I Chiral Bisoxazoline Catalysts Technical Field The present invention
provides a heterogeneous chiral bisoxazoline catalyst, and a process for
making it. Background of the Invention Chiral bisoxazolines are among the
most useful catalysts in asymmetric organic reactions. Heterogeneous
catalysts are desirable as they provide for easier, faster and more
efficient separation and recovery of the catalyst. Consequently a great
deal of research has been done to heterogenize chiral bisoxazolines.

While most heterodefided BiSR%aaPMBHAI@IME e of polymer

supports, a number of silica-syppoited pisgyazoline catalysts have been
developed. These silica-supported bisoxazolines typically show lower
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bisgrapiesupled e abénesganic solystkateusaidtprecursordieny siladesipparted
bisBQSinR CQ%??L‘Q G504 pﬂggl a (%yéﬂl&'éo Xﬁ%gslénesili?cgsupported bisoxazolines
typically show lower enantioselectivities and reactivities than their homogeneous
counterparts.

There is therefore a need for a bisoxazoline catalyst that provides for easy
separation of the catalyst from products and provides good enantioselectivity and
reactivity.

Object of the inveniion

It is an object of the present invention to overcome or substantially ameliorate at
least one of the above disadvantages. It is a further object to at least partially satisfy the
above need.

Summary of the Invention

Disclosed is a heterogeneous chiral catalyst precursor comprising a chiral
bisoxazoline group coupled to an inorganic Substrate.

According to a first aspect, there is provided a heterogenous chiral catalyst
precursor comprising a chiral bisoxazoline group coupled to an inorganic substrate, said
precursor being made by a process comprising coupling a chiral bisoxazoline to a
hydrophobic inorganic substrate.

The chiral bisoxazoline group may be coupled to the inorganic substrate by a single

tether group. The chiral bisoxazoline group may have structure la, Ib. Ic or Id.



hydrophobic inorganic substrate. The chiral bisoxazoline group may be
coupled to the inorganic substrate by a single tether group. The chiral
bisoxazoline group may have structure la, Ib, IcorId. la R3TAD3 TR
R20,-10iR221...0(r) NNRJ-NN RiR1 Ri WO 2006/096131
PCT/SG2005/000072 2lalb 77/, R3TRsT R2,../1.,, IRZR21B2 NN
R~NN-R RtRtRtRt IcId In structare la to Id, R' may be a bulky group,
and may be sufficiently bulky that a chiral catalyst comprising the
heterogeneous chiral cata%t precursor complexed with a mgtal species
capable of catalyﬂ% a dhemical reaction is capable %:ﬁ:atajysmg the
reaction to gengyate hlra roduct The chiral catalyst may be.capable
of catalys'pgt e rgaction e the chiral pr i
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reaction. Rr mad/ be an alkyl group, for example a Cito C12 alkyl group,
or an aryl group, an alkylaryl group or an arylalkyl ﬁ%l)up for example a




C6 to C12 aryl group or a C7 to C12 arylalkyl or alkylaryl group. R2 may
be hydrogen or it may be an alkyl group, for example a Cl to C12 alkyl
W%?B?%‘,E aryl group, for example a C6 to C12 aryl group, & @p=2005/000072
arylalkyl or alkylaryl group, for example a C7 to C12 arylalkyl or alkylaryl
group, or it may be some other group. Rr and R2 may be taken together
with the carbon atoms to which they are attached to form a cyclic
structure, for example a C5-C7 cyclic structure. They may for example
form a benzoeyclopentyl structure, such as structure le or If. Rr may be
an alkyl group, for example a Cl to CI2 alkyl group, or an aryl group, for
example a C6 to C12=aryl group, or an arylalkyl or alkylarykgroup, for
example a C7 to C12 arylalkyl or alkylaryl group. T is a tether group for
coupling to the inorgaanic gubstrate. The carbon atoms to whith R1 and R2
are attached may af¥ '.rridependently, have a hydro 3 tom, or an alkyl

group, for exampl hyl, propyl, isopropyl
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C12 alkyl group, or an aryi group, an alkylaryl group or an arylalkyl group, for example a
C6 to €12 aryl group or a C7 to C12 arylalkyl or alkylary! group. R? may be hydrogen or
it may be an-alkyl group, for example a C1 to Ci2 alkyl group, or an aryl group, for
example a C6 to CI12 aryl group, or an arylalkyl or alkylaryl group, for example a C7 to
C12 arylalkyl or alkylary} group, or it may be some other group. R'and R? may be taken
together with the carbon atoms to which they are attached to form a eyclic structure, for
example a C5-C7 cyclic structure. They may for example form a benzocyclopentyl
structure, such as structure Ie or If. R® may be an alkyl group, for example a C1 to CI2
alkyl group, or an aryl group, for example a C6 to C12 aryl group, or an erylalkyl or
alkylaryl group, for example a C7 1o C12 arylalkyl or alkylaryl group, T is a tether group
for coupling to the inorganic substrate. The carbon atoms to which R! and R? are attached
may also, independently, have a hydrogen atom, or an alkyl group, for example methyl,
ethyl, propyl, isopropyl or butyl group, attached thereto.

In one embodiment, R! is #-butyl and R? js methyl.

In ancther embodiment the chiral bisoxazoline group has a structure selected from
the group consisting of fe and . |



may an alkylene group [-(CH2)n-j, for example a Cl to C12 allrylene group,
oran.ar lene group, for example a C6 to C12 arylene group such as
[?8%{-%6-' Or an alkylarylene or arlylalkylene group, for examﬁl(éTésezf“%/ 000072
C12 alkylarylene or arlylalkylene group such as [-CH2C&Ha-(CH2)a-]. It
may be for example -CIH6-. Alternatively it may be ether [-
(CH2)a-O-(CH2)m ], carbarnate [-(CH2)6-OC(O)NH-(CH2)m ] or amide
[-(CH2)n-C(O)NH- (CH2)m ], or some other suitable group. In another
embodiment the tether group comprises -C3HOSI-. The silicon atom may
have two other groups attached to it, which may be, independently, alkyl
groups, aryl groups, alkoxyAyroups, aryloxy géoups}"@H groups or halo
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In another embodiment the tether group comprises -C3HgSi- The silicon atom may
have two other groups attached to it, which may be, independently, alkyl groups, aryl
groups, alkoxy groups, aryloxy groups, OH groups or halo groups.

' The inorganic substrate may be porous, and may be mesoporous. It may have pores
that arc between about 2 and 50nm in diameter, The inorgenic substrate may be
particulate, and may have a parﬁcle size between about 100nm and 200 microns. The
jporganic substrate may comprise a cersmic, or a metal oxide or 8 mixed metal oxide,
The metal may be for example titanium, silicon, germanium, aluminium or some other
snitable metal. The inorganic substrate may be silics, and may be mesoporous silica. It
may in perticular be siliceous microcellular foam (MCF). In addition to the chiral
bisoxazoline group, the inorganic substrate may comprise a hydrophobic group. The
hydrophobic group may be any of the commonly known silane-based hydrophobic

groups, derived from alkyl silanes of structure SiR*(ORM)4., (an alkyl alkoxysilane) or



between the chiral bisoxazoline group and free silanol groups. The

distribution of bisoxazoline groups on the inorganic substrate may be

uniform or homogeneous. The number of free silanol groups may be

sufficiently low that the distribution of bisoxazoline groups on the

inorganic substrate is uniform or homogeneous. The number of

hydrophobic groups may be in the range of about 0.2 to 2 mmollg. The

number of hydrophobic groups may‘be such that a catalyst made from

the heterogeneous chiral catalyst precursor is capable of catalysing a
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comprising a heterogeneous chiral catalyst precursor as above
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a chiral product, and may be capable of generating a chiral prod’upt with
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witWiiki gk reastivitys sHemetak spacies may be any suitable catalytic metal
species that is capable of being complexed to a bisoxazoline species.

Th%}?ﬁlé}qﬁdsbge@ié?mﬁ‘ﬁaﬁ@% & gﬁgpﬂ@tm)c’:ompﬁsing a heterogeneous chiral

catalyst precursor as defined above complexed with a metal species.

According to a second aspect, there is provided a heterogeneous chiral catalyst
comprising a heterogeneous chiral catalyst precursor complexed with a metal species,
said heterogeneous chiral catalyst precursor comprising a chiral bisoxazoline group
coupled 1o an inorganic substrate, and said precursor being made by a process comprising
coupling a chiral bisoxazoline to a hydrophobic inorganic substrate.

