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In a third aspect, there is provided a nethod for
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MBS RAREHuR batGlybl @epuisinkaanplaty e raslyicetorritreneopfilar siiceous

in the presence.of an.,acld ¢ : stalvsing a 1 selected
e oo Ao e i g I Kgkop bt s el sl

t e P hokb ithsting of a Geintel Straf readptioneapd b Hielbridise rraeron-

betor he gg)rctlasg %;a%; co?lgptn%g oachRe e mesocellular siliceous foam support with a
reagent which comprises the catalytic group, said reagent being capable of reacting with
the support. The reagent may be capable of reacting with OH groups, for example silanol
groups, on the support. The reagent may comprise a reactive group, for example a
reactive silicon group, capable of reacting with the OH, e.g. coupling with, groups on the

support. It may be capable of reacting with the OH zroups to form a siloxane (§i-0-51)
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I n anot her enbodi nent there is provided a process for
making a heterogeneous iscatal yst conprising the

wobfBRsHrs a) reacting a salt of a phenyl al ani per/8630E/060009
wi th a hydroxyal kyl am ne and

acet onet opr oducea3- hydr oxyal kyl - 2, 2- di net hyl -

(phenyl met hyphni dazol i di n- 4- one; b) reactlng t he
3- hydr oxyal ky1- 2, 2-cl i met hyl - 54henyl net-hypi m da70l i di
n204-one with an allyl dinethyl haloallcylsilane to
produce a chifal reagent conprising a 2, 2,

S- ﬁxﬁﬁh@i bﬁit}éhﬁ'ééﬁtﬁ% l | cfduglazay i Bl rfoztélﬁamla ay:dlugéthjdm;rla:lbyl (or allyl
coupling e chiral rea W ellu

S ebHaLy X gene The Toar 0 o B AR ARy grorH it ghe support may be
PrRseifdysed. B @bdedt el &:Joﬁﬁ@ﬁse @8ghcer group which coupled) the reactive
reacti ng the _nesocel lLul ar SI l.i ceous foa%\ﬁ%% onareactmg with the

t CEPYROHYS SIYICErPYR) ThE SFETVe,AT0W By b Y

c Qﬁﬁlgﬁiu SloiPBE Qipport Gitisicogvepted Bfdnetachnen ger)up, as describiaé in the first
pr esent tilnventl on al so provi des a het erogeneous

c ARaCH RIS IR de by the process of the second

aspectrhé priedsUbhy also aﬁ}ﬁ@ﬁfe e dtdpeofdatsiedsbgamdl)t hydrephiobing the
rowddarretho for C

emgwﬁg lap pilipagn. o5 UGy #ﬁ‘hg {8 fa P%‘m%ﬁ%%‘%bﬂ&mg ey

hLAHAGERENMS KA hlpystwidcs dlyd\}bpi@biﬁg agent,t foe ekampearan @tkylsilicon

said_at | east one starti ng rrate he '

uﬁg@lﬁogpﬁ;basé}e{;%? &‘ﬁ /RFJH%HI‘ qﬂ aZan gr &%@m&typéhlonde or

Ffsbﬁg gﬁe&aﬁﬁw hﬁ(&ﬁﬁhdbmgta‘gexlp{m of Eele:p:t p'dudty hyfinephobing may

nmet hod, na SO C rise allo < D8s A

stbSPPP‘Hﬁte P o) a%ggob;}t&%%gglevﬁ% pr = tm& thL ?\ﬁﬁ)tort%ﬁl the reagent

CQﬂﬁéﬂ&&pﬁkds%Md%&lﬁﬂ&egnaip I east one starting material |

to und o the reaction her
react i ‘i’] 5§ TREY BYBPIEY ?15 o h‘? lﬁ%?‘%%lg}:aé s1 060118 foam

- @ﬁﬁﬁwlm a dhiral momﬂ‘)hﬁg qaagmmtordm;o coeplea clirat alodifier to the support,

i c,.product - The .cat
h é Fglgaéﬁ!g}sl{fgmg Lgage: &)mpﬁ;ﬁgg %F}éhci m%%ﬁf gxﬁ gﬁgt a#) n?zh/ be conducted
Mk ke, afterOR Yurllfy dno®r ﬁbardfmg:tapanmmbg the Tipsoceiipiar sﬂlceous foam

tart |
b oS g e Pl ATy A, B aFan iy
r ag&bpmlﬂgaaeﬁppm (if theriatyersepas fEmiwtd). T@ﬂfaSIthe three steps may be

subs e and .a.5 Fri edel £ f
FCP (’.‘;’ll AFY dPuRgeripch & @%qﬂf’ %?(9(? gg%‘%%]‘g; hﬁ% 8 onducted
e c@lcuﬂ‘dﬁﬂyn 'thﬂﬂiilfal mbhﬁylﬁg r&gﬂit 2@y a@mpn;g ﬂ:@tchaﬂenodlﬁer described in

AI ternativ t he n tl
aft z gg‘gfﬁcﬁﬁnr@ 3178 %rgl g a di éﬁlgaﬁ@mm‘mg
poﬁﬂxlafngﬁﬁph for @Ltcanplp kildre! ponps, gmhe wkppowsi Thetchizalapegiiying reagent

i H{%& tgh’?}g@%‘fﬁ I%C!—baﬂe glféulg? O&%ngrge%lg r&h@g\%rsgl%ﬂ capable of reacting

30

cti'on. or
S ity the SFBgbipRghEeuppitt. @ﬁmacsvmgoanmay erehe %ﬂfﬂe as that in the

LA oo B PR S Gt e .

St:l&raﬂ todifying magait may auqz;a:l;b é sgaceugg‘@g which gouples the reactive group

FT’O %gg%l g}gfaorugu e(rjel EPE' tn%ag -t e%m? T%reth?t in the reagent which

sedimyirised heprataliticngroay oedicinay ber diffeentrspanen friay Bhsty the same
he t%‘.r QAL OMAL 4G ng&i GHSve IHSmE"s P&ép o tlg_r%géenf QAfidH @Bmprises the
nEy gﬁﬁ arion or an acy

Fedtalytidl ertum fThe mgw gromp dafﬁhvechﬁﬁi mrbfymgrraaraenﬁr maY)be puch that, on

portl Ny@idkhnent group,
cacine e G PRI 88 B 3 Bl @ btunent group, s

u@smﬁxﬁuuﬂmémﬂaﬂﬁmthhhcagﬁmmm@re two starting

materials are used, they may be in a nolar ratio of

bet ween about 3:1 and about 1:3, for exanple about

3:1, 2:1, 1:1, 1:2 or 1:3. The net hod may

conprise preparing a heterogeneous reaction m xture.

The het erogeneous reaction m xture nmay be prepared by

conmbi ning a solution conprising the 20 at | east one .

starting material and the heterogeneous catal yst, or



WO 2007/ 084075PCT/ SG2006/ 000009 10 The met hod
may conprise exposing at | east one starting materi al

wdmob/hﬂowlfm het erogeneous catal yst at any pcr/sG2006/000009

conveni ent tenperature. The tenperature nmay be bel ow

the deconposition tenperature of the catalyst, the at

| east one starting material and the product. The
tenperature may be such that ghe reaction mxture is

not solid, and may s bel ow or equal to the boiling.

point of the reaction mxture at the pressure at _

whi ch %ﬁg,s T :
conpr ,ngsﬁ hegs Aﬁ%ﬁaﬂﬂgﬂr at’l n% t}tlehsemphgfteelgg %dthg%gent which
c apmpsises tecatglytin @raves B sfeh 8wl @mﬁ%ﬁ@tcp@nhnmtm Ygpgiive group, or a

- af }e%ﬁrséxj thé¥b, 19 e Graftic %ﬁﬂg br 2P8ciiticR ftleleRS) 1Ly ohitkisd Qnverting

- whet wgbusd oy

HE
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pro uce the product, to forma catalyst portiion“and a
| iacbisal FeiRe peid, orTReTvatysathetept dntetle Yeacab Bid; iagent comprising a

f ichit oot d-0ht &l NBie &LVl ME) B8:a salt (en an N-terminal
ul tracentrifuging, decanting_ or distilling, or

c amEiopiam 5h). 51 exapple adydpchieride sait hedewvative may &ts an gger (62 a
POLikinSRal WBr) 76 MBSPROVAILH edtelRERia0 G Iﬁ&hj\ﬂ,e%yl, ﬁﬁ)‘ﬂ;(l”?%propyl
be vvasheda lurality of Tines with a pluralit

‘!‘h‘és%shl ng sol vent(s) may be
conbijagd eﬂbb&lnkﬁleth&’e%" 1Sviaed E?Rﬁess-fm Qﬁet%ﬁeneous catalyst

conprise isolating the product fromthe I|qU|

pEPERSHE: The i solating may conprise is any of the

known nBehemls of Rbsd®icBBipS@ng b Nataysic @o@n)éa@rb%ta%c'@&?p being
of evaporation, drstillation, fractional

di st | | @patiof Gfalysinean regcsiop seleciert om tsgrraymRposistingaf @ Friedel-

chr onat OgaRRYion b8 RADRIsL AR eakticR] SRS 4HiE rdagbHdiBing capable of
chr omat ogr aphy (géepar ative thin | ayer

chr onatSHEABHYD QIF g9 91 Berdivlar fBiops foamy: radt i on.

subl ismeyehddi, gQﬁ&reagent with a mie36cefialhA kiidond St Q&bpoﬁrto dnake the
part thereo be used as a heterogeneous. chiral

20 cat é}e%?gep‘??ué%t%%quent reaction, optionally
af t elin \WASthdrGntRRENGE b isNBrovided a pPrbeedd)fo? TRk 3R MHeterogeneous

~there is provided a nethod for producing a product o

LABISPIPEFREL reaction conprising the steps of: a)

Conbbnlr%nﬁg mefﬁg&ﬂ%ﬂmsnﬁaé&hm&t sifi6soas dbas ﬁxﬁp&rheo make a
i nvention with a s Ivent and an acid to form :

a. cat alPETOSRRERES, =8 addi ng an aromatic cofrpound
to the a@ﬁ&@bﬁﬁﬂlﬁhﬁéﬂh@hm@ McnesobdiBlar %@&ﬁpﬂidﬂﬁsup g

%%gf%ﬁbﬁ'ﬁ()f u’gt(d)%%g%sgﬁg? cf g%‘l’qpocrsg gatglgflag}glg;glg beidg capable of

Hmwﬁ@ a A0t ARESIFr0 m@c%mqa é@sﬁt@f@’f}fﬁ%ﬁ-‘rﬁ%ﬁﬁ(ﬁﬁﬁ rcz:tcfg(rm and a

Pl Bl o o st < TRA0L M deumble o EFactve with OB groups on
aﬁlﬂidsa&ﬁmaﬁméebugment in the reaction m xture; and

T BB A P

&tﬂﬁbﬂéﬁm@ismgwe aromatic conpound and the

30

Fri edel - Craft n
7007 CRAER OB a0 eRIE B gesacellular sifggus fopg sypportyand
of tehereattinged reagenpithi it inesdcbiulinr sikkeeks f3agf fuppAge Hake the

in the reaction re may be about 1:2. The
ar onmat PEe 8 nlaﬁﬁg conprise a benzene ring or a
Whisen tlmemgem cbmpgsesoar cavalytid graaph ek Ezﬂﬂf{@é@fdﬁﬁ being capable of

