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Abstract

Helical silica were prepared and functionalized My(lll)-salen complexes in order to
catalyze asymmetric hetero-Diels-Alder reactionsar@cterizations revealed doping of sodium
lactate facilitated porosity, hydrolysis resistaaoel chiral configuration of silica matrix. Catabys
revealed the combination of Mn(lll)-salen with lgali silica had excellent chiral induction. Major
product configuration was affected by temperatur@ solvent. Loading imidazolium ionic liquid

as solvent improved both enantioselectivity andlgat recycling.

Keywords:Helical silica; Mn(lll)-salen; Immobilization; hete-Diels-Alder.

1. Introduction

* Corresponding author. E-mail address: sunyang7ai@jtu.edu.cn (Y. Sun).

1



Asymmetric hetero-Diels-Alder (hDA) reaction of id&ne with carbonyl compound
provided a strategy for synthesis of chiral six-rbered heterocycles, which had showed great
values in both synthetic and pharmaceutical fiéfdn view of reaction rate and scale, optical
purity of product, as well as environmental prdtect the application of efficient catalysts for
hDA reaction had become an important selection doademic and industrial concefifs.
Previously, metal complexes afforded excellentestselectivity and conversion for asymmetric
hDA, including chromium-saleh, copper-Schiff-bas@, titanium-binol!  zirconium-binof®
gold-phosphoramidifeor rare earth-phosphafeOrganocatalysts also attracted attentions due to
avoidance of metal toxicity, tolerance of air, amdnvenient manipulatiof. TADDOL
(a,0,0', o -tetraaryl-1,3-dioxolane-4,5-dimethandf)pxazoliné?® or bis-sulfonamid® were typical
examples. Even so, some key issues involving dpfietd, catalyst recycling, cost of route and
environmental burden still demanded endeavorsramption.

Synthesis and application of chiral silica mialerhad aroused interests in recent y&ars.
Immobilization of chiral metal complexes into chimlica was an interesting alternative for
heterogeneous asymmetric catalysis, because teegyyof two components might affect outputs,
including conversion and stereoselectivityOn the other hand, ionic liquids were chemically
stable, non-volatile and nonflammable, but not wsgous'’ Dispersion of metal catalysts into
ionic liquid could avoid leaching of metal ions $ome case¥. Therefore, ionic liquids were
promising solvents in heterogeneous cataflsis.

In this work, a series of helical silica wereepared in a sol-gel procedure, where sodium
lactate was doped in order to affect chirality. TWe(lll)-salen complexes (Jacobsen’s catalyst)

were immobilized into helical silica to catalyzeyasnetric hDA reactions of Danishefsky’'s diene



with carbonyl compounds. In addition to regulawsols, two imidazolium ionic liquids BMImX
(BMIm™ = 1+-butyl-3-methylimidazolium; X = NO; or BF,) were introduced to improve
recycling of catalysts. Overall, this work wouldopide new chiral silica materials as well as an

efficient catalytic system for asymmetric hDA reans.

2. Results and discussion
2.1. Synthesis of catalysts

Synthesis of catalysts was shown in Scheme licafisilicaN was synthesized according to
the method established by Ying and co-work&is.andD were prepared according to the same
process, except for the doping of chiral sodiuntakec Formation of helical silica would be
discussed in Section 2.8.. Phenylsulfonylation efidal silica was performed according to
literature with modification&® At last, immobilization of Mn(lIl)-salen complexésto functional

helical silica was performed in dichloromethane.

I;-’h IThSO3H(p-)
Si Si
OHOH 28 43
OH BTMS O 00  H,50,(10 wi%) Q000 NaHCO;,
- d _— > _— >
. . Toluene 40°C
N: no chiral additive (@) (b)
L: L-sodium lactate Ry R1
D: D-sodium lactate Ry R,

