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industry, including the pharmaceutical industry has not yet
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for this include the high cost of the ruthenium-containing

compounds, and the relatively high metal leaching.

ttempts 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). 0Others have reported on the
immecbilization of reusable modifications of these catalysts
(see, for example, Kingsbury, J. S.; Harrity, J. P. A.;
Bonitatebué, P. J.; Hoveyda, A. H. J. Zm. Chem. Soc. 1999,
121, 781; and Gessler, §.; Randl, S.; Blechert, S.
Tetrahedron Lett. 2000, 41, 9973). Immobilization
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(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 shortcemings, 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.
&.; Fourkas, J. T.; Hoveyda, A. H. Angew. Chem. Int. Ed.
Engl. 2001, 40, 4251) and (b) one-pot functionalized
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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. 1959, 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, €86; Lettow, J. S.; Han,
¥. J.; Schmidt-Winkel, P.; Yang, P.; Zhac, D.; Stucky, G.

D.; Ying, J. Y. Langmuir 2000, 16, 82%1; 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.)
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support. In one enbodi ment, the ruthenium catalyst
is a Gubbs catal yst or a Fbveyda-C}ubbs cat al yst.
SUMMAREordi ng to anot her enbodi ment of the present
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al kyl @il & faWdR embodiment of the present
invention, there is provided a catalyst composition

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

siliceous mesccellular foam support through an alkyl spacer,



exenpl ary enbodi nent, the carbamate is a nethyl _

carbamate, and the silyl group is substituted by one

or two nethyl groups. In a still further exe IarX
WORDBHIHENt s, the 1inking group is PCT/5G2007/000096

-X-C(O N(H) CH2CH2CH2-, wherein X is CH20O or 0, or
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anot her invention enbodi nent, the catal yst
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ring-closing m .8 reactien. MQ 2007/117221
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ﬁes_a_ or preparing a
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In another exemplary embodiment of the present
invention, the siliceous mesccellular foam support comprises
trimethylsilyl. In a further embodimsnt, 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 te¢ 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 ringnclosing metathesis

reactiocn.



14- Q DETAI LED DESCRI PTION In the catal yst
conpositions of the invention, a catalyst is
' i_li.zed on a solid support conprising siliceous
W{#T@gg/?glll#ul ar foams (MCF). Iy one exenplary bt SER Foonss
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supporty, forsRGY Lat; i.ncl.udi in, for exanple,
bat ch r%%é?&? an égtagg%ﬁg)cgéag or PAppFPREatPBRRtion
prOVhdﬁﬁeaemiﬁkﬂdnﬁux gﬂapaqu@eszh@m&l@@tamgﬁgggiﬁign
' r. of .abaout, 24 tq about 42 nm and nay have
CO‘“%E@%%% H%i‘bom%ﬁlbzelﬂﬁe&ﬁfﬁg (E& 24t ShbBat 29EpBeyabout
GruBBs neatSpher icala MR 1Hef QP k83 16aR ?Saﬂoga%ﬁ&dt
easily in terms of mcrostructure, pore size an ’
In 3y, PRl Phe i rrst - s fdei faasaappki tati ons, as wil |
be apparent to a person skilled in the art. The
physi cal and chem cal properties of MCF allow this
; i pot h"at the | aboratory
er ogeni zed catal ysts
sed for
O 2007/ 117221
t conpositions
i nvention may be

of the prese
ring-cl osing .
PCT/ S&007/ 000096 7 fﬁﬁécataly
obt ai ned accordi ngCt., the :
beneficial to the gpgﬁf armaceuti cal

i ndustries, such a } for in the large-scale
production of drug candi da¥és and food products, and
the | arge-scale synthesis pf fine and specialty

chem cals. The catal yst c ositions of the invention
may be used on a wi de variety of substrates under
mld reaction conditions, including for ring.closure
of diene containing starting materials. The catal yst

DETATIIMbIDkiszedpooiihe MCF is not particularly limted.
For RCMreactions, a ruthenium

In the catalyst compositions of the invention, a
catalyst is immobilized on z solid support comprising
siliceous mesocellular foams (MCF). In one exemplary
embodiment, spherical, monodisperse MCF is used &8 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 pocres of about & %o
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
& person skilled in the art. The physical and chemical
properties of MCF allow this material o be easily handled

both at the laboratory and nanufacturing scales.

The heterogenized catalysts of the present

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



contai ning catalyst, such as a G ubbs type catal yst
or a Hoveyda-G ubbs type catal yst, nay be used.

Hoveyda- Grubbs catal ysts have the follow n ener al
WA e L o1, | Ru la L= PCy3 1b L2 PCTRGETI0n096
MesN, -, NMes wherein: Pis platinum Cy is c%/cl (r)]hexyl ;

[ S sityl. _Sui.tahle derivatjves of these

e e B L LIt i e RCRra Fon toF PRasent
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be 12007/l 72 241 RCH=8G2007 0F0RA2G t r@tke 0RB=eXRAPH aF¥acs3on

nbodi ment_of the present invention, immobilized
con g st L G HsoyaasarubEe reoaFaPySEs. Geh RS
stamsiry sddgd-ispport were obtai ned. | sopropoxystyrene

| igands were fixed on the solid surface of the MF

TSI S s eSSBS 42 2R RPNERD MOF QL Sa0C =
part@0a 28, X56H2QBb %O RCM reactions, a ruthenium
containing catalyst, such as a Grubbs type catalyst or a
Hoveyda-Grubbs type catalyst, may be used. Eoveyda-Grubbs

catalysts have the following general structure:

L

Clin oy, %
Ru ta L= PC
or \D &
j\

b L= I\
MesN V.NMes

wherein: P is platinum, Cy is cyclcohexyl; and Mes is mesityl.
Suitable derivatives of these catalysts are azlso 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 cataiyst compositions of the invention were
observed to exhibit activity and reusability suitable for

RCM of wvarious types of substrates.



2b X=OC HCC,..Ru\" XNv 4a X =CHOCP O/ 0 4b X=0
Schene 1 Reaction conditions Schene 1: (a) 1.05

ui v. 3-isocyanopropyltriethoxysilane, 0.01 ui v.
Woﬁ’&?’ﬁé?ﬂyl aminopyridine, 3 £quiv. triethyl anﬁ"?ﬂ?‘mﬁmo“m
di chl or onet hane (DCM, 45C,” 93- 9596 (b) Partially

trinmet sidyl_ (T -cap t ene, 100C

hexanet élél%i?}éezmngh@ea?%r\%%? ,T' - J9% PyESent. 05
invenquian, sammtdv_-lg]e;r@:t add arhdF s a 1ol B te y db- 8- upp

equi DCM 50C, 90-94% In Schene fc starting
Cat@\fﬁ’%t%o%%u%ﬁ P avAai$Abic support were obtained.

Isopr Xﬁf&ﬂ&gﬂﬁg¥gl
go s %ﬁ’?oxybenzm dehyde, WY on tie FoYA5 SpRERGE of
thezfﬁcwléan@a% | yhsr @gmczkdlu@atgommmmw €8%. and 4b
b were imedi ately WO
L8 %%107/ 1172% %t'%‘acé’%geo ‘000096 9 reacted with
3-isocyanyl propyl triethoxysilane to generate the
correspondi ng, carbamates, which vwere inmo i zed onto
t he sﬁgg@/o the parti al Hyl/sﬂf'capped
(TM5- g d) heat i 10mC in toluene In
order fo minimze the inégk{erenge f5§§1

resi dual surface silano
post - ¢ g 6b5& treatnent with hexa thyId|S|Iazane

( HVDS) tain the isopropoxystyrene I|igands 3a
and 3b. in another |nvent|on enbodi ént ,

het eroatom free $ of tufable | ength were
i ntroduced to su possi bility of

undesi rabl e inter ere _

oL

4a X=CHO o

4h X=0 /i\

Scheme 1
Reactiion conditions Scheme 1:

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

dichloromethane (DCM), 45°C, 93-985%.

