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Chiral Bisoxazoline Catalysts
Technical Fisld
The present inveation provides a heterogencous chiral bisoxazoline catalyst, and 8
process for making it.
Background of the Invention

Chiral bisoxazolines are among the most usefil catalysts in asymmetric organic
reactions, Heteropencous catalysts are desireble as they provide for eesier, fasier and
more efficient separetion and recovery of the catalyst. Consequently & grent deal of
research has been done to hetesogenize ohiral bisoxazolines, While most heterogenized
bisoxazolines lwolve the use of polymer supports, 2 number of siliva-supported
bisoxezoline catalysts have heen developed. These silica-supported bisoxezolines
typically show Jower onantiosclectivities and reactivities than their homogeneous
courerpasts.

There iz therefore g need for 2 bisoxazoline catalyst that provides for easy
separation of the catalyst from products and provides good enamtioselectivity and
reactivity,

Object of the invention

It is an object of the present invention to overcome or subytantially ameliorate et
least one of the above disadvantages. It is & further object to at loast partially satisfy the
above noed.

Summary of the Invention
Actording to a firt aspect of the invention there is provided & heterogencous chiral
catalyst precursor comprizing & chiral bisoxazoline growp coupled to an inorganic
subistrate.
‘The chiral bisoxazoline group may be coupled to the inorganic subsirete by a single
tether group. The chiral bisoxezoline group may have structure fe, Jb, Ie or .
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In structore Ia to 14, R' may be a bulky group, and mey be suficiently bulky that a
chiral catelyst comprising the heterogencons chiraf catalyst precursor complexed with a
etal species capsble of calalysing a chemicel reaction is capable of catalysing the
reaction to generate 8 chirsl product. The chiral catalyst may be capable of catalysing the
senction o generate the chirst product with high enantiomeric excess. The chiral catalyst
may have kigh reactivity for the reaction. R may be an afky) group, for example a C1 to
C12 alkyl group, orae §ry2 group, an alkylaryl group or an arylatky! group, for example &
C6 10 C12 aryt group or a C7 to €12 arylalkyl or alkylaryt group. R* may be hydrogen or
it may be an alkyl group, for example a C1 10 €12 alky} group, or an aryl group, for
example a 6 to C12 aryl group, or an arylalkyl or alkylaryl group, for example 2 C7 1o
€12 arylalkyl or alkylaryl group, or it may bs some other group. R} and R? may be taken
together with the carbon atoms fo which they are atiached 1o fonm a cyclic stracture, for
example 8 CS-C7 cyclic structure, They may for example foom & benzosyclopentyl
structure, sueh as structure ke or I, R may be an alkyl group, for example a C1 to CI2
alkyl group, or an aryl group, for exemple a C6 to C2 aryl group, or an arylatkyl or
atkylaryl group, for exarmple a C7 1o C12 arylelky! or alkylaryl group. T is & fether group
for coupling to the Inorganic substrate. The carbon atoms to which R and R are attached
may alse, independently, have a hydrogen stom, or sn atkyl group, for example methyl, -
ethyt, propyl, isopropy! or butyl group, stiached thereto,

In one cmbodiment, R' is -buty! and R? is methyl.

in another cmbodiment the chiral bispxazetine group bes a structure selected from
the group consisting of Ie and H.
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Tether group T may comprise a couphing growp for coupling to the inorganic
substrate and p Huker group for linking the coupling group to the, CR® group. The
coupling gronp may be any suitable group for coupling to the inorganic substate, and
may for example comprise » sificon atom. It may be Sik', SOROR', or S{OR),
wherein R* and R may independently be linear or brenched alkyl groups, for example C1
10 C12 slkyl groups, or aryl groups, for example C6 to C12 sryl groups. The linker group
may a5 alkylene group [-{CH)e-, for example a CI to C12 alkylens group, or an arylens
group, for example & C6 1o C12 arvene group such as {-CgHe} or an alkylaryiene or
srlyleliylene group, for example a C7 to C12 alkylarylene or ardylalkylene group such as
[-CHCsH{CHz)o]. & may be for example -CyHe-. AHematively it may be ether -
{(CHz) O-(CHz)p}, carbamate [{CHz) OC(OME-(CHz)wo-} or amide [-(CH)-CONH-
(CHaJyr ], oF some other suitabla group.

In another embodiment the tether group comprises -C3Hg85-. The silicon atom may
have two other groups atteched to it, which may be, independently, alkyl gronps, aryl
groups, alkoxy groups, aryloxy groups, OH groups or halo groups.

