PCT/SG 2007/000079 Co JUN 2007 Palladium Nanodusters Technical Field  The present invention
" relates to palladium catalysts, processes for making them and methods for using them. 5Background
of the Invention  The pharmaceutical industry produces 25-100 kg or more of Waste for every kg of

active pharmaceutical ingredient (APl) manufactured. Acc&@g%%)g & g;? ’ g)fzh%
industry, the potential waste co-produced with APIs is int llfon*1g=2 Bill ear.
~Thus, even at a nominal disposal cost of $1/kg, the potential savings 10fhésoe et with waste
reduction would be significant compared to pharmaceutical industry's annual sales (US$500 billion in
2003). Most pharmaceuticals syntheses involve the use of homogeneous catalysts, which are difficult
to be separated from the products. The resulting metal contamination of the products poses a serious
concern in the pharmaceutical industry. 15Heterogeneous catalysts may be more stable, cheaper, and
easier to be separated from the produ% theiaeliviysngd selectivity are often lower than
that of homogeneous catalysts. Thus, mcreasmg Qrts ave been devoted towards developing
~ efficient heterogeneous catalysts. Homogene l% ﬁ‘%t have been immobilised on a support
would allow for th%@@@ﬁt&tﬁ%mé@@éwWF@{%@“&WéﬁWFﬁﬁﬁﬁ%%@b%%& ration
and use of igghicheicatmavhigh.is of great interest in the development of green chemical processes.
Palladiym-catalyzed reactions have bagameyanimpeatanttookindrganic synthesis due to their high
efficieEci; | seltelciti% @gg%%;%pfmgplﬁrg@éﬁgg@rﬁaglg@%g:@llggj%pm@ Gotalysts hg\tﬁ‘fhot\;]vn
remarkable utility in cou reac owe | ity, the
homogeneoﬁ%uf)’élfg?ﬂwe %8&3%&58? g,ﬁﬁﬂ FFOm T fa gut'ebﬂl “RRC h c%%’tégén%ghpég%%%tgelr
application infitigustiabymniisseglentia WWQmeQWW%EQ% ?ﬁidh?y afifadinilanilign
contaminant@bphidsnagevisal Tied ustsn Tooverctmiedispserthatient8$/Bgsduigtetwith comvgntional
palladiypmn- b%ﬁ%ﬁ@éalyatﬁhhw@g@gmﬁn%@@r%emgﬁm@@wmﬁw3@ heemdevelpped.
caimytc s EEa) SR ShEr U el & buos e s eI
paliacium IcHEnIHY ARG S AN S T G PR RO SRR
The rf:suitmg metal contamination of the products poses a sérious concern in the
pharmaceutical industry.
15 Heterogeneous catalysts may be more stable, cheaper, and easier to be separated
from the products. However, their activity and selectivity are ofien lower than that of
homogeneous catalysts. Thus, increasing efforts have been devoted towards developing
-efficient heterogeneous catalysis. Homogeneous catalysis that have been imimobilised on
a support would allow for the ease of catalyst recovery and reuse, and would minimize
20 the waste geperation and use of toxic chemicals, which is of great interest in the
development of green chemical processes.
Palladium-catalyzed reactions have become an important tool in organic synthesis -
due to their high efficiency, selectivity, and diversity of possible twansformations.
Palladium-based catalysts have shown remarkable utility in coupling and hydrogenation
25 reactions. However, despite their high activity, the homogeneous palladium-based
catalysts suffer from low stability and high costs, which prevent their application in
st processes. As o heavy —metal—paliadivm—is—alsohighly—undesirable as a
contaminant of pharmaceutical products. To overcome these challenges associated with
conventional palladium-based catalysts, heterogeneous and heterogenized catalysts have
56 been developed. Palladium has been supported on materials such as carbon, zeolites,
- silicates and polymers for catalytic applications. Although these supported palladium
catalysts allowed for ease of recovery, palladium leaching remained a significant
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2a rumppn, of smn In a second aspect, there is provided a process for making a te sub species, said
process co a riculate porous coupled to a palladium 3 a fimctionaliced particulate porous support to
a solution of a palladium salt,-Sp 'culate porous support compbinding groups capable of binding the
palladium species, wherein the binding group is a urea or a thiourea group; and - eon thetun salt to
the palladium species so as toerate the p .culate urn salt may be a palladium (1) salt. The palladium of
the palladium species may be Pd(0). The palladium species may comprise palladium atoms. The
palladium species may comprise p um clusters, e4. palladium nanoclusters. The porous support may
be complexed to the palladium species. The process may comprlse the step of coupling the palladium
species to the support. This may occur foIIOWIng gﬁ el patiadiuahaed dactlve palladium
species, Ot _ the palladlum spemes The step of coupling
may co | tepRe &M : s Sipport. In an embodiment the process
comprises: exposmg a flnlctlonallsed port to a solution of a palladium salt, said
functionalised particulate porous supp able of bindingipalladium
nanoclusters; afidiscanvaliasy tfetballs ' sters So as to generate the
particulate sum%%ggmgﬁwwﬁgw paisters coupled, e.g. complexed, to the support.
The process may additionally comprise | : onalised particulate porous support. This
may comprise reacting a particulate o p ort to tmetMnallsmg rea P(;E;a(,) f%@%&@
functionalised p@ryg@gaﬁgp@@,rmﬁupmt&eSaldafumdﬂmﬁa%%‘?éaﬁgﬂf%%r%B smg the b|nd|n group
and an attachlg% group. ing group may

be for exaff| urea ° S support may
comprise BRSEPE

;i:..ail a@i@i W@

mprisin
In one emboésmem of the d1sclosm’e there is prowded a particulate substance comp g

a pamculate p@mus sumcrt coupled toa paﬁadzm species. The paliadwm species may
be PA0). The pal]adium species mzy comprise palladium atoms. The palladlm species
| may comprise palladmm clusters, e.g. palladium nanoclusters. : -
Inan embednmeng thers is provided a particulate substance com;mmg a partmuiai’e
panoclusters.
pmug‘rm: :;aifmemi oxide support. The metal axadc may be silica.
The porous support and the p@culaifs substance nay, independen
The support and the particulste substance mRY, independently, bave a structure in wbac’h
mlmwely large pores are connected by relatively small windows. The relatively large
pores may have a mesan diameter of between: about 5 and about 100om. The relatively
small windows have a mean dismeter of between about 2 and about 50nm. The porous
| support may be for example mesoporous siliceous foam. The palladium species may be
coupled o walls of the pores of the particulate porous support.
The porous Wﬂm&ybccompﬁexed%ﬂz@paﬂadmmspwas The porous support
palladium swcm bya coupm group comprising 2 hnhng.gmup




- In a third aspect, there is provided a particulate substance made by the process of the second aspect.
In a fourth aspect, there is provided a method for conducting a Suzuki coupling reaction comprising
exposing an-aryl lhalide ai-an aryl boronic acid to a particulate substance as defined above. 4 In a fifth
aspect, there is provided a method for.conducting a Heck couplingon co... 9an aryliide or an aryl 'de
- nd n olefin to a particulate substance as defined above. In a sixth aspect, there is provided a method
for hydrogenating a carbonyl co ..undsing the uLtvitnyl #dmpound to a particulate substance as
defined above in the presence of a hydrogen donor species. The hydrogenes may be a fot, for exnnle
ammonium formate, or a mono-, di-, tri- ornRxitnoniThe hydrogen donor species may be isopropanol
or some osuitable alcohol e. g 2-butanol. In this case, a base may zkt be present In a seventh aspect,
there is provide ting an olefin comprising exposing the olefin to a particulate

substance as deflnep n the presence of hydrogen gas.
’ T aspect, there is provided a process for making a

5 48y
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particulate substance

vort coupled to & palladiom
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In an eighth aspect, there is provided a method for reductive amination of a carbonyl compound
comprising exposing the carbonyl compound to a particulate substance as defined above in the
presence of a primary amine and hydrogen gas. The carbonyl compound may be an aldehyde or may
be a ketone. In a ninth aspect, there is provided a method for hydrogenolysis of an epoxide or a diol

- comprising exposing the epoxide or diol to a particulate substance as defined above in the presence of
a formate salt. In any of the fourth to ninth aspects #f the disclosure the catalyst may be been recycled
from a previous reaction. In any of these aspects the method may be regiospecific, stereo specific or

both. The react %m lucted wi o chemical efficiency. The reactio be conducted
with low Ieachlng 0% - - catal I? r%'%@peé%t jtwﬁmére % pP&%?%gé‘% 0<25f a
particulate sub&gih ‘-3?“’3’-- i £ IS ¢ gy Rddplirig reaction

or a reduction. aﬁaafa@ﬁ!l@ﬁm;@m&ﬁgmvmwﬁmm%g@@@mslw%at@@ﬁ%lﬁ&% gfbpé{&'culate

substance com sm a %étlculale POrQuUS Eﬁ ort coupled tp a um sgﬁemes e. g'%palladlum
37 -:5‘.!'1,-:1!"' 24 Y _"’

nanoclusters. hEREE5TAY £ REMTIER)Ss follows:

"Et cluster comﬁ@amceontalns a group of two or more metal atoms where direct and sub VIl metal

species may be Pd{ﬁ) The palladium species may comprise pailadiim stoms. The
ladivm clusters, e.g. palledium nanoclusters. The

pelladivm species may comprise palla

POTOUs s@p@rﬁ may be complexed to the palladivm species. The process may comprise

ihis step of coupling the palladivm species to the support. This may ocour following the

conversion of the palladium salt to the palladium species, or may occur as the palladium
salt is converted to the palladium species. The step of coupling may comprise camplexmg
the palladium species to the support.

In an embodiment the process comprises:
~ exposing 2 functionalised particulate porous support to a solution of 4 paliadium salt,

said functionalised particulate porous suppeit comprising binding groups c&pabié of
binding palladium nanoclusters; and -

- converting the paliadium salt to paliadmm namclusters so as to generate the
particulate substance comprising the pailadium nanochusters coupled, e.g. complexed,
to the support.

The process may additionally comprise providing the functiopalised particulate
porous suppori. This may comprise reacting a particulate porous support to a
finctionalising reagent to form the ﬁmcticuaiised' particulate porous support, said
functionalising reagent comprising the binding group and an attaching group capable of
attaching to the particulate porous support. The binding group may be for example & urea
group or a thiourea group. The fimctonalised yarticula.te porous support may comprise

mesoporous siliceous foam.

In a third aspect, there is provided a particulat‘e substance made by the process of the second
aspect.

In a fourth aspect, there is provided a method for conducting a Suzuki
coupling reaction comprising exposing an aryl halide and an aryl boromic acid to a

particulate substance as defined above.
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" Cotton described them as having a polyhedral cage structure (Cotton and Wilkinson, Advanced

Inorganic Chemistry - A Comprehensive Text, 3rd Edition, p31). Nanoclusters therefore may be
considered to be clusters having a nanometer scale dimension. 5The particulate substance may be
prepared by exposing a fimetionalised particulate porous support to a solution of a palladium salt, said
functionalised particulate porous support comprisingtbinding groups capable of binding the palladium
species. The particulate substance may be a particulate catalyst. It may be a heterogeneous catalyst.
It may be a supported catalyst. It may be a supported palladium catalyst. toThe particles of the
particulate supportha%ﬂf@fwcéahnwme%@@émm@oérﬁ@i offectinactiditdlised particulate support,
may, indepenegie ' HBslanee Mmayefddependently,

have a structj%? éﬂ‘l‘%’ - 'It Agﬁl ge, pores (mesopores) are connecte by relatively small
LA
windows. The relatlveefy Sa?lge &S)resl}%ay have a mean diameter of between about 5 and about 100.

The relatlvely smamwlmm ﬁm@apmeaindchaméte?fmf hetweentalgout 2 and about 50nm The
POTOUS SUPPQHHHA) - illiGeoUS,{8aRY1 ThRNIBNEb S e Shasibatesiliceous

foam accordln " to or magwaccordln "':: 6/135339 (Mésocellular foam particles) and/or Han,
Y., Lee, S. §u %Cef gﬁp%/%‘%?h?@%“i%omlgfdfﬁée €9%iothef which are incorporated

herein by refermgen EMW@M Heespfntientiatesls) i fiposi anlo tiihe pd i Wale s atamce and of
the functlonﬁﬁg rti endently. sgw or exa phencal
particles of solid foam T e mean po e széb &% .ce poreﬁéw%ge% ﬁ%e%%%?e Fhan a tun or
greater thanf 35600l ¢h spes e ek lites afripiEBoen %@RW@@%WW@W@%M 50, 5

and 20, 10 geebd&l0, 50 and 100, 20 and 50, 20 and 30, 20 25 and 25, 2 and 22, 25 and 30, 27 and 30,
27 and 29, or 10 and 50nm. The paore size m é/ be about 5, 10, 15, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 35, 40, 45."50 BENBASRSE: Fei5 Ripy e @@e%dofoié‘éﬁ?g@l‘ﬁgnéfﬁlcles may have a

distribution gfeﬁrﬁfenemnpm@almgl' he different pere-size sumahbeabetwean@ieut 5 and about 100nm
The partlcles q{lthe artlc Eyg sue%port and of the particulate substance, and of the 30 functionalised

particulate suppo t n%‘é"e have a mean particle diameter of between about 1 and about

100 microns, or bét\ﬁ@e?g}ﬁlb@iwg ahmellé)@{‘%@%@inl@@?dz@fafﬁ@li@‘@, 50 and 100, 2 and about 50, 20
and 50, 10 andrafioR-ahd 4&bbayiboRpbiamdcbihylising Exéoaﬁ@%é 2atbahh? amdpkiaio@ds8,4 and

7,4 and 6, 5591%&9@ %90&5&@@8 3.2n4:1Q QL San Tp],g)sémgr raggrggé T}é‘lhav§ a mean particle diameter
of about 1, 2, 3, 4,5, 6, 7, WO 2008/118097PC SGZOO 0007 0,11, 12, 13, 14, 15, 16,

17, 18, 19, bypimzengashsgatmmde %WW@W@M@EM@@SMMWMm than 1 micron or

greater than 100 mi:pﬁﬁﬁs%»a%@&yaﬁ@ae\ﬁdﬁﬁase;@eﬂlaﬁfﬁwda&&icpiﬁiﬁigendi%r@bution There may be less than

%beoumteS::/lg 0 & artlcleaeh%va!n(gﬁ goanr{ly%g usk!g;gxgotgrei gt%?ne%ggé? dg|g§§8ttg%n% all%reater ';Sgan or less than)

as defined above in the presence of a formate salt.
 Inany of the fourth to ninth aspects of the disclosure the catalyst may be been
recycled from a previous reaction. In any of these aspects, the method may be
regiospecific, stereospecific or both, The reactions may be conducted with high chemical
efficiency. The reactions may be conducted with low leaching of palladlum from the
catalyst. | '
In a tenth aspect, there is provided use of a particulate substance as defined above as a catalyst for

conducting a carbon-carbon coupling reaction or a reduction.

Detailed Deseription of the Invention
The present invergion relaies fo a particulate substance comprising a particulate
porous support coupled to & paliadium species, e.g. palladivm moclustefs. Clusters have
been defined (http://encyclopedia.thefreedictionary.com/Cluster+chemistry) as follows:
“a cluster compound contains & group of two or more metal atoms where direct and
substamtial metal metsl bonding is present™ (Introduction to cluster chemistry by D. M. P.




5 size, or there may be less than about 45, 40, 35, 30, 25, 20, 15, 10 or 5% of particles having a
particle size more than 10% different from the mean particle size, and may be about 1, 2, 3, 4, 5, 10,
15, 20, 25, 30, 35, 40, 45 or 50% of particles having a particle size more than 10% different from the
mean particlsvgizessThesparticles may be spherical, or they may be some gilressbapssiseh as ovoid,
ellipsoid, cubic, rhomboidal, prismatic, or 10parallelepiped (for example rectangular parallelepiped).
The ratio of the size of the mesopores and the size 6f the windows may be between about 10:1 and
about 1.5:1, or between about 10:1 and 2:1, 10:1 and 5:1, 5:1 and 1.5:1, 3:1 and 1 5-1, 5:1 and 3:1 or

8:1 and 41, apd.may Beabeuivid 195h 8B 8. B k7bokodd: . 41, Golidn AckcAred s 08 1.5:1, or
may be some other ratio. The particles may 15 h% e some %th‘?f tructure. The si ?f the windows
e

(i.e. window Po&'gize) PR pkarears: Hai%bou ! ofBt B8 Giete e About Ionm.

It may be betweesaboutL andabeuiss@nfvor BENIdavabei) 2 Hah 2os@anddtfEands5b: 5 and 20,
10 and 20, 10,0434 10,8,2:45,A00 20286k 1843 10 and 100,50 and 100 or 10 and

50nm The window size may be about 2,73, 4, 5, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 20, 25, 30,
35, 40,45 or 50nm Thpeasigtildiesvhakieaaay GrpTE0MEA BY erpernm WMHocrrsed PRESHE rent
window sizeg,sayshehrivesn akiotb? and abDuidtnet, sdbdpariicielsol therparticspissupport,

and of the particulate substance,.and of the fiinctionaglised particulate suppoyt, may, | ently,
have a pore %%ﬁ% 8?%‘3% r?ba\%olﬁgoggogﬁ% 5%8&&%8' gr%:%‘ nfg%lrlébaéﬁ?\/ lje%?a gf?f (5*236' éalgsgiﬁ%dS ar¥d 3,

0.5 and 2, 1 amdi&;l2@Subsiehbe Brandoa paticdie satizs2 himig be & bgterogenepangatalysh Bind 2.5,

22 and 2.4 G420 Ao RN RS ARY VOB ADOUARA Ealfr0 8, 09, 1, 11, 1.2, 1.3, 1.4,
15,16,1.7,1.8,19,2,2.1,2.2,2.3,24,25,26,2.7,2.8,2.9, 3,35 4.5 or 50m3<£81_0 more than
a

X 4,
about 5&M3/g. Thd BaREELH A RsRAT S lAE ARPERTRAS SedoPHERNEL sSSP0 A aBout
1000m2/g, orbetiveehsed prititORant 5o, 108 adi2nd20h abel 109G 500 30 wnttBO0#RDO and

500, 200 3N 500, 500:0d,90, 500,201, 100, 500801,600. 530 2EHOARA 30KLRLR, BRfand 800,

650 and 750, 0 or g, and may have a specific surface area of about 100,
150, 200, 2509B8IBEAGD), A500HHTIHH by sPelixdy ssud, whulosso [ acBiyeE e EmRere0, 620,
630, 640, 6591&@'6921@79119&91 GRscter of between about 5 and about 100. The relatively small

15 windows have a mean diameter of between about 2 and about 50om. The porous support
may be for example mesocellular siliceous foam. They may be mesocellular siliceous
foam according to, or made according to, W0/2006/135339 (Mesocellular foam particles)
and/or Han, Y., Lee, S. S., Ying, J. Y. Chem. Mater. 2006, 18, 643, the contents of both
of which are incorporated herein by reference.

20 The particles of the particulate support, and of the particulate substance, and of the
functionalised particulate support, may, independently, be regular shaped, for example
spherical, particles of solid foam. The mean pore size (e.g. cell pore size) may be greater
than about Snm, or greater than about 10nm. It may be between about 5 and about 100nm
or between about 5 and 50, 5 and 20, 10 and 100, 50 and 100, 20 and 50, 20 and 30, 20

25 and 25,2 and 22, 25 and 30, 27 and 30, 27 and 29, or 10 and 50nm. The pore size may be
about 5, 10, 15, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, 90, 95 or 100nm. The particles may have a distribution of different pore sizes.
The different pore sizes may be between about 5 and about 100nm.

