Chiral Bisoxazoline Catalysts Technical Field The

present invention provides a heterogeneous chiral
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Background of the Invention Chirai bisoxazolines are

anong the nost useful catalysts in asynmetric organic

reacti ons. Heterogeneous catalysts are desirable as
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separation and recovery of the catalyst. Consequently

a great deal of research has, been done to heterogenic

chiral bisoxazolines. Wile npost heterogenized
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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 invention

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 lcast partially satisfy the
above need.

Summary of the Iinvention
According to a first aspect of the invention there is provided a heterogeneous chiral
catalyst precursor comprising a chiral bisoxazoline group coupled to an inorganic
substrate.
The chiral bisoxazoline group may be coupled to the inorganic substrate by a single

tether group. The chiral bisoxazoline group may have structurc Ig, Ib, Ic or Id.
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tether group. The chiral bisoxazoline group may have
structure la, Ib, Ic or Id.lalb c Id In structure la
WO 2006@961RL nay be a bul ky group, and nmay be  PCT/SG2005/000072
sufficiently bulky that a chiral catalyst conprising
t he heterogeneous chiral catal yst precursor conpl exed
wth a nmetal species capable of catal ysing a chem cal
reaction is capable of catalysing the reaction to
generate a chiral product. The chiral catalyst may be
capabl e of catalysing the reaction to generate the
chiral product wth high enantioneric excess. The
chiral catal yst igay have high reactivity fomwp the
reaction. RL may be.,an al kyl group, for exanple a C
to Cl12 al kyl group, ;Br an aryl group, an al k) aryl
group or an aryRal Ryl group, for exanpla3a1C6 to C12

aryl group or tooCl2 aryl al kyl org Q%k&%%
group. R2gapy/bel hydr o 200 it gy ah allky 0up,
for exanple Jg}NtoNeé?ghkyl group, oup,
for exanple an¢6 to C% Q aryl group, h an ar al kyl
or al kyl aryl group, for exanple a C7 {o Cl2 aryl al kyl
or al kylaryl group, orlét nmay be sonmd# ot her group. Rl
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gr O ARyl or Akyldsltgiup, G el egitedorhe ﬁllﬁri'ghxip (R @anpR? may be taken
consi stin

By T S b A P g P,
| NRhrgPlEIaCCS-CT cyclic structure. They may for examplc form a benzocyclopentyl
structure, such as structure Ie or If. R? may bc an alkyl group, for example a C1 to C12
alkyl group, or an aryl group, for example a C6 to C12 aryl group, or an arylalkyl or
alkylaryl group, for example a C7 10 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 t-butyl and R? is methyl.
In another embodiment the chiral bisoxazoline group has a structure selected from

the group consisting of Ie and If.



substrate and a |linker group for linking the coupling
group to the, CR3 group. The coupling group may be any

W@ niobaidie1 group for coupling to the inorgani c PCT/SG2005/000072
substrate, and may for exanple conprise a silicon
atom It my be SiR4A , Si(OR5)R4, or SiI(OR 5, wherein
R* and Rs may i ndependently be |inear or branched
al kyl groups, for exanple d to Cl2 al kyl groups, or
aryl groups, for exanple C6 to C12 aryl groups. The
l'inker group may an al kyleng group [-(CHz)n-]" r
exanple a d to Cl12 al kyl ene group, or an aryl ene
group, for exanple a 8§ to G 2 aryl enemgroup such as
[-C HJ] or an al B3l &ryl ene or arl @glikyl ene group,
for exanple a CQ G2 aIkyIaryH@méiﬁ;o.rlylalkylene
group such as¢f i )Nn-] IN
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hydr ophQbihé fhOdHAsnt tlQQéthM ub E&ﬂi}rﬁbskxcl,HOSi- |’IEhB eﬂiccﬁxf atom may
structure SiR4 n(ORs) 4 an al k
orhey ROy EEHPLARSICR &) BT Pigh Py . indepgenty, 00T groups, ary
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 inorganic substrate may be
particulate, and may have a paﬁicle size between about 100nm and 200 microns. The
jnorganic substrate may comprise a ceramic, or a metal oxide or 8 mixed metal oxide.
The metal may be for example titanium, silicon, germanium, aluminium or some other
suitable metal. The inorganic substrate may be silica, and may be mesoporous silica. It
may in particular 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*(OR%)e., (an alkyl alkoxysilane) or