The inorganic substrate may be porous, and may be meseporous. It may have pores
that are between sbout 2 spd 50nm in dismeter. The inorganic substratle may be
particulate, and may have & particle size between about 100nm and 200 microns. The
iporganic substrate maey comprise a ceramic, or a metel oxide or 8 mixed metal oxide.
The metal may be for sxample fitanium, silicon, germardum, aluoinfum. or some other
suitsbie metal, The inorganic substrate may be silica, and may be mesoporous silica. It
may in perticular be sificeous microceilular foam (MCF). 1n addition to the chiral
bisoxazoline group, the inorganic substrete may comprise a hydrophobic group. The
hydrophobic group may be any of the commonly known silane-based hydrephobie
groups, derived from alky] silemes of steucture SIR*WOR ), {an alkyl alkoxysilane) or
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SIR%(Kun (mn slkylbalositane) or R%R%.SIOSIRGLRY (disilomene) or RARY.
(SINHSIR R, (disilazane) where RY, RY and R® are, independently, linear or branched
alkyl groups, for example C1 10 CI2 alkyl groups, or acy] greups, for example C6 to C12
eyl groups, X is a halogen such as Cl, Bror Land nds 1, 2 or 3, The hydrophobie groups
may be for example mimethylsilyl groups. Most froe silanol groups (S1OH) may be
capped with hydrophobic groups. The mumber of free silanol groups (i.e. silanol groups
not capped with hydrophobic groups) may be sufficiently low to reduce interactions
befween the chirel bisoxazoline group and frec silanol groups. The distribution of
bisoxezoline groups on the inorganic substrate may be uniform or homogeneous. The
mamber of fiee silanol groups may be sufficiently Jow thal the distribution of
bisoxazoline groups on the inorganic substrate is wniform or hamgcﬁaoas. The mamber
of bydrophobic groups may be in the range of sbout 0.2 to 2 mmol/g. The number of
bydrophobic proups may be such that & catalyst wade from the heterogeneous chiral
catalysl precurser is capable of eatalysing & reaction with high enantiomeric excess, or
with 4 desired level of enantiomeric excess

In a second aspect of the invention there is provided e beterogeneous chiral caialyst
comprising 2 heterogeneons chiral catalyst procusor aceonding to the first aspect of the
invention complexed with & metal species. The bisoxszoline group of the hoterogeneous
chiral catelyst precursor may be complexed with the metal species. The heterogeneous
chital catalyst may be cepable of catalysing 2 chemical reaction, for exampls
cyciopropenation, encresction, Diele-Alder reaction, allylic substitation, aziridination
reactions, Mukaiyama aldel resction and new asymmeiric reactions such as
enantioselective Henry reaction {1 Am. Chem. Sec. 2003, 12692) and enantiosslective
conjugate addition of carbamates for the synthesis of P-amine acids (£ Am. 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 suitabie catalytic metal species that is capable of
being complexed to a bisoxazoline species. The metal species may be for example Cu(l),
Cu(lf), Mz(ll) or PA(T1) or some other metal species.

In one embodiment the metal species is Cutl).
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In & thind aspect of the invention thers is provided a process for making 2
heterogeneous chirsl catalyst precursor comprising coupling a chirt bisoxazoline to an
inorganis substrate through & single group,
The chira} hisoxazoling may have structure Ha, b, Io, Hd, He or I, wherein R
®? and RY are a3 defined eartier, and T7 is a group copable of coupling to the norganic

substrate.
R R T
0o 0PN
2 ! §‘)‘.,|R2 2l 1 | 2
R N Ny N N
R ® Rt R!
Ha i
R F B
Q
R23n mRZ R2 It l\? nuRZ
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e i

T" may compsise a coupling portion ¢apsbile of coupling to the inorganic substrate
and a linker group for linkiag the coupling gronp to the CR” group. T mey form tether
group T (as described ealior) on coupling with the inorganic substate The coupling
portion may ba capable of producing the coupling group deseribed in the first aspect on
reacting with she inorganic subsirate. 1t may be SHORYR ), SHORMR’, or SOR',,
wherein B¢ and B are, independently, linear or branched stkyl groups, for example C1 w
C12 alkyl groups, or aryl groups, for example €6 to C12 aryl groups, The linker group
may be as described earlier,

In an embodiment the tethor group is -CyHSHOR .

JP
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The process may additionally comprise reacting the inorganic substrate with a
hydrophobing agent. The hydrophobing agent may be an alil silane of structure
SIRA(OB N, (an olky! alkoxysilane) or SiR%(0e, (au  alkylhalosilane) or
RARS.LSi08RY R, (disiloxane) or R%R%.SINHSEIR®, RY, (dsilezane) where RY, R
angd R® are, independently, linear or branched alky! groups, for example C1 o C12 atkyl
groups, or aryl groups, for example C6 to C12 aryl groups, X is a halogen such as C1 and
#i8 1, 2 or 3. The step of reacting with the inorganic substrate may be performed before,
during or after the step of coupling the chiral bisoxazoline to the inorganic’ substrate,
Thus the hydrophobing agent may be reacted with the inorganic substrate in a separsie
step before or after the coupling step, or the hydrophobing agent may be mixed with the
chiral bisoxazoline to form a coupling mixivre, and the coupling mixture then exposed to
the inorgsnic substrate. Alternatively, an inorganic substrate having hydrophobic groups
may be used ia the process.

The inorpanic substrate may be as described for the first aspect of ihe invention.
For exzmplo i may be mesoporous silicy, such as MCF.