%E‘P 6. d"Sﬂ‘g’?’P & Oﬂ;f%%}ém%ioﬁg %{P{r}%fla I 332 2 Friedel:Craft seaction and a

mieBsAldadeddion, emlds:virmﬁn isalél Gezpenteit baabkaf rctoliwith @Higroups on
tgr oduct u?f Di e Al der reaction conprising the
ar Sjheg O?ﬁl‘ng a het er ogeneous cat al yst
accord| ng to the invention with a solvent and an acid
to forma catal yst m xture; b) adding a dienophile to
the catal yst m xture;



ioc) adding a diene to the catalyst mxture and
di enophile to forma reaction mxture; d) allow ng

wo bfoblogdent tinme for reaction of the di enophilgrikdtvosnonone
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15

the diene in the reaction mxture; and e) isolating

the product froma liquid portion of the reaction

m xture, said 15product being a Diels Al der addition
product of the dieneophile and the diene. The nole

ratio of the dienophile to the cliene in the reaction

m xture may be about 1:1.2. The present disclosure

al so prov ggmﬁ&

made anb%ggmﬁ?cﬁﬂéﬁt ereﬁsép%l sch cQs I% al's M&&ogeneous
pm@ﬁ&@e&m@namyse of a heterogeneous chlral catalyst

accor gi pg £o 1 J;hgmphggibggguggggegﬁ&d %%&%eﬁﬁmasﬁ&bﬁsaffoam support

or a asymmetric, product od of the

i nvent i snorddstto f:rmptemhnpha ik g0 the n@tpeﬁd@wéealsmodlfymg reagent

catalys ﬂﬂﬁ Qdygi ng a chiral, or

asynnetglc ﬂlq@uctaﬁ&mﬂﬁe nmet hod of the dlsclosure

Briefe Deestcungpﬁ mgerrtfmthqtéle mresedegar sibicropy Emey FPRoT 59 make the

of the B%t@x%%ﬁ%%d&\é ﬂon wi |l now be described by way

of exa reférénce to the acconpanying

dmwewgge WHEenS cAIpFSey @ qatalytis REwe. t%c@tlw%gmue bgig gapable of
%&lﬁtem% Mdaralskilia froRfe SB8hPLNSEing?TA ﬁ'fé@t‘é!SCiﬁft reaction and a

synthesising a Feagent conprising

c @n&!ﬂ &tdebregqt@u,pandf\r&erm gaid yeageakis sapahlerof trmweta 41 groups on
Cﬂk?&%&%ﬂﬁﬁﬁﬁhﬂbﬂﬁb&ﬂ the present invention; 30

Figure schene V\hlchlllustratestvvo

d i 1 dlnemptheoemeestiment there i protided s REaces 0 maakagc® Peteragencous
t:h% O(B%l Sltcol @R imida e8I -Ro 16 @36dsb@Nular siliceous

riedel-Craft and Di el s- Al der reactions
cﬁta@lsym by a heterogeneous catalyst of the present
| nven,i aﬁl@ﬁ;ﬁg\é,\}gbﬁ?&& QRert §8 61%%?&33/ p%é%@@ﬁlr QRASKO 2 héterogeneous

Figure 4 s structure of het er ogeneous

. c@maaysy Sempresingr IHIvgE raneshesliulay @B@ﬁ‘ﬁs foRBePPOH Wit Adpagert which

20
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Det ﬁ&? ol ﬁﬁaaﬁh&hd@lﬁ%‘% Q4 PrePh&iR b4pABIBIP reacting with

Descri ption of referred Enbodi nents
the support.

In -another embodtment there is provided a process for making a heterogeneous'

catalyst comprising:

* at]east partially hydrophobing a mesoceliular siliceous foam support; and

. reacting the mesocellular siliceons foam support with a reagent which comprises

-_ a chiral imidazolidin-4-one group, said reagent being capable of reacting with
the support. ‘ : '

In another embodiment there is provided a process for making a heterogencous

catalyst comprising:

* reacting a chiral modifying reagent with a mesocellular siliceous foam support
in order to couple a chiral modifier to the supﬁoﬁ:, said chiral modifying reagent
comprising the chiral modiﬁér; and -

* reacting a reagent“with the mesocellular siliceous foam support to make a
heterogeneous catalyst, wherein said reagent comprises a chiral imidazolidin-4-
one group, and wherein said reagent is capable of reacting with OH groups on

the mesocellular siliceous foam.



By using novel siliceous MCF support and uni que

i mmobi I'i zation and surface 5 nodification schenes,

het erogeni zed catal ysts of conparable chemnical and

st ereochem cal efficiency to unsupported

WOROHH807Hi n- 4- one have been achi eved. The pr d&ehitG2006/000009
i nvention invention involves the synthesis of

siliceous nesocel lular (MCF) supported catalysts, for
exanpl e supported i m dazolidin-4-one asynmetric

catal ysts. The heterogenized cétal yst has been

appl i ed successfully in asymetric Friedel-Crafts to

al kyl ati on and Di el s- Al der cycl oaddition. Previously,

pol yma[n akdthe® iehiboamﬁmpqhmetieqtrd\riﬁed azwbdesh for 4uaking a heterogeneous
catal ysts have on st}pvvn | ow chemi cal efficiency. In

t hé&? yérs"é’FFPn?‘?ﬁ/tg‘n‘? %%Sn?' an i nmi dazol i di n-4- one group

was i mokj | i Zoﬁcﬁhr[gni ealiMFa tywosirist @fen withglh \aikat sinipe and acetope to

i e

sgroups to |mpbmce the catal yst efficiency.

15MCF- su ort ed. i m dazol i dhi yd-one was demppgiinad §ithethyl-5-(4-
to catal ¥l - crafts al cyl ation an?m v

Di el s- Al der Wmﬂmhyhmed@ﬂ)u@ﬂa@bdmﬁedny awgh an  allyl  dimethyl
enant i osel ec t Vv 20 3.
i m dazol i di M%ﬂﬁepporé}5®%gna p?g%ﬁnfeergé%ﬁ %ﬁ?ﬁéﬁggef& >
only cat al yzgishHstimted-ivsiddelidinyebasapligrowph wit h | ow
chem cal efficienc i mlar
i mobi | i 9} ngCOBP%%%E Q?%%p%%ﬁrgg‘gm @%E)élﬁ—@% Siiopons fmé% ph elevated
20 appl i ed ttempéxdmraiemﬁe\pmgnm@@eﬂlacﬁm@ﬁg@nﬂ zed
organocatal ysts far the n o
of fine )herFF??gPS%gﬁ%es Sﬁgﬁ}ﬁ H}ﬁ a?srrfg;c%g%twg g]i%n&ﬂ@@%%ng ageat
Qvtelbdpxﬁi)albc)mh&lcﬂédiﬁforhldghngmtaﬂ@rat@ c)sel ectivity and
stabi it The e, easi | SHSe
arpl oyE PO R T TET e poSAEE Ktet £ 35 nBgcocons
15 hni damﬁmﬁgdh@nmgmhyﬁts have been devel oped by a
di rect one- as.step S .
surface Mas %HP‘Flaesﬂht ar%lalbﬁg% he m%r Zdehw %ﬁ% gmine and
of the anch@baebeer garmcat atoflste gr omps 3Wémx}’alkyl-2 2-dlmeﬂlyl-5—
het er ogeni zz%} alt%/Y *&ﬁ]%-@hegh

enanti osel e Ivity Iin both asynmetric

Fri edel -Hpr aﬁ-éaemg kb!ti 5thydroxaaihb'l§ %ﬂ@ﬂ%ﬂ‘é@hﬁnyhmfhﬂ)mdamhdm"

cycl oaddi tign tion 1B eV I8 odtB8 a chiral reagent
® convent i ona% §‘f3| | ys‘ﬁ%%%i the gili eous NOF &

support provbgssiog S?.,I 226tmatlwr§m€égel§32wh@lh-4l @ns-3af @Fpup;

por e 30 truct uIt s

sur f ace ar e5%P Hji"I’Ig § nvent'r(%lggﬁf‘%ﬁ%gl {&Eat at[ll%gﬁgl\/%g%gﬂ at elevated

surface maydagepantinthb presenee obpped] @RS EMS groups,

whi ch, i hypot hesi se

separ at & anffaﬁ%% ‘5’8 fiSpEr fs?%%ro%%:g%sggm% Q’F%‘:@é‘%’ﬁ%ﬂs" lating agent
25 tb@pﬁ}l@ﬁpb& conlii€ted bfons; Hunmgirfaftendidped and cat al yst

I mmohy |l i zation sc b 3

br oa %rﬁiﬂn?e‘lf e onaéllsﬁl vz&gegt%egeet&g%egl éﬁa % P Qﬁ‘“’“ fidde by the

r oyt abihe skoherggeni zed or ganocatal ysts for fi ne
chem cal s and chiral phar maceﬁtl cal s

t hese
o1 coelna pBSPeR SV T Gy BOU LB Bryagiucing aproduct

Copiisiig raagp@sm@imeysr ope grating rodedidl dxja hejergseneons catalyst according
mesocel lular s

eous f t
w Jpapretiatot at e PAMEIRBL enk I3pfR & Hobfoing et
ialetAlGer re&:tign ol aldide&bﬁ-ﬁnﬁacamy ltcapriodier tamprodet he method may
el s- Alder . r eact
35%%1153 BlestRE e % it 03 ga?ﬁ g Afbbrial o prodfoct bRRLE. It may
icBingAZoblisiiing 4ho e lgsoup: stﬁmngcmnﬁoeﬂlte n@éerg@ ftlee !refarr@n (either a

f th t
EHee P PR oA B B AT I T oBE el |
carbonyl group, C2 is the carbon atom between io the

two ring nitrogen atons, N3 is the nitrogen atom
adj acent to the carbonyl group, C4 is the carbonyl



is tertiary butyl group, or may be an aryl or
heteroaryl group, optionally substituted, for exanple

woope&ayss group. Alternatively, the im dazol i @ichsgnfRR00009

i0
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- creaperdEasiatingyderalee Y may

group nmay be coupled through the ami de nitrogen N3 to

the support. The catalytic group may be chiral. It

may conprise at |east about 70% of a single

st ereoi soner (either (+) or (g)), or at least about

75, 80, 85, 90, 95 or 99% and may conprise about 70,

75 80, 85, 90, 91, 92, 93, 94, 95, 20 96, 97, 98,

of o #mrcﬁgb:aa l?e%éma?%r%syn%ﬂ%g FodiR! Poel ARy sPRap ¥R a chiral

e st éreol soner ‘cat al yt| C group

waﬂms}w e #ideashorg Wn%tnais@#\wgrbeéwmwmﬂs

2’2183 i 05%:&! é&&oﬁ\%géﬁ%gﬁodlﬁzegc Ora ﬁrlﬁ'er.%ghﬁ}: %able of

sundereging asDiel-Alderrigaction Jogsthien (Pr gy bepa fﬂﬁ%deﬁfs Suba%e and 2
nﬁi’ed@l%@ft éa%@ﬂ @ﬁeréig%g F@ec@ﬁCraﬁ réa eft-id 5}3339132)1’ réhcBy with, e.g.

1ad§mg:png), the léiedg_l-@'aftlsugstrag_e éltcg:gtjyely thg ap leagg age sgmmg material
2m§y bSa sihgh: sthting mateRil cONPRk#g 2 diene poirtﬂﬁ d’nki ROdisphie portion,

bet'ween the two nitrogen atonpg

swhssein ther deple sAdngaaterial ih §%Ha'f'latf§2 dmderﬁ%n& Wb igragnplroulgh Diels-

, t);lgérl sedciien %&Qg?%e q%gxé SRR RERAL Bmp %@M&ﬂsﬁb Fifdel-Craft

yl. group roup or a heteroar group as
@é@%ﬁateﬂ@amﬁm é an%eé ff‘g‘g“éﬂﬁ BertiRBWcER iR ﬁa@ tagting material

qi fh@bRNbF TiRrdotdplat %ﬁt%{m&ﬁtm&@aft Wectbid, M@ CPriedel-Craft
at ons may have two 30 neth groups attached _t hereto.