3 .Si0 SSR6 3.nR 0 (disiloxane) or R4 nRY nSi NHSI R63
,Rn (disilazane) where R4, R5 and R6 are,

wo nabepeqident |y, |inear or branched al kyl groupBCT/862005/000072
exanple d to Cl2 al kyt groups, or aryl groups, for
exanple C6 to Cl12 aryl groups, X is a hal ogen such as
A, Br or Il and nis 1, 2 or 3. The hydrophobi c groups
may be for exanple trinethylsilyl groups. Mst free
silanol groups (Si-OH nay be capped with hydrophobic
groups. The nunber of free §| | anol groups (i.e
silanol groups not capped w'th hydrophobic groups) may
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capa catalysing a chem cal reaction, for exanple
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S@tventidQ QSmpléxé® 9h a Aiteh] eproied. The bibexaiolivesgroup of the hcterogeneous
chiral catalyst precursor may be complexed with the metal species. The heterogeneous
chiral catelyst may be cepable of catalysing a chemical reaction, for example
cyclopropanation, cne-reaction, Diels-Alder reaction, allylic substitution, azirdination
reactions, Mukaiyama aldol reaction and new asymmetric reactions such as
enantioselective Henry reaction (J. Am. Chem. Soc. 2003, 12692) and enantioselective
conjugate addition of carbamates for the synthesis of B-amino acids (J. 4m. Chem. Soc.
2004 9188). The chemical reaction may be capable of generating a chiral product, and
may be capable of generating a chiral product with high enantiomeric excess. It may be,
capable of generating the product with high reactivity.

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(lX), Mg(I) or Pd(11) or some other metal species.

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



conjugate addition of carbamates for the synthesis of
b-am no acids (J. Am Chem Soc. 2004 9188). The
wa@ b@woiogabi r eacti on may be capabl e of generati NBCBSG2005/000072
chiral product, and nmay be capabl e of generating a
chiral product with high enantioneric excess. It may
be. capable of generating the product with high
reactivity. The netal species may be any suitable
catalytic netal species that is capable of being
conpl exed to a bisoxazoline species. The netal species
may be for exanple Cu(l), Ca(11), My(H or Pd(Il) or
some ot her. taI CLeS [
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coupling group described in the first aspect on
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R5 are, indepen ly, l'inear or branchg I k
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T’ may comprise a couplmg 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 in the first aspect on
reacting with the inorganic substrate. It may be Si(0R4)(R5)2, Si(OR‘)st, or Si(OR‘);,
wherein R* and R’ are, independently, linear or branched alkyl groups, for example C1 to
C12 alkyl groups, or aryl groups, for example C6 to C12 aryl groups. The linker group
may be as described earlier.

In an embodiment the tether group is -C3HeSi(OR*)s.



hydr ophobi ng agent. The hydrophobi ng agent may be an
al kyl silane of structure SiR OR5) (an al kyl
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(di sil oxane) or (disilazane) where R4, RJ and R6 are,
i ndependently, linear or branched al ky! groups, for
exanple O to Cl2 al kyl groups, or aryl groups, for
exanple C6 to Cl2 aryl groups, X is a hal ogen such as
A and nis 1, 2 or 3. The step of reacting with the
i norgani ¢ substrate nmay be perforned before, during or
after the step of coupling 6he chiral bi soxazoHne to
the i ni.c_subst dr. hObI e
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fourth aspect of the invention
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heterogeneous chiral catalyst comprising making a heterogeneous chiral catalyst

precursor according to the process of the third aspect of the invention 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(ll), Mg(Il) or Pd(II), or some
other metal species.

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

In a fifth aspect of the invention there is provided a process for making a
heterogeneous chiral ca'taiyst comprising:

- complexing a chiral bisoxazoline with a metal species to form a complexed

chiral bisoxazoline; and

- coupling the complexed chiral bisoxazoline to an inorganic substrate.



het er ogeneous chiral catal yst conprising: - conplexing
a chiral bisoxazoline with a netal species to forma
wa@ooploesietd chiral bi soxazoline; and - coupl i ngpeT8G2005/000072
conpl exed chiral bisoxazoline to an inorganic
substrate. The chiral bisoxazoline may have any one of
structures |la to Hf, and nay be as described earlier.
The netal species and the inorganic substrate may be
as described earlier. The conpl exed chiral
bi soxazol i ne may be capable of functioning a a
catalyst. In a sixth aspect Tof the invention there is
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i nvenPreforred embghdiments of the present invention will now be described, by way of

example only, with reference to the accompanying figures, wherein:
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 chiral catalyst according to the

invention is given by structure IIl: G-T-S, where G is one of structures Va to Vf shown