The present invention also provides & heterugeneous chital catalyst precursor when
matle by the provess of the third aspect of the invention,

In a fourth aspect of the invention there i3 provided a process for meking a‘
heteropencons chirsl catalyst comprising making a beterogeneous chivel catalyst
precursor according o the process of the third aspeet of the invention and treating the
heterogeneons chiral catelyst precursor with o metal species. The metal species may be
any suitable catalytic metal species that is capable of being complexed to a bisoxazoline
spesies. The metal species may be for exemple Cu(f), Cu(fD), Mg(E) or PAQT), or some
other metal species.

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

In a fifih aspect of the invention therc is provided a process for making 2
heterogeneous chiral catalyst comprising:

- complexing & ohiral bisoxazoline with 2 metal species to form & complexed

chiral bisoxazoline; and

- coupling the complexed chiral bisoxazoline to an inorganic substrate,
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The chiral bisoxazoline may have any one of strchurcs Ha to 1f, and may be as
deseribed earlier. The metal species snd the inorpanic substrate may be as described
earlier. The complexed chiral bisexazoline may be capable of functioning a5 & catalyst.

I a sixth aspect of the nventicon there is provided a heterogencons chiral catalyst
when made by the process of the foarth or fifth aspect of the invention.

In a seventh aspect of the invention there is provided » method for catalysing
reastion of a starting material 10 a product comprising exposing the starting material 10 a
heterogenecus chiral catalyst sccording 10 the invention. The method may slso comprise
exposing the starting materisl to 5 reagent. Examples of resctions which way be catalysed
according to this aspect include asymmetdic cyelopropanation, enc-reaction, Diels-Alder
reaction, allylic substitution, aziridination reactions, Mukaiyama aldol reaction or new
asymmetric reactions such 85 cnentioselective 'Hemy reaction or enantioselective
conjugate addition of carbamates for the synthesis of f-amino acids,

The invention also provides a product of & reaction that has been catzlysed by 2
hetorogencons chiral catalyst according to the invention. An txample of such a product is
an asymmetric substituted oyclopropane when made by the method of the seventh aspect
of the invention,

Briaf Dascription of the Figures

Preferred embodiments of the present invention will now be described, by way of
example onby, with reference to the accompanying figures, wherein:

Figure 1 shows a scheme for making a chiral bisoxnzoline which may be used for
making & heterogencous chirl catabyst according to the present invention; end

Figure % shows a scheme for making a heterogeneous chiral eatalyst sccording to
the present invention.

Detailed Description of the Preferred Embodiments
The present invention s based on the swprising and wnexpected finding that
chiral bisoxazolines synthesized with one methy! substituent at the carbon bridge, when
covalently immobilised onto mesoporous silics supports, provides greatdly improved
enaantiosclectivity and reactivity.
A general formula for a typical heterogensous chiral catalyst according to the
invention is given by structwre Il G-T-8, where G is one of structures Va to Vf shown
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below, It may be prepared either by reacting & metal species with a hetarogeneous chiral
catalyst precorsor comprising & bisoxazoline of stracture } coupled to an norganic
substrate, or by coupling = complexed chired bisoxazoline of stucture IV: G-T" to 2
suitable inorganic substrate, whers G iz one of structires Va o Vi shown helow

\24 R R ;‘R{E?.Rz

‘- 0
-

R’ R R!

N, N
Y

‘\q_“‘
R ®3
0 0 o 0,
Ra,..g/t E\).-Rz R2»</i i\gn.;Rz

o
E:)

Ve vi
Compounds with structares [, I and [V may be (+) or (-} isomers.
In stuctures [ o IV:

R! may be a bulky group, and may be sufficiently bulky that, when complaxed with
a metal species capsble of caalysing » chemical maction, the reaction s capble of
generating & chiral product, The chiral product may heve an enantiomeric exveas of
greater than sbout 10%, or greater than sbout 20, 30, 40, 50, 60, 70, 86, 90, 95, 96, 97,
98, 99, 99.5, 99.75 or 99.9%. R' may be an alkyl group, for example 2 Cl to C12 alkyl
group, of an aryl group, an atkylaryl group or an srylalkyl group, for example a C6 to
€12 aryl group or a C7 to 012 anylaliy} or alkylaryl group. The slicyl group mey have
between about 1 and 12 carbon atoms, or between about | and 6, 1 end 4, 3 and 12, G and
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12 or 4 and § carbon atoms, and may have 1, 2, 3, 4, 5,6, 7, 8,9, 10, 11 or 12 carbon
atoms, of more than 12 cathon atoms, The aryl group may have between 6 und 12 carbon
atoms, of between 6 and 8, 9 and 32 or 8 and 10 carbon atoms, and may have 6, 7, 8, 9,
10, 11 or 12 carbon atoms, or more than 12 carbon atoms. The atkyleryl or arylsikyl
group may have between 7 and 12 carbon atoms, or between 9 and 12, 7 and 9 or & and
12 cerbon atoms, and may heve 7, 8, 9, 10, 1F or 12 carbon atoms, or mere than 12
carbon atoms. If R' is alkyl it may be siraight chein or branched chain or may be
alicyetic. 1t may for example be isopropyl, isobutyl, t-butyl, neopestyl, isopentyl,
eyelohexyt, cyclopentyl, norbamyt, sdamantyl or some other suitable group. If R* is aryl,
it may be phenyl, biphenyl, naphthyl, sad may be s substituted aryl, for exemple
alkyipheny! {c.g. benzyl, #butylphenyl). R' may also be & heterocyclic group, or a
substituted heterocyclic group. The cerbon atoms atiached 10 the R' groups may be the
same chirality, and may be both (8) or both (R).

