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BACKGROUND OF THE INVENTION

Sharpless and co-workers first introduced the concept of

“click chemistry”, !

employing powerful and selective

15 reactions for the efficient synthesis of interesting
compounds and materials through hetercaromatic links, e.g.,
Huisgen 1,3-dipolar cycloaddition of azides and alkynes. !
This modular process is reliable, widely applicable, of high
yield, and requires only simple reaction and purification

20 conditions. It does not involve reagents that are difficult

to handle, and is stable towards strong bases.!®

Recently, applications of “click chemistry” were reported in
the synthesis of chemically and biologically useful

materials. !*°!

However, the development of heterogenized

25 catalysts has seemingly produced the most significant impact
on the chemical and pharmaceutical industries.!®’) Although
attempts to immobilise homogeneous catalytic complexes (not
via click chemistry) on various supports have been
reported!’®, these have not always generated sufficiently

30 effective heterogenized catalysts for industrial



advant ages, such as ease of catal yst recovery and products
i sol ation, reduced production costs, and decreased catalyst 5
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has not pgﬁmcesagl@é@gchﬁyigyskaa$0wMébﬁ devel opnent of
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In another aspect, the present invention provides a
heterogenised catalyst comprising a catalyst species grafted
15 onto a siliceous mesocellular foam (MCF) via a 1,2,3-

triazole.

The above and other features and advantages of the present

invention will become apparent from the following

description when taken in conjunction with the accompanying
20 figures which illustrate preferred embodiments of the

present invention by way of example.
BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be discussed with

reference to the following Figure:

25 Figure 1 displays the structures of four heterogenised

organocatalysts.
DETAILED DESCRIPTION OF THE INVENTION

Click chemistry has been adopted for the immobilisation of

several types of compounds on different supports, including



5 conmpatibility, and catalytic activity. The present invention
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crystall] i r istillat] ut _not _preparative. chromatogra
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econony. Wiile certain of the general criteria can be subjective in
nature, Sho®ndtdafPre?Fe eri@hektY t 6°heShetl i 1gedidp bl C#iebe®f ons are
general ly recognised as "click chemstry" reactions. Exanples of
such inctudextbeetuisgen 30 1, 3-di polar cycloaddition and variants
t hereof .” The azi dé-al'kKyne Hui sgen cycloaddition is a 1, 3-di pol ar
cycl oaddition between an azide and a termnal or internal 3 alkyne
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cﬁ@mistry tailored to generate substances quickly and
15 reliably by joining small units together. Generally, click
chemistry encourages reactions that have modular
applications that are wide in scope, that have a high
chemical yield, that generate inoffensive by-products, that
are stereospecific, that require simple reaction conditions,
20 that use readily available starting materials and reagents,
that are solvent free or use benign solvents such as water,
that lead to easy product isolation by crystallisation or
distillation but not preparative chromatography, that have a
large thermodynamic driving force to favour a reaction with
25 a single reaction product, and that have a high atom
economy. While certain of the general criteria can be
subjective in nature, and not all criteria need to be met,
several reactions are generally recognised as “click
chemistry” reactions. Examples of such include the Huisgen

30 1,3-dipolar cycloaddition and variants thereof.

The azide-alkyne Huisgen cycloaddition is a 1,3-dipolar

cycloaddition between an azide and a terminal or internal



(r)rv-nt o F In the reaction above the azide reacts with the al kyne
to 5 afford the triazole as a m xture of 1,4-adduct and 1,5- adduct.
A notabl e variant of the Hujsgen 1, 3-dipolar. cycloaddition is the
copper ( Ia}el]é\ér%%f%/%e%l‘(/%r% a]rrtui,’ ?ﬁntﬁ\ﬁzc%%r gani ¢ dZidfest Oarfdft €15 nal

al kynes @atanpini te4 tos afdorslsd, 4-regi oi somers 10 of 1,2, 3-triazoles
as sole products. The reaction can be perforned using comerci al
sources of copper(l), such as cuprous brom de or iodide, or with

ot her copper sources such as a mxture of copper(ll) (e.qg.,.
copper(ll) sulfate) and a reduci gent (e.g. sodi um adedrhate) to

produce Cu il 15Z8itu. As d unstable in aque&%sjﬁol :
st abi | i si i gafids, SuckEMSVLri enzyltrigzol y tb(.ﬂ) ani

(TBTA), be used. The reaction can be carri e a vari

of solvents, exanples of which include m xtures of=—water wth a
variety of mscible or partially mscible organic 20 sol vents such as

al cohol s, DMSO, DWF, tBuCOH and acetone. In one enbodi nent of the
above reactions, the termnal _.al kyne, can be protected with a
trimethy s#kfylfeparo et | nrubovegrto}hep,a}/%%ﬁl? o@%aac%id“stﬁbstglﬁjearﬁkyne to

depr di ecdifordfites 4ihienzdlsdiala neactiansoare, comiate.a2p Sidd ceous
nmesocel lul ar foam Siliceous MCF m croparticles serve as an excel | ent
support aqfterial,, and click cheni st ry provides a highly reliable and
a wdely applicable tool for the grafting of catalytic conplexes.

Siliceous dmsocel |\l afafoam (MP)HG sqdas) beep found 5&1%(%}%6’1%#

useful support material for heterogenised catalysts."’
physi callandh< hesvrsal (Fobustakessedfvataral | ow tWhischrateydral ¢ tae e s

easily Wltee%npngam aé[llzyneesl aablper a&r?:{yec?ncdo afford 1,4-regioisomers

10 of 1,2,3-triazoles as sole products. The reaction can be
performed using commercial sources of copper(I), such as
cuprous bromide or iodide, or with other copper sources such
as a mixture of copper(II) (e.g. copper(II) sulfate) and a
reducing agent (e.g. sodium ascorbate) to produce Cu(I) in

15 situ. As Cu(I) is unstable in aqueous solvents, stabilising
ligands, such as tris-(benzyltriazolylmethyl)amine (TBTA),
can be used. The reaction can be carried out in a variety
of solvents, examples of which include mixtures of water
with a variety of miscible or partially miscible organic

20 solvents such as alcohols, DMSO, DMF, tBuOH and acetone.

In one embodiment of the above reactions, the terminal
alkyne can be protected with a trimethyl silyl protecting
group, followed and subsequent deprotection after the

radical reactions are complete.

25 Siliceous mesocellular foam

Siliceous MCF microparticles serve as an excellent support

material, and click chemistry provides a highly reliable and



manuf acturing scales. These foans facilitate reactions involving
bul ky substrates without diffusion [imtations, and can be used to
host | ar t al ¢ conpl exe t hout 10 steric hindrance, [121
Hence, g ?% %d@éﬂié@%%ﬁg ?%Oﬁ géthge PEIbporOURL sFATRAY haterial as
a solid §@@pp@iegn conbination wth click chem stry to devel op nove
het er ogeni zed catalysts. [13,14) Siliceous nesocellul ar foans can be
prepared according to 15 known nethods, such as those taught in
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pore Sizehéeplgystebl aRd @D@ﬁlsazeiobﬁyt@@sQr@ﬂIMEFt@@ﬂo@b@Mis5n”1 or
greater than abfut 10nm It may be between about 5 and about 100nm or

bet ween BBoTf %! ahd 89, €3SahY @@nd&%da%ﬂt@oat5@h%nba§@03t?by 2 30

20 and 2 2 42 n
10 and 5%%%§f$%gu%%?% fffggﬁay %%é%%oﬁ?égs %%nggtﬂgg %5c§€9n%2 23,

24, 25, PBVORTin@ghulby S@HrsBBat48,widboub0dibbysbOn BopiTo;idwks, 80,

85, 90, or_100nm The_ ratio of the sjze of SO ores and t he
si ze of %ﬁd “W %m%sﬁ%yt%eh%%Ymgﬁﬁg%b%ﬁ% ﬁﬁtﬁcaﬁﬂm% OES 19 5-houTy

bet ween @b@uic 11@111d:aeﬁhdcé €7 Hinkagndi 6:ils Rivhrandicb® ko 3isk %Qll%nd
1.5:1, 5:1 and 3:1 or_8:1 and 4:1, and may be about 10:1, 9:1, 8:1,

/:1, 6:1Me%PROrguUs. 91ljcy matgrialzag a 90bid sgemowk. in. Gombinrthay
be sone @i@ﬁrciﬁékochghgs§f§etoOée@@foé‘H &@ L &ro Qgggépore si ze)
may be greater than 2nm greater t nm o greater than
about 1.Gmpalystsnhy 'BDe between about 2 and about 100nm or bet ween
about 2 and 50, 2 and 10, 5 and 50, 5 and 20, 10 and 20, 10 and 15,

10 and 1§il éeggg %géoégl?ggar foamsaggnlgé %Peggge Ogécggdlng to
15 known methods, such as those taught in international
publication No. WO/2006/135339, the contents of which are

incorporated herein by reference.

The foam may comprise cell-like mesopores connected by
windows of a smaller size. The mean pore size (e.g. cell

20 pore size) may be greater than about 5nm, 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 30, 50 and 100, 20
and 30, 20 and 25, 2 and 22, 24 and 42, 25 and 30, 27 and
30, 27 and 29, or 10 and 50nm. The pore size may be about 5,

25 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
ratio of the size of the mesopores and the size of 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

30 and 1.5:1, 5:1 and 3:1 or 8:1 and 4:1, and may be about
10:1, 9:1, 8:1, 7:1, 6:1, 5:1, 4.5:1, 4:1, 3.5:1, 3:1,
2.5:1, 2:1 or 1.5:1, or may be some other ratio. The size

of the windows (i.e. window pore size) may be greater than

5



5 and 100 or 10 and 50nm The wi ndow size may be about 2, 3, 4, 5,
10, 11, 12, 13, 14, 1.5, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50,
55, 60 6 75 80 85 0, 95 or 100nm . The particles ma have a
distri bua?ri3 an o) fferent” grhddbvé;m%i 7&s IHFE- i f‘%fg%rﬁ PR & Zids

may be beiwesn kaémmerz anshid @ 100nmodut ongnarhodigmnteed fb@bd{&a@ pore
size is between 24 and 42nm and the wi ndows connecting the pores

have a fAndter? fatin P t o 22 S0rhed p?arrd i 29 esl bfaredifl arl Greaped 5,

solid f v par f. betwee

about Zﬁ%n? ell% %?@l?e% V\gleELI:’l ag{L 2 anog acgoluf #%{a gg}’Sé’Oa
and 50, ancanbomo;r 1 Grechd 0§ Orim anth e, wﬂncand 2,z rﬁ},ddh@,ab%@;gct,lgg,,lg
and 8, d 7 6, 5 and 20, 10 and 20, and 10 or an

i crons, ’an rr]a%/' ﬁ]aj\/' djg meatr patticle dianeterl®f abow0:1,252,30%, 4,
5 6, 7.38, &, 125, 1 44, 71{5 A6, ey, 48, RP ¥ 20,1 @py 30,

