WO 2007/ 117221 PCT/ S&007/ 000096 1 CATALYSTS FOR RI NG
CLCSI NG METATHESI S This invention relates to a

W@ ai0al1y®Re1 conpositi on conprising a catal yst apdIr/aG2007/000096
support, which may be used iln a ring-closing
met at hesis (RCM reaction. BACKGROUND Ri ng-cl osi ng

met at hesi TATAEMSTS roFeRING CIHSANEE METAGEE | C

conmpounds. RCM has played a key role in the generation
of cyclic notifs since G ubbs and co-workers reported
t he now Thie? | L e e MARTRUR T diafstly s Swapgsgirtion

I Q%*g%?, -and TGS B..:1. 2Ziy | 4
con@&ﬁb'%lsrfg F?S ) gseﬂanciea?n Ipn%\gt'Emhlénﬂglngyl&;%,u\%eﬂ A
rin2039.0s i@q st adated iy t RGN radavteidta- G ubbs cat al ysts

have found w de application, including in the

§§£%§£$£§ﬁis of various heterocyclic and macrocyclic
products, and ot her polyners. However,
i ndustry, including the pharmaceutical industry has
not yet Riwgleiloidapted REMJis | gt@e- sialised for
manuf act uri ng.. Reasons for this include the high cost

SYNGaHE ME Haffi s COMRAWIdy  conpounds, and t he
relatively high netal |eaching. Attenpts have been

made 0 {duehid e JRese mugeneoys Gl idGtion of

conpl exes on several types “of supports. ny groups
cydidve modpidrst exdirore tdmiklbmeibid icatwarkesfs ttepdritrest -thanchow

ec - geper at,i on. G ubbs'. cat al yst se for
wel 2o A B AT B R0 | ERE! Y 8e b e i BapoLy  Sohwab,
P.;Oftandest tM. 2001,213.163925).. Whersidraye H.epor tehn Chen.
the immobilization of reusable nodifications of these

Inteatfy gl (651 ofrexddiifl @, MPuGAtalysss and
Gl e R R e s T R o
incRawding Snn BleecherthesS.s dietwaahigdromdistrtacy200Q, aht
maé%%€§%1fénﬂéidﬂé%“ﬂéﬁéucts, and other polymers. However,
industry, including the pharmaceutical industry has not yet
widely adopted RCM in large-scale manufacturing. Reasons

for this include the high cost of the ruthenium-containing

compounds, and the relatively high metal leaching.

Attempts have been made to immobilize these
homogeneous catalytic complexes on several types of supports.
Many groups have reported on the immobilization of the
first- and second-generation Grubbs’ catalysts (see, for
example, Seiders, T. J.; Ward, D. W.;.Grubbs, R. H. Org.
Lett. 2001, 3, 3225). Others have reported on the
immobilization of reusable modifications of these catalysts
(see, for example, Kingsbury, J. S.; Harrity, J. P. A.;
Bonitatebus, P. J.; Hoveyda, A. H. J. Am. Chem. Soc. 1999,
121, 791; and Gessler, S.; Randl, S.; Blechert, S.
Tetrahedron Lett. 2000, 41, 9973). Immobilization
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been reported using: soluble polyners (see, for
we@mpl221 Yao, Q Angew. Chem Int. Ed. Engl. PODSG2082000096

3896; and Yao, Q; Mtta, A2 R Tetrahedron Lett.

2004, 45, 2447); insoluble polyners (see, for

tecﬁnaqpbe hBatr eeen Aeported usCamn, sSldMLe BAGets Rsee,
Lett. 1999, 1, 1083; N eczy P.;
forB@a‘ﬁ@Rﬂl@z Yo, Reedigiew WChem. NI“tRutI‘-]Cbs Ergl. ﬁOOﬁ, 39,
.7 al¥B! T edpongle ,
389§ki§ana?aé. ? kog§§g§hlA B %Eﬁﬁ% %%hrﬁ?Le 5004 5
244Emglln26®2b164p912@925 Gmeba,f&r ekaypieysBartdtt, A. G.

Bi.eni ek Tetr ron 200 3, .9055; and

i rhBRenS - Y. S RORATTSE R Bl s Tt 1483
N1e5&§ se, P. OBucﬁbﬁi%& WC,1M%E%%€QrtW S.3. NNuy@§%jé% F.

Buchnmeiser, M R %ﬁd@ em 2065 70, 46é

P. ﬁbn@l?tﬂpérgélsc(séﬁtrﬁ vanplegt . KQ@@ébuﬂﬁr\Flagh
Aki%?ﬁ%FrRFafﬁggayﬁghgto% Fouﬁ%g' %%%%T %igbvévfkﬁﬂ%ﬁp’zooz
41,Aagew; Cheim,|Ht; Egyznbmslki,2001, 34@8143&51)4 iTntize hedron
see, for exanple, Audic N avier, H;
Letﬁhugggg (ﬁs 8ﬂgpkeﬁpﬁ Halbach; TamS.icHdms Soc. Figeber,

ﬁgecﬁgﬂﬁ an YaeauQe:, 4ha 69 ¥4 cARQW. ¢ Ch%@‘c%%&t S.;
. 2003 42, 3395) fT uor ous naterla s (see,

Nuyk@n,eQaanechma@se@p MZhangJ'YOr@: AWE%ChQ@@5SO§0 4687);
126, .7 and _Mat su M ; _Curran
monﬁgg’rcnhl‘io%ls %%1658? eﬁ%&*’%ﬁ'i §&n€§§é1,ryf'orjp eXarplCé gfber'
. BMel GsftKs, WosM.D. cddy, Jcabs; dkamdes poarty. F. Fdrrer, R.
Mot. Catal. A: Chem 2001, 169, 47). However,
A. ;i kABBKRFred- cht al OVEYEBY afned - bfinoks e Chegt-hdad - Ed.

Engdengpat | y48l smsﬂsfe&okaeﬁnﬁggaagoms@%& gg%ch%ﬁgﬂ .ow

react|V|ty (e.g., due to diffusion-rel &t i ssue
AudiediicedChavigkt yHupoManduse, Meunue&é&mlhorquCthew Am.

chd SHLCSA108, SLE BLA;OBR OGOTERELIGRLAL v ange.
CheﬁxaMﬁte EHingsbary20083,S42, G3sbey ; fluorous materials

(see, for example, Yao, Q.; Zhang, Y. J. Am. Chem. Soc. 2004,
126, 74; and Matsugi, M.; Curran, D. P. J. Org. Chem. 2005,
70, 1636); and silica (see, for example, {(Melis, K.; Vos, D.
D.; Jacobs, P.; Verpoort, F. J. Mol. Catal. A: Chem. 2001,
169, 47). However, immobilized catalysts obtained by these
methods generally also suffer from shortcomings, such as,

low reactivity (e.g., due to diffusion-related issues),
reduced activity upon reuse, requirement for further

purification, etc.

Ring-opening metathesis polymerization (ROMP) by
(a) glass-type (see, for example, Kingsbury, J. S.; Garber,
S. B.; Giftos, J. M.; Gray, B. L.; Okamoto, M. M.; Farrer, R.
A.; Fourkas, J. T.; Hoveyda, A. H. Angew. Chem. Int. Ed.
Engl. 2001, 40, 4251) and (b) one-pot functionalized



S. B; Gftos, J. M; Gay, B. L.; kanoto, M M;
Farrer, R A ; Fourkas, J. T.; Hoveyda, A H Angew.
w@h@miii2at . Ed.  Engl. 2001, 40, 4251) and (b)POHEGHOT/000096
functionalized WO 2007/ 117221 PCT/ SG2007/ 000096 3
nonolith (see, for exanple, Sinner, F.; Buchneiser, M
morR)llﬂ\lth(rSHHJ,l ey @»{a&m 3Binrby, 7 F anBldnhiei M1, '\l@yrR
Buchnei ser ew. Chem Int. Ed. Engl
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I gat h ar
Bucgg(\l/é;%{g;égeg@of@a%)l | catl on gé&br%#ye%lggﬁgr amn and’
383696| IHiawe tad dye h@@yoi%nbrmed;.l | iRstlgedeesupportedonplicated

t hesi s cat has als een reported, with
ordlEti T AT o RRARATS G G (i e cacion

to NUMerankrease idh RWd fdgatin.c 3pe Reghetg, D.;
Bl echert, S. Adv. Synth. Catal. 2005, 34 1329.)
However, th| s cat al yst does not recycle vveII even for

react i ol iSVGIOA 9§ a%ﬂﬁﬂ@%@ﬁ%@s@l%@%%ﬁ drap
als‘@@%eernegc%rg;o%e%ﬁh'wﬁ\f d fr%)stﬂ'y’e%? o {41 - reggsfﬁl{l e ndltlons,

reporte he ‘'use o opor ous ~ comnpo
hig@uyipmﬂ@e‘xomwmeai ymcs edSeeoffpuréfhopteon. US(See Fischer,
6, 44 923 and X an em 2007
e o fsRaa vty L madhom 14 e i
Hov(eM@E) have keenyRrerriad aving & itdhrea-1di easi onal |

i nt er connect ed pore structure with ultralarge
reagdiijon |1K’é70ééfrl@§ ee sgmpl@-sa@smr)atet hatordre @énnectletl was