The bisoxazoline group of the heterogeneous chiral catalyst precursor may be
complexed with the metal species. The heterogeneous chiral catalvst may be capable of
catalysing a chemical reaction, for example cyclopropanation, ene-reaction, Diels-Alder
reaction, allylic substitution, aziridination reactions, Mukaivama aldol reaction and new
asymmetric reactions such as enantioselective Henry reaction {J. 4m. Chem. Soc. 2003,
12692) and enantioselective conjugate addition of carbamates for the synthesis of B-

amino acids (J. Am. Chem. Soc. 2004 9188). The chemical reaction may be capable of



‘Cu(ll), Mg(Il) or Pd(Il) or some other metal species. In one embodiment
the metal species is Cu(l). 5 Disclosed is a process for making a
heterogeneous chiral catalyst precursor comprising coupling a chiral
bisoxazoline to an inorganic substrate through a single group. According
to a third aspect, there is provided a process for making a heterogeneous
chiral catalyst precursor comprising €pupling a chiral bisoxazoline to a
hydrophobic inorganic substrate. The chiral bisoxazoline may have
structure lla, Ilb, lle, lid, lle or 1If, wherein R', R2 and R3 are as defined
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Ni‘ThI\eI Iﬁ'}(ﬂ%%];?&%'%%&}f be any suitable catalvtic metal species that is capable of
being complexed to a bisoxazoline species. The metal species may be for example Cu(l),
Cu(Il), Mg(Il) or Pd(II) or some other metal species.

In one embodiment the metal species ts Cu(l).



T' may comprise a coupling portion capable of coupling to the inorganic
substrate and a linker group for linking the coupling group to the CR3
group. T' may form tether group T (as described earlier) on coupling with
the inorganic substrate The coupling portion may be capable of producing
the coupling group described above on reacting with the inorganic
substrate. It may be Si(OR4)(R~)2, Si(OR4)2Rs, or 5a Si(OR4)3, wherein
R4 and R5 are, independently, linegr or branched alkyl groups, for
example Cl to C12 alkyl groups, or aryl groups, for example C6 to C12
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T" may comprise a coupling portion capable of coupling to the inorganic substrate
and a linker group for linking the coupling group to the CR® group. T’ may form tether
group T (as described earlier) on coupling with the inorganic substrate The coupling
portion may be capable of producing the coupling group described above on reacting

with the inorganic substrate. It may be Si{ORMH(R™,  Si(OR*LR®, or



made by the process as disclosed above. Disclosed is a process for
making a heterogeneous chiral catalyst comprising making a
heterogeneous chiral catalyst precursor according to the process
disclosed above and treating the heterogeneous chiral catalyst precursor
with a metal species. According to a fourth aspect, there is provided a
process for making a heterogeneous chiral catalyst comprising coupling a
chiral bisoxazoline to a hydrophobic inorganic substrate to make a
heterogeneous chiral catalyst precufsor and treating the heterogeneous
chiral catalyst precursor with a metal species. The metal species may be
any suitable catalytic metal species that is capable of being complexed to
Si(abisoxeratine Khesie R The, metepspreies MayabefurexampleiGuEoups, for

Cu(ll) (1), or Pd(1), or some other metal species. In_one

e St A O o dbed G DRABRITE & b et Rk

linlehaterpgendaus ckialisatalrScomprising: - complexing a chiral
bisgxazolins With 2 Metah,SPecies (o foma spmplexed chiral
blsoxazolﬁne; and - coup mggtlhe'compl’exed(c irdl bisoxazoline to an
inorganic substrate. 7 The chiral bisoxazoline may have any one of
structures lla to IIf, and may be as described earlier. The metal species
and the inorganic substrate may be as described earlier. The complexed
chiral hisoxazoline may be capable of functioning as a catalyst. According
to a fifth aspect, there is provided a heterogeneous chiral catalyst when
made by a process comprising coupling a chiral bisoxazoline to a
hydrophobic inorganic substrate to make a heterogeneous chiral catalyst
precursor and treating the heterogeneous chiral catalyst precursor with a
metal species. Disclosed is a method for catalysing reaction of a starting
material to a product comprising exposing the starting material to a
heterogeneous chiral catalyst according to



the disclosure. According to a sixth aspect, there is provided a method for
catalysing reaction of a starting material to a product comprising exposing
the starting material to a heterogeneous chiral catalyst comprising a
heterogeneous chiral catalyst precursor complexed with a metal species,
said heterogeneous chiral catalyst precursor comprising a chiral
bisoxazoline group coupled to an inorganic substrate, said precursor
being made by a process comprising coupling a chiral bisoxazoline to a
hydrophobic inorganic substrate. The method may also comprise
exposing the starting material to a reagent. Examples of reactions which
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bisoxazoline to a 7a hydrophobic inorganic substrate. The disclosure also
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bisoxazpline group coupled to an inorganic substrate, whereby said
ma}bk’ clfﬁ%jg i Sfﬁggiés‘of complexing with Cu(1) to form a heterogeneous
The inorganic substrate may be as described above. For example it may be

mesoporous silica, such as MCF.
~ The present disclosure also provides a heterogeneous chiral catalyst precursor when
made by the process as disclosed above.

Disciosed is a process for making a heterogeneous chiral catalyst comprising
making a heterogeneous chiral catalyst precursor according to the process disclosed
above and treating the heterogeneous chiral catalyst precursor with a metal species.

According to a fourth aspect, there is provided a process for making a
heterogeneous chiral catalyst comprising coupling a chiral bisoxazoline to a hydrophobic
inorganic substrate to make a heterogeneous chiral catalyst precursor and treating the
heterogeneous chiral catalyst precursor with a metal species.

The metal species may be any suitable catalytic metal species that is capable of
being complexed to a bisoxazoline species. The metal species may be for example Cu(l),

Cu{lD), Mg(Il) or Pd(Il), or some other metal species.



chiral catalyst, said catalyst being capable of catalysing a
cyclopropanation reaction of an olefin with an azo compound with greater
than 50% yield. According to a ninth aspect, there is provided a
heterogenous chiral catalyst precursor comprising a chiral bisoxazoline
group coupled to an inorganic substrate, whereby said precursor is
capable of complexing with Cu(l) to form a heterogeneous chiral catalyst,
said catalyst being capable of catalgsing a cyclopropanation reaction of an
olefin with an azo compound with gr8ater than 60% enantioselectivity.
According to a tenth aspect, there is provided a heterogeneous chiral

catplyst SORORHSENGBhatRIPgRORAUSChiral catalyst precursor complexed
with a metal species, said heterogeneous chiral catalyst precursor .
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of an c}%efim/.vith an azo C(%{npound with greater than 50% yield. According
to an €léven f\oé%zﬁ)e%]f’tﬁ%re is provided a heterogeneous chiral catalyst
comprisipg ree hélterogamsexisi chinalat atabpstiprboarsor complesged iwithugstrate.
metal species, said heterogeneous chiral catalyst precursor comprising a
chiral bisoxazoline group coupled to an inorganic substrate and said
catalyst being capable of catalysing a cyclopropanation reaction of an

olefin with an azo compound with greater than 60% enantioselectivity.

Brief Description of the Figures Preferred embodiments of the present
invention will now be described, by way of example only, with reference

to the accompanying figures, wherein: 7b Figure 1 shows a scheme for
making a chiral bisoxazoline which may be used for making a
heterogeneous chiral catalyst according to the present invention; and

Figure 2 shows a scheme for making a heterogeneous chiral catalyst
according to the present invention.



Detailed Description of the Preferred Embodiments The present invention
is based on the surprising and unexpected finding that chiral
bisoxazolines synthesized with one methyl substituent at the carbon
bridge, when covalently immobilised onto mesoporous silica supports,
provides greatly improved enantioselectivity and reactivity. A general
formula for a typical heterogeneous thiral catalyst according to the
invention is given by structure Ill: G-T-S, where G is one of structures Va

The \éﬁﬁQowgo%%ﬁQQ@AQ?%‘a%% RGTHREZ00/0000421G belaw. éhm%Q?oe as

prepared either by reacting a metal species with a heterogeneous chira
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heterogeneous chiral catalyst precursor with a metal species.

Disclosed is a method for cataiysing reaction of a starting material to a product
comprising exposing the starting material to a heterogeneous chiral catalyst according to
the disclosure.

According to a sixth aspect, there is provided a method for catalysing reaction of a
starting material to a product comprising exposing the starting material to a
heterogeneous chiral catalyst comprising a heterogeneous chiral catalyst precursor
complexed with a metal species, said heterogeneous chiral catalyst precursor comprising
a chira! bisoxazoline group coupled to an inorganic substrate, said precursor being made
by a process comprising coupling a chiral bisoxazoline to a hydrophobic inorganic
substrate.

The method mayv also comprise exposing the starting material to a reagent.
Examples of reactions which may be catalysed according to this aspect include
asymmetric cyclopropanation, ene-reaction, Diels-Alder reaction, allylic substitution,
aziridination reactions, Mukaivama aldol reaction or new asymmetric reactions such as
enantioselective Henry reaction or enantioselective conjugate addition of carbamates for
the synthesis of pf-amino acids.