35, 40, 45 or 50 mcrons or may ‘be 1'ess " than 1 'micrion or greater
t han 50 T rioast 1 cfws peat vl es @fdl%@lwﬁmmmydm%ma{mw

particle size distrif %Jgéro or . the psgirztel[ glssakf HDB% \éﬁﬁa%%pstrl bzutl on

of different pore siZes. ere ma

par til e]sOO‘ratw ngir25oree pandd g rsi ze;mrneeamajbrlé)%loué fiey et fdeamoy
(greater a or less than) the nean particle size, or there may be
| ess ‘gzdﬂ‘ﬂ e vgideys omnedy ings the T SYwisieart i cl es

havi ng ay Pafdd & eflsdn;eg npcgezgr{han 10% di fferent fromthe nean
particle size, and may be about 1, 2, 3,4, 5, 10, 15, 20, 30 25, 30,

35, 40, 45 or 50% of particles haV| ng a partlcle size nore than 10%
di f f er erdfne rea el ereant plaﬁ’qulcdle Sigeed S'ﬁﬂelcpamam:hw ey ehav eneserpor e

volue SlyELGEn gD, 5, AN AP 5,8 o B P EUL 0.5
and 13 2nanek:3jedh Jak531ﬁﬂ@ 2nd. c‘ﬁ)cﬁ.ﬁd 5’10,7,262 and 52),5,102.&@@,2.24 &d 2
and 2. 4.0, 1 and 10, 1 and 5, 1 and 2, 2 and 20, 2 and 10, 3 and 8,
4 and 7, 4 and 6, 5 and 20, 10 and 20, 2 and 10 or 5 and 10
microns, and may have a mean particle diameter of about 1,
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
20 19- 20, 25, 30, 35, 40, 45 or 50 microns, or may be less
than 1 micron or greater than 50 microns. The particles of
solid foam may have a narrow particle size distribution or
the particles may have a distribution of different pore
sizes. There may be less than about 50% of particles having
25 a particle size more than 10% different from (greater than
or less than) the mean particle 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,
30 25, 30, 35, 40, 45 or 50% of particles having a particle

size more than 10% different from the mean particle size.

The particles may have a pore volume of between about 0.5
and about 5 cnﬁ/g, or between about 0.5 and 4, 0.5 and 3, 0.5

and 2, 1 and 5, 2 and 5, 3 and 5, 1 and 3, 1 and 2, 2 and 3,
6



and may have a pore volune about 0.5, 0.6, 0.7, 0.8, 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,
2.6, 2.7 8, 2,9, 3, 3. 4, 4,5 or San/ 5 or nore than about
ScnB/ g. %hg ﬁ%?t?cl%sSnﬁ?ggﬁv% a’ sPRei fi & gu?f%%% artaCbf2 betdeent

about 10Qnanda abeute 10099RL gy o Olime DELYEEN aOUY 400, and 500, %09 and
200, 200 and 1000, 500 ~and 1000, 200 and 800, 200 and 500, 500 ‘and

800, 500lahd 1780,1580 and, 6005, 5506anﬁ 600} . 5501 and 5,707 . BOOZ ahd

800, 650,10 and,75 nd 730 Mg 71 / n y_hayve a
specific sgfface agea 02 gboutglog; g Sl20%) gSgﬁ %OO g %bd%
450, 5000r 5801 e 520an 53009405 cH50; . 5@&9§§@%15¥g% 130,52 R0Q, 4%%@ 1620,
630, 640, 650, 660, 670, 680, 690, 700, 710, 720, 730, 750 750,

800, 850°UBDACO5BTER AD0PSHEPY) dpowhyl A8 wadealowpetddin’ /SJJrfOerce
area of E@éﬁeéﬂagbél\?‘ff’uioéoé’ Qrsogre S’V%Maﬁ‘o@boé'éolgg f&ﬁ@

foam may conprise silica al Uni nosiTicate or sf I7¢ca op ed\Mt
met al suehdas0@d un2 G uamdt 8 M0 pr20@asnd Theo f 0200  amy &@@pr$@@ and

neso oro si ica. 20 e ticle f id foam may be spherlca
or tﬁey %bg %gﬁerggﬁa%%d é%@h gg&o@%@d57%llg%%o@%d Ui c050
r honboi d@-lhd pf)@srrat@can@rvp@r@U@@@pamdv(@%%rafmicﬁ mdyf %%9% ar
paral | el epi ped). The particles may be hydro ic or they

hydr ophobPeCifict peyfage @Beﬁy@fo®h@%t010©he¥5ﬁay2%@ve2@@ky30@ro&@@,
(for exapphe Ky |y ro ) a ps xa

arylsily?@%roﬂggj %ﬁbthg}g s%??acgéo %% §§g SééUp% n§é§bn%$§;e
C] to Q@O@tr@l@hwmm 630f mranc@@@i abky) eroppsso, feyoexanp) e710,

|, | d |. 30 Th lsily
or oups’ Mg Lot st b or hanite: phatyi S0 D¥Gi 9T b bupe/ e may
part1§|e§a$é §0£chIP§@1@@yfgégearéé'H?tb¥é§'{ﬂ£n959§@§ Photheir

surfaces
greater than about 1000 m?/g.

The foam may comprise silica, aluminosilicate or silica
doped with a metal such as aluminium, tin or lead. The foam

may comprise mesoporous silica.

20 The particles of solid foam may be spherical, or they may be
some other shape, such as ovoid, ellipsoid, cubic,
rhomboidal, prismatic, or parallelepiped (for example
rectangular parallelepiped). The particles may be
hydrophilic or they may be hydrophobic. If they are

25 hydrophobic, they may have alkyl groups (for example
alkylsilyl groups) or aryl groups (for example from
arylsilyl groups) on their surfaces. The alkyl groups may
comprise C; to Cyp straight chain or branched alkyl groups,
for example methyl, ethyl, octyl, octadecyl or isopropyl.

30 The arylsilyl groups may comprise for example phenyl or
tolyl groups. The particles of solid foam may have

trimethylsilyl groups on their surfaces.



Met hod for obtaining heterogeni sed catal ysts The net hods of the
invention offer environnmentally friendly and often |less costly
synt hesi s options for chenlc | s_and -harnaceutlcals Furt her,
het er oger - i 2 ?d BHESeXhi bit excel | ent
activity and reusablllty, mnth tolerance to a range of substrates
and reacthomaedbas oﬂ’h@hémiﬂi\@@lx&tpént@@féﬁvmi%ﬁ@&m%sﬁﬁéﬂaly
obtain a variety of heterogenised catal ysts; both netal -base
catalyst%n?|O%teno¥%%ﬁdﬁ%¥%fY|%Y@bh%ﬁy%tggt%@nﬁrﬁﬁﬁrﬁh%ﬂl@%&%ﬂ@@%s
i.e. S) e n het er.ogeni sed cat al ysts
O e S
clicks ckhyantlserryetlao@ata;k}ysmltpr@zw:smmufmtmltay Iarg@nlg?&édrkgﬂfb@a,rs
or has been derjvatised to bear a chem cal group suitable 1 or
click ch‘?éh‘trn]%t’f?/%elf%nﬁ?%et%l?lﬁ%%‘&% VEFS URFar 6ot e EoAmh e tirdia.
i mmobi lised ligand with the nmetal species, optionally together with
further tThgand: ABEECHE eshe | hyanol ber cenbodi pBat .+ & WAy O variety
partially formed nmetal - conprising catal yst, which conprises a |igand
havi ng acPoheherPsarligedupasal Yabse b@thcm¢t&lCM@m¢@t¢@ta1$szﬁeﬁxe@
ont o I followed by furt ctions to
conpletegtﬁ%$%@§9%fl%g§ %@?%%Qt Xn%r??%JTet?%rn%%ap%%Eal bé%rlng
catalystorgageastedystén. a further enbodlnent a catal yst which does
not contain a netal atom 25 (also referred to herein as an

or ganoc st) can._be derjvatised such that_ it bears a cheni cal
grgup suf't % )?%POd%T?%? T BT L 2Rd Theh! T &F t e ont Bl Rheone or

si | i ceouso MoFme t 1 0f€oREDOLE MBAL KA LHE §§t@f¥§ﬁlr@{; @iaél’x%k precursor
can be grafted to the siliceous MCF by way of lin nnlety For
30 exarrp@@em}cﬁ'ef}ﬂ nke@an@léf@‘y RarChearr apual k@znea gt bupn@r (Eme aZbeker s
group, C eact_wth the, siliceous The
Fi nker 2%%”% %%gr%%% ed m‘%% fﬁ gear a chemlcal group SUltgg%;

15 for Clle chemistry) to the siliceous MCF, and to then

combine the immobilised ligand with the metal species,
optionally together with further ligand molecules. 1In
another embodiment, a fully or partially formed metal-
comprising catalyst, which comprises a ligand having a

20 chemical group suitable for click chemistry, is grafted onto
the siliceous MCF (optionally followed by further reactions
to complete the catalyst species if a partially formed
metal-bearing catalyst is grafted). 1In a further
embodiment, a catalyst which does not contain a metal atom

25 (also referred to herein as an organocatalyst) can be
derivatised such that it bears a chemical group suitable for

click chemistry, and then grafted onto the siliceous MCF.

