoporous
particles (optionally hydrophobic) having magnetic granules in at least some of the pores
thereof, In a broader sense, the invention provides a particulate material comprising

s mesoporous particles having metal granules in at least some of the pores thereof. The
material may be used as a catalyst, in particular a heterogeneous catalyst. It may be a
magnetic material so as to facilitate separation thereof from a reaction mixture.

The mesoporous particles may be hydrophobic mesoporous silica particles. The
pores may have surfaces comprising trialkylsilyl groups. The alkyl groups of the

w  trialkylsilyl groups may be C1 to €24 alkyl or bigger than C24 alkyl. The pores may have
surfaces comprising triaryisilyl, aryltrialkylsilyl or diarylaikylsilyl groups. The aryl group
may be for example C6 to C12 aryl. Other suitable hydrophobic groups may be present on
the silyl group. The alkyl group may be straight chain or branched chain, and may have
between 1 and 24 carbon atoms, or between 1 and 18, 1 and 12, 1 and 6, 6 and 24, 12 and

15 24 or 6 and 18 carbon atoms, and may have 1,2, 3,4,5,6,7,8,9,10, 11, 12, 14, 16, 18,
20, 22 or 24 carbon atoms. It may comprise a cycloalkyl group such as cyclopentyl,
cyclohexyl or cycloheptyl. The aryl group may be for example phenyl, biphenyl, lnaphthyl
or some other ary! group. The aryl or alkl group may be fluorinated or polyfivorinated or
perfluorinated. ‘

20 The mesoporous particies may have a structure comprising pores connecied by
windows, wherein the mean diameter of the windows is smaller than the mean diameter
of the pores. The magnetic granules may have a mean diameter between the mean
diameter of the pores and the mean diameter of the windows. The pore size and window
size has been described earlier herein. The magnetic granules may bave a mean diameter

25 of about 5 to about 100nm, or about 5 to 50, 5 to 20, 5 to 10, 10 to 100, 20 to 100, 50 to
100, 10 to 50, 10 to 20 or 20 to 50nm, ¢.g. about 5.6, 7, 8, 9, 10, 11, 12, 13, 14, 15,20, 23,
30, 35, 40, 43, 50, 60, 70, 80, 90 or 100nm, depending on the pore and window size of the
particles. They may be present in the particies at about 1 to about 20 wt%, or about 1 to
10, 1105, 1102, 210 20, 510 20, 10 t0 20, 210 10, 2 to 5 or 5 to 10wt%, e.g. about 1, 2,

0 3,4,5,6,7, 89,10, 11,12, 13, 14, 15, 16, 17, 18, 19 or 20wt% although on occasions
they may be present at an even higher loading.

The magnetic granules may comprise magnetic iron oxide, e.g. y-Fen(hs.

Examples



8.6  Catalyst D was also subjected to nitrogen sorption characterization before and after enzyme
immobilization. It showed only a slicht reduction in BET surface area (to 210  as compared to
C18-MCF (238 wif@)carehyr-Fe203/C18-MCF (228 m2/g). The pore size ofy/FeR08i@i&MCF was
decreased slightly from 22.1 nrn to 20.9 inn after enzyme 5loading. It indicated that the pores were not
blocked by the presence of the enzymes, this was iffiportant towards facilitating the diffusion of
substrates.  The entrapment of enzymes in magnetic hydrophobic MCF was characterized by

photoacoustic FoLriaslaje) n iR Al R sRssiessomvoriharh s siching dgnd (- 3300
cml) and C=0 stretching band (-1650 crn-1) were observed in the C%#DIB g 0. FeZOZ%/Cﬁ%éMCF
thé&le on Irming the

ind (-1 )
catalyst (Figurd 259 NS A fEer e ot i M gL Paerse SHrgaET
enzyme incorporaiidiliziienCHGtrdidhingdrtind 12860830061dm- Y brasctivtedoh tirerspditng of

y-Fe203/C8-MGEhefoug.and.aftarsALR ipadinathismasrativibuied teithesbydrephokismodification of
i¢ Activity and Selectivity in the Kinetic Resolution of 1-Phenylethanol 15 A

the MCF surface. %_z%al tl(i

fixed amouht ofEA e\%Ss)i'ntroduced for the acylation of 1-phenylethanol with isopropenyl acetate.
Catalysts A-D &tlzhtele i instinBrecdwiine el ch{BOwy GRIR) - ithhisaprepruyb| Agetate over
(R)-1-phenylethiylgagetate in 8 h. After 1 Ii, catalysts D and A achieved superior conversions and
catalyst C showed similar conversion, as compared to CALB entrapped in MCF. Nitrogen sorption
experiments were perfoilited gn all 4;j;alysts, and 20 it was found that the por%ﬁmd window sizes of

all 4 catalysts were quite simifglf Cat b? (ClS-modif@}a‘} was observed to have a higher catalytic
activity than of Catalyst@kgmdiﬁﬂd)ﬁ_an‘ﬁ the W could be due t@%ﬁh‘erence in the
hydrophobicity of the si upport. Thesame tre as observed previousky Catalysts C and B have
similar enzyme loadingsehutin@former has a gpaliespaiticie-aize; the sharteengiffuseon distance 25 for
the substrate might aE&8mavtdemeatalyst Cs faster reaction rate as compared to catalyst B. Catalysts A

and B wergsimilar in size and surface hydrophobicity, but the former has a higher enzyme loading,
e S A D= o0 e Vio

v-Fe,Os nanoparticles were entrapped in the pores of spherical hydrophobic MCF

(mesoceliular siliceous foam) particles. Figure 1 illustrates the size and shape of the MCEF

microparticles, which were rendered hydrophobic by the reaction of the surface silanol

15 groups with hexamethyldisilazane (¥IMDS), dimethylchlorooctylsilane (Cg) or

dimethylchlorooctadecylsilane (Cig). TMS-capped MCF was obtained by vapor-phase
grafting, which led to a very high loading of 1.49 mmol of TMS groups/g.