The particles of the particulate support, and of the particulate substance, and of the

30 functionalised particulate support, may, independently, have a mean particle diameter of
between about 1 and about 100 microns, or between about 5 and 100, 10 and 100, 20 and
100, 50 and 100, 2 and about 50, 20 and 50, 10 and 50, 2 and 40, 1 and 50, 1 and 10, 1
and 5,1 and 2, 2 and 20, 2 and 10, 3 and 8, 4 and 7, 4 and 6, S and 20, 10 and 20, 2 and

16 or 5 and 10 microns, and may have a mean particle diameter of about 1,2, 3, 4,5,6,7,



WO 2008/118097PCT/SG2007/000079 7 700, 710, 720, 730, 750, 750, 800, 850, 900, 950 or
1000m2/g, or may have a specific surface area of less than about 100 or greater than about
1000m2/g. The porous support may be a metal oxide support. The metal oxide may be silica. It
may be alumima.zlivmeagdoe zirconia. It may be titania. It may be a mixed oxige comprigipgdany 2 or 3
of, or all of, aluminium, silicon, titanium and zirconiu%m The porous support may be coupled to the
palladium species by a coupling group comprising a linking group and a binding group, wherein the
binding group is coupled to the species. The binding group may be a non-thiol-containing group. It may

be a nonsulfyr-gopiaining;giaups, T RNEINGYraypmay, cemiyisg, 105, SRER|e02 sTEIFHOLI a (0
thiourea group, an amine group, an alcohol group, a thiol @fféj&ﬁ&lmldazo'% roup or.some other
heterocyclic GHSERTor F COMAR A0 BT Ay 06 Br ThSFEAET thiede - Yh B g §F Thay be based on
an ionic liquidaaoitiegenicaxyg éxtahdion sThphe reontaiivgieolyimen SEtentrimasles Mevinking group

may have an giasbing. ohouo whichys, AChe i, nokon e SHRRM:: e AUACHNAOEHR [y be a
silyl group. The inding group maéé; be coupled to the porous smépﬂgig c?hone linking group, or by two
lkyi

linking gPoup8ZHHE [HRIBGEROLR bahabaEt th Ayt ohitn 2in o ATaybe@BEtEen about
1 agd 12 Carﬁ%ﬂx@@ '?}%ﬂ@él Le,s@zegawm@gow &ﬁﬂ?ﬁ,%@n%ﬁﬁ%@ﬁ%ﬁ%&ﬁ@nﬁﬁﬂmr 2and 6
carbon atoms.lo : , 10, r rbon atoms.long. Sui couplin
groups inclU&SQ@%C%%B%E%RESZ&S%C;@)% ﬁ%é&lﬁ%s% (-}gf)(%{if %@ hﬂ@é ﬁﬁ%l‘%)%%? ar?d
-Si(CH2)3NHEBBNH(E HOY8 Sifferemtiecpntic ulsts sabitimeisam Bycuetigine grachatsaheyiend, or

hydrophobic 4£ach of the porous subsiate apdLheduncliohalised B QU AHERIBIE-RMBMic, or
independently, be hydrophilic, or each may, indepe{% ntly,%?e hydrophobic. The hydrophobicity of the

particuldfe sEHEEACERMIGE SR IFHeBRIE BRI 0w )optimise its performance, 25 and/or to
improve its compafifilityrwitlf trgsinicosahvantsofhespadititatesubitandedmay haydhpdrephobic

groups on its Bof i30S, i [ oNOHIS SOURRIAN for.XAPPIE i3y ivlgroups,
Iy ydropho

dialkylsilanediyl groups or some other IC group. Suitable groups include trlmeth%IsnyI,
triethylsilyl addltaphdryibiil PR paraedratansubdiaiemanyPhabedsd tydfoprobic grotids Birits pore
surfaces otherghan thesenupling 2Qaropp. 4t mayn havesiarkal-aie uiso s ke puiiakesnay The
palladium spgcies may be a catalytically active palladium species. It may be a high efficien
catalytic'élly Wesﬁg'l%/aa%?ﬁ §B'3%¥ér§: I ﬁ?a%zﬁegc% a?yh“&%ﬁ&é%t Ve 161 %%ﬁoggﬁa%%e or Y b
hydrogenolysissattnthgnbrbosit Aiytic gtiyase tivanfonia, Su znkiter hadabiorbiBtion Honforbe bytivegenation,

hydrogenolysis.gr 9ther IEAUCAG] SREUARhNB MY Q AR05113 809 A8 GT4R62600y 18007 IB-palladium
species may be a Pd(0) species. It may c%nse palladium atoms, or it ma comprlsn%ﬁalliglum

clusters, e.g{Haf4 AahBarkigrs! o Lo bofibaiadlmhidfsdRabAHaaiu clusters.
The palladiughpanaslustier svinayvwbsiaatalytiealoactye, nanpotiusters2, e palisdildniTahdcldsters may
have a mean,di r bet 5 about 1.and about 10 or 0 2,2 and
105 antf 10 AR g0 Ar L a DA Lo e gy h f B AU AANEP AN
nanoclusterssiaety Beedlifferss avingtoraigeomabidebpimen Theyt mandudensparsed uniformly on the pore

surfaces of the sUpRETFhaRAIRINERARIRELIISFS axher S BsSRk ThayPaavde preudaspherical.

They may be approximately spherical. They may be. polyhedral., The
Y ey ﬁme:%cmaiised gmgcu?ate suppott, majx mdgpegdem[y, have %, pore volume of between

about 0.5 and about 5 cm’/g, or between about 0.5 and 4, 0.5and 3, 0.52and 2, 1 and 5, 2
35 and5,3and5, land3, 1and2,2and3, 1.5and2, 15and 1.7, 2 and 2.5, 2.2 and 2.4 or 2
and 2.4, and may have a pore volume about 0.5, 0.6, 0.7, 6.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4,
1.5,1.6,1.7,1.8,1.9,2,2.1,2.2,2.3,2.4,2.5,26,2.7,2.8,2.9, 3, 3.5, 4, 4.5 or 5cm’/g, or
more than about 5em’/g. The particles may gave a specific surface area of between about
100 and about IOGOmzfg.} or between about 100 and 500, 100 and 200, 200 and 1000, 500
s0  and 1000, 200 and 800, 200 and 500, 500 and 800, 500 and 700, 500 and 600, 550 and
600, 550 and 570, 600 and &00, 650 and 750, 670 and 730 or 690 and 710 m?/g, and may
have a specific surface area of about 100, 150, 200, 250, 300, 350, 400, 450, 500, 510,
520, 530, 540, 550, 560, 570, 580, 590, 600, 610, 620, 630, 640, 650, 660, 670, 680, 690,




io may be coupled to the binding group by coordination, i.e. they may be coordinated to the binding
group. The binding group may be a ligand for the palladium species. The particulate substance may
have a palladium loading of between about 0 1 and about 2 nunol palladium per gram of support, or
about 0.1 to &;D2808m é970.1 t0 0.2, 0.2t0 2, 0.5t0 2, 1 to 2, 0.5 to 1.5 or &5 Ar: depumebpalladium per
gram of support, e.g. about 0.1, 15 0.15, 0.2, 0.25, 0,.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75,
0.8,0.85,0.9,0.95,1,1.05,1.1,1.15,1.2,1.25,1.3,1.35,1.4,1.45, 1.5, 1.55, 1.6, 1.65, 1.7, 1.75, 1.8,
1.85, 1.9, 1.95 or 2 mmol palladium per gram of support.  Thus in one embodiment there is provided
a particulate gibstance,60muising pattigaiateaorous shisacqupiesie patasiumpanestagiers. 20In
another embodiment therge is provided a particulate substance gi{sing particulate MCF coupled to
palladium naffSEERsAETE of g3 4 %%ﬁé?%%@%?&ﬁ%t S B%\ff;gdeH§L d Particulate substance

comprising partictfatesMGE conpleditay peltadicin asdociusters Byemesal uidsingingordisesivhich are
capable of bidings e RAlle D AARIEE R AR RRIE! RMROUMERNBERR SR Rt

particulate su ce comprising particulate MCF coupled to palladium nanoclusters by means of

binding grouBsWiHIER ebritit afeal groupe, silicp s ebatifofERPthere is provided a particulate
substance comprigigRastisWatpod Ghycouplagiainalladipaintineckstérs by meapiaf binding groups
which 30contain thiourea groups. The present invention, alse I for.making a
particulate sﬁ%%}%rﬁ%%%:%arlﬁpn%%ﬁr %“Bar%c%P&%S%‘&%%“Eufﬁél%??‘?%%\%%&%ﬁé% gﬁ gﬁjrg specigs, said
process contprisipepicw Ghe008insaomR CHE &260HoUooFoCiERBYsHIER flihEwh BfiskB%Barticulate

porous suppgidR. a-seluien g{@;ﬁgaﬂﬁ@&m@tﬁ&ﬁiﬂ l&%}?%ﬁ@%df&aé&ﬁﬁ@l@ Pareygauppart
adium

comprising binding groups capable of bindingi e pall S e(i;es; and con ertiP the palladium salt
to the palladiifAvEHe SRS RFE LT Yo Akitedha %@?Eﬁfﬁ%@sﬁﬁ%@ A VIR %Zpooﬁg%rgﬁl efting the
palladium sa%btﬂeth&z@dﬂadiunycsmmmmmﬂwﬁn@&'&m&:{:ﬁmimwp@mﬂmn_ﬁﬁlm:t.'fmé?bdimmm salt
may be a Pdé&uﬁ%a?@e%%@a@&%@ﬂ%%?ﬁ@ RAYNeTRINE.CoMBrIRG TeRMGNabAULIdRREQ- The

co the ad

reducing ma prise exposing lum salt to a reducing agent. It may comprise exposing it to

a
an tooxidisam@m@sﬁwﬁéﬁ‘é’@u@h@g{gﬂﬁéﬁﬂé’%mﬁm%&‘%WB@%}%‘PM : rably a
primary or segqRélattaie ehsthof:. Jrivethshial group may be a silyl group. The binding group may

15 be coupled to the porous support by one linking group, or by two linking groups. The

linking group may comprise an alkyl chain. The alkyl chain may be between about 1 and

12 carbon atoms long, or between about 1 and 8, 1 and 6, 1 and 4,2 and 12, 6 and 12 o1 2

and 6 carbon atoms long, e.g. 1,2, 3,4, 5,6, 7, 8,9, 10, 11 or 12 carbon atoms long.

Suitable coupling groups include ~Si(CH2)3NHCONH2, -Si{CH, )sNHCSNH,,
20 -Si(CHp)sNHCONH(CH));Si- and -Si(CH,)sNHCSNH(CH,)3Si-.

The particulate substance may be hydrophilic. It may be hydrophobic. Each of the
porous substrate and the functionalised porous substrate may, independently, be
hydrophilic, or each may, independently, be hydrophobic. The hydrophobicity of the
particulate substance may be adjusted in order to improve or optimise its performance,

25 and/or to improve its compatibility with organic solvents. The particulate substance may
have hydrophobic groups on its pore surfaces, The hydrophobic groups may be for
example trialkylsilyl groups, dialkylsilanediyl groups or some other hydrophobic group.
Suitable groups include trimethylsilyl, triethylsilyl and friphenylsilyl. The particulate
substance may have no hydrophobic groups on its pore surfaces other than the coupling

3¢ group. It may have silanocl groups on its pore surfaces.

The palladium species may be a catalytically active palladium species. It may be a
high efficiency catalytically active palladium species. It may be catalytically active for
hydrogenation or hydrogenolysis. It may be catalytically active for a Suzuki or a Heck

reaction, or for a hydrogenation, hydrogenclysis or other reductive reaction. The



The functionalised particulate porous support may comprise the particulate porous support, described
above, having a coupling group, as also described above, coupled to the surface of the pores thereof
The loading of coupling group on the particulate porous Is support may be between about 0.5 and
about Smmotyees@sanzeffunctionalised particulate porous support, or abeiGsa4Q2e@e@40 1, 1 10 5, 2
to5,1to3orl.5t0 2.5 mmoll/g, e.g. about 0.5,0.6,0.7,0.8,0.9,1,1.1,1.2,1.3,1.4,15,1.6,1.7, 1.8,
19,2,21,22,23,24,25,3,35,4,45o0r 5mmo|ﬁg. The palladium salt may be a Pd(ll) salt, e.g.
palladium chloride, palladium acetate or some other suitable salt. The solution of the 20 palladium salt

may be a SolyliRr: {2008 SN bl ERLIRNIG SR ALMAYDS AP UEL MY iR fpr example

dichloromethane, chloroform, dibromomethane, bromoform, carbon tetrachloride, toluene, acetone,
chlorobenzefeRERaABHaINEN GIERESr b &n SR AR IR SRREcbI S ot et SR ESR A The
exposing mayx0esniistiadding the-galiadilimesalTior puBofitionthechaiste asuspensioticafithe
functionalised 25 particulate support in.a carrier. The carrier may be a solveng for jum salt. It
may be a no%gzégﬁ%lﬁ? ?c‘#“ﬁ%%"sp%%iﬁél%dg : %ngé}ggiefﬁgnﬁ%gy %gefoaf gﬁl%‘?i[g%{gt{ﬁn%egﬁ a?%ufficient

temperature fbrdohsedsibnibt Shepebetitiearsziow Hrapallddimh? speektde gubiformadidnof
palladium cluges onthe BinctionglisedpadicuiaiesupRoK,; & Mmay befanbeivwesmnakauifand about
60 hours, or about 6_to 48é§6 to, 36, 6 to 24, 6 to 18, %E to 60, 30 12 toﬁ,mgo 6]0,435@ 60, 18to 30 or
20 to 25 houFeets, LESEE, GHFsIE 25 P PaTto 1 high ™ DSl SRPToSs! YRIEIE PR B¥ Gy 60
hours. It maysiéaatsadé nperatnostoflbetwaidiaboutdGmsttabmay 160 6;leriabio EHE tw80 540 to 60,
60 (0 100, 800,400,50.40 50,00 S0P 70 6:01,3h0Y! 4fhcFaE9nL0. £ 0 96AA0S The domperature

may be less than or'equal to thé boiling point of the carrier. It _ma%gege conducted under anhydrous WO

2008/1 1809 7R3 PR PRo? Asobe Finfinh Buni B8 . aesrlipabieed o fets dan dersrtiiretssaitidhns. 1t may
be conductegifemnexampie, IHdemalieoanuprges, beliumgsadbhn diexiskdivmaypeeiendiiadegassed
conditions. Durix; e reaction the reaction mixtyre e sti or otherwis itat rit may be
unstirred and’ %Irgag“g‘%’ie%’gsm‘f‘ﬁu‘é“?ﬁ %%"éree?n ocﬁrﬁ%nﬁr;? éﬁ 61 855%&)%%%%8%%@3%%&98}%%naIIy

heating, a suspeigigieditheduscaiondlisegghrictbats BArsus Subpobiinthh adhydieu®s daftier to a
solution of ai%aﬂ,?ﬂi{efr?,(@ss@tﬂrs% erﬁst@ ﬁ%la%%%fllyﬁ!%gimﬁfﬁayé&&@ Ei?sﬁﬂ%ﬁi_%!f@tﬁlfﬂbﬁf_@ﬁge
comprising a particulate porous support coupled to palladium nanoclusters, s iopalise
particuldfe pdrbuLs %n%ﬁ&rﬁg%ﬁéﬁaé’ér&%g é]b?é 3'@#&!%9@(:%@%3&%};@#% hoclusters.
In some embooients, thel particd|ats substantd Has hydididhdbic gé6ups ohits pdre SGrfades. In

order to achi?\é% g%ii’ Htlrrlgop

[ or fr mf\gﬂ& hr{he particulate substance is made may have
hydrophobic groups on its g%%%ﬁrﬁg%eé? ai[%as t e8 Brdcess may comprise hydrophobing the particulate

substance or the pWsuinsopp SIhedEgEokprsE Poxitechih PHIGHBPRoBIEHBtH SIBHIEPBre

surfaces of t@gr@@tmﬁy RsHisaNG Pk et ihRIRRaESBHBEREts may comprise adding, for example,

trialkylsilyl groups, dialky]silyl gr. u}gs or some other r:% r%ohob%(?r P to tget ore gggagselg of the

particuldle substatey ?rth%g‘f% TR SR, PRy o RE TaatRg The orous sipportwith a

hydrophobingaaiisrist<TME R yargdivbleipgl kgamt maepdostgysise for example (R3Si)20, 20 (R3S02NH,

R3SIX, R2S1X2 %Ré}é e VBSRRdRAD Ak -9 RIDY | LDYRIRRY! SibstRbananisiy Phenyl)
e

group and X is a suitable leaving group such as CI, Br, OAc etc. Commonly used hydrgphobing agents
include hexaPAEtFRIRMEE seuplFAdtRAliRg eRIRaECHLH &Y SremtR RIS BTORRE WP gre
hydrophobingapagi g Gaatigctedphafdiamatiachingitze coupling group to form the fuctionalised porous

support. It may be 25 conducted after attaching. the coupling group tp form.the fuctignali orous
support%ut beforé fofmation %?%—?él gﬁaeﬁétﬁﬂ?ﬁer%lscr%%%};ét%e&}s.%ltgpr%%%%%@coshu l%]%gt%% a’f"té%%??r‘hﬂ tion of the
palladium speeiésilateRdidnsaynied forpalidiner nanqshimers by spesmsoitinding caresstiBisiince may
be separate@émtﬁ%g%@ﬁ;&@ mixture. The separating may comprise filtering, centrifuging, 30
settling, decantin%{)r an%%combina jon thereof. The par&i.c%late substggce a%%wen be washed. The
washing may be WRhARBFHRCSOIRSHE, digetE BIREATT PRIV 8I\ﬁ{’?§s Daifagiim €alt, or the
carrier used tergushendite fonptisnalipatidanticutekeimstens bguppars, of bdieprersolvbish It may be

washed an%bﬂgﬁh?%ﬁﬁr@é@%gsmore than once, in which the washings may use the same solvent or
different solvents. The particulate

The present invention also provides a process for making a particulate substance
comprising a particulate porous support coupled to a palladium species, said process

comprising:



WO 2008/118097PCT/SG2007/000079 11 substance may be dried. The drying may comprise heating,
passing a gas over and/or through the particulate substance, applying a vacuum or partial vacuum to
the particulate substance, or some combination of these. Thus in another embodiment the process

comprises: i)axpasifg asuspension of the functionalised particulate porousSURPRLIRG, Farrier to a
solution of a palladium () salt in a solvent for sufficient time and at a sufficient temperature to form a

particulate substance comprising a particulate porOL?s support coupled to palladium nanoclusters,
separating the particulate substance ioiii) washing the particulate substance, and iv) drying the

particulate substance sal%uf {%ll%rllgg c?uste{ﬂgf% ﬁg%dﬁgr S, SYRPQr dgé%o '§F§p§i&‘3‘iﬂ%%@{‘ps

capable of blndlngpﬂ1 lum nano e proce ma a nally comprise roviding the
functionalised partitiifatdaBiF6onerstigpts DoTRYS ﬁﬁ’@?%ﬁ%ﬁ?@ﬁ@&&%ﬁ@lﬁgrﬁﬂi&lﬁlﬁ?@ ditfs support

to a functlonallsmgﬁgmgga@m gﬂﬁagé@qmnahsed particulate porous support, said functionalising

reagent comprising the bindi Qg an atta roup.capable of attachl to the particulate
porous support. PREBTH % gmay tt(fot?‘e amp%'%sgfgé:aegrguaﬁ &t %@ﬂwlour%group i?ﬁe

fiinctionalised partistaate porous support may comprise 20mesoporous siliceous foam.  As described

earlier, a suitable paicuiate: ROHRLRIAHAR %Aﬁd&l%ﬁ?gﬁ'é‘{@&?é'@ﬁ%&%ﬁeé@é@'?ﬂh@é&ﬁ%@éepafed by

known methods. The support may e dried before use. The drying may comprise heating for a suitable

time at a suitsBR¥minEr aftlatitfe Sithe ThayBladPBx stlio @ He tiredn 5B 8 End %S0 8P 68 hours, or
about 6 t0 4806er@6; Gidp AEraie t@ﬂs@rﬁa ﬁﬁiﬁﬂn@?d@ﬁ&cﬂﬁd@ﬁﬂilﬂ& tei66ng Srkgy %mpﬂﬁ to 25

hours, e.g. about 6 9 12 9,42,45.4 rs. The
temperature mgy %ig be?\/\?gjé%da g12@‘(2) %(o{%% ﬁ%riatb%i&%, 70 %p%%%?g%r%og 100 to 200,
150 to 200, 13ddisehBOsIBEIES- 1%%#«3@1%&&1%11@ @ra@@éwblee@mae@oammbe 0 acsbel. 140, 150,