I 22 nm (See, for
repgfg\rgp{%%w%ceh dt 9]V\bﬁ%l)%%llgp Sms Lukens W W, Jr.;
Zhao, D.; Yang, P.; Chnelka, B. F.; Stucky, G D. J.
Am Ch@mheStsc ha:lz@gﬁtepbzl:ecﬂ@h t&é}rﬂs@t Ol medlopd2gus

comB&ﬁﬁBkoqf ag suppﬁﬁksj%%% capg%y ?Ies%ﬁ ?dﬁgﬁ example,
Us Mhtan., 92808ndl2i 26865 Hekh ,aGhemS COH%P 2607, ;
dt-Wn kel , P.; Yang, P.; étucky,

Schm
DOI:10. 1039/b615564)

Siliceous mesocellular foams (MCF) have been
prepared having a three-dimensional, interconnected pore
structure with ultralarge cell-like pores (e.g., 24-42 nm)
that are connected by windows of, for example, 9-22 nm.

(See, for example, Schmidt-Winkel, P.; Lukens, W. W., Jr.;
Zhao, D.; Yang, P.; Chmelka, B. F.; Stucky, G. D. J. Am.

Chem. Soc. 1999, 121, 254; Schmidt-Winkel, P.; Lukens, W. W.,
Jr., Yang, P.; Margolese, D. I.; Lettow, J. S.; Ying, J. Y.;
Stucky, G. D. Chem. Mater. 2000, 12, 686; Lettow, J. S.; Han,
Y. J.; Schmidt-Winkel, P.; Yang, P.; Zhao, D.; Stucky, G.

D.; Ying, J. Y. Langmuir 2000, 16, 8291; Lettow, J. S.;
Lancaster, T. M.; Glinka, C. J.; Ying, J. Y. Langmuir 2005,
21, 5738; and Yu, H.; Ying, J. Y. Angew. Chem. Int. Ed. 2005,
44, 288.)



D.; Ying, J. Y. Langnuir 2000, 16, 8291; Lettow, J.

S.; Lancaster, T. M; dinka, C J.; Ying, J. Y.
waamwgmuizelr 2005, 21, 5738; and Yu, H.; Ying, JPCIVSG2007/000096

Angew. Chem Int. Ed. 2005,4 44, 288.) WD 2007/117221

PCT/ SG2007/ 000096 4 In general, known procedures have

not gerier agetbralf flirventdyo edditd £HanetisOgpM Rt od

at.al ysts for., industrial applications. These
SULLGS Jqs"i%eedfo%aqjaef_ hetERRg fgle%?eq\eﬂaslahé?eﬁws 9% i cul t
indusl JiEBPp & M ddt Hrgh C%esé’%%ok?irlvi'zr@#w@gaailysts have
conpatlblllt&mméfd relatively poor catalytic
geneg@lily teers cWde dradipmerar el tir daidyaspeat, qfodhe
. Sen i nventi.on..-t.here i s, pravided a catal yst ,
enm%%’poshallon%o oar;c'plﬁlslllnhcg}”a ereﬁ]ﬁ]:,ﬁvcegtya@gqr catalytic
activirmhi | i zed on a siliceous nesocellular foam support.
In one enbodi nent, the ruthenium catalyst is a G ubbs
SUM | yst or a Hoveyda- Grubbs catal yst. According to
her enbodi nent of the present invention, there is
provi ded a catal yst conposition conprising a
cat al yslccordint tNoNe ErB R mliddzgd on
_ a siliceous né%%celIqlarr+oawﬁgﬁ%bor§¥¥%%ﬁ cgfg $§t
1nvegsapdsi tiheremiy Baovidtell lai zed adiystthe caigdsdedus
[ L ul f S Qrt _usi.n i, nKi group .,
o AT Csing 4" oCar Baraa 188 PG Por Sexadprecus
mesobrlanlexefphar yupgdtedi MeEat onkhengddRate @heSith¥henium
gro%p.is attached to the
catalyst i

s a Grubbs catalyst or a Hoveyda-Grubbs catalyst.
According to another embodiment of the present
invention, there is provided a catalyst composition

comprising a catalyst:

Lo, Ru”
Cl
\\3

immobilized on a siliceous mesocellular foam support. The
catalyst composition may be immobilized on the siliceous
nesocellular foam support using a linking group comprising a
carbamate or silyl group, for example. In an exemplary
smbodiment, the carbamate or silyl group is attached to the

siliceous mesocellular foam support through an alkyl spacer,



siliceous nesocel | ul ar foam support through an al kyl
spacer, WO 2007/117221 PCT/ S&007/000096 5 such as,
wo oro7axrepl e, a Cl-C6 al kyl group. In a furthePCT/SG2007/000096
exenpl ary enbodi ment, the carbamate is a nethyl
carbamate, and the S|Iyl group is substituted by one
sucdr aswo fet leydampdregupps CitAs aalityl | gfoup her 1@xgmph 8 We r

-X-C (O
o R RO e TR SO 35 foay idwelngiate,

S I [
g o) g o

9To¥RBodi FENE. SFHélIﬁ#%tﬁ@rgﬁﬁampﬂ@ratEatheUﬂEmtbhethe

f 1.6

lln%lR%SHE gt %r_ggg#%sar§M§%%C%%%%ﬁf &Peﬁﬁ§1b9%§éh@H2O or O,

or theedtinénpgt heospl iceess (Taspsel (ajhar) H0RP1 $UPPOHerein n
onpr i tri hylsilyl. In a further enbodi ment

is Ope $|?r030u§ nﬁes@éeﬁlulép PoXATs GBE6herc erpripdesy

emb&ﬁﬂﬁéh@@'th@DmQﬁk§H%r§§ou &bcseﬁécﬂ%ﬁ ?llﬁ n%%%gklon
m croparticles. The siliceous nesoce

of &hppeprtakmythave an average pore di ameter of about 24
to about 42 nm The catalyst conposition according to
the present invention may be used in a ring-closing
nmet at hesi s reactN.gf on enbodi nent,
the catalyst co use in a
further ring-clo i 3 WO
2007/ 117221 PCT/ SG2007/ QO 6 Ina further broad

In another exemplary embodiment of the present
invention, the siliceous mesocellular foam support comprises
trimethylsilyl. 1In a further embodiment, the siliceous
mesocellular foam support comprises spherical, monodisperse
siliceous mesocellular foam microparticles. The siliceous
mesocellular foam support may have an average pore diameter

of about 24 to about 42 nm.