(b) Partially trimethylsilyl (TMS)-capped MCF, toluens,
100°C; hexamethyldisilazane (HMDS), 80°C, 95-99%.

(¢} 1.05 equiv. second-generation Grubbs’ catalyst, 1.05

egquiv. CuCl, DCM, 50°C, 90-94%.

In Scheme 1, starting with commercially availsble
3-bromo-4-hydroxybenzaldehyde and Z,5—dihydroxybenzaldehyde,

the alcohel 2z and phencl 2b were readily prepared using

known procedures. Intermediates 2z and Zb were immediately



group in the catalytic reactions (Schene 2). 9r / \
st CI'/ YNNI / abd ,.. ~\S00/ S P~/ n
3c n=0 4c n=0 2c 3d n=2 4d n=2 3e n=6 4e n=6__ Sch
WO200THdZRE i on conditions Schene 2: (a) (i) 1. dﬁﬁgaawvmomwﬁ
Ng 0.01 equiv. 12, tetrah?drofuran (THF), reflux,
||d) 3 equiv. l\/bZSlCIZ for 3c, A S M2( 2C1 for
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ninid »easheeadt byfegehykaffedmviiarGsi goat dus ast - 0R-4ISi Ng
.. three %éges of _ dichlorides, which were i mobilized
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XI |ga§ds gc %e in gxceg?en? yi el ds. T%e |O¢P%B?kié ne
ligepgEalgsendade of Schemes 1 and 2 were isolated by
refluxing the catalyst and the functionalized MCF
3a-3e kA kghtyxingndLghkgro Exmg -
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r ept e aI oadln st.or
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for
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Scheme 2.
Reaction conditions Scheme 2:
(a) (1) 1.05 equiv. Mg, 0.01 equiv. I,, tetrahydrofuran

(TEF), reflux, (ii) 3 equiv. MeyS5icCl. for 3c,
C1l8iMe, (CE)Y,Cl for 3d, ClSiMez{CH)¢Cl for 3e, S0-96%,

(b}  Partially TMS-capped MCF, 3 eguiv. triethylamine,

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

{c) 1.05 eguiv. second—generation Grubbs’ catalyst, 1.05

equiv. CuCl, DCM, 50°C, 90-54%.



RCM i n di chl oronet hane (DCM, tol uene or

tetrahydrofuran (THF) by using diethyl . t
di al | yl mal onate 5a and nonitoring its conversion to
W%’?%”Eé?ﬂli zed product 5b. EfO C OOZEt 4 Et Oz CGAAERN7/000096

Solvent CCf r.t., 1-2 h 'Sa Sb RCM was deter5rri ned

as a cent .(% _conversion ny) of _diene 5a to

producl?teIr r%\}(gr R t_?)?%g%y¥)§§ﬁl £§ dre SReARLYn
si 1 yllatilead Jsziaumze,s;slaatdhere\a/icie.oﬁotu%dngabchreée@gbé9néfWer e

, erf.ormed over 5 nmol % of catalyst (Cat) a 0.05 Min
dlcf@a Srath & Pp e ROk 1 2PRe OTNB/ Ezﬁgaﬁwmce of MCF

by Heeadimgsd mJRLLD sWers determned by, gk Ahine »

oy analig?sfiq%he per cent go%vefgbgn was ge%@?ﬁ%neﬁn%y“e

derigss e dmmcbgapey lieapdsC3nvaesionetbyllent yields.
TMS/ Li gand/ Ru Cat Sol vent =hour t=1 t=1.5 t=2

Loadi ngs, o( I - r oyrs,\W0 2007/ 11722

S e e ‘f%@%?fégngéﬁc%vg? B (Zli)alnd 2
wereCiodaeiteentoyt *@f3ukihgt theSchs2lvhoadhagshé ;mrolsg/g% 14

r._hour h hoyrs, DCM.99 100 1 4a 0.6/0. )

R el e R T L T e
in tBebhl=29hQ=08rTobppae (88 9¥13004dHEF1 2SS 8
filtration and drying. Catalysts 4a-4e were prepared with
different ligand and metal loadings, and stored for more

than several months without losing any activity.

The immobilized catalysts 4a-4e were tested for
RCM in dichloromethane (DCM), toluene or tetrahydrofuran
(THF) by wusing diethyl diallylmalonate 5a and monitoring its

conversion to the cyclized product 5b.

EtO,C CO,Et 4 Et0,C CO,Et
Solvent
) —
7 N rt, 1-2h
53 5b

RCM was determined as a percent (%) conversion
(Conv) of diene 5a to ﬁroduct b 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
C.05 M in solvent at room temperaturs. The TMS/Ligand/Ru
Loadings in mmol/g werse determined by elemental analvsis.
The percent conversioﬁ was determined by gas chromatography

(GC) .

Conversion {%)}
TMS/Ligand/Ru

Cat i Solvent t=0.5 t=1 t=1.5 t=
Loadings (mmcl/qg)
hour houx hours | hours




WOPME/1278119 18 6 4a 0. 8/0.
Tol uenes 96 100 7 4a 0/ 1.

DCM 60 3 4a 0.6/0.36/0.26 91 100 Toluene 63 72 76 78
4 4a 0..6/0.36/0.26 DCva 89 100 Tol uenes 94 97 DCM
31 58 75 86 5 4a 0.6/0.36/0.26 Tol ueneb 43 51 55 59

M 13 24 33 40 9. 4b

2/0.18 DCMa 89 1Q%T/5G2007000196
/0.18 DCM 26 44 56 63 8

la-0/1-10/0-18..DCMa-58 6599

0/ 0. TRhR/22,-Faluene 26 37 43 48 THE 16°3F4758% 10
Atet0. |4/ 0. 447/ 0. 16 DCM (83180100 |1tk0db 0.]1440. 4470116 | <=2
DCMV [89228%P° T8I Uéfes| 94 | 97 12.4¢ 0.410,35/ Q-bo%sa%m
16 23 27 30 13.4d. 0.18/0 27/0 30 68" 87, 46> ° 11
4e 0.{8/0.28/0.24 DCM 4878 92 97 1DCM|{9% 100} 15 7 ;| 100
1 Tl uene ¢8b. oKl 99 DRIVLIEL 100 k6 O = gEot ugne 99
100 THE 87 98 99 100 at..0 1 IMin solvent
t Periformed over 2.5 nbifd of catd yst. | Tablel 8 WJ
2007/1117221 PCI7 SG00 400096 |12 91 ag 106
2 4a 0.6/0.28/0.08 Toluene 88 97 100
THE 9 27 56 78
DCM 60 91 100
3 da 0.6/0.36/0.26
Toluenes 63 72 76 78
DCOM? 89 100
4 4a 0.6/0.35/0.26
Toluene?® 94 97
DCM? 31 5g 175 85
5 4a 0.6/0.36/0.26 Toluene® 43 51 55 59
THF? 2 6 19 18
DCM? ) 100
g da 0.8/0.22/0.18B
Toluene? 96 100
7 da 0/1.10/0.18 DCM 26 44 56 63
8 4a 0/1.10/0.18 DCM? 58 85 EE)
DCM 13 24 33 40
9 4b‘ 0/0.72/0.22 Toluene 26 37 43 48
TEF 16 33 47 58
10 {4b | 0.4/0.44/0.16 DCM 81 57 100
e 89 100
11 | 4b 0.4/0.44/0.16
Teluene? o4 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 56
14 i de 0.8/0.28/0.24 DCM 48 78 92 97
DCM 95 100
15 |7 -
Toluens 85 94 87 a5
DCM 98 100
16 |1 - Toluens 99 100
THF 87 58 99 100

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

Table 1.