Figure 2 shows very uniformly sized magnetic nanoparticles entrapped within the

pores of MCF. During the synthesis of y-Fe2Os3 via thermal decomposition of Fe(CO)s,

20  nanoparticles were formed in the pores of hydrophobic MCF. This was aided by the

preseﬁce of oleic acid surfactants around the nascent nanoparticles, which facilitated

hydrophobic interactions with the hydrophobically modified silica surface. Strong

interactions have previously been reported between the hydrophobic silica surface and the

surfactani-capped magnetic nanoparticles. The hydrophobicity of MCF and the formation

25 of iron-oleic acid complexes during the reaction also prevented the decomposition of

Fe(CO)s on MCF surface. The nanoparticies were then entrapped in the pores of MCF,

and subsequent washing was used to remove excess oleic acid surfactant and the smaller

oleic acid-stabilized y-Fe;Os; nanoparticles. In the presemt system, the v-Fe;Os

nanoparticles could not leach from the support, as they were larger (about 15 nm) than the

30 window size of MCF (about 10 nm). These relatively large v-FeO; nanoparticles

facilitated the magnetic separation of the catalytic materials from the reaction medium,



23 for catalyst A when compared to catalyst C. Catalysts A-D demonstrated higher activity than free
CALB in an organic reaction mixture. This could be attributed to the good dispersion of CALB in the

magnetic hydrophehituMeb allowing the enzymes to remain =aggregateg@pcrsiainssactive
conformation. Catalyst B has only a slight advantage s over CALB in activity. This could be attributed

to the leaching of enzymes from the solid support dgik to the weak hydrophobic interactions between
the MCF surface and the enzymes, or due to enzyme degradation over time. Leaching was not a

prevalent probleyn, ot caiabApaanly i 0. the srdedenioRenl pESSR AR AR o

higher enzyme Toading. 10The enantioselectivity of the reaction was unaffected by the entrapment of

CALB in magnefemaprIbcaeny Berprbs SoRBURTeR DR Bocrsonred fHER)s1-
phenyleihylacetai® okas @btaihikd idualsdsesywtitsea iy SISA-Broups Reabycld/StuappsddSRISO

performed with &a@éxﬁﬁ?%e%@a%gmiﬁmﬁ? &M&%@%ﬁ&%@%ﬁ@ﬁﬁ%&%@ww of the

reaction remained excellent after 5 runs. It is ts interestn]qg to note t | activity of the catalyst
dropped from 38958653098V MS FurePRHHe S arEistin the 1541 8hVBFsidRBRIHERVU was
minimal, from S@%tdegededs cvgySsrums. The initial drop of catalyst activity in the first hour for the

subsequent runs mig%@%&U&d@ﬂ@@é@?ﬁﬁﬁ%i@i&ﬁ%@@i@ﬁ&%ﬂ@&%@%ﬁ%ﬁg@ﬁ%&%&!@?hing and
drying of the catalyst whicq m[('%lt refgldgﬁék into its a{ertiar@wcﬁur% Lérlgla%é"l%c___g d{“SE of the
20reaction. Com Sig:ﬁ%m )N Chil 8rn ﬁf}g%sho%)ig S5HE8h synthésize an9d)used for
enzyme entrappseria®h it pporbavateted incorporated maghemite nanoparticles into the siliceous
MCF withoyt disruptingdheutheger-dinaensiona! page-aesanesibatii-al terlaiiee:«25 bvespagnetic
nanoparticles were Qo%embed%ggl %}%%rafted ontptgge . pare %alésmgyt.\ﬁgﬁg rather enfra in the pore

cages like a ball’if & ratie The res 81%3%%&% was efteetve y lsed as a sol agljpport or the

immobilization GfEint Bea gy preccehnpstalibimyescpréssdie impenitherie anirlighinsiifseld catalysts
demonstrated exsellezs aétvity macEnaniipselectivity:in’ekineticrégohuiprofdhe Aeylation of
1-phenylethanoj 3Q with 150D %@0&%&86%@%%%195 tﬁ%?%gﬁ g6l calalSIRGS glpgg%gég&separated