?h'estraﬁen@ldcfép Hisigdel it P Porfleﬂ Y 5P (SOMpIIsy A gfpmatic or

'Iiﬁbéro@ﬁ)‘ﬁ?au@ Inhél&is PREFRde]- DRASERSEHoh 1149 BE Sn Qlkzﬁ&oﬁ B4k acylation.
gﬁerogen he one or two substituents may be dlsgosed

EARCri a6t 199f tht BHeARIT S0 OEEh GO B, Aol CorapFise an

I%lﬂcg' 1 64 381 frohp, YacK bi whith Wﬁéﬁbéﬁtﬂt@&‘ﬁr unsubstituted. In the
S

tltnents on that carbon aton1ngf
mcﬁmolﬂraua of between about

et e kB 13, fw&wﬁ};ﬁééﬁbuswszutiut qeh ora®. descri bed
above,  or may be aryl aJkyl, o alléﬁ§ubstltuted

The Sk arethiodemey Q?HJPFH%&P"%P&FB ugy, Zeaction mixture. The
ﬁét&fo R Biks, m&‘ﬁoﬂﬁaﬁt@r&ﬁﬁ@/bedﬁeﬁ%d (2 ¢dmbnt1ﬁg i Etﬂunon comprising the

{ t f t tit
ol S8 BEiebAt BRGHHOEDTYT AR ot FArRHLpRg fgovent
bt @Labedefdgbﬁkoﬂs 6iifly g QA theYaddenectbiel pi R2akt ohi¢ stugingtihierial, or by

ri Hg ngggutl J?ﬁ% nt the Ca rbo yldg&a}iﬁ)ﬁ“ggﬁ?"“s catalystand then

:Vébb&ﬂi sﬂa:ﬁﬁg’iﬁiateﬁﬁl (Ifhe E&Rge BhRing Wrﬁﬂmeﬁ b@added in a single =

prQduct Al der or Friedel roduct
SRSt OF EY B A SIBYY ot poRiop g - 1e il g, kionally
Sffris® aglHtRA s h&tﬁﬂﬁeﬁé@ﬂkﬂm&ﬁm Atxmi) for%am@lb stﬁﬂng, swirling,

AR T VY VT
s%ﬂn@imtdx@i 27, the Detfobehiiocabhst y:laﬁlbd cofobinbé i fiedateénce of a

reater tha about 20% ( bas e startin
R PGS i S G SHAEBaL 1 Tk & bour..
or gheadtdeast h;ﬁﬁ mﬁhg nadlerial Onay®@, explsed A0, ﬂlB&huﬁthaérogeneous

rggperg s Tgmatagent G fon Sorygision o ghleeit AP O s e teas

oﬂﬁ &Biﬁngsﬁt&m to\/thé yroﬂﬂd/ (be. colhresrsian ef avleastS0% dfahe syaying material

n eaction condit
if Bt 08 R b o) Sactt 800t b e ope of g saing
niatddaly mtheeﬂﬁkbf&mmm“eataﬂix@matﬁamer pr oduct
produced using the catal yst of the invention may be
bet ween about 5 and about 0.2 (i.e. the anmount of
endo di vided by the anmount of exo), or between about
5 and 0.5, 5 and 1, Sind 2,2 and 0.2 2, 0.2 and 1,
0.2 and 0.5, 0.5, 1 and 2 or 0.5 and 1, and nay be
about 02, 0.3, 0.4, 05, 0.6, 0.7, 0.8, 0.9, I, 1.5
2, 2.5, 3, 35 4, 4.5 or 5. It may be greater than 5




15 between about 5 and 20nmin di aneter, or between
about 5 and 15, 5 and 10, 10 and 20, 15 and 20 or 10

weneh7hsmms i n di aneter, and may be about 5, 10, pdPs@boos00009

i0
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- 20nmin diameter. The rati o between the pore size and

t he- wi ndow si ze may be about 25:1 and 1.5 to 1, or

bet ween about 25:1 and 2:1, 25:1 and 5:1, 15:1 and
10:1,20:1 and 1.5:1,10:1 and { 5:1, s 5:1 and 1.5:1,

20:1 and 2:1, 10:1 and 2:1, 10:1 and 5.1, 20:1 and

5:1 or 20:1 and 10:1, and may be about 25: 1, 24:1,

23: 1, TBZ mbthod I C@Qpn]ae ei%)sfhg a“taeal't oﬂe7st§1;tm§- 61131&1.‘121150 the chiral
14:1, 13:1, 12:1, 11:1, 1 §q%

5 hiiciogonpous aiflysty Ay corpreRicuf empegitire. THE LORREUS iy bg below the

AR mPosiiRE teaidbAlMNS tof Y cﬂﬁly&t,h heS1 [1QGY bue S@Mtinganaterial and the
bet ween about 400 and abogﬁ thhomzlg ot betvvee

aBEdrct B RgeaBEe maydeSh ShERH S B Sty 7pd may

1868w o a@ﬁdms%ﬂﬁf pom@@&eaxe@bﬁsﬁ)aﬂﬁmg at arcprasyre e which the
about 40 500, 550, 600, 650, 700, 750, 800,

8 Bt 09(‘%:0“@{?@ or 1000n2/ g. The support nmay have
hy dr opholkBodinay I%Smgﬂset the step fof agaratiitethe ofmem@ams catalyst from

ro hob rou be different t catal tic
QSR BB, A1 U M S gt i e il to

fbﬂ@ciékthé ﬂbdlﬁ‘)&&fm’bﬁl ] lcaIalQﬁt [Io[‘tlonainﬂ a)liqslldlppku@r '(maseparatmg may
e a

rou a C.15t b anch hal n
orormsa FRbes R bR COrugRer Sroa e el oF dsline

- ebtWEomtiiaapy bf anyI@DIoP Moke ¢t these A He@ntalgitipoion mzt)Ebe washed with a

e Sfanobee: SrOuRS o imten by B o BAARYo wasing

d&d]@n&yt‘ﬁd J;vydhmgesowem(@tlﬁ@yl 5d tophbined rwithhibe Yikpsid [pphtioat The method

;I'%gylél déﬂo ho i.C %@ajﬁ@@m Bﬁ eglent m@ﬁhﬁﬁ ig(agén%%ﬁ Dommprise
bﬁiyV\SfEﬂhe a:laawﬁ rhethodndr Bping N thchidingOany @rdorlmofd. &f @vagoration,

BB of Baatl o apsiliglost " (prdpary | g Hyopiiogify, limid

Och&amﬁo@aphgz, pr&pal*atl\ﬂ& Hdgh jizeﬁs,urelhqiud dhrépatdgréphyl piepariti e, thin layer

1 9 or 2rnno The have one or
PE’V‘?%%?W?"@P&’ g‘%&t% RSP ET S ORRE" chiral

erdl fﬂhercamw saitieR, boaimearthasef, tiwy st evedomed eteiogeepus chiral -

ta t t hout
Gy S YA U AR et oV
an agyawehbidiméi theae boprovitiedha methotniyr pratucisg ampddact of a Friedel-

'cr:q?r?grl Se a urea speci esgﬁlner-ei n-at | east one of the

bed'g%onﬁg’ﬁgs%g S Q% bon having three-different
substi ta)enb&nbiﬁh@ 4 lepeogendasit icatabyst scenslinghte thel ipventign with a

| L:gnmcﬂgg)r Ogﬁ&é’% ‘E{y”??‘%&o{c’gﬁ & ‘i?’% 1.,‘,%{& ’((:Zgalsprglrght kl

chain &) buaddish eﬁ) aroamatic rmmpbmd o7 thexcanglyse miski| wid aromatic
(CH2011) and/or _ J.- b HLBE B e

coupl ed t o PR 3’§ﬁf%&ﬁ 1§d§2§é§%ln er group, _
such ag)a tddingtaFriedd-Crafy' regpeotipo e eatelyst glixture and aromatic
nodi fier nmay be ent_ on_th ort at between

about 0.1 Iﬂ]ﬂﬁ’ﬁ ? areaci?ofl%elg%&gbout 0.5 and 2, 1

and. 2, dp. lalivveing suﬂicienanme(foﬁreaﬂ:l@ ofrtbe arogatio cgmpovgd with the

0. 9rmo| i g, 0.2, 0.3,

0.4, 0.5, Enﬁgl“gﬂﬁ ”t?%‘%gka?{""ﬁmﬁ&mlg?& 1.3, 1.4, .
1.5, 1ep, ikoldting i@, pﬁ)d@::tdfroni atliquibpgrgon off the reactiory mixture, said
catal ytic grou S

|'i nker gr o’?f dh q?fg%% a%%g#&t ﬁ g)dggo%%&ﬁcs&gﬁgﬁé cgﬁ‘p Ghnd and the
i m dazol i dandéI—-ﬁlmftg:n@m the i nker group may be

attached either to the am de nitrogen atom (N3) or to

the ring carbon atom (C5) adjacent the carbonyl ginp.

The |inker group may conprise a spacer group attached

to the catalytic group, and an 5 attaching group

attached to the support. The |inker group nmay be any

sui tabl e group capabl e of providing sufficient

di stance between the support and the catalytic group




group, the hvdrophobing shoul d not react all surface
silanol s, and should | eave sufficient 17 silanols
unreacted as. to allow reaction with the reagent
conprising the catalytic group to an extent per/5a2006/000009

VWHI007/88481t to provide high catalytic activity for the

5such tig28
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resulting catalyst. Prior to hydrophobing, the MCF is
preferably dried, for exanple by heating in a vacuum
(e.g. above about 150C) for a §uitab|e time, or by
drying in toluene using a Deah-Stark 5 apparatus. The
hydr ophobi ng reacti on may be conducted in a dry

solvent, e.g. dry toluene. It nma 0 X .
bet woeHhBislH rp of e FHHEEC § ng%%‘&g‘g e g%{:tfeﬁ %#arﬁeggeut . The
50 yeadbrafs tnéOmaObeamout 160 Thofommit chRfgH0 map ¢oPpHisa bpagene ring

and 40C, for exanple at, about 10, .15 - "
40 or g Epsedpe: EINgOr %aér,b i WU%? cggl,;o(?xg%,?cégggh%? cgémmg a
108fced Ry haRIrng. i s preferably conducted using a

hydr ophobi ng reagent (e.g. tri et ) j :

?)[' gﬂ]ﬁp@{ﬂﬁ% "éﬁl%g lpra()tz\lladﬁgﬁlg i ){i Iﬁ'b!/l}{éﬂ fnglﬂo@ﬁf Bfo)iucmg a
chheu@k of i@khmsérlraﬁ&on comprisiipthe gepsodss nmay al so
conprise reacting t suppor. I A . h
agent Th® ciﬁOP‘ETD%I%%I ?’F‘S‘?fd%gwg%se%&%é%w%gﬁn% |k°s g}%gin@éﬂn&g W
chiral nodi foREnt 286 atigsdioiftrech egatyst mixfureind may be

capabl e qof reacti wi.th silangl grLQHRs on t he MCF,

for exan eaéWP%ﬁgﬁn?@ggﬂé%ca&?%sﬁps s%ch as )
di met hyl ghl Qug@is; laydier@rto teratalypt mixiuyré gid gibngpbile to form 2 reaction
described earlier, or through 15 tri al koxysilyl

groups, sucPH3¥™% i et hoxysilyl, ffiethoiyl etc. o
There may benéwink BiEEiegttfobetuee nf thhdiendphilawith the diene in the
nodi fier and the reacti ve group, for exanple an

al kyl ene (e FeUPIPEELF st r ai ght chain, alicyclic or

branched:)gr gispap t8d protiuctagomos hgmd aoyibe 08 ther wegsiop rmigure, said

f ti I . B _
(unctional o o4 (e pE AR PR TRy @ S Sors s e

group may opfen@nal Iy be substituted. The reaction of
the support wi.th_the. chiral 20 RPN AT N Tolo Ynal®e about
condu@g%ﬂm?%m%‘bp{ﬁ&]ﬁ?fﬁm b&@%)%’é’ncg%g HII %Eg%y soﬁsﬁnlg%n, 9%e abon

and gray be conducted at a tenperature between about

20 and about 110C, and ma e condyc | i
the sdhg&frsensfdisc “@o‘ﬁiﬂ P%’H]. eSAascﬁfr%{aéﬁeg‘“’@%ﬁ%@%ﬁ@é’? flwhen made by a

118 J1 @R el Rk iFre 1 1P h1dE BRIvidet thllye bfen Imeneodoescliind t4@yst according to the

resence of an acid catalyst The acjd catal yst be .
E'rse@smg fog prodbeing a Ehigﬂ@réﬁ@éﬂflmf@%wwt&y% Wgﬂcﬁgq 0Pl thvention. It further

bet ween ,abo T > nwhen 4Ebd f8r Brodidm2,a chirdl, oBasymmetric, product by the
5L ea_aé.ét%o‘é%r}e%gs?%/éy%g ]éxanpl re§rab0lrt% 1, 2:’ 3, 4, 5,