it was observed that the reaction rate was dependent
on the solvent used. It was observed that DCM and
t ol uene were nore effective than THE for all catal yst
WOV E 1t est ed. The | oadi ng? of ligand and rRHTHEROUA00096
y

did not seemto considera affect the catalytic
activity, However, it is noteworthy that the
cat al ys%ts Wit e‘?li/var# girag iqcéﬁndfela adiPRgg2agdwas
deppadénaldy 3001 Jaadatdddlt heni ymsshewedychedHcednay ang
7 reaction rates (Entries 7-9). Wthout being bound %y
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si de-products as detected by nuclear nmagnetic
red e itce QNP S dErsscssy T When HiFbRgr habumtbaind

by #y (hédDl Phe WBGHUSSHndERE " 82CEL-QD {2 gnéﬂ\%smi ht have
decreased significantly (Entry 5). It S obseérVed
Protid the reacttiion wadhaodebercarbdnewephct e naws eased

oppéfﬁﬁﬂﬁ%ﬂé F%cp&e% %n!k%k%Eegggﬁﬁg;g osedw%%%qr%%éturn

non- coor di nati ng hydrocarbon a chal n
slowek Bwn tiet heatctienng: Baurdsbybaayvebetiys W€ -dhction
or r.rigid _linker is used, the increased i
becaty e§raasgte’|ro %bgt wed etthgongﬁflglrﬁtt?‘encéﬁt%rM)anHEWWWr
6, Surdrace iy whehiolterbeki g %ghsigﬁﬂfiﬁéﬁi ding.fhe e
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i n good vyi el g& from al cohol e2a an%&%-%ﬂrﬁ %’%%ﬁa"t)e
was jYpche thanEeRaincr astedyavi decneesaeds agrel B (Scohisme
(Entdy WO 2007/117221 PCT/ SG2007/ 000096 13

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 7 was prepared in good yield
from alcohol 2a and n-butyl isocyanate in the same manner as

4a via intermediate 6 (Scheme 3).



OH~\ NN Op/ HObNA”\ Cd i H2a O
3. Reaction conditions for Schene 3: (a) 1
n- butyl isocyanate, 0.01 equiv. 4-DVAP, 3
WO EHIRA ami ne, DCM 45C, 95a. (b) 1.05 equ
second- generati on G ubbs' talyst, 1.05
Cud, DCM 50C; colum chromat ography;
recrystallization, 85% It was obsgryed—h
ﬁ“IEZWBamate moi gty did kot _notably afff et
ot al yticsactivilty, and the reagtion rat,
conparable to $hé commercial ly avail abd’eks

7 Schene
.05 equiv.
equi v,
i \PCT/SG2007/000096
equi v.

t he
o]

WH§~vf\

[
nd- A

gener ati on Hoveyda- Gubbs' catalyst Ib (Bntries 15

and 16 in Table 1). The recyclability
catal ysts 4a-4e (Cat) in the ring-closing

i mobi | i zed
met at hesi s

reacti on of diene 5a tasppmaduct 5b in DCM was
eval uated over a tinme (t) of 1-2 hours (h). The
results are shown in Table 2. Unl ess otherw se

Reaqigiad, cldi Hieadt iton's Sfbeaepdrf or med over 5

nmol %

catalyst at 0.05 Min DCM at roomtenperature. The
Peregnte iy, GRRYRRSI 08 deter i nedhy; gas,_;
(a) edﬁ mDng%n Lerm pe e?ﬁ&% 4 %%%%@63

chr omat ogr aphy (GCj. 77117221 PCTI'S
1499i0adi by sCaty Lemiovke, gPC, R4G#FCL 258.4 5.

007/
6 789 10

1 4a 0.36/0.14 1 h >99 >99 97 98 95 93 91 91 83 80
(b} 1.05 equiv. second-generation Grubbs’ catalyst, 1.05

equiv. CuCl, DCM, 50°C; column chromatography;

recrystallization, B85%.

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-Grubks’ catalyst lb (Entries 15 and 16 in

Table 1}.

The recyclability of immobilized catalysts 4a-de

{Cat) in the ring-closing metathesis reaction of diene Ja to

product 5b in DCM was evaluated over a time (t)
(h}. The results are shown in Table 2. Unless
noted, all reactions were performed over 5 mol%
0.05 M in DCM at room temperature. The percent

conversion was determined by gas chromatography

of 1-2 hours
otherwise

catalyst at



2 4a 0.36/0.26 1 ha >99 98 98 92 91 90 91 78 80 77
0.5 3 4a 0.36/0.26 hb Conv >99 99 98 97 97 94 94 87

4a 0.22/0.18 2 h 99 99 97 96 94 97 85 82 79
W%’S‘g%g”ﬁzj / 5 4b 0.16 2 h 98,93 98 97 90 97 gE-H¥}700009%

Perfornmed at 0.1 M _in DCM b Perforned under

é—reduced allvst ldeactivationl _and the el evdt ed

. Cvemad | apmd  acmy A Si-gRs—wer observed
rerl% 4l | 2= cethent—ronversi
G$ab|eazfg?or t up |tsanb jruns| £90-97% 4 flod | qued| by | 4 9 10
gr adu (FP°1/d4s |of agtivity ip subsequentjruns. A )
1| decri@ase/d.n4qct wvijty t9-£6- BP9 @envs;gbl%nk SRS SOt BT 355G
A 0 ot A 55 N R0 A Yo v e T e
by dny thedry, fhils | o4 Pn| Aet i| Pt dﬁid Be| due tho
agt. &nd/ gr. | eaching of [ther ruthenium
> ggrbgnéégkgg ileg, W°E §%8u %gbegﬁn ?Be Yol §¢i pht [ 87 |92 |93
T Piase g ag-eatalyfi ¢ reactionsg s not ewort hy
) %a ?ﬁg recchakiIit)gﬁas ?%pr@vedg%tfﬁn 8l eVvBt B2 |79 | 79
Lenpér &t ur e (Eptry 3 ifn Tabl e 7). tHout [being
> oHLd by any thgory, {HE shott eP8redtt)i®n | €7 mefivi|ghit | 77 | 78

hao
’E@*F%ﬁﬁﬁra &rebﬁfaﬂFmﬁave facilitated the et hyl ene
® rerfermpdatadeAbidflty. t o recycle was al so exanined with
tol uene as solvent. ts are shown in Table
3. Unless otherw se note reacti ons were
performed over 5 nol % of |nnDb|I|zed catal yst 4a or
4b ( CatB*&ligngs chnveredbosneeat obeemvteanpeamurg) for

up ﬂamfi%dﬂén%gbLb7@f 1y %lggﬁeﬁ ﬁé&IT &pigggngf activity

conver sl on Cbnv

in aﬂhaﬂnnanywnwmw (Gﬂ;deweeaea7hﬁlaazlvE€§/662@@1é@@0096
confg%sﬂaﬁglwéé noted for run #10 at room temperature.
Without being bound by any thecory, 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 solwvent. 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
reom temperature for a time (t) of 1-2 hours {h). The
percent (%) conversion (Conv) was determined by gas

chromatography (GC).




Cat t Run* 1 23456789 10 (mol/g) 1.5 1 4a

0.36/0.14 h >99 96 88 86 92 85 88 88 87 86 1 5 Conv

2 4a 0.29/0.08 h >99 88 87 75 80 81 82 85 77 % )
WORAHT/0722/0.18 2 h 99 69 80.85 85 81 86 75 79“?”58620/009996

0.44/0.16 2 h 95 90 78 87 87 77 87 76 81 79 Table 3.