In one embodiment, the catalyst or catalyst precursor can be

grafted to the siliceous MCF by way of a linker moiety. For
30 example, the linker moiety can bear an alkyne group or an

azide group, along with a group that can react with the

siliceous MCF. The linker can then be reacted with the



8 catal yst or catalyst precursor (which will bear an alkyne group or
an azide group, as appropriate) by way of a 1,3- dipolar

cycl oaddi. t ] i r i redi at e, . ich internedi ate
cyel oaddLii onyLesctl On LR, Loron an, o er Vel ot oy, Wil ghe 0t oL ec et
noi ety canole ceagt edztdetheous) | iceapsrdMFidoef asynady i dit ex nediat e,
which in ern?dlate S then reacted with the catal yst or catal yst
precur soP By WaySY o 2091 LR phPart £ | badbP T ofn r Bake Ferd iae

Exanp!esw@ic§Uiﬁ@@£@e&i£$@riQD%ﬁéﬁe§eé8€éﬁdﬁiﬁp'@ﬁ@'§ﬁ1£$@%usQQﬂPFiSe
an azide or an alkyne group, together with a group that can react
with ?herbi¢ieebise MOF. tiExahphlesr gfio seich cagm oupsreact ardlet d ritad koxy

ilyl S, e.g. i met hox silyl. In one enmbodinment, the |inker
i ot yggsglﬁpjﬁ%%%ugh%& it oraaT @3@@%@@%’ Hiheriei ST paH -
or - CoH4theAnyed yped Qﬁi@l@tﬁﬂlé’séa@@gy% ssedat i v he presentot r}é/%ﬂ&ayn,

as long as it_conprises or can be derivatised to conprise a

cheni cal Ofrdup 3URiRd} & f oY C kP %l ehemi 522§t i®Xxanpl es of suitable

types of catalysts include ring-closing netathesis catalysts, _

cycl opropanation catal ysts, and organocatal ysts such as am no aci ds.

Specific exanples of suitable catalysts for use with the nethods of

the invention are 25 provided bel ow. EXAMPLES The foll ow ng

exanpl esExgeo peovefesuivahl ¢ ubinkee mheetiavemebmde Inolgdhldme that
cific details given in each exanple

understo however, that the s

have beé%gg% ected 30° %? %ﬂr%%s%f%¥n?I?ﬁ%??ai??ékEﬁ%FaY%t ot 9%°

construethas camniéidg &heh sewppes D i tdeus nvent i onxafenes abt ysudhe 9
groups include trialkoxy silyl groups, e.g. trimethoxy
silyl. 1In one embodiment, the linker moiety can have the

15 formula
N3—-X—Si(OMe)3
wherein X is "CHzCHz— or ~CgHg—.

Any type of catalyst can be used in the present invention,
as long as it comprises or can be derivatised to comprise a
20 chemical group suitable for click chemistry. Examples of
suitable types of catalysts include ring-closing metathesis
catalysts, cyclopropanation catalysts, and organocatalysts
such as amino acids. Specific examples of suitable
catalysts for use with the methods of the invention are

25 provided below.

EXAMPLES

The following examples are provided to illustrate the

invention. It will be understood, however, that the

specific details given in each example have been selected
30 for purpose of illustration and are not to be construed as

limiting the scope of the invention. Generally, the
9



experinments were conducted under simlar conditions unless noted.
Exanple 1: Ring-Cd osing Metathesis Ring-closing netathesis (RCM has
pl ayed a key role in the 5(9eneration of various cyclic notifs. [15]
However , SHe’ T BHA Trateitt | CH T nidefs t ¥y HasS Hot L et C i Helt Y01t i 4 % RCM
in |largess€al e manufacturing due largely to the high cost of the
rut heni um cont ai ni ng conpounds, and the significant netal |eaching
probl em_For exanpl e, Rutheniumresidue 10 | evels nust be |l ess than 5
ppm and Exampkin ¥ orRrat Chewing Metathesksig products, according to

t he gui delines of European Agency for the Eval uation of Medicinal

Product sj: .. a r S ve.reported on th

i nmobi | ?Eglar% oér?i(%)%]lq{tiﬂgn I rs?%gfasﬁd(}gég%gnkg%% n%?\é?clj oan%}ﬁblb%le 15" Tthe
cat al ystgemar vardroust swgpost s, §17]i¢ hesel het erogenivaed r,catal yst s
suffer from shortcorr(i%ﬁgs Such as low activity due to _. _

di f f usi O ETHTBY 1 SBue IV EHE P AP Wi ¥§T upbie Heusel 11286 RCM in

requi reneptgd ofc £ g ther, purd f4 | Qe légr%é.'?y p‘{@p@f{@tﬂﬂﬂ) Aost of
i nobi | i zed rut henium catal ysts for RCM 20 1s depicted in Scheme 1.
10 Schenghq OHRBpargydnNinhonddedmnds, 3nd e /siYrif kG003, DV

N - a5 ) e 5] ol T 00K 3 ) DS 8O 1 / 3

TMBQ 0 Si (M) S hidstVE®e Qess than 5 ppm and 0.5 ppm for oral and
parental drug products, according to the guidelines of
European Agency for the Evaluation of Medicinal Products!!®!.
Although many research groups have reported on the
immobilization of the first- and second-generation Grubbs’

15 catalysts on various supports, [t

these heterogenized
catalysts suffer from shortcomings such as low activity due
to diffusion-related issues, reduced activity upon reuse,

and requirement for further purification.!'®

The preparation of immobilized ruthenium catalysts for RCM

20 1is depicted in Scheme 1.

10



0""L,~N~X.SI0O TMSO O 6a X=-CH,CH 6b X=-CHait ~~\ TM50, 50 N

NNNI\/E ODC bCM50C ,N~ ,5( C,, RU O--- XO d' TMSO 0 7a X=
é‘ C,H Al kyne 2 was readily prepared fromthe known

phenol 1?e§1 y 5 propargylation under mld conditions. Treatnent of

2 wWth r@shl yafr epared fromt correspondi ng br m’ des 5-siquo),
produced %ﬁ/@?l azehes 4al bA 8~pr esgneg of

Hoveyda- Gubbs tdemsmoth'wO partl ally
trimet hyIsJN (iocprecap d MCE at 1 n i%eol uenea ke-gareayi de
the i mobili zéd | i gands 6a/b whose structure ;e cgntf Xrret- by

hot oacoustic Fourier-tr ed (PA-FT1IR) a

(F:)ross pol ari zati on magi c |[angle spieantng ( CPMAS) 13C BL&FM%?S;‘ﬁﬁﬁrf&‘ﬁc
resonance (NVR) spectra.| l>JRe green powders were i ated by
treating the comercially| *aviillabl e gecond-gener ation Gr
catalyst and the functidnalizéd $®¥kbalb in refI uxigg MeQ o
di chl oronet hane (DCM in the presence of C cdq\l}mgy“ﬁ'e,x/sll .
followed by filtration and drying. The i nc,/or poffat 1 on of eni um
onto the 20 imobilized |igand 6a/b was acconptished i nCHg%od yi el ds.
11 Table 1 sunmarizes the | oading densitie f Ilgagck IdﬂH alb

TMSO 10, CuC
weN. MeQ o DCM, 50°C
N—\~/&
ml / 0

TMSO

O

/K 7a X =-CH,CH,

7b X =-CiH,-

Alkyne 2 was readily prepared from the known phenol 1!*® by

5 propargylation under mild conditions. Treatment of 2 with
3a/b freshly prepared from the corresponding bromides
produced the triazoles 4a/b in the presence of Cu(I) iodide.
The Hoveyda-Grubbs type ligands were smoothly grafted onto
partially trimethylsilyl (TMS)-precapped MCF at 100°C in

10 toluene to provide the immobilized ligands 6a/b, whose
structures were confirmed by photoacoustic Fourier-transform
infrared (PA-FTIR) and cross-polarization magic angle

spinning (CPMAS) *°C nuclear magnetic resonance (NMR)

Spectra.

15 The green powders were isolated by treating the commercially
available second-generation Grubbs catalyst and the
functionalized MCF 6a/b in refluxing dichloromethane (DCM)
in the presence of Cu(I) chloride, '**! followed by filtration
and drying. The incorporation of ruthenium onto the

20 immobilized ligand 6a/b was accomplished in good yields.

11



and rutheniumin 7a/b, respectively. Table 1 Entry Catal yst Ligand in
6"J Ruin7 Ru/ligand (mmol/g) (nnnol/g) ratio | 7a 0.19 0.16 0.9

2 7b 0.1 6 a.Dete 'nd el enental analysis These
nunber s go}g%% e Lérggg Fy22ént ol ?%%Q%Wtﬁ%n?éﬁ%s o?]k fljag%mg C%hﬁbs
cat al ystandheubeter agenhzed/but heghostigal al ysts 7a/b exhi bited good
activity and recyclability, and were stored for nore than several

nont hs without activity loss. (201 10 The activity of heterogenized
cat al ystgal‘flﬁllb was tested for RCM by using diet hyI di al Iyl mal onate 8

as the benchmark — suUDSTTELE,q LT UG y and conpletely
t ransf or rigdryi nt (‘.Catéti}a\%tcyczf %]? d pr ole(?1 i@?ﬂ thin h by wusing 5 nol %
of 7a/b in DCM at anbi en e erat hodf' (l5 form ng noticeabl e

si de-products, & indicaLed by Nl\/Ro,lﬁpectroqp@py (Table 2). Table 2
Et OZC COzEt Et O2p COZEt (. nol % cap.j¢6 DCM.£5C 20 8 (c = 0.05M 9

Entry Catabyst r&ORYET S 081 {nn i1 02251 9sP<50 M 0-757h 1.00 h 1.25 h
1.50 h 1 7a 059 86 97 99 100 - 2 7b 4478889799100 3 10 0 84

98 99 100 Determ ned by gas chromatography (GC). 12 The i mobili sed
cat al ystEhgagbnprioved teube bessastivcientrolled by the ratio of

4a/b and Grubbs catalyst. The heterogenized ruthenium

catalysts 7a/b exhibited good activity and recyclability,
and were stored for more than several months without

activity loss. 2%

10 The activity of heterogenized catalysts 7a/b was tested for
RCM by using diethyl diallylmalonate 8 as the benchmark
substrate. The diene 8 was smoothly and completely
transformed into the cyclised product 9 within 1.5 h by
using 5 mol% of 7a/b in DCM at ambient temperature without

15 forming noticeable side-products, as indicated by NMR

spectroscopy (Table 2).

Table 2
EtO,C CO,Et EtO,C CO,Et
5 mol% cat.
————e e O
y N DCHM,ZSOC
50 8 (c = 0.05M) 9

Conversion (%)™
Oh 0.25h 050h 075h 1.00h 125h 1.50h

Entry  Catalyst

1 7a 0 59 86 97 99 100 —
2 7b 0 44 78 88 97 99 100
3 10 0 84 98 99 100 — —

[a

ek

Determined by gas chromatography (GC).