N tBu | +Bu Mn1, Catl: R; = R, = H; from Y;
PhSOsNa(p-) BV Ph Cat2: R, = R, = H; from YL;
/S/i\ t-Bu o¢to t-Bu S',i Cat3: R; = R, = H; from YD;
dgo o ey t8d (vn) o/c|)\o Mn2, Cat4: Ry + Ry = -(CHy)4-; Ry, = H; from Y;
.~ [ Cat5: Ry + Ry = -(CHy)4-; R, = H; from YL;
CH-CI Cat6: Ry + Ry = -(CHy)4-; Ry, = H; from YD;
Y: from N z¥2 (Cat) Mn3, Cat7: Ry = H; Ry + Ry = -(CHy),-; from Y;
YL: from L Cat8: Ry = H; Ry + Ry = -(CHy),-; from YL;
YD: from D Cat9: Ry = H; Ry + Ry = -(CH,),4-; from YD;

Scheme 1Immobilization of Mn(lll)-salen complexes into hedil silica.



2.2. FT-IR study
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Fig. 1. FT-IR ofL (a), YL (b), Cat5 (c) andCat6 (d).

SampleL showed the stretching vibration of SiO-H at 3486 cwhich was sharply degraded
and moved to 3439 chafter functionalization, proving PTMS were attatheL (avs.b, Fig. 1).
Furthermore, the vibration at 1136 ¢epresented anti-symmetric stretching of sS@dicating
phenylsulfonylation of. was availablelf, Fig. 1)**

The 3447 crit on Cat5 could be ascribed to the stretching of non-sulistik silanol groups,
while 3121 crt illustrated C-H stretching of benzene ®m2 (c, Fig. 1). Both 2959 and 2868
cm® characterized stretching of C-H on methyl. The416hi* demonstrated C=N stretching,
while a new peak at 543 éhmcould be assigned to Mn-O stretchifigAlthough symmetric
stretching of -S@ might be overlapped by Si-O stretching at 1088 cthe 1136 cmh still
characterized anti-symmetric stretching of ;3@ Fig. 1)*?? All these data proved linkage of

Mn2 with YL was available.



There were no significant differences amadgt4-6, indicating sodium lactate would not
change linking mode between Mn(lll)-salen and lalgilica (Fig. S1, Supplementary dataand

d, Fig. 1).

2.3. Nitrogen adsorption-desorption
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Fig. 2. Nitrogen adsorption-desorption isotherms and pe distribution of. (aanda’), YL (b

andb’) andCat6 (c andc’).

Both N andL showed type Il isotherms, ordered pore size digtions, along with large
surface areas, proving they had uniform channeldtitesopores (Fig. S2, Supplementary data;
anda’, Fig. 2; Table 1}**L showed larger BET surface area and pore volumeharoving
sodium lactate had unigue template effects on [ggrédzhenylsulfonylation of. decreased BET

surface area and pore volumé_(vs.L, Table 1), but type of isotherms was basicallyspreed



(b vs.a, Fig. 2), indicating PTMS entered channels of

Immobilization ofMn2 into L gave a poor porosityC@ts vs.L, Table 1), so did that &fin2
into Y (Cat4 vs.N, Table 1). However, attachmentih2 to D showed a promising BET surface
area Cat6 vs.D, Table 1), as well as type Il isotherms and ord@m@re size distributiorc@ndc’,
Fig. 2). Therefore, the porous silica matrixes $thobe degraded to some extent during
functionalization or immobilization.
Table 1

Textural parameters of samples

Sample S PV PR P ds® dw'

N 958.2 6.4 x 10 12.9 0.2 31.3 175.7
L 1372.9 8.6 x 19 12.9 1.0 4.3 89.6
D 1190.7 7.5 x 19 13.0 0.9 55 206.9
YL 770.6 2.2x10 134 1.0 7.7 418.1
Catbs 59.3 6.8 x 13 44.6 0.5 202.3 161.5
Cat4 20.0 7.6 x 16 64.0 0.5 600.0 173.2
Cat6 660.8 1.9x 10 13.9 0.4 22.6 117.0

2 Surface area (hg?) determined by BET method based onadsorption.

® pore volume (cthg?), BJH method on Nadsorption.

¢ Pore radius (nm), BJH method on &tlsorption.

4 Bulk density (g cri).

© Crystallite size (nm) based on BET surface alga 6/(Ssetp), p bulk density.

f Diameter of particle in CKCl, (nm).