X‘N\mn tol yene—was—used-as—the.sal vent substanti al

doosls” Logfingct | vitylwass: natedaf fer |t,hei £irlst fecyg) \ﬂ

. $ {10
( TabimacBja) However, s$ubs quent l[fossiinjactjvitly S
moTje graduatT$a ttat—77-86% conversipns—jwer auhle”ed
1} éeor; T-3A/#10 @t room {eepercat use.| efhpspardsoy smnce ok7 | 85

t he I\/CF-suppo}l‘ted catal ysts 4, was exam ned fdr the

RCM of ot her| diehesny $ee Table 4). The Jreaftiqgn tine
2| “fas GePetifnied in the|PPE$E8r W f9P hShddr-| Bonmel &7 | 78
onversion of the specifi¢ substriatel and was Kept

31 ¢eonst-ant®-£Br| ¥ Fe| subsedtientr Ut |88 hdhiltier] &y 75 |79 | 77

¢} ddecrease.ip | zat al yti ¢onClioul [y [nT eSS |OLNEEMW SR T8z | 79

+ A | 1] + . £ .onnn A nmn.
ROt eu, a1 Feact oRS Wer-e |JC| O a—OV-er 5 ||U! Q/C o

4a at 0.05 Min DCMfor 1.5 hours at room
tenperature. Al percent (% conversions were
determ ned by gas chronpdieng aphy (GC) except for
entry 9; the percent conversions for entry 9 mere

det er m_ned "H NWR spec 0SscC
2007/ 11 66@@3 %%es§83FP8Fe @PB@E%Ptlal

losfRuhn Gomvierisionids ﬁotéd>§§té§7ﬁ@ezf§§sb Za&fcle (Table 3).
However, subseguent loss in activity was more gradual 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 (sese Table 4). The
reaction time was determined in the first run for a nesar-
complete conversion of the specific substrate, and was kept
constant for the subseguent runs to mbnitor 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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17 Substrate - Product Run Conversion (%9 1 >99

(97)a 2 >99 is is 398 495 5 J( 8 12a 12b 6 86

755 895 184 OH\X'OH254 6 13a 3 23 13b 4 6
WOR027/11722399 (97)a ~O 2 100 7 Ph 14aa PhO | 3PGYSGAAT000096

4gg 598800160 (40)¥7-O\ 15b 15a' 1 88 0O 2

75 9 3 71 16a 16b 4 58 5 34 a |solated vield by

SRS Thr omat ogr BPIF®N si | i ca gel Run" Per foFARH P 0oFS)
6_h -
Orriks ' ' I 585 (87)°%
2 >89
’l[S s 3 98
: N ' 2 55
RN O ~
P S . 5 86
12a 12b 6 a8
5] 55
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1 84
OH 2 54
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6 3 23
= "X 132 ;if;
13b Z 5
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_ 1 >89 (57)°
/
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Ph 14ad
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(N :
o N 0 1 60 (20}
X 15a° 15k
1 88
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2 75
o) O’”\]L
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: Y,
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i6a 16b
3 34

# Isolated yield by column chromatography on silica gel.

P performed for 6 h,

¢ Performed for 4.5 h.
1 h.
2

k.

? Performed for
® Performed for
fYield for the monocyclic compound.

Table 4.



"Perforned for 4.5 h. 'Perforned for 1 h.
'Performed for 2 h. ¢ Yield for the nonocyclic
ound. Table 4. WD 2007/117221 PCT/ SG2007/ 000096
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the thgminal clefin in Entry 1. Without being bound by any
theory, it is believed that this is because the product
inhibiticon became greater due to the increased solubiiity of
propene evolved in DCM (Entry 5, Table 4). Catalyst 4a
showed ‘significant loss in activity over consecutive runs
for RCM of substrate contaiping free alccohol (Entry &, 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 1l4a (Entry 7, Table 4}, which are generally
known to cause more seriocus 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



reactive catalytic species. Hi gh catalyst
recyclability was denonstrated for aliphatic ether
l4a (Entry 7, Table 4), which are generally known to
WOR0BE?r e serious netal | eaching due to thePCT/SG2007/000096
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Table 5.

Ligand/Ru
loading in 42 | t Run# |1 2 3 4 5 6 7 8 ] 10
{mmol /g)
140.22/0.18 2h |Conv |98 8% 98 |98 |97 |97 |91 | 90 {90 |85
211.10/0.18 2 h | (%) 92 | 26 199 182 198 |87 {54 [ 8392 sl

Table 5.

For both Entries 1 and 2 in Table 5, reactionsr
were performed over 5 mel% 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/g)
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).



2 1.10/0.18 j2 h 3) 99 96 99 99 98 97 94 93 92 91
Table 5. For. both Entries 1 and 2 in Table 5,
reactions were perforned over 5 nol % of 4a at
WO ROPERA%At room tenperatur? ofor atine (t) o?CTés%W@OO%
(h). For Entry 1, 5 rml%o MCF- supported free

Iigands 3a g}g{?ﬁdlﬁga) was al so added. For
Entry 2.0% 3ﬁ aﬂ?@ 1% G FePES Averu 10 runs

in bordi @@s@\@sl:wﬁbleﬂm REMIEHe i%r %\é%rv%qo& GV
was_det er mi ned by Gas Chromat ography (GC V\B

EntsyoFy 11137}2@10%/@@(;@3#@@?0 W& I@ta:z:@iéﬁweflct@t ahest
int WG, Obsgt ved J 1 rul |n both cases
n in Table 5, V\%}gi”l {Sgtte gé?érved rglé Entry 2.
Suc¢¢$$ﬁﬁ@ﬁytimpIQ%ﬁﬁIaataﬁxﬁtrekﬂnﬁﬁﬂibmﬂﬂty:hETo compensate
| oduction_of .excess.free t hi s approa
,forsl‘LE}Icl:%:egisJ Uy ear?ptrloo\?e(faé’a?t’alayg’tl %@Ey(ﬂoé’ﬁelrﬁttr?tl?é‘ (0.1 M)
was campbsysad e for the slower reaction rate, a higher
concentration (0.1 M was enployed. It was al so
observg&that t.he presence of excess free |igands
reduced T el IFOIEHYRG priohl &he S¥ep<nfgl Pitpkacess
fre€yCi®mdd neetaller Guthle 1agl nwsyiandLeaghi, go@%r
catal yst 4a in the RCM of diene 14a was stu
mul Rl joisleFor IEntlabée £t 5he W@rteVpéryf @nn’zeélea\zbmng of
tdm}l b of 5 43, ( awml d/ 6 Ru/ g
?a %P%SS N T R DCtQTM %or ntrlgg% 8’ % Sm:Lﬁ& Ba%%déions
Tor rﬁﬁrilai’ga?nd'kg)él mea@eedomedt beespecmbﬂ.edolﬁ‘oh% The

i,0 d at .t ente erature (T
(0 LA B D W aFartipa R /8Y) S6r Or BFThen D&t U por
Entmmmezranwe; 'Eh@ahldnea(t}ﬁ E@Smﬂeasm&génamgh%% £Béied in

Rut residue in parts per million (ppm was
the fh% W 5 nd4efi veRFteBhprad BrasAErARsat the noted

tem}&&&iﬂdr@’fe(my o LERHMB) roaRdithB-PEEGRAt (LR ) or rerlux
conversi on _(Cony) was determ ned by gas
tmnmﬁﬁﬁﬁﬁﬁﬁbgrg Ltime (t) was meaSULed in hours (h),
Ruthenium (Ru) residue in parts per million {(ppm} was
determined by indugtively 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. 1H . 35 [>»>99] 30 [99) 20 [9®:]
5 ~ — Ru residue

5 mol% |r.t. Zh (pEm) 23 [89] 18 [929] 15 [98]
3 - reflux 0.5 h 13 [>99 V

i [Comv. (3)] [ ] 8 [>98] 7 [99]
4 15 mol% | reflux 1h 10 [98] g [99] 8 [99]
Tables 6.

Table 6 illustrates that when 5 nols MCPF-supported
fres ligands 32 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



ligand Tt Run # 1 2 3 1 - r.t. 1 h 35 [>99) 30 [99]
20 [98] Ru residue _ 2 7-MO1 %r.t. 2 hh 23 [99] 18

[99] 15 [98] (PPND 3 - reflux 0.5 h 13 [>99 94¥ J
WORBYF221[ Conc. (%) 4 5 mlg %reflux 1 h 10 [H9§5007/000096
[99] 9 [99] Table 6. Tab & 6 illustrates that when 5

, I\/CF sug orted free |igands_3a was added to the
CineOiBE SARECEAG L Plt AT B R OTEohe R S o Was 1ksezvod To

be padRetnaany gegaukedaly +OP Mhaat: bher.g0dof . £aeh

run was decreaSed, despite the |onger reaction
tempEgg¥EIE7221 PCT/ SG2007/ 000096 21 tinme. The
suppressi on of ruthenium | eaching was observed to be .

parti cal.ar k:gsﬁ gai EhC?EﬁBi% Of ng@gé%e fans. af, Joom

t enper at ur e. e resu suppor
obsegaakien ubbSethat abnlihjattdr h:eeapcletcyam dod emyedreeBby

. hanced by - .usi frqe nds and
usindy sGated Pse toRir S8 eatea temperatazes.