According to a seventh aspect, there is provided a chiral product when made by a
reaction catalysed by a heterogeneous chiral catailyst comprising a heterogeneous chiral
catalyst precursor complexed with a metal species, said heterogeneous chiral catalyst
precursor comprising a chiral bisoxazoiine group coupled to an inorganic substrate, and

said precursor being made by a process comprising coupling a chiral bisoxazoline to a



Ri may be a bulky group, and may be sufficiently bulky that, when
complexed with a metal species capable of catalysing a chemical
reaction, the reaction is capable of generating a chiral product. The chiral
product may have an enantiomeric excess of greater than about 10%, or
greater than about 20, 30, 40, 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, 99.5,
99.75 or 99.9%. R' may be an alkyl group, for example a Cl to C12 alkyl
group, or an aryl group, an alkytaryl group or an arylalkyl group, for
example a C6 to C12 aryl group or a C7 to C12 arylalkyl or alkylaryl
hydgrolgh ! T hergikykcgrdupasay have between about | and 12 carbon atoms,

or REIWEEN 3RO Létlgo \(}3}@%53{' réd@c@ggalgeagtﬂ)%dtNXtQ1 9&%9 ?\c@xga%;liedzby a

PCT/SG2005/000072 9 12 or 4 and 8 carbon atoms, and may have 1, 2.
hetgogergogs zhgalocatgly t1agpordieaitbdhe disvtsust- morexgrapia 2fcadion product

is afHmEDSR A0H-HreHR g‘yé%ﬁ%gﬁr&%ﬂéﬁﬂlﬁi g 4 GRARRR (RAMkd Above.

between 6 and 9, 9 and 12 or 8 and 10 carbon atoms, and may have 6, 7,
8,H°0211g. br 47 EiBBriaREths Gramiorerinated 2 captseneatonischif catalyst

pre@lll‘édﬁrc\/é@faﬁ&{@@'cﬂﬁ@ﬂ@i@b&ﬁz‘&%@ @%VM?%Jp%ﬁdtézaﬁafmgﬁ@f@%@fate,
between 9 and 12, 7 and 9 or 9 and 12 carbon atoms, and may have 7, 8

whegelyy) sqifl BrecyTsarS P aRBN s COFRTBREH 18D G AdoHR, ﬁfhﬁ“i?&%f’“s
chihinoaylbe, sirright-ohaineaidranehe draaain an mayyoppalisyelitodtiBagydon f an
xample be isopropyl, isahutyl, t-butyl, pentyl, isopentyl, cyclohexyl,
Olely R ST BEN AL AST SN SR suitable group. If R' i
aryicciindiay be phemyh kipeenyihsraphtipyhadel maydierazsodastiteited acylalyst
for example. alkylphenyl (€.9. benzyl, t-butylphenyl). R' may also be a .
e i g, St SRR LR & SRR Qe
whettbiched toreher Rt groopsibiay beothplesarperatiirglity) amdarmyabeetsothef@pus

chifdf ORI (R Rzmay bedyd %%995‘1@5?%@%8%’«%%%@%}39{@&{&@{ RAARIGE an
a Clto'C12 alkyl group, of an aryl group,for example a C6 to C12 aryl
olefgorifh e rzmegnbieo yhirai trigesatgr . RY niapboselsalkyitgroup or a
noRzbuinn grave, anghinadditiopde thegxamples descrbrd RN &imMaYatalyst
also be n-alkyl with a chain length of between | and 12 carbon
comprising a hetérogeneous chiral catalyst precursor complexed with a metal species,
said heterogeneous chiral catalyst precursor comprising a chiral bisoxazoline group
- coupled to an inorganic substrate and said catalyst being capable of catalysing a
cyclopropanation reaction of an olefin with an azo compound with greater than 50%
vield.

According to an eleventh aspect, there is provided a heterogeneous chiral catalyst
comprising a heterogeneous chiral catalyst precursor complexed with a metal species,
said heterogeneous chiral catalyst precursor comprising a chiral bisoxazoline group
coupled to an inorganic substrate and said catalyst being capable of catalysing a
cyvclopropanation reaction of an olefin with an azo compound with greater than 60%
enantioselectivity.

Brief Description of the Figures

Preferred embodiments of the present invention will now be described, by way of

example only, with reference to the accompanying figures, wherein:



atoms or more, for example methyl, ethyl, propyl, butyl, t-butyl, benzyl or
phenyl. R' and Rz may be taken together with the carbon atoms to which
they are attached to form a cyclic structure, for example a C5-C7 cyclic
structure. They may for example form a benzocyclopentyl structure, such
as in structure le or If. Other suitable cyclic structures may include, for
example, cyclopentyl, cyclohexyl, cycloheptyl, benzocyclohexyl,
naphthocyclopentyl or naphthocycloWéxyl. Each of the carbon atoms to
which R' and Ra are attached may also, independently, have a hydrogen
atom, or an alkyl group, for example methyl, ethyl, propyl, isopropyl or
butyPio g PARACh ¥ TS &6 A Y (T408| Ifts GHEEstiltiabiagioRmpused for
makiiigchiedetogeatousidnisifonexamipleifie carboniesemieh iisatiaghed
may also.have a methyl group attached thereto and the carbon to which
R SR 2o i S8 A Ayt P HErAeSHEaEHIEN, GRSt GFGHn 1
the paekon itovevhtich. R’ is attached may also have a hydrogen atom attached
thereto an which Rr.i |so,have a methyl
group atta%%@%%é%%%gggﬁ %éii%aﬁ)%%gg% rgh] %n\?\% gﬁr%%ésattached
and the qarsont avomtoN© [R006/0961S sUREIFISG2005I00PeT2d ifndihicithat
. i ; Y [ e h.th
R S S o e
covaieadinetyiay iHasle RAYEroneerators BlieiciBardiére s ORSam aydeB anakyred
ena8liRUP RN gxample.alio C12 alkyl group, or an aryl group, for example
aC6toCl ar?/l group, or it may be some other group. R2 may be a bulky

grouf GEEEHBIMIAJISUD L ERIN S HERRS AR e ERAFNES HaHBBg fior the

invEhtIDAYss@ D8y kel with -acchain lengthoofbetwee s hand s 260 8T shown
atoms or more, for example methyl, ethyl, propyl, or butyl. T is a tether
group for coupling to the inorganic substrate. T may comprise a coupling
group for coupling to the inorganic substrate and a linker group for linking
the coupling group to the CR3 group. The coupling group may be any
suitable group for



coupling to the inorganic substrate, and may for example comprise a
silicon atom. It may be SiR42, Si(OR')R4, or S1(OR5)2, wherein R4 and
WRENAYSHdependently be as described for R2 above. For ex2fmpREt1as/000072
coupling group may be Si(OMe)2, SiMe(OMe), Si(OEt)2, SiMe(OEt) or
SIEt(OEt). The linker group may an alkylene group [-(CH2), ] or an
arylene group, and may comprise between | and 12 carbon atoms, If the
linker group is an alkylene group it may be linear, branched or cyclic, and
may have between | and 12, 1 and 10,1 and 8, 1 and 6, 1 and 4, 2 and
12 or 6 and 12 carbon atoms, and méy have 1, 2, 3,4, 5,6, 7, 8, 9, 10,
1 . Iﬁ,wﬁg - il
1%%%%&1%?&652%%%%%% iy%%?ghﬁigu% iyl, 1%%&%5&&%?&&%&-
| SHELRt RO AR & ezt PRI eI Bt B
otheyraticylerisy crupiisipalleyiehecgrdue! Histvardiviker ¢ struemyt group Tt neay
D& MBNIRKEIGCLBANG Ui &) R B RS OPIO G IR
biphenylene or naphylene, e.g. [[CH2C6H4-(CH2)o-]. Alternatively it may
be ether [ (CH2) O (CHZ)
amide [-(CH2)a- NR-(CH2)a ], or some other ggitable group. In the
above formulagyn y independently becpet apout 1 and 12,
and may be hd 30,kand 8, dg, 1 | 4 2, 6 and
12 or 4 ad 8, apdMay, Mdépendently be'1, 2, -4N5, N7, 8, 9710, 11 or
12. T' is a groypcapdBle of '@@Upling to the inorganic $dbstrate. T' may
comprise a coupling gprtion capable coupling to the inorganjg substrate
and a linker group for uqidng the coupling group to the GRS group. T may
form tether group T, (ay/described WO 2006/096131,PCA/SG2005/000072
11 above) on couPling with the inorganic substrateR coupling portion
may be capabl g the coupling grou cine®in the first
aspect onf¥éadtin ] anic substrateNt Inay b Si
Si(OR5)zR4, or §i(0l6!5)3,':v\4herein R4 and Its are as Mescr
For example it’?nay bevSi(&\/le)B, SiMe(OMe)Z,%i(OEt)S, S
SIEt(OEt)z The linker graqu maybe as described above.

R3 R3
o) Kol o)
; P s ]
B/N Nh.% 5..\\3\! N%
Ve vE
Compounds with structures L, Ili and [V may be (+) or (-} isomers.