160, 170, 189;,3;&(3@5; g_ggﬁ;ﬂrpn@ ssiepas-Mmayothgnhe segledhB0 in a dry envwonment e.g. indry
argon, dry helium,dry nltro%%?ﬁg y carbon dioxide etc. Alternativel or additio IIXlthe su ort may be

dried by exposure’tdf( ' %Véﬁts‘énﬁmgﬁﬂ%l%j Life P A RRVHETE anhydrous
toluene or scnm;q:mméemﬁbydrdnwspbwﬁgMMméogmpde&m@@héwnbﬁd&hsmnhW&dstwe well

known in the, H&%&%ﬁ% om 691@5%1&@919 E%QLTJMO&UQ‘Q&W@ group on the particulate porous
15 support may be between about 0.5 and about Smmol per gram of functionalised
particulate porous support, or about 0.5102, 0510 1, 1t05,2t0o 5, L to3or 1.510 2.5
mmol/g, e.g. about 0.5, 0.6, 0.7,0.8,09,1,1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2, 2.1,
2.2,23,2.4,25,3,3.5, 4, 4.5 or Smmol/g. The pailadium salt may be a Pd(Il) salt, e.g.
palladium chloride, palladium acetate or some other suitable salt. The solution of the

20  palladium salt may be a solution in an organic solvent. The organic solvent may be
anhydrous. It may be for example dichloromethane, chloroform, dibromomethane,
bromoform, carbon tetrachloride, toluene, acetone, chlorobenzene methanol, ethanol,
isopropanol, ethylacetate or some other suitable sclvent. The exposing may comprise
adding the pailadium salt, or a solution thereof, to a suspension of the functionalised

25 particulate support in a carrier. The carrier may be a solvent for the palladivm salt. It may
be a non-solvent for the palladium salt. The exposing may be for sufficient time and at
sufficient temperature for conversion of the palladium salt to the palladium species, e.g.

for formation of palladiwm clusters on the fimctionalised particulate support. It may be for
between about 6 and about 60 hours, or about 6 to 48, 6 ta 36, 6 to 24, 6 to 18, 12 to 60,

0 12 to 36, 24 to 60, 48 to 60, 18 to 30 or 20 to 25 howrs, e.g. about 6, 9, 12, 15, 18, 21, 24,
27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57 or 60 hours. It may be at a temperature of
between about 40 and about 100°C, or about 40 to 80, 40 to 66, 60 1o 100, 80 to 100, 50

to 80 or 50 to 70°C, e.g. about 40, 50, 60, 70, 80, 90 or 100°C. The temperature may be

less than or equal to the boiling point of the carrier. It may be conducted under anhydrous



12  The support may then be combined with a carrier to form a suspension. The carrier may be an
organic solvent, as described earlier. The functionalising reagent, optionally in solution, may then be
added to the suspension. The funcrionalising reagent may be added at a ratio of between about 1 and
5 minol per gram@ksugieert, however this ratio may 5 depend on the natugg-ekthgsuppes. The ratio
may be between about 1 and 4, 1 and 3, 2 and 5,3 gﬂd 5,2 and 4 or 2 and 3 mmol per gram of
support, e.g. about 1, 1.5, 2, 2.1, 2.2, 2.3, 2,4, 2.5, 3,73.4, 4, 4.5 or 5 mmol/g. The functionalising
reagent should be such that the functionalised particulate porous support comprises binding groups
capable of bipging.ar coynling to.the palladiumspesissicSuitahie.flungtionalisingmakerts inglude to
(R0O)3Si(CH2)3NECONH2, (R0)3Si(CH2)3BNHCSNH2, RO)3Si(CH2)3INTH%?OE%%%I%)BS% R)3 and
(RO)3Si(CH2 73RS NS 1588570 B T RETER: iSARCHIO Bt ok 24 BF (B aiikeiEidup (e.g.
methyl, ethylcprdpidnisGpitny Hetecreiantarykbgroup ta:guphenyhehtiveder otherssitapieirdagents will
be readily apBra{ten% tol_)%h‘gnss%‘i 1%@'&9:1% At Reaction of the support with the reagent in the 15
suspension may be at a temperature and for a time sufficient to react the reagent with the support. The
reagent may react s farrstfo AEINGBTEE! (&g, BRTSEF GrOBPRYENTHOSBa e iTe Hafgof the
support. The dime-Aean ke fiey axamplgibeiweanabalp&andsappsit 60 foursyOrabedhiads, 6 to 36,
6to 24, 6to 18, 12 to §0, 12 tq.36, 24 10,60,48 to 60,,18 to 30 or 20 to 25 houts, e.g. abouyt 6, 9, 12,
15, 16, 21, paisposceiss et 40 B0 g SR OSh Sl BeRs SRR LRG|
between abosit4aercabpusitfeaticabitpd®te 8Gr40 togdcdotvaliedng0mnadosisr1678D or 50 to
70C, e.g. abqyf 49, 5060, 48 80Pk G dhe Jeastan mavike W%ﬁﬁb&@d@ @ahgrous
conditions. It may be conducted under anoxic conditions. It may be conducted, for example, under
nitrogent®argéif; Pl aspeivgiede, or may be under degassed 25conditions. During the reaction

.,

the reaction mixtuiie saay: emboidied:ns, abeeramiagitaibe e hmeyy i pingticretapdonnagpat
Following the (eaction, obifie [inctianalislnceagent il e duanattihed paithg Lialionaised
support may be separated from the reaction niixture. The separating may comprise filtering,
centrifuging, ieulitdy, Bevahtive) BroEpPRPebIR RSN I eie GPITRSTURAMctITREIISsd EFPUTIRIRY then be
washed. The yashiaoHnayenMias SigRNias QMent: HAMBPWasheshpheel innpaydigpiashed
more than once, In wrglc tﬂ&\ﬁashing?s may use the same s%lvent or.dif{etren s%entﬁs{. %ug%%ble
solvents incl AFETHERETOHISRI ZRERS IR, AR RIS FoTHEREN &1 AToPRrS I Ca DS St AtnToride, acetone
or other orgapicssiveptsyoltampinatiprisdieidog, The fuaotidnalisslt dsifidozroney HéatkiéadyThe drying
may Compnsgm\ﬁ/p? &O%%JI%QPZ?&&B%%%O&Z@%%Q pore surfaces of the particulate substance

or of the porous support. This may involve treafing the porous support with a

hydrophobing agent. The hydrophobing agent may comprise for example (R35i)0,
30 (R3Si)uNH, R38iX, RaSiXs or RSiX;, where R is an alkyl (e.g. methyl, ethyl, propyl ete.)
or an aryl (e.g. phenyl) group and X is a suitable leaving group such as Cl, Br, OAc etc.
Commonly used hydrophobing agents include hexamethyldisilazane, trimethylsilyl
choride and dichlorodimethylsilane. The step of hydrophobing may be conducted before
attaching the coupling group to form the fuctionalised porous support. It may be
25 conducted after attaching the coupling group to form the fuctionalised porous support but
before formation of the palladium microclusters. It may be conducted after formation of

the palladinm species.
Following the formation of the palladium species, the particulate substance may be
separated from the reaction mixture. The separating may comprise filtering, centrifuging,
30 settling, decanting or any combination thereof. The particulate substance may then be
washed. The washing may be with an organic solvent, e.g. the solvent used for dissolving
the palladium salt, or the carrier used to suspend the functionalised particulate porous
support, or some other solvent. It may be washed once. It may be washed more than once,

in which the washings may use the same solvent or different solvents. The particulate



13 heating, passing a gas over and/or through the fimetionalised support, applying a vacuum or partial
vacuum to the functionalised support, or some combination of these. Prior to the drying, the
functionalised support may be heated in a solvent, e.g. an alcohol such as ethanol, isopropanol etc.
This step magrsenee igyyash the support, in order to remove 5 impurities. ghedeatingnpay be for
between about 6 and about 60 hours, or about 6 to il% 6 to 36,6 to 24,6 to 18, 12 to 60, 12 to 36,24 to
60,48 to 60, 18 to 30 or 20 to 25 hours, e.g. about 6,9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45,
48, 51, 54, 57 or 60 hours It may be at a temperature of between about 40 and about 80C, or 40 to 60,

80110 80 or SQu:HG £ ALAOTHD. A9nf0:04:P AlrmiRtB RN il i baclimentiapoprocess of
e invention comprises: i) exposing a suspension of a particulate poyous support to a functionalising
reagent to fomﬁoé‘%ﬁ@ﬁml’ﬁgﬁ%ﬁ’%m Wﬁ@s@ﬁ&%%%@s‘fﬁﬂ’%& %gf’é#’mél%ﬁe
functionalisedupariietaie sparousysipparn taf ghsslution of a palladium (I1) salt in a solvent for sufficient
time and at a 153uﬁj&iﬁe@ Jﬁ%?re%%%ﬁ%éﬁr{ﬂ. p&r&gtg&t&%ggtance comprising a particulate porous

support coupled to palladium nanoclusters; said functionalising reagent being such that the
fimetionalised parfitulatepeisas StHsPBIvEBApiae SRFHEIGRE e SRR BB HinthRR th&fpdlladium
nanoclusters. In anothegembesimentithedropepstamprisest 20 expeosife awdtispension afd

particulate porous suport o s nclonalising reagent 1o famy 3 pctionalised patiie parous
support; ii) exposing a stispension of the ftnctionalised particulate porous support to‘a sofution of a
palladium (I1) salt in a sphvéeniftr sufficienppivnecanpiet @ satidiem venspbirdaate to form a particulate

substance compriging a,particulate. 23RAMAUE SUPRALEoupled to palladium nanoclusters; iii) separating

the particulate substance; iv) washing the particulate substance; and v) drying the particulate
substan¥e; i)  washing the parficulate substance, and

v}  diying the particulate substance,
said functionalised particulate porous support comprising binding groups capable of
binding the palladium nanoclusters.
The process may additionally comprise providing the functionalised particulate
15 porous support. This may comprise reacting a particulate porous support o a
functionalising reagent to form the functionalised particulate porous support, said
functionalising reagent comprising the binding group and an attaching group capable of
attaching to the particulate porous support. The binding group may be for example a urea
group or a thiourea group. The functionalised particulate porous support may comprise
20 mesoporous siliceous foam.
As described earlier, a suitable particulate porous support is mesocellular siliceous
foam, which may be prepared by known methods. The support may be dried before use.
The drying may comprise heating for a suitable time at a suitable temperature. The time
may be for example between about 6 and about 60 hours, or about 6 to 48, 6 to 36, 6 to
25 24,610 18, 1210 60, 12 10 36, 24 to 60, 48 to 60, 18 to 20 or 20 o 25 houss, e.g. about 6,
9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57 or 60 hours. The
temperature may be between about 70 and about 200°C, or about 70 to 150, 70 1o 100,
100 to 200, 150 to 200, 100 to 130, 80 to 120 or 90 to 110°C, e.g. about 70, 80, 90, 100,
110, 120,1 301, 140, 150, 160, 170, 180, 190 or 200°C. The support may then be cooled
30 in a dry environment, e.g. in dry argon, dry helium, dry nitrogen, dry carbon dioxide etc.
Alternatively or additionally the support may be dried by exposure to (or washing with} a
dry solvent, e.g. anhydrous ether, anhydrous THF, anhydrous toluene or some other
anhydrous solvent. Methods for rendering these solvents anhydrous are well known in the

literature.



said functionalising reagent being such that the functionalised particulate porous support 30 comprises
binding groups capable of binding the palladium nanoclusters. In another embodiment the process
comprises: i)exposing a suspension of mesocellular siliceous foam (MCF) to a functionalising reagent
to form functigipaliged e, WO 2008/118097PCT/SG2007/000079 14 exppgingdshspgnsion of the
functionalised MCF to a solution of a palladium (1) gcetate for sufficient time and at a sufficient
temperature to form a particulate substance comprising MCF coupled to palladium nanoclusters; iii)
separating the particulate substance iv) washing the particulate substance, and v) drying the

particulate substange:; saidliuncionalisinadaperathaing el tatihe JunsignaliseshMaRigomprises

binding groups capable of binding the palladium nanoclusters. The particulate substance of the

invention majPBe RBOER RS ARIEEE L TREFIRP o RHiSTy L85 SAG e iRRe 4 e e BEbEilTy
catalysed by shiefalagivnhspeciesicd ¢ the patladision nbnotinstiers: iFhigs thesirventibr aldodprovides
methods for using the particulate substanc | ion f i 10Us; i eactions.
The catalysina§ %%aé;%g@ (?(’jen{gﬁg?e \‘/jv}‘?'ﬁﬁihﬁl%lig(n9 ﬁé%%égfég%%%lng,@%&%%égg%ig%ﬁ r%g%\}/rl dual

reactions. ThécSutabldhenelionsifag Muyobe thtaniiemnny b Riebpate! a0 bstaide’ thelude
carbon-carbog.peng feymations ass e caenaliges Sxasespinelude a&uzyki soyplingreaction of

an aryl halide and an_ aryl borpnjc acid, a Heck couypling reactian.of an ar li nd an glefin,

transfer hydr%é(é%a%(52I‘la§0#S a%gréoﬁaﬁ 86%B&B%o‘%”h%g%écr?ﬁcﬁ%?%ﬁmo@gﬁ#?@8@1?0%2:2%%% ion,

hydrogenolysis étosiypiteld patipiatopditionsifoothesepdsations inherv e ahpsdieof diedpdrticulate

substance Of&P%B{xﬁﬁ%Et ePinyention.driarredkto-belayasicatalyabaieas folgus: Syzridereaction:
e

aryl halide (e&. bromide or iodide), aryl boronic acid and catalyst are heated in a solvent for sufficient

time to dehieleFEgild)tHeGRi5kratio of aryl halide to aryl boronic%&3ﬁ§%§§g%§ﬁ%bout 1:1
and about 1:Zrgasemlcm, fIMEiamaigei)Si TR if andri/insdtels padeanNMCEy SiyDRpnoboronic

acid, a molar ratio qf 1;1 25 would require 1 e, of apyl dihali ri f r oronic.

The molar raﬁ@ BF aryf%gﬁdaé}%%yﬁ?@ér%ﬁicag?g Fﬁaé%ea%gg\%éﬁag%%gg %%%ﬁ% ﬁ{j&%?ﬁﬁ?and 1:2 or

1:1.1 and 1:1i®peonylatedtor: Bnlatybsraun fe-a. phepyihbpwevensihen syitabbys rqagentswilh §or 1:1.5.

Catalyst mayr&m%l%@ eat & lavel akhrivaanaho utQdish daieutidiinolin elativegtiasiy thalide. In
mo

this context 1 Y. 0f catalyst relative to aryl hgli eis. . .
15 suspension may be at a temperaturé and for a time sufficient to react the reagent with the

support. The reagent may react with functional groups (e.g. Si~OH groups) on the
surfaces of the pores of the support. The time may be for example between about 6 and
about 60 hours, or about 6 to 48, 6 o 36, 610 24, 6 to 18, 12 10 60, 12 to 36, 24 t0 60, 48
to 60, 18 to 30 or 20 to 25 hours, e.g. about 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42,

0 45, 48, 51, 54, 57 or 60 hours. The temperature may be between about 40 and about
100°C, or about 40 to 80, 40 to 60, 60 to 100, 80 to 100, 50 to 80 or 50 to 70°C, e.g. about
40, 50, 60, 70, 80, 90 or 100°C. The reaction may be conducted under anhydrous
conditions. Tt may be conducted under anoxic conditions. It may be conducted, for
example, under nitrogen, argon, helium, carbon dioxide, or may be under degassed

25 conditions. During the reaction the reaction mixture may be stirred or otherwise agitated,
or it may be unstirred and unagitated.