Figure 2 shows a schene for nmaking a heterogeneous

chiral catalyst according to the present invention.
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present invention is based on the surprising and

unexpected finding that chiral bisoxazolines

synthesi zed with one nethyl substituent at the carbon

bri dge, when coval ently i mmbilised onto mesoporous

silica supports, provides greatly inproved

enanti oselectivity and reactivity. A general fornula

for a typical heterogeneousSChiraI catal yst according

th Ve Q ven.b
s TR SR e ie GhRUUB Suh s ot i
nmyaljme ppm'prar@dipasmme ibisbwazalise of istmgptre desorpleds jetsi morganic
Vbbb, P55 ORRALY WmAillel BhireF BlsiHalitine BE SAMESOIV: 6T 10
nprising”a b soxazol | ne of . Structure coug to an
i nml@}ammgamumstram wheres@ isiope efstiptiresgyado UéFhQFVe @aw chi ral
bi soxazoline of struycture IV: GT to a suktable
i norgani c subs%rat where G is one of styuctures Va
to Vi shown bB Ve Vf Conpounds wi tRR sfructures |,
1l and FV or (-) isonerg, stouctures |

to IV Fgl;%{ﬁm yan-roup, dg be sul 5'52 ently
bul ky thhat n exed with a

capabl e of taHVS|nG'a chem cal r tlbh the
reaction idacapable o? generating chlral pr,oduct .
The chiral produd® may have an enantiomeric cess of
greater than abouy™10% or greater than abdut 20, 30,
40, 50, 60, 7% 0, 90, 95, 96, 97, 983 99, 99.5,
99.75 or 99tp@6 gay be an aIkyI fgy exanpl e
a d to,gl: a“yllgég_gr or an gnloup,ll aB..,,o2

al kyl ar g ) QN yl al kyl gro -Nf oN aﬁﬁle a
C6 to Cl12 apyl O oug,ior a C7 to ClZ“aryI"éI Kyt Or

al kyl aryl gfoup. \Ih al kyl group may have befyeen
about 1 and 12 carbon atonms, or between abput 1 and 6,
1 and 4, 3 and 12, andl2 or 4 and 8 car atons
and may have B3 2, 3, 4, 5, 6, 7, 8, &4, 1 1 or

car bon at ong9 e than 12 carbon:p 0

. The aryl
group may 6 and 12 RANat B
bet ween 6 Aapd 9 9 12 or 8 an car bo
and may Ravg 6, 7, '

Ve
Compounds with structures I, Il and IV may be (+) or (-) isomers.
In structures 1o IV:
R! 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 C1 to C12 alkyl
group, or an aryl group, an alkylaryl group or an arylalkyl group, for examplc a C6 to
C12 aryl group or a C7 to C12 arylalkyl or alkylaryl group. The alkyl group may have
between about 1 and 12 carbon atoms, or between about 1 and 6, 1 and 4, 3 and 12, 6 and



10, 1 1 or 12 carbon atons, or nore than 12 carbon
atons. The al kylaryl or arylal kyl group nay have
whednsmer13i7 and 12 carbon atons, or between 9 apci/3@2005/000072
and 9 or 9 and 12 carbon atons, and nmay have 7, 8, 9,
10, 1 1 or 12 carbon atons, or nore than 12 carbon
atons. If RL is alkyl it nmay be straight chain or
branched chain or may be alicyclic. It may for exanple
be isopropyl, isobutyl, t-butyl, neopentyl, isopentyl,
cycl ohexyl, cyclopentyl, nogbonyl, adamantyl or sone
other suitable group. IfR 1 is aryl, it may be phenyl,
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benzocyc] opentyl structure, such as in structure le or
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enzocycl ohex 0
PO 6.8 STVL R (o8 BRIERIS B0 & 12 A5 80 05 e R, o
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al’o%g h@e‘(&o&d@é&%&ﬁ%@ Qth as in structure le or If. Other suitable cyclic
structures may include, for example, cyclopentyl, cyclohexyl, cycloheptyl,
benzocyclohexyl, naphthocyclopentyl or naphthocyclohexyl.

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, ethyl, propyl, isopropyl or
butyl group, attached thereto, or may have some other suitable group attached thereto.
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 attached may also have a 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



attached thereto, or the carbon to which Rl is
attached may al so have a hydrogen atom attached

wo b@seva3and the carbon to which R2 is attachepPCTeg2005/000072
al so have a nethyl group attached thereto, or both the
carbon atomto which RL is attached and the carbon
atomtowhich Ris attached may have nethyl groups
attached thereto, or both the carbon atomto which Rl
is attached and the carbon atomto which R2 is
attached may have hydrogen gtons attached thereto. R3
may be an al kyl group, for anple a d to Cl2 al ky]
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exanmpl € the coupling group’ nay be
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TIH lse et ween

che BB/ §1(@Rn§R P Slfcme)n wkﬁm Rofing Bp miey IDQ?PC%HER'}X hf‘n@ dgtephis
' Efor'ﬁaxb&@ El'o'r le Y @uﬁb.?grdag nﬁyﬁl: s@oMa)@ dsmcomva(om),,

zsﬁgﬂa oo SR, Tho Sk anones Alklgengipn K@i o b

3 aryfne groug and’ ma)saon%nso]&twclﬂ- 1@hd ﬂ220aﬁ)@fl bofs, dF igBinkdr tgrdipys
be f or exanpl e net