from the reaction medium via magnetic force for reuse - This magnetic support can roadly used for
immobilization éfosbeeRediSbrisihntetaiche BrgmIcdRLysiaeTiie BHPAPHRH Mhod for
magnetic MCF gai? aldoheiemgleyed @ theCsyninsisis! afatheuitagaetiefanhpartiaiescthatfare useful
for biological a%%%%owﬁ;01056200PCT/SGZOOS/OOO435 : :
Enzyme Immobilization.
The inventors have immobilized CALB onto the magnetic hydrophobic MCFE using
20 a pressure-driven method as described in WO2006/096132, the contents of which are
incorporated herein by cross reference. Enzyme loadings of 143-200 mg/g of magnetic
Cg-MCF and 129 mg/g of magnetic C;s-MCF were achieved (Table 1). Although the
enzyme loading was not as high as that reported for Ce-MCF (275 mg/g), it was still
considerably higher than that attained via the conventional stirring method (92 mg/g of
25 Cg-MCF). The lower enzyme loading on magnetic Cg-MCF as compared to Cs-MCF was
likely due to the reduction of support pore volume associated with y-Fe,Oj; loading. The
loading of magneﬁc nanoparticles in catalyst A was higher than that in catalyst B, which
resulted in a lower enzyme loading for the former. The loadings of magnetic
nanoparticles for catalysts B and C were the same; this gave rise o the same enzyme

36 loading in these two catalysts. _
Table 1. Enzyme Loading and Characteristics of the Catalysts

Catalyst Support Enzyme loading Poresize Window size
(mg/z) (nm) (nm)
A 5.05 wt% v-FepQs/ 200 22.3 8.3




24 Experimental Section Materials. Spherical MCF mieroparticles were synthesized by modifying
the literature procedure (Schmidt-Winkel, P.; Lukens, W. W., Jr.; Yang, P.; Margolese, D. I.; Lettow, J.
S.;Yirtg, J. Y.; $tickyefesskde Chem. Mater. 2000, 12, 686). They were 5 randeteshday@og@gphobic by the
reaction of the surface silanol groups with HMDS, C%ro]r C18. The free CALB enzyme was purchased
from Roche. Iron pentacarbonyl, oleic acid, trimethytamine N-oxide, anhydrous toluene, and
isopropenyl acetate were obtained from Aldrich, while octyl ether and 1-phenylethanol were purchased
from Fluka. Solvents such as gyglghe acetone and toluene were obtained from J. T. Baker
(A.C.S. grade). Ic] Synthesis o Magnetlc I—?ydrophoblc MCF. Hydrophobic MCF (2.0 g) was dispersed
in a mixture of oleigacid (3. g &fo‘ggﬁ%%l) and oetylether (20 ml), and the slurry was dried under
high vacuum at 50C overnightsTME B iegnmixture was heated to 100C, before Fe(C0)5 (0.6 ml, 4.56
mmol) was injected. For catalysf o 0.4rm0f Fe(C0)5 was added to a mixture of oleic acid (2.56 g) and
octylether (20 m1)LThe mixture 15 W s slowly heated td48D0C and kept.4or 3 h. Th&Zolour of the
mixture gradually changed frorSrahe B8thlack. The mixture was then cooled down to 100C, and 1.02
g of dehydrated (CH3)3NO0 (£3t6&t1umdijWals added. Th %§nlxture was_heated to I130C and kept for 90
min. It was next he ted to 30@% Iﬁ@“ (gfﬂ,med for 1 h bejf e it was cogﬂé%l down to fom temperature.
The resulting STSPeENsIon was Tiered and wasned w TOMEX: ' Titrate was clear. The
particles were then \ﬁ&?ﬁé&%??ﬁsrﬁléﬂf&%c%%@éﬁ?ﬁ% fﬁ lile) V%@F&%‘Eﬁﬁ?@rﬁﬁa@@@%uum The
material was chewaete fizediiii-stanninghelestromymhciascopyu(B&Mp BRI trarfsmissionielztiron
microscopy (1 hiad) lé§'9&r%\l A5 éﬁtﬂa&ﬂr%s(ﬁﬁwaaed, %lé%l;/é Mxéﬁ%@z@g%vtﬁé flon

microscopes, respectlve |tro>§ sorptlon isothefms were 0 talne usmg a Mlcromentlcs ASAP 25

2020M system,“K5PtHE §%9‘?{ eV ajerengbilieBBe Torot 1 BRKS SR TSI FERIERE of Fe203
content in the nietdinaldtwas gedfthrntd atrverSleen dalcivo lesctia presadeMat EriadszAmady 8iss Centre,

National Unlver%ylgfpgﬁga@g@d@gmﬁmgfd%g& SALBARS entrapped using the pressure
driven method reporteol%]grewousl % :Lee, S Y|n é%g%] r 2006, 6} , 643). The
30 magnetic hydrophoBic THEE RS |§’f)zg|’§‘8?jlfhlﬁa%’|’8 8%@?}5 W’ﬁ ﬁrﬁc Ba#fSrRance liquid
chromatographyt@¢4Rr@yteo ket A4c0 vommxirigrrdnty 4dilgRa shaetiopapkedI2-prdpandiciag flushed
thoroughly frompthag Mgmmww@oee@taﬁgeﬁam@t@&n sRldtinRAD2 mahnts bAAOL) was

cycled thrOUgh Eh 8 Rﬂ&g atzT &e ggxe 4(b)), which were associated with the amide groups of the
enzymes, confirming the enzyme incorporation. The C-H stretching band (28003000
em™) was noted in the spectra of y-Fe,03/Ce-MCF before and after CALB loading; this
was attributed {o the kydrophobic modification of the MCF surface.