The catalyst composition according to the present
invention may be used in a ring-closing metathesis reaction.
In another invention embodiment, the catalyst composition is
recycled for use in a further ring-closing metathesis

reaction.



provi des a nethod for preparing a catal yst conposition

conprising imuobilizing a G ubbs catal yst or a
wolomes 21 G ubbs catal yst on a siliceous nmesockCT/8G2007/000096

foam support. In an exenpl &ry enbodi nent, the

catalyst is: NN Cl11 Ru/ \ O~ DETAILED

DESCRI PFROR fnrthércém@bwsaspenpostheopseeénth&nventlon

ti,o c LS. mmbi n a solid
prog el bRt Boac ke BEbphEinls anebadVFEl GPTPBaAB Lon
com@MﬁEﬁnglmmmnblexemnbaéyGraﬁbgdbggagysgpegrbcgbve da~
nodi sperse MCF is used as support for RCM catalysts
Grugﬁélﬁa FRgYPR, ORof é%éﬁﬁP@quaﬁéﬁc¢éé@@ér fapd papkedt.
I d a nt, the
R A r o rhP PRSP TRELLTE4 1o about 42
nm and nmay have open "w ndows" betmeen t he pores of
about 9 to .abouwt 22 .nm Spherical m croparticles

can be nodifired ®aESily in texyH m crostructure,
flace '
XS %Pe [ S

pore size and or specific
appl i cations, o a person skilled
d chemical properties of
aterial {to be easily handled both at

in the art. The|physi
MCF allow this

the | aboratory and @anuf scal es. The
het er ogeni zed catal%gré dent i nvention nay
be used for ring-closin ta (RCM. WO

2007/ 117221 PCT/SGQOO7/0006*6 7 "The cat al yst
conposi tions obtained accor{ding to the present

i nvention may be benefi ci to the chem cal and
pharmaceutical industries, suth as, for exanple, in

the 1large-scale production of drug candi dates and
food products, and the |arge-scale synthesis of fine

DETRNGE 1S Pegd @ £ ToN

In the catalyst compositions of the invention, a
catalyst is immobilized on a solid support comprising
siliceous mesocellular foams (MCF). In one exemplary
embodiment, spherical, monodisperse MCF is used as support
for RCM catalysts including in, for example, batch reactor
and packed bed reactor applications. In one embodiment, the
pores have an average diameter of about 24 to about 42 nm,
and may have open “windows” between the pores of about 9 to
about 22 nm. Spherical MCF microparticles can be modified
easily in terms of mibrostructure, pore size and surface
chemistry for specific applications, as will be apparent to
a person skilled in the art. The physical and chemical
properties of MCF allow this material to be easily handled

both at the laboratory and manufacturing scales.

The heterogenized catalysts of the present

invention may be used for ring-closing metathesis (RCM).



chem cals. The catal yst conpositions of the invention
may be used on a wide variety of substrates under
waoredod/1t2act i on  conditions, including for ringPCI/862008000096
of di ene contai ni ng startiﬁg mat eri al.s. The cat al yst
i mmobilized on the MCF is not particularly limted.
Thergptrevsite m@ﬁstl@nsupbémlum eacaidiingg toataky stresent

da- G ubb
Bl Lo R nRy B Bt EE B2 B0 Rhvo pudrarabe ont al yst s

phahmaeehh&cEQ|hﬁﬂu@@rgéﬁef@hcﬁté@Ct%B% elkean ghe,Ryn the?
= 3 ~D O 1b L= MesN Nves wherein:

lar%?a??ﬁ ’ PEPIuStagn| Bhesyly Qﬁﬁdwﬁgt6§ aedi fpbd products,
ands%héaﬁéﬁ Qeﬁbgﬁk'ﬁgﬁtﬂgsﬁgeﬁ% %ﬁ% é@@ﬁﬁgéﬁﬁghfyon_

hi n t conte on o
ChemmchéaLunThegaaﬂalyay bempaHmbnbhéedfoﬂhbhenvéﬁﬁ@@ﬁtmay
using a suit [ group, including, wthout
oo {EeAToR, 8 88 Sokianyt SEocnPERAL CRORORRR LG reaction

con@xedphes Ohcotifehgcabal ¥sh§ é@gsu%ﬁngknglgﬁguggngg?nlng

described in nore detail hérein
staxbhposnratrensads-the i nvention were _observed to
exhibit activity and reusability suitable for RCM of

arious b 2007611
pCT ScobBY) 6050087 6 RSt a7 angar i el ba Frehet of
parﬁimukmekgnlimlna&nt|E@r ROMDbELEE 6N S ECONGn GRELT @hi ON
cat al sts using MCF as a solid support

cont R i gYSt1s%%? GERyRL 57 AR | T gRRdeatRl st | xech
Hoveydd hergehd dt $p& fé@%%f?stthﬁaﬁmgéngggrt HJ%E&da—Grubbs

i nmobi | i zation of catal ysts 4a and
catalysts have the following general structure:

L
Cl ry/? 1a L= PC
= PCy.
o N 3
0 b L= ™\
/k MestNMes

wherein: P is platinum, Cy is cyclohexyl; and Mes is mesityl.
Suitable derivatives of these catalysts are also within the

contemplation of the present invention.

Ruthenium ligands may be immobilized on the
support using a suitable linking group, including, without

limitation, a Hoveyda-type ligand.

Non-limiting examples of other catalysts and

linking groups are described in more detail herein.

The catalyst compositions of the invention were
observed to exhibit activity and reusability suitable for

RCM of various types of substrates.



is illustrated in Schene 1. XHX O N OO0 3a X = CH0

2a X = CH2O03b X =02b X=OC I~nl~ NNH C Ru-
wopeo117221\ CI O 4a X = CH20 O 4b X=O Scheme BCT/SG2007/000096

Reaction conditions Schene B (a) 1.05 equi v.

3-isocyanopropyl triethoxysilane, 0.01 equiv.

4- di net Ayl @menegemipdiany, e&b@qﬂm&gg&i rcfg;’dns Qit’ﬁ!élﬁnt
. i.chl oronet hane , , 45C, 93- 0, artially
invEp o HENPER L1 e Seshcir doe A e v e Vs 2ubbs
catheyamet hykidis Mcazane o BB 8Q60:95+29% ob(t%' glleeag.ﬁi '

equi v. second-generation G ubbsS” catalyst, 1.05
Isoplepoxpeiyrsoe, 1dgangss wereSEhemsl bn dthar tiadg.dvdurface of

c ' avai.l.a - hr -4- hydro enzal dehyde
theagggg,gg?gibk)%dr o?&geﬁgﬁoggﬁgégﬁoﬁé%glcﬁgy% dfgand 4b
is phénektrabederie Seheinky 1prepared using known

procedures. Internediates 2a and 2b were inmedi ately
WD 2007/ 117221 PCT/ SG2007/ 000096 9 reacted with

3-i socyanyl prepy! triethoxysil ane %o Hener t he
correspo g carbgmgtes, ®hi e | '™ zed onto
0] ? fe} Y
PN 3a X=CH,0
2a X =CH,0 3b X=0
2b X=0
‘c
N N
X x N
CI"-RU’

c’ X
4a X=CH,0 o

4 X=0 )\

Scheme 1
Reaction conditions Scheme 1:

(a) 1.05 equiv. 3-isocyanopropyltriethoxysilane, 0.01 equiv.
4-dimethylaminopyridine, 3 equiv. triethylamine,

dichloromethane (DCM), 45°C, 93-95%.

(b) Partially trimethylsilyl (IMS) ~capped MCF, toluene,
100°C; hexamethyldisilazane (HMDS), 80°C, 95-99%,

(c) 1.05 equiv. second-generation Grubbs’ catalyst, 1.05

equiv. CuCl, DCM, 50°C, 90-94%.

In Scheme 1, starting with commercially available
3-bromo-4~-hydroxybenzaldehyde and 2, 5-dihydroxybenzaldehyde,
the alcohol 2a and phenol 2b were readily prepared using

known procedures. Intermediates 2a and 2b were immediately



the surface of the partially trinmethylsilyl-capped
(TM5- capped) MCF by heating at 100C in toluene. In
woe@eniter mnimze the interference from MCF BCT/SG2007/000096
resi dual surface silanols, he catal yst was
post - capped by treatnent with hexanethyl disilazane
rea¢Eh@Bwltb obfabayahelpsopyopeigshykeselahegabdyeda rand
n_anot her invention enbodi nent, heteroatomfree

theaFR§Fe888?ﬂ§n%fC?EH%%PEGﬁenyhﬁcaew@r?nﬂm@aaééazpd onto
theSHRARPEBES ot henpossbbihily eilﬂgéﬁ 5§E%§rea§ chenenee

wth the linker group in the cat [yt ons
cappsehelfBF 2y Beating at $002€. if ¥Yolaenb.Cl IRuoSder/ koC
2 4e n=6

c 0.
mln%%ﬁe%etg. %é%%??%ﬁe%%ﬁd F?%néagcﬁeﬁﬁsiéu?g)SPFfafeOS
Sil&ﬂdls, dye @aﬂé.lygtJIWaslgoste&é ifs&drlgfoEQEatﬁlEHE) with
hexht fd %11 3 equiv. Me2SiCl2 for 3c (CH
ex%ﬁﬂt?% B L anap qe PHYIOR) BQnobbal@ethgolQGP&Op@bystyrene

1lggﬁa§|§élgham§bcapped MCF, 3 equiv. triethyl am ne,
tol uene, roonrtenperature; HVDS, 80C, 99% (c) 1.05

equi v. second-generati on G ubbs' catalyst, 1.05
equi v. Tu@nopcM BOGnODeR48abiDiRO0T/ IH&FRA catom-free

7400009 10, The _2-i sopr ppoxy-4-bronostyrene
alk fﬁégéﬁggé%p q?}?l%ﬁ%ﬁF@l%ﬁ%§ibﬁ%?%d?%%étFBnSHEPﬁ@SS
thetﬁwssnb@&&ﬁy(ﬁf undesirable interference with the linker

group in the catalytic reactions (Scheme 2).