Y e OB ey o Lgat BPABby e e FRE v R | o 12,
1 ot TS K aneg]il Whd 6, 1-af®4,Rydnd 120056 gmdn2 aiﬂbnma}dms and may have 1, 2,

S TN B 305 clben Aok W SLPRCHPRAHN mBthySRTE

ethanediyl, 1,3-propanediy], 1,4-butanediyl, 1,5-pentanediyl, 1,6-hexanediyl, 1-methyl-

1,5-pentanediyl, 2-methyl-1,5-pentanediyl, 1,4-cyclohexanediyl or some other alkylene
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. [-CH>CsHy-(CHz)o-).
Alternatively it may be ether [-(CHy),-O-(CHa)w), carbamate [-(CH:),-OC(O)NH-
(CH2)x-] or amide [-(CH2),-C(O)NH-(CHz)n-], or some other suitable group. In the
above formulae, n and m may independently be between about 1 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
independently be 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 a
coupling portion capable 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



or cycl oal kyl ene group. If the linker is an aryl group

it may be nonocyclic or polycyclic, and may be for
wezaapdasphenyl ene, bi phenyl ene or naphyl ene, BCTSG2005/000072

Alternatively it may be ether [-(CH)n-O (CH2)"-],

carbamate [-(CH2)n-0C(O)NH (CH2) m] or am de

[-(CTtXrC(ONH(CH 2),,,-], or sone other suitable

group. In the above fornulae, n and m nay

i ndependent|y be between about 1 and 12, and may be

between 1 and 10, 1 and 8, and 6, 1 and 4, 4 and 12,

6 and 12 or 4 and 8, and ma lindependently be 1, 2, 3,

4, abave) Bn cc]:pln?g with thd forgdntc Rbstrdté. The codpﬁnﬁbo&i&%y% Rapable of

of coupling to the inorganjc substrate.
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i norgani c substrate nay be porous, and
magxamelc micepicalats or panoprsijFulain, &d TRy bave pippticksisiprhetipen about

be t T, e MNand
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 oiergan1B0n 1 i B SO0 4B EHCHR BRGS0
i AYoOSUAY §00C YOLRBED &HO0M Rilada, driabout BLE3, 4806, ITRY, 9220230, 40,
pa gl s & &8 15815 0,356, 150, 160, 170, 180, 190 or 200 misrons. The
pamcle 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
microcellular foam (MCF). MCF is a suitable substratc since it has large surface area,
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 a metal, for example a noble metal

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



| OOnxn and 200. m crons. The particle size may be
bet ween about 500nm and 200 m crons, or between about
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about 1, 2, 3, 4, 5, 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 nicronéd. The particle size
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hydrophobic groups per gram of inorganic substrate, or may be more then 2mmol
hydropbobic groups per gram of inorganic substrate.

The inventors have found that when an inorganic substrate is used that has not been
hydrophobed, the resulting 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 a 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 1mmol/g, or between
about 0.05 and 1, 0.1 and 1, 0.2 and 1, 0.5 and 1, 0.01 and 0.5, 0.01 and 1, 0.1 and 0.5 or
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of the heterogeneous chiral catalyst may catalyse production of ¢ produtts with

opposite chirality. The heterogeneous chiral catalyst may be separated from a reaction

mixture, for example by one or more of filtration, settling, decanting or centrifuging. It
may theﬁ 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 thc scope of the

invention.



material for a chem cal reaction may be exposed to the

catal yst. The starting material may be in solution in
we2aelovast . The reaction may be conducted at | P@I/SG2005/000072

tenperature, anbient tenperature or el evated

tenperature, and nay be at between about 0 and 1000C,

or between about 0 and 50, 0 and 20, 0 and 10, 10 and

100, 25 and 100, 50 and 100, 10 and 50 or 20 and 500C

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 1 Q0 C,

or may be greater than about4 100C or | ess than about
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bisoxazoline-copper (1) complcx 5:CuQTf provxded cxce]lent enantxoselectmty and

reactivity. The catalyst offered 95% ee for trans isomer and 91% ee for cis isomer. The
heterogenized catalyst was recycled four times without loss of enantioselectivity and
reactivity. Even with a very small amount of heterogenized catalysts (0.2 mol%), high
enantioselectivity (95% ee for trans isomer) and reactivity werc attained. The inventors
believe that this system is the best silica-supported bisoxazoline catalyst yet developed.