12



than the comercially avail abl e second-generati on Hoveyda- G ubbs
catal yst (10). However, the reaction rate could be enhanced by
tuning t i nker iety in 7a/lb. Jhe nore 5 flexible prop Ilnker
led to fa ?efmg%l%g?i?%n?aﬁﬁﬁ’%% hg ?W%OY?%IEPKJ%%ZWS%O iRt
exhi bi t eehshovee comversi oy JPeseadiLfeLences;yes £, 008, Sh 1%{
however. Excellent recycl abIYI ty of 7a/b was denonstrated in

parti cul @Fvpbat cana&yevat &) terﬁﬁ)@wa‘t’ﬂre s ocdatietomi tdt¢ heoulld be

reduced I RC QO2EL, Et 02 nol % cat .

DCM ZSC&Zﬁ%&&&?O}S%% 1‘?‘%} %t FarysTotondi t onsigon\sl% YSiBH S n each
run (99 [bleRiinld Ratipdl RumEeRune&’ Runfddted donvdsidhpd vh Ok 96,94
91 91 2 25C, 15h9996948969 37b50C05h100989893914
25C, 1.5"AT 900185792 8BY 78°A BN THERRL F e 31 6o ret et vl e ol Tur
previ ous I bﬁﬁ? i le 2:

Pr epar at?%§§%f&%%%ﬂé{%%%\%e%&% A Sc 12(5#? r\lfxélas }g a%%%pwth phenol 1
(10.0 mmol ), propargyi bromde (12.0 mml) pot assi um car bonat e
(12.0 2@X¢mble)mtah@cyx¢1@fdlbm;y(@© Mjbmerdanqmtratmdraacram 3

m xt ure [ at . 60C f h on conplete conversio

by thin ﬁeﬁc%r%ﬁ%t ogr aphyP?ﬁ% e?%%ﬁ??l%ﬁs%ﬁﬁ?% vl c‘b}bél“ ed
t o room tenpesat veecaneh di 1 ik ed vmth ethyl acetate (100 m ), washed
with water (2 x 50 m) 25 and brine (50 m) successively. The organic
| ayer was dried over magnesium sul fate, and concentrated under

r educed
Table 3
EtO,C CO,Et Et0,C CO,Et
5 mol% cat.
B .=
DCM, 25°C
% 8 N\ (c = 0.05M) 9

Conversion in each run (%)"
Runl Run3 Run5 Run7 Runl0

Entry Catalyst Conditions

1 7a 50°C,0.5h 99 96 94 91 91
2 25°C,1.5h 99 96 94 89 69
3 7b 50°C,0.5h 100 98 98 93 91
4 25°C,1.5h 100 95 94 38 78

15 These results correlated well to our previous results with

the carbamate linkers. !''®!

Example 2: Preparation of RCM Ligand 2

A Schlenk flask was charged with phenol 1 (10.0 mmol),
propargyl bromide (12.0 mmol), potassium carbonate (12.0

20 mmol), and dried DMF (20 ml) under argon. The reaction
mixture was stirred at 60°C for 12 h. Upon complete
conversion of 1 by thin layer chromatography (TLC), the
resulting mixture was cooled to room temperature and diluted
with ethyl acetate (100 ml), washed with water (2 x 50 ml)

25 and brine (50 ml) successively. The organic layer was dried

over magnesium sulfate, and concentrated under reduced

13



13 pressure. A flash colum chromat ography (hexane:ethyl acetate =
4:1) gave alkyne 2 (8.20 mml) as a colourless oil. "H NWR (400 Mz,
CDC13): 6.1.33 (d, 6H..J = 6.0 Hz), 2.54 1H J = 1.8 Hz), 4.42
(septet, pji?—issﬁré Zgﬁi}?ShSCﬁ?%I‘?n(‘ahr%Wt%émﬁh% Fpgxame vgtiigl, 1H, J

= 11.2, declthid. = b: 72 {&de ét%é e—21?86201m@o{§)a56 2 890 (DSr12H])
7.05 (dd, 1H, J = 17.6, 11.2 Hz), 7.13 (bs 3C-NVR (100 Mz,

CDC13): 6i22. ]ZH -8R 5(40M2.MHz,7%:041478. 8, 1122. 7d, 144, 4,7 4£15.2,Hz1]16. 5
129.2, 131 g 150, 1, 151.8. 10 Exanple 3: Preparation of RCM
Catal yst$- 74 &hd 7B & Fck: Endai st?y‘l?eé%?ﬁ’%%tA Bthlénk ¢1@skz was

char ged k 2 0 0 i hoxysi l;ane (
Cu(l )ggi o%:lv:' gz 5 ?lr%ﬁﬁ , A ? Elg\lnﬁl?! 2?“ ?S%grg%?/i e%(%yl Lz;m n%alg(%)'l I?’JE%) I?%IP

mol ) i n>STHE (@dZLSllﬁd)J ?hé”/résultin@zm x6u8é Was, Sty r ed. @% aandm ent

t enper at ure for e e vol a e

conpl et e#jﬁ rermviéﬁ E]hdg? %e@ﬁ&ad p?’gsgﬂ?e {[ o] vgmﬁ[g Q@ﬁ I'a tze 4a as
a col our ol g i quantd t ati ve vicel,d, i C u for

next steggg\ﬁ hou6t 2?ur@t h?} 25|C5 glflr :{Lfl ?aSt |4on78YwI§- N%?zOO%%,4'&?S) "
6 0.61-0165.6m 128) 2, 1132.6d,130=16. 05Hz8.6H), 2.04 (quintet, 2H, J =
76Hz) 3.57 (s, 9H), 4.37 (t, j = 7.6 Hz, 2H), 4.40 (septet, |J =

(o, i 25baefs"d: (Rrabagseiofoer Han Cupdigety TanndeiBly 717 6

11.2 Hz), 7.14 (d, 1H, J = 2.4 Hz), 7.62 (s, 1H). '3C NWR (100 MHz,
CDC13) :C6ibk2¢chaRi2tr24rBacb@od, 52.5, 62.7, 72.1, 112.5, 114.4,
114.9, 116.7, 122.6, 129.3, 131.6, 144.3, 149.8, 152.5. M5 (FAB)

M N S R T € R I S0 o
gave 4b. . | Fh MR (4091 M2, 30386 frno1), cu(T) iodide (5 pmol), and
N,N’-diisopropylethylamine (DIPEA) (1.00 mmol) in THF (5
15 ml). The resulting mixture was stirred at ambient
temperature for 12 h under argon. The volatile components
were completely removed under reduced pressure to give the
triazole 4a as a colourless oil in a quantitative yield,

which was used for the next step without further

20 purification. 1H-NMR (400 MHz, CDCls): & 0.61-0.65 (m, 2H),
1.32 (d, J= 6.0 Hz, 6H), 2.04 (quintet, 2H, J = 7.6 Hz),
3.57 (s, 9H), 4.37 (t, J= 7.6 Hz, 2H), 4.40 (septet, J =
6.0 Hz, 1H), 5.20 (s, 2H), 5.25 (dd, 1H, J = 11.2, 1.2 Hz),
5.72 (dd, 1H, J = 17.6, 1.2 Hz), 6.85 (bs, 2H), 7.04 (dd,

25 1H, J=17.6, 11.2 Hz), 7.14 (d, 1H, J = 2.4 Hz), 7.62 (s,
1H). C-NMR (100 MHz, CDCls): & 6.2, 22.2, 24.0, 50.7, 52.5,
2.7, 72.1, 112.5, 114.4, 114.9, 1l16.7, 122.6, 129.3, 131.6,
144.3, 149.8, 152.5. MS (FAB): m/z (%) 422 (100) [M'+H], 453
(10), 268 (14).

30 The general procedure for click chemistry using 2 (0.50

mmol) and 3b (0.50 mmol) gave 4b. ‘'H-NMR (400 MHz, CDCls): &

1.32 (d, J= 6.0 Hz, 6H), 3.63 (s, 9H), 4.40 (septet, J =
14



1.32 (d, J 6.0 Hz, 6H), 3.63 (s, 9H), 4.40 (septet, | = 14 6.0 Hz,
1H, 5.18 (s, 2H), 525(dd 1H J: 11.2, 1.2 ), 556(5 2H),
5.69 (dd 17. bs (dd 1

17.6, 11° &H% Yy 56(%% 2H>7 312 %dﬁ 'H,l_% 7‘47(
2H, 7.6 3¢ ZL§C-:NW (510@9'\44&@1 16.22.2,2 5% @4831 <k§5§
72.1, 112.6, 114.4, 114.9, 116. 6 122 6, 127 57159 5,°130 4 131. 6,
135.6, 136)8,7-Qa5(@d, 149, 97 4507 45, NSL (FAB) !, i 1 { 0)o#70LH)L00). 31

470, 2006 T 38 21 ound” 470 20087 10111 Fnd (§]a Fing A ORI EREOF ek
was char@ed Wit 5 bhe ;TMBpprecapped Mok 75 7(2210019;2 .69 0mal T g@/ 9).

and pl aced under vaculm for 24 h 'at 120C. Thé flask was pur ge
argon atlioom l%hp@ralb?e5,ahﬁ9charg@@ MathBHr@ed&i@J@ﬁnEBQAD m)

neat od {B1 o h B 0C > Upbn Aol NG 1574 boh & shier BT E, | Fekdrsgrite

was thor ough) y211 nsedl) by f@m:uenﬁmp@éw@w@é@lfor andy
each). The white solid was transferred to a Schlenk flask, and dried

under vatllnt o E@*ﬁiatf@W@d:ﬂi@ﬁ%%%3coollng down to room
tenperature, the flask was placed in liquid nitrogen bath for 10

m n,, and Hyg§ ( s added at -200C under vacuum The flask was
seal%%, %nd ?h%ﬁgt%pt at 80C for 5 h. The resulting solid was cool ed
to roomtenperature, washed thoroughly with DCM (100 m ), 25 and then
dri ed undefclhaeukint fask 2da$h @malg@@/@ Wh’@iimbﬂﬁﬁedecd@%ﬁm"l@% 31s a
white po 23.8, 27

e 113§ gﬁ % 3.64 1 7,
74.5. 1162000 199 iﬁmsl 19 4% B Taded ‘é“d@l%svazcuﬂ%ef%r 22 8%
EIenentaétaD@®?@ls ThOUNTDasIC, wa 9. dbrgdtl di 90, aMNyod. 87. rdoadi ng of
ligand: 0.19 nmmol/g. 30 The general procedure for ligand grafting
using 5 Y?m@@r@ture, and charged with dried toluene (40 mI) and

15 trimethoxysilane 4a (0.50 mmol). The resulting mixture was
heated for 24 h at 90°C. Upon cooling to room temperature,
the solid was thoroughly rinsed by toluene, DCM, methanol,
and DCM (50 ml each). The white solid was transferred to a
Schlenk flask, and dried under vacuum for 12 h at 80°C.