R® may be hydmpgen or it may be an a1kyl group, for example a C1 to C12 slkyt
eroup, or Ba aryl grovp, for example o O6 to C12 aryl group, or it may be some other
proap. B may be & bulky grovp or a non-bulky group, and in addition 1 the examples
described for R! may also be n-alkyl with a chain length of between 1 and 12 carbon
stoms of mere, for example methyl, ethyl, propyl, butyl, t-butyl, benzyl or phenyl.

R and R® may be taken together with the carbon atons to which they are attached
to form a cyclic structure, for exemple & €5-C7 cyclic structurs. They may for example
form = benzocyclopentyl structure, such as in structure te or I Other suitable cyclic
giructures  may include, for example, cyclopentyl, cyclohexyl, cycloheptyl,
benzocyclohexyl, naphthocyclopentyi or naphthocyclohsxyl.

¥ach of the carbon toms 1o which R' and R? are attached may also, independently,
have 8 hydrogen stom, or an aliyl group, for examaple methyl, ethyl, propyl, isopropyl or
butyl group, attached therelo, or may have some other suitable group attached thereto.
Thus for example the catbon to which R' is stteched may elso have a methyl group
attached thereto and the carbon to which R* is attached may ajso have & hydrogen atom
attached thereto, or the carbon to which R is attached may also have a hydrogen atom
attached thereto and the sarbon to which B? is attached may also have a methyl grougp
attached thereto, or both the carbon atom to which R' is attached and the carbon atom to
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which R? is sttached may have methy} groups attached thercto, of both the carbon atom to
which R' is atteched and the carbon atom to which R? is sttached may have hydrogen
atoms attached thersto,

R sy be an alkyl group, for example a Cl to C12 alkyl group, or m ary) group,
far example a C6 to C12 ary! group, or it may be some other group. RY may be » tulky
group or & non-butky group, ant in sddition to the examples described for RY may also be
n-alkyt with a chain length of between 1 and 12 carbon atoms or more, for example
methyl, ethyd, propyl, or butyl,

T is & tether group for coupling to the inorganic subywate. T may comprise a
coupling group for coupling to the inorganic mbstrate and a linker group for linking the
couphing group to the CR® group. The coupling grovp may be any suitable group for
coupling 10 the inorganic substrate, and may for exarple comprise a silicon atom, I may
be SikY, BHORHRY, or S(OR*,, whersin R end R* muay independently be rs described
for R? ebave. For sxample the conpling grong may be S({OMe), SiMe(OMe), 5i(QEt),
SiMe(ORt) or SiBOEY). The linker group may an alkylene group {<(CHy)e] or #n
srylene group, and may eomprisc besween 1 and 12 carbor atoms. If the linksr group is
an alkylene group it may be finear, branched or eyclic, 2nd may have between [ and 12, 1
anf 10, 1 and 8, 1 and 6, 1 and 4, 2 and 12 or 6 and 12 carbon stems, and may have 1,2,
3, 4,5 6 7,89, 10, 11 or 12 cetbon atoms. It mey be for example methylone, 1.2-
ethanediyl, 1,3-propanediyl, I 4-bntanediyl, 15-pentancdiyl, 1,6-hexanediyl, i-methyl-
1 5-pentanediyl, 2-methyl1,S-pentanediyl, 1,4-cyclohexanediyl or some other alkylene
or eyclealkylene group. I the linker is an aryl grovp it may be monooyclic or polycychic,
and may be for example phenylenc, biphenylene or naphylene, .g. -CHiCeHu-{CHa)o-1.
Atwmnastively it may be ether [{CHa)rO{CHz)wr), corbamate [-{(CHy)-OC(O)NE-
(CHaYar] of amide [-{CHy-CIOMNH-{CH)ar), or some other suitable group. In the
shove formubas, 0 and m may independently be between about | and 12, and may be
between 1 and 10, 1 and 8, t end 6, 1 and 4, 4 and 12, 6 and 12 or 4 and &, and may
independentlybe 1, 2,3, 4,5,6,7, 8,9, 10, 11 or 12,

T' is & group capable of coupling 1o the inorganic substrate, T~ may comprise 8
coupling portion cepsble coupling to the inorgsnic substrate snd & linker group for
linking the coupling group to the CR? group. T° may form tether group T (2s described
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abave) on coupling with the inorganic swbstrate. The coupling portion may be capsble of
producing the coupling group described in the first aspect on repsting with the inorganic
substrate. Bt may be SHORMR' Y, SHORTLR', or SIOR%), wherein B and RY are s
described sbove. For example it may be Si{OMe);, SiMe(OMe);, Si{OEL), SiMe(OED:
or SIEI{OE, The Jinker group may be as described above.