Procedure - Tables 1-6 In general catal yst activity
ExpegsmantahcPronedfreper Talnles dwer si on in each of "
Tables 1 to 6 was determ ned by runni ng the

reactions i ai ni ng. a. magnetic_ stir bar
under gr g%ﬁngfaiboﬁ?ﬁﬁﬁ%ﬁ & Jev"‘%ea%laal Syt ion of

percehar gedvatrshogat al ¥sth (& Tavhés 48 14 @yt 9 R g
and solvent (e.g DCM. The substrate (e.g.,

by féanl%a ib% FRAChRCBROUAIE OTL! ISomBI IR & MRgnetic

tirl BheCtifler COPYEH SLONS, MR MEmHDY d ( y 9
? lrafter fl?Jt:ratlgon thro(ljjgh a%hortE%a% q?leg Vlla(t:iawgﬁel

charfpdevithonaklhssolvent, (&gis DCMn dovurgensr & umbhe
and 56 %gﬂgn g?lunEDgﬁ 1’ﬁmzsugg¥réggsﬁegn, S5a, Ba—-iba in
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}. In
general, the reactioﬁ velume 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 thosge 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 isclated yield and conversion, respectively. The
vial was charged with another aliguot of solvent (e.g., DCM},
stirred for 1 minute, and centrifuged agazin. One more rinse
was performéd before the next run was conducted with fresh

substrate.



experinments where the ability of the catal yst system
to recycle was studied, these reactions were
enerally run in a simlar nanner to those for
WO&P%N”%@ catal yst acti vi ty, For the recycl G{RPEE0009%
on conpl etion of each run, 2€he reaction vial was
trjfuged at 4000 r nwfor 3 mnutes, and the
Eha@ﬁg%r% b%%ﬁ?%ﬁﬁu%é&&%ﬁ%&ﬁflﬁf-ﬁ?ﬁ%ﬁﬂholunn
chronatography and GC for isolated yield and

Stefopypssion, respectively. The vial was charged with
anot her aliquot of solvent (e.g., DCM, stirred for

1 mnute, and centrifuged again. Che nmore rinse was
per f or fePHEfGHe Hifes kasas r\ﬂJ%i e6hduched cwirrhsponding

a1cbi88iva DM ALl A0/ LLiss a)’gs(/ B72001/000096

Exanpl e 7Tt repar at | ol of T b Step
trl@al)exwztgcarnsenwfﬂ(asdmﬂas Cﬂh-ahgedthwlpb’rhblene {(0.10 mmol),

et GBI DR DR b oid el (1P d%frﬁnom}d@r argon.

The 4eeh areitdry npyrtution a0 HEQ tRRD b 4%rh@haﬁlaﬂ$@§ £281 Q.

ried DCM (10 ml) under argon
DeM r%i %%%Y%%@W@%g@@am& uBgeRogrsuGAdepressure .
Hexd®f | w0 m1IDCM=and dddet %lda@h%epﬂ%ﬁmgn %ggg g gnggﬁ?%@d by

reduced pressure. Hexane (1
Lll%ﬁ%%#ﬁ1taﬂ@aMiihﬁﬂﬁﬁﬁe@aﬁyCthEntaat@d uftherf rétnate

predBiLongentated dinder reduged, pressuie and dried,

under’ vacuum to give the corresp
carkanggiooEsess coillor Iwhisc b idas whsetl whshasbdf withetit further
r tion. The general procedure of Step (a) using
pur%ﬁ&%i? " mmol ) gave 3.63 g of the corresponding
trlethoxysilane: "H NWR (400 MHz, CDC13): S 0.64 (t,

|_| j The. @eHE):allp%éc(atiu?QHof gti:%74({§ ngé'ﬁ)lé- 50 géj '35
mmol(q gaérﬁ 3 6% 05 é‘f‘f %rgﬁs?gﬁﬁ%@g tﬂ?ﬁtbo—y%lbaw) "H-

mﬂ@%@&%&hﬁﬁﬁﬁéﬁﬂz&L%§&¢k. 2,9

J =(7 2 Hz) 1.35 (d, 6H, J = 6.0 Hz), 1.62 (m, 2H), 3.19 (m,
2H}, 3.82 (q, 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 (ad, 1H, J = 8.4, 2.2 Hz), 7.48 (d,

1E, J = 2.2 Hz). ™C-NMR (100 MHz, CDCls): & 7.6, 18.3, 22.1,
23.3, 43.4, 58.4, 66.4, 70.9, 106.6, 114.0, 114.3, 126.9,
i28.6, 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
CzpH36NOsSi: 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, CDClsz): 8§ 0.68 (t, 2H, J = 8.0 Hz), 1.24 (t,



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). ''3C-NMVR (100 MHz,
WOGDOIBY22L S 7.6, 18.3, 22.1, 23.3, 43.4, 58 RCT/EE007/00009
70.9, 106.6, 114.0, 114.3,2326.9, 128.6, 129.0,
131. 7, 155.1, 156.5. M5 (FAB): miz 3) 438 (38)
2H, [W1= 23@2(2@)3% Mid £t @ HF, = 3640 (15) , 329770(6;u1z2m 2H,

7 -G8 Re d yg l100L, CRIBATIS) sea g heyforr

Hz) pr@c@@luf&gﬁeiﬁtéﬁi (aj =Usi.fgH2h ,( 4.22 (dupl JEgave=1177z,

sty e 0 4y ot pneyy LN 00
6.82007/ 1ﬂ;-?,22,1 =P@T/BS@QQ7150@%OQ@01 2§H9HJ 1 . ii_|,22 Fz)az

0 Hz) tet,
7. Oif—lzﬁddr(s 12‘@ (La zlﬂ 63 41820H}212) 73%5%3 18H, Jj= _2722Hz).
1304@?{ ﬂo?es%ﬁsep&ﬁélﬁ) ._ 108 H/Z,)GQZZ(SCQ% él%q‘dg,\]lﬂ J,_ 58.3,
71.47. :614134 Hz) ., 9618149 (cd, Zﬂ.ZH. —1;&&3H21)31619614(41d; 152 2,

1H J = 8.8, 9 1H, = 17
154 15 i o5 i Fh 425 MRy MR (OG0 M [ -Eto

7 ) 2 1 El e 4 I3 5 ].' 3
+ H]%)Ar@’ﬁe? 1192 o %IRMJSS %‘AB% c@lc%.% % fi %%% cag: ?NQ EZ
42695309, faguyl 8126w@2(9i9AB) m{z (o) 426 (37) [ Mt+H], 380

(100) [M+-EtOH + H, 178 (69). HRVS (FAB) cal cul at ed

Steé ogb)C.21H36I\I(BSi: 426. 2306, found 426.2299. Step (b):
enk flask was charged with MCF (2.05 g, 0.60

nmmol TMS /g) and pl aced under vacuum for 24 hours at
120C. ATHeE llea@kI&@@kpwﬁgeqhwrghdawgbh mFrbbnﬁ)B g, 0.60

o SHIRET AL UL, aqc ah%agg g«tagnuafkﬁg 59' 60 01)589

corre pon tri oxysilane (
The oﬂt@me\m# mmgStJepl(ca) arghe atesobmi h@mmamw:ee A/va@ad

on={igal S or A8 DU el 100G, Uban, ool Lig Lo, oo,
triethoxysilane (0.85 mmol) obtained from Step (a). The
resulting mixture was heated for 48 hours at 100°C. Upon
cooling to room temperature, the solid was thorecughly rinsed
with toluene, DCM, methanol, and DCM (50 ml each). The
white solid obtained was transferred to a Schlenk flaszk, 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 wvacuum.
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 wvacuum
for 24 hours to give the corresponding immobilized ligand as

a white powder.