4Zi[:j/ /A]::j/&FA") e \E;I: il;j/\épﬁ'l’

/k 3¢ n=0
4 n=0
2 3d n_2 )\ 4d n=2
3e n=6 de n=6
Scheme 2.

Reaction conditions Scheme 2:

(a) (i) 1.05 equiv. Mg, 0.01 equiv. I,, tetrahydrofuran
(THF), reflux, (ii) 3 equiv. Me»SiCl, for 3¢,
ClSiMe;, (CH),Cl for 3d, ClSiMe;(CH)e¢Cl for 3e, 90-96%.

(b) Partially TMS-capped MCF, 3 equiv. triethylamine,

toluene, room temperature; HMDS, 80°C, 99%.

(c) 1.05 equiv. second-generation Grubbs’ catalyst, 1.05

equiv. CuCl, DCM, 50°C, 90-94%.



di chl ori des, which were inmobilized onto the surface
of MCF by heating in toluene in the presence of

W0 eoogttiekam ne to derive the i nmobilized | i gaPdESGmW03@00096
in excellent yields. The imfbbilized catal yst 4a-4e of
Schenes 1 and 2 were isolated by refluxing the
cat al ysthand-i Reprépasydnbkpmedt MEEn8a28ewhn readily
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Loadlngs (nnnl/g) hour hour hours hours WO 2007/ 117221

PCT/ SCAY | QK6 1 zed catalysts 4a-4e were tested for

RCM in dichloromethane (DCM), toluene or tetrahydrofuran
(THF) by using diethyl diallylmalonate 5a and monitoring its

conversion to the cyclized product 5b.

EtO,C CO,Et 4 EtO,C CO,Et
Solvent
V4 X\ rt,1-2h
5a 5b

RCM was determined as a percent (%) conversion
(Conv) of diene 5a to product 5b over a time (t). The
results are shown in Table 1. Unless otherwise noted, all
reactions were performed over 5 mol% of catalyst (Cat) at
0.05 M in solvent at room temperature. The TMS/Ligand/Ru
Loadings in mmol/g were determined by elemental analysis.
The percent conversion was determined by gas chromatography

(GC) .

Conversion (%)
TMS/Ligand/Ru

Cat . Solvent t=0.5 t=1 t=1.5 t=2
Leadings (mmol/g)
hour hour hours hours




11 (v) TWMS/ Ligand/ Ru Conversion Cat Loadi ngs (nmmol/g)
Solvent t=0.5 t=1 t=1.5 t=2 hour hour hours hours
wOaM7A972200 1 4a 0.6/ 0.36/0.14 Tol uene 90 98 THEL/RG2003000096
DCM 64 91 98 100 2 4a 0.6/23. 29/ 0. 08 Tol uene 88 97 100
HE 9 27 56 78 3 4a 0.6/0.36/0.26 DCM 60 91 100

Tol uer%Mgg]Zf?Z Z 78 0} 4 4a 0.6/|0. 36/0. ZﬁbnMQOS 8310
Teluenes %ﬁmb 1 HBvdm 86 f*? o %:”” P=f. % [ t=2
Tol uenébadngs] (139 (THFb 2 6 19
0. 8/0.j22/0.18 DCMa 89 (100 Tol uend®uge 10 'O'ﬁrffa @ours‘ hours
/1.10/0. 18 DCM 26 44 5k 63 8 [#a O I. 40P T8 T DCNVET 55
58 85(99 24 33-40-9 4b 4/0.72/0. 122 Tal iene 26
1o37%43 3)86/%/@433 47 B8uerRy 44 V. 4/ 0. 449%0. 16| DCM 81
97 10( 11 4b 0. 4/0. 44/|Ccz¥6 DCWVa [88 100 [Tol uenggs 94 97
PG -3 5L =162 3 -2 A3 0. 13 _14d
0.8/ 0/27/0.25 DCM 39 ES?C§7 96 14%e 0.8/ 28/ p%4 DCAPO
2 A8a78|92607.29/0.08 Toluene 88 97 100
THF 9 27 56 78
DCM 60 91 100
3 4a 0.6/0.36/0.26
Toluene 63 72 76 78
DCM? 89 100
4 da 0.6/0.36/0.26
Toluene? 94 97
DCMP 31 58 75 86
5 4a 0.6/0.36/0.26 Toluene® 43 51 55 59
THE? 2 6 19 18
DCM? 89 100
6 da 0.8/0.22/0.18
Toluene? 96 100
7 4a 0/1.10/0.18 DCM 26 44 56 63
8 4a 0/1.10/0.18 DCM? 58 85 99
DCM 13 24 33 40
9 4b 0/0.72/0.22 Toluene 26 37 43 48
THF 16 33 47 58
10 4b 0.4/0.44/0.16 DCM 81 97 100
DCM? 89 100
11 4b 0.4/0.44/0.16
Toluene? 94 97
12 4c 0.8/0.35/0.21 DCM 16 23 27 30
13 4d 0.8/0.27/0.25 DCM 39 69 87 96
14 de 0.8/0.28/0.24 DCM 48 78 92 97
DCM 95 100
15 7 —
Toluene 85 94 97 99
DCM 98 100
16 | 1b - Toluene 99 100
THF 87 98 99 100

? Performed at 0.1 M in solvent.
? Performed over 2.5 mol% of catalyst.

Table 1.
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- Toluene 99 100 THE 87 98 99 100 a Perforned at 0.1
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f n side-products as detecte
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decreased significantly (Entry 5. It was
510889293@5 Fﬁ%tr?ﬁétﬂeagtuéﬁ Was eeeereedt Batwihd rhection

bechRer easedrfhexhbhk bhy, ok L hg,Linker, gy gup Eﬁgrles 4,
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non- coor di nati ng hydrocarbon a I'es
6, §p-auyl 11), without forming any 31gn1f1cant amount of

side-products as detected by nuclear magnetic resonance
(NMR) spectroscopy. When a lower amount of 4a (2.5 mol%)
was used, the reaction rate was decreased significantly

(Entry 5).

It was observed that the reaction was accelerated
with the increased flexibility of the linker group composed
of non-coordinating hydrocarbon alkyl chain (Entries 12-14).
Without being bound by any theory, when a short or rigid
linker is used, the increased interaction between the
catalytic center and the MCF surface may be interfering with
and retarding the release and return of the ruthenium during

the reaction.

To examine the role of the carbamate group in the
linker, homogeneous catalyst 1 was prepared in good yield
from alcohol 2a and n-butyl isocyanate in the same manner as

4a via intermediate 6 (Scheme 3).



Wt hout being bound by any theory, when a short or

rigid linker is used, the increased interaction
whednaen2t he catalytic center and the MCF surPEI/RGINMY/000096

be interfering with and retdarding the rel ease and

return of the rutheniumduring the reaction.
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Reaction conditions for Schenme 3: (a) 1.05 equiv.

n- butyl isocyanate, 0.01 equiv. 4-DVAP, 3 equiv.

triethyl anine, DCM 45Cchsws Bp) 1.05 equiv.

second- generati on G ubbs'’ catalyst, 1.05 equiv. Cud

Rea®lonS06nacolumm £brosBhogeaphy; | recrystallization,
85% It was observed that the carbamate noiety did not

notably affect the catalytic activity, and the
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of immobilized catalysts 4a-4e (Cat) in the
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roduct 5 was_eval uated over a time (i) of 1-2
ﬁdﬁ?%lv 5hcf DCM, SOgh, column chromatograéh%,

recrystallization, 85%.