Following the reaction of the functionalising reagent with the support, the resulting
functionalised support may be separated from the reaction mixture. The separating may
comprise filtering, centrifuging, settling, decanting or any combination thereof. The

30 functionalised support may then be washed. The washing may be with an orgamic solvent.
It may be washed once. It may be washed more than once, in which the washings may use
the same soivent or different solvents. Suitable solvents include toluene, ethanol, acetone,
dichioromethane, chloroform, carbon tetrachloride, acetone or other organic sclvents, or

combinations thereof. The functionalised support may be dried. The drying may comprise



30defined as 1 mole of palladium species in the catalyst per 100 mol halide in the aryl halide. The
catalyst may be present at a level of about 0.1t0 5,0.1t02,0.1tol,0.1to 3, 0.5to 10. Ito 10, 2 to 10,
5t0 10,0.5t0 5, 0.5to 2 or Ito 5 mol%, e.g. about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,0.7,0.8,0.9, 1, 1.1, 1.2,

1.3, 1.4, 1.5ebaobsfs18687 1.9, 2, 2.5, 3, 3.5, 4,45, 5, 6, 7, 8, 9 or 10 molgekheeagiion mixture may
also comprise a base, e.g. a WO 2008/118097PCT/SG2007/000079 15 carbonate, e.g. sodium

carbonate. This may be at a molar ratio to the aryl Hdlide of between about 1:1 and about 2:1, or about
1:1t01.5:1,1.5:1t0o2:10r 1.3:1t0 1.7:1, e.g. about 1:1, 1.2:1, 1.2:1, 1.3:1, 1.4:1, 1.5:1, 1.6:1, 1.7:1,
81, 1.9:1 9L 2ok, THRIRAGNON MR heARNGHSIAA IR 230N ENl & AhAALERHR RO Rlulige solvent
may be an acoﬁ:omat r mix, e.g. ethanol water. It may be conducted in an inert atmos}ghere, e.g.
argon, nitrog@paERLIac SUHE:

@%Bsﬁﬁﬁﬁ?%@ﬁf ShSPROSFTNBRY RS FHERE 4RI may be

conducted atigigpprsatuiiehiiaveaibphouiAORNEkakauh106lyatabeut40:teo8B) 41060, 60 to
100, 80 to 100, 50 .to,80 or 70 to

90C,, e.g, about 40, 50, 60, 70,.80. 90 or. 100 r ion time may
be between 56’33?36 aas%r%agxﬁf 860 h%&%%,%ge i%mzi/bts)%r%/g %8 X@q Ié ?%3%1? ggtf)tZ% %C%pl% ]g%ﬁ él)g %O, 12 to
36, 24 t0s60, BuoiBs, T8etbalir PONdBherireaa ghadus soorp 6P5iorss, 21 abaut)y 1ads.33, 36, 39,
42, 456 48, Skr5462d terzﬁ%gsaurf,- ﬂ‘ﬁn?ﬂqt?éﬂa @@mbeomdm@@mg@ﬁ BT GHOY0RNE2S QIO ns. In this
case the reaction time may be shortened. Un micr e conditi eaction time m e
between aboti€128% &b 6%%@3%& 4 I%g’%\’/ %\ét)‘%@r%%’ 1‘.%@156E 1% f[c') , %rt%&ﬁmﬁ? 0 to 30,20
to 30, 5 to 2GiaK héalbminatesye of. avoetba ki 15, 20, 26180040, BOIO 660N ifiute8) Arsifitable

microwave s is C%Mtgr@qﬁy%rér)?@'l&r&w@ve reactor system. The intensity of the microwave
radiation ma%%ﬁéﬁi%r%%é out 0 t6 about 100W, or about 1 to 100, 5 to 100, 10 to 100,20 to 100, 50 to

100,0 t0!50,0 to 20 THdmpitrthes areediners B merse of BerBVHEIsD $IFF Ko 50, 10 to 50, 20 to 50,

510 20, 10 to 20 g§ 5 tQ:xplsith @ Guahauiod, 45 2, Brdeda®, fordud shfpd®, 120G 2md3naksidd, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95.or 10QW. The, yield from this reaction is commonly high, and may be
R R AR

between about 80 and ‘é%%%‘%ffﬂé‘é‘}af%%s g(r’ingryﬁ e, or e okio] 0 90,90 to 100, 95 to

100 or 90 to 95%,i8.g. ekusiiBD2 81821588, 84 118586ligralgedgmrioiets, DROYS SHAP®TS 196, 97, 98,
99 or 100%. The calalys)(iay b PUsAd A0k WIPSRUCR! FeasNeRs s biscleseationianany halide
lat

(e.g. bromide or iodide) or an aryl tritiate (i.e. trifluoromethanesulfonate), an glefin, a base and the
catalyst'dre heated in SSEIGEH! FBMERFREEHOHTE D RS SRHRRC I I BIATRE AR YA S ctivated
olefin. It may be an eleg@udefigientcolaflal it palabieammidusnssturated acid, ester or amide. The

molar ratio of ary}halide (ot aryl trifiate) to olefin e Q%E %'gﬂg&@ akeytd-2 39 based on
functional grgﬁps&?#éﬁrﬁ%ﬁé‘?%éﬁ%%?%?ﬂ%ﬁg e ttglagry bﬁ%%@%g% ma ce bet%een abcl)%tlzl and
1:1.5, 1:1.5 aeehpdser dinding e mrsIapaylepidinding the redladiym naneofesters; 2 1:1.25 1:1.3, 1.35,

1:1.4, 1:1.45 or 1-f, SfemiawatupanRR:RRe$RMAL adRyeised:between about 0 1 and about 10mol%
relative to aryl halide. The catalyst may bi%gge ent at.a level of about 0.1t9 5, 0.1t Zﬂg%'l tol,0.1to
10 9,

0.5, 0.5% 10. Ito ¥p,2 FRYFNS FHBEH %é?’@%%ﬁﬁ@%’ﬁ?%’q}?g {8 fo BB FE 10 2 or Ito
5 mol%, e.g. about 0.1 y€:2:0.6, 0rdy 6 BinOtenelised By icolals potous 2pap8rtl 4, 1.5, 1.6, 1.7, 1.8, 1.9,

2,25,3, 35 4, 4?&,’ S, 8l 9a°§&83ﬂ§?$%0?%%ﬁ&imi%mm %dﬂﬁ)é Q@@&ﬂ"{i@@( amine. It
may be a trialkylamine. It may be for example triethylamine, bripropylamine or same other suitable
base. It may sohition of a palladium (II) salt in a solvent for sufficient time and at a
sufficient temperature to form a partioulate substance comprising a particulate
25 porous support coupled to palladium nanoclusters;
iii) separating the particulate substance;
iv)  washing the particulate substance; and
v)  drying the particulate substance;
said functionalising reagent being such that the functionalised particulate porous support
30 - comprises binding groups capable of binding the palladium nanoclusters.
In another embodiment the process comprises:
i)  exposing a suspension of mesocellular siliceous foam (MCF) to a

functionalising reagent to form functionalised MCF;



5 be present in a molar ratio to the aryl halide or inflate of between about 1:1 and about 1:3, or about
1:1to 1:2,1:2to 1:30r 1:1.5t0 1:1:2.5, e.g. about 1:1, 1:1.5, 1:2, 1:2.5 or 1:3. The reaction may be
conducted in a solvent, e.g. an organic solvent. The solvent may be for example toluene, xylene,
benzene, chigwtap; gaskon tetrachloride or some other suitable solvent.gélﬁ%;&?o%tj%omgy be
conducted in an inert atmosphere, e.g. argon, to nitrogen, helium, carbon dioxide or a mixture of any
two or more thereof. It may be conducted at a tempé?’ature of between 70 and about 150C, provided
that the temperature does not exceed the boiling point of the solvent. The temperature may be
between about 70.and 100, 100 and 150, 80 r%ﬁﬂ;() : 70 100, 110,
120, 130, 140 or 1@0. The ?%Rggtﬁoshus %(%ﬂb %%gnéj%g%g%%ﬁgs% |ciqr§ ﬁ%%%%%ﬁ;giﬁ Fiﬁe&jt%%lesired
conversion. The reactiodlirmesigiayfoe wéfivicah dpsureland assliistrh&ressHasoit 64648, 6 to 36,

6 to 24, 6 to 18, 12 to 6, #219:3%uB4 400 QoARRIA0 MBI AR A 20 j0i2Eihausm@Bsrlout 6, 9, 12,
15, 18, 21, 24, 27,.30, 33, 36,,39, 42, 45, 48, 51, 54, 57 or 60 hours. As described above for the

Suzuki reaction, tHid reﬁ%ﬁf%@%%%ig g%iec%lfg?ﬁaﬁnécﬁ by use of microwave irradiation, using the
conditions describad eariehitbbaGieidefrombiitisgedetion is commonly high, and may be between
about 80 and aboq%lOQ%iH%Wi@@A@gﬂg&ag&about 80 to 95, 80 to 90, 90 to 100, 95 to 100 or 90
to 95%, e.g. about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or
100%. The cé%ﬁiy@@ﬁ%’}‘%@l%gﬁ@&%%B%é&ﬁ}éﬁ%‘?&%imt*?m?gr%ﬁm: E%Flfié?ﬁonyl
compound agghagiydfesrodohdigpbeipsaigna 2ndolunate. salt, are reacted in the presence of the
catalyst o form anaicoioluI0e SAaAn cameo g R b6.4 KEIGR: Lmahean ad kelgne. It may

be an aryl alkyl ke one’ he aryl group may be a heteroar oup, a metalloceny group or Some other
type of aromatielyroupactivasalkgl arayanetie sifheasamatabyart g dhenaiHadiencser<eme-Boibination of

these. It may.hafanexamplewbetaylTetRylHropykitenramd osrsome SRatias alicyl gryp. dbe aryl
group and the alkyl g{rouq}may, in?eﬁende%éy, be, substituted or u.,nsub%itutedI Thetformai%salt may
be an amine FBFHTHES SHOSHES Rin B eniR B MB TATW R R BT TRE A e Sl Eh Sonitm formate)
or may be arcatilykiskiatyly obdriatkghamineiiiuhigaltiSuited | eforents saltdésuibdd thdthvyldmmonium
and trimethylammeniym. formate The farmate.salimambe-aersraledinsity PrsaRaaiebudy WO

2008/118097PCT/SG2007/000079 17 ] ] ]
15 substances include carbon-carbon bond formations and hydrogenations. Examples include

a Suzuki coupling reaction of an aryl halide and an aryl boronic acid, a Heck coupling

reaction of an aryl halide and an olefin, transfer hydrogenation of a carbonyl compound,

hydrogenation of an' olefin, reductive amination, hydrogenolysis etc. Typical reaction

conditions for these reactions when catalysed by the particulate substance of the present
20  invention (referred to below as “catalyst”™) are as follows:

Suzuki reaction: aryl halide (e.g. bromide or iodide), aryl boronic acid and catalyst are

heated in a solvent for sufficient time to achieve reaction. The molar ratio of aryl halide to
aryl boronic acid may be between about 1:1 and about 1:2 based on funciional groups.
Thus if an aryl dihalide is reacted with an aryl monoboronic acid, a molar ratio of 1:1
25 would require 1 mole of aryl dihalide and 2 moles of aryl monoboronic. The molar ratic
of aryl halide to aryl boronic acid may be between aboutl:1 and 1:1.5, 1:1.5 and 1:2 or
1:1.1 and 1:1.3, e.g. about 1:1, 1:1.05, 1:1.1, 1:1.15, 1:1.2, 1:1.25, 1:1.3, 1.35, 1114,
1:1.45 or 1:1.5. Catalyst may be present at a level of between about 0.1 and about
10mol% relative to aryl halide. In this context | mol% of catalyst relative to aryl halide is
30  defined as 1 mole of palladium species in the catalyst per 100 mol halide in the aryl
halide. The catalyst may be present at a level of about 0.1 to 5, 0.1 to 2, G.1 to 1, 0.1 fo
0.5,051t010. 1 t0 10, 210 10, 510 10, 0.5t0 5, 0.5 t0 2 or 1 to 5 mol%, e.g. about 0.1,
0.2,03,04,0.5,06,0.7,08,09,1,1.1,1.2,1.3,14,1.5,1.6,1.7,1.8, 1.9, 2,2.5,3,3.5,

4, 4.5,5,6,7, 8,9 or 10 mol%. The reaction mixture may also comprise a base, e.g. a



reaction of formic acid with the amine (or ammonia) in a molar ratio of about 1:1. The hydrogen donor
species may alternatively be an alcohol or some other hydrogen donor. In this case the reaction may
be conducted under basic conditions, e.g. in the presence of a solid hydroxide salt. Catalyst may be
present at a {egehed/beween about 1 and about 5 50mol% relative to careiytcospaisass The catalyst
may be present at a level of about 1 to 25, 1 to 10, 1 to 5, 5 to 50, 10 to 50,25 to 50, 5 to 20 or 5 to 15
mol%, e.g. about 1, 2, 3,4,5,6,7,8,9,10,11, 12143, 14, 15, 20, 25, 30, 35, 40, 45 or 50 mol%. The
reaction may be conducted at room temperature, or at some other convenient temperature, e.g.

between about &5 d about (%OC, G%%%%%geﬂﬁb%&léea&dazgngé and.20, 40 ap

25C, e.g. abSit™? ;a 0,655 or 30C. The ratio of formate salt to carbonyl compaun may be between
about 2:1 andeabeut A b lganthned 4 hoos abasit Lahip 1°4lof-3:1 Wrd 791 Il HbditD:$83:1, 411,
5:1, 6:1, 7:1, &:due %% 0f 1Q:1; The reaction.mayshe eonducted, forsufficenttimg tahehievioa desired
conversion. Typical reactjon times are between about 1 and abou urs; ly. reaction times
are shorter wheh ggirﬁ’ﬁ’f%c nBniui? ]?fjerrrl\?flagégthgnﬁ When %Ssi%%graeﬁ%%lky%ar%%%%r%ﬂ%l fggrr\é}éatgt.? The
reaction fimeatoalyberatbiomtitios 24 ethiod 2y & mey3l6 waduaipdd g ivcth #moeaheg 36610 36, 12
to 36 or 18 toagg%{}%&%g%rg 1RPAME Ladbod AoB® & 1 2nikBird &1 2y 2w b 300r3300E:36choLES. The

reaction may be conducted under microwave conditions. In this case the reagction {i y be
shortened. UaeihisrsvaR S EEHEIE0RS m@%&%ﬁﬁ-ﬁé’%ﬁ%@%&%ﬁﬁﬁ%@ﬁ Og(:% Ebout 30
minutes, or abeut 4(ec2d), k3§01 40 @ Bl &Qﬁ{i@&& 30,@(8@038@{?5{1@@’@33@5« t@?ﬂﬁ"iﬁrﬁ%ﬁﬁés, e.g.
about 5, 10, 1. #0850 2Q qmieuias, As.dsneibed Abavedardhe.BuasLipapkan i ieacion may

also be accelerated by use of microwave irradiation, Using the conditions described earlier. The yield

from thisoreastiowt i leoHintdalfhigte ahdtriay bd bEni8ehdBol® 86 EhtPabBie f6ods 5adddon aryl
halide, or 25 appu $0:1898 «Bi8), 94 2015008 971 1@ 4,0y 03()B 303859, @y Asbasy 80,581,582, 83, 84,
85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, %7, 9%, 99 or 100%. Thgo%ggl(y%t Ik Qecgg ed for
subsequent @ﬁihﬂ‘éﬁsHWS%a@Hg%Wya eoclgﬁnu%esu%?e?:{e%l%og?Wdrogen atmosphere |re1ul?l1|e
presence of ikectiatatjst Fhag bieflwrrayddlades|attronvaich cokditionsizy eectare 88 SREPISr olefin. 30
Catalyst may 0g pLaSBRLA} BIFUELE! AFHEERARR AL PRIADAULLIMPRS relatiue sosiefo, The

catalyst may be present at a level of about 0.1 {0 5,0.1t0 2, 0.1t0 .1, 0.1 10 0.5, 0.5tq 10. 1 to 10, 2 to
10, 5 t0110, 081®39, 85659, 612 78 G ML &&%ﬁ%ﬁt%?ﬁ%&%d%,l&%%éé& ‘80;7%%2{%9.9, 1,11,
1.2, 1.3, 1.4,:iBatdsb Al stitdbf hRrodvidb.souldis 4, GEVSDEeFyBRO0ciOMmel MeaTie bydeogen

pressure ma)ftteeeix?t%z%vsvi S orthe g%zgr%vggx% radiation may be from about 0 to about 100W, or about 1

1o 100, 5 to 100, 10 to 100, 20 to 100, 50 to 100, 0 10 50,010 20,010 10,0 t0 5,010 2, 1
1050, 110 20,110 10,110 5, 110 2, 5 t0 50, 10 to 50, 20 to 50, 5 to 20,100 20 0rSto

0 10,eg about0,1,2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 35, 60, 65, 70,
75, 80, 85, 90, 95 or 100W. The yield from this reaction is commonly high, and may be
between about 80 and about 100% based on aryl halide, or about 80 to 95, 80 to 90, 90 to
100, 95 to 100 ar 90 to 95%, e.g. about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92,
93, 94, 95, 96, 97, 98, 99 or 100%. The catalyst may be reused for subsequent reactions.

»s  Heck reaction: an aryl halide (e.g. bromide or iodide) or an aryl ftriflate (ie.
trifluoromethanesulfonate), an olefin, a base and the catalyst are heated in a solvent for
sufficient time to achieve reaction. The olefin may be an activated olefin. It may be an
electron deficient olefin. It may be an o,B-unsaturated acid, ester or amide. The molar
ratic of aryl halide (or aryl triflate) to olefin may be between about 1:1 and about 1:2

30 based on functional groups. The molar ratio of aryl halide to aryl boronic acid may be
between aboutl:1 and 1:1.5, 1:1.5 and 1:2 or 1:1.1 and 1:1.3, e.g. about 1:1, 1:1.05, 1:1.1,
1:1.15, 1:1.2, 1:1.25, 1:1.3, 1.35, 1:1.4, 1:1.45 or 1:1.5. Catalyst may be present at a level
of between about 0.1 and about 10mol% relative to aryl halide. The catalyst may be
present at a level of about 6.1 10 5, 0.1 10 2, 014 1,0.11t00.5,0.51t0 10. 1to 10, 210 10,



WO 2008/118097PCT/SG20071000079 18 150psi, or between about 30 and 100, 30 and 50, 50 and
150, 100 and 150, 50 and 100 or 80 and 120psi, e.g. about 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140 or 150psi. It will be understood that the hydrogen may be mixed with an inert gas, for

example nitregens@/g@mer helium. In this case the pressures described apgyg milhraREgsent partial 5

pressures of hydrogen. The olefin may be in squtionGThe solvent may be incapable of being
hydrogenated under the reaction conditions used. Tine solvent may be for example methanol, ethanol,

isopropanol, chloroform, toluene or a combination thereof, or may be some other suitable solvent. The

reaction mayshe ¢gngucied & k0gm (EMNSrate.or.al SeING athes s0neignh ISroREIGHIS.5¢-0.
between about 15 and abolit 30C, or between io about 15 and 25, 15 and 20, 20 and 30 or 15 and

25C, e.g. abdkt 15,120, b&:ok-Bokh: The refichidh fithe mag-beabodt ltd24:°1 10 &1t 8, 73 %6 to 12,
12 to 18, 18 19u%.24 10 Bctniay36: 42460136 Or dytb3bibalins, srdnaldoutal, 2, Siriklbylemind 2, 15, 18,
21, 24, 27, 30, 33 ar 36 hours. As described ahove for the Suzuki reacti i eg%!o also be
accelerated b%/r{ljas'séo% %fc%%vma?/}‘ée ﬁg%lailﬁ{)nﬁr}%sﬁ%‘ C’Eﬁ%éi%%ﬁ(l:ﬁt%nsg %ggoﬁges eééﬁﬁi%er. ié?&lgﬂié{’[S from

this reaction breusasiidiyeigHamaty indiebeybbrlidest #HBatat heivemsothorbddoaet alpviitlod to 95,95

to 100, 98 10401 9%1%106%. 2 9. ADKUID5 93192233 94 $8u06,197:198, 99, 99.5.89.6.99.7,
99.8, 99.9 or_100%. The catalyst rgﬂ%g bg [eusEeﬁci for subsequent r.eacixons. ﬁleducitive amination: an
amine and a catBEHTIToMHOIRG L ARG BHYET o) D JLFBH & e 1

8%tphere mn t%né Ibnfae‘ysef?ice of the
catalyst to gefnermiexmpkubstitute dglwine biecarbdnydfoompouhdinisy=bblandal de vyt ortbeketone.

The amine sgqﬁ%%gen%ﬂ%' | may be a9,aramatic aming QLA ﬁeyg{q%ﬂ%@ﬁﬂﬁ% Qlit jay;be an

aliphatic (e.g. r, branched and/or ali%gllc) amine. It may be an aniline. ay_be a primary amine.