Catalytic Activity and Selectivity in the Kinetic Resolution of 1-Phenylethanol

15 A fixed amount of CALB was introduced for the acylation of 1-phenylethanol
with isopropenyl acetate. Catalysts A-D all achieved complete conversion (50%) of (R)-
1-phenylethanol to (R)-1-phenylethylacetate in 8 h. After 1 b, catalysts D and A achieved
superior conversions and catalyst C showed similar conversion, as compared to CALB
entrapped in MCF. Nitrogen sorption experiments were performed on all 4 catalysts, and

20 it was found that the pore and window sizes of all 4 catalysts were guite similar. Catalyst
D (Cig-modified) was observed to have a higher catalytic activity than of Catalyst A (Cs-
modified), and the difference could be due to the difference in the hydrophobicity of the
silica support. The same trend was observed previously. Catalysts C and B have similar
enzyme loading, but the former has a smaller particle size; the shorter diffusion distance

25 for the substrate might account for catalyst C’s faster reaction rate as compared to catalyst
B. Catalysts A and B were similar in size and surface hydrophobicity, but the former has
a higher enzyme loading, which translates to a higher catalytic activity. This was also frue



hydrophobic .MCF column for 2 h under a pressure of 4000 psi with a shiny packer. After WO
2010/056200PCT/SG2008/000435 25 enzyme. loading, a PBS buffer solution and pure water were
sequentially floyemhthsasghothe column at a pressure of 2000 psi for 30 niigeienas thesywater flow
direction was reversed to wash the column at a pressure of 2000 psi for 30 min. The enzyme-loaded
magnetic hydrophobic MCF was then collected fronfthe column, and washed with water 5 and
toluene, before drying under vacuum. It was then stored at 4C before use.  Four catalysts were

prepared with r?&oaa@ﬂg hxdmem&afp&ﬁéam%%a@@%%&m@ Q'ff%%ﬂ-bﬁ?ég@&kﬁlﬁ%?’a@d%?phOb'c

surface treatments% €203 loadings, and CALB loadings. The enzyme loadings In the cdtalysts were

determined by &2 & %ﬁﬁa‘@?@s ﬁ%ﬁf’r‘ﬁ 5‘3&91*:‘%6“% attihy S8PIohe e URd e B ér9ecorded on
a Digilab FTS 706@$@+d R@pam&mmqummmmmxmgmmmwmmmtor.

Catalytic Reactigp, Jbecatalusiswers E%ﬁ%%%&f&ﬁ&ﬁ&ﬂe%ﬁ’f@ﬂtm ghihe agviatenseaetion of

1phenylethano| wit en | acetate eth electivel rea tw isopropenyl
acetate in the presenéseﬁg E vi%ésncz%/ eIea\} té/il RaRGP diffeddte ﬁogdtyplcal

reaction, an apﬁ?émrét‘éuamoﬁﬁt Weds hﬁ@ﬂg@ﬂz@@m@@@@m@xlﬁméﬁ%mu@a&ﬂm ®ALB loading
of 2 mg would Q&Qﬁ@@@&ﬁén@@%%@m&@%ﬁﬂ@lm@ﬁﬂg 240kd0f deRARRYIRHAROI stock

solution in toluene oI/m s d datr erat re, foIIowed b isopr nyl acetate.
A small allquotefvr\)aég\}va? drai/\ﬁ'uo? e ia ?ocﬁor‘ﬁlxtureemgvery%yl?r and theé fe regcf s vv%gs “honitored

with gas chrom@tayrsapadiuatil complete conversion was 20 obtained, as indicated by the

disappearamnce of the tmmmﬁ&w@mﬂa&a&tdﬂwm&mubyeme@ﬁﬁeﬁnmixwema@ analyzed

by HPLC for enan iC€ % iral Daicel( n, C clablllty of
ﬁ lll'.llgcgé)lg}[lecﬁ'ﬁ?§§ne Lgﬁlntégr? E?ESSI% Ddr 9&3 n)w% VEI' |ySt E)G Con@%

Catalyst D. In a typi Xperimen ppropriate R o et aining a total
CALB loading GE0RE: %@f’s}?@ﬁ'%@lﬁﬁ% fPcases Uft%lﬁ?tf’é‘fﬁ@ﬁe*[? 5 mL of 1-phenylethanol in
toluene (1.44 mmol/mkedatrl mumew@&ma&r&mm;m&ﬁﬁmﬂdzah gmretemperature. 17.4

mmol of iSOprO%@X&tﬁEﬁfﬁﬂﬁ W@%m%%s@fé@&%f@@&?e sall.aliguekoh @Eeﬁ%%?ﬁﬁ@r L

withdrawn every hour, The reaction was monitored with gas cwromato g(éé 3 over 6 h. At the end
y

of 6 h, the Haacff&ﬁ%‘f‘é%@&iﬁﬁﬁg@fi%ﬁcﬂﬁﬁ@fﬁﬁéﬁmfbﬁﬁ%?}?% 8¢ Daicel(r)
OD-H column. Tie, cetady st ias mmmeﬁmmmtma@nmmmefaMMd under

vacuum at roorgfgmngratdfe iAo fepefaighaing seweighedRad ised A SURSRANENL NS

might be due to the inactive, denatured state of the enzyme after the washing and drying