2.4. Low-angle X-ray diffraction
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Fig. 3. Low-angle XRD of powdereH (a), Cat5 (b), D (c), YD (d) andCat6 (e).

Both N andL as well adD showed hexagonal symmetry because 10, 11, 2@diffins were
detectable. Lattice constant (a) had an ordeX 8.74 nm, 2 = 2.360) > D (3.63 nm, 2 =
2.428) > L (3.55 nm, 2 = 2.488), which revealed doping of sodium lactate mairgein
hexagonal phase (Fig. S3, Supplementary data3Jig.

Attachment of PTMS aniin2 to N destroyed hexagonal symmetry completélyws$. a, Fig.
S3), but immobilizations of andD looked much better, where only small diffractiGush as 11
and 20 were degraded) gs. a, e vs. ¢, Fig. 3), indicating doping of sodium lactate imyped
hydrolysis resistance of silica matrix@dn particular,YD showed hexagonal symmetry similar to
D, but had a narrower basal spacitgvs. ¢, Fig. 3), demonstrating PTMS entered internal
channels oD (Scheme 1). Furthermor¥D andCat6 shared an identical basal spacing of 3.40
nm at 2 = 2.596 (d ande, Fig. 3), but 11 and 20 diffractions G&t6 disappeared, provingin2

were mainly attached to 11 and 20 lattice planéd®»{evs.d, Fig. 3).



2.5. X-ray photoelectron spectroscopy

NeitherN nor L showed 1s photoelectron of nitrogen that demotestraitrogen-containing

templates were completely removed after calcingfi@ble 2). Sodium lactate reduced content of

carbon and doubled that of Si and O simultaneousijle binding energies were preserved, both

proving sodium lactate accelerated removal of dogyemplates under calcinatioh ¢s.N, Table

2).

After immobilization of PTMS an#in2 into N, contents and binding energies of Si and O on

N were decreased, but content of carbon was inaeagggestingin2 were attached tN (Cat4

vs. N, Table 2). Similar tendency was found in variatadrL to Cat5, and detection of sodium

ions onYL proved salification was available (Table 2 andeboé 1).

Table 2

Binding energy and atomic composition of Si, O, Grid Mn on sample surface

Sample Si (2p) O (1s) C (1s) N (1s)/Na(1ls) Mn(2p
N 104.0 (17.7 533.0 (26.7) 285.0 (55.2) - -

Cat4 103.0 (8.0) 532.0 (12.7) 285.0 (77.3) 399.0 (0.63) 642.0 (0.28)
L 104.0 (34.1) 533.0 (42.3) 285.0 (23.4) - -

YL 103.0 (31.3) 533.0 (35.4) 285.0 (33.1) 1072.0 (.12 -

Cat5 103.0 (5.9) 532.0 (10.1) 285.0 (81.1) 399.0 (0.99) 642.0 (0.36)
Cat6 103.0 (27.6) 533.0 (31.3) 285.0 (40.6) 399.0 (0.16) 644.0 (0.11)

& Binding energy (eV), along with atomic percentaafé4) in parentheses.

® Above parameters of Na.

2.6. SEM and TEM



Fig. 4. SEM ofL (a), D (b), Cat5 (c), Cat6 (d) and TEM ofCat5 (€), Cat6 (f).

TheN was composed of helical rods having length offuBn, pitch of 0.5-1.5um, and offset
(distance from spiral axis to center of rod) of ZB nm &”, Fig. S4, Supplementary data). Tie
had both right- and left-handed morphologies, alaith a small amount of amorphous blocks
(@", Fig. S4). Moreovel,. andD showed the same appearanc&lds, b, Fig. 4;b’, ¢’, Fig. S4).
Therefore, sodium lactate had little influencesmmrphology of helical silica.

Only phenylsulfonylation did not destroy morpholcayd porosity of helical silica (Scheme 1;



d’ vs.e’, Fig. S4;YL, Table 1), but subsequent immobilizationMi2 degraded silica matrixes
sometimes. For exampl€at4 was degraded into large sticky blocks gndf” , Fig. S4), which
was proved by a poor surface ar€aid, Table 1).Cat5 looked better owing to a small extent of
degradationd, Fig. 4).Cat6 appeared to be unaffected on appearaticgig. 4), being approved
by a surface area of 660.8° "’ (Cat6, Table 1). Thus, sodium lactate improved hydralysi
resistance of helical silica. In additio@iat4-6 were all solid rods rather than hollow tubes based

on TEM observationd{, Fig. S4;e andf, Fig. 4).