M may be & metal species and may be & catalytic metal species. It may be capable
of complexing with the bisoxazoline group of structure 1. It may be electrically neutral or
it may be an ion, such as & positive jon, It may have s charge of 1, 2, 3 or 4. [t may be for
axample Ca(l), Call), Mg{If} or PA(iE) or some other metal species.

§ s an iuorgsnic substrate. The incrgenic substrate may be potous, and may be
mesoporous. It may have pores with diameter between about 2 and S0nm. The potes may
he betwsen abont 2 end 40, 2 and 30, 2 and 20, 2 and 10, 10 and 50, 20 and 50, 30 and
50, 5 and 50, 5 and 20 o 10 and 20, and may be sbout 2,3, 4, §, 6,7, 8,9, 16, 15, 20,
25, 30, 35, 40, 45 or 50um in dameter. The inurganie smbstate may be particulate, for
example microparticulate or nenoparticulate, snd may have a particle size between about
100nm end 200. microns. The pasticle size may be between about 500nm and 200
microns, or between about 1 and 200, 10 and 208, 50 and 200, 100 and 200, 1 and 100, 1
antd 50 or 1 and 18 microns or between shout 100nm and 100 microns, H0nm and 10
microns, 100nm and t micron or 500mm and | micron, and may be sbout 100, 200, 300,
400, 500, 600, 700, 800 or 990 microns, or about 1, 2,3, 4, §, 6, 7, 8, 9, 10, 20, 30, 40,
50, 60, 70, 86, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 or 260 microns. The
particle size distribution sy be nomow, or it may be brosd, The inorganic substrate may
comprise & ceramic, or & metal oxide or 2 mixed metal oxide. The metal may be for
example titantum, silicon, germanium, aluminium oz gome gimilar metal, The inorgenic
substrate may be silica, and may be mesoporous sifics. It may in particutar be silicecus
microceliutar foam MOCF). MCE is 8 suitsble substrate since it has large surface area,
huteraonnected targe pores and easy conirol of the pore size. The inorganic substrate may
comprise a silica foam according to the copending application eutitled “Mesocellular
Foam Particles™, The inorganic substrate should be cepable of coupling with the coupling
portion. Alternatively the inorganie substrate may be a metal, for example » noble metal
eg gold, platimm or pailadinm, In this case the coupling portion may be capable of
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coupling with a noble metal. It may for example be a thiol or a disvifide. The metal may
be finely porous, microporous, partionlate or nanoporous. It may have pores between
ahout 1 and 100nm or betwesn 1 ond 50, 1 and 20, 1 and 10, | and 5, 3 and 100, 20 and
100, 50 and 100, § and 50 or 10 end 50nm, snd may heve pores about £, 2, 3, 4, 5, 19, 15,
20, 25, 38, 4G, 50, 60, 70, 50, 90 or 100mn.

Substrate § may be hydrophobic. It may be hydrophobed by reacting the inorganic
substrate with a hydrophobing agent, The bydrophobing agent may be an slkyl sifane of
structure SIR%(OR.,, {0 alky! alkoxysilang} o SiR%00., (an atkylhalositane), as
described  earlier, or it may be n disiloxane or disilazane, for example
hexamethyldisitoxane or hexsmethyldisilazanc, The step of hydrophobing may generate
hydrophobic groups on the substrate. The hydrophobic groups may be wislkyisityl
groups, or dialkylalkoxy groups or some other hydrophobic groups, and way be for
example tomethylsilyl groups. The step of reacting with the inorganic substrats may be
performed before, during or afier the step of coupling the ohiral bisoxazoline to the
norganic substrate, Thus the hydrophobing agent may be reacted with the morganic
substrate in 2 separate step before the coupling step, or the hydrophobing agent may be
mixed with the chiral bisoxazoline to form a coupling mixture, and the coupling mixtwrs
then exposed 1o the substrate. There may be between about 0.2 and Zmmof hydropbobic
groups per gram of inorganic substrate, of 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 §.2,
063, 04, 05,06, 0.7, 08,09, 1, 1.3, 1.2, 13, 14 1.5 1.6, 1.7, 1.8, 1.9 or 2mmoal
hydrophobic groups per gram of inorgenic subsirste, or may be more than Zmmol
hydropbobic groups per gram of inorganic subsimte.

The inventors have found thet when an inorganic substrate is used thet has not been
bydrophobed, the resulting catabyst produced lower enantiomeric oxcess than when an at
feast partially hydropkobed inorganic substrate is used. Thus the level of hydrophobic
groups should be sufficient to genernte a catalyst capable of catalysing a resction with
high enantiomeric excass, or with a desired level of enantiomeric excess.

In the present invention, thers may be a high loading of bisoxazeline groups on
the inorgenic substrate. There may be betwoen sbout 8.0F and lmmel/g, or between
about 0.05and 1, 8.l and 1, 0.2 and £, 05 and 1, 001 and 0.5, 8.0 snd |, 0.1 and 0.5 or
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0.2 and 0.5mmol/g, end may be abous 0.0, 0.05, .1, 8.15, 0.2, 0.25, 0.3, 6.35, 04, 045,
0.5, 0.6,8.7, 0.8, 0.9 or Tmmolig.