It was observed that the carbamate moiety did not
notably affect the catalytic activity, and the reaction rate
of 7 was comparable to the commercially available second-

generation Hoveyda-Grubbs’ catalyst 1lb (Entries 15 and 16 in
Table 1).

The recyclability of immobilized catalysts 4a-4de
(Cat) in the ring-closing metathesis reaction of diene 5a to
product 5b in DCM was evaluated over a time (t) of 1-2 hours
(h). The results are shown in Table 2. Unless otherwise
noted, all reactions were performed over 5 mol$ catalyst at
0.05 M in DCM at room temperature. The percent (%)

conversion was determined by gas chromatography (GC).
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ot herwise noted, all reactions were perforned over 5
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The percent (% conversionlfas deternined by gas

chropat ography (GC). WO 2007/117221 PCT/SG2007/000096
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Pe(sif eact vaatl on and/or | eaching of the ruthenium carbene
erﬁ

&‘}? $09GhiTeh Shoul d be in the solution phase during
catalytic reactions. It maasdh@deworthy that the
recyclability was inproved at an el evated tenperature
(Entry E in Table 2). Wthout being bound by any
t heory, X?ﬁ%l§ﬂ5r?%PV?EEéPpénW?FﬁeOhﬁgﬁveﬁadﬁabééuéédfor

up @@tﬁiﬂﬁﬁs deachyyli pH118pdat BE §heuaLed;feapgrature ivity
m ave
in sugsequent runs. A decrease in activity to 76-80%

conversions was noted for run #10 at room temperature.
Without being bound by any theory, this loss in activity
could be due to deactivation and/or leaching of the
ruthenium carbene species, which should be in the solution
phase during catalytic reactions. It was noteworthy that
the recyclability was improved at an elevated temperature
(Entry 3 in Table 2). Without being bound by any theory,
the shorter reaction time might have reduced catalyst
deactivation, and the elevated temperature might have

facilitated the ethylene removal.

Ability to recycle was also examined with toluene
as solvent. The results are shown in Table 3. Unless
otherwise noted, all reactions were performed over 5 mol$% of
immobilized catalyst 4a or 4b (Cat) at 0.05 M in toluene at
room temperature for a time (t) of 1-2 hours (h). The
percent (%) conversion (Conv) was determined by gas

chromatography (GC).
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subsequent loss in activity was nore gradual so that
77-86% conversions were achieved for run 410 at :joom
tenperature. The perfornmance of the MCF-supported
catal ysts 4, was exam :@&’aﬁoﬁ't he RCM of other dienes
(see Table 4). The reaction tine was determned in

the firghefUBolgena ngarusganﬁée&ﬁeCgeyeéﬁkonsﬁkﬁkaﬁtial
specific substrate, and was kept constant for the

LosgubBedEATIEUnyaso NeBic orf tamy thecrdastt | recyalal yTalksle 3) .
How@Fbt Y1 LYns L ERE PLDST W4, SE-POLEM, 3LL [8agtLons .1 so
that 77-86% conversions were achieved for run #10 at room

temperature.

The performance of the MCF-supported catalysts 4,
was examined for the RCM of other dienes (see Table 4) . The
reaction time was determined in the first run for a near-
complete conversion of the specific substrate, and was kept
constant for the subsequent runs to monitor any decrease in
catalytic activity. Unless otherwise noted, all reactions
were performed over 5 mol% of 4a at 0.05 M in DCM for 1.5
hours at room temperature. All percent (%) conversions were
determined by gas chromatography (GC) except for entry 9;
the percent conversions for entry 9 were determined by 'H-NMR

spectroscopy (400 MHz).
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@ Isolated yield by column chromatography on silica gel.

® performed for 6 h.
¢ Performed for 4.5 h.
9 performed for 1 h.

¢ Performed for 2 h.

‘Yield for the monocyclic compound.

Table 4.
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efficient, despite gradual loss in activity in seven
consecutive runs (Entries 2 and 3, Table 4). Reaction of
hindered diene lla was observed to proceed more slowly, and
the activity loss was observed to be more significant over
consecutive runs with an increased reaction time per cycle
(Entry 4, Table 4). The reaction efficiency appeared
similar in the case of an internal olefin, but the
recyclability was observed to be lower than in the case of
the terminal olefin in Entry 1. Without being bound by any
theory, it is believed that this is because the product
inhibition became greater due to the increased solubility of
propene evolved in DCM (Entry 5, Table 4). Catalyst da
showed significant loss in activity over consecutive runs
for RCM of substrate containing free alcohol (Entry 6, Table
4) . Without being bound by any theory, this could be
attributed to leaching problems, or it might be due to
stronger interactions between hydroxyl groups and the

reactive catalytic species.

High catalyst recyclability was demonstrated for
aliphatic ether l4a (Entry 7, Table 4), which are generally
known to cause more serious metal leaching due to the
coordinating ability of the oxygen to ruthenium. It
appeared that the catalyst system of the invention was
particularly efficient for the aliphatic ether substrates,

achieving 2 98% conversion in 1 hour for all 5 runs. The
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Table 5.

For both Entries 1 and 2 in Table 5, reactions
were performed over 5 mol% of 4a at 0.1 M in DCM at room
temperature for a time (t) of 2 hours (h). For Entry 1,

5 mol% of MCF-supported free ligands 3a (0.22 mmol ligand/qg)
was also added. For Entry 2, a high ligand loading and a
partial Ru loading was used. The percent (%) conversion

(Conv) was determined by Gas Chromatography (GC).
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in DCM at ha8Ma158MBEEALYES tantachis g)e]p%f %fh%lyc

(h For Entry 1, 5 nol % - suppo e ree gan
fregy %GaQQSnﬁﬁﬁupﬁéaﬁdtgﬁnluaslaashlanpdobEemsEnWEy 2,

o AR g gy B Lot o

R ; Harutyunyan, S.;

oﬁCtﬁﬁ&ﬁV)

catdeyetniaednbyh&arCchoonat egeaphy ﬁggastM@E3Q07/§ég%%%ons
S(2007/ 000096 20 The catalyst was observed to
for éjéEF% eF°16 Vehe PPRLpERAdCAERS PnmPakl ef54awi th

o ?22%??%ﬁpﬁgéﬂﬁﬁ o dod e Rl B néEodulei HntBr Seesdor
Entfriee Pigaddé, 1hggn@p@_oa@h22SmmoES$ﬂghhy/gmpwaseddded in
thecéﬁééyfie&eﬁgflabl+ yreggtgggpgggaéerformed at the noted
temperature (T) of either room temperature (r.t.) or reflux

The time (t)

temperature. was measured in hours (h).

Ruthenium (Ru) residue in parts per million (ppm) was

determined by inductively coupled plasma-mass spectrometry

(ICP-MS), and the percent (%) conversion (Conv) was
determined by gas chromatography.
Ligand | T t Run # 1 2 3

1 — r.t. lnh 35 [>99] 30 [99] 20 [98]
Ru residue

215 mol% |r.t. 2 h 23 [99] 18 [99] 15 [98]
(ppm)

3 — reflux 0.5 13 [>99] 9 [>99] 7 [99]
[Conv. (%)]

4 15 mol% | reflux 1h 10 [99] 9 [99] 9 [99]

Table 6.