@ncthbd oBthe Qisolosut®% w w or w/ v. The aci d catal yst may

be soluble in the solvent It may be for exanple

p-t ol uenesul f oni c Baief Mescriptibn®i dhe Prawingsi d, ,
trichloroacetic acid or sone other, acid.. |t. be

or garh prefesied formhaf de PESARLPEEAICLTHERY S8 FeH, Q@%f W@ﬁ?&mpl

The, %?&E&%tto §R9ABE IS 200ink BRweRisaVetei. group may, as
abov

not e

Gt baviny RO LGSO ARG CHap Ho g, UL s scheme

ixﬂ{hie t it Qﬁ%@m na aahldic gir@p, for use in making a

%—S‘;s' noa%iiig%o"it]?rcg% ds. The gm’ na agfcds may be any of

thirtsrqegnenus cAtplyHFASERTRIng 40 BSPRTCUEPHRETor may be

ﬁgﬁb ol Swal b AenR G et tivodiffeint rongy th Asterogerspwieatalysts

chal n capabl e of being converted into (or coupled

wraoRdipg taethg PESERLARVePBI N spacer group term nated by a

"{?ﬁfé 5 VoS3 sEndiRaGhi FieedgI-Otih 4aé Dids-Akjea bhiaeticnb catalysed by
reacting wth silanol groups on MCF. Suitable

ahttaryzenasiug sathlyel of dhe RrpTegsiny t‘é’ﬁdmﬂhenyl al ani ne. The

am no acid side chain nay determ ne the substituent

on the carbon adjacent the ring carbonyl of the

i m dazol i di n-4-one, or may be converted into that

substituent The stereochem stry of the carbon atom
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19 nethanol) solution. The reaction may be conducted

at elevated tenperature. It nay be conducted at

Qﬁhmgﬁ Bs 30 and about 100C, or nore than 100C@C¥E8ammmmm09
reaction tenperature may depend- on the boiling poi

of the carbonyl conpound and of the sol vent The

reacti on may be conducted at between about 30 and

80, 30 and 60, 30 and 40,50 and, 100, 5 80 and 100, 40

and 80, 40 and 60 or 50 and 70C, for exanpl e about

30, 40, 50 60 70, 80, 90 or 100C. The reaction tine

a t
S8l BRo75 g EDGAR Al ol B e s

hZVdnum,gvhalmjl tH@catadyst kas chigal medifies mﬁp@hﬁ@@ hour s and
24 hours, 6 and 24 hours, 18 and 30 hours or 6 and 18

hours, forpgpaf HH'Uéséﬁg&Sn &f the Pn%ieﬁed Embodifienfs?, 15,

18, 21, 24, 30, 36, 42 or 48 hours. It may be ro

g r eatBar usiligamvéB siicapug MCF supp@pmddmngmonnmﬁ@lmmm gpd surface
J,ﬁc%uff IO 4P gﬁlg b B3ASAE NefbnfB  ana

abora on 0 e or
ssmmchtmeait@ﬁmncy nowosippested deidazelidin-#ome heve besnoaghigeed. The

DrSBRC Bl BOMTRIES Y sPhhGRACH \fEctd YResoSbile (MCE)

ve grou el ng capa reacting wth silano

G*Pmd mﬁalw fomxsruple sipperteddaidazolidingf-onp asymyndyic eptalysts. The
r | ng gIQS sull%t%l? t s géeq‘u Phgl §u'3€es§§ll Yhsis E-ncoi?néd%iiCrafts

u ted wth™a phenolic group
rajkcykatioy pind nDictsedlidend Pyckzaddinﬂet h?:tewpugly,qu’lymerg r%uﬁhwpported
tfl%lcﬁ%lﬂﬁ'g £0nd 8 E@Ll navd bl Eﬂzﬁ%t lo@yc b@idieiyt Nimdhe present
proton abstracti r eagent ri e) foI ["'owed by

anweamn @prmadaeolam-ﬁogﬁ Igpoypf ‘mwcwreﬂahz CF figyobtain highly
%g rm 8 elni% SI | i i unct i onal&l |§fm daZOfl*glegﬁﬁg%y f)l%-capped

ﬁrgemthme&ﬂt(“ﬂﬂﬁ) Elfoumiio inpraEe bE cefplystefficigey-havi ng a
C5 pimﬂé#gg ;gegbg%la%ggt VHnU\v% m&eaatabs& lcitGlybd) Priedel-Crafts

ent n pol ar aprotic sol Vent
jelsthidey @maﬁ@hon %ff%m}lé ARG ARADHOEREYELY: ot contrast,

Mu@ b tapRs I(Q(J/Qrﬁ@iz@ﬁdlﬁlﬁcﬁéss@fzfoﬂdobﬂ "b(ﬂ‘ﬁﬁéﬂ&cﬁﬂlﬁg gel only

nt (e . sodi um hydr.i de) he reaction
emﬁmda@:eys fereyelaaddiionyithdew chempigal eiicigiey et ween ‘
aboug;sikhP aﬁ;}gaciiqgr 11:915101% dﬁ ?ﬁﬂ @bptnds htANEeanObe widely
and 10, -5"and 5 or - for exanpl e be en
applied towq@s dergmg_r@vel_h&tcmggmzqﬂ organogatalysts @rdge ag@%eslq-ﬂga wide

NRAGE) 0P @in& Icﬁﬁm”eay aH€ RRiR4 ﬂ,&;ﬁdaeuﬁce@cts&ﬁ zfoeﬂnﬁfamswafer high
and may be between_about 1 and hour s or nor e

aetiviteselsetivieeand sisbility- 1They dnay e@a%wdeefdeé Of FARs: 36‘3 egployed in
mnﬁoﬂqggcgmsand may be about 1, 2, 3, 4 or 5 hours

or nore than hours. _The subse uent rea ti

t he M%qupgqrteghm%@@% ape F%@ﬁ Bee ‘eg)i’e%y a direct one-

GO Ciirh Sbati b QiboeSE PATRY |M0F0§urﬁeé/ Wikt edodEidatee modulate the
products: Thus the reaction m xture frog%gggctlon 0

mF@osTiraRment iofithe. Aachpred WHEAOGAALYS) BHBH f&a‘-fF?faeJ catalysts
SfRea H%thﬁ,el\é@(ﬂi@%ﬂ Qctiiy id doily K¢miaRakt Fxﬂ:ﬂel—Crafts alkylation

era ure. ereactlont erature
glynng rec36:|loa 013) geagiions, eé;g{x %&P@ coqxix?gnonal silica

pois, the FiREds WIEF oh@rbﬁﬁ&ﬁﬁﬁhn%b@dﬂan&ﬁbsam& its open pore
abou 50C, or between 8%} nd 30, 'Fh and 50 9
shpgtuzeg qutga arge RAg opening an gh ace areas. The inventors found that the

MCF surface may be partially pre-capped with TMS groups, which, it is hypothesised,
operates to attain separate and well-dispersed organocatalyst groups on the support. The
support modification and catalyst immobilization schemes described herein could be



WD 2007/ 084075PCT/ SG2006/ 000009 20 40C,. for exanpl e
about 10 20, 30, 40 or 50C, but may be greater than

“K)?&73§ g£ss than 10C. The reaction time my d??ﬁ@émﬁﬂmomm9
enp ween
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erature of the reaction. It may be be
about 1 and 24 hours or nore than 24 hours. It may be
between about 1 and 12, 1 and 6, 1 and 3, 6 and 24,
12 and 24, 3 and 12, 2 and 9,, 3 and 6 or 4 and 6
hours, and nmay 5be about 1, lé 3, 4, 4.5, 5, 5.5, 6,
7, 8, 9, 10, 11, 12, 15, 18 21 or 24 hours | f

) Mﬁgﬁ‘iﬁ%l thqg"%g‘ﬁcjf‘rﬁ ﬁ%‘i(’jctﬂ% s‘ig%{‘i agl'é 51§ fgﬁ%ge%ﬁog%o&mm

ahﬁﬁmhmdnkﬂsmﬁamuﬂqhmmmmammmb%mﬂea$l|on with a proton

5 R o ML A o

exanpEioeplad doynlmdsocnﬂinhnﬁguteonb fveth sypposi Therpatalyitio goouglas capable of

PRI HHLSEIK 08 LD BhyhRol 0 AREL 0 Bl e

hydnmm@@dmd&hm@al substltuent nay be conducted in a

net Ay TRE A R BB, B Pleaf ot B BRI R Mo, o

Remetienws, gk r:nlgeatqhs of diig gloup me'tbecxwaibered such that N1 is the ring

gﬁog?lg l&imln%ag g qgoug'?gﬁﬂ% C&pﬁﬂég E’n iy ﬁ:{j\iz‘%l‘éﬁed%ﬁ@% atory between

thertyyowring emggen@t@rh% IN3G5 themiti@yn stam adicdpetoghd mceﬂi mup, Cdis

Bk, . ;
Fh% rimet ﬁ@l é\ﬁ’&y% atie%udqiﬁ};si:s%aéglr?\é gg‘?’ g] dd%% %”ﬁxfl%tthe c% amlﬁe
MCF The mudazelmx@ﬁtdny griouipeigr thehpresentagatdiyst aeayobepiubstifuigd on the

R e e

gmrfcmﬂ'ésr substityted fighexample 4 ensthyl syl rirorert. Hsapsomyl | bui.cisebatyl or

. ' ' . t .
Ry Sulsh bt o shay B8 RGN op BOcRBTRRLR Yool mBiinid, for
exsEPk00 phayd epgpaAticmaivel 2ol fpidapldin-418G gowp 2P bereoupled
%%ﬁ%oﬁﬂg%lﬁ n KX MG% % tilé%&tajl_yg:% gr&gpma}lﬂrgchﬁal It may
comprisp gbleasp Jpup ?0%56@ sn@h%sta@gmrmréerﬁaeééﬁlﬂr £ for pilgast about
WAGH U, 9@»5%%9@% mﬁﬁ ﬁé&%ﬂmgaﬁbhtw@sl@ﬂ%s@wgl a2, 93,94, 95,

bet ween” about 0.1,

¥ 97,589 8% 1, 5(5’ %f%in%l»‘? 4 9915 g epra fhan §. 6‘% ofpgugle S@fefimmef

an géﬁle 85?9&% gl n@nﬁ}@m ﬂr&"entCiﬁ t@@fﬁl}lsﬁat@éﬂwen Qb&xl 0 05 and about

B, .
%ﬁlmaléga PRARLVESS, 2 W 9$ msf %@rOScﬂﬂg’ ] %O%a'gﬂ % (b%‘i Wé‘éhl 0 Tand 5,
o@@w 5 6 @ﬁ@ 84 ah@qrﬁs 284 1@@\4%@ oajoeﬁttmﬁ)égagreae%: atlebout 0.05,

le a

01 0155031055 03 B30 RHAR 0508 608 Rl Adh it 1 14 1S, 16,

: IFpIII@wgngﬁylmﬂ @ﬁﬁd}gnﬁ@ﬂg reaction with the

aII Isily functi onal i m dazolidin-4-_one reag; andnm
y

#8308 f"’éh‘“} betyeatihg bye mitgogen aoms{(17) may) by
dls)ibﬁﬁﬁed The c&elgx‘&ms oROhXB i eCEURMATh ) iddéphiRiestty, B hydegEcn, an
hefore use, by nethqds wel|l known in,the art.
affx], spoupyAn28Y gwwprprtaﬂ*@ up 35ifigscaiPpd #hove. ﬁhe o groups may
bk wv:mr& |diffundnl amRd vk ém-woanbewéeﬁam@ma nift6ibn Afon@Cingly have two
gﬁs ad 5% or sone ot her conveni ent order of
§¥ ﬂﬁgh ¢heeRY. It is preferred that the MCF be
an‘h!henﬁﬂg wirbh ftot Scljitdéﬁﬂto thefcabenga@ebapl 0y n&ve@;ﬁnaecrne or two
t.he cat a ent t 1 on
SeHOGRS Qe o budrlbert TRE Gt o I STt RanBY @obopgd such that
tHeaiaviarteh adiacet tanchriayCeroap Hag bites msmqm stbeoglxenistry. The