In structures [ to IV:
R! may be a bulky group, and may be sufficiently bulky thet, when complexed with

de(OEt)Z .or

a metal species capable of catalysing 3 chemical reaction, the reaction is capsble of
gencrating a chiral product. The chiral product may have an enantiomeric excess of
greater than about 10%, or greater than about 20, 30, 40, 50, 60, 70, 80, 90, 95, 96, 97,
98, 99, 99.5, 99.75 or 99.9%. R' may be an alky! group, for example a C1 to Ci2 alkyl
group, or an aryl group, an alkylaryl group or an arylalkyl group, for example a C6 to
€12 aryl group or a C7 to C12 arylalky! or alkylaryl group. The alkyl group may have
between about 1 and 12 carbon atoms, or between about | and 6, 1 and 4, 3 and 12, 6 and



M may be a metal species and may be a catalytic metal species. It may be
able of complexing with the bisoxazoline group of structure I. It m
é %c%nc&lly neutral or it may be an ion, such as a positive iBHT ﬁﬁ%g{%mooon
have a charge of 1, 2, 3 or 4. It may be for example Cu(l), C u(ll), Mg(H)
or Pd(Il) or some other metal species. S is an inorganic substrate. The
inorganic substrate may be porous, and may be mesoporous. It may have
pores with diameter between about 2 and 50nm. The pores may be
between about 2 and 40, 2 and 30, 29and 20, 2 and 10, 10 and 50, 20 and
50, 30 and 50, 5 and 50, 5 and 20 or 10 and 20nm, and maybe about 2,
313 o5 407 Sgiagiongions, 20l ng, 8Os 35240 456k S0 iFPdidrreidreabe
INREGRIE ﬁumtratefjraﬁydaatmiwlﬁ@a Muw%ﬁlaieermm baaatiﬁgcl)azwﬁon
nanoparti n a part etween about. 1
26Bnirgﬁ|cr§#§v % pa rtic eaxéai;ig m;éy éilﬁ‘) \E}vrgen gN r%%“"e g%j
miGrdhsyrolZoessivere plaato ot merel B0 12 Gadive z@mssmkmw P@mhékyi
Q,gm Ogafihw@bétw@afiﬁgcpfd &ﬂﬁ)&@t&ﬁi&f&rgeﬂ%@ﬁmaﬂﬁb%ﬁ 3000and
an microns S nm micron or
2 ?%&ﬁ%&“ BRABdu P 0l b, ks BRI e 50 0
oc@beh raiorsndf &' amum!l;tzn@ he 5peight Shein 10, 2@0BE! dBinSE, BeY 16,
805 QR OR. HP. 32 0xtRGe %ols;g@pg@@sokz@; L80:H0G @300 micions:,
The partlcle sjze distribytion m rrow o(rg}L t;b? broad 1?&]{;&
OO T EL PR Sh e RO e
meuahpmelezhﬁné mmmpraMr mdamp{ebmanmhqnmow'gé”pma*ﬁme
a!{ﬂ@iﬁﬁ!éﬁ%l%%o%ﬁml% ﬂThﬁ"Q@JQ%EHG wmﬁ&%mﬂv BRsilicR 2

and 'may be mesoporous silica. It may in partic ¢eous
B P T AT MO H G B IS0 B B B R el
skuf@cehmsby, ammiwdhéﬂ)larg@lp@bs and easy control of the pore
size. T, |QpEgAn) HAREN £ i@?oa,ﬁits;@{%ﬁb%cgp&gimztmﬁ}s
copending abglrcatlon entltled ceI ?ra Foam Part cles T 18 e other
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R! and R? may be taken together with the carbon atoms to which they are attached
to form a eyelic structure, for example & C5-C7 cyclic stmcture. They may for example
form 2 benzocyclopentyl structure, such as in structure le or If. Other suitable cyclic
structures may include, for example, cyclopentyl, cyclohexyl, cycloheptyl,
benzocyclohexyl, naphthocyelopentyl or naphthocyclohexyi.

Each of the carbon atoms to which R' and R? are attached may also, independently,
have a hydrogen atom, or an alkyl group, for example methyl, sthyl, propyl, isopropyl or
butyl group, attached thereto, or may have some other suitable group attached thercto.
Thus for example the carbon to which R' is attached may also have a methyl group
attached thereto and the carbon to which R? is sttached may also have s hydrogen atom
attached thereto, or the carbon to which R is attached may also have a hydrogen atom
attached thereto and the carbon to which R? is attached may also have a methyl group
attached thereto, or both the carbon atom to which R’ is attached and the carbon atom to



12 coupling with a noble metal. It may for example be a thiol or a disulfide.
T tal. may be finely porous, micropomus, particulate or nanoporous.
W(ftgr??]a%/}) 63\%% pores between about 1 and 100nm or between 1%%8%6?%/ 000072
and 20, 1 and 10, 1 and 5, 5 and 100, 20 and 100, 50 and 100, 5 and 50
or 10 and 50nm, and may have pores about 1, 2, 3, 4, 5, 10, 15, 20, 25,
30, 40, 50, 60, 70, 80, 90 or 100am. Substrate S may be hydrophobic. It
may be hydrophobed by reacting the inorganic substrate with a
hydrophobing agent. The bydrophobing agent may be an alkyl silane of
structure SiR4"(OR5)4" (an alkyl alkoxysilane) or SiR4n(X)4_" (an
alchirRodnatieched snydserimethdariops eitachehy dveca aibiibshn eadion atom to
digiirgaeie;siateramplienbxageidris toxan / Ok hexaneliy dsiz At en
The ste Q{ﬁ?yég%() hobing may generate hydrophobic groups on the
sﬂf?é’f?eft%ﬂ 93 ophobic groups may be trialkylsilyl groups, or

dialky/Biaoxy e plissh g dooramblecr 6 Ho G 2pbyinspamdbmayiyb goup,
exBRIRIRRIBYISHYS FAURSHT RE iBIRR Bk r&a&tmgewgﬁnlﬁhqzmggwgbuaky
substrate may, be perform dg fore, during or after the, step of coupling

LHEORR PP (OB R R ASSHRET 2 O BEAPAES RERRACIH R BB BBhy

agehtyinaittbe e tedgiithf rewpor Janié 18ubshatetima separatdostepmple
bﬁ&ﬁ?ﬂ@&ﬁ%ﬂﬂg&%@r the hydrophobing agent may be mixed with

the chiral bisoxazoline to form a coupling mixture, and the coupling

mixturd Fhriedieh G 9% HfaUBLE %D TR T BE TR ol B 5522
acsh@ingnabiyy drophplhg tgibelpeyperig rabataidnodgdinkes ghsipdte lpking the
b : _

O T Bt rcounii i 18 e e g

OSSUR}BE {9 FRSIE UG qubjtrpte; azd nay Prexpmpls gmprise  silidon 3pmy Ky
hiyel SaRBERICOBAIR M B EOR S vOfeininr§amid RUibsly indsrendaatlytbe mdrsctivan

Zpmal  DvdrepPoRIG LIPS, BRES 3RO HIRPHI NS LR SERIEONS, Si(OEY,,

inventors have found that when aninorganic supstrate is used that has
SOOI EKOB R e PASE RT3, &0 ATUERSC IR A CHa)e] o an
engltiemeng, exd ey thaprivhberestml dodde partsliytdwyo id polbeddr group is
inﬁgﬁﬂ&@%ﬁyﬂtﬁﬁ 1%51%%;[ B%(g;@ tﬁ'\é%ﬂcf, Qﬂt‘ijfﬁ’é}hﬁb&c’oetwecn } and 12, 1
and 10, | und 8, 1 and 6, 1 and 4, 2 and 12 or 6 and 12 carbon atoms, and may have 1, 2,
3,4,5 6 7 89,10, 11 or 12 carbon atoms. It may be for example methylene, 1,2
ethanediyl, 1,3-propanediy], 1.4-butanediyl, 1,5-pentanediyl, 1,6-hexanediyl, i-methyl-
1,5-pentanediyl, 2-methyl-1,5-pentanediyl, 1,4-cyclohexanediyl or some other afkylene
or cycloalkylene group. If the linker is an aryl group it may be monocyclic or polycyclic,
and may be for example phenylene, biphenylene or naphylene, e.g. [~CH2CsHs-(CHa)a"].
Alternatively it may be ether [-(CH)n-O-(CHz)w-), carbamate {-(CH;)-OC(O)YNH-
(CH2)p-] or amide [-(CH2)y-C{O)NH-{CHy)y-], or some other suitable group. In the
above formulag, n and m may independently be between about I and 12, and may be
between 1 and 10, 1 and 8, 1 and 6, 1 and 4, 4 and 12, 6 and 12 or 4 and 8, and may
independentlybe 1,2,3,4,5,6,7, 8,9, 10, 11 or 12,
T’ is a group capable of coupling to the inorganic substrate. T" may comprise &
coupling portion cepable coupling to the inorganic substrate and a linker group for
linking the coupling group to the CR® group. T’ may form tether group T (as described



groups should be sufficient to generate a catalyst capable of catalysing a

Wreactlog with high enantiomeric excess, or with a desired level of
BaantidHec excess. In the present invention, there may be & fifiG2005/000072

loading of bisoxazoline groups on the inorganic substrate. There may be
between about 0.01 and Immol/g, or between about 0.05 and 1, 0.1 and
1,0.2and 1,0.5and 1, 0.01 and 0.5, 0.01 and 1, 0.1 and 0.5 or WO
2006/096131 PCT/SG2005/000072 13 0.2 and 0.5mmoltg, and maybe
about 0.01, 0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4, 0.45, 0.5, 0.6, 0.7, 0.8,
0.9 or Immol/g. The heterogeneous cMral catalyst of the present invention

magdae) uﬁ%ﬁﬁh@t&iﬂﬁiﬁh&@ﬁﬁﬁbﬁ%ﬁ@%e&&dﬂ&@@@ﬁl&ﬁ%@ﬁ@@%@ Bf
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100 en about 0 an 0 and 10; 10 and 100, 25
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housing, for xam e an HPL n h usm qu

so‘fﬁ'@o(gﬂﬁ%?shou ?ﬁm‘fn%ls CAge th erqreac ion may % ;‘ﬁ(’fgt f]csgﬁ' y
pr@s@wm@qh@wtﬁﬁg%@@ﬂaii gy he p@éé&dlﬂﬂ%é% Aerpd A AG and
hig, BressE6es mezmsm@as@am Ry hedveen abouyt & ansl 800, 15, 20,