20 After cooling down to room temperature, the flask was placed
in liquid nitrogen bath for 10 min, and HMDS (1 ml) was
added at -200°C under vacuum. The flask was sealed, and
then kept at 80°C for 5 h. The resulting solid was cooled
to room temperature, washed thoroughly with DCM (100 ml),

25 and then dried under vacuum for 24 h to give the immobilised

ligand 6a as a white powder. 3¢ cpP-MAS NMR: & 3.64, 13.3,
23.8, 27.3, 54.5, 65.7, 74.5, 115.0, 119.5, 124.8, 132.9,

135.4, 147.8, 153.2, 156.5. Elemental analysis, found: C,
9.16; H, 1.90; N, 0.87. Loading of ligand: 0.19 mmol/g.

30 The general procedure for ligand grafting using 5 (2.00 g,
0.60 mmol TMS/g) and 4b (0.50 mmol) gave 6b. Elemental
analysis, found: C, 9.98; H, 1.85; N, 0.85. Loading of

ligand: 0.19 mmol/g.
15



0.60 nmmol TMS/g) and 4b (0.50 mmol) gave 6b. Elenental analysis,
found: C, 9.98; H 1.85; N, 0.85. Loading of ligand: 0.19 mol/g. 15
Rut heni %é_ﬁadli nl_ﬁ frA t wo- necked flask equipped with a reflux condenser
was charge Wi ?ag T 6a (2.00 g, 0.19 nmmol /g), second- generation
G ubbs' catal yst (0.38 mml), copper chloride 5 (0.38 mml), and

dried DGM {w28-1mdJkamndera s gofuigdhedl wieactd ore it Wehwasdeated for 5
h under reflux in argon. The reaction m xture gradually changed from

dark br oWt iEd deep? gresmd 42 ef? oI1Imd 119 ¢ AR ETHRUKE, the
fine poyder, was Nor oug, ' 100 en. 10
at nospher e, and dried unéderé vac%ér/ﬁ wo(%'h}24 C%lo) ’gié\};l pt%gd&lrlr?%%b% i sed
cat alyst (Fa3asueo gr eempoiwtierd EMNenedl abl) anadessissgdroundiheC, 12. 65;

H 2.15; N, 1.23. loading of ruthenium_0.16 muvl/g. The general
pr ocedure 45T FuiHeR thf %aa%i%%%f Bl (2.0 15 Y, LW 19" Ml I)

gave 7b.TH erental oangl yisiSe §oameh 1 chlshd¥d o -dsdik Mradrd %o
Loadi ng of ruthenium 0.16 nmmol/g. esting Catalytic Activity for
RCM Reaci§nsI s r 9w o blne o ai aimngt ernpmgretic sthe fiare in

argon at t .+ The vi.al S .C e i th 20 catal ysts
Ga'b (5 BoTS. aha B (2 i P B8 ) T bl e

i nj el ech i@ @hey | Nged Jheem:onvmzsixmsl Jurifl\leﬂ’cler bramirflc aredybye %he[a)fc}v[er
filtration through a short pad of silica gel by elution wt

Testi ng J(ﬁ?%?%ﬂs%sg%c%q%?t?tzﬁf%? RV RS ons Mt in a

simlar AFNGS | 85 desed i bed phaye, y Oy conplet iom of %Hirr'ﬁ%of he
reaction vial was centrifuged at 4000 rpmfor 3 mn. The supernatant
was charsaetieen sad: bYy. 1 GO/ conversi on. The vial was charged with
anot her

The general procedure for ruthenium loading using 6b (2.00
15 g, 0.19 mmol/g) gave 7b. Elemental analysis, found: C,
13.47; H, 2.13; N, 1.29. Loading of ruthenium: 0.16 mmol/g.

Testing Catalytic Activity for RCM

Reactions were run in a vial containing a magnetic stir bar

in argon at room temperature. The vial was charged with
20 catalysts 6a/b (5 umol) and DCM (2 ml). The substrate 8
(0.10 mmol) was injected via a syringe. The conversions

were monitored by GC after filtration through a short pad of
silica gel by elution with DCM.

Testing Catalyst Recyclability for RCM

25 Reactions were run in a similar manner as described above.
On completion of each run, the reaction vial was centrifuged
at 4000 rpm for 3 min. The supernatant was characterised by
GC for conversion. The vial was charged with another
aliquot of DCM, stirred for 1 min, and centrifuged again.

30 One more rinse was performed before the next run was

conducted with fresh substrate.
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aliquot of DCM stirred for 1 mn, and centrifuged again. 30 One
nore rinse was performed before the next run was conducted with

fresh sug§£ﬁ§ig.4;60§§ggﬁ%g 44 8£opropanation Chiral bisoxazolines

(BOX) have nonstra selectivity for various asymetric
catal ytic reactions. [211 However, the correspondi ng organonetal lic
cat al ystShsu&t epedobatodbiméow(BOXNoNetre nawhen st £dIEON higlachi eving the
high enantioselectivity. Thus, there has been a great deal of

i nt er est SEOSFhmBbHYi §87t heSeCBat aF YRTStbhcvar F okt supporsipnoo’ D 31
Cick chegsgistey Wage adoptedobrnih b bz b in
(azaBOX) onto MCF, %ot nere?y aé gn§g%%h%%§9aﬁgggo%%?%?%gé%w%ugﬁ%ﬁ?d
nol ecbl e§roput cdstarpeoevcotmbpers ¢Fafi i hy. adheeknownt e megi 11241

was readj ared. and, reacted with ropargyl brom de t j ve_t he
e e B SRR B B e st F it Pr SRSl Pk F SPESSh CTEE) ST Thi s
rel ativelytenstabte Lbmbbgandewasesamegt atebys"ehi ¢kedsymith 3a/b in

the presence of Fg@g) iodide to give the triazoles 13a/b in
quant i t afPRBOIGP el ds, wHoskE st iRtiatesy were asludticdhtied bywRRIFETIZR rend

CPVAS 13 NVR S . e 2 i )

P opar gyl hol > o bea de NR. 3 BroSheEn N Y TREEHE | RTL 1T

11- ~125C:Qubin DhPEAVN HndBa XoreChlz€hlz THE, 25CG 18boXse €] Hyor 11 12
grafting.

The known amine 11'*% was readily prepared and reacted with
propargyl bromide to give the alkyne 12, mediated by sodium
hydride in tetrahydrofuran (THF). This relatively unstable
15 1ligand was immediately “clicked” with 3a/b in the presence
of Cu(I) iodide to give the triazoles 13a/b in gquantitative
yields, whose structures were elucidated by PA-FTIR and

CPMAS *’C-NMR spectra (Scheme 2).

Scheme 2

r;gﬁ N\~N—~\X,SKOM9%
Propargy!

H
o-N_0 :
\lr]: ?\}/J bromide O\er\!r\O) 32 or 3b OTN Io
/ ——— ———e
{ NaH, THF N N / Cul. DIPEA /;TN N\? 13a X =-CH,CH,-
A

/v 25°C /r THF, 25°C 13p X = —CGH‘,-
i 12
TMSO 1) MCF (5), Toluene, 100°C
N MeO g 2) HMDS, 80°C
N= Wi
N~ .Sl
K‘%/ X" o
o N o TMSO
T
N N\2
/%T\ 14a X = -CH,CH,-
20 14b X = -CyH,-

The precursors 13a/b were smoothly grafted at an elevated
temperature in toluene onto TMS-precapped MCF (5). The
preparation of the MCF-supported azaBOX l4a/b was completed
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TVMBSO 1) MCF(5), Toluene, 100C /I1NoN Mo O 2) HWDS, 80C O N, XSl TMsO
YNN N N 14a X = -CHzCHz 20 14b X=-CsH, The precursors 13a/b were
snoot hl y ){g)rafted at.an el evat ed. terrperflt ure in toluene onto,

TNVG- pr ecapped® MFE(5Y9 The THPehatadi ohi o0t het MCE SOt t &4 W2 aBOX

14al b Maseﬁ&ﬁ@iﬁﬁﬁﬂiéilﬁyar@é)s_ﬁ@@@@j ngrltxblc%éﬁr@hﬂ@g silanol via
treatnment with exanet hyl di si | azane (HVDS) in vapor phase. Starting
from1ll, the overall yields of 14a/b were over 70% Introduction of

metal westatebhpl FsHedlby Bl o add 1yislds ot skdalrwe e THERT 705
. I'ng" ' t
e e  SB s L R

filtered, washed w or ou acu _
produce theflzoerespondi Tige Cefshon compl exebd4 ba/ )£t &y cd opr oprenatd:on
was performed_ over CEU% I%,co | exes, which 10 were generated in situ

by reduct ng’ Cutf 1§28 %%rsr‘??/\?t L1t e 299 net (PhNENHR)  ( Schene

3) Schemengdrdud®i Yo GO i eq 2,008 Y380k 14D Ao N7=d 2,0 Bt phNH
ph' COP + phll~ vEt 16 17 DCM 25C 18a 18b " In the formation of
cycl opr opahecaTardingxeel f ehtcomplexes (15a/b) .

Cyclopropanation was performed over Cu(I) complexes, which
10 were generated in situ by reducing Cu(II) complexes with

phenylhydrazine (PhNHNH,) (Scheme 3).

Scheme 3
1 mol% Cu(OTf),
2 moi% 14a or 14b

x P £\
+ N CO,Et —- K +
© ze PhNHNH, Ph™  TCOEt PR YCO,E

(o]
16 17 DCM, 25°C 18a 18b

In the formation of cyclopropane 17a/b, excellent
15 enantioselectivity and recyclability were achieved by

utilising our immobilised Cu-azaBOX complexes.

A more facile synthesis of 15a/b was examined by performing

grafting and complexation in one pot using a stoichiometric

amount of Cu(I). The immobilised azide 19a/b was readily
20 prepared by condensation of 3a/b and 5 in toluene, followed

by postcapping with TMS group (Scheme 4).