Following this general procedure, intermediates 3a

and 3b may be obtained:



with toluene, DCM nethanol, and DCM (50 ml each).

The white solid obtai ned was transferr;ed t(1)2a

Schl enk fI ask, and dried under vacuum for hour
WORIBHELIAf t er cool i ng down,, to roomtenperat]iﬁniés(;3’(0Pl"éo""‘)"?’6

flask was placed in liqui dzﬁltrogen bath for 10

——hutes—and- : s—added_under. vacuum__ The
SEHEIAER was seallggeg%ﬂaﬁ@n(mmdt 80C for 5 [Hogmental

Mathmeéalresul ting solid was cooled to room tenperatuLe,
washed thorpughly with DCM (100 ml), and then diied
tant ef vacuum for 24 hours to give the corrgspondi ng

22 i{fmdbidmczied | Bgand. @s g)a white powder. Fott v(\g rig H4S
' ,general procagur ,=l-nternmediates 3a and 3b be

~ Obtained: W0 3067 I S5 TP PC 065 74000006 |34 1.91
-Starting Int ='ErrEJdJ,ﬁ é (:laqim:ufft Yt Amscatial Materipasy

340077+ Used for

S t ||||u=) 3& oo A
= gpe?)%kng%bllign :)13—"('I 52%89 Entries 1 and 3-5 of Cfabt & 1)

N: 0.51 2a (PUSSH riivod pr@aaaz(az:.iba OF G, 8n¥Zy |Wsed. Sor

reparation pp danpAtry H 1.54 2 of Table 1 N
040 25 (0 AL;ﬁn?mﬂa 200 ) C 8 16  Used’tbr

22 $Pepnrmmcilon pda 4e2. OEnE‘i'y H 1.66 6 of Tabl ecl N1s
0.31 2a (2 2Dysmldo38:L2.00:8) & &L 13- thed O{ﬂ- .

EraParlfaglsogb %10 1f—‘aﬂ?11r6|15 3b (ET Ir3lzeg) canlz es

2a fDr2@hm@palati 90 f. 0dbg; ENTTY H-—I88 C: 14.15
Used for preparation of 4s, E: 2.02
Entries 7 and 8 of Table 1 N: 1.53

2b (1.11 mmol) |3b (1.32 g | C: 12.65
Used for preparation of 4L, Entry | H: 1.88
5 of Table 1 N:r 1.01

2b (0.60 mmeol) 3b (1.34 g) C: 9.77
Used for preparation of 4b, H: 1.72
Entries 10 and 11 of Table 1 N: 0.62

Example 2: Preparation of Ligands 3c—3e

Step (a):

A two-necked flask equipped with a2 reflux
condenser was charged with magnesium (21,0 mmol), iodine
(trace), and dried THF (50 ml), and heated under reflux.
4—Bromo—Z—isopropoxystyrene (20.0 mmol) in THF (50 ml) was
added slowly, and the resulting mixture was stirred under
reflux until magnesium disappeared. After cooling te room
Temperature, the turbid solution was added to a stirred
solution of the corresponding dichloride (60.0 mmol} in THF

(50 m1) at 0°C. The resulting solution was stirred for 18



9 of Table 1 N 1.01 2b (0.60 mml) 3b (1.34 g) C 9
77 Used for preparation of 4b, H 1.72 Entries 10
and 11 of Table 1 N 0.62 Exanple 2: Preparation
WOLANER313c- 3e Step (a): A two-necked flask é’ﬂfsﬁﬁ@ﬂmo”%
vvith a refl ux condenser s charged wi th magnesi um
(2 I?: iodine (trace), and dried THE (50 m),
hour&nékhéﬁf’@d GHBEFSFBFPux. T 4¥BE oRBLOSP E5REDPONYERY I ene
reduked. ?rgggh}e'naﬂHEhé§9nQ1}2@aﬁl agggda§¢? yloﬁﬁ%’&ﬁgér
resulting mxture was stirred under ux un
SulrﬁagﬁeS|ﬂhﬁdi@épé@hi@dsu¢$t@mceowaﬁn@llberemnmzf, and the
e u [ ol.utign added to.a
flltg:?% L%E ESPS{EHgﬁgg%B %eéclg?régpo\rq@l hg  af et ot e
hour@GQDOgmnelihenc&tEés@Sﬁdﬂh@ ah16CosThens esyl 44 ngi1,
. % ution was rreg or 18 WO 2007/ 117221
whic C‘I’Fédéﬁ@?’/ Y%Bfi@%t BThHOGF sPRFLFboRTtRperat ure. It
was concentrated under reduced pressure, and hexane
(20 M Ihyegendded shovkyut@der s6éhr (4NGushe
i.nsol ubl e substance was filtered off, and the
dichilpFpHaPEtigsSEbABENt £at RATBAY dFRER Undierd vaie iU f or

corcElog IS R IRE L B8 00 TREIT ARl e P la o

0.68The, geﬂeran Bﬁocedusﬂ off Stepo(®y) Usé NG9 (septet, 1H, J
5ICh %IsHane (200m’m’_a ave 5.05 of the
ofFéspon éd hl ofos? | anet ser 4 (40’ 8wHAd, 1K, J

17CeC13) 4 1$z P. @89i3(d6|‘|151, 1J3=6 aéd4 B, I -0555 Qicﬁz)m J =
4. 59 septet | H Hz), 5.27 (dd,"

17. 611??, 1HZL> HeY ; 4@ ?@d(dﬁﬂr m J8. 4-— 137 @quﬂz% ®.,91H,

5 - Gd J &8 5
= v(liz 46 (qar “"‘TH%)WO Mg S%:é )Hz) ‘7“289 2(2d '1I11|O 33
113.8, 11@41—2) 1A8Cs NVR2 € 190 Mz, 7CDCGIB)8, S &%, 21256)9
70.3, 113.0, 114.5, 126.6, 127.2, 131.7, 131.

133.8,,_156. 9.
'The general procedure of Step (a) using 1,2~

bis({dichlorosilyl)ethane (15.0 mmol) gave 5.0l g of the
corresponding chlerosilane 3d: H-NMR (400 MHz, CDCli): &

0.30 (s, 6H), 0.42 (s, 6H}, 0.76 (s, 4H), 1.3% (d, 6H, J =
©.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). I°C-NMR (100 MHz,

CDhCls): 6 -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({dichloresilyl)hexane (20.0 mmol} gave 7.78 g of the
corresponding chlorcsilane 3e: lH—NMR.(4OO MHz, CDClz):

§ 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 {ad, 1K, J = 11.2, 1.4 Hz), 5.76 {(dd, 1B, J = 17.6, 1.4



The general procedure of Step (a) using 1, 2-
bi s(di chl orosilyl)ethane (15.0 mmol) gave 5.01 g of

" the corresponding chlorosilane 3d: 'H NVR (400 VHz

WO Hy221 6  0.30 (s, 6H), 0.42 (s, 6H, 0. 7 6PYHSG2AfF000096
139(d 6H J = 6.0 H), % 61 (septet, 1H J = 6.0

11.2, 1. 5.79 (dd, 1H,
Hz) :J & ié é‘g 1912 H%)‘ % 9EF, hdT Jd@r) gL H%)—( 7.8 - 11.2
dd, 3dHad, =147 7 8.
Kz) {07 ) o gllg(dg 1I1-|81% tiz)fegrg 1% @Rl(’{odj‘di 6
HZ)CDCP&)“ -(3.08, MHZO Chc3,z) 1185+ 222 21. go 3. 1131@

14 1 132. 3, 134 3, 156 : Tﬁe

23. } o2t af %%c%dﬁ% %‘%&27 %a“) 3 fsi ng 46 127.1, T30l
132bB$(ﬂBzh$prp§4ly )bﬁgape (20.0 mmol ) gave 7.78 g of
t he correspondlng chl orosil ane 3e: 1H NMR (400 MHz,

