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We report here the first heterogenization of a bis(oxazoline) ligand on an inorganic (silica) surface. The activity and enantioselectivity of this
new material as a catalyst for the Diels—Alder reaction were checked, and it was shown that under certain conditions enantioselectivities
similar to those of the homogeneous catalyst are reached. It was also shown that under these conditions the catalyst can be recycled without
loss of activity or selectivity.

Chiral bis(oxazoline) (BOX) ligands and their application a few papers concerning their heterogenization have ap-
as catalysts have been the subject of extensive researclpeared: Reiser and Glos introduced poly(ethylene glycol)
during the past decade. Ligands of this type give high chains on the nitrogen bridge of aza-bis(oxazolifesiyd

enantioselectivities for a wide range of reactibnin Mayoral et al. polymerized BOX ligands through function-
particular, they show excellent enantioselectivities (of up to alization of the carbon bridge with polymerizable double
90—99% ee) for Diels—Alder reactiors. bond groups, followed by homopolymerization or copolym-

One of the disadvantages of the BOX catalysts, however, erization with DVB# Both papers are interested in cyclo-
is that a large catalyst-to-substrate ratio is needed topropanation reactions. Very recently Cozzi et al. reported
accomplish most reactions. It is clear that for such catalyststhe use of poly(ethylene glycol)-supported bis(oxazoline)
to be practically useful they should be recycled, and this can ligands as catalysts for cyclopropanation reactions, ene-
best be done by their heterogenization. A successful heteroreactions, and a DielsAlder reactior? They obtain good
genization will also lead to a cleaner process, which will enantioselectivities for the first two reaction types, with up
not leave any catalyst (ligand or metal) contamination in the to 95% ee, but get no more than 45% ee for the Diels
products of the reaction. Alder reaction. Noncovalent heterogenizations were per-

When we started working on the subject, bis(oxazoline) formed even earlier. Mayoral et al. report the immobilization
ligands had not yet been heterogenized. Recently, howeverof BOX ligands by cationic exchange on clays and on nafion
or nafion—silica nanocomposites and their use in cyclopro-

(1) For review see: Ghosh, A. K.; Mathivanan, P.; Cappiello, J.
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panation reactions, but recycling is often difficult, probably formaldehyde gives the same functionalization. We obtained

as a result of leaching of the active speéi&milar catalysts

2 in 75—85% vyield (Scheme 1) by a facilitated version of

have also been used more recently by this group as catalystdis procedure, using solid formaldehyde instead of a freshly
for the Diels-Alder reaction, but the enantioselectivities prepared 20% formaldehyde solution in water.

obtained were low (up to 11% eéHutchings et al. report

Grafting on silica was then performed by the reaction of

a modification of copper-exchanged zeolite Y with bis- 3-(isocyanatopropyl)triethoxysilane with!® The resulting

(oxazoline) ligands that gives only moderate enantioselec- 3 was not purified; it was reacted directly with a sifi€#o

tivities in aziridination of alkene¥. obtain4, with a degree of functionalization of 0.25 mmol of
We present here the first covalent heterogenization of BOX ligand per gram ot (Scheme 1). The overall yield for the

ligands on an inorganic surface. We applied this heterog- last two steps is 71—759%.

enized catalyst to the Diels—Alder reaction. This is the first  The heterogenized was tested as a catalyst of the well-

time good enantioselectivities have been obtained for the known Diels—Alder reaction of 3-acryloyl-2-oxazolidinone

Diels—Alder reaction using a heterogeneous chiral BOX 513 with cyclopentadiene (CPD), shown in Schem@é!2.
ligand.

We chose to heterogenize indaBOX),(which, because
of its rigidity, gives especially good enantioselectivities for
several reactions. It was prepared from commercially avail-
able 1R,2S-1-amino-2-indanol and diethyl malonimidate
dihydrochloride according to a known proced&ieTo o ,lci
achieve heterogenization, the ligand was functionalized on \)LN o] catalyst
the carbon bridge between the two oxazoline moieties, in a —/
way that will neither disturb th€, symmetry of the ligand o
nor interfere with the catalytic site. The simplest way to
introduce polymerizable functional groups seemed to be the

double addition of formaldehyde to the active carbon, as
shown in Scheme 1. We were inspired for this reaction by

Scheme 2. Model Diels-Alder Reaction
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Scheme 1. Grafting of IndaBOX1 onto Silica
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Silica-grafted4 (8 mol % relative to5) was mixed with
Cu(OTf) in CH.CI, for 1—4 h and then cooled to the desired
temperature. 3-Acryloyl-2-oxazolidinone and freshly cracked
CPD were then added one after the other. Samples were taken
and injected on GC, and the reaction was stopped when no
increase in conversion could be observed.