The heterogencous chiral cataiyst of the present invention may be vsed 1o
catalyse chemicel reactions snd may cstalyse production of chiral products. A starting
material for a chemical resction may be exposed to the catulyst The starting material
tuay be in solution is a solvent, The reaction may be conducted at jow temperature,
ambient temperature or clevated tomperature, and may be at between sbout 0 aod 100°C,
or between sbout § and 50, 0 and 20, © and 19, 10 and 100, 25 and 100, 50 snd 100, 10
and 50 or 20 and $0°C, mod rany be at zbout 8, 5, 10, 15, 20, 25, 30, 35, 40, 45, 30, 55,
60, 65, 70, 75, 80, 85, 90, 95 or 160°C, or may be greater than sbout 100°C or jess than
about 0°C. The catalyst may be combined with the starting material o7 the solution, and
msy be mixed, stired, shakens or otherwise agitated with the starting material or the
solution. Alternatively the starting material or solution may be passed through the
cotalyst, whereby the catalyst is constreined in » hovsing, for example an HPLC columa
housing, 2 cobumn honsing or some other houvsing. In this case the resction may be
conducted st high pressere, and the starting meterial may be passed through the catalyst
at high pressure. The high pressure may be between about 1 snd 200 atmespheres, or
berween sbout 1 and 100, T 2nd 50, 1 and 20, 1 and 10, 10 and 200, 50 and 200, 100 and
200, 150 and 200, 16 and 100 or 30 and 100 atmospheres, and may be sbout 1,2, 3, 4, 5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 104, 110, 120, 130, 140, 136, 160, 170,
180, 190 or 200 stmospheres, or muy e at same other pressure. Different optical isomers
of the heterogeneous chiral catalyst may catalyse production of chiral products with
opposite chirality. The heterogencous chiral catalyst may be separated from & reaction ’
mixture, for examgle by ane or more of filtratior, settling, decanting or contiifuging. It
ey then b washed snd 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 fo a spevific
example, which should not be constued as in any way fimiting the scope of the

invention.
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In this exarople, a chirai bisoxazoline with one methyl substituent at the carbon
bridge was immobilized onto a mesoporous silica support. Surprisingly, the resulting
BOX-Cu(l) catalyst showed very high enantioselectivity and reactivity for the
asymnetric eyciopropanation of styrens.

Chiral bisoxszolines were immobilized onto mesoporous solids by one Finker
group. In onder to achieve this, bisoxazoline  was synthesized with one methyi
substituent at the carbon bridge (Figare 1)

This bisoxazoling Hgand was then modified to obtain & trimethoxysilane group
(Figare 2. Bisoxazoline 2 was reacted with MeLi 1o give o lithiated product, which was
reacted with 3-iodopropylmimethoxysilane to give silenc-modified bisoxazoline. The
modified bisoxazoline 3 was essily snchored onto siliceons mesocelinfar foarm (MCF)
with s high loading (0.26 mmol/g) (Rigure 2).

The surface of MCF was partially modified with TMS (trimethylsilyl) groups
before immobilization of bisoxazolines. HMDS (hexemethyldisiloxane)} (0.4 mmol} was
added to MCF (1.0 g) in toluene to produce TMS-modified MCF (0.8 mmol/g). This
modification not only allowed for the uniform immobilization of bisexazolines en the
MCF surface, but also provided for sase of control in the amount of tigand loaded.

The helerogenized bisoxazoline formed a bisoxazoline-copper (I} complex by
reaction with copper (T) Griflate. The resulting heterogenized catalyst was cxamined for
the asymmetric cyclopropanation of styrene (see Table 1). The MCF-supported
bisoxnzolinecoppee {I) complex S:CuOTf previded excellent cnamtioselectivity and
reactivity. The catalyst offered 95% es for trms isomer and 91% ee for cis isomer. The
heterogenized catalyst was recycled four times without loss of enantioselectivity and
reactivity. Even with & very small amount of heterogenized catalysts (0.2 mol%), high
enantioselectivity (95% oc for trans isomer) and reactivity were attained, The inventors
belive that this system is the best silica-supported bisoxazoline catalyst yot developed.
Table 1. Asymmetric cyclopropanation of styrens Yy $:CaOTL

} e ooE M»Amﬁ

m/“: v Com I

H, Favy
pa TCOLE

PR TCOEL



(33) JP 2012-176406 A 2012.9.13

WO 2006/006131 POT/SG005/000072
15

B L Bl PN T [ B R
# 1 {molw) Conversion { Trans® | Cis®

$:CuOTE | ] 2 12 100 63135 95 73
F) 2 12 00 65135 95 91
3 2 12 100 65/35 95 H
4 ) C I T G436 | o4 | 90
5 2 1.2 Hi 4436 g3 89

BOuOTE 1 02 12 100 6635 94 | of

T vreva careiod oot Lier argon. DBl 7 GO, Deingd by GO With A Crirakiex-§ comn;

In conclusion, chiral exazoline lignds were effectively immobilized onto
snesoporous silice supports, The heterogenized catalyst ghowed high etantiosalotivity
and resctivity for ssymmetie cyclupropanation of styrene. It was alse successfully
reoycled four times, without fosing =ny enantioselectivity and renctivity, This
immobilization method can be widely applied to sthes types of chiral bisoxazotines. The
imsmobilized chiral bisoxazoline catalysts aro expected 1o show high enantioselectivity for
various agymmetric reactions.