of the catalyst, which might refold back into its tertiary structure during the course of the
20  reaction.
Cenclusions
Novel magnetic hydrophobic MCF has been synthesized and used for enzyme
entrapment. This support material incorporated maghemite nanoparticles into the
siliceous MCF without disrupting the three-dimensional pore connectivity of the latter.
25 The magnetic nanoparticles were not embedded or grafied onto the pore walls, but were
rather entrapped in the pore cages like a ball in a rattle. The resulting system was
effectively used as a solid support for the immobilization of CALB enzyme catalysts
using a pressure driven method. The immobilized catalysts demonsirated excelient
activity and enantioselectivity in the kinetic resolution of the acylation of 1-phenylethanol
30 with isopropenyl acetate. The heterogenized catalysts could be easily separated from the
reaction medium via magnetic force for reuse. This magnetic support can be broadly used
for immobilization of homogeneous organometallic and organic catalysts. The entrapment
method for magnetic MCF can also be employed in the synthesis of other magnetic
nanoparticles that are useful for biological applications.



PCT/SG2009/000435 26Received 17 February 2011 Claims: 1. A process for making a particulate
material comprising inesoporous particles having granules of a metal containing species in at least
some of the porg@ theseafgsaid process comprising: allowing a compoungcafdbaiaiadsto enter pores
of hydrophobic mesoporous patrticles, said compound being thermally decomposable at a
decomposition temperature to form a metal containffg species and said particles being substantially
thermally stable at said decomposition temperature; 10 heating.the hydrophobic mesoporous particles
having the cor;i?ound in ;Q,esg‘%gé thereof to the decomposition temperature so as to decompose the

lép rlme{}i" . . . . .
compound an orm the taesoporous particles havm%qgranules of the metal containing species in at

least some of the pordt oSSR YSHRi SHG CRELERT tvesp svptisrzede poreri By e Barticles

2. The processlgdaiaiaptomdirrefsthaicompaen @ .ol thenm&taMs, dn; iteagempospdeswBreby the

granules of theymetal gortaiging s;pe@i.egtggﬁymég@gti@,gwnmra%d@ejgarfggéilaﬁg?%ggal comprises
= 3‘5 The p » * - * * 2 3 N

hydrophobic magnetic g?rficles‘ . rocess of claim_2 comprising the step of allowing a
facilitation Age RS EHErREYe8i: BYdbeHEFHRL S St SR Ass AR shBrRD b WM IhE S dompound to

enter said poresie free CALB enzyme was purchased from Roche. Iron pentacarbonyl, oleic acid,

trimethylamine N-oxide, anhydrous toluene, and isopropenyl acetaie were obtained from
Aldrich, while octyl ether and 1-phenylethanol were purchased from Fluka. Solvents such
ag cyclohexane, acetone and toluene were obtained from J. T. Baker (A.C.S. grade).

10 Synthesis of Magnetic Hydrophobic MCF. Hydrophobic MCF (2.0 g) was
dispersed in a mixture of oleic acid (3.84 g, 13.68 romol) and octylether (20 ml), and the
shurry was dried under high vacuum at 50°C overnight. The dried mixture was heated to
100°C, before Fe(CO)s (0.6 ml, 4.56 mmol) was iniected. For catalyst A, 0.4 ml of
Fe{CO)s was added to a mixture of oleic acid (2.56 g) and octylether (20 ml). The mixture

15 was slowly heated to 300°C and kept for 3 h. The colour of the mixture gradually changed
from orange to black. The mixfure was then cooled down to 100°C, and 1.02 g of
dehydrated (CHz)sNO (13.68 mmol) was added. The mixture was heated to 130°C and
kept for 90 min. It was next heated to 300°C, and refluxed for 1 h before it was cooled
down to room temperature. The resulting suspension was filtered and washed with

20 cyclohexane until the filtrate was clear. The particles were then washed with methanol
and acetone thoroughly, before drying under vacuum. The material was characterized by
scanming electron microscopy (SEM) and transmission electron microscopy (TEM) using
a JEOL JSM-7400F (5 kV) and JEOL JEM-3010 (300 kV) electron microscopes,
respectively. Nitrogen sorption isotherms were obtained using a Micromeritics ASAP

25 2020M system, and the samples were degassed at 100°C for 24 h before analysis.
Analysis of Fe,O3 content in the materials was performed at the Chemical, Molecular, and
Materials Analysis Centre, National University of Singapore,

Entrapment of CALB. CALB was entrapped using the pressure driven method
reported previously (Han, Y.; Lee, 8. S;; Ying, I. Y. Chem. Mater. 2006, 18, 643). The

30  magnetic hydrophobic MCF was dispersed in 2-propanol and packed in a high-
performance liquid chromatography (HPLC) column (100 mm x 4.6 mm) using & shury
packer. 2-propanol was flushed thoroughly from the columm with water, before the
enzyme stock solution (0.8 mg/ml., 50 mL) was cycled through the pre-packed magnetic
hydrophobic MCF columz for 2 h under a pressure of 4000 psi with a shurry packer. After



4. The process of claim 3 wherein the facilitation agent is a carboxylic acid.
one of claims 2 to 4 wherein the iron compound is an iron carbonyl complex.

5. The process of any
6. The process of

claim 5 whereinghegigmseasmpound is iron pentaearbotay!. 7. The precessnisnyene of claims |

to 6 wherein the decomposition temperature is about 250 to about 350C.