13) : 6 0.24 (s, 6H), 0.40 (s, 6H), 0.70-0.85 (m

22.4,

Stepiin) 9 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 H2)a Sefedid 7 R 715114221
PCT/ se)z%ow YT ﬁéﬂ T & e(dé Al\lflpy%% %6}-@7 0.8
mmoy BYS (4, - Bad placed w em*\@“qqzr) oF. 34 (b@d:,rslldt izg°c.
8 1.6 Hz. 1Q0
The Ut facdanpurded drith o o, gl Pemp AR £

chapged, wiﬁ@zﬁriﬁkhyl&mlﬂi (f1342ﬂd314dkgeﬁZEolu@L&o (30 ml),
3,432, 9, 34 4, .156. 1. Step ( A Schlenk flask
andmlg@ec e ged W 150315 618873 PsH ) FVSTRE)
resahi g amd:wtd&faé/aﬁjiwﬁefcpffo&‘l chowss rat 512060, The
flask was purged with argon at roomtenperature, and

CETRAG YE wi tH S riRety 1%6Hive Yes. #4orrpobdyi ednsetubtie
tolddf Moy, andHHe coLespeRdiRY h! QLsh! agﬁlé:é 03¢

The resultlng n1xture was stlrred

tra%liﬁ-%f%ﬁ YoomSaherFdy dtlgrk aThle dwhiete usdkird veasun for

12 ﬂ&ﬁ&%ﬁﬂggﬁ%ffnsagﬁ%¥"c&QhH%@edoggNkongghan empggatﬁ§%4
the flask was placed in liquid nitrogen bath Ffor 10 min, and
HMES (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 ml), and then dried under vacuum for 24 hours to give

the corresponding immobilized ligand as a white powderx.



transferred to a Schlenk flask and dried under vacuum
for 12 hours at 80C. After cooling down to room
tenperature, the flask was placed in liquid nitrogen
Wopae#ifse 10 min, and HVDS (1 m) was added R&¥er2007/060096
vacuum The flask was seaPdd and then kept at 80C
for 5 hours. The resulting solid was cooled to room
t enpeFat Loeinvashéd tkoersadghpyomiechrBCMifitemek)iatand3c,
dried under vacyumfor 24 hours to give the

3d a@QrﬁEs’B@ﬁd]P‘ﬁ }% ?5. zed ligand as a white powder.

WO 2007/ 117221 PCT/ S&007/ 000096 27 Followi ng this

amodgheral procedurjeintatwédediat esndot) 3d anp Bemamiyal
be obt ai ned: Anmpunt I nternedi ate (anmount) E enent al

corgpFPeRPHAEI ng Anal ysis precursor 1.05 nmmol | Bgalysis

3,239) C 8.16 | Used for preparation of 4ci H 1.39

PreEAYY 12 of Table 1 N <0.07 0 70 mml _3d_(P.20 g) C

1.08.@6olUsed for py2pafat2dm of 4d, H 2.04 ERtr§-18

of Table 1 N <0-956¢d1 ey g}l%x%e&l(d% gﬁm, G 510194

- Used for preparatrio
Table 1 N <0.03 EEif(aerlé St TReleparhtion of Tat el y8i s

- = d f| ';lcll arull nned \vnvl;th a—tef lnv
0.7¢oWaehser was chaﬁ@e&zmﬁh@] i gand Be (500 nmg“*0738°
mmol /g), second:- generati gRefIAdasn satal,yst ¢ 02 184
nmol ), copper chloride_ (0. 18 nﬁl) and dried DCM
(10 m) under ar ggﬁtrirh% r%ac?? xt ure wal¥:hedt ef

o1 hotr-s—unde T stream of —argpp. FHE57
L OPegmf’?on m xture Be g IFy changed from dar E br own

to deep green. Aft?eedcﬁmd pngpammiroonet 4e, {H: 2.07
Entry 14 of Table 1 N: <0.03

Example 3: Preparation of Catalysts 4a—4e

A two-necked flask eguipped with a reflux
condenser was charged with ligand 3z (500 mg, 0.36 mmol/g},
second-generation Grubbs’ catalyst (0.18 mmol), copper
chloride (0.18 mmol), and dried DCM (10 ml) under argon.

The reaction mixture was heated for 18 hours under reflux in
stream of argon. The reaction mixture gradually changed
from dark brown to deep gresn. After cocling to room
temperatufe, the fine powder was washed thoroughly with DCM
(100 ml) under open atmosphere, and dried under vacuum for
24 h to give the immeobilized catalyst Z4a (578 mg) as a green

powder.

The skilled person will readily appreciate how
this general procedure may be adapted to obtain catalysts

4b-ge.



be

tenperature,

under vacuum

nternedi ate Catal yst El enental

(anpunt) 3a

the fine powder was washed thoroughly

wth DCM (100 m) under open atnosphere, and dried

for 24 hto give the imobilized

WORHYAIYBL 4a (578 ng) as a _green powder. TheP(SKEGPEP00096
person will readily appre@iate how this genera
procedure may be adapted to obtain catalysts 4b-4e.

WO 200761182201 PCTESER0D 7P D00OY6re 28cisst higsthika~4e may
eneral,.procedure, catalysts 4a-4e may be obtained:

500 nm)

Anal ysis (anount)

4a (536 ng) Entry 1, Table 1

Tt Smedlats g)
(578 ma )
‘am§?“3.07 3a

48atdl ¥t g Entry 2, Tabl ¢

' 30 Entries 3-5 off
iy

2 Bl eBanf B0@naYsis
Table 1 H 2.26

4a (1.09 q) Entriy 6 of Table 1

32

LY 500 ng) 4
Table 1 H 2
Entry 9 of T

1da(545 mg) C. 17.26 Entiries 7-8 of

1.30. 3b (250 ng) 4b (279 ny)

dey N,
%Ferﬁ 3b (500 mg) 4b (541 ng) Entries

38 §0-P19of Tabldz 113 @500 ng) 4c (566 ng) C 12.99
&Hyﬁof@%gh%%%l
3a (500 mg) 4z (578 mg ) C: 15.3C
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 mg) 4a (546 mg) C: 17.26
Entries 7-8 of Table 1 |H: 2.31
N: 1.30
3b (250 mg) 4b (279 ng)
Entry 2 of Table 1
3b (500 mg) 5 (541 mg)
i Entries 10-11 of Table
1
3c (500 mg) 4c (566 mg) Cor 12.99
Entry 12 of Table 1 H:1.97
|n: 0.59
3d {2.00 g) 4d (2.27 g) . C: 1l4.02
Entry 13 of Teble 1 H: 2.32
| N: .69
3e (2.00 g) 4e (2.25 g) 4C:14.89
vntry 14 of Table 1 H: 2.43

N: 0.87




N:. 0.59 3d (2.00 g) 4d (2.27 g) C 14.02 Entry 13 of

Table 1 H 2.32 N 0.69 3e (2.00 g) 4e (2.25 Q)

C.14.89 Entry 14 of Table 1 H 2.43 N 0.67 WO
WO2007Y1127221 PCTI SG2007/ 000096 29 Al t hough tH{&/SG2007/000096

foregoi ng i nvention has beéd described in sone

detail by way of illustration and exanple, and with

regard Betbaegbr ther éorapodigehtsentiom grpdsEn of

ity .of erstanding,. it | ' npar

aesErIbEt o8 sURETLELACE PP vid ok PRSI RRRT BN ot
andt @achi rggaef thi snei avendtrenehhadimetisl fohangeises of

vari ations and anLficat'ons m 'ﬁf nmade theretq
clagitiolt GBPSFEFAGFTPEm theSpfTitiof 2R ot fdose of
ordiR¥ent isgn1asidessti hed in thenappended €daEigd of this
_ must "be noted that as used in the specification and
inveh&igppéha&dcerapas, CRARISE ngtkBratoims fd mpdifiggtions

a 2HRe Ll dg. phunal g&sferen efﬂ{}{efﬁet it
mayc%%t?%? chgggbg ?ﬁgbcates %tﬁ%rmﬁse. nl'ess é?ingg
scophefwitde ahlvetiechni sal dandrikedleint i fie dmrarsiafsed aims.

herei n have the sane nmeaning as conmonly under st ood

to one af. grdinary LI in.t t ich thi.s. :
inventig% %@ Engg.niﬁ%&pﬁ%$$c%$i§%%§ %%pgﬁ%gﬂg%&%icatlon
andpatentpappldecatianss, cthedsingthas Specd foLatdgn “ar® and

w..dincqorporated. herein hy reference i f_each _
CHENARPROURE BUBFFCat FORT=PaT ot 67 AT i B | ey
indWREe ssPeehkir-Gakky and individually indicated to be

i ncorporated by reference. The citation of any

publ i cation, patent or Eatent application in this
speci fi FALE6R FAS§TABEIaA AGRYS8F ol t hatClitheal and

sciRuRliirGal i-QAnms used herein have the same meaning as
commonly understood to one of ordinary skill in the art to

which this invention belongs.