Scheme 4
TMSO
TMSO weN M o
‘ 1) MCF (5) N8
N~y SOMe)s - rotuene, 100°C MeO o 12 Hw x>
3 —_—_— P
N, - Sl ———— TMSO

2) HMDS, 80°C X0 Cul, DIPEA oN_0
3a X =-CH,CH, THE, 25% NN
3b x=—CGH24- ’ TMSO ’kN\ N\)
Cu % 15a X =-CH,CH,-
19a X =-CH,CH,- 2y
19b x:.Csl-2i4- ‘ 4% 18b X =-CgH,-
The complexes 15a/b were smoothly formed by reacting 12 and
25 19a/b in the presence of > 0.5 equivalent of Cu(I) iodide in
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15 enantioselectivity and recyclability were achieved by wutilising
our inmmobilised Cu-azaBOX conpl exes. A nore facile synthesis of 15a/b
was exam hed b erformn grafting and conpl exation in_one pot

usi ng an_@flﬁi c |0ﬁ%?‘flﬁ“& CSouhtn of Co{132° The" ¢ Tirobi ¥ s¥tf d24 del 19a/ b
was 1 eadip 20x fmrgpgrwff@m%ﬁafé@mpéa% b and, 2 d A1 4.0 H4enes

foll owed by postcapping with TMS group (Schenme 4).  Scheme 4 TMSCH

Si (Ove) A32RFBEBjeINBI ¢ NedeNesed N D@1 ot uehey 400G MR D=d2ive O
Na, ~ Si H\VDS, 80C X' ~ OCul, DIPEA O N O TMSO H,- THF, 2525-C
< 3a x:-éﬁ'%bt TMFEREIX = -C H~ N 19a X=- CHIOH Qu j~~ 15a
X=-CH,CHz 19b X=-C, H4 1 15b X=-COHa The conpl exes 15a/b were

snoot hl yEtanpbe by Peapitagid? #HdBORILiGaid in the presence of > 0.5
equi valent of Cu(l) iodide in 18 THE. A tandemreaction of triazole

e B LA Y ALY L s, e
enant | 0sghieck ¥ erofyekops apanat s %hﬁer(ﬁzaﬁpé@k nfrananation. of; BOX

Ligand 12 Amne 11 (10.0 mmol) in THF (10 M) was added s y at
ambi ent hedpedat (Fe. @ orao Behienk $hasknehar ged THE h(Zbdium  Hitdr i de

(220 MPLL. 281 8y SHERENSL 00 L o T T, {20, 1 o= NP5 109 M2 ure
10 cooled to ambient temperature prior to the addition of
propargyl bromide (13.0 mmol) in argon. The reaction
mixture was stirred for 12 h. On complete conversion of 1
by TLC, the resulting mixture was filtered through a short
pad of Celite™ and concentrated under reduced pressure. A
15 flash column chromatography (hexane:ethyl acetate = 4:1)
gave alkyne 12 (7.80 mmol). 'H-NMR (400 MHz, CDCls3): & 0.91
(s, 18H), 2.25 (t, J= 2.4 Hz, 1H), 3.84 (dd, J = 6.4, 9.2
Hz, 2H), 4.30 (dd, J = 6.4, 8.4 Hz, 2H), 4.38 (dd, J = 8.4,
9.2 Hz, 2H), 4.69 (d, J = 2.4 Hz, 2H). C-NMR (100 MHz,

20 CDCls): o6 24.5, 34.1, 39.9, 70.7, 71.5, 73.2, 79.4, 156.5.
Example 6: Preparation of the BOX Ligand 1l4a and 14b

The general procedure for click chemistry using 12 (0.80
mmol) and 3a (0.75 mmol) gave 13a. 'H-NMR (400 MHz, CDCls):
8 0.60~0.65 (m, 2H), 0.85 (s, 18H), 1.97-2.00 (m, 2H), 3.57

25 (s, 9H), 3.79-3.83 (m, 2H), 4.24 (t, J = 6.4 Hz, 2H), 4.28-
4.40 (m, 4H), 5.15 (bs, 2H), 7.63 (s, 1H). *C-NMR (100 MHz,
CDCls): 86.2, 24.0, 24.8, 25.5, 34.0, 50.6, 52.3, 70.2,
73.4, 122.9, 144.5, 157.0. MS (FAB): m/z (%) 511 (100)
[M*+H], 453 (10), 268 (14). HRMS (FAB) calculated for

30  Cz3H43NgOsSi: 511.3059 [M*+H], found 511.3047.
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10 cool ed to anbient tenperature prior to the addition of propargyl
bromde (13.0 nmmol) in argon. The reaction mxture was stirred for

the resultlng was
fi1tered Chr SGoh & SRorF="85d of CeFXEeT%w m%& 1f thasf
d d 150f v t y
ncetate Lai) gave ?;PKZ%Z*“T%@H@‘B Smal) %Iﬁﬁbm (o0 e Rt d) ®

6 0. 91 0s,/918Kl) , 18H25 @t63J s, 29a )Hz3.1H) (d8, 84 €dd, 8j 945 Hg 22%&
, 0 d, J_ 8 J =8
6‘f§ §8 iJZ ﬁu8'2ﬁuo %éc Kﬁgy(ioégmeégrzd'oo%1§) 9622478,
34 1, 53929) 70.74 73,52H73. B.499.(8s, 128y 5. 7. Exanul e 6= Brepasationgpf
t he BOX Li gand 14a and 14b The general procedure or click chenmstry
usi ng 12 (¢0. §0= Awdl Yzand' BaNMR 78 OfndiHz, gave11i8a. § 1 NVR 1409, N+E

CDC13 6 0 65 2 S 1,97-2.00 (m
G e e
gg]Z 24.0, 24, 8, 25.5, 34. 0, 50. 6 ’ gﬁé 73. 4, 144“%

157.0. MSLPEABYO8m(23{ 9 HBYS 4@6@) CFN&@L@tedSBO€10%H43685$14) HRVS

FAB) nca I f ¥ % 11.3059 [M +H], found
(511 %847599 §b$ﬁe geJrn@(r)al procedu %(%501? click chem stry using 12

(0.80 nmol) and 3b (0.75 mmol ) gave 13b. -H NMR (400 MHz, CDCl13): S
0.79 (s,TheHyengre3 PspcOhre3fd7? (ddand gr6£8in§. Astiy QH)2 54.20

dd J = 0, 9.2 Hz, 5 2H), 5.14 (s,
b 5. 48 Ehentofy Ts/8) and 38a 86,78, ndy Padvg il ts. 2 o ¥
1SC-NNR §400ydz, €DGAE) ¢, 692468, 2515993349, 2509, ﬁéa%é? % _
73.4, 122.9, 127.6, 130.2, 135.5 137.0, 145.0, 157.0 FAB) :
sn/z (a)l589n¢100)2f Memel /9306 (10), 268 (23) HRVE (FAB) cal cul ated
for C27H4A3N O6Si: 10 559.3059 [M++H], found 559. 3051.

15 The general procedure for ligand grafting using 5 (2.50 g,
0.80 mmol TMS /g) and 13b (0.75 mmol) gave 14b. Elemental
analysis, found: C, 10.29; H, 1.94; N, 1.70. Loading of
ligand: 0.21 mmol/g.

20  Procedure for Cyclopropanation

Cu(IIl) triflate (10 umol) was added to 1l4a (20 umol)
dispersed in THF. After stirring for 1 h, the suspension
was filtered, washed with THF, and then dried under vacuum
to give 15a. Dodecane (0.5 mmol) and phenylhydrazine (25 pnl

25 of a 5 % solution) were added to a suspension of 15a in DCM
(3 ml). After addition of styrene (1.5 mmol), ethyl
diazoacetate (1.0 mmol) in DCM (2 ml) was introduced
dropwise over 5 h using a syringe pump. The mixture was
stirred for an additional 2 h, and centrifuged. The

30 solution portion was collected, and the trans/cis ratio and

yield were determined by GC. The enantiomeric excess was

20



The general procedure for ligand grafting using 5 (2.50 g, 0.80 nmol
TMS/ g) and 13a (0 75 mol ) gave l4a. Elenental analysis found: C,
9.36; H,  1,99; 2. 00, Loadi ng of gand nnnl/?
gener al ﬁ?BEEﬂb?Edng @?g%ﬁﬁ”%r%f??h@a S hE 5C?%u®@ g, Th®. 80 Mol TMS
/g) andkﬁ§@c§91€§tgnﬁég Ha¥Eed4h; Kl 8 @@n¥§|ml?néﬁasﬁém7ﬁf%%§%d ' The

; N, 1.70. Loading of [Iigand
Procedur@am@rIEVEL@@rppaﬁa@uoﬁ @n@lr¢peaté@athr¢a0tnm¢$ mthadded to

14a (20 ynol IS n THE. Aft stirring_for
susp(ens%%w)’er g?é?235£m%§ﬁeﬁeﬂf?ﬁ FHES 5% f%%nt%?l%%xﬁnﬁ%?
vacuum to give 15a Dodecane (0.5 nmol) and phenyl hydrazine (25 p
25 of 5a Bx&mpbéult o0FgiRbECatdlediso a suspension of 15a in DCM (3
m). After addition of styrene (1.5 nmol ), ethyl diazoacetate (1.0

mol ) i n_DCM okntroduced dropwise over 5 h using a syringe

purrp Th8r ## % E?Ea §tsst| red Fort i addias sy 2 eangss

centrifu 3 0 dt /cis
Fati 0 and el v e et o rr e by SIS dhant Bhari o ized s
20 deter@iﬁ@db@ymﬁfﬁuse@@lhycwmeaaﬁéa Bheol vanal Thesepregiplyate was

hed 5 d i fuged, . Th : d
vas 1 opoat 8B EPeeoli hel CHRED FBEauer Bl cat BYST- wne FElsed direct |y

for the nexbbilnsabifxaspl e fetfX ganocat abysi $s©r gangcatgbyst s| 25j
are attractive as they offer |ess expensive and environnentally
beni gn pf%%%%%%%lyT%%%l%ﬁ?d BY s3NBROFBRG PRadf P9 hfehapied t hahlowed
met al - I anch

reuse. "’ gdmg?%gl%ﬁ%ﬁt%?%at?gnggkgg ﬁetgvégasgd$ca algg%gon
(gener al pyolathineyedndyranchoe s ngaaal psganégehé gantdof oby ometa 1

[26]

support
replenishment before reuse.

15 Amino acids and their derivatives represent an obvious

source of chiral organocatalysts.!®®!

Their availability and
different functionalities in the residues allow for a number

of applications in the field of supported catalysis.!?”

Recently, protonated phenylalanine-derived cyclic amines
20 have emerged as versatile organic catalysts.!?®
Imidazolidin-4-ones, originally proposed as organocatalysts
by MacMillan and co-workers, have found widespread use in a

number of processes.!??!