Table 6 illustrates that when 5 mol$ MCF-supported

free ligands 3a was added to the RCM of l4a, the ruthenium

concentration in the supernatant measured by ICP-MS at the

end of each run was decreased, despite the longer reaction




for the slower reaction rate, a higher concentration
(0.1 M was enployed. It was al so observed that the
w@e@sarel of excess free |igands reduced rut heel/s862007/000096

| eachi ng probl ens over nuPtiple cycles. In Table 6,

the activity and | eaching of catalyst 4a in the RCM
tlmQ)f dl"@esulﬂ&armsmm uadlf et iRevatctih ohsach g EI‘ﬂéél 68sdr¥8d to

or ned o er 5 nP % of 4a, (0.36 mmol

be ﬁ’a -E %Y 1%5‘ B) TRt FIEEIMR Nt 2 Foroon
tempﬁntarma_’a‘ez and 4, ligand 3a (0.22 nmmol |igand/g) was

added in the specified nol% The reaction was

perfornmed at the noted tenperature (T) of either room

t enper R e‘feﬁu%t&) o Failand &lmmlriatm@ edhkiér me

obsdiva s NBasur ﬂ,rpijé&)reﬁ ) e:Pclf,#rE]n Ru ra?r?c':edéjeby

in parts per m |on
usinncrtesel freeupl gdnpkasnd- @&%Sa&@@C&@@B@M@h temperatures.
(1CP-M5), and the percent (% conversion (Cony) was

e chr t.0 ph Ligand Tt Run # 1 2
EXP%%&" -nnéraﬁt dPrfych gﬁrﬁgt?g gﬂé/ZO [98] Ru residue 2
5 nmol%r.t. 2h23[99] 18 [99] 15 [98] (PPM 3 -

fl [
o B b el 80 S 8

PErGSHY |GREYeAEOn Hat ewfféh @ r‘ﬁﬂh%el\ﬂl duppfortasd detresenined
of 1l4a,. t he rut he um

by ﬂéjon’rilggl%tsr%ﬁ \gﬁesﬁ n q}he super na ant CORERUHAY B g

stin per emdleof agarm ran mmsn dentpeasediralespide ha Iwygger
reaction WD 2007/ 117221 PCT/ SG2007/ 000096 21 ti ne.
chargigd @i adiadhy st (eutthenid@mdiee dehiany amesinob e Ve gtted )

and RR1RRLE G311y phni fingant fQl LRACLION runs, alg rom

an amount of 0.1 mmol) was then injected. Conversions were
monitored (e.g., by GC) after filtration through a short pad
of silica gel by elution with solvent (e.g., DCM). 1In
general, the reaction volume was 1-4 ml. For those
experiments where the ability of the catalyst system to
recycle was studied, these reactions were generally run in a
similar manner to those for studying catalyst activity. For
the recycle studies, on completion of each run, the reaction
vial was centrifuged at 4000 rpm for 3 minutes, and the
supernatant was characterized by flash column chromatography
and GC for isolated yield and conversion, respectively. The
vial was charged with another aliquot of solvent (e.g., DCM),
stirred for 1 minute, and centrifuged again. One more rinse
was performéd before the next run was conducted with fresh

substrate.



tenperature. The results in Table 6 support the

earlier observation that the ability to recycle can
wheoenk2aced by using excess free |igands andP€l/s@z02000096

reaction tenperatures. Exp2Zinental Procedure -

Tables 1-6 I n general, catalyst activity as a function
Exampqu&céhmﬁeammmun(mflnlgﬁnﬂk(ﬂé'&ﬂde&b].to 6 was

determined by running the reactiions in a via

Selely ining a magnetic stir bar under argon at room
ature. The vial was charged with catal yst
(e.g., 4a-4e in an anount of 5 pnol) and sol vent

(e.g., BCMchilth& FUubsiK ale (8% ed5%it%aﬁH¥idd}réybondlng

amount. of 0.1 mml) was then |nJected Conver si ons

alGpdyod _ﬁnﬁFtQEedlpeOgﬂmmﬂy G@rLﬂQQMaliPKKEDHOﬁr{hrough
trf%ﬁﬁ&%@%ﬁ%%ﬁe QEOSblh&% 99' 1me% I%%ﬁ%%ﬁlﬁﬁgl&ggolmgol

genera the reac
tru@thyﬂ@mlhbodéo @X@MUﬂnﬂﬂade&ﬁibdfﬁmmb(1®tMleuhB§r argon.
Thecat%Fxst S%é gn1to recycl e was studled t hese
r 65CE0RS RerEUGEnYRSI Dpater tRra48shRiirar unslerereifg ux.
DCM hese theetst/udwi Ag %@E@llého@%ﬁ'ﬁhhﬁr EQlu e %%é%&e

studi es, on conpletion of each run, the reacti
Hexpae daft ml) uyed addedooanpmther p3eniipitese sme theoved by

, t an .characterized b | ash .col um
£ 1SRRI e LR B RO P LSS R Y roctuces
presenve;sand drespeahibeel yactin twl@hv@aﬁh@h@69§@sbbhﬁl?g

ﬁﬁ er aliquot of solvent (e. DCV), stirred
CArRPRALE; 28nd E@ﬁPFF?Eée@légaWthChﬁaﬁnﬂéedlWséhowasfurther

purBertaened before the next run was conducted with fresh
substrate. WO 2007/117221 PCT/ S&2007/ 000096 22
Exanple 1: Preparation of Ligands 3a and 3b Step (a):
A Schl eRRef geskrahspehaededewpthSthap ¢aVrasmnngag(8 35

mmo?&CSQQé §?6§r ng(%ge corre%po§d£ggc %EXLE ggllane lg-
NMR (400 MHz, CDCl3): & 0.64 (t, 2H, J = 8.0 Hz), 1.24 (t, OH,
J = 7.2 Hz), 1.35 (d, 6H, J = 6.0 Hz), 1.62 (m, 2H), 3.19 (m,
2H), 3.82 (g, 6H, J = 7.2 Hz), 4.54 (septet, 1H, J = 6.0 Hz),
5.03 (bs, 2H), 5.25 (dd, 1H, J = 11.2, 1.4 Hz), 5.75 (dd, 1H,
J = 17.6, 1.4 Hz), 6.86 (d, 1H, J = 8.4 Hz), 7.04 (dd, 1H, J
= 17.6, 11.2 Hz), 7.22 (dd, 1H, J = 8.4, 2.2 Hz), 7.48 (d,

1H, J = 2.2 Hz). 'C-NMR (100 MHz, CDCl3): & 7.6, 18.3, 22.1,
23.3, 43.4, 58.4, 66.4, 70.9, 106.6, 114.0, 114.3, 126.9,
128.6, 129.0, 131.7, 155.1, 156.5. MS (FAB): m/z (%) 438

(38) [M'-H], 392 (20) [M'-EtOH-H], 364 (16), 297 (5), 264

(18), 220 (89), 174 (100). HRMS (FAB) calculated for
C2H3gNOgSi: 438.2331, found 438.2328.

The general procedure of Step (a) using 2b (4.22

mmol) gave 1.77 g of the corresponding triethoxysilane:

'H-NMR (400 MHz, CDCls): & 0.68 (t, 2H, J = 8.0 Hz), 1.24 (t,



triethoxysilane (10.0 mml), 4-dinmethylpyridine (0.10
mol ), triethylamne (20.0 nmol), and dried DCM (10
workgo7amter argon. The reaction mxture was heBCEEGE007/000096
48 hours under reflux. DCM&and triethylam ne were
renmoved under reduced pressure. Hexane (10 nl) was
9H,added,7 éhdhthe]pﬁéblpitaﬂa W%S=r%n@V@ﬂdbyld7®|t@ﬁih@@t 2H,
The fil concentrat ed under reduce pressure,
J = ﬁ Odb bnaga?ﬁacgﬁn1ﬂb =gfvl ﬁﬁércérﬁésé@ndﬁﬁghd'* 7.2
H aqbqgatg $ed, CQhorbess6obIH i ghowasqysedyw t 0”51.2,
Z)?urther S%r?flcatlon The geﬁzfa progegure of "Ste

1.4(Hp) usPng224b¢8. 88) , nfokp ddde 3HE3Ug=017t fie 1.4 Hz)

6. 8 g DSy BTG B, B BP RS Y B Mo, Mo ¢ Bofy Zy2tp)
7.02 Hziid,, 14, 35 (=d1766| 31726429, Hz)zz 1a6214m 25 2,2 nz) .

3.19 (m 2H), 3.82 (q, 6H J =7.2 FES, 4.54 (septet
BCNMR J(1:006 Mi4z)GDCT5) 03 8( Bs 4, 26, 75. 2% .((dd, 2211, J4? 3 58.3,

="17.6, 1.4 Hz
71.%& %}ﬁlﬁ b2k 95 Zﬁ‘?(% 71%4 (4dg| 128453 152 6. 11442 4dz)152 2,
1547822 90 Fab) Jm?zs(“gf 28 S@M ;Mﬂﬁu(d 364, (21~bo~> 2 ~EtOH

C—NI\/R(lOO 6, 18.3, 2
+ Hizs 3784469) . 5HRMS 66EAB) 7@abcu31@6e@ £41 ACAHANDESA :

2 131.7, 155.1, 156.5. MS (FAB):
4261%0? fg’a‘gd %%§ %\/ﬁg , 392 (20) [M+-EtOHH, 364

(16), 297 (5) 264 (18), 220 (89), 174 (100). HRVS
StemFﬁﬁgtcalculated for C22H36NOGSI : 438.2331, found
438.2328. The general procedure of Step (a) using 2b

4,22 gave; 77 of the correspondin
t(ri et ho‘g;/%ﬂllane Zi‘—}s-}f\ll\)g? 4%%"’1%‘9 ‘Gﬂégﬁw 82005689“0 60
mmoPHMI AgB. @ndi'lZ})ladecz?.“ur(der R, 208/ Ady? 2241 ho%rs dat 6120 C.