The carbonyPEEEFbUMIIRy BESR AIRAEaABGhTIEBHTHBERBY 0 £TMBE H5EH5 §hf®¥al? branched
25 or cyclic ajsiehyaal fibesativalaminedaveatoondcasopoustt D aydvalbetine dic abaptdidrand 21, or

L2 11, a2 LS AL AR HASLAL kRt 5 o
70 and 100, 100 and 150, 80 and 130 or 90 and 110°C, e.g. about 70, 80, 90, 100, 110,
120, 130, 140 or 150°. The reaction should be conducted for sufficient time to obtain the
15 desired conversion. The reaction time may be between about 6 and about 60 bours, or
about 6 to 48, 6 10 36, 6 to 24, 6 to 18, 12 to 60, 12 to 36, 24 to 60, 48 10 60, 18 to 30 or
20 to 25 hours, e.g. about 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57
or 60 hours. As described above for the Suzuki reaction, this reaction may also be
accelerated by use of microwave imadiation, using the conditions described earlier, The
2 yield from this reaction is commenly high, and may be between about 80 and about 100%
based on aryl halide, or about 80 to 95, 80 to 90, 90 to 100, 95 to 100 or 90 1o 95%, e.g.
about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100%.
The catalyst may be reused for subsequent reactions. '
Transfer hydrogenation: a carbonyl compound and a hydrogen donor species, e.g. a
25 formate salt, are reacted in the presence of the catalyst to form an alcohol. The carbonyl
compound may be a ketone. It may be an aryl ketone. It may be an aryl alkyl ketone. The
aryl group may be a heteroaryl group, a metallocenyl group or some other type of
aromatic group. The alkyl may be straight chain, branched chain, cyclic or some
combination of these. It may be for example methyl, ethyl, propyl, isopropyl or some
30  other alkyl group. The aryl group and the alkyl group may, independently, be substituted -
or unsubstituted. The formate salt may be an amine formate salt. The amine may be
ammonia (whereby the amine salt is ammonium formate) or may be an alkyl, dialkyl or
trialkyl ammonium salt. Suitable formate salts include iriethylammnoniwm and

trimethylammonium formate. The formate salt may be generated in situ or separately, by



1:1.15,1:1.2, 1:1.25, 1:1.3,1:1.35,1:1.4,1:1.45, 1:1.5, 1:1.6,1:1.7,1:1.8,1:1.9,1:2, 1.01:1, 1.02:1, 1.03:1,
1.04:1,1.05:1,1.1:1,1.15:1,1.2:1,1.25:1,1.3:1,1.35:1,1.4:1, 1.45:1, 01.5:1,1.6:1,1.7:1,1.8:1,1.9:1 or
2:1. Catalyst may be present at a level of between about 0 1 and about 10mol% relative to carbonyl

compound. The ealalysssnay be present at a level of about 0.1 to 5, 0.1 topgyyd i} Bes-i0 0.5, 0.5 to
10.1t0 10,2t010,5t0 10,0.5t05,0.5t0 2 or Ito 5 910|%, e.g. about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
08,09,1,1.1,1.2,1.3,14,15,1.6,1.7,1.8,1.9, é 25,3,35,4,45,5,6,7,8,90r 10 mol%. The
reaction WO 2008/118097PCT/SG2007/000079 19 may be conducted at room temperature, or at

some other SOMMEMIAISMRCIBN Gl . NENRR.ANAHID AP ARRKL G OF besteen abguit 15 and

25, 15 and 20, 20 and 30 or 15 and 25C, e.g. about 15, 20, 25 or 30C. The reaction time may be
sufficient to ARG RAEPERAE CORPE RIS Sacighominl fayBe YEREEH AT dnl about 12

hours, or  this case the reaction may be conducted under basic conditions, e.g. in the presence of a
solid hydroxide salt. Catalyst may be present at a level of between about 1 and about

5 S0mol% relative to carbonyl compound. The catalyst may be present at a level of about 1
t0 25, 110 10, 1 t0 5, 510 50, 10 t0 50, 25 10 50, 5 to 20 or 5 to 15 mol%, e.g. about 1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45 or 50 mol%. The reaction

may be conducted at room temperature, or at some other convenient temperature, e.g.
between about 15 and about 30°C, or between about 15 and 25, 15 and 20, 20 and 30 or

1 15 and 25°C, e.g. about 15, 20, 25 or 30°C. The ratio of formate salt to carbonyl
compound may be between about 2:1 and about 10:1, e.g. about Z:1 to 5:1, 5:1 and 10:1

or 3:1 and 7:1, e.g. about 2:1, 3.1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1 or 10:1. The reaction may be
conducted for sufficient time to achieve a desired conversion. Typical reaction times are
between about 1 and about 36 hours, Commonly reaction times are shorfer when using

s ammonium formate than when using an alkylammonium formate. The reaction time may
beabout 11024, 1t012,11t06,1103,61t0 12,1210 18, 1810 24, 24 10 36, 6 t0 36, 12 10

36 or 18 to 36 hours, e.g. about 1, 2, 3, 4, 5, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33 or 36
hours. The reaction may be conducted under microwave conditions. In this case the
reaction time may be shortened. Under microwave conditions the reaction time may be

20 between about 1 and about 30 minutes, or about [ t0 20, 110 10, 1 to 5, 5 to 30, 10 to 30,
20 to 30, 5 to 20 or 5 to 15 minutes, e.g. about 5, 10, 15, 20, 25 or 30 minutes. As
described above for the Suzuki reaction, this reaction may also be accelerated by use of
microwave irradiation, using the conditions described earlier. The yield from this reaction

is commonly high, and may be between about 80 and about 100% based on aryl halide, or

25 about 80 to 95, 80 to 90, 90 {o 100, 95 to 100 or 90 to 95%, e.g. about 80, 81, 82, 83, §4,
85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100%. The catalyst may be

reused for subsequent reactions.

Hydrogenation: an olefin is subjected to a hydrogen atmosphere in the presence of the
catalyst. The olefin may be an electron rich olefin. ¥t may be an electron poor olefin.
30 Catalyst may be present at a level of between about 0.1 and about 10mol% relative to
olefin. The catalyst may be present at a level of about 0.1 05, 0.1t0 2, 0.1 t0 1, 0.1 to
05 05t010.11t0 10,21 10,510 10,0510 5, 0.5 t0 2 or 1 to 5 mol%, e.g. about 0.1,
0.2,03,04,05,06,0.7,08,09,1,1.1,1.2,13,14,1.5,1.6,1.7,1.8,1.9,2, 2.5, 3, 3.5,
4,4.5,5,6,7, 8,9 or 10 mol%. The hydrogen pressure may be between about 30 and



5aboutlto6,1to3,3to12,6to 12 ore 6to 9 hours, e.g. about 1, 2, 3,4,5,6,7,8,9, 10,11 or 12
hours. The hydrogen pressure may be between about 20 and about 60psi, or about 20 to 40, 40 to 60
or 30 to 50 psi, e.g. about 20, 25, 30, 35, 40, 45, 50, 55 or 60 psi. It will be understood that the
hydrogen maydgsmixgdewith an inert gas, for example nitrogen, argon or el 4 i, sase the
pressures described above will represent partial io pressures of hydrogen. The reaction may be
conducted in solution. The solvent may be incapabllegof being hydrogenated under the reaction
conditions used. The solvent may be for example methanol, ethanol, isopropanol, chloroform, toluene
or a combinatign thereof, or m Q I i [ ti e typically
High. They sy b Do 08 A B S a0 00 G 5100 or 50
to 100%, e.g3GBoiil 30D x-B2bggt 34, 45, s 567708HECoH08; 805 188.7 38014098 °8Psiobos. The
catalyst may-p@ resseddat-sbaesuast KeasiiRnsxbly drogenelvsistaae pexide:el fodiet{egea 1,2- or
vicinal diol), and a formate salt, are reacted in the presence,of the catalyst te.form a hol. The
formate salt ﬁ’ig%?&’gﬁgg%?ﬁ%‘ orma jrej"ats%a“l ‘e acrﬁfﬁsesurﬁ%sydgsécﬁrﬁfgn%%%?ﬁéanp}? %ﬂé%%%?f?e salt is
ammonium 28doreate)odmasnbElenadtn, wiklbyliorseiutiyt. ahameriivant Saity Seivesieaferibte salts
include triethylanunonitun.and tHmethdammenitninatecinedermaismealiey he gengrated in situ

or separately, by reaction of formic acid with the amin% (or ammonia).in a g\ lar r?tio of about 1:1.
o e

Catalyst may 5&BrebEHaRrh EPBPTUn FEEN ARG PIEME 25 55D Ve tScAonyI
compound. Taaeathbystuishideprase itat adeval afa baboutubital 25 rédm 1OnjetetBrebao B0, 10 to

50, 25 10 50, 510,20, 01 510,15 Q1% .0, ADOUL 120 3, 48,6, Ts 8 bt 3032 3. 20, 25

0
o CEY;
30, 35, 40, 4%05%65 r%ro?%l.v e react%n ma¥ be conducted at room temperature, or at some other

convenient tehayérRtand, 28.qt berdde 3054 arbed S0C orbevERrr bl dnd58, 15 and
20, 20 and 3Q.04:h5 aRd RaneMoabows 23, P& 25 0na8Q. (e alia of fonmate saibwicadhonyl 30

compound may be hetween about 2:1 about 10:1, e.g. t2:1tQ51 5:1 10Q; 3:1 and
7:1, e.0. aboti: foéﬁtvﬁ? ’g) ’ré:%zo/%g’dg%&%ra %@lﬁl?ﬂ%ggr%a%ti]gh%ﬁwla% gbé, %%%jgél’ﬁér sufficient
time to achie¥e a%leshetovonessiesribegiohbredotitie frreskiareatieanabis atrstion may AbdUE 36 hours.

The reaction fime. may pe AboW A0 vd i0abBuibdOubink 1e3cidRidRs 42t Bi1g. 2heRd to 36, 6
to 36, 12 to 36 or 18 to 36 hours, e.g. WO 2008/118097PCT/8G2007/000079,2 833%(3%@1 ,2,3,4,5,6,

0,12, 15 18from s pepctign arg Grrserip HEhALhE LR Be bEswoanaPant Ll Bikp IS reaction
may also be gerflepatedsbyLge 10DMISrawEMedrEHiatidnusing dbewr @i ifibredesciihed . edrlier. The

yield from this.reagtian i mmonly, gi h,é%r%d b enr.ab %Eia hout 100%ar about 80
' 95, 50 0 To0/ D05 100 B IR1000r 9910 0% 5.0 Lt . SRS BITel o 58 &7, o6, 89,
90, 91, 92, 918498t 868708, 99 or 100%. The catalyst may be reused for subsequent reactions.

The reactionyoay pRCeRAMIH: relentian ehaonfiguwmlorshahaAHBskiE ceates iydhgetarting
material. Thée retention of conflguratio%%[)nay be petween about 80 a%%i%?ut 1009 q%ou 80 to 95,

t or
80 to 90990 HAWEYS (B TEPTBEHGCLP BT 583D Ye8-288rY° At ABUNG o e LIS 87, 88,
89, 90, 91, 9201BB0@d HEyI6; 9%, A8-HRIO05, 9e@imr T0BYsnithe Sattiystmatyibe rayske for
subsequent 16acons e FRUCUILE SHPSANGR iR PIRSENIMERIO iRk vasdea a catalys
alylic a

without loss of ca ctivity, or without substantial loss of activity. It may be conducted such that

4

the loss of aetidir Bbigyelis sure i besp RIHENSa A E Sfed PTHEA RGNS 6 b carbony!
compound may be an alkyl carbonyl compound, e.g. a C1 to C20 straight chain, branched

25 or cyclic aldehyde. The ratio of amine to carbonyl compound may be between about 1:2
and 2:1, or 1:2 and 1:1, 1:1 and 2:1, 1:1.5 and 1.5:1, 1:1.2 and 1.2:1, 1:1.1 and L.E:] or
1:1.05 and 1.05:1, e.g. about 1:1, 1:1.01, 1:1.02, 1:1.03, 1:1.04, 1:1.05, 1:1.1, 1:1.15,
1:1.2, 1:1.25, 1:1.3, 1:1.35, 1:1.4, 1:1.45, 1:1.5, 1:1.6, 1:1.7, 1:1.8, 1:1.9, 1:2, 1.01:1,
1.02:1, 1.03:1, 1.04:1, 1.05:1, 1.1:1, L.15:1, 1.2:1, 1.25:1, 1.3:1, 1.35:1, 1.4:1, 145:1,

50 1.5:1, 1.6:1, 1.7:1, 1.8:1, 1.9:1 or 2:1. Catalyst may be present at a level of between about
0.1 and about 10mol% relative to carbonyl compound. The catalyst may be present at a
level of about 0.1 t0 5, 0.1 t0 2, 0.1t0 1, 0.1 t0 0.5, 0.5 10 10. 1 t0 10, 2 to 10, 5 t0 10, 0.5
t0 5,05t 2or 1 to 5 mol%, e.g. about 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 08,09, 1, 1.1, 1.2,
13,1.4,1.5,1.6,1.7,1.8,1.9,2,2.5,3,3.5,4,4.5,5,6, 7, 8, 9 or 10 mol%. The resction



15 less than about 4, 3, 2, 1, 0.5, 0.2 or 0.1% based on yield of product under identical reaction
conditions. Thus the particulate substance may be reused as a catalyst in subsequent reaction. It may
be reused between 1 and 20 times, or may be reused more than 20 times. It may be reused for
example between@pquisk and 10, 1 and 5, 5 and 20, 10 and 20 or 5 and 3 {imesdSdacke2: 3. 4, 5, 6,
7,8,9,10,11, 12,13, 1,4 15, 16,17, 18, 2019 or 33 times). Thus the particulate substance used as
a catalyst in a particular reaction may be been recycted from a previous reaction. The particulate
substance may be used to catalyse a reaction that is regiospecific, stereospecific or both. The

retention of Sigreacheiising MaY P AMNEEAARD Y80 and.Abaul L0M%en05aRAL 80,18, 95,50 (0 90

90 to 100, 95161 or 90 0 95%. €., about 80, 81, 82, 83, 84, 85, 86, 87, 88, 35 89, 90,
91, 92, 93, oheyBEnEboy: bBandabet 366 0 ¢ bR PR GBTtidity My be bt elPabout 80
and about 100%xen 500 8AKeu935 8802 90r 90°0. THO rLhtionlHfe IR:t0bA0 M- Biitn 9G%sve.g. about

80, 81, 82, 83 84133%% 86, 87,.88,.89, 90, 91 92 93 9$%%5m966€h9 0%@,19&%&%%.(1%5%%%%@%%%9%. The

reactions ma@é%"?condﬁ%ﬁge \}\ﬂﬂﬁ’ neegﬁeg%%?é} ?eéceiﬁlga% alladium from the cata yst eaching may
be less than abouti1%6.0r teds BotHan@lsolid 0rs 6009 borre 0F; BMOPids 8:G1% fordeach Fedltion.

Thus, in 3umfl‘l?aé'5¥’1t@%&£§§q1?_{c%@1§ E%fb%%ébﬁﬁﬁhﬁ HUHARE Ti%&ﬂﬂ" Q@F@Mi%ﬁﬁﬁ'm%r@ff f
supported palladium, in coupling an rogenation reacti iu e in the.form o
palladium nafisttieteie 4 3§§8%8a£ etﬁlgé%g?‘]aﬁd% %ﬁ?&l{cg@as%ﬁicg g’p%%?c%éaio é%@éﬁ% jrogrgge%g halladium
nanoclustersiforithasmadestieal stan dHin by Q200811 18 087RPL WEG200®WE0667 SR Exvhepticals
syntheses anggilel aRRICAIRNRIN AMRIES degAnddhiUERdoARTS WeiG Sfiely ey dmobllized

r

onto the surface g%él iIceous mesocellular foam (MCF) support Palladium acetate was reduced to
palladiuth upBisseERsTY B 60 TanPeHateciidie SRaRsE WerslLiiithiZdy BOIYRR: dF8% BF thiourea
ligands The sizgabrososiusiarsiwasnhensiycont elleddy dbaiteactiofedonbdionserihity be
heterogeneous catalyst was successfully applied towards, C-C coupling.reactions eck,
Suzuki and Sﬁoed%‘gﬁt% &5 p%og’ rgiai}:a(%rgs){,%g%rg %lg)ﬁtt%%rg%%néoéﬁc% gg t?a%%é%ﬁ%%genation
of ketones, Hjrdrenfe natioayobo kefirs otbeiustizebin ivlatinn Sieddsidtsmdsalgetiiptearcatygically
hydrogenolysis,f ARKESh. butaScALIRR: 50 AP i 100RIGRSUBBE b SosEa WETSI@Mil
conditions, and could’be eaesily recycled without loss of activit :9 e# ctivity. t%I}é/a&rg;lCécg-g'supported
Pd nandtlustéle etmdndftdtec wigirestdlt adtvity. %’%%’lﬁ agg’ |§a I’é\éoép? F cotild be
uncapped, pagially prescappeshalfutlycabpadispitfdrimiettylsity F¢ddd&)sgroups to manipulate the
catalyst efficiengy. In preparing the.particul stance e [ i ' gLeups on
the surface %’V&\é&‘eﬁﬂggg‘%&g{l %g{r}t}%%% %%%ﬁ%%% %?/ﬁ% Tgl\]}tl g? §r’g“3 ri% at %ﬁ%@gﬁ%ﬁﬁhm before,
during and afeactesuinlithy tressasraithesprielas to tramwspdrohat Akt fysrde 8 Maoduers have
ﬁugcessfully &ﬁﬁ%@?&%&eﬁéﬁﬂuﬂl@%ﬁﬁcﬂﬁiﬁb@éﬁ%ﬁaﬁwfﬂi@@ﬁ)ﬁl@@é}@@ﬂﬂiﬂ@oﬁﬁﬁion@ and

ydrogenations (transfer hydrogenation, rqogenation at low pressures usir ecular rogen,
hydrogéfioly %Fé?ﬁ??r%‘d’iﬁ’@ﬁ efrﬂi%gnﬁp\%ﬁfﬁge%gﬁ%?ﬁﬁmcfﬂh (P Salkc ,%%?#%%%@é%@%ﬁty_ The
reactions weiachide atghphptishediunded m@mmmrﬁ@msﬁhﬂn@WC@ﬁiﬁiﬁ?@ﬁsbm green
solvents. TheXfuidh i &%&%%&%}Egn&agd@ RRlRrOAY S RN AR D B ISOMBEASHS) IR

completed in"a short time ;WIfh excellent yield. MCF-su?ﬁp;{orted Pd nanoclusti{s were much

more active &oRfiaraate ehaheHrdidin-aPATEoRAS S5 REEeBt b o BraaEatiRtd A8 to 25
their non-swelling sbakasiedstice, Kighrsunfcaamsamddiulirelaige: pese bé themCht suppdrpénd the
stabilization by urea or.thiqurea ligand Po -, C - or.silica-syppor R %. ¢
microerfiulsié) Slt%{n%%tzé%% CEQagiygfsshgv%) l?ledggéfé%gﬁ%gptrge\%ugsﬁ o(\‘iiv]re"rs\(/agr,Ei tﬁdxéxﬁgiﬁév“éghot been
reports on M@Buuppodiet! Rdiadotluiet batdlysStslthdfdefdisttiehith datanyitresliciehss and
E/IXCCIe:"ent 30"3[%%¥%ng{5)§ W@B&&ﬂ%}%ﬁ i ﬁf?ﬂiWrﬂﬁE}&@J&(ﬁ%@thm% Bﬁlléﬁ‘é_@ﬂ{@fﬁeﬁ@w' Folfhad, _ _
-supporte species could be applied.to any or all types of palladium-ca conyersions in
organic cherﬁi&rﬁ’ﬁ‘ﬁ’%ﬁﬂﬁ?&?‘%ﬂﬁ%ﬁ%ﬁ%ﬁlﬂﬁ%ﬁ&% %ggcﬂﬂégis oﬁ?@@?%gn v(\&;i\éely applied
towards derigingnané| 16taleqxicdbde: d.55i6R)2Suppdiliel Mstalatatalystsdorichakyiotivedisvia wide

variety QJ compound may be between about 2:1 and about 10:1, e.g. about 2:1 to 5:1, 5:1 and 10:1

or 3:1 and 7:1, e.g. about 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, 9:1 or 10:1. The reaction may be
conducted for sufficient time to achieve a desired conversion. Typical reaction times are
between about 1 and about 36 hours. The reaction time may be about 1 to 24, 1 t0 12, 1 to
6,1103,6t0 12, 12 to 18, 18 to 24, 24 10 36, 6 to 36, 12 to 36 or 18 to 36 hows, e.g.