Their relevance led several groups
to develop soluble and insoluble supported catalysts to

25 promote the enantioselective Diels-Alder cycloaddition, 1,3-
dipolar cycloaddition, and Friedel-Crafts alkylation,

etc. [27,30]

The preparation of immobilized imidazolidin-4-ones is

illustrated in Scheme 5.

30
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by netal addition) is often plagued by netal |eaching problens, and
requires catal yst regeneration by netal replenishnment before reuse.
[261 15 Am no acids and their derivatives represent an obvi ous
source OYhemes, organocat al ysts.[251 Their availability and
different functionalities in the residues allow for a nunber of

applications in thesb¢el d of supported cat %I ysis.[ "' Recently, { _
pr ot onat ed, pheny! al &A@t der i ved a@@éfﬂ’i fles M2 have e{rngigé&t}r$
versatile organi c gabglysiwe [ 2840 daZblHPdi n?gj)’nesé//ob' al':if’z‘y
proposed as ?brganoc#ical Yts By MacM b an and co-worKers, haye Found
wi despread use in &"rtfffer of processes. [291 Their rel evance |ed
several groups to develop soluble and insoluble supported c\age lysts
to 25 pronote the enanti osel ecti Ve, Disﬁj s-A%der cycl oaddi ti onl, piije’ﬁwe

di pol ar cycl oaddi tion, and Fri edeboihahit & al kyl ation, etc. [2TF30]

The preparation of imobilized i mdazolidit-4-ones is illustrated in

Schene 5. 30 21 Scheme 5 1. 30C,0 0 Eo DCM He N Me
HO NM H 2. Prop argyl bromide EtOH / _Et 04 HO_ 20 KGJa BV
3. HC, dioxane 21 22 Feel 3 p-Tol oﬁ‘i“i?’\aci d P al’de yde\jV

Acetone, MeOH THE O O 2 24

Starting from tyrosine methyl ester hydrochloride (20), of

5 which free hydroxyl group would play a key part as a linkage
to MCF, the alkynes 23 and 24 were synthesized in good
yields by following the reported scheme (Scheme 5).[28a/31]
Phenylalanine served as an alternative source of immobilized
chiral imidazolidinones. A triple bond was successfully

10 introduced by condensation of 25 and propargylamine in
solvent-free conditions (Scheme 6).

Scheme 6

pTsOH

O
Acetone _///
MeOH N
HN7§
Propargylamine 27
L-Phe-OEtHCI —— — o NN —

2 O

25 HCI —/%
rr—e -
26 FeCl, [:::T/A;Ir)qw
Pivaldehyde X
THF

28

According to our previous synthetic methods, the alkynes

15 23/24/27/28 were further modified to append trimethoxysilane
group by “clicking” with 3a/b prior to the grafting onto
MCF. These heterogenized organocatalysts 29-32 in Figure 1
proved to be useful for several reactions, providing good

efficiency and selectivity as well as high recyclability.

20 Example 8: Preparation of Immobilised Organocatalysts 29-32
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1 0 HNAN OHN 23 24 Starting fromtyrosine nmethyl ester hydrochl oride
(20), of 5 which free hydroxyl group would play a key part as a

| i nkage t he es 2 wer e nt hesi zed i n good
yleldg byE$ Q%Faf%g Phe Bﬁ?tga gh%ﬁ%d(%%ﬁgﬁ%“%)usfﬁ%a P 34! ? 00g,
Phenylalanﬁoemﬁ@nveMsag a@nalée&m@&kvghéﬁyégﬁYOﬁrbaﬂP@'%f&&dkh&h'ra'
i m dazol i di nones. A triple bond was successfu 10 introduced by

condensa??BﬁeépoQ@l%ﬁdpb?%%éﬁ@9Fa%ﬁn@ﬂ@n3as©®vé®tmm®be eondl tdons
Sch Sc ce ) .
érgpgglgaylﬁg% neﬁggﬁeﬁté egxéiyf—it$ I-%ggg(lii 2%' ?—'éedkgl’ }\lll—‘% Bl vat d]e[hyde

THE 28 Accadidnagofocaualpsevi ouscsymbheyic nethods, the al kynes 1.5
23/ 24/ 27/ 28 were further nodified to append trinethoxysilane group

b I th, 3 /b raftln onto MCF. These
et er 0goh 3 o8 T bAhORSTEFYSLS 56% aoth il el g B 21 phoved % ol bedief u

for sevepaboreastioms, /proyvhdi 89-9004 -gificie Seteglimily as
wel | as high recyclabllggy 20 canp eC 8: Prepgfgf?%ﬁcof $ % i sed

C}ganoca@%¥§§§@ogglgg precursors 27 and 3a (0.50 mmol, each) gave
3la. Elemental analysis, found: C, 8.82; H, 1.91; N, 1.15.

10 Loading of catalyst: 0.16 mmol/g.

All publications, patents and patent applications cited in
this specification are herein incorporated by reference as
is each individual publication, patent or patent application
15> were specifically and individually indicated to be

incorporated by reference. The citation of any publication
is for its disclosure prior to the filing date and should
not be construed as an admission that the present invention
is not entitled to antedate such publication by virtue of

20 prior invention.

Although the foregoing invention has been
described in some detail by way of illustration and example
for purposes of clarity of understanding, it is readily

25 apparent to those of ordinary skill in the art in light of
the teachings of this invention that certain changes and
modifications may be made thereto without departing from the

spirit or scope of the appended claims.

It must be noted that as used in this
30 specification and the appended claims, the singular forms
"a", M"an", and "the" include plural reference unless the

context clearly dictates otherwise. Unless defined otherwise

23



22 The general procedure for ligand grafting using 5 (2.00g, 0.60
moi TMS/g) and a click chem stry product fromthe corresponding
pr ecur sor 0 mmol , each) gave 29a. Elenental analysis,

23
f ound: @fb %WC%S’@ NCIentyi e (e Pt ety stave. g same
nmoi / g. eral - éﬁﬂggggyrgh t 0g,
0. 60 rrrml 9ﬁ?g) and a click %ﬁ%ﬁ%%?%%%c%ﬁﬁ%%@eé 412 20%n
correspofrfd@ Myt prieeursorls 2vianth@an{ b oaiwigs each) gave 3la.
El emrental analysis, found: C, 8.82; H, 1.91; N, 1.15. 10 Loadi ng of
catalyst: 0.16 mmol/g. Al publications, patents and patent
applications cited in this specification are herein incorporated by
reference as is each individual publication, patent or patent
application 15 were specifically and individually indicated to be
i ncorporated by reference. The citation of any publication is for
its disclosure prior to the filing date and should not be construed
as an adm ssion that the present invention is not entitled to
ant edate such publication by virtue of 20 prior invention. Although
the foregoing invention has been described in sonme detail by way of
illustration and exanple for purposes of clarity of understanding,
it is readily 25 apparent to those of ordinary skill in the art in
light of the teachings of this invention that certain changes and
nodi fi cati ons may be nmade thereto without departing fromthe spirit
or scope of the appended clainms. It nust be noted that as used in
this 30 specification and the appended clains, the singular forns
"a", "an", and "the" include plural reference unless the context
clearly dictates otherw se. Unless defined otherw se 23
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15 5. A nmethod according to claim4, wherein the copper catalyst
conprises (a) a source of copper(l), such as cuprous brom de or
cuprous iodide, or (b) a source of copper(ll), such as copper(ll) 20
sul fate, and a reduci ng agent, such as sodi um ascorbate. 6. A nethod
according to any one of clainms 1 to 5, wherein the catal yst or

catal ystcpregyrsor is grafted to the siliceous MCF through a
1,2,3-triazole. 7. A nethod according to any one of clains 1 to 6, 25
wherein the catal yst or catalyst precursor is grafted to the

si | i ceous- MCF by méymgthadlfﬁkeprﬁﬁﬁétyg 8. haterthodiacdocdiagyso,

2l kyne. ' GV O0RL TR FFAkEH Gof ety 4P Bh S5 ALY oF oUPCHRACS b b

t hat Bancteakt ciethhst he, Stbl @eguslw%usamésécémugéaf tbag sceprried
out by reacting the catalyst or catalyst precursor to the linker

noiety by way of a 1, 3-dipolar cycloaddition reaction to form an
i nternedfate, which ?ﬁt@?ﬂeﬁ?%?édtggtE%nct%aﬁtéd Mﬁ?ﬁe%%eth§|llceous

MCF. 10 9rafcmRbhod aceordingatoighatmd, pubers %n athescat gl yat o
catal yst precurSor bears an al kyne group, t he 1i nker nnlety ears an

azi de greuplapddatgpoupeachacnean react with the siliceous MCF, and
15 the grafting is carried out by reacting the siliceous MCF to the

l'inker npiety to fgrg%g g%g&g@ Hﬁé FO |ch nternedlat¥h|s t?en

reacted with the cat precursof By
1, 3-tibpotlapotyel oadilbbdantion reaction is between an alkyne group

and an azide group.

4. A method according to claim 2 or 3, wherein the
1,3-dipolar cycloaddition is carried out in the presence of

a copper catalyst.

15 5. A method according to claim 4, wherein the copper

catalyst comprises

(a) a source of copper(I), such as cuprous bromide

or cuprous iodide, or

(b) a source of copper(II), such as copper(II)

20 sulfate, and a reducing agent, such as sodium ascorbate.

6. A method according to any one of claims 1 to 5,
wherein the catalyst or catalyst precursor is grafted to the

siliceous MCF through a 1,2,3-triazole.

7. A method according to any one of claims 1 to 6,
25 wherein the catalyst or catalyst precursor is grafted to the

siliceous MCF by way of a linker moiety.

8. A method according to claim 7, wherein
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reaction. 20 10. A nethod according to claim8 or 9, wherein the
group that can react with the siliceous MCF is a trial koxy silyl
group, such as a trknethox¥ silyl groug. 11. A nethod according to
any one of clainms 7'Fo°3631Y{RhePEi R2EREYPF nREECHBPRE yoRAESt A2 alkyne
forml a: g28ups- X-Si (OVe) 3 wherein X is -CH2CH2- or -CEH4-. 12. A
met hod according to claim?7, wherein 30 the catal yst or catal yst
precursor bears an azide group, the |linker noiety bears an al kyne
group and a groupthhatigharreacetw bhatrheasi hztdougrMIF, aadda 59t bep

grafting,is.c i t by, reacting.the ¢ | yst ,or catal yst
precursthgg ?%é F?%ggrwﬁ%Fe §Gb§lgé§eog? g&€:3éﬂ?polar cycl oaddi ti on
reaction to forman internediate, which internediate is then reacted
with bhe siliceoushdChral0iigd. iA sethoddasgergingesor chgi ohd,
wherein the catal yst or catal yst precursor bears an azide group, the
| i nker nﬁ?%‘fi;yBEa¥§ SAtatKyhePHrEUPSaRdta CHFotpKRELMEARATY REt WaW t h

the siligeous1MeEyi8pda 151889085 LEBY LSaERfbLed 08t hy feacting the
siliceous MCF to the linker noiety to forman internediate, which

i nt er mediaternsdinen, reattedintehmetigatat abyshenr regatatlyst tpr eoar sor
by way of . igegﬁgiﬂggar cycloaddition reaction. 20 14. A nethod
according to clfaimlI2 or 13, wherein the group that can react with
the siliceous MCF is a trial koxy silyl group.