PCT/ SG2007/ 000096 23 9H, J = 7.2 Hz) , 1.33 H™J
The—% Sl 8y PudgeDd iih RION B TQorE tRIPepd t U 261 d,

cafBid i G 8 e 2 e Yy Rl e FerdyGing
triggyoxpsUbands(0 A mIlSﬂﬁ)Q C(hihhlrﬁd’di from IStdp (a)h HZhe
resulting mixture was heated for 48 hours at 100°C. Upon
cooling to room temperature, the solid was thoroughly rinsed
with toluene, DCM, methanol, and DCM {50 ml each). The
white solid obtained was transferred to a Schlenk flask, and
dried under vacuum for 12 hours at 80°C. After cooling down
to room temperature, the flask was placed in liquid nitrogen
bath for 10 minutes, and HMDS (1 ml) was édded under vacuum.
The flask was sealed and then kept at 80°C for 5 hours. The
resulting solid was cooled to room temperature, washed
thoroughly with DCM (100 ml), and then dried under vacuum
for 24 hours to give the corresponding immobilized ligand as

a white powder.

Following this general procedure, intermediates 3a

and 3b may be obtained:



6.84 (d, 1H, J = 8.8 Hz), 6.96 (dd, 1H, J = 8.8, 2.2
Hz), 7.02 (dd, 1H, J = 17.6, 11.2 Hz), 7.22 (d, 1H J
we2®721#2) . 13C-NVR (100 MHz, CDC13) : 6 7.4, PABSG2007/000096

22.0, 22.9, 4
_121.4, 128.5,

71248, 114.3,
154.8. M5
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131. 1, 144.4, 152.2,

114.9, 119.0,

(FAB) :

Ma£H2)51 HRVE (
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C: 12.65

nHY S1 S88

N: 1.01

2b (0.60 mmol) |3b (1.34 g) : 9.77

C
H: 1.72
N: 0.62

Used for preparation of 4b,

Entries 10 and 11 of Table 1

Example 2: Preparation of Ligands 3c-3e

Step (a):

A two-necked flask equipped with a reflux
condenser was charged with magnesium (21.0 mmol), iodine
(trace), and dried THF (50 ml), and heated under reflux.
4-Bromo-2-isopropoxystyrene (20.0 mmol) in THE (50 ml) was
added slowly, and the resulting mixture was stirred under

reflux until magnesium disappeared. After cooling to room

temperature, the turbid solution was added to a stirred
solution of the corresponding dichloride (60.0 mmol) in THF

(30 ml) at 0°C. The resulting solution was stirred for 18



2a (0.42 mol ) 3a (1.00 g) C 10.77 Used for
preparation of 4a, H 1.91 Entries 1 and 3-5 of Table
waoori12261 2a (0.85 mmol) 3a (2.18 g) C 8. 77PCTSS€2h07/000096
for preparation of 4a, Ent@dp H 1.54 2 of Table 1 N
0.40 2a (0.45 nmol) 3a (2.00 g) C 8.16 Used for
houps e@’@rmq)rmnt@ﬂpaaatl&nﬂy Et aa§6coﬁceﬁtfabba tnter0. 31
28 é 29 a, %F %) 5: 14,15 Used f
redpreépé Ss%r%‘f Eﬁ% X3n§) (2@pt | gwas ﬁﬁéeg éﬁOWélﬁl gnger
stifNidg 53 ﬁﬁé(ﬂnédl@@@é)s@@sfén@g ﬁiscfligeg?d %@EF %Hg the
preparation of 4b, Entry H of Ta 1
flltzlbai‘(% G L N T Y @rl@dmndesemaﬁoum for 24

4 10 and 11 of Table
nouft WA Prrcbodadtug o e fafiiag a8 olT)
Wh:I.CSI emy a)sed Aviwmmteck@ﬂtkﬁéﬁSﬂiuﬁﬂﬂi@@@ﬂoM“h a reflux

condenser was charged with magn((esi um )(21, Odmt“]ml % , ;

i odi ne trace nd dried THE_(50 an eat e

under T(Ei g’éla]gr%lﬁ%c 0 oposSRt {# triésing. 0 nmol )
dicH b Byl 91 Mase  Asisles! 1homw yga@é‘dstb@ egHl 1409

m xture was stirred under reflux until nesi um
Cornjas;appharged:hWﬂcmlmmlhg 01 - ( 4tm'ﬁ—fzﬁ}t Ws1,h hes

dded t stirred solution of
0. 68{ B‘Urﬁﬁn é?;%fﬂ gﬁ‘d%?%d‘lb bl 39 hsapiet (50H, J
= T t I on tigr
63&%5007?§f§52§k%2$%gc5007/oog%gg' Do ury: 2? E%%h&fH J

I

L'h-énpér-dt dize., 16. Mas(dtondentd at 6 urdter, 7.05 (dd, 1H, J =
17.6, 11.2 Hz), 7.46 (dd, 1H, J = 8.4, 1.6 Hz), 7.69 (d, 1H,
J = 1.6 Hz). '°C-NMR (100 MHz, CDCls): & 2.2, 22.0, 70.3,
113.0, 114.5, 126.6, 127.2, 131.7, 131.8, 133.8, 156.9.

The general procedure of Step (a) using 1,2-
bis(dichlorosilyl)ethane (15.0 mmol) gave 5.01 g of the
corresponding chlorosilane 3d: 'H-NMR (400 MHz, CDCli): &

0.30 (s, 6H), 0.42 (s, 6H), 0.76 (s, 4H), 1.39 (d, 6H, J =
6.0 Hz), 4.61 (septet, 1H, J = 6.0 Hz), 5.28 (dd, 1H, J =
11.2, 1.4 Hz), 5.79 (dd, 1H, J = 17.6, 1.4 Hz), 6.91 (d, 1H,
J = 8.4 Hz), 7.10 (dd, 1H, J = 17.6, 11.2 Hz), 7.37 (dd, 1H,
J = 8.4, 1.6 Hz), 7.61 (d, 1H, J = 1.6 Hz). *3C-NMR (100 MHz,

CDCl3): & -3.4, 1.0, 7.3, 11.5, 22.2, 70.3, 113.0, 114.1,
127.0, 129.1, 132.2, 132.3, 134.3, 156.1.

The general procedure of Step (a) using 1,6-
bis(dichlorosilyl)hexane (20.0 mmol) gave 7.78 g of the
corresponding chlorosilane 3e: 1H—NMR.(4OO MHz, CDCl;):

5 0.24 (s, 6H), 0.40 (s, 6H), 0.70-0.85 (m, 4H), 1.32 (bs,
8H), 1.37 (d, 6H, J = 6.0 Hz), 4.57 (septet, 1H, J = 6.0 Hz),
5.24 (dd, 1H, J = 11.2, 1.4 Hz), 5.76 (dd, 1H, J = 17.6, 1.4



reduced pressure, and hexane (20 m) was added sl owy
under stirring. The insol uble substance was filtered
wotdoiemndit he filtrate was concentrated and dPCEEG2007/000096
under vacuum for 24 hours t96give the corresponding
chl orosil ane as an oil whi ch was used w t hout
Hz)furtt- 19 phrllﬂ-l,cai'lmrfi fThe) gerVerOé?I [@dceadureraf Step 11.2
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) 1 H, —84Hz),705(dd 1H, '3 =
132 ’613%1% &%ﬁ % iéfk&d 1H J = 8.4, 1.6 H), 7.69
(d, 1H, = 1.6 Hz) : 13C-NI\/R(1OO I\/Hz, CDC13) : 8
Sted 3b)22. O, 70 3 113.0, 114.5, 126.6, 127.2, 131.7,
1 133.8, 156.9. The general procedure of Step (a)
u3|ng 1,2- bis(dichlorosilyl)ethane (15.0 mml) gave
5.01 g 6f SEhéebotrlaskomdisnghererosiiltandICH: (3 .140NMR 0. 80
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and8thé, cdrrbs di @El@g i é 11056 NVR
(100 M, géc né og=lang T 1"“62 22%5
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11.2, 1.4 Hz), 5.76 (dd, 1H “J =
the2@@??’{6]11WQ§1P}>€¢¢SC5200111QO®0961t26gen bath for 10 min, and

HMDS (1 ml) was added under vacuum. The flask was sealed
and then kept at 80°C for 5 hours. The resulting solid was
cooled to room temperature, washed thoroughly with DCM

(100 m1), and then dried under vacuum for 24 hours to give

the corresponding immobilized ligand as a white powder.