S, e R el 0l
an@meatmmﬁ&é@t? anerrapaisalpANE may havers Bartinds ST bRiwesm agut
351 ARnA 2P B0 niéRaSOTIRDpafille bH2, AP bd Horlad, skl $66hnl 4d 200

microns, or between about 1 and 200, 10 and 200, 50 and 200, 100 and 200, 1 and 100, }
and 50 or 1 and 10 microns or between sbout 100nm and 100 micromns, 100nm and 10
microns, 100am and I micron or 500nm and 1 micron, and may be about 100, 260, 300,
400, 500, 600, 700, 800 or 900 microns, or about 1,2, 3, 4, §, 6, 7, 8, 9, 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 or 200 microns. The
particle size distribution may be narrow, or it may be broad. The inorganic substrate may
comprise a ceramic, or a metal oxide or a mixed metal oxide. The metal may be for
example titanium, silicon, germanium, aluminium or some similar metal. The inorganic
substrate may be silica, and may be mesoporous silica. It may in particular be siliceous
microcelhiar foam (MCF). MCF is 2 suitable substrate since it has large surface ares,
interconnected large pores and easy contro} of the pore size. The inorganic substrate may
comprise a silica foam according to the copending application entitled “Mesocellular

Foam Particles”. The inorganic substrate should be capable of coupling with the coupling

portion. Alternatively the inorganic substrate may be 8 metal, for example » noble metal

eg gold, platinum or palladivm. In this case the coupling portion may be capable of



180, 190 or 200 atmospheres, or may be at some other pressure.

Different optical isomers of the heterogeneous chiral catalyst ma
W%g\?gﬂ%‘)@ﬁlﬁ)ductlon of chiral products with opposite chirality. S G2005/000672

heterogeneous chiral catalyst may be separated from a reaction mixture,

for example by one or more of filtration, settling, decanting or centrifuging.

It may then be washed and or dried. It may be reused in subsequent

reactions, and may be reused multiple times, for example 1, 2, 3, 4, 5, 6,

7, 8, 9 or 10 or more than 10 times. Example The present invention will

now be described with reference to é?specmc example, which should not

hemEtidech RSHR ARMWRLHPIHINGAIRSEORR e dRURTHOTHINEal may
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n of styrene. Chiral bisoxazolines were
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mﬁb¥|2e g‘r!ftgﬁymgésgéiogr%ﬁ?%o Ids by one linker group. In order to
achleﬁébﬂﬁlge 15i sany=hrobiyrizophekdie, Hymebidsikedraphvbohbyrrmattipe thabutiaseist
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%Mbpdnpgdthmethoxysllmae tbegive ﬁiahammdwhediib:samolfme. HHample
ROAHEH HRMNRAR Behe AR RN ARChEIe S K%% jak

foam >F) with a hi h Io In 6.m Figure 2). T sur ce o
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ormed before, during or after the step of coupling the chiral bisoxazoline to the

inorganic substrate. Thus the hydrophobing agent may be reacied with the inorpanic
wﬁstrate in a separate step before the coupling step, or the hydrophobing agent may be '
mixed with the chiral bisoxezoling to form a coupling mixture, and the coupling mixture
then exposed to the substrate. There may be between about 0.2 and Zmmol hydropbobic
groups per gram of inorganic substrate, or between about 0.2 and 1.5, 0.2 and 1, 0.2 and
0.5, 0.5 and 2, 1 and 2 or 0.5 and 1.5mmol/g hydrophobic groups, and may be about 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1L.B, 1.9 or 2mmol
hydrophobic groups per gram of inorganic substrate, or may be more than 2mmol
hydrophobic groups per gram of inorganic substrate.

The inventors have found that when an inorganic substrate is used that has not been
bydrophobed, the resnlting catalyst produced lower enantiomeric excess than when an at
least partially hydrophobed inorganic substrate is used. Thus the level of hydrophobic
groups should be sufficient to generate a catalyst capable of catalysing & reaction with
high enantiomeric excess, or with a desired level of enantiomeric excess.

In the present invention, there may be a high loading of bisoxazoline groups on
the inorganic substrate. There may be between about 0.01 and Immol/g, or between
about 0.05and 1,0.1and 1,02 and I, 0.5 and 1, 6.01 and 8.5, 0.0f and 1, 0.1 and 0.5 or



modification not only allowed for the uniform immobilization of
bisoxazolines on the MCF surface, but also provided for. ease of control

ME %G bnt of ligand loaded. The heterogenized bisoxazoliR& Toralp400072
bisoxazoline-copper (I) complex by reaction with copper (1) triflate. The
resulting heterogenized catalyst was examined for the asymmetric
cyclopropanation of styrene (see Table 1). The MCF-supported
bisoxazoline-copper (1) complex 5:CuOTf provided excellent
enantioselectivity and reactivity. The gatalyst offered 95% ce for trans
isomer and 91% ee for cis isomer. The heterogenized catalyst was

rebyersPidumetee snditap be rhsut S8 ntARdsbI8d vy dhtf: feh P s,
wiils, @ wedyr Il am osniohE heterogenized catalysts (0.2 mol%), high

The invelt6 2 BEABTEA AL Pls Bt et Beel e 1, i UIES o
bisgalssothrmisatakpstiors: mdvatoprettlyxapsduction ahehisthiproducts. A starting
CYEIRPIAR BN R UREK{R B beieiion D Ye UShbEedt 1B b daidykit WS stafifg hmaterial
BRI GAB0Y2 TR AR\ A SHLL 8 o femperatc
Styrbisey EDpet o Sy ded troidyaom ardiony baw d v siosert f 2o 190°C,
1QPRRIRR HRD @dsh; D 4RP2653 398,90 2nd - R00,08 6RIABNDSWehd 100, 10
and 50 or 20 and 50°C, and may be at about 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75, 80, 85, 90, 95 or 100°C, or may be greater than ebout 100°C or less than
about 0°C. The catalyst may be combined with the starting material or the solution, and
may be mixed, stirred, shaken or otherwise agitated with the starting material or the
solution. Alternatively the starting material or solution may be passed through the
catalyst, whercby the catalyst is constrained in a housing, for example sn HPLC column
housing, a column housing or some other housing. In this case the reaction may be
conducted at high pressure, and the starting material may be passed through the catalyst
at high pressure. The high pressure may be between about 1 and 200 anmSpheres-, or
between sbout 1 and 100, 1 and 50, | and 20, 1 and 10, 10 and 200, 5 and 200, 100 and
200, 150 and 200, 10 and 100 or 50 and 100 atmospheres, and may be about 1, 2,3, 4,5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 108, 110, 120, 130, 140, 150, 160, 170,
180, 190 or 200 stmospheres, or may be at some other pressure. Different optical isomers
of the heterogeneons chiral catalyst may catalyse production of chiral products with
opposite chirality. The hetcrogeneous chirsl catalyst may be separated from a reaction '
mixture, for example by one or more of filtration, settling, decanting or centrifuging. It
may then be washed and or dried. Jt may be reused in subsequent reactions, and may be
reused multiple times, for example 1,2, 3, 4, 5, 6, 7, 8, 9 or 10 or more than 10 times.
Example
The present invention will now be described with reference to a specific
example, which should not be construed as in any way limiting the scope of the

mvention.
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oxazoline Uganda were effectively immobilized onto mesoporous silica
supports. The heterogenized catalyst showed high enantioselectivity and
reactivity for asymmetric cyclopropanation of styrene. It was also
successfully recycled four times, without losing any enantioselectivity and
reactivity, This immobilization method can be widely applied to other
types of chiral bisoxazolines. The immobilized chiral bisoxazoline

catalysts aje e ted tqQ ow tlosele various
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mmol were h ated to 90C under an argon flow, which removed the
%‘i‘ eyn STAtea 3ur|ng ﬂfi Sfeaction. After 12 hr, white solids were
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WtRS AR SR e 1(2.87 g, 9.08 mmol),
4- (d.mefﬂysdrnmypymﬁdmwmtbemlﬁ%m)om AGMERPE G Broup
TR aMiIBRAGMiné 3- &a!muei):mtmnl RASR% mwm@a which was
p-to u ncs Ifonlc chlorid 19 8 mmol) in 10 ii{g:ls—g(%m Sme
B (o201 FEARFRRP BTN %%’i%%lv P8 B SRS RSt oS
tm@@mtbmmﬁae RrwhsveasillilacborsdigneGitideorOpER e elulan & omm SMET)
Wg‘d,ﬁm@ Aqegarsy)layer was back-extracted with
CH2C12 (3x30m

saturatetPR& }%ga%%neg%]g%#%v%%digﬁﬁé% ?:ufmag Wit & h? Vgrg‘lllgs

(Befow GuR0bIEIR66:1 81 biROFSIBL0 0BMDD GrRem@hyldisiloxane) (0.4 mmc»l) was
added to MCF (1.0 g) in toluene 1o produce TMS-modified MCF (0.8 mmol/g). This
modification not only allowed for the uniform immobilization of bisoxazolines on the
MCF surface, but also provided for ease of control in the amount of ligand loaded.