211 publications, patents and patent applications
cited in this specificatlion are incerporated hersin by
reference as if each individual publication, patent or
paﬁent application were specifically and individually
indicated to berincorporated 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 pricr art.
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_.patent or patent application is prior art.
" PCT/ SG2007/ 000096 Recei ved 1 Febr uary 2008
93231-275 30 CLAIM5; |- A catal yst conpositi %Pg{ifiﬁifﬂaggzg
9?{? gl ng a ruthenium catalyst inmmobilized on a Y

¢ddus mesocel | ul ar foath support, wherein the
rut henium catalyst is selected fromthe 5 group
consi sting of a Grubbs catal yst and a Hoveyda- Grubbs
cEafy.yst. 2. The catal yst conposition according to
claim1, vvherei n the rutheniumcatalyst is the
.G ubbs ¢ taI 3. The catal yst conposition
taccor di n‘g VﬁltnFimp‘isGt\?vﬁé‘r EFFPHAFETE Ut HeYTrhgRium
ca‘analsyswumsbxheeHomyﬁaal@riubbﬁs adoak Y Si1ard £obm

S [ ri sipng,.a.catal

sﬁ%@ty Rh&@é@pséh'é QP?I?&% 2L gjéyeﬁtl GE a?gfedj&ﬁ\d gﬁ%rtthe

I mmobi | 1 zed on ceous eso

- GHPS COTRES '%Jaﬂ‘-'{alﬂﬁs £ EBIpUsicekahy st cordR ngrtsydet-at i

cavdersei.n the catalyst is inmobilized on the siliceous
nmesocel | ul ar foam support -using a |linking gr oup

sconpri si Q. I y rou ded Sheet
| PEA/ AU e 5%?8%%‘3’9"%“ ece%‘x’/‘%’ s 45 d’ra1 508
whanen Shs %TIEM'FﬁeC%%ﬁJa‘ISystLSc‘@lﬁmé‘mutﬁb@ncmdgsﬁL ng to

claim5, wherein the carbamate or silyl group is
3at t achedTho ¢¢t@lystltmtﬁﬁﬁOMdruhaﬁ {coa:ma&tdpport '

wtl@f&%gteh@nr@immﬁpgg@%lysgm ta' \,3,% osition

according to claim wher éi i 1 hea is a
cg3285al kyl group.

4. A catalyst composition comprising a catalyst:

immobilized on & siliceous mesoceliunlar feam support.

5. The catalyst composition according to claim 4,

.wherein the catalyst is immobilized on the siliceous

mesoecellular foam support .using a lx_nk:l_ng group comprlslng a

carpamate ox silvl group.

Amended Sheet
TPEA/ATU
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..8. The catal yst conposition according to any one of

clains 5 to 7, wherein the carbamate is a nmethyl per/sa2e07/000096
carbanmate. 9. The catal yst conposition aCCOfﬂ%e‘i‘iFe‘bmaryzoﬂs
Qgg% one of clainms 5to 7, wherein the silyl group is

§t1tuted by one 10 or #wo nethyl groups. 10. The
catal yst conposition according to claim5, wherein
the linking group is -X-C (ON (H) CH2CH2CH2-, and

gwherei n* %, LS r'0. 11. The catal yst conposition
accor di ni:]fhte 0 ¢ al&r%%SFQmﬁ?WSPe?%qu%é}gFi ki TG 18r dup
“hgrei) ((ORRFRIPIGIE0BY a$ Wwtl] ‘Gropp and atwher®i RoNths O,

sllideord mdsoBel Q10 £d4n t C ILion
accor di ng to any one of SEE%FEW? %l%eglbflgypvﬁ%}rs | fEACeT-
-t he. I i nki p.Js.attached to the 2-position of

t he cat ang/{gt :ggg%lyélt, F?ml?ostlt,lf’fl Al e E‘??%ﬁ%n@ed
vBRERt! YhPEALKYL PORCSC200 % 000961 kRecrioved 1 February
2008 93231-275 32 |i 13. The catal yst conposition
8a_cior di nthEocanylylcmlecﬁﬁ;;c@i&iiﬂ’ﬁ deddroldg WIGHS Bolhe:
sk S, . oam__support conpri sés

R Rt Ty Tt The CRPATSHY oftpBeTforrasoamate.
9accordi n% to any one of 5 clains 1 to 13, wherein
the sili¢BBuSRESGEePITR: ShERMIINPPORE Comyi ses of
ciphrs iTalk, 7novndisperse Sl cesnsp lil suPBSAeREKUL Al e
oL0AM MehPaLLi gles. ‘

10. The catalyst composition according to claim 5,
wherein the linking group is =X-C {0} N (H) CHaCHsCHas—, and
wherein X is CH:O or O.

1. The catalyst composition accerding to claim 5,
wherein the linking group is —S1(CHa) 2~ [ (C1—Celalkylln~, and

wherein n is 0, %, 2, 3, 4, 5, or &.

1z, ‘The catalyst composition accerding to any one of

. claims 5 to 11, whezein the . linking group is attached to the

2-pogition of the catalyst:

Amended Sheet
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. 15. The catal yst conposition according to claim 14,
“wherein the siliceous nmesocel | ul ar foam support pCT/SC2007/000096

conprises 10 pores having an average pore di RER{VeH 1 February 2008
of - about 24 to about 42 nmm 16_ The catal yst

23BMpESict i on according to @y one of claims 1 to 15
for use in a ring-closing netathesis reaction. 15
17. The .catal yst conposition according to claim 16,
which is_recycled for use in a further ring-closing
“het at hesf &8y ¥on. CORPCSALABE RRFFGETBriehaPFngta of
ctated S toconpasikiedn tHéOB&'ﬁl(l]j_E.SédE\hgs irﬂ&%%&li@ja@?f@?m
;49_&:15 st ve - 20 G- ubbs catalyst on a
3:35 |cegﬁgé’?rie%e&g%%%gp%&é%?éupport‘. 19. The method

ccording to claim 18, wherein the catalsyt is: 25
1 Anend Begﬁ%g@ysypEﬂgﬂgltlon according to any one of

claims 1 te 13, whersin the siliceous mesoceliular foam
suppert comprises spherical, monodisperse siliceous

mesveellular foam microparticles.

15, The catalyst composition according to claim 14,
wherein the siliceous mesocellular foam support comprises

pores having an average pore diamester of about 24 to about

42 nm.

1a. The catalyst composition according to any cone of
claims 1 o 15 for use in a ring-closing metathesis
reaction.

17, The catalyst composition accerding to claim 16,
which is recycled for use in a further ring-closing

metathesis reaction.

le, A nethod for preparing a catalyst composition
comprising immobilizing a Grubbs catalyst or a Hovevda-

Grubbs catalyst on a silicecus mesocellular foam support.

19. The method according to claim 18, wherein the
catalsyt is:

200
A
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