0,4 and 80, 6Q and 120, 80, and .120 00, and 120 0
suRRtoES 3 Uk cArhen BB Ty D BGRBLoRY. RLORGE 1. ard or
80, 90, 95, 160, 105, 110, 115 or 120C The reactlon
may be conducted for at |east about 12 hours, or at
| east about 18 or 24 hours, or between about 12 and
48 hours, 12 and 36, 12 and 24, 5 24 and 48, 36 and
48, 12 and 36 or 18 and 30 hours, for exanple about




30 di enophiles and the other conprises a single
di ene, the optinmum stoichionetry may be about 1:2

\VOQhﬁﬂﬁﬂﬁble to di ene). The Fri edel - CTaftPEf@Eﬁ&ﬁBomm9
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e a Friedel-Craft alkylation. It may be
conducted in the presence of an acid, and the acid
may be soluble in the reaction nediun1 The reaction
medi um may conprise a pol ar %e g. water m scible)
sol vent, for exanple THE, 2 acetonitrile, nethano
DNSO acetone, -DVF etc. and may conprise mater

e conduct ed., i n t her, sol vent fo
et el IR Bt Sl v 35EF¥%E°P“°'1&“Y
&Bﬂib&ﬁitddt dhe Qﬁ:sﬂﬁxehtb emv\mteufarhmyatde peaydbeo dlfi{ei'eet sol asenqyrovide

Rt B OO (5 PR SRR R 1 roggn ana

phehyhnahyl. andn&ﬁmhsandmﬁﬁmﬁﬂnﬁ$@mugﬁmpnwwémcmeﬂgiﬂumgwthe
ptZtﬁe§ ey 10% wat er. An

%gg%rb(\%hm% e'ﬁ%b %bongll%%fe I'n ? e mxture of sol vent

- and Vhd eﬁmlysta;la)bbe aapible ofocatdlysingemotacidom pleiagents fa produce a

S _ \ L an.
PRGpeS( R, S RRAAE I e Ty Bibolch S WA cBlent e o) of
goeiattr thﬁh eban A8BNOT gbatcm:lmf aboteb0a¢0, @onggj e 88, fdean 95%. The

s g, PR, 8 PRS00 205, 5.7

aB.PR2@, 995 %a rithe Jield of the aoEiuGrhdy Wﬂmyh@eabaw % (based on the

Brelapir= ol et e e testaneing e oo 0

50,0, &Dy Mk ori9S%c embinaebe abioutBX #b SPRC 70,80, Hb AL Sha4. 95,
o R 2 bl 8. 0 e ion
dtmed o thietredotien q:caxhtmns, ﬂgehmatwmpqﬁl}rebmdbrewme}ethe ataetien is Tun.

bid e dign oo 10 s oMTARG pebickl pRdoch Bl o %Qméa of the

wyontion maythe betviegn about e ang:abqut 02 (.8 ﬂlqamgunt pf Qwio wQ@‘ by the
:]mc'ﬁﬂm 011?)%5 or befiflen Jbdk? s%d 655§>and°1 fs e{natz éfaﬁd b '2@90 2 and 1,02

teri a an aronati c su strae
amsltl? $ 0c%, Ttané 2for PStandtlapnd TRy tr?a"b@rtu% 0{300 flﬁéicﬂaﬁ éi’+7y918c0 91,
f JEYerfer
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reacting with silanol proups on MCF. Snitable amino ‘acids include tyrosine and

phenylalanine. The amino acid side chain may determine the substituent on the carbon

adjacent the ring carbonyl of the imidazolidin-4-one, or may be converted into that
substituent. The stereochemistry of the carbon atom adjacent the carbonyl of the amino

acid may be the same as the stercochemistry of the carbon adjacent the ring carbonyl of
the jmidazolidin-4-one. Thus the amino acid may be converted into the comesponding
ndethyl ester hydrochloride by known chemistry (or may be obtained in the form of the
methyl ester hydrochloride). It will be understood that other esters may also be ased. The
other esters may include for example C1 to C6 straight chain, cyclic or branched chain
esters such as ethyl, isopropyl, butyl, tertiary butyl, .pent-jd, neopentyl, hexyl or
cyclohexyl. The ester may be converied into the corresponding N-substituted amide by
reaction with a primary amine, where the substituent on the amine is retained in the
amide, and ulﬁmate}y is retained as the substituent on the amide nitrogen of the
imidazolidin-4-one. The substituent may be for example an alkyl (e.g. C1 to C6 straight
chain, branched chain or cyclic atkyl), aryl or arylalkyl group, or may be a group capable
of coupling to the support, or a precursor to such a group. Conversion to the amide may

- be effected in solution, for example in alcohol solution. Jt may be conducted at room

teruperature, or at some. other convenient temperature. It is preferably conducted at a
temperature that is not sufficiently high that loss of the amine by evaporation does not

' interfere with thé reaction. The temperamreymay be between about 10 and about 50°C, or .

between abont 10 and 30, 20 and 50, 30 and 50 or 20 and 40°C, for example about 10, 20,

" 30, 40 or 50°C, but may be greater than 50 or less than 10°C. The reaction-time may

depend on the temperature of the reaction. It may depend on the pature of the amine (e.g.
the steric hindrance of the amine). Jt may be between about 1 hour and 48 houss, or
between about 12 hours and 48 hours, 24 and 48 hours, 12 hours and 24 hours, 6 and 24
hours, 18 and 30 hours or 6 and 18 hours, for example about 1, 2, 3,4, 5,6, 9, 12, 15, 18,
21, 24, 30, 36, 42 or 48 hours. 113 may be greater than 48 hours. Reaction of the resulting
amino acid amide with a carbonyl compound generates the imidazolidin-4-one ring,
wherein the substituents on the carbonyl carbon atom are the same as those on the cérbon
atom between the two nitrogen atoms of the resulting imidazolidin-4-one ring. The
substituents may, independently, be for example bydrogen, an alkyl (e.g. C1 to C6
straight chain, branched chain or cyclic alkyl), aryl or arylalkyl group, and may be the
same or different. The carbonyl compound may be an aldehyde or a ketone. Reaction with

the carbonyl compound may be conducted in solntion, for example in alcohol (e.p.
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methanol) soluetion. The reaction may be conducted at elevated temperature, It may be

conducted at between 30 apd about 100°C, or more than 100°C. The reaction temperature
may depend on the boiling points of the carbonyl compound and of the solvent. The

reaction may be conducted at between about 30 and 80, 30 and 60, 30 and 40, 50 and 100,

80 and 100, 40 and 80, 40 and 60 or 50 and 70°C, for example about 30, 40, 50, 60, 70,

80, 90 or 100°C. The reaction time may depend on the reaction temperature. It may be
between about 1 hour and 48 hours, or between about 12 hours and 48 hours, 24 and 48
hours, 12 hours and 24 hours, 6 and 24 hours, 18 and 30 hours or 6 and 18 hours, for
example about 1, 2, 3, 4, 5, 6, 9, 12, 15, 18, 21, 24, 30, 36, 42 or 48 hours. It may be
greater than 48 hours. |

Depending on the nature of the various substituents on the imidazolidin-4-one ring,
elaboration of one or other of these substituents by known chemical reactions may
provide a spacer group terminated by a reactive group, said reactive group being capable

of reacting with silanol groups on MCF. A suitable reactive group may be a
- dimethylallylsilyi group.

' If the C5 substituent of the ring is substituted with a phenolic group {e.g. 4-
hydroxyphenylmethyl), a dimethylallylsilyl group may be attached to that substituent by
reaction with a proton abstracting reagent {(e.g. hydride) followed by an appropriate
allylsilyl functional reagent, for example allyl bromobutyl dimethyisilane, in order to
form an ailylsilyl functional imidazolidin-4-one reagent. Reaction of an imidazolidin-4-
one having a C5 phenolic substituent with a proton abstracting reagent may be conducted
in a dipblar aprotic solvent such as DMF. The reaction is convenienﬂy conducted with
about a 10% molar excess of proton abstracting reagent (e.g. sodium hydside). The
reaction temperature may be subambient, and may be between about -10 and 10°C, or
between about -10 and O, 0 and 10, -5 and 5 or -2 and 2°C, for example between about -
10, -8, -6, 4, -2, 0, 2, 4, 6, 8 or 10°C. The reaction time may depend on the reaction
temperature, and may be between about 1 and 5 hours or more, and may be between
about 1 and 3, 3 and 5, 2 and 4 or 2 and 5 hours, and may be about 1, 2, 3, 4 or 5 hours or
more than 5 hours. The subsequent reaction with the allyllsilyl functional reagent may be
conducted without separation of any intermediate products. Thus the reaction mixture
from reaction of the imidazolidin-4-one with the proton abstracting reagent may be
warmed to the desired reaction temperature. The reaction temperature may be room
temperature or may be an elevated temperature, The reaction temperature may be between
about 10 and about 50°C, or between about 10 and 30, 20 and 50, 30 and 50 or 20 and
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-+ 40°C, for example about 10, 20, 30, 4G or 50°C, but may be greater than 50 or less than

10°C. The reaction time may depend on the temperature of the reaction. It may be
between about 1 and 24 hours or more than 24 hours. It may be between about 1 and 12, 1
and 6, 1 and 3, 6 and 24, 12 and 24, 3 and 12, 2 and 9, 3 and 6 or 4 and 6 hours, and may
be about 1, 2, 3, 4,4.5,5,5.5,6,7, 8,9, 10, 11, 12, 15, 18, 21 or 24 hours.

If the N3 substitnent is hydroxyfunctional (for example hydroxyalkyl), a
dimethylallylsilyl group may be attached to that substituent by reaction with a proton
abstracting reagent (e.g. hydride) followed by an appropriate allylsilyl functional reagent,
for example allyl bromobutyl dimethyl silane, in order to form an allylsilyl functional
imidazolidin-4-one reagent. Reaction of an imidazolidin-4-one having N3
hydroxyfunctional substituent may be conducted in a similar manner to reaction of an
imidazolidin-4-one having a C5 phenolic substituent, as described above.

Reaction of the allylsilyl functional imidazolidin-4-one reagent (which may have
the allylsilyl group coupled to the imidazotidin-4-one ring through either C5 or N3) may
be effected by reaction with MCF, optionally partially trimethylsilylated, vsing an acid
catalyst. Thus the MCF is conveniently dried. This may be accomplished by heating in a
vacuum overnight. The temperature may be between about 80 and 250°C, and should not
be sufficiently high to affect the trimethylsilyl groups on the surface, if present. The
ternperature may be between about 80 and 20(},_ 80-and 150, 80 and 120, 100 and 200, 150
and 250, 200 and 250, 150 and 200 or 170 and 200°C, for example about 80, 90, 100, 110,
120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240 or 250°C. The absolute

_ pressure of the vacuum may be between about 0.01 and iODmmHg,qo'r between about

0.01, and 10, 0.01 and 1, 0.01 and 0.1, 0.1 and 100, 0.01 and 1, 1 and 10, 0.05 and 5, 0.1
and 1 or 0.5 and SmmHg, or example about 0.01, 0.05,0.1,0.5,1,2,3,4,5,6,7, 8,9, 10,
50 or 100mmHg. The time for drying may be between about 6 and 24 hours, or between
about 6 and 12, 12 and 24 or 12 and 18 hours, for example about 6, 9, 12, 15, 18, 21 or 24
hours or more than 24 hours. '
Following drying of the MCF, reaction with the allylsilyl functional imidazolidin-4-
one reagent may be conducted in a solvent, for example toluene or xylene. The solvent
may conveniently be dried before use, by methods well known in the art. The MCF may
be mixed with the solvent, the allylsilyl functional imidazolidin-4-one reagent, and an
acid catalyst added, or some other convenient order of addition may be used. It is
preferred that the MCF be combined with the solvent before addition of either the catalyst

of the reagent. The reaction may be conducted at elevated temperature, for example
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between: about 40 and 120°C, or between about 40 and 100, 4 and 80, 60 and 120, 80 and
120, 100 and 120, 90 and 110 or 95 and 105°C, for example 40, 50, 60, 70, 80, 90, 95,
100, 105, 110, 115 or 120°C. The reaction may be conducted for at least abc;ut 12 rhours,
or at least about 18 or 24 hours, or between about 12 and 48 hours, 12 and 36, 12 and 24,
24 and 48, 36 and 48, 12 and 36 or 18 and 30 hours, for example about 12, 15, 18, 19, 20,
21, 22,23, 24, 25, 26, 27, 28, 29, 30, 36, 42 or 48 hours or more than 48 hours. Following
that time, the catalyst may be filtered or otherwise removed from the reaction solution. It
may be then washed with one or more solvents (e.g. methanol, ethanol, dichloromethane,
acetone etc.), either together or sequentially, and dried. Drying is conveniently conducted
under vacuum. The absolute pressure of the vacuum may be between about 0.01 and
100mmHg, or between about 0.01, and 10, 0.01 and 1, 0.01 and 0.1, 0.1 and 100, 0.01 and
1, 1 and 10, 0.05 and 5, 0.1 and 1 or 0.5 apd 5mmHg, or example about 0.01, 0.05, 0.1,
05,1,2,3,4,5,6,7, 8,9, 10, 50 or 100mmHg, The time for drying may be between
about 6 and 24 hours, or between about 6 and 12, 12 and 24 or 12 and 18 hours, for .
example about 6, 9, 12, 15, 18, 21 or 24 hours or more than 24 hours. Drying may be
conducted at room temperature or at some elevated temperature.