Good enantioselectivities were obtained for the first three
reaction cycles (6573% ee), but the enantioselectivity went
down on the fourth reaction cycle (Table 1). A78 °C we
obtain 87% ee. It is interesting to compare these results with
those of Davies et al%1® who obtain 82% and 92% ee at

(6) (a) Alonso, P. J.; Fraile, J. M.; Garcia, J.; Garcia, J. I.; Martinez, J.
I.; Mayoral, J. A.; Sanchez, M. .angmuir 2000, 16, 5607—5612. (b)
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Asymmetry1997,8, 2089—2092. (c) Fraile, J. M.; Garcia, J. |.; Mayoral, J.
A.; Tarnai, T.Tetrahedron: Asymmetrd998,9, 3997—4008. (d) Fraile, J.
M.; Garcia, J. I.; Mayoral, J. A.; Tarnai, T.; Harmer, M. A.Catal.1999,
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previously with HCI.
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percentages.

(13) Prepared according to procedures from: (a) Evans, D. A.; Chapman,
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Acta1991,74, 232—240. (b) Corey, E. J.; Ishihara, Retrahedron Lett.
1992, 33, 6807—6810. (c) Davies, I. W.; Gerena, L.; Castonguay, L.;
Senanayake, C. H.; Larsen, R. D.; Verhoeven, T. R.; Reider,J?Chem.
Soc., Chem. Commut996, 1753—1754. (d) Evans, D. A.; Miller, S. J.;
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s protected silicad' (Scheme 3). According to McMurtrey, a

Table 1. Recycling of Catalyst reaction of 1 h issufficient to protect all silanol groups on
a normal (not previously functionalized) silica. However,

entry metal cycle (°C) % conv (h) %endo % ee?

ICCIOEETTEET N

2 1(0) 97 (1) 89 65 ) "
3 2 (0) 53 (1) 9 73 Scheme 3 Protection of the Hydroxyl Groups of the Silica
4 3(0) 65 (1) 88 69 ] )
5 4 (0) 19 (1) 89 17 —OH N [~ OSiMes
— Ligand N-SiMes - Ligand
6  Cu(ClOg)2-6H20° 1 (0) 96 (1) 86 70 L OH I, L OSiMes
! 2 (rt) 97 (1) 85 65 ®l-0OH (TMSIM) @} 0SiMes
8 3(—15) 97 (1) 90 85 S1-oH 51 OsiMe,
9 4 (0) 100 (1) 88 79 | |igand | Ligand
a2 The ee is given for the major product, the endo enantiomer. It was —OH —OSiMeg
determined by HPLC on Chiralcel-OD column with 95% heptane/5% —OH - OSiMeg
2-propanol as the eluant. Absolute configuratiot)-gR.22:18 b The reaction || -
was conducted under argon, in dry g,. The catalyst (8 mol %) was , : .
separated by centrifuge or by filtration. The catalyst was dried in vacuum 4 4': reaction time: 1 hr.
before reuset The catalyst (10 mol %) was separated by centrifuge or by 4" reaction time: 72 hrs.

filtration and was used directly for the next cycle.

silica 4' gave only a very small rise in enantioselectivity
relative to4 at room temperature. We tried reacting silita
with TMSIM for 72 h. The obtained silicd" gave indeed
improved results. The enantioselectivity went up to 81% ee
at room temperature (entry 3, Table 2) and reached 92% ee

—50 and—65 °C, respectively, when using the homogeneous
indaBOX ligand dimethylated on its bridge.

It occurred to us at this point that the reason for the
unsatisfactory enantioselectivities after several recycling
sessions may be the high sensitivity of the catalytic complex
to water, combined with the hygroscopic nature of the silica.

Ghosh has recently shown that, when Cu(}®H,0 is _
used as the catalyst precursor, the catalytic species is noffable 2. Influence of Protection of Silanol Groups and of
sensitive to watet’ We therefore used this as the metal in Temperature on Enantioselectivity When Cu(Q¥BH:O Is
our system. The silica-graftetiwas mixed with the metal ~ Used to Form the Catalyst
overnight at ambient temperature. The dienophile was added, entry  catalyst  temp (°C)  time(h) %endo % ee
and mixed with the catalyst for an hour, cooled to the desired
temperature, and treated with freshly cracked CPD. As , 2 rt 1 86 71
opposed to the previous experiments, no efforts were made 3 4" rt 1 86 81
to keep catalys# dry; the reaction was conducted in &H 4 4" —-78 3 86 92
aT

4 rt 1 85 65

Cly, not redistilled and not under inert atmosphere. At the
end of the reaction the catalyst was washed with the same
solvent and used directly for the next cycle, without prior

dryjng. 'This system gave improved enaptioselectivities, at —78 °C (entry 4, Table 2), which approaches the results
which did not diminish after 4 CyCIeS (ent”es 6_9, Table of the homogeneous Cata'yst (98% microanablsis shows
1). _ ) _that the ratio of protecting TMS groups per ligand is 3.3 for
It has previously been shown that in some cases protectings’ and 6 for4". IR of the modified silica shows a peak around
the free silanol groups of the silica with silanes increases 2970, typical of methyl groups. This peak is relatively
the activity and the enantioselectivity of the reaction (e.g., stronger in the4” silica than in4'. Hence both IR and
for the addition of E&Zn to aldehydes catalyzed by amino  mjcroanalysis indicate that a longer reaction time with
alcohol ligand¥). We therefore modified the silica surface TpMsIM gives a better covering of the silanol groups.
using N-trimethylsilylimidazole (TMSIMJ° to obtain the | ggjcally, the silanol groups nearest to the ligands would
- _ . : Ve ~be the most difficult to protect, since they are the most
Re%g?y%évj‘?e't'réma%i”fggggg 57"“1"7;?_5?7"25' D.; verhoeven, T. R-; gterically hindered ones, and it is exactly these sites which
(16) Davies, I. W.; Gerena, L.; Castonguay, L.; Senanayake, C. H.; can most interfere with the chiral catalytic sites. This explains