Hz) , 6.88 (d, 1H, J = 8.4 Hz) , 7.07 (dd, 1H J =
17.6, 11.2 Hz), 7.34 (dd, 1H, J = 8.4, 1.6 Hz), 7.59
W@ dgo7AaH220 = 1.6 Hz) 13C-NWVR (100 MHz, CDC13PCT/S82007/000096
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Example 3: Preparati

on of Catalysts 4a-4e

A two-necked flask equipped with a reflux

condenser was charge
second-generation Gr

chloride (0.18 mmol)

d with ligand 3a (500 mg,
ubbs’ catalyst (0.18 mmol),

and dried DCM (10 ml)

r

0.

36 mmol/g),

copper

under argon.

The reaction mixture was heated for 18 hours under reflux in

stream of argon.
from dark brown to d
temperature,

(100 ml)

24 h to give the immobilized catalyst 4a

powder.

eep green.

The reaction mixture gradually changed
After cooling to room

the fine powder was washed thoroughly with DCM
under open atmosphere, and dried under vacuum for

(578 mg) as a green

The skilled person will readily appreciate how

this general procedure may be adapted to obtain catalysts

4b-de.
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3d (2.20 g) C 9.96 Used for preparation of
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3a (500 mg) 4a (546 mg) C: 17.26

Entries 7-8 of Table 1 |H: 2.31
N: 1.30
3b (250 mg) 4b (279 mg)
Entry 9 of Table 1
3b (500 mg) 4b (541 mg)
Entries 10-11 of Table
1
3c (500 mg) 4c (566 mg) C: 12.99
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N: 0.59
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3e (2.00 g) 4e (2.25 q) 1C:14.89
Entry 14 of Table 1 H: 2.43
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Entries 3-5 of Table 1 H 2.26 N 1.07 3a (1.00 g)

4a (1.09 g) Entry 6 of Table 1 3a (500 ng) 4a (546 np)
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ordinary skill in the art in light of the teachings of
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in the appended clains. It nmust be noted that as used
in the speondscabe omoted that as used in the specification

and the appended claims, the singular forms of “a”, “an” and
“the” include plural reference unless the context clearly

indicates otherwise.

Unless defined otherwise all technical and
scientific terms used herein have the same meaning as
commonly understood to one of ordinary skill in the art to

which this invention belongs.

All publications, patents and patent applications
cited in this specification are incorporated herein by
reference as if each individual publication, patent or
patent application were specifically and individually
indicated to be incorporated by reference. The citation of
any publication, patent or patent application in this
specification is not an admission that the publication,

patent or patent application is prior art.



and the appended clains, the singular forns of "a",
"an" and "the" include plural reference unless the
weomwraxt2cl early indicates otherw se. Unl ess PBef/saE®7/000096
ot herw se all technical and0 scientific terns used
herei n have the sane neaning as conmmonly under st ood
crLatMg one of ordinary skill in the art to which this
i nvention belongs. Al publications, patents and
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A catal yst conposition conprising a ruthenium
Hoveydat §eebhamedrfiY8H- on a siliceous nesocel lul ar foam
support. 2. The catal yst conposition according to
claim 1y u S S
3 catalyst or §i§%bv%g§%§(}€% % %%@g%ﬁgyﬁgsé %?Eg%gggst
conposition conprising a catalyst: N NCO Ryu/ d ~
O |nn0b|I|zed on a siliceous mesocel |l ular foam

support. he at alyst co Qn_according to
claim 3, mher- e catalyst pbi | i zed on the
siliceous

immobilized on a siliceous mesocellular foam support.

4. The catalyst composition according to claim 3,
wherein the catalyst is immobilized on the siliceous
mesocellular foam support using a linking group comprising a

carbamate or silyl group.

5. The catalyst composition according to claim 4,
wherein the carbamate or silyl group is attached to the

siliceous mesocellular foam support through an alkyl spacer.

6. The catalyst composition according to claim 5,

wherein the alkyl spacer is a C;-C¢ alkyl group.



nmesocel | ul ar foam support using a |inking group
conprising a carbamate or silyl group. 5. The
W@ at0al1yre1 conpositi on according to claim4, WET/R62007/000096
the carbamate or silyl grouplis attached to the
siliceous nesocel | ul ar foam support through an al kyl
7. spacer. The dtata] YSn ROt | e eCoidi g 419y Chidd £
5, wherein the al kyl spacer is a Cl-C6 al kyl group.
claj@sy do 7oL 12 2 hepreiisditd madvogE e Jis B meidhicaykamate.
conposition according to any one of clains 4 to 6,
wherein | et hyl ]% T
8 cat al ystﬁﬁnﬁ%%%gg?ﬁdﬁﬁg&?oa% one 2%0 %r%ign}ﬁe 4Of
clatigss 4 wieertei whdreigi [hhe gricypl igraubsits tauttest yutosd by one
r two t.hyl groups. 9. The catal yst conposition
or Saéévgofn&tn%ejtgrc ih 4, wherein the |inki ng group is
-X-C (0) N (H CH2CH2CH2-, and wherein X is CH20 or
9. 0. 10. The caitallysit compesitdidh aceHing to d@dim 4,
wherein the |linking group is -Si (NCHS) 2- [ (d-0Co)
whegien 1the Ligdd novediodion 4% <@ ()N (1) GH2CHCHp - orargd
whelbinThe icatal, ¥stcgnposi tion according to any one of
claims 4 to 1’:0, wherein the linking group is attached
to the 2-position of the catalyst: N YN 2 cl., Do3
10.0 O 12 Theheatatlalsys coppmpddiitdnaaoootiding d alaiyn ohe

f . clai .1.1.0 11, wher.ei h il .1 ul
wheg s tis AP Dego s 1 it g eET b i 306774272230
wheP€IhSa2Q@7/000QQ9¢, 32 4, 5, or 6.

11. The catalyst composition according to any one of
claims 4 to 10, wherein the linking group is attached to the

2-position of the catalyst:

//j)\\~ 4
12. The catalyst composition according to any one of

claims 1 to 11, wherein the siliceous mesocellular foam

support comprises trimethylsilyl.



13. The catal yst conposition according to any one of
claims 1 to 12, wherein the siliceous nesocell ul ar

wo c@miirapport conpri ses spherical, nonodi sperBET/SG2007/000096
siliceous nesocellular fod8m mcroparticles. 14. The
catal yst conposition according to claim 13, wherein

13. the siltgeoust AMpHC edditb o 1 f DAMN SAEPRIIn§ HPrd$eSone of
ores having an avergtgls%pore di aneter of about 24 to
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mes@spbsid i ofvac oot atogpttoi €led m 15, which is recycl ed

for use in a further ring-closing netathesis

reaction. 17. nmet hod for, preparin . catal yst
14. Conposi iAot ST HT ST S dibes raim) T3
whe®ii ﬁmeyﬁﬁcé%d@ﬁﬁe%@iN@Ia@nf@arﬁiéﬁ}%g@‘@ comprises

mesocel | ul ar foam support. 18. The method according
porey ldwimg 19 awrrade Rowe ¢handlesr 9%5:akow N24 to about
a0 Qoo , Ru/ \ Cl~ 1| [

15. The catalyst composition according to any one of

claims 1 to 14 for use in a ring-closing metathesis reaction.

le6. The catalyst composition according to claim 15,
which is recycled for use in a further ring-closing

metathesis reaction.

17. A method for preparing a catalyst composition
comprising immobilizing a Grubbs catalyst or a Hoveyda-

Grubbs catalyst on a siliceous mesocellular foam support.

18. The method according to claim 17, wherein the

catalyst is:

% iN’ N i
Cln. ...... Ru/
Cl
\\O