The heterogencous catalyst of the present invention may be used to catalyse a
reaction of at least one starting material to produce a product by either a Friedel-Craft ora
Diels-Alder reaction. It will be understood that, depending on the nafure of the catalytic
group of the catalyst, the catalyst may be capable of catalysing one or other of the above
reactions, or may be capable of catalysing both of the reactions. Bach reaction may be an

intramolecular rcaction,' in which case the reaction may be conducted with 2 single

 starting material, or it may be an intermolecular reaction, in which case the reaction may

be conducted with two starting materials. In the case of an intramolecular reaction, the
stoichiometry of the two reacting portions is generally 1:1 on a molar basis althongh
exceptions to this may occur. In the case of a two starting materials, the stoichidmeuy
may be varied from 1:1 in order for example to improve conversion of the more
expensive of the two starting materials. The stoichiometry may also vary from 1:1 if for
example double addition is required (e.g. if ope starting material comprises two isolated
dienophiles and the other comprises a single diene, the optimum stoichiometry may be
about 1:2 dienophile to diene).

The Friedel-Craft reaction may be a Friedel-Craft alkylation. It may be conducted in
the presence of an acid, and the acid may be soluble in the reaction mediam. The reaction

medinm yay comprise a polar {e.e. water miscible) solvent, for example THF,
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- - acetonitrile, methanol, DMSO, acetone, DMF etc. and ‘may comprise water. It may be

conducted in some other solvent for example dichloromethane. The nature of the solvent
and the concenfration of the water may depend on the solvency required. There may be
for example between about 0 and about 10% water (v/v) or between about § and 5, 0 and
2, 2 and 10, 5 and 10 or 2 and 7% water, e.g. about 0, 1, 2, 3, 4, ;5,6 ,7 }8, 9 or 10%
water. An acid, which may be soluble in the mixture of solvent and water, may be added
to the reaction medium. It may be a strong acid. It may be an organic or an inorganic acid.
It may be for example trifluoroacetic acid. The concentration of the acid may be between
about 1 and about 50mM, or between about 1 and 20, 1 and 10, 1 and 5, 5 and 50, 10 and
50, 20 and 50, 5 and 20, 5 and 10 or 7 and 9mM, and may be about 1, 2, 3, 4, 5,6,7, 8, 9,
10, 15, 20, 25, 30, 35, 40, 45 or SOmM. In one method for conducting the reaction, the
catalyst is combined with the reaction mediam and the acid. The ratio of catalyst to
reaction medium may be between about 1:10 and about 1:50w/v, or some other suitable
ratio. The ratic may be between about 1:10 and 1:40, 1:10 and 1:30, 1:10 and 1:20, 1:20
and 1:40, 1:15 and 1:30 or 1:15 and 1:20, and may be about 1:10, 1:15, 1:16, 1:717, 1:18,
1:19, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 or 1:50. A first starting material, an aromatic
substrate, is then added. The ratio of the first starting material to the catalytic groups of
the catalyst may be between about 200:1 and about 10:1, or between about 200:1 and
50:1, 200:1 and 100:1, 100:1 and 10:1, 50:1 and 10:1, 80:1 and 30:1, 70:1 and 40:1 or
60:1 and 50:1, and :ﬁay be about 10:1, 20:1, 30:1, 40:1, 45:1, 50:1, 55:1, 60:1, 70-:1,
80:1, 90:1, 100:1, 120:1, 140:1, 160:1, 180:1 or 200:1. The reaction medium together
with the heterogeneous catalyst and the acid co-catalyst maybe stirred during the addition.
The second starting ﬁlateriaf, a reagent, may then be added. It may be added in a ratio to
the first reagent of between about 1:1 and about 3:1, or between about 1:1 and 2:1, 2:1
and 3:1 or 1.5:1 and 2.5:1, for example about 1:1, 1.1:1, 1.2:1, 1.3:1, 1.4:1, 1.5:1, 2:1,
2.5:1 or 3:1. The reaction may be maintained at room temperature, or at some other
convenient temperature (e.g. between about 0 and 50°C, for example about 10, 20, 30, 40
or 50°C or some other temperature). In some reactions, the temperature may be as low as
about -50°C, or 40, -30, -20, -10 or 0°C. The reaction may be conducted under air, -or in
the absence of oxygen, for exarhple under nitrogen, argon, helium or carbon dioxide. The
reaction may be monitored, e.g. by tle, hplc, ge, uv spectroscopy, ir spectroscopy, nms
spectroscopy or some other suitable method. Once the desired level of conversion is
achieved (e.g. 80, 85, 90, 95, 96, 97, 98, 99 or 100%), the catalyst may be separated from
the reaction medinm by filtration, centrifugation or some other suitable method. The
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product may be isolated from the liquid phase and purified using methods well known in
the field of organic chemistry. )
The Diels-Alder reaction may be conducted in the presence of an acid, and the acid
may be soluble in the reaction medinm. The reaction medium may comprise a polar (e.g.
water miscible) solvent, for example THF, acetonitrile, methanol, DMSQO, acetone, DMF
etc. and may comprise water. It may be conducted in some other solvent for example
dichloromethane. The nature of the solvent and the concentration of the water may
depend on the solvency required. There may be for example between about 0 and about
10% water (v/v) or between about 0 and 5, 0 and 2, 2 and 10, 5 and 10, 2 and 4 or 2 and
7% water, e.g. about 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10% water. An acid, which may be
soluble in the mixture of solvent and water, may be added (o the reaction medium. It may
be a strong acid. Tt may be an organic or an inorganic acid; It may be for example
trifluoroacetic acid. The concentration of the acid may be between about 1 and about
50mM, or between about 1 and 20, 1 and 10, 1 and 5, 5 and 50, 10 and 50, 20 and 50, 5
and 20, 5 and 10 or 4 and 6mM, and may be about 1, 2,3,3.5,4,4.5,5,55,6, 65,7, 8,
9, 10, 15, 20, 25, 30, 35, 40, 45 or 50mM. In one method for conducting the reaction, the
catalyst is combined with the reaction medium and the acid. The ratio of catalyst to
reaction medium may be between about 1:10 and gl;out 1:50w/v, or some other suitable
ratio. The ratio may be between about 1:10 and 1:40, 1:10 and 1:30, 1:10 and 1:20, 1:20
and 1:40, 1:25 and 1:35, 1:15 and 1:30 or 1:15 and 1:20, and may be about 1:10, 1:15,
1:16, 1:17, 1:18, 1:19, 1:20, 1:25, 1:30, 1:35, 1:40, 1:45 or 1:50. A first starting material,
a dienophile, is then added. The ratio of the first starting material to the catalytic groups
of the catalyst may be between about 200:1 and about 5:1, or between about 200:1 and
10:1, 200:1 and 50:1, 200:1 and 100:1, 100:1 and 10:1, 50:1 and 10:1, 46:1 and 10:1, 30:1
and 10:1 or 25:1 and 15:1, and may be about 10:1, 15:1, 16:1, 17:1, 18:1, 19:1, 20:1, 21:1,
22:1, 23:1, 24:1, 25:1 30:1, 40:1, 50:1, 60:1, 7C:1, 80:1, 90:1, 100:1, 120:1, 140:1, 160:1,
180:1 or 200:1. The reaction medinm together with the heterogeneous catalyst and the
acid co-catalyst maybe stirred during the addition. The second starting material, a diene,
may then be added. It may be added in a ratio to the first reagent of between about 1:1
and about 3:1, or between about 1:1 and 1.5:1, 1:1 and 2:1, 2:1 and 3:1 or 1.5:1 and 2.5:1,
for example about 1:1, 1.1:1, 1.2:1, 1.3:1, 1.4:1, 1.5:1, 2:1, 2.5:1 or 3:1. The reaction may
be maintained at room temperature, or at some other convenient temperature (e.g-
between about 0 and 50°C, for example about 10, 20, 30, 40 or 50°C or some other

temperature). In some reactions. the temperature may be as low as about -50°C, or -40, -
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30, -20; -10 or 0°C. The reaction may be conducted under air, of in the absence of
oxygen, for example under nitrogen, argon, helium or carbon dioxide. The reaction may
be monitored, e.g. by tic, hplc, gc, uv spectroscopy, ir spectroscopy, nmr spectroscopy or
some other suitable method. Once the desired level of conversion is achieved (e.g. 80, 85,
90, 95, 96, 97, 98, 99 or 100%), the catalyst may be separated from the reaction medium
by filtration, centrifugation or some other svitable method. The product may be isolated
from the liquid phase and purified using methods well known in the field of organic
chemistry.

Examples

To immobilize the organocatalyst onto MCF, the aryl residue and the amide
nitrogen atom of 1 were modified for building different linkages (Figure 1). The
characteristics of the linkages, such as ﬂexibility and length, could be critical to the
reactivity of the heterogenized catalysts. Starting from (S)-tyrosine methyl ester
hydrochloride, the imidazolidinone 2 and 3 were easily obtained in 80-82% yield. On the
other hand, {S}-phenylalanine reacted with ethanolamine and then acetone to generate
imidazolidinone 6, with the ethylene hydri)xyl group anchored on the amide nitrogen.
The phenolic group in 2 and 3, and the hydroxy group in 6 were functionalized by
-allylsilane through an O-alkylation process to give 4, 5 and 7, respectively, in good

i yields. Finally, 4, 5, 7 were anchored onto MCF surface to generate the supported

‘catalysts 8, 9 and 10 respectively (see Figure 2). The inventors have, surprisingly, found
that uvsing 3-5% p-toluencsulfonic acid (p-TsOH) as catalyst, the allylsilane
immobilization method could be extended to various types of silica supports. Generally,
dealtylation reaction between allylsilane and alcohol or silanol needs to be catalyzed by
acid: ROH + =\S¥3 Lo no-simy + . Without an acid catalyst, significant
reaction can be achieved only with silica samples with acidic surface, such as FSM-16.
By addihg 2-5% acid catalyst, high silane loading could be achieved with various types
of silica, even when the reaction was run at room temperatore.