WO 2008/118097PCT/SG2007/000079 22 fine chemicals and pharmaceuticals, etc. Such novel
catalysts could offer high activity, selectivity and stability. They could be easily recycled for reuse, and
may be employed in continuous reactions under mild reaction conditions and in green (i.e.

environmentaily barighsplvents. 5Brief Description of the Drawings A %rég&%mﬁ@giment of the
present invention will now be described, by way of a,g example only, with reference to the

accompanying drawings wherein: Figure 1 shows a diagrammatic representation of the production of
supported palladium nanoclusters as described in the present invention; io Figure 2 shows a TEM

(transmission,glegtion microscope) micfogiaph of PdfUseasMGR with.Rd nanaciustarsiel 4 Brim;
Figure 2a shows a TEM micrograph of Pd/Urea-MCF with Pd nanoclusters of 2-3 nm; Figure 3 shows

a STEM (scaHingtraksfraion e lBEr st o8R8 & i o G F B BLA 3V BF WitiPEve
nanoclusters ipfadidiuni); dSdpigiite dbatidus adBibst annihg. cldetroitihicrascope) raictagraphs of
PdfUrea-MCE; Figure 5,shows a N2 adsorption- ion.i rm-ef Pd/Urea- it
nanoclusters %q‘n}%‘oﬁw |gﬁlrle glia’g %\%%B gropr%g{%%?%%?p%%% i?slot é?r%ggl}})%% / %egg%lxt?éd\:/’f/gfth Pd

nanoelusters B 2BAHGI EigURd PHbRd 2 xrpabsticf .ot P8t M ETE Bt PPhatibdbsters of
2-3 nm (a) beforeansk(saier 46 vmnsof srapsfesdwdragenating ohacstoRhenP RS ahEReflent

(it run) ovelFEGESSo PO EOR B (i (A7 5% i AT ERT e Cort e SE G otere:
Figure 9 showsarEFEM theictagiapmotid/ Tlead@ionith Pehfignetisrens bt (amabaricBlb) 2-4 rim
after 10 runs gf {ransfef Rvdrooanalien of ACeERIenoNE 3L es IMBe aiuEe] figrenll shaws
photographs of filtrates of transfer hydrogenatlon of acetophenane over
10 e.g. about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99,
99.5, 99.9 or 100%. The catalyst may be reused for subsequent reactions.

The particulate substance of the present invention may be used as a catalyst without
loss of catalytic activity, or without substantial loss of activity. It may be conducted such
that the loss of activity between subsequent uses of the catalyst is less than about 5%, or

15 less than about 4, 3, 2, 1, 0.5, 0.2 or 0.1% based on yield of product under identical
reaction conditions. Thus the particulate substance may be reused as a catalyst in
subsequent reaction. It may be reused between 1 and 20 times, or may be reused more
than 20 times. It may be reused for example between about 1 and 10, 1 and 5, 5 and 20,
10and 20 or Sand 10 times {e.g. 1,2, 3,4, 5,6,7,8,9,10,11,12,13,1,4 15,16, 17, 18,

20 19 or 20 times). Thus the particulate substance used as a catalyst in a particular reaction
may be been recycled from a previous reaction. The particulate substance may be used to
catalyse a reaction that is regiospecific, stereospecific or both. The retention of
stereochemistry may be between about 80 and about 106%, or about 80 to 95, 80 to 90,
90 to 100, 95 to 100, 99 to 100 or 90 to 95%, e.g. about 80, 81, 82, 83, 84, 85, 86, §7, 88,

25 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 99.5, 99.9 or 100%. The regiospecificity may be
between about 80 and about 100%, or about 80 to 95, §0 t6 90, 90 to 100, 95 to 100, 99 {0
100 or 90 to 95%, e.g. about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95,
96, 97, 98, 99, 99.5, 99.9 or 100%. The reactions may be conducted with negligible
leaching of palladium from the catalyst. The leaching may be less than about 1%, or less

3¢ than about 0.5, 0.2, 0.1, 0.05, 0.02 or 0.01% for each reaction.

Thus, in summary, the present application describes the synthesis and catalytic
applications of supported palladium, in coupling and hydrogenation reactioms. The
palladium may be in the form of palladiuvm nanochisters. It describes the preparation and

catalytic applications of supported palladium nanoclusters for pharmaceuticals and fine



30 (a) 10% Pd/C and (b) 10 mol% of 5% Pd/Urea-MCF with 2-3 rim Pd nanoclusters: the brown colour
in (a) indicates significant Pd leaching from 10% Pd/C. ICP-MS analysis shows almost 90% of the Pd
loaded was leached from 10% Pd/C in the first run, whereas only a total of 1.25% of the Pd loaded

was leachedffambfe:RgAIrea-MCF after 10 runs; WO 2008/118097PCT/&?%%%&%&%@ 23 Figure
11 shows photographs of reaction mixtures from (a) Eeterogeneous transf: ogenation of

acetophenone, and (b) homogeneous and (c) heterg eneous Suzuki coupling of iodobenzene with
phenylboronic acid; and  Figure 12 shows Pd and Si mapping illustrating the high Pd dispersion

within the 5 ragsqpafes gfihe siiepausMOF et Reialied Dssciietion el Risle atre

Embodiments Flgure illustrates the process for making the particulate substance of the present

invention. In Figarealy m@zfé SRR WERGH S DF SISt rELsp Bt MO ®R8Em. Solid
matter 20 remamma&meaw@@saml@) enitheisuriace theneef AR ebatyelytdiargapoies:30 are

connected by g§lat|\ée V}f L&r;g?jo \%S nO Pgres %Qi&gge hﬂlcal a,PgutS ézzr% 19 %ggggl&t@%%ger and

windows 40 are typically i ih diameter, alt “these dimensions may be varied

conS|deranye&ép0(€a)t¥§ﬁl¢$bhyr6@’e@§%mm pﬁ@@@@%@ﬁﬁﬁ@ﬁéﬁﬁ@@%é@éﬂiﬁ%fﬁ@ééﬁ@%ﬁﬁ% a
funCt'0na"Sequma%twa@é'm@%ugilﬁg@@%@%mmmme Surieceaf pormsdar-havegdreen
functionalised by a group i’z {%orlsmg a linking ?ro p 60 an blnd %g%%up 70, g a urea group.
Binding grouﬁeaf@?gl HfleXmGHRRh & ﬁf/lsg é‘}ﬁ% HOMaRbChisas: 1t will be
understood thgtiwg@aaﬁa& incFigeieditonhedusingle @KEWWBWVM&@SUMG alditHaliee, mamly such
groups atta%&%%}l?ﬂ PbeURdaNs NG R AR BR-T e ALAIRANE PIEselion e pulside

surface of th nt of these cW%roups can be 20 achieved by reacting with a

solution'8f a %1%@%0%@%‘&1@%@% AR Bhedralis ety BhardaeciEnily group, e.g. a
trimethylsilyl groum&em&q@éﬁm@mmw@t@s |destepdoyef Figliredaine fupditmalied support
is converted to p tlc late subs, he invention b atlon of lla lusters 90
and complex% i or n%?ﬁ%reégﬁ&& unctPoﬁmicsgg ngg g%l?‘@ o%%rgto %ﬁ%vﬁh.? 25 a

functionalisemhﬁpmtﬁﬂlsﬁjd)@é@&i mawmw@mt@mmlgﬁmfésg@w@mymm thsated so as

to reduce the, B4R RHM:IQ BFhPPladim-ReResi Skl Grbs i eSO s £ibe Y eeneelex with
binding group 70 so as to form particulate substance 80 haying %?adé%m nqclusters 90 attached to
RS %ﬁ%’c

the wall$of tH@PauLalhusRRRa et MR ETBES Bl Aol ST > 30In the
present workemlkadipmﬂng\tas paiohitizeddes silidecuppoes deElElamieated MGRhtetosigh ﬂweuse of

urea ligands (see 5 '1§6 8%%?86%(?7%? couprﬁ oRlizagian (QLEM%%%@%L?{& M%S&M&E’Im\é’o

2008/11809
rcactwns) and hydrogenations (transfer hydrogenation, hiydrogenation al low pressures

using molecular hydrogen, hydrogenolysis, and reductive amination) with excellent
20 activity, selectivity and recyclability. The reactions were also accomplished under
environmentally benign phosphine-free conditions in green solvents. They could be
accelerated under microwave irradiation, and may in some cases be completed in a short
time (510 min) with excellent yield. MCF-supported Pd nanoclusters were much more
active compared to commercially available polymer- or carbon-supported catalysts due to
25 their non-swelling characteristics, high surface arca and ultralarge pore of the MCF

support and the stabilization by urea or thiourea ligand.
Polymer-, carbon- or silica-supported and .microemuision-templated Pd catalysts
have been reported previously. However, there have not been reports on MCF-supported
Pd nanocluster catalysts that demonstrate high catalytic efficiency and excellent

30 recyclability without loss in activity and selectivity.

The inventors consider that MCF-supported Pd species could be applied to any or
all types of paliadium-catalyzed conversions in organic chemistry. A similar approach for
' immobilizing metal nanoclusters could also be widely applied towards deriving novel

metal oxide (e.g. silica)-supported metal catalysts for the synthesis of a wide variety of



OH MCF was selected as the support since it possessed a 3-dimensional, interconnected pore
structure with ultralarge cell-like pores (24-42 rim) that were connected by windows of 9-22 tun
Templated by oil-in-water microemulsions, MCF also has a high surface area of 500-800 in2/g and a
high surfaceggngegiiatien of silanols. The urea groups were introduced ogitg the.RefpsHsface of
spherical MCF microparticles by reacting (CHSO)B%%CHZ)BNHCONHZ or
(CI-130)3Si(CH2)3NHCONH(CH2)3Si(OCH3) with 550C-calcined MCF in toluene at 80C for 24 h.
Loading of the urea ligand in the it) resulting urea-MCF was determined by elemental analysis to be

1.8 mmollo. B(QARIR BmRlnAsdissRvad IeiHAe a6 a0l ibinadugadipl seaddCr (1.0)

The mixture was stirred at room temperature for 30 min, and then heated at 6({2% for %4 h(.iThe initially
dark brown palrséiii 2detstelig fey wadd 88 see B SIS AR I %fa Andf Was deposited onto
the MCF suppatnissthessealigands. e suptrnaiantivas clednafterahdils reattimmendidating the
complete im[g\obiI(iiat'E%nn(gzl‘c Pd on MCF. The Pd/Urea-MCF was filtered, washed and dried. The Pd
nanoclusters 8%’%“ ?Pedeon'Urea-MCF_ have a size distribution in the range of 4-6 mu (Figure 2), and

were dispersed uniformly on the supgief Crseripiioniah&hmPEeHiEERs could also be controlled by

changing the Pd(QAgg-cencalirtianAeing el srhesisyiiDiexane;stbérbthesandunt of
Pd(OAc)2 was reduced by half similarg?r%%%%ure would res%; in.the fqgmation of 2-3 rim particles
r

(Figure 2a). SLEHIWGE SR a7 RSBy (S RN (B e 3 and Si and Pd mapping by
transmissionrégeetrosimves aséopy(EEM): (Fied2)dtiostrdtde: e ditisinitsoprredrpaities

dispersed within 0 mesoRales:of MGF. SAaBg, slegiion microscopy (SEM) 25 (Figure 4) and

nitrogen adsorption-desorption isotherms (Figures 5 and 6) illustrated that the unifarm, yliralarge pores
of the MEF SKippsreweresatdindd ﬁﬁ%ﬁ%ﬂ%@?ﬂﬁ@%@ﬁfﬁ@%@ﬁ?ﬁgﬁgﬁﬁﬁﬁgﬁes

confirmed theuitafine:eriasizer@-8 a3) and high dispersion of Pd nanoclusters in the Pd/Urea-MCF

catalyst (Fig _egé;?. Thec ic activity of P a- ' S| i coupling

30reaction o%rfg |§%?§V an ) er%%%%ﬁ%:oafg/ﬁ%an et I;mo W%%{%%J% %g?li\slglzﬂgrée ratio), using

Na2CO3 as ffigupasestatsie 1§ TERE(suimitige teuphirgiproelsstamanissparsaceicrograph of

2008/11809 7RG TSR 90UR0PA T2 2R iRo0s el il able 1, Entry 1). Pd/Urea-MCF catalysts with 2-3

nm and 4 6 nm Pd nanoclusters were compared to commer%ial 10% Pd/C {? stégﬁgma-Aldrich)
eny

with 2-31hm PEHEACOERS SV RS SIARG OB AY BT RB R ERT LS P Béronic acid.
Pd/Urea-MCFipith 2-3showk danaNgchistersiautipssiptimeditiothenmnérdd/leeeet) crstiealyst and
the Pd/Urea—Magolélgsa%%alyg{mngnﬁ nm Pd nanoclusters (Figure 8). Pd leaching was examined by
analyzing thensupernartan of the reaction. No Pd was found to have leached from the Urea-MCF
support everFigtar 6 4N otdsupitsdpermienigimenatid e leﬂi%%n?ﬁgsée{&a i reaction
proceeded fagter,when the solvent was changed to a ethanol/water mixture of 1:1 volume ratio at 80C
(Table 1, Entry 6), giving . .

20 jguré 7 shows an XRD pattern of Pd/Urea-MCF with Pd nanoclusters of 2-3 nm (a)

before and (b) after 10 runs of transfer hydrogenation of acetophenone at room

temperature,
Figure 8 is a graph illustrating Suzuki coupling of iodobenzene and phenylboronic acid
(first run) over (¢) 10% Pd/C, and Pd/Urea-MCF with (&) 2-3 nm and (m) 4—6 nm Pd
25  nanoclusters; '
Figure 9 shows a TEM micrograph of Pd/Urea-MCF with Pd nanoclusters of (a) 4-6 nm
and (b) 2—4 nm after 10 runs of transfer hydrogenation of acetophenone at room
iemperature,
Figure 10 shows photographs of filtrates of transfer hydrogenation of acetophenone over
30 {a) 10% PA/C and (b) 10 mol% of 5% Pd/Urea-MCF with 2-3 nm Pd nanoclusters: the
brown colour in (a) indicates significant Pd leaching from 10% Pd/C. ICP-MS analysis
shows almost 90% of the Pd loaded was leached from 10% Pd/C in the first run, whereas
only a total of 1.25% of the Pd loaded was leached from 5% Pd/Urea-MCF after 10 runs;



to a 98% vyield in 6 h instead of 24 h under the typical homogeneous reaction conditions. Table 1.
Suzuki Coupling of Aryl Halides with Aryl Boronic Acids' OMe WO
2008/118097PCT/SG2007/000079 26 7 OMe2096 8 OMe B(OH)2 Me0

WO 2008/118097 PCT/SG2067/000079
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Figure 11 shows photographs of reaction mixtures from (&) heterogeneous transfer
hydrogenation of acetophenone, and (b} homogeneous and (c) heterogeneous Suzuki
coupling of iodebenzene with phenylboronic acid; and
Figure 12 shows Pd and Si mapping illustrating the high Pd dispersion within the
5 mesopores of the siliceous MCF support.
Detailed Description of the Preferred Embodiments
Figure 1 iliustrates the process for making the particulate substance of the present
invention. In Figure I, structure 10 shows a portion of a particle of mesoporous siliceous
foam. Solid matter 20 represents silica, having silanols on the surface thereof. Relatively
10 large pores 30 are connected by relatively small windows 40. Pores 30 are typically about
20 to 50nm in diameter, and windows 40 are typically about 5 to 10 nm in diameter,
although these dimensions may be varied considerably. Step (a) of the process comprises
converting the mesoporous siliceous foam to a functionalised support, having partial
structure 50, in which the surface of pores 30 have been functionalised by a group
i5  comprising a linking group 60 and a binding group 70, e.g. a urea group. Binding group
7G is capable of complexing with or otherwise binding palladium nanoclusters. It will be
understood that, whereas in Figure 1 only a single group is shown, the surface will have
many such groups attached, both in the windows and in the pores. They may also be
present on the outside surface of the particles. The attachment of these groups can be
20  achieved by reacting with a solufion of a suitable functionalising reagent, in which
binding group 70 and an attaching group, e.g. a trimethylsilyl group are attached to the
linking group. In step (b) of Figure 1, the functionalised support is converted to the
particulate substance 80 of the invention by formation of palladium nanoclusters 90 and
complexation or binding thereof to the functionalised support 50. In order to achieve this,
25 a functionalised support 50 is exposed to a solution of a palladium salt, e.g. Pd(OAc),,
and heated so as to reduce the PA(IT) to Pd(0), to form palladium nanoclusters 90. As
these form, they complex with binding group 70 so as fo form particulate substance 80
having palladium nanoclusters 90 attached to the walls of the pores and windows thereof,
and possibly also on the outside surface thereof.-
30 In the present work, palladium was immobilized on silicecus mesoceliular foam

(MCF) through the use of urea ligands (see Scheme 1).

Scheme 1. Immobilization of Pd nancclusters on Urea-MCF,



OMel1292 OMeOMe 'Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters of
2-3 rim, nunol of aryl halide, 1.25 mmol of aryl boronic acid, 1.5 rnmol of sodium carbonate, 5 ml of
ethanol/water mixture (volume ratio = 9:1), 80C, argon atmosphere. blsolated yield. 'Under microwave
conditions. diggcyeledddimes without any loss in the product yield. 5 'Volyngdatio of gignol/water
mixture used = 1:1. Pd/Urea-MCF catalyst also provided excellent yields for the Heck coupling of
lodoarenes (Table 2). It was recycled without any si&i‘ﬁific’ant loss in activity and selectivity. ioTable 2.

Heck Coupling of Aryl Halides and Alkenesa
O

O O
OH s N
LS~ N NHR _ NHE PA(OAC),
MeO \n’ HO SUNPAEPRSSE S
OH (8] Toluene, 80 °C
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OH R =H or nPr-MCOF
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MCF was selected as the support since it possessed a 3-dimensional,

interconmected pore structure with ultralarge cell-like pores (24-42 nm) that were

5 connected by windows of 9-22 nm. Templated by oil-in-water microemulsions, MCF alse

has a high swface area of 500800 m*/g and a high surface concentration of silanols. The

urea groups were introduced onto the pore surface of spherical MCF microparticles by

reacting (CH;ORSICH):NHCONH; or (CHzO)sSi(CHy)sNHCONH(CH,):S1(0CH3)

with 550°C-calcined MCF in toluene at 80°C for 24 h. Loading of the urea ligand in the

10 resulting urea-MCF was determined by elemental analysis to be 1.8 mmol/g. Pd(OAch

(1.5 mmol) was dissolved in ethylacetate, and introduced to Urea-MCF (1 g). The mixture

was stirred at room temperature for 30 min, and then heated at 60°C for 24 h. The initially

dark brown palladium acetate solution was reduced to elemental palladium, and was

deposited onto the MCF support via the urea ligands. The supernatant was clear after the

5 reaction, indicating the complete immobilization of Pd on MCF. The Pd/Urea-MCF was
filtered, washed and dried.

The Pd nanoclusters deposited on Urea-MCF have a size distribution in the range
of 4—6 nm (Figure 2), and were dispersed uniformiy on the support. The size of the
nanoclusters could also be controlled by changing the PA(OAc), concentration during the

20  synthesis. For example, when the amount of Pd(OAc), was reduced by half, similar
procedure would result in the formation of 2-3 nm particles (Figure 2a). Scanning
transmission electron microscopy (STEM) (Figure 3) and Si and Pd mapping by
transmission electron microscopy (TEM) (Fig. 12) illusirated the uniformity of the Pd
particles dispersed within the mesopores of MCF. Scanning electron microscopy (SEM)

25 (Figure 4) and nitrogen adsorption-desorption isotherms (Figures 5 and 6) illustrated that
the uniform, uliralarge pores of the MCF support were retained in the Pd/Urea-MCF
catalysts. X-ray diffraction (XRD) studies confirmed the ultrafine grain size (2-3 ) and
high dispersion of Pd nanoclusters in the Pd/Urea-MCF catalyst (Figure 7(a)).