8. The process of any

one of claims 1 to 7 comprising the additional at co@ﬁng the particles and treating the cooled particles
with an oxidas' ing agent. .9.The process of claim 8 wherein the iron compotuad is iron pentacarbonyl

and the oxidising,a0enbiSHImetRAaIRe digad purd el BHOGEREALANY A Ahelains 109

wherein the granules comprise magneticg/-FeZO& 11.

wherein the md&o56PEHE FaftRiesarehydPSgrb iR ﬁ?e%lbé%e%

process of any gne of claims 1 to 10
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27Received 17r&elmadaiy @@blthe column at a pressure of 2000 psi for 30 min. The enzyme-loaded
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magnetic hydrophobic MCF was then collected from the column, and washed with water
and toluene, before drving under vacuum. It was then stored at 4°C before use.

Four catalysts were prepared with magnetic hydrophobic MCF microparticles with
different particle sizes, hydrophobic surface freatments, y-FepO3 loadings, and CALB
loadings. The enzyme loadings in the catalysis were determined by C, H and N analyses
using a CE440 CHN analyzer. PA-FTIR specira- were recorded on a Digilab FTS 7000
FTIR spectrometer equipped with a MTEC-300 photoacoustic detector.

Catalytic Reaction. The catalysts were tested for the kinetic resolution of the
acviation reaction of 1-phenylethanol with isopropeny! acetate. (R)-1-phenyiethanol
would selectively react with isopropenyl acetate in the presence of the active enzyme,
leaving (8)-1-phenylethanol unreacted. In a typical reaction, an appropriate amount of
heterogenized catalytic material containing a total CALB loading of 2 mg would be
dispersed in 1.5 mL of dry toluene. An aliquot (1.5 mL) of 1-phenylethanol stock solution
in toluene (1.44 mmol/ml) was added at room temperature, followed by isopropenyl
acetate. A small aliquot was withdrawn from the reaction mixture every hour, and the
reaction was monitored with gas chromatography until complete conversion was
obtained, as indicated by the disappearance of the (R)-!-phenyiethanol peak. At the end
of 8§ h, the reaction mixture was analyzed by HPLC for enantiomeric excess (%o ee) using
a chiral Daicel® OD-H column. _

Recyclability of Catalyst D. In a typical recycling experiment, an appropriate
amount of catalyst D containing a total CALB loading of 10 mg was dispersed in 7.5 mL
of dry toluene. 7.5 mlL of 1l-phenylethanol in toluene (1.44 mmol/mL, total amount
equivalent to 10.8 mmol) was added at room temperature. 17.4 mmol of isopropenyl
acetate was then added, and a'small aliquot of the reaction mixture was withdrawn every
hour. The reaction was monitored with gas chromatography (GC) over 6 h. At the end of
6 h, the reaction mixture was analysed by HPLC for epantiomeric excess (ee) using a
Daicel® OD-H column. The catalyst was filtered and washed 6 times with 30 mL of
toluene, and dried under vacuum at room temperature for 40 h, before being reweighed

and used for subsequent runs,



12.The process of claim 11 comprising reacting mesoporous silica particles with a hydrophobing agent
So as to produce the hydrophoblc mesoporous silica - 131 The process of any one of claims 1 to 12
-wherein surfaces of the pores of the thesoporous particles comprlse tr|methyIS|ty¢gy§gQ§@9moo43 5
dimethyloctylsilyl groups dimethyloctadecylsilyl grgups or a mixture of any.twe.Qf Al ofy l}lﬁggﬁzo“ 14.
The process of any one of claims 1 to 13 additionally comprising the step of calcining the mésoporous
particles follomfﬁ"iﬁ”f'érmatlon of the granules of the' metal containing species so-as to remove :

hydrop'hObi'c groupg.on the&spréaesesfaf taekperes ﬁ&ﬁb@g@@rﬁiﬁg@a{ chm];gg[%rglggs%s of any one of claims

Ito 14 Wherelnpm@cpe@tggg}pg I8S IF aNGral rocess of claim 15 wherein the particles are
hydrophobic q@#thg step_ % immobjlising thecgnzym gg)r%%srlgegtpasgqu?énﬁ filikc8mpTising the

en7yme throu Ry drophiopic pattides under high pressure., 17. The process of claim 16 -
wherein the pressu"re i’é“lﬁ@ﬂ%é’e@@%@f’% tadratsbut 508 Pares of &&Zﬁfmw%w&@@am 16 or claim
+.17 wherein the thud ipafickgueodsdigpidad bemégché}qmmqg@;gpgggggr@ £oRrising a plurality of -

‘magnetic particles salg,%ggj,%stgomlsinglgﬁd phobic meso orous p rticles having magnetic :
- granules in at least some, ¢ of t Bl re thereof ancg sal ygar{?ec culate mastaé?aa‘faf’ité?}ﬁﬁgbﬁ"é%talytlc spemes
e .

|mmob|I|sed in the pores “OPtRe’) able at said decomposition temperature;
% heating'the hyd[ophobzc mesoporous particles having the- compound in the pores