Fxperimentaf Details
Synthesis of bisoxazoline with one methyl group af the carbon bridge (bizoxazoline 2}

Dimethyl meshybmalonate {1.78 g, 12.2 mmol) and (Sptertdeucinel (3.0 g, 25.6
ramol} were horted to $0°C under an argon flow, which removed the methanol generated
during the reaction. After 12 by, white solids were obtained. To remove the remsining
seactants, high vacuurn was applied at 60°C, Dihydroxymethyimalonodizmide 1 (3.27 g,
10.37 mumol) was obtained with a high yield {85%). A 100-m! Schienk flask was charged
with dilydroxymetbylmalonodiamide 1 (2.87 g, 9.08 mmol), 4{dimethylaminojpyridine
(.12 g, 0.99 mmol), and 40 ml of CHCly. Tristhylaming (6 ml, 43,5 mmol) was then
added. A solution of p-toluencsvifonic chloride (3.77 g, 19.8 mmokb} in 10 ml of CHyCh
was added, The resulting bright yellow solution was stirred at room temperaturs for 27
he. Ttowas diluted with 20 ml of CHaCly, and washed with saturated NH:CL. The aqueous
{ayer was back-extracted with CHaCh (3% 30 mi}. The combined organic extracts wers
washed with saturated NaHCCy. The aqueons layer was back-extracted with CHyClz (3 x
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30 ml). The combined orgamic extracts were dried over NeySOy, filtered and
concestrated In vacwwn,  The copcentrated liquors were purified by flash
chromatography to give the product referred o here as bisoxazoline 2 (2.03 g, 7.26
mmol, 80% yield). 'H NMR (300 MHz, CDClL): § = 4.17 {m, 2H), 4.08 (m, 2H), 3.35
{m, 28, 3.54 (g, 3= 7.3 Hz, 1H), 1.48 (4, } = 7.3 Hz, 3H), 0.881 (s, OH), 0.878 (s, SH).
Be WNMR (300MHz, CDECLY: § = 165.5, 165.3, 75.5, 68.9, 340, 33.8, 257, 25.6, 15.2.
Elementa! analysis of CygHuyMaOg: caleulated = C, £8.53; H, 10.07; N, 9.99; found = C,
68.14; H, 1022, N, 9.84.
Immobilization of bisozazeline 2 onto mesoporous sifica
MoLi (0.516 mi, 1.6 M in B0, 0.825 mmol) was added mio a solution of

bisoxazoline 2 (0.21 g, 0.75 memol} in 10 m! of THF at -50°C. Affer stiring for 30 min,
3-iodopropyitrimethexysilane (0,148 mi, 0.75 mmol) was added, and the selution was
warmed to room tempersturs, After atirring for 2 days at room temperatare, THEF was
evaporated and tolugne was added. The toluene sojution was added 1o MCF, which was
partielly modified by TMS using HMDS (0.4 romol’g). The toluene suspension was then
heated o 90°C with stirring for | day, and filtered. IR (cm’): 2957, 1663, 1089, 842,
211, 460. Elcmental analysis: found = C, 1143, H, 2.25 N, 0.73. Loading of
bisoxazoline: 0.26 mmol/y,
Further protection af MCF-supported bisoxazoling with HMDS

MCF-supported bisoxazoline was degassed at 80°C overnight. HMDS was then
added to the solid under vacum, The flask was then eooled down using ligeid N; under
vacunm. 1t was then seated and warmed to room temperature. The flask was then placed
in an oven st 75°C for 5 br. Afler the reaction, excess HMDS wag removed under
vaCULm.
Cyclopropanaiion of styrene by MCFsupported bisoxazoline

{CaDTE toluens (0.011 mmoly or Cu(OTE), (0.022 mmel) was added to the MCF-
immobilized bisoxazotine {0,022 mmol) in CHCY (2 mi). The mixture was stimed at
room temperature for 5 days. In the case of Cu{OTL), diszoncetats {0.015 mmol) wes
added to reduce copper. After the sddition of styrenc (353 W, 1.32 mmol}, a solution of
ethyl dizzoacetate (1.1 mumol, diluted with 2 mi CH,Cl) was added over 2 br using a
syringe pamp. The mixture was then stirred for | ¥ and centrifuged. The solution

2006196131 POT/SCROBSH0087L
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porfion was collected, and the trangfois ratio and yield were determined by gas
chromatogrephy (GC). The enantiomeric excess was determined by GC using a
Cyclodex-B column.  The precipitate was then washed with CH:Ch (5 ml) and
centrifuged three times, The recovered catalyst wag used as the starting material for
further experiments.