The heterogenized bisoxazoline formed a bisoxazoline-copper (I) complex by
reaction with copper (¥) trifiate. The resulting heterogenized catalyst was exarmined for
the asymmetric cyclopropanation of styrene (see Table 1). The MCF-supported
bisoxazoline-copper (I} complex 5:CuOTf provided excellent enantioselectivity and
reactivity. The catalyst offered 95% ce for trang isomer and 91% ee for cis isomer. The
heterogenized catalyst was recycled four times without Joss of enantioselectivity and
reactivity. Bven with a very small amount of heterogenized catalysts (0.2 mol%), high
enantioselectivity (95% ee for trans isomer) and reactivity were attained. The inventors
believe that this system is the best silica-supported bisoxazoline catalyst yet developed.

Table 1. Asymmetric cyclopropanation of styrene by 5:CoOT("
+
Ph/A "'Co,EB pnAcc;a
ph/:: + o o —
N,
Ph'“A‘

+ AY
CO,El P Cog



30 ml). The combined organic extracts were dried over Na2S0O4, filtered
and concentrated in vacuum, The concentrated liquors were purified by
WU Shatography to give the product referred to here as BfSURG28i0072
2 (2.03 g, 7.26 mmol, 80% yield). 'H NMR (300 MHz, CDC13): S = 4.17
(m, 2H), 4.08 (m, 2H), 3.85 (m, 2H), 3.54 (q, J = 7.3 Hz, 1H), 1.48 (d, J =
7.3 Hz, 3H), 0.881 (a, 9H), 0.878 (s, 913). 13C NMR (300MHz, CDCI3): S
= 165.5, 165.3, 75.5, 68.9, 34.0, 33.8, 25.7, 25.6, 15.2. Elemental
analysis of C61123N202: calculated = C, 68.53; H, 10.07; N, 9.99; found -
C, 68.14; H, 10,22; N, 9.84. Immobilization of bisoxazoline 2 onto
mesoporous silica MeLi (0.516 ml,. 1.6 M in Et20, 0.825 mmol) was added
into_a solution of bisoxazqline 2.(0.21 g.0.75 mmol) in.10.mlofIHE at
' bropYitrime w@r (6 %4 rffi e
lanvasion’darmed o rodfmns® | Cis®
Sr-SHEFAgF e ‘
2 H toldene led. | solution was added %czj
}CF, whighavas partially modifted by TMSsing HMBS (¢.4 RImdl/gf!
he-teldere-sHspension-ras-themrtrepted ta- 90 € Wittty far -
a[r;a filtere 1.313F‘ (cm)): 20b7. 1663, 10 9%% 8 ngéggst Egmggnta !
iﬁalysis: fbund = C211.45; H, B25; N, 0.780LoaglinG&¥ bigox&%olihe?9.26
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smmobilized chiral bisoxazoline catalysts are expected to show high enantioselectivity for
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various asymmetric reactions.
Experimental Details
Synthesis of bisoxazoline with one methyl group at the carbon bridge (bisoxazoline 2)
Dimethyi methylmalonate (1.78 g, 12.2 mmol) and (S)-tert-leucinol (308,256
mmol) were heated to 90°C under an argon flow, which removed the methanol generated
during the reaction. After 12 hr, white solids were obtained. To remove the remaining
reactants, high vacuum was applied at 60°C. Dihydroxymethylmalonodiamide I (3.27 g,
10.37 mmol) wes obtained with a high yield (85%). A 100-ml Schlenk flask was charged
with dikydroxymethylmalonodiamide 1 (2.87 g, 9.08 mmol), 4-(dimethylamino)pyridine
(0.12 g, 0.99 mmol), and 40 ml of CH,Ch. Triethylamine (6 ml, 43.5 mmol) was then
added. A solution of p-toluenesulfonic chloride (3.77 g, 19.8 mmol) in 10 m! of CHzC);
was sdded. The resulting bright yellow solution was stirred at room temperature for 27
hr. It was diluted with 20 ml of CH,Clz, and washed with saturated NHsCl. The aqueous
layer was back-extracted with CHyCh (3 x 30 mi). The combined orgasic extracts were
washed with saturated NaHCO;. The aqueous layer was back-extracted with CHxCla (3 x



room temperature for 5 days. In the case of Cu(0T1)2, diazoacetate
(0.015 mmol) was added to reduce copper. After the addition of styrene

wo(i%’ﬂ&“il% mmol), a solution of ethyl diazoacetate (1.1 mRbH/eftatas 000072

with 2 nil CH2CI2) was added over 2 hr using a syringe pump. The
mixture was then stirred for 1 hr and centrifuged. The solution WO
2006/096131 PCT/SG2005/000072 17 portion was collected, and the
trans/cis ratio and yield were determined by gas chromatography (GC).
The enantiomeric excess was determined by GC using a Cyclodex-B
column. The precipitate was then waéhed with CHZCI2 (5ml) and

cemtifygeditiresdines. igaiecavasad mlu&&w@wﬂdﬁ@thm&&@&ti@%
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Catalyst precursor comprising ach Isoxa Glitie o grou cou 33{0
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g(?ré)dyﬁ' %§?%$¢ re selected from the group consisting of la, Ib, Ic, Id, le
a (N~~1111.,~sR2R2,,.(NINN () R2 RRtRtRy Is
|rmobilization of bisoxazoline 2 onto mesoporous silica

MeLi (0.516 ml, 1.6 M in Et0, 0.825 mmol) was added into a solution of

bisoxazoline 2 (0.21 g, 0.75 mmol) in 10 m} of THF at —50°C. After stirring for 30 min,
3-iodopropyltrimethoxysilane (0.148 ml, 0.75 mmol) was added, and the solution was
warmed to room temperature, After stirring for 2 days at room temperature, THF was
evaporated and toluene was added. The toluene solution was added to MCF, which was
partially modified by TMS using HMDS (0.4 mmol/g). The toluene suspension was then
heated to 90°C with stirring for 1 day, and filtered. IR (cm''): 2957, 1663, 1089, 842,
811, 460. Elemental analysis: found = C, 11.45; H, 2.25; N, 0.73. Loading of
bisoxazoline: 0.26 mmol/g.
Further protection of MCF-supported bisoxazoline with HMDS

MCF-supported bisoxazoline was degassed at 80°C overnight. HMDS was then
added to the solid under vacuum. The flask was then cooled down using liguid N, under
yacium, It was then sealed and warmed to room temperature. The flask was then placed
in an oven st 75°C for 5 hr. Afer the reaction, excess HMDS was removed under
vacuum.
Cyclopropanation of styrene by MCF-supported bisoxazoline

(CuOThy toluene (0.011 mmol) or Cu{OTf) (0.022 mmol) was added to the MCF- -
immobilized bisoxazoline (0.022 mmol} in CH,Cly (2 mi). The mixture was stirced at
room temperature for 5 days. In the case of Cu(OTI),, diazoacetate (0.015 mmol) was
added to reduce copper. After the addition of styrene (153 pl, 1.32 mmol), a solution of
ethyl diazoacetate (1.1 mmol, diluted with 2 ml CH,ChL) was added over 2 hr using a
syringe pump. The mixture was then stirred for 1 br and ceatrifuged. The solution
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arylalkyl group and an alkylaryl group, or R and Amended Sheet