Table 1. Asymmetric cyclopropanation of styrene by 5:CuOTf.*
+
PhA “'CO,Et pnAco,El
+ o —_—

CO,Et Ph' "CO,EL

/.=
P

Ph



invention.In this exanple, a cbiral bisoxazoline with
one nethyl substituent at the carbon bridge was
w0 powoloddiBzed ont 0o a mesoporous silica support.PCT/SG2005/000072
Surprisingly, the resulting BOX-Cu(l) catalyst showed
very high enantioselectivity and reactivity for the
asymmetric cycl opropanati on of styrene. Chiral
bi soxazol i nes were i nmobilized onto nmesoporous solids
by one |inker group. In order to achieve this,
bi soxazoline 2 was synthesized with one nel hyl
substituent at the carbon Bfidge (Figure 1). This
bi soxazoline Iigand was then nodified to obtain a
trimet hoxysilane group (Figure 2). Bisoxazoline
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Duncthyl methyhnalonate (1.78 g, 12.2 mmol) an

atlthedFhoh SARRI (Yisixbtdline 2)
i nvent

g (g)—teﬂ-leucmol (3.0g,256

mmot) 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 1 (3.27 g,
10.37 mmol) was obtained with a high yield (85%). A 100-ml Schlenk flask was charged
with dibydroxymethylmalonodiamide 1 (2.87 g, 9.08 mmol), 4-(dimethylamino)pyridine
(0.12 g, 0.99 mmol), and 40 ml of CH,Cl;. Triethylamine (6 ml, 43.5 mmol) was then
added. A solution of p-toluenesulfonic chloride (3.77 g, 19.8 mmol) in 10 ml of CH»Cl,
was added. The resulting bright yellow solution was stifred at room temperature for 27
hr. It was diluted with 20 m! of CH,Cl,, and washed with saturated NH,Cl. The aqueous
layer was back-extracted with CH;Cla (3 x 30 ml). The combined organic extracts were
washed with saturated NaHCO;. The aqueous layer was back-extracted with CH2Clz (3 x



believe that this systemis the best silica-supported
bi soxazol i ne catal yst yet devel oped. Table 1.

\Nﬁﬁmnmﬂnslc cycl opropanati on of styrene by 5: QCIEG2005/000072
[ "CO E AH reactions wc r ed out under argon. Dete
rWIned by GC. Deter ind by GCCwith a Ct rai x-B
columm. In conclusion, chiral oxazoline |igands were
effectively imuobilized onto nesoporous silica
supports. The heterogeni zed catal yst showed hi gh
enanti osel ectivity and react|V|ty for asymmetric
cycl opropanati on of styrene6 It was al so successfully
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Whis&xazoline: 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 flagk was then cooled down using liquid N under
vacuum. It was then sealed and warmed to room temperature. The flask was then placed
in an oven at 75°C for 5 hr. After the reaction, excess HMDS was removed under
vacuum.
Cyclopropanation of styrene by MCF-supported bisoxazoline

(CuOTH), toluene (0.011 mmol) or Cu(OTf), (0.022 mmol) was added to the MCF-
immobilized bisoxazoline (0.022 mmol) in CH,Cl; (2 ml). The mixture was stirred at
room temperature for 5 days. In the case of Cu(OTf),, 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.] mmol, dilutcd with 2 m} CH,Cly) was added over 2 hr using 2
syringe pump. The mixture was then stirred for 1 hr and centrifuged. The solution