The catalytic activity of Pd/Urea-MCF was examined for the Suzuki coupling

30  reaction of iodoanisole and phenyl boronic acid in an ethanol/water mixture (9:1 volume

ratio), using Na,COs as the base (Table 1). After 24 h, the coupling product was isolated
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in 99% vield (Table 1, Entry 1). Pd/Urea-MCF catalysts with 2-3 nm and 4-6 nm Pd
nanoclusters were compared to commercial 10% Pd/C catalyst (Sigma-Aldrich) with 2-3
nm Pd nancclusters for the Suzuki coupling of iodobenzene aﬁei phenyiboronic acid.
Pd/Urea-MCF with 2-3 nm Pd nanoclusters outperformed the commercial 10% Pd/C
s catalyst and the Pd/Urea-MCF catalyst with 4-6 nm Pd nanoclusters (Figure 8). Pd
leaching was examined by analyzing the supernatant of the reaction. No Pd was found to
have leached from the Urea-MCF support even after 5 days of a blank experiment under
similar reaction conditions. The Suzuki reaction proceeded faster when the solvent was
changed to a ethanol/water mixture of 1:1 volume ratio at 80°C (Table 1, Entry 6}, giving

16 298% vield in 6 h instead of 24 h under the typical homogeneous reaction conditions.

Table 1. Suzuli Coupling of Aryl Halides with Aryl Boronic Acids®

entry  arylhalide  aryl boronic acid product time (h)  yield (%)

2 é B(OH)2 12 89

3 5 é"“’-’- { Ny )-ove 12 o7

Ciie

.o W) v
OING

0.167° 99°

NGo

5 Br B(OH), . OMe 12 91
F Ohie

6 ’ BOH)2 OMe 12 99

Oiie




COOtBu 2093 0 yOtBU itCOOtBu 2484 0 'Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd
nanoclusters of 2-3 nm, 1 mmol of aryl halide, 1 25 mmol of olefin, 2 nunol of triethylamine, 5 ml of
toluene, 100C, argon atmosphere. blsolated yield. 'Recycled 5 times without loss in activity and
selectivity. Sywq Fugeligny yields were achieved for the transfer hydrogengtiopQf.yaliaks-etones over
Pd/Urea-MCF. Typically, transfer hydrogenation of ketones was carried out using 10 mol% of the 5%
Pd/Urea-MCF catalyst and 5 equiv of formic acid/tri%ylamine mixture as the hydrogen source in
ethylacetate at room temperature. The heterogeneous catalyst to was easily recovered and reused

several times without anyBess in reactivityCéatyd selectivabl 3] Af&\%elo runs of transfer ¢
hydrogenation of acetophegone (Table 3;.Entry 1), the Rd.mandslugters rémained highly dispersed on
Urea-MCF (Figure 9), ae catalys @ onstrated negligible loss in activity. The X-ray diffraction
(XRD) pattern of Pd/Urea=MCF consisted of Pd(0) peaks. Peak broadening analysis by Scherrer's
method 15indicated the average palladitiiecrystallite size grew slightly from 2-3 nm (Figure 7(a)) to
rim after 10 rurrrlig (Figure B(b)). Figure 1G&im-shows the filtr 3 cti%n systeyy to be clegﬁ
ICP-MS confiinted that gnly a total of 1,25% of the pifads nNPd/Ur gﬁl@lCF was leached after 10
runs. In contrast, the filf of the reasystem containing 10% Pd/C was brown in color Figure

10(a), due to almost 90%iféaching of the"Pd loaded WO 2008/118097PCT/SG2007/000079 28 after
just 1 run. Interestingly, witiéa the transfé@i®ydrogenation of various ketones was performed in water at

60C with ammonium formate as the hydro source instead of formic aciditriethylamine mixture, the
reaction was m@%@lﬁﬂ&ﬁv%@ gﬁ%ﬁ%ﬁ?ﬁga{ﬁ%&ﬂ%, ﬁﬁ%iﬁg t@éﬁlé%@e%f he
correspondinguatdaifolryl ahleid, Transfes!tdydrodematisraokik btonesbl of sodium carbonate, 5 mi

of ethanol/water mixture (volumme ratic = 9:1), 80°C, argon atmosphere. PIsolated vield.

“Under microwave conditions. “Recycled 5 times without any loss in the product yield.

5 *Volume ratio of ethancl/water mixture used = 1:1.

Pd/Urea-MCF catalyst also provided excellent yields for the Heck coupling of
jodoarenes (Table 2). Tt was recycled without any significant loss in activity and

selectivity.
0 Table 2. Heek Coupling of Aryl Halides and Alkenes®

enfry aryl alkene product time (h) yield
halide (%)°

/\rrOnBu /@A\/COOnBu 18 96
© 0o
5 Br /\_H/OHBU /@/\VCOONBU 24 9
© O.N
NGO,
///\n/OnBu /@A\/COOnBu i8 95
© e

Olde




time (h)yield (%)1" 2487 025d85 82 2488 2e84 2488 2484 80 1896 1899 2492 2e94 4899 OH 92495
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5 § /\H,On[%u n CO0nBU 20 90
@ °
6 Br /,\ﬂ/()nBu . 2 L00nBY 94 88
’
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@ ° |
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'R eaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters of 2--3 nm, 1
mmol of aryl halide, 1.25 mmol of olefin, 2 mmol of triethylamine, 5 ml of toluene,
100°C, argon atmosphere. bIsolated vield, “Recyeled 5 times without loss in activity and

selectivity.

Excellent yields were achieved for the transfer hydrogenation of various ketones

over Pd/Urea-MCF. Typically, transfer hydrogenation of ketones was carried out using 10
mol% of the 5% Pd/Urea-MCF catalyst and 5 equiv of formic acid/triethylamine mixture

as the hydrogen source in ethylacetate at room temperature. The heterogensous catalyst

10 was casily recovered and reused several times without any loss in reactivity and
selectivity (Table 3). After 10 runs of transfer hydrogenation of acetophenone (Table 3,
Entry 1), the Pd nanoclusters remained highly dispersed on Urea-MCF (Figure 9), and the
catalyst demonstrated negligible loss in activity. The X-ray diffraction (X{RD) pattern of
Pd/Urea-MCF consisted of Pd(0) peaks. Peak broadening analysis by Scherrer’s method

15 indicated the average palladium crystallite size grew slightly from 23 nm (Figure 7(a)) to
4-5 nm after 10 runs (Figure 7(b)). Figure 10(b) shows the filtrate of the reaction system

to be clear; ICP-MS confirmed that only a total of 1.25% of the Pd loaded in 5% Pd/Urea-
MCF was leached after 10 runs. In contrast, the filtrate of the reaction system containing
10% Pd/C was brown in color Figure 10(a), due to almost 90% leaching of the Pd loaded



WO 2008/118097PCT/SG2007/000079 29 OH 'Reaction conditions: 10 mol% of 5% Pd/Urea-MCF
catalyst with Pd nanoclusters of 2-3 rim, 1 mrnol of ketone, 5 mmol of formic acid : triethylamine (1: 1),
5 ml of ethylacetate, 25C, blsolated yield. Itecycled 10 times without any loss in activity and selectivity.

60C.

dUnder micrewsvg&egidons. Used arrunoniumformate as hydrogen sourlg%%;#jz %%Ira{?é 5solvent at
olefms I

Pd/Urea-MCF was also examined for the hydrogenation of activate able 4) such as

dimethylitaconate (Table 4, entry 1) under low pressire (3 attn). The hydrogenated product,
1-methyl-dimethylsuccinate, was obtained in 99.9% yield, and the catalyst was successfully recycled

and reused without a
?é%él‘é%i

and catalyst

loss.in actéyit for
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2008/11809 7RCHBEGLA0T0O00 730 vEib%guonium formate as the hydrogen source instead of
formic acid/triethylarnine mixiure, the reaction was completed more quickly (ie.in 2 h

instead of 24 h), giving an excellent yield of the corresponding alcohol.

Table 3. Transfer Hydrogenation of Ketones®

entry ketone product time (h) yield (%)°
1° @ | ¢ 24 37
@A\ 0.25¢ 85
2° 82
2 Q oA 24 88
Br Br
Ci ]
4 ? - oA 24 84
5 g2 oH o 18 96
WOMQ QMLOMG
6 Q QH 18 99
W @/\/j\
7 o 24 9
g 9 oH 48 99
oo
9 OH 24 95

1
1




99.9899.9899.91899 'Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters
of 2-3 nm, 1 nu-nol of olefm, 40 psi or 100 psi of hydrogen (for entries 1-6 and 7-8, respectively), 5 ml
of methanol/ethanol, 25C. "Isolated yield. 'Recycled 10 times without any loss in product yield. 5

Next, the catg)ytigaciiiiy,of Pd/Urea-MCF for the reductive amination of allg,%%)é%ﬁ,f%%}%nines was
examined. This reaction is very important for producing secondary amines in the pharmaceuticals and
specialty chemicals industry. Excellent conversionsZdnd yields of the corresponding amines were
achieved under mild conditions, toand the catalyst was recycled 10 times without any significant loss in
reactivity and sefectivity (Table ). Tgble 5."Reductive Amimation of Aldehl)ﬁdes' 99
entryaminealdeﬁ;?deproductt ield (%;

i1 12 99

Fe

=

O

OH
i N
0 OH

AR eaction conditions: 10 mal% of 5% Pd/Urea-MCF catalyst with Pd nanoclusters of 2-3
nm, ! mmol of ketone, 5 mmol of formic acid : triethylamine (1 : 1}, 5 ml of ethylacetate,
25°C. "Isolated vield. “Recycled 10 times without any loss in activity and selectivity.
4Under microwave conditions. “Used ammoniumformate as hydrogen source and water as

5 solvent at 60°C.

Pd/Urea-MCF was also examined for the hydrogenation of activated olefins

(Table 4) such as dimethylitaconate (Table 4, entry 1) under low pressure (3 atm). The
hydrogenated product, 1-methyl-dimethylsuccinate, was obtained in 99.9% yield, and the

0 catalyst was suceessfully recycled and reused without any loss in activity for 10 runs.

Hydrogenation also proceeded with excellent yield and catalyst recyclability for a variety

of olefins (Table 4).
Table 4. Hydrogenation of Olefins®
entry olefin product time (h) yield (%)°
1° 9 . 7 6 99.9
MeO Oe Me OMe
8] Q
2 v o q 6 99.9
EO OEt Okt
18] @]




'Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters of 2-3 nm, 1.01 mmol of
aniline, 1.0 mmol of aldehyde, 40 psi of hydrogen, 5 ml of methanol, 25C. boas chromatography (GC)
yield. 'Recycled 10 times without any loss in activity and selectivity. 5 The reductive ring opening of
epoxides to thg,ceEeseeyrding alcohols has emerged as a powerful tool inpg{g@g%@ﬂ% esis. Itis of
great interest to develop a practical, economical, and environmentally friendly process tor this reaction.
The efficiency and stability of Pd/Urea-MCF catalys?gvas examined with trans-stilbene oxide as a
substrate 10 (Table 6, Entry 4). Notably, the hydrogenolysis reaction reached completion with
excellent yields in, 10 successive runs. The catalyst could be reco§ered by simple WO
2008/118097PCTISC 200790 2 fi ' n, and-bereysed vthgylt loss of activity. A variety of
benzylic epoxides were t @ ted fo the'same hydrogenalysis conditions, and good yields of
homobenzylic alcohols werg-obts \rﬁﬁstently. o further extdind the scope of this catalytic
system, we turned our attention to the hy@rogenolysis of chiral ep%xides, which is used for the
synthesis of anti-inflamatory arylpropioniccacids. Hydrogenolysis ei chiral alphgmethylstyrggg oxide
generated the cor%espondmsg)er'n - eteqtion.of sgpfiguration in excellent yield

AcC

6° 3 99.9
@/\)LOME ©M0M8
Br Br )
8 @AO/‘\/// ©/\ o " 18 99

*Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters of 2-3 nm, 1

mmol of olefin, 40 psi or 100 psi of hydrogen (for entries 1-6 and 7-8, respectively), 5 mi
of methanol/ethanol, 25°C. "Isolated yield. “Recycled 10 times without any loss in
product yield.

Next, the catalytic activity of Pd/Urea-MCF for the reductive amination of
aldehydes and amines was examined. This reaction is very important for producing
secondary amines in the pharmaceuticals and speciaity chemicals industry. Excellent
conversions and vields of the corresponding amines were achieved under mild conditions,

0 and the catalyst was tecycled 10 times without any significant loss in reactivity and

selectivity (Table 5).

Table 5. Reductive Amination of Aldehydes®

entry amine aldehyde product time (h) yield (%o,
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*Reaction conditions: 1 mol% Pd/Urea-MCF catalyst with Pd nanoclusters of 2-3 nm,

1.01 mmol of aniline, 1.0 mmol of aldehyde, 40 psi of hydrogen, 5 ml of methanol, 25°C.

Gas chromatography (GC) vield. "Recycled 10 times without any loss in activity and

selectivity.

The reductive ring opening of epoxides to the corresponding alcohols has emerged

as a powerful tool in organic synthesis. It is of great interest to develop a practical,

economical, and environmentally friendly process for this reaction. The efficiency and

stability of Pd/Urea-MCF catalyst was examined with frans-stilbene oxide as a substrate
{(Table 6, Entry 4). Notably, the hydrogenolysis reaction reached completion with

excellent yields in 10 successive runs. The catalyst could be recovered by simple



33100H 1294 OH OH 'Reaction conditions: 10 mol% Pd/Urea-MCF catalyst with Pd
nanoclusters of 2-3 nm, 1 mmol of epoxide or diol, 5 mmol of arrunonium formate, 5 ml of ethylacetate,
25C. blsolated yields. 'Recycled 10 times without any loss in reactivity and selectivity. dRetention of

configurationg®, sgediifig-case of transfer hydrogenation, hydrogenation, ngg&g}&%iﬁﬁnd
reductive animation, the total Pd leached after 10 recycles was determined by inductively coupled

plasma mass spectrometry (ICP-MS) to be < 1.5% @fthe total Pd loaded in the catalyst. In the case of
Heck and Suzuki coupling reactions, the total Pd leached after 5 io recycles was <5% as determined

by ICP-MS. Eigure 11 illustrate that the supernatant of the heterogeneous reacti containing
Pderea-MCé%%&o%}é?‘ﬁ‘éé garﬁ%%gﬁal ?élﬁ%%asgh?%acg?f %‘%gﬁﬁgﬁeﬁ}?z_ %8 this nove g(%g%%%t could be
easily isolateshbjsdirdcirclde. samp disinogamdEivaefdiiedso mdudedevéridasiérheretiomyttes for

coupling reacions and-tansighdycspgenations yvithitbeaid,of miciowe - (Excelianticanyersions
we turned our atiention to the hydrogenclysis of chiral epoxides, which is used for the
s synthesis of anti-inflamatory arylpropionic acids. Hydrogenolysis of chiral alpha-
methylstyrene oxide penerated the corresponding terminal alcohol with the retention of

configuration in excellent yield (Table 6, Entry 8).

Table 6. Hydrogenelysis of Epoxides and Diols”

entry epoxide/diol hydrogen source time (h) yield (%)°

O
5 O
O
¢ (] g
© O OH
5 0 Q 24 94
OMe OMe
6 | Teo o OH 24 98
o
! l Ot < > 5/@
"’. O §
: ~__OH
OH OH
(j/\JOH

12 91

12 94

12 97

24 59

7

24 86

~
-

: P’ : 12 08
~ ©/\/ 12 88




is were achieved under low frequency and short reaction time. For example, 99% conversion was
attained in 10 min in the Suzuki coupling of iodobenzene and phenylboronic acid (Table 1, Entry 1).
85% yield of the corresponding alcohol was achieved in 15 mm for the transfer hydrogenation of
acetophenonrgdnge); miskowave (Table 3, Entry 1). In contrast, 87% yield yquid.he-obiained in 24 h
under normal 20 reaction conditions at room temperature. In conclusion, active Pd nanoclusters
could be easily prepared with high yields on urea-modified MCF. They were formed by the reduction of
Pd(OAc),, and were stabilized by the urea ligands on the MCF surface. The ultralarge pores of MCF
facilitated reacti% s involving butky substrates. The resylting PdfUrea-M I catalyst dggonstrated 25
excellent activity Tor transferhydrQger Genationat '

and C-C coupling reactions, and were

novel design for supported mmetal catalyst described herein might be widely applied to derive metallic

nanoclusterssyaperied oRdBRC i d MGFHIDrAIgR vaulel, of sateblinsasions bt ehemisal
syntheses. We are currently examining other Pd- 30 catalyzed reactlonsg%ne%\l)ramoblllzgg, 8ther
& )

metals (e.g. REPREICHOSIAT Hpbm NREI I ARBIS Safgieaipot i gyetate,
2008/11809 MRG kG 20T 00RE%13d ExperimenihSactan lossMhchenie#is wetesplartiviged from
Aldrich, and used x%§0re%eigg witlggut further purification. "H and 13C nuclear magnetic resonance
(NMR) spectroscopy ?é’ru‘icer%ll\/mz Spectrometer), Fourier-transform infrared (FTIR) spectroscopy
(Digilab ETS7000 5 FTIR spectrometer equipped with MTEC 300 photoacoustic detector), XRD

(Philips XPert PRC|> gs-raae?H&@f%ﬂ@g@m)ﬁ%@g@ﬁ?ﬁﬁﬂpnhggﬁﬁg@ﬁﬁeﬁgnnﬁa&wmw@s ASAP
2020M system), elemental analysis r Analytical CE440 CHN analyzer), transmission electron
microscopy ( Wﬁgﬁa@éﬁﬂﬂméﬁéﬁéﬁéﬁ%ﬁ%ﬁ%@%ﬁ iléer(@?g%sp‘f/m(%%wg’gé?}wgﬁ?‘bﬁ 200 kV),
scanning electrosiahiphesco pe{SEMIQEOY JEM-NiSnt IBP<M SYEEMD RGH PP dortit i 8keSCIEX)

were perfor C izati ticreagtionsiwerg anahyzes by GC
(Agilent 689%%%2%?}?#2%@%# ﬁggﬁgg@@%ﬁgﬁgg?%&ﬁg%ﬁarticles 1 g) synthesized according

to the misthoBEREBIREEE £ Wi @TriErisined iy ACTONES. Aimreobleiftsiohatiinararratiidd: argon.
Dry 15 toluenge(2esrbunsaddedito hetddoaitin Jaltien-sfdinethoxysititpropidalisgbl€2.2 mmol)

in toluene (2 ml) was introduced. The mixture was stirr nde an for. ; Lhpeated at
80C for 24 h.f% %\I%n %?oillrég(yl 5 ?%B%V gm%é%ﬁ%?‘fﬁié’%%gyg{nc T‘\’}\E/(f\i;;hée g%r\}é%ag\mﬁ?naegsﬁ \?ﬁt toluene,
ethanol, acetone anBiddibhiohintetivan sk o angeunvsactesqsrseanieon. TS réauIpPHerial was

suspended inSihanglARghaalE s RG-ABRVERRION, filtetednwashed anddrisd dismenial analysis

showed a loading of 1.80 mmo] of urea per gram of MCF. Synthesis af Pd/Urea-MCF
is5 Wereg achieved under low f}r)equ%ncy and short >1‘@%1(:‘1:(:’;();11 %me. Her example, 99%

conversion was attained in 10 min in the Suzuki coupling of jodobenzene and
- phenylboronic acid (Table 1, Entry 1). 85% yield of the corresponding alcohol was
achieved in 15 min for the transfer hydrogenation of acetophenone under microwave
(Table 3, Entry 1). In conirast, §7% yield would be obtained in 24 h under normal

20 reaction conditions at room temperature,

In conclusion, active Pd nanoclusters could be easily prepared with high yields on
wrea-modified MCF. They were formed by the reduction of Pd(CAc), and were
stabilized by the urea ligands on the MCF surface. The ultralarge pores of MCF facilitated
reactions involving bulky substrates. The resulting Pd/Urea-MCF catalyst demonstrated

35 excellent activity for transfer hydrogenation, hydrogenation and C-C coupling reactions,
and were superior to commercially available 10% Pd/C or polymer-supported Pd-Encat.
The facile synthesis and novsl design for supported metal catalyst described herein might
be widely applied to derive metallic nanoclusters supported on modified MCF for a wide
variety of catalytic reactions in chemical syntheses. We are currently examining other Pd-
30 catalyzed reactions, and immobilizing other metals {e.g. Rh, Ru, Cu, Ir and In} on MCF

for various catalytic applications.