. thereof to the decomiposition tempemmre S0 as to decompose the compound and
iR <] fonn the mesopérous’ pamdes having granu]es of’ the metal comzammg specws
m aticast some of the pores thereof and ‘
. mmobﬂlsmg a catajytzc species in. the pores of the part:cles
2. “The process of claim I wherein the compound of the metal is an iron
‘ ‘ compound, whereby the granules of the metal containing species are magneuc granules -l
* ‘and the particulate matsnal compriscs hydl‘()ph{)blc magnemc partzcies : '
| ' 3. The Pprocess of Clalm 2 comprising the step of ajlowmg a f&cdztauon agent ‘
to enter thc porcs of the mesoporous parhcles pnor 1o aliomng the iron compound o enter
said pores ' ‘ o T ' : ‘
4. ' _The process.of clmm 3 whercm the facﬂnauon agent is a carboxyhc acid.
_ 5. The process of any one of cla.tms 2 to 4 wherein the i fron’ compound is an :
- 1ron carbanyi compiex_ : oo S
- 6. . The process of claim 5 wherein 1he iron compound is wron pentacarbonyl
7. “The pmcess of any one af clmms I to: 6 wherem the decomposmcn‘
temperature is about 250 to about 350°C. . : .
.8 - The pmccss of any one of clazms 1to 7 compnsmg the additmnal steps of
cooling the partmles and treatmg the cooled part] icles with an omdxsmg agen?_ -
9. The process of claim 8 whermn the iron compound is iron peniacarbonyl i
and the ox.ldlsmg agent is mmethylamme N-omde ’ ,
10. - The process of any one of claxms 110 9 wherem the grﬁnulcs compnse
magnetlc v-Fezog, " - ‘ ‘
o o © 11. . The process of any one of clanm 1 ta 10 wherem the mesopomus parﬁcies
are hydrophobxc mesopomus silicd. '
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. 20. The particulate material of claim 19 Wherein the magnetic particles and the mesoporous particles
are both hydrophobic. - 21. The particulate material of claim 19 or claim 20 wherein the

mesoporous particles are mesoporous silica particles. 22The particulate materl@@/gagm@&@lms :

19 to 21 wherein-pores of the mesoporous particles;have surfaces compriging; tdalkylsiyl,

23. The - particulate material of any one of claims 19 to 22 wherein the mesoporous particles have a

structure comprising BoresTeareee ehyiarndbwsnmisiegeimathe meandiangtarnefthewindows is
teﬁal of claim 23 wherein the

smaller than theitnebridisiste ngfithe fagSeduce t@é‘hyﬁﬂ%l%?&'ﬁ&é@ﬁ%m
ft!h ores and the mean

magnetic granules haye amgg;bg@rgpgg{, Qg %&Q% mean T%I‘??énﬁi;‘%rﬁ%c i ﬁﬁgfi% he m
wherein

diameter of thqh@nndow 25 The partl Ulate materia
the magnetic granuies c compﬁ’se BHF8 g FraRRT: Pty Isilyl pgrommse pmtibuletesiategiabm any one of

‘claims 19 to ZW@WY%I%P@@@@WM@W@: all of these.
14. The process of any one of clalm‘; 11013 addmonally compnsmg the stcp

of ca.lcmmg the mesopomus particles follovnng formauon of the granules of the metal
containing species so as to rexove bydrophobic groups on the surfaccs of the pores-of the
particles. . , '
.15 The process of any one of clamns | to 14 wherein the cataijrtic 'species is an-
EnzZyIne. , ' ‘
16. - The process of cIaJm 15 wherein the pamcies are hydmphobac and the step
| of nnmobihsmg the enzyme comprises passmg a ﬁmd compnsmg the enzyme thmugh the
- hydrophobic partlcles under hxgh pressure. .
. 17. - The process of claim 16 wherein the pres&m*e is berWeeﬁ .abéut 25 aﬁd
aboutSOlV_[PaL ' - - o | '
18, The process of claim 16 or claun 17 whercm the ﬂmd 15 an aqueous hqmci |
. 9. A paru::ulatc matenal compnsmg a plurahty of magnetxc part;cles said
partlcies mmpmmg hydrophobm mesoporous particles havmg magnetm granulcs inat
| | 1east sozne of the pores ﬂlemof and said partnculatﬁ material having a catalytic Sp&lcs.
e umnoblhsed in the pores of the paruckes o e
| 20. The parfzculate material of: cialm 19 whcrem the: magnetlc parnclm and the
: -.mesoporous parixcles are both hydrophoblc '. ‘ ‘ :
' The particulate matenal of claim 19 or clzum 20 wherem the mesopomus '
' parucles are mesopomus silica partu:]cs A :
o 22, The particulate material of any one of (,lmms 19 to 21 whcrem pores of the
y __mesoporous particies have surfaces comprising malkylsllyf groups. ‘
| 23. " The particulate material of any one oi‘ ciauns 19 to 22 thr@m the
: mesoporous particles have a structure comprising: pores connected by ‘windows, wherem )
the mean dwmeter of the windows is smaller than thf: mean diameter of the pores '
24, The paxtlcu}atc material of claim 23 wherein the magnetic granules have a
" rnean dJameter between the mean d1ameter of the pores and- the mean diameter of the
-Wmdows |
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27. The particulate material of claim 26 wherein the diameter of the enzyme is between the mean
diameter of the pores and the mean diameter of the windows. 28. A particulate material
comprising a plurality of magnetic particles, said particles comprising mesoporous particles having
magnetic granules in at least some of the pores th&reof, said particles having an immobilised