IPEA/AU >i.". 19 le, taken together with the carbon atoms to which they

are attached, form a cyclic structure, R3 is selected from the group

consisting of an alkyl group, an aryl group, an arylalkyl group and an

alkylaryl group, and T is a tether gro p for coupling to the inorganic

substrate. 5. The precursor of claim 4'wherein K' is selected, from the
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NW. 'N INS le'If wherein R1 is a bulky group and RZ is selected from
the group consisting of hydrogen, an alkyl group, an aryl group, an
arylalkyl group and an alkylaryl group, or R1 and Amended Sheet
[PEA/AU{aiﬁﬁa R2, taken together with the carbon atoms to which they
e e QSTGhIe oA <EIEtRg oA GNP v

conS|st|n of an oup, an aryl group, a alkyl group and an
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e grecursor of claim 4 or claim 7 wherein the tether group comprises
The precursor of claim | wherein the chiral bisoxazoline group is

coupled to the inorganic substrate by a singfe tether group.
- 3. The precursor of claim 1 wherein the bisoxazoline is covalently
bonded to the inorganic substrate.
4, The precursor of claim ! wherein the chiral bisoxazoﬁne group has a

structure selected from the group consisting of Ia, Ib, Ic, Id, le and If
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le If
wherein '
R! is a butky group and R* is selected from the group consisting of hydrogen, an
alkyl group, an aryl group, an arylalkyl group and an alkylary! group, or R’ and
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a coupling group for coupling to the inorganic substrate and a linker group
for linking the coupling group to the CR3 group. 9. The precursor of claim
8 wherein the coupling group comprises a silicon atom. 10. The precursor
of claim 8 wherein the linker group id%elected from the group consisting
of an alkylene group, an arylene, an alkylarylene group and an ,
arylalkylgnexgraugiikt wihets eaksoseislanvBdheseindhedinker fgraup
is -C3I—(I}§-_ .g%wzg(reeprecursor of claim 1 wherein the inorganic substrate is
porous. ﬁ e précursor of claim | wherein the inorganic substrate is
mesopBrdsiseiedted framy fbe wrenp etnsiing {veri BTEUM G ARcEseNTs PRte
Compri&@&lﬁ}ligﬁ:uiﬁna'me&ﬁﬁﬁﬂ%%@ gidim | wherein the inorganic
substralte comprises I% drolphoblc roups. 16. T‘%?égg_ecursor of claim 15

wherein fﬁ%-‘ﬁyﬁrrgrﬁﬁg |Ec§]’r SB%tgreefﬂﬁ%afHWsﬁ rgroups. 17. The

precurder of clBitn HErwERsrefn deinArvieresr By dropHenid gremipteigroup
beiweemP o aNdkMroeh,RafLgBm &, IBoIgag s ateanldkParyl group.
heterogeneoug,chiral catalyst comprising a, hetero us chiral catalyst
precurtor comERE S T SUBERLR o P oo kel S0
catahpgiylAmended Sheet IPEAIAU 20 Clear Copy precursor comprising a
chiral bisoxazqhoggeaubr PURiRE tovBRRONEAENE:S URSHAIRInRNEERIERs 2
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wherein _
R is a bulky group and R? is selected from the group consisting of hydrogen, an
alkyl group, an aryl group, an arylalkyl group and an alkylary! group, or R' and
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to a hydrophobic inorganic substrate. 19. The catalyst of claim 18 wherein
the chiral bisoxazoline group is coupled to the inorganic substrate by a
single tether group. 20. The catalyst of claim.18 wherein the chiral
bisoxazoline group has structure séfécted from the group consisting of la,
Ib, Ic, Id, le and If as shown in claim 4 wherein: R" is a bulky group and

R2 is seleetios fipruihiesiote cabaisitagofhydidgeary ane atlaphghofopnan

aryl group, a %Q{Irglkyl group and an alkylaryl group, or R'and R2. taken

togetheﬁ‘i{vﬁﬂ the carbon atoms to which .they are attached, form a cyclic
structuRe, iRspkesied| e dbf sFun g Pistipe S rrai sty 8rouR: dfkFry i BapP-aaY
aryl gratymiiey) pasadiy by stikyangaup alkylaryl group, and T is a tether
group for cauplin the inorganic rate . alyst of claim 18
Whereitrﬁ)!t ﬁ%ﬁ%{gf é%)e%l?ecsol&)g%aﬁ?ﬁlﬁ Zéjé?\%%ﬁ%é%a%[ﬁzﬂ@%%f%c?ﬁaim_w wherein
the inotéprtE basatbarcatantn ftisbish Re st 8r s dinehedisonipiereadenyy
mekiagabeiewgrnesusichisrlpatalysidpreewysor comprising coupling a
chiral Risoxazgline to a h hopic i ' S
ol 23 W B o e aies
TREPRIEEEP ARLiPA PEng Mot iPereatn P BE RA9 81l k9 S0P ST itting
selRcagifrErdhe winapraasipting of lla, lib, lle, 1id, lle and [If D3 -r, R3 7

00 %?N NJ i 4 @%;Eswr%ﬁglﬁ% gj‘wgﬁ‘egjthg%ggpiing group cbmprises a
silicon afom. . ~

10. The precursor of claim 8 wherein the linker group is selected from the

group consisting of an alkylene group, an arylene, an alkylarylene group and an

aryialkylene group.

. The precursor of claim 8 wherein the linker group is -C3Hg-.

2. The precursor of claim | wherein the inorganic substrate is porous.

13. The precursor of claim | wherein the inorganic substrate i
MEesoporous. .

14, The precursor of claim 1 wherein the inorganic substrate comprises
silica. '

15. The precursor of claim ! wherein the inorganic substrate comprises
hydrophobic groups.

16. The precursor of claim 1[5 wherein the hydrophobic groups are

trimethylsilyl groups.

17. The precursor of claim 15 wherein the number of hydrophobic groups
is between 0.2 and 2mmol per gram of inorganic substrate.

18. A heterogeneous chiral catalyst comprising a heterogeneous' c¢hiral

catalyst precursor complexed with a metal species, said heterogeneous chiral catalyst
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R3IT'R3TO OO R21".NNRz Rz~INNR2 R1:R1R9., Rt Amended
Sheet IPEA/AU 21 llelidR3TR3T OOOO Il NWN N lle lIf
wherein R' is a bulky group and R2 is selected from the group consisting

of hydrogen, an alkyl group, an arylzaroup, an arylalkyl group and an
alkylaryl group, or R' and R2, taken together with the carbon atom& @ CopY

meﬁ&ﬁw&@r@ﬁg@laﬁmﬁdﬂ%ﬁm%ﬁiﬁp mﬁiﬁ&z&, is:seiﬁgtﬁti fsftﬁmfitte
grol {ﬁ( y]8n5|§£|rrslgrgf an allg,y;lbzrou&%gb%r %‘? Rud ;51  arylalkyl group.an

ana arpy group, a oup capa coup gtot e morganlc
SUB St E DT OBt P BRaim 25 wherein R' is selected from the
group pRnsisting Qﬁaaryzalbyl @mpsawmfmhgﬂwphm aidalaligraupans
an alk rou Lhe proce wherein R' is t-butyl, R2 is
%)r%%(?{é/ I%Slll scr?jﬁlgls ﬁllgr% oxy%riig ﬁg 28. The process
cIalm 29 adduﬁr?aﬁwébm? ehie refattistyartia sexpsslina it gs

hysliepho bing:ag eohiehpradus e diednsdse pk) abjadnargrniadsihatsten 29.

Thfa proc sesmof claim 28 wherein the hydrophobing agent is selected

R'isa bulky group and R? is selected from the group consisting of hydrogen, an

alky! group, an aryl group, an arylalkyl group and an alkylaryl group, or R' and

R?, taken together with the carbon atoms to which they are attached, form a

cyciié structure, l

R} is selected from the group consisting of an alkyl group, an aryl group, an

arylalkyl group and an alkylaryl group, and '

T is a tether group for coupling to the inorganic substrate. _

21. The catalyst of claim 18 wherein the metal species is Cu(l).

22, The catalyst of claim 18 wherein the inorganic substrate comprises
mesaporous silica. |

23. A brocess for making a heterogencous chiral‘ catalyst precursor
comprising coupling a chiral bisoxazoline to a hydrophobic inorganic substrate.

24. The process of claim 23 wherein said coupling is through a single
tether group. .

- 25. The. process of claim 23 wherein the chiral bisoxazoling has a structure

selected from the group consisting of Ila, IIb, I, Id, He and IIf

3 ¢ , '
Rzm "R th,«/ \I/\)\Rz
R R! ~ R
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from the group consisting of a silane and a siloxane. 30. The process of
claim 23 wherein the hydrophobic inorganic substrate is hydrophobic
mesoporous silica. 31. A process for Mmaking a heterogeneous chiral
catalyst comprising coupling a chiral bisoxazoline to a hydrophobic
inorganic substrgte to make a heterogeneous chiral catalyst preggrsor
and treating the h%grogeneous chiral catalyst prec%rfor%gvith a metal
species. 32. Theot%@%_sf%f claim 31 wherein said %93@%5' through a
single tether groupl 33.] rocess of claim 31 wherein fhechiral

i [ @ Ntrudture selected from the groupNconti of lla, lib,
lic, Ild, lle andHitf as shown | im 25 whereii=22 RL1 is a buty-group
and R2 is ed from the'group consisting\of drogen, an%alkyl group,
an aryl group, an arylalkyl group and an alkylaryl group, or R and R2,
taken togethefiwith the carbon atoms to which they are attaciiéd, form a
cvelicaitratue R3nselectadlram e rouRconsiiinal Al kublaHRg of
an aryl group, an arylalKyl'group and an alkylaryl group, and T'Is a group
capablsioRepuplirdits oo aa Ay sarstpaten 30y ke lpesras st emintkylaryt
31 wherein themetal RPEGiEs, isGlr 35 BRtBIAOANSAHS GRITRheAIAlE! are
wherrmade by a process comprising coupling a chiral bisoxazoline to a
hydregheie, inorgasixcBalssiateeo make a heterogeneous chiral catalyst
precyrsey ghglieaiia 1R ReleiPasRaes.Chlrah B SR SRUII G, an

metal species. 36. The heterogeneous chiral catalyst of claim 35 wherein

the oHiriitkylsgaapoiitbanadkylstl airepseiekted from the group consisting
of ”&F”g’zy&o%' é!a%able of coupling to the inorganic substrate.