Urea-MCF (1 g) was suspended in dry toluene (20 ml), and a solution of palladium acetate (1.10 or
0.55 mmol depending on the requirement) in CH2CI2 (2 ml) 25 was added dropwise. The mixture was
heated at 60C until the supernatant became colorless under argon (24 It). It was then cooled to room

temperaturesfifeiggl: Washed and dried to obtain a dark brownish black sqljdy, B/l ireaieF-
Elemental analysis showed 1.01 mrnol or 0.55 minagl Pd loading per gram of Urea-MCF, corresponding

to 5 wt% Pd/Urea-MCF and 10 wt% Pd/Urea-MCF.30 General Procedure for Suzuki Coupling
Reaction An oven-dried reaction vial was charged with aryl halide (1 mmol), aryl boronic acid (1.25
mmol), sodium carbonatt él.%nrnmol), catalyst (1 mol%), ethanol (4.5 ml) and water (0.5 ml) under
argon. The rg?ﬁﬁﬁﬁﬂﬁlfﬂeﬂa%%io%@rﬁ?iture was stirred at room temperature for 10 mm, and then heated at

80C for a desired péfiocheTriesteutiopuwkessty G020 G gIPESTISE ST D01 S5 fTtored by

GC. After complgtion.of the seaction,the:mixpresvascoeled EIMRMNsRMALREY g Banibwas(filtered

through a sintered glass funnel, washed with water. (5 )< and ethanol I ied under

vacuum. Theéiita ‘Wﬁg"Fé"(’fgld:é’&%e’ﬁ%?@nﬁ%%ﬁéo@ﬁ#r)eS%F%ngﬁpéé%%ﬁ%%)%%gné An

oven-dried regrmibrpdakwaseharggdedithisrylialid e300 nmmshzosieRiv (dststmm N Biddiifipsine (2

mmol), Cata')ﬁ@é& ?i?éﬁ’/ ux%gdd%’d&@&(s'f'yg%liknl)',”ﬂ?faa@%}i&ﬁ&g&%ﬂymﬁﬁ@%wgﬁf@m@ﬁ stirred at
ra

room temperature for 10 mifn, and then heated at 100C for a desired periog. action was
monitored by*G&F %@%ﬁiﬁéﬂﬁn%?W%Wlﬁh@ﬁ%éwﬁcé%gggﬁgm Eifgéthture, and
was filtere(:] tﬂégg%ﬁﬁﬁm@m@ﬂ?@@és@éwm@éﬁm&ahédmiﬂﬁnglumrﬁﬁsioﬁfdﬂ)zmmmmik t
vacuum. The st\vas.recyc . r I a etones
An oven-drie@gfé%éigﬁé\%a %%é Qggf’gﬁé@év{M” Eé?%%ﬁéhgl%%%%l , orEr?%%%?d%%xth? agn%i%eyf%%?ure (1y)
or ammeniuriTetRatedSETIGH, ElealyakCib Aesisires B EE rasim erfumee fn 445 or water
(5 ml) under argan, Thaiesulinads achnRamisiy eonamaiiest ahiom ML @yRioseIN) and the

progress of the reaction was monitored by GC. After completion of the reaction, the mixture was
filtered throu§hdhesit?EY Hadd%hnel, washed with ethylacetate (5 x 5 ml), and dried under vacuum.
The catalyst was resyhigidal ONMTRsnGdpenetet Foceduretbesitpdrogerndiim &f Ohfingethodan

oven-dried reaction,vial was c ' 1 g, te£d pagido)-apdinetbanabgthanol (5
ml) under argr%oi‘%eﬁe r%%&lﬁﬁagﬁeregg%oﬁlggﬁﬁgv%s presgglfﬁg%%vﬁth g%-loo pskg%;@%ﬁoa{g and was

stirred as rootpitensp@h e W66 adictra Hrodreds HeKe AesRBAn R SRiREFEE AR
completion ofthefeasfianinenBiztug wasiAsciiiesdd Theoumaesintesad glassitunnsindashed with
methanol (5 x 5 rol), and dried under vacuum. .The catalyst recyc imes ral. Procedure
for Reductivé M noqf‘%ﬁ&éjﬁf/gés\@%?fe% fogen %olﬁ\%ﬁ%#ﬁ(}% %%%nﬁﬁﬁqi@ v%é%hglarged
with aldehyder{dhedraened)] prireawithirtheis. ehmmoncears st dishiomspaiann SHERTEGaW) under

argon. The r%ﬁ%gg&gd precursor. The resulting material was suspended in ethanol, and heated at 60°C
20 overnight, filtered, washed and dried. Elemental analysis showed a loading of 1.80 mmol

of urea per gram of MCF.

Synthesis of Pd/Urea-MCF
Urea-MCF (1 g) was suspended in dry toluene (20 ml), and a solution of

palladium acetate (1.10 or 0.55 mmol depending on the requirement) in CH;Cl (2 ml)
25 was added dropwise. The mixture was heated at 60°C until the supernatent became
colorless under argon (24 h). It was then cooled to room temperature, filtered, washed and
dried to obtain a dark brownish black solid, Pd/Urea-MCF. Elemental analysis showed
1.01 mmol or 0.55 mmol Pd loading per gram of Urea-MCF, corresponding to 5 wt%
Pd/Urea-MCF and 10 wi% Pd/Urea-MCF.
30 General Procedure for Suzuki Coupling Reaction
An oven-dried reaction vial was charged with aryl halide (1 mmol), ary! boronic
acid (1.25 mmol), sodiwm carbonate (1.5 mmol), catalyst (1 mol%), ethanol (4.5 ml} and
water (0.5 mi) under argon. The resuliing reaction mixture was stirred at room

temperature for 10 min, and then heated at 80°C for a desired period. The reaction was



30 reaction mixture was pressurized with 40 psi of hydrogen, and was stirred at room temperature for
6 h. The progress of the reaction was monitored by GC. After completion of the reaction, the mixture
was filtered through a sintered glass funnel, washed with methanol (5 x 5 ml), and dried under

vacuum. Thegeatalsst wgs recycled 10 times. General Procedure for Hydrw%@w}%oxides and
Blois WO 2008/118097PCT/SG2007/000079 36 An oven-dried reaction vial was cﬁarged with

epoxide or diol (1 mmol), ammonium formate (5 mmbl), catalyst (10 mol%) and ethylacetate (5 ml)
under argon. The resulting reaction mixture was stirred at room temperature for 24 h, and the progress
of the reaction was néogitcgfd by GC. After completion of the r ctionh}pe mixtg@r&v&a&)%&t&red
through a sinfeteTIEs Vel W AUERMHT R REIRE 2% BT HRT drigd Ghder Vacuum. The
catalyst was tenyeteattDdinhesaslBlteeiy doratgll 2 901D B20 Forme TIsGRG0OTIOWERY Frahs
ECSFRecewﬁﬁi} IaNevemhe r%? 083 5A0RLEAREr vaculn) BAUGUIRLS SUDRIBNGEICOMREISING a'culate

porous support’coupled to a palladium species, wherein the porous support is coupled to the um
species by a Espgitd greeirEeAmidnl S1Ring &5 %hd a binding group, said binding group being
coupled to the palladitsvspeeies rubaseinithesaindiagetoupidass mdtdeofitaimalhicglefroipzs 2.

Ihe b HESORSALGRT NSRS REANe T e BB ipmRao.
nanoclustersresulting reaction mixture was stirred at room temperature for 10 min, and then heated at
100°C for a desired period. The reaction was monitored by GC. After completion of the
reaction, the mixture was cooled to room temperature, and was filtered through a sintered
w0 glass funnel, washed with toluene (5 x 5 ml), and dried under vacuum. The catalyst was
recycled 5 times.
General Procedure for Transfer Hydrogenation of Ketones
- An oven-dried reaction vial was charged with ketone (1 mumoi), formic
acid/triethylamine mixture (1 : 1) or ammoniuvm formate (5 mmol), catalyst (10 mol% of
5 5% Pd/Urea-MCF) and ethylacetate or water (5 ml) under argon. The resulting reaction
mixture was stirred at room temperature for 24 h, and the progress of the reaction was
monitored by GC. Afier completion of the reaction, the mixture was filtered through a
sintered glass funnel, washed with ethylacetate (5 x 5 ml), and dried vnder vacuum. The
catalyst was recycled 10 times.
20 General Procedure for Hydrogenation of Olefins
An oven-dried reaction vial was charged with olefin (1 mimol), catalyst (1 mol%)
and methanol/ethanol (5 ml) under argon. The resulting reaction mixture was pressurized
with 40—100 psi of hydrogen, and was stirred at room temperature for 6 h. The progress
of the reaction was monitored by GC. After completion of the reaction, the mixture was
25 filtered through a sintered glass fimnel, washed with methanol (5§ x 5 ml), and dried under
vacuum. The catalyst was recycled 10 times.
General Procedure for Reductive Amination of Aldehydes under Hydrogen
An oven-dried reaction vial was charged with aldchyde (1.0 mmol), primary
amine (1.01 mmol), catalyst (1 mol%) and methanol (5 ml) under argon. The resulting
30  reaction mixture was pressurized with 40 psi of hydrogen, and was stirred at room
temperature for 6 h. The progress of the reaction was monitored by GC. After completion
of the reaction, the mixture was filtered through a sintered glass funnel, washed with
methanol (5 » 5 ml), and dried under vacuum. The catalyst was recycled 10 times.

General Procedure for Hydrogenolysis of Epoxides and Diols



4. The particulate substance of any one of claims 1 to 3 wherein the porous support is a metal oxide
support. 5. The particulate substance of claim 4 wherein the metal oxide is silica. 6. The
particulate substance of any one of claims 1 to 5 wherein the porous support is mesoporous. 7.
The particulafgsidbgianse of any one of claims Ito 6 having a structure in whigh elafyglyiarge pores
are connected by relatively small windows. 8. The particulate substance of claim 7 in which the
relatively large pores have a mean diameter of betwtfen about 5 and about 100nm, and the relatively
small windows have a mean diameter of between about 2 and about 50nrn. 9. The particulate

substance of any or}%[())];) %Ie%j_@rsl t?egc\ggr?r%%gﬁqjgago&%%ﬁﬁw igﬁ&gggp&go&iﬁlsitifmﬂam.

10. The particulate substance of any one of ciaimc 1 to erein the palladium species comprises

palladium napoolesier e s @St Sy FaUd anmetearhrilrdsorats co i RoBiel 488%bout
IOnm. 11. Therparticuiate substanee@iarmopa-Rliciaimste-ddavingia eh and parfieigsize of
between about, | and ahout 100 migrons. 2. The particulate sybsta of.an f claims 1 to
11 having a I%ﬁifﬁ?ﬁ‘é’gd% 8‘?%1%%%% %ggét ) 3fa{:’nglftr!ﬁtﬁ’?o %ﬁﬁlaedrlﬁ%?%gf tgﬁrea#i)o é%f)%grt.

13. A processiferanakingzh paitioutatebebstmnce voshptisith £iatdecirte(porouBBuppdReiipled to a

palladium spegies. Saifl Pragess,comPHNg - fIPe3 I Refunctionalised particulate porous support to a
solution of a palladium salt, said functionalised particulate porous support comprising binding groups
Amended Sheet 1IPEA/AU COMB ID No: ARCS-213355 Received by IP Australia: Time (H:m) 18:19
Dale (Y-M-d) 2008-11-13
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ceived'at: 7:29AM, 10/3/2009 capable of binding the palladium species, wherein the binding group is
. a-urea group or a thiourea ss sup; and converting the palladium salt to the palladium species so as to
ceivgEpieratehe ' alaes substance. 14. The process of claim 13 additionally comprising reacting a
—-patrticulate porous-suppert-te-a finictionalising reagent to form the fimctionalised particulate porous
support, said fiinctionalising reagent comprising the binding group and an attachin@qroRais
Fatteediiig to the particulate porous support. 15. The process of claim 1§ Q&Rain 34 Hert 0808
functionalised particulate porous support comprgses mesoporous siliceous fo@kear Copyl6. A particulate
substance ! > by the process of any one of claims 13 to .15. = 17. A method for conducting a
Suzuki coup ‘Baction comprlsmg exposing an aryl halide and an atyl botanic aC|d to a particulate
substance accordibg to ahyBHEBRH WW&W@”@W@ & TS TS cSHERing a Heck

coupling reaﬂz@m@amml sitifpdixposipgian avpkidlidthormmany srfate W@Wb@ﬁ“ 2 particulate
substance qcgGLs

| f %9%05& g%ﬂﬁ &ﬁﬂ;ﬁm 2l QAR Q{dm{cﬂ{@matmg a carbonyl
compound comprisin La posin %&%Cg Ig?i& 0 a particulat su.bst% ccording to any
one of cIam%“lu?osf'?? GPOFRR ) ﬁf{}%? %Iﬁc??%%%%l "Kiffethod for
hydrogenatlmemm%ﬁ@ekmg the olefin to a particulate substance according to any one
of claims | to 12 orzl6 in the presetias: chbyeEiog & gatm 2] Aunethoskfoiady glivag unimadon of a
carbonyl comapeyRshseMPESIaEa proup.

3. The particulate substance of claim 1 or claim 2 wherein the palladivm
species comprises palladium pancclusters.

4. The particniate substance of any one of claims 1 to 3 wherein the
porous support is a metal oxide support.
5. The particulate substance of claim 4 wherein the metal oxide is silica.

- 6. The particulate substance of any one of clmms 1 to 5 wherein the
POTOUSs SUPpOTt s mesoporous. ‘

. 7. The particulate substance of any one of claims 1 1o 6 having a structure
in which relatively large pores are connected by relatively small windows.

. The particulate substance of ¢laim 7 in which the relatively large pores

have a mean diameter of between about 5 and about 100um, and the relatively small

windows have a mean diameter of bctweeh about 2 and about 50nm.

9. The particulate substance of any one of clmms 1 to § whetein the
pomus support is mesoporous siliceous foam.

10,  The particulaie substance of any ome of clanms 1 to 9 wherein the

palladium species comprises palladium nanoclusters and said nanoclusters have a
mean dianeter between about 1 and about 10nm.

1L, The partmﬂaie substance of any one of claims 1 to 10 having a mean
particle size of between about | and about 100 microns.

12.  The particulate substance of any. ome of claims i to 11 having 2
patiadivm loading of between about 0.1 and 2mmol paliadium per gram of support.

13. A process for making a particulate substance compriding a particulate
- porous support coupled to a palladium species, said process comyprising:

-~ exposing a fonctionalised particulateé porous support to a solution of a palladium
salt, said functiopalised particulate porous support comprising binding groups
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exposing the carbonyl compound to a particulate substance according to any one of claims 1 to 12 or
16 in the presence of a primary amine and hydrogen gas. 22. A method for hydrogenolysis of an
Ce"efbe‘ﬁcldeEWa‘idrémcﬂnpnsmg exposing the epoxide or dial to a particulate substance according to any
—.one of claims.lto-12 or 16-in-the presence of a formate salt. 23. The method of any one of claims
17 to 22 comprising exposing the reaction mixture to microwave radiation during saig¢-@¥9e3i0E7/686075
i method of any one of claims 17 to 23 wherein the catalyst has beerRyecyalac e -RRIBYIOEB0S
reaction. Amended Sheet IPKAJAU COMB ID 05ARCS-213355 Received b@%@@%@lla lime :
(H:m)15:19 Date (Y-M-d) 2005-11-13 ceiyecrat: 7:29AM, 10/3/2009 25,The process of any one of
. claims 17 to ZWMMth:hglﬁ@ rediodipecifiecsiezebspanificcdribdite 26ldsés of arparticulate
substance accqrdingoicaiiy eeegbaiams Ito 12 or 16 as a catalyst for conducting a ¢ n-carbon

coupling reac“%@:ﬂfeﬁ;ﬁgdﬁ%ﬂg&iadmm sait 1o the pallsdium species so as io generste the
parficulate substance.

14,  The process of claim 13 additionally compmising rescting a particulate
porous support to- 8 functionalising reagent to form the functonalised particulate
porous support, said fupctionalising reagent comprising the binding group and an
attaching group capable of attaching to the particulate porous support.

' 15. The process of claim 13 or claim 14 wherein the functionslised
particulate porous support comprises megoporous siliceous foarm,
i6. A particolate substance mads by the process of any one of claims 13

15, :

17, A method for conducting a Suzuki coupling reaction comprising
exposing an aryl halide and an aryl boronic acid to a particulate substanee according
t0 any one of claims I to 12 or 16, _

18. A method for comducting a Heck coupling reaction comprising
exposing an aryl halide or an aryl wiflate and an olefin to & partdculate substance
according to any one of claims 1 o 12 or'16. '

19. A method for hydmgenaﬁng a -carbonyl compound cmmpﬁsing
expésiﬂg the cazbonyl compound io 2 particulate substance sccording to any one of
claims 1 to 12 or 16 in the presence of ahydmgen' donor species.

20. A method for bydrogenating an olefin comprising exposing the olefin

to a particulate substance according to :;my one of cleims 1 to 12 or 16 in the presence
of hydrogen gas.

21. A method for reductive amipation of a carbonyl compmmd comprising
exposing the carbonyl compound to a particulate substance according to any one of

claimas 1 to 12 or 16 in the presence of & primary amine and hydrogen gas.

22. A method for hydrogenolysis of an epoxide or 2 diol comprising
exposing the epoxide or dicl to a particulate substance according to sny one of claims
! to 12 or 16 in the presence of a formate salt,

23.  The method of any one of claims 17 to 22 comprising exposing the
reaction mixiure to microwave radiation during said exposing,

24,  The method of any one of claims 17 to 23 wherein the catalyst has
‘been recycled from a previous reaction.

Amended Sheet
PHRAJAT

COMS 1D No: ARCE-213356  Recelvad by IP Australla; Time (Him) 1819 Date (Y-M-d) 2008-11-13



Amended Sheet IPEA/AL COMS ID No: ARCS-213355 Receared by IP Australia: -Pine (H:m) 1819
. Dale (¥-M-d) 2008-11-13 ABSTRACT Palladium nanoclusters The invention relates to a particulate
CE‘*“SEbeta"'andmmgmg a particulate porous support coupled to a palladium species. The palladium

—--Species-may-comprisepaltadium nanoclusters. The particulate substance may be used as a catalyst

for conductlng a carbon- carbon coupling reaction or a reduction. PCT/SG2607/800079
Frow!ECSF T Received 13 November 2008
39 B Clear Copy

25.  The process of any one of claims 17 to 24, said metbod being
regiospecific, sterecspecific or both.

26.  Use of a perticulate substance accovding to any ons of claims I o 12 or
16 as a catalyst for conducting a carbon-carbon coupling reaction or a Muctism,
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ABSTRACT

Palladium nanoclusters

The invention relates to a particulate substance comprising a particulate porous support
coupled to a palladium species. The palladium species may comprise palladium
nanoclusters. The particulate substance may be used as a catalyst for conducting a carbon-

carbon coupling reaction or a reduction.