Larsen, R. D.; Verhoeven, T. R.; Reider, P.JJ.Chem. Soc., Chem. iifi H i i ity i
Commun.1996, 17531754, why a significant rise in enantioselectivity is observed only

(17) Ghosh, A. K.; Cho, H.; Cappiello, Jetrahedron: Asymmet098, when using the more protected silidd.

9, 3687—-3691. , o We usually worked with 810 mol % catalyst to substrate
(18) Kanemasa, S.; Oderaotoshi, Y.; Sakaguchi, S.-i.; Yamaoto, H.; 1. Table 3). Using 20 | % | d -

Tanaka, J.; Wada, E.; Curran, D. P. da, E.; Curran, DI.®Am. Chem. (entry 1, aple ) JSing 20 mol %o catalyst does no_t improve

Soc.1998,120, 3074—3088. the enantioselectivity (entry 2, Table 3), but reducing itto 5

(19) Bae, S. J.; Kim, S. W.; Hyeon, T.; Kim, B. MChem. Commun. 6| o4 surprisingly has almost no effect on the enantio-

he conversion is 99100% for all reactions.

2000, 3+32.

(20) McMurtrey, K. D.J. Lig. Chromatogr1988,11, 3375—3384.

(21) Kobayashi, S.; Inshitani, H.; Hachiya, |.; Araki, Metrahedron (22) Manickam, G.; Sundararajan, Getrahedron: Asymmetr§999,
1994,50, 11623—11636. 10, 2913—2925.
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Table 3. Influence of Catalyst-to-Substrate Ratio on Scheme 4. Reacting Other Substrates
Enantioselectivity

R
entry mol % of catalyst® % conv % endo % ee /\)CJ)\ jj)\ @ N
R™~ N° O a
1 10 99+ 86 71 \ ) (\N o
2 20 99+ 89 71 ’&
3 5 99+ 88 68 0y
a Catalyst4' at room temperature. 7:R=Me 8: R = Me (70% ee)®

9: R=Ph 10: R = Ph (61% ee)°

selectivity (entry 3, Table 3). It can be concluded that the 21 siliindaBOX:1 Cu(CIQ)6H,0 (10 mol %): CHCly, 1t
major impediment to an increase in the enantioselectivity of b ager 3 h: 70% yield (GC) 56% ando. 70% eeR'UZ(HPL%: on

our system is the accessibility of the ligand on the silica. It chiralcel OD, 10% 2-propanol in heptané)Reacted for 50 h;
is known that the homogeneous indaBOX ligand gives 98% isolated on silica column with-625% EA in pentane. 63% Isolated

ee (at—78°C) for the same reaction as long as 10 mol % of Yield; 79% endo, 61% ee §), calculated according to, in CCly
the catalyst are used, but that it goes down to 92% ee when(Mmeasuredx, = 109°), by comparison with the literatufé??
only 5 mol % of the catalyst are uséd.

To show the general nature of the reaction, several other .
substrates were tried. The results are presented in Schem80mogeneous system, are better than any achieved so far
4. For substrat@'®2 an ee of 70% was observed, compared with 'heterogeneous BOX ligands for the 'D|els—AIde.r
with 84% ee for the homogeneous ligafGubstancd 0'3 re_actu_)n. Ou_r §ystem has the advantage of_beln_g compatible
was formed with 61% ee (no experiments with the parallel W|th air humidity, an_d reactions as well as flltrathr_ls can be
homogeneous system are reported in the literature; however€asily performed with no need for special conditions. The

when Cu(OTf) was used with the homogeneous ligand only catalyst is ready for reuse directly after filtration. Other ways
35% ee were obtainéy). of heterogenizing the functionalized liga8ds well as other

In conclusion, we have shown that indaBQXcan be applications of this system to reactions such as cyclopropa-
heterogenized by grafting onto silica. The obtained catalyst nation and aziridination are currently being explored in our
can then be efficiently recycled if Cu(Cip-6H,0 is used ~ laboratory.
as the metal precursor. In this case the catalyst is very robust.

Best results were obtained when the silanol groups of this
silica catalyst were protected by TMS groups. In this case
we obtain 81% ee at room temperature and 92% ee7at

°C. These results, although not quite as good as those of theoL016117P

Supporting Information Available: Experimental pro-
cedures for the synthesis of the catalysts and for the Diels
Alder reactions, as well as analytical data, are available.
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