It is known that the silanol groups on the silica surface affects the activity of the
immobilized catalyst. The silanols are capable of interacting with active sites of the
catalyst, such as through hydrogen bonding or proton migration in the case of
organocatalysts. They may also catalyze cestain side-reactions. In an effort to examine
the relationship between the catalyst performance and the MCF surface environment,
beterogenized catalysts A, B and € were developed with the use of different MCF surface

madificatinn ewhemes feea Bionra 23 Tn all Facee  enherical MOE micmmnarticles of 2111
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pm were used as the support. These microparticles have a BET surface area of 504 mg,
a cell-like pore size of 22 nm, and a window size of 13 nm. A was obtained from one-
step immobilization onto the MCF support with uncapped silanols. B was derived by
post-capping of MCF silanols with bexamethyldisilazane (FIMDS) after the catalyst
immobilization. C was obtained by immobilizing the catalyst onto a MCF support whose
silanols had been partially pre-capped with trimethylsilyl (TMS) groups (0.6-0.8 mmol/g)
using a controlled amounnt of HMDS. _

The MCF-supported chiral amine catalysts A-C were first studied for the
asymmetric Friedel-Crafts alkylation, one of the most important C-C bond forming
reaction (see Figure 3). Prior to this study, there were reports of polymer- and silica-
suppbrted imidazolidinone-based catalysts, but they were not used for Friedel-Craits
alkylation. There has been very limited literature on heterogeneous asymmetric Friedel-
Crafts alkylation in geperal. Table 1 shows that the MCF-supported catalysts were
similar in reactivity to unsupported imidazolidinone. However, their enantioselectivity
and recyclability strongly depended on the MCF surface modification. Catalyst 8A gave
a good yield, but a lower enantiomeric excess (e¢) (67%) compared with the unsupported
catalyst (82%). It was found that the catalyst loadings on MCF (0.1-0.4 mmol/g) did not
significantly affect the properties of the supported catalysts. The enantioselectivity of 8A
was reduced considerably upon rewse. To retain the activity of the supposted catalyst,
about 20% additional triflnoroacetic acid (TFA) should be introduced, possibly to counter
the effect of TFA Jeaching during catalyst washes.

Catalyst 8B was post-capped with TMS groups after the jmmobilization of 4.
Relative to the uncapped catalyst 8A, catalyst 8B showed slightly better enantioselectivity
and recyclability. Catalyst 8C, which was partially pre-capped with TMS prior to the
immobilization of 4, demonstrated superior enantioselectivity and reusability compared to
catalysts 8A and 8B (see Table 1, Entry 10-13). This may have been due to the fact that
organocatalysts derived from 4 were more well-dispersed throughout the porous support
and better separated from each other when they were loaded onto partially pre-capped
MCF support. An ee value as high as 92% was achieved with catalyst 8C when the

reaction was run at —30°C (Table 1; Entry 14). However, a low yield (21%) was noted
possibly due to the high viscosity of the THF-H;O solvent mixture at the low temperature.

Besides manipulating the surface chemistry of the MCF support, the inventors also
attempted to modify the linkage chemistry of the organocatalyst (the catalytic group). For
example, the linker group was attached to the amide group (instead of the phenyl group)
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of 1 in the case of 7 (in contrast to 4 and 5). Catalyst 7 was found to exhibit a higher
_enantioselectivity (90%) (Table 2, Entry 4) in homogeneous Friedel-Crafts reaction than
the original MacMillan’s catalyst (catalyst 2) (81%) (Table 1, Entry 1). However, its
heterogenized counterpart, catalyst 10C showed lower activity and significantly reduced
enantioselectivity. This indicates that the alkyl spacer group attached to the amide
nitrogen did not impact the catalytic properties significantly in the homogeneous reaction,
but the linker had adverse effect on the organocatalyst’s enantioselectivity when it was
jnvolved in the catalyst immobilization onto the MCF support. In contrast, although
lower in enaptioselectivity than their original homogeneous catalysts (2 and 3,
respectively), the heterogenized catalysts 8C and 9C still demonstrated good
enantioselectivities. This suggested that attaching the homogeneoué catalysfs through a
linker group at the phenyl group of 1 would minimize any adverse impact in

heterogenizing the organoéatalysts for the Friedel-Crafis alkylation reaction.
The Diels-Alder cycloaddition reaction (Figure 3) was also studied to compare the

' MCF-supported catalysts to the other heterogenized catalysts. Table 3 shows that the

MCF-supported catalysts 8C and 10C (Entries 4, 5, 7 and 8) provided almost as high
enantioselectivities and similar regioselectivities as the polymer- and silica gel-supported
catalysts (Entries 11-13), but much higher chemical activities. These heterogenized
catalysts (8C and 10C) gave rise to the high yields achieved by the homogeneous
catalysts (2 and 7) with slightly longer reaction times. Whereas the polymer- and silica
gel-supported catalysts only produced moderate or poor yields even with higher catalyst
loading or much longer reaction time. These findings illustrated the benefits of the three-
dimensional interconnected pore stmcture, ultralarge pore size, and high surface area of
siliceous MCF. Organocatalysts were also known in many cases to be robust to air and
moisture, but sensitive to the matrix of the reaction system, such as acids or bases. Thus,
providing a clean and well-controlled catalyst environment via a direct one-step catalyst
jmmobilization scheme and an effective support surface modification is crucial in the
successful development of heterogenized organocatalysts.

Additionally, the inventors have attempted to introduce chiral microenvironment in
the heterogenized organocatalysts by modifying the MCF support surface with chiral
auxiliadies. Amplification and/or transfer of chirality from chiral environment to reaction
systems are of great interest and challenge. In the present study, various chiral molecules
(CM) with different linkages were introduced onto the MCF surface prior to the
immobilization of 4 (see Figure 4). The combined loading for catalyst 4 (0.2 mmol/g) and
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-chiral modifier 3D’ (0.8 mmol/g) was 1.0 mmol/g. Thus, the average center-to-center
distance between the loaded molecules was 0.9 nm. Given their high loadings and close
proximity, interactions may be expected between the CM and organocatalysts. Table 3
shows that catalyst 8D (which was not TMS-capped, but pre-loaded with 8D°) (Entries 9
and 10) gave similar enantioselectivity and regioselectivity as catalyst 8C (which was
partially pre-capped with TMS) (Entries 4 and 5), but better selectivities than 8A. (which
was not TMS-capped) (Entties 2 and 3). The findings suggested that the CM
modification of the supportx surface may have a similar effect to TMS capping of the
silanol groups.
Experimental Section
Synthesis of catalyst 8C. MCF was dried under vacuum at 130°C for 16 h. Dry
toluene (30 mL) and HMDS (293 mg, 1.8 mmol) were added to the dried MCF (5 g), and
the resulting suspension was stirred at 60°C for 16 h. The mixture was filtered, and the
solid was washed successively with methanol, acetone and dichloromethane., After
drying in vacoum overnight, the partially TMS-capped MCF (5.26 g) was collected and
characterized by IR and elemental analysis (C, H, N). The loading of TMS groups was
0.67 mmol/g based on elemental analysis and weight gain analysis. The modified MCF
(5.26 g) was dried nnder vacuum at 85"C overnight. Toluene (30 mL), catalyst precursor
4 (972 mg, 2. 5 mmol) and p-TsOH (8 5 mg, 0.05 mmol) were then added to the modified
MCF sequenually The suspension was stirred at 100°C for 24 h. The mixture was then
filtlered, and the solid was washed thoroughly with methanol, acetone and
dichloromethane. After drying in vacmum, catalyst 8C (5.50 g) was collected and
characterized by IR and elemental analysis. The loading of 4 was 0.14 mmol/g based on
elemental analysis and weight gain.
Friedel-Crafts alkylation (Table 1, Entry 16). MCF-supported catalyst §C ©5g,
0.07 mmol) was treated with THF (8 ml), H>O (0.5 mL) and aqueous TFA solution (0.5
M, 140 pL, 0.07 mmol). The mixture was stirred for 10 min, and then N-methylpyrrole
(310 plL, 3.5 mmol) was addcd. Next, irans-cmnamaldehyde (88 nL, 0.7 mmol) was
dripped into the reaction vial. The su5pens10n was stirred at room temperature, and the
reaction was monitored by thin layer chromatography (TLC). The suspension was
centrifuged, and the solution was decanted. This procedure was repeated at least three
times using THF as the washing solvent. The solid catalyst was used directly for the next
run. The combined solution was prepared following literature procedure to give a pure
alcoholic product in 72% vield (108 me. 0.5 mmol). The 'H NMR data were in
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-agreement with those reported previously. Enantioselectivity was defermined by gas
liquid chromatography (GLC) analysis of the corresponding aldehyde (Chiraldex T-TA
column, 0.25 mm x 30 m, 5°C/min ramp from 70°C to 170°C, 23 psi); R isomer: t = 26.6
min, and S isomer: = 27.4 min.

Table 1. Comparison of catalysts derived from 2 in the synthesis of 11.

Entry Catalyst Ruan# Loading TFA  Time  Yield®  ee”

(mol%) (h) (%) (%)

1 2 1 20 1 3 78 81
2 2 1 10 1 8 76 82
3 8A° 1 10 1 6 71 65
4 8A¢ 1 10 1 6 72 67
5 2 10 1 s 70 52
6 2 10 0 16 68 60
7 2 10 0.2 8 6 59
8 8B 1 10 1 6 71 68
© 9 2 10 02 3 70 64
10 8C 1 10 1 6 72 74
11 2 10 0.2 8 70 70
12 3 10 02 8 69 69
13 4 10 02 8 69 68
14 8Ct 1 10 1 72 21 92

*Yields based upon isolation of the corresponding alcohol after NaBH, reduction.
Sproduct ratios determined by chiral gas chromatography (GC) (chiraldex T-TA).
°The catalyst loading was 0.20 mmol/g of MCF.

9The catalyst loading was 0.37 mmol/g of MCF.

“Second run of a different batch.

fReaction was run at —-30°C.

Table 2. Comparison of catalysts derived from 3 and 7 in the synthesis of 11.

Entry Catalyst Run# Loading TFA  Time Yield® ee

(tnol%) ) (%) (%)

1 3 1 20 1 3 77 30
2 9C 1 10 1 6 12 71
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*Yields based upon isolation of the comresponding alcohol afier NaBI; reduction.

*Determined by chiral GC (chitaldex I-TA).

Table 3. Comparison of catalysts derived from 2 and 7, and polymer—supported and silica

gel-supported catalysts in the syntheses of 12a and 12b.

<

Entry Catalyst Run# Loading TFA  Time Yield® Exo:Endo ee
(mol%) h) (%) Ratio” (%)
1 2 1 5 1 24 99 1.3:1 93/93°
2 8A i 5 1 30 93 1.3:1 730714
3 2 5 1 44 96 1.3:1  63/67
4 8C 1 5 1 30 93 1.3:1 83/87
5 2 5 1 44 96 1.3:1 76/84
6 7 1 5 1 24 99 1.3:1 91/90
7  10C 1 5 1 30 95 1.3:1 . 83/85
8 2 5 1 44 96 1.3:1 74/80
9 sD 1 5 1 44 9 1.3:1 83/84
10 - 2 5 1 44 95 1.3:1 82/83
11 PEG? 1 10 HBF; — 68 1.3:1 88/—
12 JandaJel® 1 20 HCl 24 70 1.2:1 95/99
13 SilicaGel® 1 33 HCI 64 33 1:1.1 90790
*Yields based upon isolated product or GC.
®*Determined by "H NMR.

“Determined by chiral GC (chiraldex p-PH).

4M. Benaglia, G. Celentano, M. Cinquini, A. Puglisi, F. Cozzi, Adv. Synth. Catal. 2002,
344, 149; A. Puglisi, M. Benaglia, M. Cinquini, F. Cozzi, G. Celentano, Eur. J. Org.
Chem. 2004, 2004(3), 567.

©S. A. Selkala, J. Tois, P. M. Pibko, A. M. P. Koskmen, Adv. Synth. Catal. 2002, 344,
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- -into the reaction vial. The suspension was stirred at room temperature, and the reaction

was monitored by TLC. The suspension was cehtrifuged, and the solution was decanted.