homogeneougscatalygt giedl: 2% WPS,0f apaftilate aterial accordina (g anw.one, gf 19 10 28
as a catalyst. 30. A'particulate material at‘:/cordlng to any one of claims 19 to HEWhén Used as a
catalysemprisegnagnatetHesdfor converting a starting material to a product, said method comprising

exposing the glartingynatenal e a pATicYiale MAlsHalarceudingsq ARY QNG QhEINS L4028

wherein the catalytic species is capable of catalysing the conversion of the starting material to the
produ€®#¥#€- 32 The method of claim 31 wherein the starting material is dissolved in a solvent during

the step of exposing saichsiating RNk Q581d PRHIRYIAIRBRIRHE! of the 3RzkheiMeifRE,gfclaim 32
wherein the solvent is a non-polar solvent, 34, The method of any one of claims 31 to 33

comp iRy THESR S dhe 8P At haRssadiete e iddes the starting material and the product.

35. The methzd of chaipa:3dumhersinthe stepatiseparshingiSOMPLses exPesingdhesparticutate material
to a magnetic field. 36. The methaod of %g}/ one of claims SiL to 35 conéprising the stiar% of reusing

n
the partiCHAtE FTATSTAT AL DEREAT IFiAS StsSstuarrastlibal <ast 395 RE NebEd Sifsint4e
wheregparthéshibseg ue htreddiicn tonverisdhestaytingematerial to the product, and the yield of the

product of the subsequert 1eaclion s, atlesst, 2030l he vield pl e Aroduct from the previous
reaction. 8. A partlculgte material comprising a plu aﬁ?y of particles, saldaﬁlar'ticles comprising
hydrophobic #esopbreuticphtticheteha virggrantdessofra oietabooltainifgbpeciesinaatieast some of

the pores thegpof and sRiflpRftC i Matelaliadng.daativls spesies M ARIRE R pgres of
particles, said particulate material further comprising magnetic granules. 39. The particulate
materfaiPeFiERRs SBTHEREIFIRE PaRlSY I thetpRel areaiagiin g pucies drathe inekopdwstis
particlgs argib@thR¥AaPbalKe of catalysing the conversion of the starting material to the product.

32. The method of claim 31 wherein the starting material is dissolved in a solvent during the
step of exposing said starting material to said particulate material.

33. The method of claim 32 wherein the solvent is a non-polar solvent.

34, The method of any one of claims 31 to 33 comprising the step of separating the
particulate material from the starting material and the product.

35. The method of claim 34 wherein the step of separating comprises exposing the particulate
material to a magnetic field.

36. The method of any one of claims 31 to 35 comprising the step of reusing the particulate
material as a catalyst in a subsequent reaction.

37. The method of claim 36 wherein the subsequent reaction converts the starting material to
the product, and the yield of the product of the subsequent reaction is at least 90% of the yield of the
product from the previous reaction.

3. A particulate material comprising a plurality of particles, said particles comprising
hydrophobic mesoporous particies having granules of a metal containing species in at least some of the
pores thereof and said particulate material having a catalytic species immobilised in the pores of the
particles, said particulate material further comprising magnetic granules.

39, The particulate material of claim 38 wherein the granules of the metal containing species

and the mesoporous particles are both hydrophobic.



40. The particulate material of claim 38 or claim 39 wherein the mesoporous particles are mesoporous
silica particles. 41. The particulate material of any one of claims 38 to 40 wherein pores of the
mesoporous particles have surfaces comprising trialkylsilyl groups. 42. The particulate material of
any one of claims 38 to 41 wherein the mesoporogs particles have a structure comprising pores

connected by, windows, wherejn the me iametey_of the windows is smaller than the mean diameter
of the pores.dﬁ\{ 4%1%3‘%5%@ﬁ?é?é‘t%gtg??;%mgf%éﬁmoﬁﬁ%& (-;gr%iﬁv Eeﬁlgl?ﬁeu SEP LRI €Bhtaining

specieshavscponaarsdianmeterchetween the mean diameter of the pores and the mean diameter of the

windows. _4fu4. The patlieylale.eletinof any,pne. of lais, 38 fo 43 hereln the ranyles of the
metal containing species comprise a transition nretal. "the particulate matefial of any one of
claimg188apatduy heréetHiacataiftices seviessingrirenizyisibyl grouwps. The particulate material of claim

45 wherein the diamgier af4ag 207yme s hetween.ibe meamdiamerenofihs heves anddhsmean

diameter of the windows. 47. The particulate material of any one of claims 38 to 46 wherein the
magn@REIGHaN IS ASHIISE Suapretiegnoego@nnected by windows, wherein the mean diameter of

the windows 1s smaller than the mean diameter of the pores,

43, The particulate material of claim 42 wherein the granules of the metal containing
species have a mean diameter between the mean diameter of the pores and the mean diameter of
the windows.

44, The particulate material of any one of claims 38 to 43 wherein the granules of the
metal containing species comprise a transition metal.

45.  The particulate material of any one of claims 38 to 44 wherein the catalytic
species 1s an enzyme.

46.  The particulate material of claim 45 wherein the diameter of the enzyme is
between the mean diameter of the pores and the mean diameter of the windows.

47.  The particulate material of any one of claims 38 to 46 wherein the magnetic

granules comprise magnetic y-Fe,Os.