26. The process of claim 25 wherein R' is selected from the group

consisting of an alkyl group, an aryl group, an arylalkyl group and an alkylaryl group.

27. The process of claim 25 wherein R' is r-butyl, R? is hydrogen, R® is

methyl and T 1s tnmethoxysilylpropyl.

28. The process claim 23 additionally comprising reacting an inorgamc
substrate with a hydrophobing agent to produce the hydrophobic inorganic substrate.

29. The process of claim 28 wherein the hydrophobing agent is selected
from the group consisting of a silane and a siioxane.

30. The process of claim 23 wherein the hydrophobic inorganic substrate is
hydrophobic mesoporous silica.

31 A process for making a heterogeneous chiral catalyst comprising
coupling a chiral bisoxazoline to a hydrophobic inorganic substrate to make a
heterogeneous chiral catalyst precursor and treating the heterogeneous chiral catalyst
precursor with a metal species.

32. The process of claim 31 wherein said coupling is through a single
tether group.

33. The process of claim 31 wherein the chiral bisoxazoline has a structure

selected from the group consisting of Iia, IIb, Iic, IId, Ile and IIf as shown in claim 25

wherein:



and lIf as shown in claim 25 wherein: R' is a bulky group and R2 is
selected from the group consisting ofg drogen, an alkyl group, an aryl
group, an arylalkyl group and an alkytafyl group, or R and R2, taken
together with the carbon atoms to which they are attached, form a cyclic

struciurgs R3ig Seleaiethl #ithe grauPRansialipg, of anlkyh 9 OUR @ sen, an
aryl group, an aryIaIkYI group and an alkylaryl group, and T"is.a group
capaﬁi%yggsatppmgaw O WRo Agatid A e 394 Amaltsayigiredpalgsiigand

reactigh plrstapingMaterialdQ AR dHEm CUNVISIRIEPARNING tGed, form »

starting material to a heterogeneous chiral catalyst comprising a
heter3GEREEUE Hiral catalyst precursor complexed with a metal species,

said RetRreeeBRAUSENItRE GRAlY EAHASHRSOS CAMMISING-Suphisdl aryl group, an
bisoxazoline group coupled to an inorganic substrate, said precursor

beinG AN HF AP AR LR RBHEHG Ueoifing a chiral bisoxazoline to a
hydraphobisigreanisisubsiatangd Theinaethar eohidaim 37 wherein the

whereijn the chiral bisoxazoline rgé]rou has structure selected from the
group ‘consistiftg PRESHP: Clarg IEEstheBGAl SPEREMS WWBrein: R

is a Qltil.kly grwmae@g%&éa@&@isﬁaﬁgﬁ%ﬁhevaéquaag@nﬁsﬁg%&ﬁ?ay@mgﬂsmg
an alkyl grqup, an aryl group, an arylalkyl group.and an alkylaryl group, or
CRUDIE DA %za%aél&ﬁ%%fﬁ%rwm R A BIREIBIG PSS 4pe make @

hattashatolaranialcyabe strpeitigioRans selakiedHramdhaaros: GaRsIBtAG ys!
of an alky| group, an aryl group, an arylalkyl group and an alkylaryl group,
P 9s %r%ﬁ'ﬁt@é t&%f coupling to the inorganic substrate. 39. The

methad of claika JiéefetpiviiRe dEastioRig RN ASYBMNBIIS wherein the chiral
b?s%?clgz%rggg Rgstig giruct:ure selected from the group consisting of a, b, fic, Iid, Ile
and {If as shown in claim 25 wherein:

R' is a bulky group and R” is selected from the group consisting of hydrogen, an

alkyl group, an aryl group, an arylalkyl group and an alkylaryl group, or R’ and

R?, taken together with the carbon atoms to which they are attached, form a

cyclic structure,

R’ is selected from the group consisting of an alkyl group, an aryl group, an

arvialky! group and an alkylaryl group, and

T’ 1s a group capable of coupling to the inorganic substrate.

37. A method for catalysing reaction of a starting material to a product
comprising exposing the starting material to a heterogeneous chiral catalyst
comprising a heterogeneous chiral catalyst precursor complexed with a metal species,
said heterogeneous chiral catalyst precursor comprising a chiral bisoxazoline group
coupled to an inorganic substrate, said precursor being made by a process comprising
coupling a chiral bisoxazoline to a hydrophobic inorganic substrate.

38. The method of claim 37 wherein the wherein the chiral bisoxazoline
group has structure selected from the group consisting of Ia, Ib, Ic, Id, e and I as
shown in claim 4 wherein:

R' is a bulky group and R” is selected from the group consisting of hydrogen, an
alkyl group, an aryl group, an arylalkyl group and an alkylaryl group, or R' and



o

40. A chiral product when made by a reaction catalysed by a
heterogeneous chiral catalyst comprising a heterogeneous chiral catalyst
precursor complexed with a metal sp@éies, said heterogeneous chiral
catalyst precursor comprising a chiral bisoxazoline group coupled to an

inorg@?zﬁi{&?%’#&h@pq’ﬁi &P E%%ﬁoth%QQoWIpyh%ylpwg S¥tached, form

comprising coupling a chiral bisoxazoline to a rophobic inorganic
substragdicstuTigechiral product of claim 40 having enantiomeric excess

9reat@@tﬂagle;@aga*lff%%,é?gréng%sﬁggs%ﬁguglfcm@mg%ﬁwﬁp Phroup, an

comprising a chiral bisoxazoliné group cotipled to an inorganic substrate,
wherébyiakid ﬁi@@%ﬁérﬂi’saﬂé’é@ﬁ@m%mxing with Cu(l) to form a
heterqgengais,chaliGa s, SRid CAIRYSLREING Sanalie of catalysing a

cyclopropanation reaction of an olefin with an” azo compound with greater
than 88% vieldihe 15 thede Wigettots SRirahearany shprevantion dendrisingnanetric
chifah-Bisgxasaline group coupled to an inorganic substrate, whereby said
precursor is capable of complexing with Cu(l) to form a heterogeneous

chiraf€atalyst* s&bireataipeupbinteapabridf Gataf/siffgaion catalysed by =
H&E@géﬂ@@ﬁ@@ﬂﬂip @&Q%to&?zﬁﬁgfﬁ% WItH A REALCATBRHAD W e MR ursor

than 60% enantioselectivity. 44. A heterogeneous chiral catalyst

CURMFISIAG Wiketeroudae saenirab At A PRERErES eimabl il Rittprecursor
1pgis Sheciemisaid RslareasrenUs S hiabrataly sh RESFMSR SHBRHSINGA said

chiral bisoxazoline group coupled to an inorganic substrate and said
RISEARPST DSIG dBisbRy of EERaRSIFGTRRIERD Rhagon shHgtidhserageline to a
iefipnabl an Az cQIRAYRd with greater than 50% yield. 45. A

heterogeneous chiral catalyst comp_rising a heterogeneous chiral catalyst
precdrsor corpfesiBehntpdichatalape desaying praBHeseREticeHieater than
£atalgsbprecursor comprising a chiral bisoxazoline group coupled to an

inorganic substrate 24 _ .
A heterogenous chiral catalyst precursor comprising a chiral

bisoxazoline group coupled to an inorganic substrate, whereby said precursor is
capable of complexing with Cu(l) to form a heterogeneous chiral catalyst, said
catalyst being capable of catalysing a cvclopropanation reaction of an olefin with an
azo compound with greater than 50% yield.

43. A heterogenous chiral catalyst precursor comprising a chiral
bisoxazoline group coupled to an inorganic substrate, whereby said precursor is
capable of complexing with Cu(l) to form a heterogeneous chiral catalyst, said
catalyst being capable of catalysing a cyclopropanation reaction of an oiefin with an
azo compound with greater than 60% epantioselectivity.

44, A heterogeneous chiral catalyst comprising a heterogeneous chiral
catalyst precursor complexed with a metal species, said heterogeneous chiral catalyst
precursor comprising a chiral bisoxazoline group coupled to an inorganic subsirate
and said catalyst being capable of catalysing a cyclopropanation reaction of an olefin
with an azo compound with greater than 50% yield.

45. A heterogeneous chiral catalyst comprising a heterogeneous chiral

catalyst precursor complexed with a metal species, said heterogeneous chiral catalyst

‘precursor comprising a chiral bisoxazoline group coupled to an inorganic substrate



and said catalyst being capable of catalysing a cyclopropanation reaction
of an olefin with an azo compound WEQ greater than 60%
enantioselectivity.

and said catalyst being capable of catalysing a cyclopropanation reaction of an olefin

with an azo compound with greater than 60% enantioseiectivity.