. This procedure was repeated at least three times using THF as the washing solvent. The

recovered catalyst was used directly for the next run. The combined solution was
prepared following literature procedure (N. A, Paras, D. W. C. MaxMillan, J. Am. Chem.
Soc. 2001, 123, 4370) to give a pure alcoholic product in 72% yield (108 mg, 0.5 mmol).
The "H NMR data were in agreement with those reported. Enantioselectivity was
determined by GLC analysis of the comresponding aldehyde (Chiraldex I'-TA column,
0.25 mm x 30 m, 5°C/min ramp from 70°C to 170°C, 23 psi); R isomer: t; = 26.6 min, and
S isomer: t, = 27.4 min. '

Diels-Alder reaction (Table 3, Entry 2). MCF-supported catalyst 8C (0.5 g, 0.07
mmol) was treated with acetonitrile (15 mL), H20 (0.75 mL} and aqueous TFA solution
(0.5 M, 140 pL., 0.07 mmol). The mixture was stirred for 10 min, and then trans-
cinnamaldehyde (177 pl, 1.4 mmol} was added. After 5 min, cyclopentadiene
(1.68mmol) was added. The suspension was stirred at room temperature, and the reaction
was monitored by TLC. The resuliing suspension was centrifuged, and the solution was |
decanted. This procedure was repeated at least three times by using MeCN as the
washing s‘dlvei;:t: The recovered catalyst was used directly for the next run. The
combined solution was prepared following literature procedure K A. Ahrcndt, C.1
Borths, D. W. C. MaxMillan, J. Am. Chem. Soc. 2000, 122, 4243} to give 2 pure product
in 93% yield (264 mg, 1.31 mmol). The 'H NMR data obtained for the product agreed
with those reported in the literature (K. Ishihara, H. Kuribara, M. Matsumoto, H.
Yamérnoto, J. Am. Chem. Soc. 1998, 120, 6920). The exo:endo ratio was obtained from
'H NMR results. Enantioselectivity was determined by GLC analysis of the
corresponding aldehyde (Chiraldex B-PH column, 0.25 mm x 30 m, 1.5°C/min ramp from
60°C to 170°C, 23 psi); endo isomers: t; = 53.2 min and 53.5 min, exo isomers: t. = 52.2

min and 52.8 min.

Table 4. Reaction of allyichloropropyldimethylsilane with silica surface in toluene.

Allylsilane p-TsOH  Silica Surface Temperature Time Silane Loading Silane

(mmolg) (mmolg) Support Area(m’g) (°C) (h) (mmol/g) Coverage® (%)
3 - FSM-16 966 120 15 115 22
10 - FSM-16 966 120 15 1.69 32

1A om:_ b 100 1mn 1 n alsl
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50 25 25 25 15 15 15 15 15 15 30 15
0-40 0.90 0.64 0.37 0.72 0.75 0.42 0.28 2.8 20 45 32
52 36 37.5 21 14 to aSilane |oading/total sllanol.
100% coverage corresponded @ 5 nunollg for FSM 16
and -2 nunol/g for MCF. |'Anorphous silica.
“Al |l yl bromophenyl di net hyl si |l ane was used i nstead of
al I3yl chl ocopr opydEi nestyl si |l apg. dPre- capmSﬁ by 0.8

._mm egg -(ln-fl\“/si gMg%#W E\E’% %3 At fuer ﬁgl ven&o

Rec:sel ved 028 Deoenper 3007 37@kear Copy ClEIMS: 45

15 003  MCF 504 120 15 0.64 32
1.5 006 MCF 504 120 15 0.37 52
2 0.12  MCF 504 50 15 072 36
5 0.10  MCF 504 25 30 0.75 37.5
2° 0.12 MCF 504 25 15 042 21
o 003  MCF 504 25 15 0.28 14

*Silane loading/total silanol. 100% coverage corresponded to 5 mimol/g for FSM-16 and
~ 2 mmol/g for MCF.

® Amorphous silica.

°Allylbromophenyldimethylsilane was used instead of allylchloropropyldimethylsilane.
“Pre-capped by 0.67 mmol of TMS/g of MCF.

*MeCN was used as solvent instead of toluene.
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catal ytic ginp coupled to a nﬁocel [ ular siliceous )
f oam support, wherein the catalytic group is capa@lﬁ‘éfcopy
of catalysing a reaction selected fromthe group
conskags:ng of a Friedel-Craft reaction and a i
‘Di el s- Al der Aeﬁcttérioon and \A{%er ein the catalytic group
is coupled t6 The SUSPEr FBYSIacIRFRBE @t uganic catalytic group
- corforile] ty2anesatdiabhnitiotoug foad shffordbirachi Bg &E%ic group s
: il

li -0 the su rt .and a spacer group

co&% eiseg{f%g[& g%@%g AREN lp%%(%ﬁﬁ%foﬁl @ﬁ&%ﬁ?%sgﬁﬂﬂ&o@ﬁiqd@l-&aﬁ

2. réorhaer Digerbidersreaabm s th@éin Gheaialkic WARH & a)u%)fgc? to the

- catglibiy agﬁﬁ&ﬁg% capabl.e of catalysing the reaction
to produce a c ir(g“p DI oduU ey 27 attacyr e%‘t‘r%“%f“é@ﬁﬁéﬁ)@dhﬁsﬁnker

calEly de thefsupost mdla saem eiaupt hisicle tupley tHeCattBEHMR! Lidup to the
4. cakheidgbgl ogeneous catal yst of claim| wherein“the
catalytic group has either greater than 75% ()

chiraldty orhgfsktospeohmasnatBHoof clpine hiwHeidiy the catalyle group is

Thesphidé 6f QUBRRQUE: £akdh Yol GLALALIaMACT o1 N LN

catal ytic group conprises an 1m | ¥ 4- one group.

6. The het e%"ggﬁé’é’g@“’e@t% obélaigt hiwledinhe cabiid Boup is
i nehdtaizol i di n-4-one group is substituted on Cl 7.

The hgt erogeneous catalyst of claim5 wherein the

i mi daZol i di h*42BHEEGFIN SaRlgstsfisiin tturtettinothe EHalpyc Soup has
areptheregrduydr tigh OSAR: (+) chirali§ or &Q%&MW@QE?&%&& catal yst -

of clgims :e%in-thelm_azolidirt- one group is
coupl ed to tie " SHBFBFT St ¢! &laip dr Wigeipr thCBatalyti¢ lppup
| rFouiprzeet pdinnidakelidie-4-one ghup The het er ogeneous cat al yst
of claim1 i hydr ophabi c .gr oups. . 10. The
het er g'g ene pi}g \f]ce aetg %%%Ot“s g?tﬁ@f af %P@" gﬂ@?‘@ﬁﬂﬁh? jreidazolidin-4-one
hygthup prrsbitéutegr @u@s are al | cylsilyl groups. 11.
The het er oggpeol talyst of .clai. wherein the
hydr ophobi ?%8 ?‘%‘*&%0?8%%8 %%Xﬁgf’%ﬁc}ﬁ'& i Vﬁﬁf@lp&taf‘p@udazahdmAMne
18rouTReubistuiedoneptm armathybgromf. cl ai m-1 wherein the
suppagy,t- hagyepgeR ] odi fjers coupled
‘thereto. . - ES%GI%E%SGLF?%@@{ ?)%g%%oﬁgh‘?f%ﬁl Hieyapdagglidin-4-one
cPAVRS foidrta e suprorghmug cidieohipoi &5 sfeheinti@dolidomobde
gr ou. consirad hedtofdnesuls G dr O 4-0-12- d
(CH2) 2 0- (%%%4-? Heo! ﬁ%t%igg@%gf}%’%%&éﬁ‘é’sﬁf%wgrouw-
cat al'yst of *CRAFRRReRHs Ertalyw of Rleina® tvherhimeing hygeaphipbic groups
CoeikylSiBS groBhMe2- - Ft MGAVB/ 1. 11. 10009
Recei }éed 2 cenber 2007 38C ear Copy 15. The
het ef 'gene LERPLRPYAE CHILYE PAFIAI S wherpin itisi hydroahdic groups
akddyiniethyBHyI@kdughs n- 4- one group coupl ed through C5 to a
mesocel | ul% siliceous foam support by -CH2-C6114
(CH2)%- Si (MEZFETOsERRPUS FpYE Ghpleins | rihetei thre suppbs ihhy/bne o
groougisrabodifias cduplddnRersppor t . -

| 13. The heterogeneous catalyst of claim 1 where—:iq the spacer group is
selected from the group consisting of «CH;)s-0-CeHy-CH,- and (CHp),-O {(CHy)e-.

4. The heterogeneous catalyst of claim I wherein- the attachment group

comprises -SiMe;-.
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16. The heterogeneous catal yst -of claim | conprigilfed 28 December 2667
a 5- (.phenyl net hypi rm dazol i di n-4-one group coupl ed
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c) coupling the chiral reagent with nesocel |l ul aReceived 28 December 2007
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t r langitrhlythedifiatl i@ tiengs B4 L1k, iS .. .
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35 The et et ekt e S alg baSusiyigpe
“the catal y&portion is : .
~ wherein step d) is conducted af a time selected frc_mi the group consisting of before,
during and afier step ¢). 7
29. A method for producing a product comprising exposing at least one
starting material to a heterogeneous catalyst according to claim 1, said at least one

Starting material being capable of undergoing a reaction selected from the group
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used as a heterogeneous catal yst in a subsequent Received 28 Becember 280
reaction. 33. The nethod of claim31 conprising
i solating the product fromt hé% i qui d portion. Clear Copy
34. The nethod of -claim 29 conprising the steps of:
a) Cofbistriocngf b NSe us scat-al ith a sol vent
and_an acg{]d t(r)Ei f %?ﬁ]ggéqggc{ﬁg ;%]fi %@%%?Ee:;rﬂa%?twa tﬁnpm‘ﬂ‘ce the
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- theqsld ile wth the dicene in the reaction

“m xture; and Arended Sheet 1PEA/ AU

4. - 1P 0VEL MvoptheRefRigim 29 comprising the steps of: o

Recei ved;)28 ¢ 419 .e)isolating .

. the pr od&ct %gﬁwﬁgeﬁh? g% g?)ortsie%abgg Q’y{ﬁé) SF@?E‘E ?"61rfg‘ acid to

Cmixture, saifMA et mBdkErg a Diel s Al der addition

product ©f biendbeaRpiit So@hGhn i A, product .
when made b aérjre Fo_d conpri si Eggg%p%gﬁrﬁtg%wﬁesg@twomam
one st ar ti HY"PRAPE PFEE capable ohwnderesigs n &oadel- Catfarkacsivy;

sai d catehl ysidiGONAd TGt Feabd A ke ClAL Wikefire Wl WPomatic
coupled to a neso _eItJ ular siliceous foam support,

wher ei n thecoérgiogf“gfoi T BRI EFabl e of catalysing
a react dpn slehing edfifie MinteRr 061 FARS hdtdafidc@iioofnd with

- Friedel - Q%&-F{i?{%ﬁ{:im%n and .a Di el s- Al der reacti dn and

wher ei n the catalytic Groug i TSy Bae anhe suppor t

by a |i ekerisgatogpheconguct S0 @ lRidaotting BABIO beaBR A R RS, said

attaching theslipke [.C to,the_.support. and a _
~ spacer gr oﬁ.\ﬂﬁ gﬁ %%%%ﬂgg{gn P‘“ﬁg’“%tofﬂii? Rt ey ogppradond the
‘the cat al ytimedgrgalpreagaitd at | east one starting :
‘mat enisal  bej,ng.-SapaRl8 der.going sai.d reaction to
produce t he pr_g%uct. %I?.(E?h_cg& 70 %@thglfs % ai m 36 whi ch
“is chird@ll 6Pmbidngribe heterogergowhentaian vithes Rdtcat RUIEHERHES (o
catal yst i gorh S\@hAYPHGRRQUS chiral catalyst.
b)  adding a dicnophile to the catalyst mixture;
¢) adding a dienc to the catalyst mixture and dienophile to form a
reaction mixture; ,
d)  allowing sufficient time for reaction of the dienophile with the diene

in the reaction mixture; and
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41 Clear Copy

e)  1solating the product from a liquid portion of the teaction mixture; said
product being a Diels Alder addition product of the diepophile and the
diene.

36. A product when made by a method comprsing exposing at least one
starting material 10 a heterogeneous catalyst, said catalyst comprising an organic
catalytic group coupled to a mesocellular siliceous foam support, wherein the catalytic
group is capable of éatalysing a reaction selected from the group consisting of a
Friede}-Craﬁ reaction and a Diéis—Alder reaction and wherein tﬁe catalytic group is
coupled to the support by a linker group comprising an attachrment group for attaching
the linker group to the support and a spzicer group which couples the attachment group
to the catalytic group, said at least one starting material being capable of undergomg
said reacnon to produce the product.

37 The product of claim 36 which is chual or asyxﬁmetr_ic and wherein the

heterogeneous-catalyst is a heterogeneous chira] catalyst.
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