washed with saturated N-1HCO3. The aqueous | ayer was
back-extracted with CH2CI2 (3 x30 ml). The conbi ned
woe@andasextracts were dried over No Sq 4, filrer/eq2asnc0072
concentrated in vacuum The concentrated |iquors were
purified by flash chromat ography to give the product
referred to here as bisoxazoline 2 (2.03 g, 7.26 mol,
80%yield). 1H NWVR (300 MHz, CDCA3) : d = 4.17 (m
2H), 4.08 (m 2H), 3.85 (m 2H), 3.54 (q, J = 7.3 Hz,
IH), 1.48 (d, J = 7.3 Hz, , 0.881 (s, 9H), 0.878
(s, 9H). 13C NWR (300MHz, ) . d 165.5, 165.3,
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oo Bgte ke e SheousreciolC ok oot G Baleg e
nﬁmh&enﬂmﬁﬁmn1 of THF at -50 OC. After stirring for 30
m n, 3-iodopropyltrinmethoxysilane (0.148 m, 0.75
nmol ) was added, and the solution was warmed to room
tenperature. After stirring for 2 days at room
tenperature, THF was evaporated and tol uene was added.
The tol uene solution was added to MCF, which was
partially nodified by TM5 using HVDS (0.4 nmol/g). The
t ol uene suspensi on was then heated to 900C with
stirring for 1 day, and filtered. IR (cm1l): 2957,
1663, 1089, 842, 8 11, 460. Elenental analysis: found
= C, 11.45; H, 2.25; N, 0.73. Loading of bisoxazoline:
0.26 nmol /g. Further protection of MCFsupported
bi soxazoline with HVDS MCF- supported bi soxazoline was
degassed at 8Q0C overnight. HVDS was then added to the
solid under vacuum The flask was then cool ed down
using liquid N under vacuum It was then seal ed and
wanned to roomtenperature. The flask was then placed
jn an oven at 750C for 5 hr. After the reaction,
excess HVDS was renoved under vacuum Cycl opropanation
of styrene by MCF-supported bi soxazoline



(Cuorf)2 toluene (0.01 1 mml) or Cu(OTf) (0.022 nmol)
was added to the MCFi nmobilized bi soxazoline (0.022
wonwbpoé1sr CH2C 2 (2 ml ). The m xture was stirredr/a62005/000072
roomtenperature for 5 days, hi the case of Cu(Orf) 2,
di azoacetate (0.015 mmol) was added to reduce copper.
After the addition of styrene (153 m, 1.32 nmmol), a
solution of ethyl diazoacetate (1.1 nmmol, diluted with
2 mM CH2C 2) was added over 2 hr using a syringe punp.
The m xture was then stirred for 1 hr and
centrifiiged. The soluti onpd?ti on was col |l ected, and
the t oapsd.cis ratio and yield were determ ned by gas

chromat ography (GC).  The enantioneric excess S, )
det er ki ned hBW@“&Fs‘F‘W@‘ gptadyst PISTHSSEr ROTBRSISHRR?. waiblsoxmlme

pfﬁ&dpl%ﬁ;ﬂéd&o Miiorkihﬁ{buvmbeyia whdldnehbiZedg. (5 nl) and
centrifu hr ee gl nes. The reCO\r/a?EH(sedxﬁ@?t agrxsthvvas
used &s t PW% glaimat wherelp the shirel Bisqugzoline group has structure
eXRREtedRéth the Ghotip tBasistihg ofVal 1Bl IeI0deadus chiral catal yst
precur sor conpr|5|ng a cbiral bisoxazoline group
coupled to an morgan}‘q substrate by a ingl t her
group. 2. The p curlsor of claim1 whergBn the chiral
bi soxazol i ne ostructure selegte rorE?t he

le

gr oup cons&st nq obe@Ip 2Ic Id;l . selw\fﬁ e
kyl grolp, an

I f whereiR group anB
the group con stl ng of<hydrogen, an

aryl group, aR" aryJal kyIR group and anRal kyl aryFR gr oup,
or Rl and R2, tak N together with the carlpn atons to
whi ch they are attached, forma cyclic structure, Ris
selected fromthe gfeup consisting of an alyvl group,

an aryl group, ag q/yl al kyl group and alrkaal | aryl

group, and T is et r(])el_rl_hgroup for cou ‘(?g\'ﬁ%the
. e precurso[
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ecthed/THRm t he grRUP \coRsi g 8F an

wherei n RRI'$\s
al kyl group, aryl g—apup, an aryl‘ al Iaql grou Rand an
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R! is a bulky group and R? is selected from the group consisting of hydrogen, an
alkyl group, an aryl group, an arylatkyl 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 comsisting 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.



4. The precursor of claim2 wherein RL is Mityi, R2

is hydrogen and R3 is nethyl. 5. The precursor of
w@b@snmydsnwher ei n each of the carbon atons to wdTRGERDS000072

and R2 are attached al so, independently, has a

hydrogen atom or an al kyl group attached thereto. 6.