PCT/SGODS000072
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Claims:

(35)

1. A heterogenous chiral catalyst comprising & chiral bisoxazoline group

coupled fo a hydrophobic inorganic substrate whersin the number of hydrophobic

groups is between 0.2 and 2mmol per gram of inorganic substrate, said bisoxazoline

group being complexed to & Cu(l) ion wherein the chiral bisoxazoline group has a

struciure selected from the group consisting of ia’, Ib’, Ie”, 1d°, Ie” and I

",
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R is a bulky group and R” is sciceted from the group consisting of hydrogen, an

alky! group, an aryl group, an arylalky] group and an alkylaryl group, or R' and

RQ, taken fogether 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

arylalky]l group and an alkylary! group,

T is a tether group for coupling to the Inorganic substrate, wherein the tether

group comprises a coupling group for coupling to the inorganic substraie and a

JP 2012-176406 A 2012.9.13
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linker group for linking the coupling group to the Ccr? group, and wherein the

coupling group comprises a silicon atom and the linker group is of

formuta -(CTs)-, where n is 1-12, and

each of the carbon atoms to which R* and R? are atteched aiso, independently,
has & hydrogen atom or an aiky! group attached thereso.

2. ‘The catalyst of claim 1 wherein the chiral bisoxazoline group is
coupled to the inorganic substrate by a single tether group.

3, The catalyst of claim | or claim 2 wherein the bisoxazoline is
covalently bonded to the inorganic substrate.

4. The catalyst of any preceding claim wherein R' is selected from the
group consisting of an alky! group, an aryl group, an arylaitkyl group and an alkylaryl
group.

5. The catalyst of any preceding claim wherein R® is rbutyl, R? is
hydrogen and R? is methyl.

6. The catalyst of any preceding claim wherein the linker group is
selected from the group consisting of an alkylene group, an arvlene, an alkviarviene

group and an arvlalkylene group.

7. The catalyst of eny preceding claim wherein the linker group is -C3Hg-.

8 The catalyst of any one of claim 1 ic 7 wherein the inorganic substrate
is porous.

9. The catalyst of any one of claims 1 to 8 wherein the inorganic subsirate

is mesoporous.

10, The cetatyst of any one of elaims 1 to ¢ wherein the inorganic substrate
comprises silica.

11. The catalyst of any preceding claim wherein the hydrophobic groups
are trimethylsilyl groups.

12, A process for making a heterogeneous chiral catalyst comprising
coupling a chiral bisoxazoline to a hydrophobic inorganic substrate wherein the
number of hydrophobic groups is between 0.2 and 2mmel per gram of inorganic
substrate and complexing the chiral bisoxazoline te Cu(f) wherein the chiral
bisoxaroline has a structure selected from the group consisting of Ifa, 1Ib, Ile, 1ld, fle
and I

JP 2012-176406 A 2012.9.13
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wherein R' 15 a bulky group and R” is selected from the group consisting of

hydrogen, sn altkyl group, an aryl group, an arylalkyl group and an alkylaryl

group, or RY and R, teken together with the carbon atoms to which they are

attached, form a cyciie structure,

RY is selected from the group consisting of an alkyl group, an aryl group, an

arylatky! group and an alkylaryl group, and

T* is a group capable of coupling to the inorganic substrate wherein the tether
group comprises a coupling group for coupling to the inorganic substrate and a linker
group for Jinking the coupling group to the CR® group, and wherein the coupling

group comprises a silicon atom, and the linker group is of formuia -(CHzh-, where n

is 1-12.

13. The process of claim 12 wherein said coupling is through a single
tether group.

14 The process of claim 12 or 13 wherein R' is selected from the group

consisting of an alkyl group, an aryl group, an arylatkyl group and an alkyvlaryl group.
15. The process of any one of claims 12 to 14 wherein R is rbutyl, R? is
hydrogen, Ris methyl and T" is trimethoxysiivipropyl.

16. The process any one of claims 12 to 15 additionally comprising
reacting an inorganic substrate with a hydrophobing agent fo produce the hydrophobic
inorganic substrate.

17. The process of ¢laim 16 wherein the hydrophobing agent is selected
from the group consisting of a sHane and a siloxane.

18. The process of any one of claims 12 1o 17 wherein the hydrophobic
inorganic substrate is hydrophobic mesoporous silica.

19, A method for catalysing reaction of a starting material to a2 product
comprising exposing the starting msterial to the heterogeneous chiral caralyst
aceording to any one of claims 1 to 11 comprising a chiral bisoxazeline group coupled

to & hydrophobic inorganic substrate,

20, The method of claim 19 wherein the reaction is an asymmetric
cyclopropanation.
21. The method of claim 19 or 20 which produces a product with

enantiomeric excess greater than about 90%.
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(57) Abstract: The present invention describes # heterogencons chiral catalyst comprising a heterogenecus chiral caialyst precursor
complexed with a metal species. The precursor comprises a chiral bisoxazoline group coupled to an inorganic substrate. The hetero-
geneons chiral catalyst may be capable of catalysing & chemical reaction, for example cyclopropanation, and the chemical reaction
may be capable of generating a chiral product.
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