10 9. A method according to claim 7, wherein

the catalyst or catalyst precursor bears an alkyne

group,

the linker moiety bears an azide group and a group

that can react with the siliceous MCF, and

15 the grafting is carried out by reacting the
siliceous MCF to the linker moiety to form an intermediate,
which intermediate is then reacted with the catalyst or

catalyst precursor by way of a 1,3-dipolar cycloaddition

reaction.

20 10. A method according to claim 8 or 9, wherein the
group that can react with the siliceous MCF is a trialkoxy

silyl group, such as a trimethoxy silyl group.

11. A method according to any one of claims 7 to 10,

wherein the linker moiety has the formula:
25 N3-X-S1i (OMe) 3
wherein X is —CH,CH;- or -CgH:-.

12. A method according to claim 7, wherein
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15. A nethod according to any one of clains 1 to 14, wherein the
catal yst precursor is a ligand suitable to form 25 an organonetallic
ri ng-cl osi ng netat@ éiéaggﬁalﬁst. 16t ? t hod accordLng to any one
of claims 1 to 11, ~ wherernYthe catalry ?gErBEGF§6FOFs §998r fatFveeof
a HoveydagroGpyubbs type |igand conprising an al kyne group or azide
group. 31 17. A nethod according to any one of clains 1 to 14,
wherein the catal yst precursor is a |igand suitable to form an
organometal | i ¢ cyclBpr opakati BR1&aYaPy3rs 2B. aAkreehedonecendi ag to
any one ghoghakmE:1ckA %éactSWT@ﬁr@h@.Eﬁ?i8@B?EYQ&Fprgﬁgrsor s a
derivative of a bisoxazoline conprising an alkyné §roup or azide
group. 19. A nethod according to any one of clains 1 to 11, wherein
the catalyst is anthfmi goaécidgorsamenoiadi dutdeyi vaktvengconpri sing
an al kyn [ or _an_azi de, group. 10 20. met hod according to any
one of cﬁ%?ﬁgggtt8rlf?%aaﬁﬁFePﬁeEH§S85tg?yﬁ?eiilﬁganpabiBViBaniyon
derivatiw€ acopprispBgaancabkynadgeoun 0E-ani8zi 8 gheHPan2l. A

met hod according to any one of claims 1 to 20, conprising a further
step of ¢BhYEFEPRGTENe"RAFRI yotcInepiatar s6r thonareachkgsvitR2tha

met hod ageordipgstQcel aim?21, wherein the catalyst precursor is a

| i gand, and the converting step conprises reacting the catalyst
precursor with a nmetal species and optionally further |igand

nmol e¢til es3to form & BOthetlerogeniised opandbakhall i sheatahyst. 23. A
het er ogeni sed catal yst obtained by the nmethod as defined in any one

of claine 1 to 22.,.24. A heterogenised.catalyst conprjising a catalyst
speci es grafted onF%eaC%F ? géugrngggééVF%I8¥e?85ﬁ? N%??rg an a2 fad

group,

the linker moiety bears an alkyne group and a

group that can react with the siliceous MCF, and

15 the grafting is carried out by reacting the
siliceous MCF to the linker moiety to form an intermediate,
which intermediate is then reacted with the catalyst or

catalyst precursor by way of a 1,3-dipolar cycloaddition

reaction.

20 14. A method according to claim 12 or 13, wherein the
group that can react with the siliceous MCF is a trialkoxy

silyl group.

15. A method according to any one of claims 1 to 14,
wherein the catalyst precursor is a ligand suitable to form

25 an organometallic ring-closing metathesis catalyst.

le. A method according to any one of claims 1 to 11,
wherein the catalyst precursor is a derivative of a Hoveyda-
Grubbs type ligand comprising an alkyne group or azide

group.
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25 through a 1,2,3-triazole. 25. A heterogenised catal yst according
to claim24, wherein the catalyst species is grafted onto the
siliceou MCF t hrough a 1, 4-adduct or a 1,5-adduct of the 1,2, 3-

£7 32 26. 'I‘Zﬁergeﬁtél?%%o@%(ﬁ?ggﬁn%a?%l Y e or i MBS ct aftn 2% or

triazol e

25, wherghdréhe €aéabysi1yst apFéPgr£60S{HY, @1@%@8&@1@@1@' VSt Fordd -
The het erogeni sed catal yst according to claim26, 5 wherein the

cat al ystaroppiaesetat heni anelosroThea hieter ogenl ged. cat al yst
according to claim?26 or 27, wherein the catal yst conprises a

Hoveyda- {z ubbs typ i d T t geni s lys cordi ng
to ol aim o7, 10" Whi Bh Pas oFor S CIMD UK RN R L O %S b

N, Cl,5 RufekYeGh' tHMtO wWhereracXrssr - GGREHR=r Ovat Codldof 30. The

het er ogenj sed cat al yst according to claim?24 or 25, wherein the

cat al ystP1 342 €y cHopr opanat P ond cat af f5y1e r8UR10T ThHel hiet &FogReni sed
catal yst according to claim 30, wherein the cycl opropanati on catal yst

i s a bisoxazoline. p32:tHbe heterageyi sgdagptahystraccording to claim
30, wherein the cyclopropanation catalyst is an azabi soxazoline. 20
33. The heterbgehhsedatat afysisaecording 2oldl af mrBOno ahedein the

CyC|OprO@QP?&&PPV&?tg&%5£ig§§gtgg g?ﬁgyéaéroup or an azide group.

10 20. A method according to any one of claims 1 to 11,
wherein the catalyst is an imidozolidin-4-on derivative

comprising an alkyne group or an azide group.

21. A method according to any one of claims 1 to 20,
comprising a further step of converting the catalyst

15 precursor to a catalyst.

22. A method according to claim 21, wherein the
catalyst precursor is a ligand, and the converting step
comprises reacting the catalyst precursor with a metal
species and optionally further ligand molecules to form a

20 heterogenised oranometallic catalyst.

23. A heterogenised catalyst obtained by the method as

defined in any one of claims 1 to 22.

24, A heterogenised catalyst comprising a catalyst
specles grafted onto a siliceous mesocellular foam (MCF)

25 through a 1,2,3-triazole.

25. A heterogenised catalyst according to claim 24,
wherein the catalyst species is grafted onto the siliceous
MCF through a 1,4-adduct or a 1,5-adduct of the 1,2,3-

triazole.
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33 TMSO NN NN Q@ O N XSi N TMSO <Y NN N Cu wherein Xis _
-CH2CH2- or -C6H4-. 34. The heterogeni sed catal yst according to claim

25, Wwher ei h tal yst.i organocatal yst. 5 35. The
et e ogenPsed cat aF )5t MRECOPUERGSES CFof M 34, “CRERETA theC batl I8t

het er ogenrsed cata

is an anbpo2agi gherean @H&n@aﬁgigstd§§!¥aEEMS*c§§fi ?emggégﬁggfgised
catal yst according to claim 34, “wherein the catalyst 1s a protonated

phenyl al @aafaévderived 10 cyclic amine. 37. The het er ogeni sed
catal yst according to claim 34, wherein the catalyst is an

i m dazol »€di n-4-one 8 erogeni sed catal yst _.according to claim
34, mhi%ﬂ'has theT?%r%%g250£§§bsggd6ﬁ€agX@gTﬂ%%9ﬁdtgﬁxﬁﬁ Cf%9m+§%wso
TVMSO N Mele e h\h MeBe OcaDa +de SbmPrNséN-rSlhediXnO J X 0 HNICN TMSO O
HN TMBO 15 ~~ wherein X is -CH2CH2- or -Co6H4-.

28. The heterogenised catalyst according to claim 26

or 27, wherein the catalyst comprises a Hoveyda-Grubbs type

ligand.

29. The heterogenised catalyst according to claim 27,

10 which has a formula:

— TMSO

\(;iN N =N Meqs,o
N—. .St

cl 'TFEU/ O\/l§/ X0

clf \ TMSO
¢]

A

wherein X is -CHyCHy- or -CgHu—.

30. The heterogenised catalyst according to claim 24

or 25, wherein the catalyst is a cyclopropanation catalyst.

15 31. The heterogenised catalyst according to claim 30,

wherein the cyclopropanation catalyst is a bisoxazoline.

32. The heterogenised catalyst according to claim 30,

wherein the cyclopropanation catalyst is an

azabisoxazoline.

20  33. The heterogenised catalyst according to claim 30,

wherein the cyclopropanation catalyst has the formula:
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34

10

15

TMSO

N"N' MeO\ (e}

(‘Q/N—\X’SEO
o N N TMSO
/zj/ i 9
N‘ /N /
Cu %
s

wherein X is =~CHyCH,;- or -CgHs-—.

34. The heterogenised catalyst according to claim 24

or 25, wherein the catalyst is an organocatalyst.

35. The heterogenised catalyst according to claim 34,
wherein the catalyst is an amino acid or an amino acid

derivative.

36. The heterogenised catalyst according to claim 34,
wherein the catalyst is a protonated phenylalanine-derived

cyclic amine.

37. The heterogenised catalyst according to claim 34,

wherein the catalyst is an imidazolidin-4-one.

38. The heterogenised catalyst according to claim 34,

which has the formula:

TMSO 0 TMSO o]

OMe 0 OMe
Odix N— Si-x HN
= HN o L
o 0
LN/Y\O 7« o N‘/?(\
TMSO =N N=N
TMSO TMSO
. MeQ
NN, MeQ o o NN .0

0 . ‘ . )
ﬁN"\X/SlO ﬁN—\X,SlO
HN7%S T™MSO or HN TMSO

wherein X is —-CH,CHy~ or —-CgHy-.
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