The precursor of claim2 wherein the tether group

conprises a coupling group for coupling to the

i norgani ¢ substrate and a linker group for linking the

coupling group to the CR3 group. 7. The precursor of

claim6 wherein the coupling”group conprises a silicon

atom 38. 1hB ?rc@ﬁxﬁﬁ Of S8 0hhefdiPR b K108 FSinthd H6up! doMdisBihg of
is selected fromthe group, consjsting of an

rou

gl%?ﬁ"é‘r%“ﬂr B! 2xonp, an gviatkd sroy end anplkylenil g08P-gr oup and
an aryl algy lpeRers@ of whim 2. wheketh RY BBLAQIR2GE hdrédeafid R’ is
wherein the linker group is -C3H'-. 10. The precursor
of ¥k m 1 wherein the i norgani c substrate i s porous.
11. The [hepteeasr ofElaial Rivieréin vdoke bEthe cdrbd atonsrtd sick R' and

syhstrate i.s.nmesqporous. ,12. The precursor of cl ai
iferast A Ao PP 8 BB R e uh e olighed
Thierds.ecur sor of claim 1 wherein the inorganic
substpate,conpri ses.hvdraphohi roups. 14. The ..
precu-soﬁ*Sngrﬁ¥ﬂﬁ%@*%ﬁ@%@Pﬁ“ﬁﬁ%“ﬁ?@?8%%%%?8°8F%ﬁ%%“”
arfer dotpling tdwhk sriokpphic gubstredes and b3inker lgmup fer dinkisg the obuptihgagroup
1% &pggginuthe nunber of hydrophobi c groups is between
0.'2"&nd Fiol per gram of inorganic substrate. 16. A
het er BgerTae psecasérr of| clabm téawhestin orponnling regpun comprises a silicon
het er ogeneous chiral catal yst precursor coropl exed

wi'th a metal species, said heterogeneous chiral
cat al §.st The ereourswof claim 6 wherein the linker group is selected from the group

consisting of an alkylene group, an arylene, an alkylarylene group and en arylalkylene
group.

9. The precursor of claim 6 wherein the linker group is -C3He-.

10. The precursor of claim 1 whercin the inorganic substrate is porous.

11. The precursor of claim 1 wherein the inorganic substrate is mesoporous.

12. The precursor of claim 1 wherein the inorganic substrate comprises silica.

13. The precursor of claim 1 wherein the inorganic substrate comprises
hydrophobic groups.

14. The precursor of claim 13 wherein the hydrophobic groups are trimethylsilyl
groups.

15. The precursor of claim 13 wherein the number of hydrophobic groups is
between 0.2 and 2Zmmo! per gram of inorganic substrate.

16. 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 by a single
tether group.

17.. The catalyst of claim 16 wherein the chiral bisoxazoline group has structure

selected from the group consisting of Ia, Ib, Ic, Id, Ie and If wherein:



conprising a chiral bisoxazoline group coupled to an
i norgani c substrate by a single tether group. 17. The
wa@ adoaloyasi1 of cl aim 16 wherein the chiral bi soxeenbcres/000072
group has structure selected fromthe group consisting
of la, Ib, Ic, Id, le and If wherein:Rl is a bul ky
group and R2 is selected fromthe group consisting of
hydrogen, an al kyl group, an aryl group, an aryl al kyl
group and an al kylaryl group, or RL and R2, taken
together wwth the carbon atons to which they are
attached, forma cycllc strffcture, R3 is selected from
t he z I I
- ary el PR BloBh kiatheql sl i Bl Feonaing of bl
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Jg& Qc?g%ﬁabryéﬁh Bk Gbé kS 10/ DREIE ihey hRCattaBed| forh 8 C}rcBis
|s Cu 19. The catalyst of claim16 wherein t he
i nor gawAtwe,substrate conpri ses mesoporous silica. 20. A
Pr 0C§8S;s sQect&iPitbii? e oo &fnﬂﬁlﬁ‘l@%ﬂhﬁ 1l lgidupCad ably group, an
precursor conprisin coup |ng a chiral bisoxazoline to
an i rofaiah BEWBH@§PP%¥ a single tether group.
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22. The process of claim2 1 wherein R1 is sel ected

fromthe group consisting of an al kyl group, an aryj
w@readpye1an aryl al kyl group and an al kyl aryl grecpsG285/000072

The process of claim2 1 wherein RLis /-butyl, R2is

hydrogen, RJ is nethyl and T is trinmethoxysilyl propyl.

24. The process claim20 additionally conprising

reacting the inorganic substrate with a hydrophobi ng

agent. 25. The process of claim 24 wherein the

hydr ophobi ng agent is selected fromthe group

consisting of a silane and A sil oxane. 26. The process

of cI V\/nerenthel Lgani.c strate is
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ﬁxi@ﬁ%t o’é’gt y?vlth the carbgn atons to, whi chfuégge

are at% a&hwoceﬁsmlw 20 pdditjonallycomprising rgacting the ingrganie.

f%’cﬂ‘ath oﬂBﬁH? %@gnm sting of an al kyl group, an aryl
group, ~an_ar

L L
EctHsBrngPa silbhSanR h Sl S, of claim 28 vvherel n the
‘ rrEt 2 26S pel'%tls grgcelsss of clax(m 20 wherein the inorganic substrate is mesoporous silica.
27. A heterogencous chiral catalyst precursor when made by a process
comprising coupling a chiral bisoxazoline to an inorganic substrate through a single
tether group.
28. A process for making a heterogeneous chiral catalyst comprising coupling 2
chiral bisoxazoline to an inorganic substrate through a single tether group to make a
heterogencous chiral catalyst precursor and treating the heterogencous chiral catalyst
precursor with a metal species.
29. The process of claim 28 wherein the chira] bisoxazoline bas a structure
selected from the group consisting of lla, 1Ib, Ilc, T1d, Ile and 1If wherein:
R' is 2 bulky group and R? is selected from the group consisting of hydrogen, an
alkyl group, an aryl group, an arylalky} 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

arylalkyl group and an alkylaryl group, and



31. A heterogeneous chiral catalyst when made by a
process conprising coupling a chiral bisoxazoline to
w@noosnerigani ¢ substrate by a single tether groPQI/BG2005/000072
make a het erogeneous chiral catal yst precursor and
treating the heterogeneous chiral catalyst precursor
wth a nmetal species. 32. The heterogeneous chiral
catal yst of claim 31 wherein the chiral bisoxazoline
has a structure selected fromthe group consisting of
Ha, Ub, Hc, Hd, lie and IlIf wherein: Rl is a bul ky
group and R2 is selected frdhthe group consi sting of

hydr ogpny o @upRhiate ofoRplRe tithe Rbrghnicubitte, an aryl al kyl
group and an al kyl aryl group, or Rl and R2 taken
t oget ¥ Fhanocessof elaimpvbargihs metpl spsriehs OOy are
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31. A nethod for catal ysing reaction of a starting

ma PEFYIF WiR 2 ey SBEfSt conpri si ng exposing the starting
materigl  {he RteigbRonghitd oatslyst bf dain 3¢ ahereipshe chivstpisoxizolpe

a heterogeneous.chiral catalyst eGHISO .
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cat al y®'tis pbEky g6y andRIS beddored framahs gralp whgwing 2Hhydnegen, an
group cgoupl.ed to .an inar i bst.r [ 1 2
et horig] B 57 g RerhshT sPp i) ol R e
wher ei takeh hegetiri with theicsburaatons trewbiclo thoy heesetigthed; foum e cyclic
sel ect ed fgon1the group consisting of la, Ib, lc, Id,

le and T Wherein: RLis a bul Ky group and R2 is
sel ectRidisfselestrad frem dheogrpurc eensistingi of pnoslkol ygepupg i aryh grovp, an

2l i YRk pR e Bt Gouf a2 (Y gether w th the
car boril"as ogreuptcepableiof tpuplinayo the toggariggubeerle- f orm a cyclic
structyyre, Rubd HELAALEE Fatitht foa MR HAHBSA Sl A Praduct
an al Kyl group, an aryl group, an i ..
comprising exposing the starting material to a heterogeneous chiral catalyst compnsing 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 by a single tether group.
32. The method of claim 31 wherein the wherein the chiral bisoxazoline group
has structure selected from the group consisting of Ia, Ib, Ic, Id, Ie and If 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
arylalkyl group and an alkylaryl group, and
T’ is a group capable of coupling to the inorganic substrate.

33. The method of claim 3] wherein the reaction is an asymmetric

cyclopropanation.



aryl al kyl group and an al kylaryl group, and T' is a
group capabl e of coupling to the inorganic substrate.
w@30060b@E3met hod of claim3 1 wherein the reactPOISGH008000072
asymmetric Cycl opropanation.34. A chiral product when
made by a reaction catal ysed by a heterogeneous chiral
catal yst conprising a heterogeneous chiral catal yst
precursor conplexed with a netal species, said
het er ogeneous chiral catal yst precursor conprising a
chiral bisoxazolipe group coupled to an inorganic
substrate by a single tethel3group. 35. The chira
pr odugh O cfflsPrhudt Wil Ylafichy S HaiRh AR b K FiliGieHloBR il
catalyst comprising a heterogeneous chiral catalyst precursor complexed with a metal

species, said heterogeneous chiral catalyst precursor comprising & chiral bisoxazoline
group coupled to an inorganic substrate by a single tether group.

35. The chiral product of claim 34 having enantiomeric excess greater than about
90%.