2.7. Configuration of internal channels

The N preferredL-valine rather tharD-valine, but bothL and D showed the contrary
adsorption priority, indicating channels fwere left-handed on average, while thosé @ndD
were right-handedb(andc vs. a, Fig. S5, Supplementary dafd)Y, YL andYD had the same
chiral configuration as their precursddsL andD, respectivelyd vs.a, evs.b, f vs.c, Fig. S5).
Meanwhile, adsorbed amount ¥f YL andYD were larger thamN, L andD, mainly because
sodium benzene sulfonate groups had been fixedica surface @ vs. a, evs.b, andf vs.c, Fig.
S5).

Cat4 maintained configuration of channels derived fidnio Y (g vs.d anda, Fig. S5), but
Cat5 changed configuration ofL (h vs.e, Fig. S5), probably because Mn(lIlRRsalen Mn2)
preferredL-valine more tharD-valine, which might take effects on enantioselectadsorption
when content of Mn-salen units was high enougtatalgst Cat5, Table S1, Supplementary data).
Accordingly, perhaps becaus€at6 had a lower Mn content tharCat5 (Table S1),

enantioselective adsorption of valine Gat6 was still dominated byD more tharMn2 (i vs.f,
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Fig. S5).

2.8. Proposed formation of helical silica

. TEOS
C.65TAB + L-Sodium lactate -
NH5 (aqg. 25 wt.%)

Chiral

Micelle N
HO, OEt
Q O Eo-Si
N/ N -O/K/ OEt Alkali-promoted hydrolysis of TEOS
N\ 2 Self-polymerization
HO HO
tap-
Na™Br 0] ! _.OEt
\ x _OJQ/ Et0-Si
N— _ OEt
\ S
HO \
top-
Na’Br o HQ
Ve -oJ{/ Eto-Si-OF
\ N OEt
o HO
Na"Br TEOS, H,0
| O OH (guest collision)
NY o EO-d oo~
I \ STOEtQQ Q- - -
Na*Br 3 EtO helical packi
HO (helical packing) Helical composite
N— O A
| *. J{/ OH
Na*Br o EtO\Si_
S 7 OEt s
HO EtO Calcination
/ O
N)<
/NOTN
Na'Br HO EtO. /OH
-0t
EtO

Porous helical silica

Fig. 5. Proposed formation of helical silica.

According to the above discussions, formation meigma of helical silica was proposed in
Fig. 5. Herein, lactate anions would attragfT@B cations that constructed framework of micelle.
Under alkaline environment, TEOS would be hydrotyzsd polymerized, providing shell and
stuff of micelle.

In view of a theory on entropy-driven formation belices, a chain-like and flexible

macromolecule or agglomerate might be twisted enoavded environment in order for maximum
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entropy of guest moleculé&In this work, due to effects of entropy, packirfgricelles would be
twisted by collision of guest molecules such as BE@nd water, then be wrapped by
self-polymerization of TEOS (Fig. 5).

Probably because collision of guest molecules vigzradkeredN andL as well ad had both
left-handed and right-handed morphologies (Fig.ndl &ig. S4). HoweverN was internally
left-handed, whild. andD were both right-handeay(b, c, Fig. S5), proving chiral sodium lactate
facilitated internal chirality of micelles in sokf(Fig. 5), and interestingly two enantiomers of

sodium lactate had the same effects on interndigroation ¢ andc, Fig. S5).

2.9. Catalysis

Catalyst blank provided conversion of 3%, intiwg molecular sieve (4A) was catalytically
active to some extent (entry 1, Table 8. showed conversion of 2 %, proving Mn(lll)-salen
would be catalytic center if positive results welsained (entry 2). All other reactions proceeded
smoothly during the entire work (Tables 3 and 4).

BecauseMnl was achiral, asymmetric induction Gfatl-3 depended orY, YL and YD
respectively (Scheme 1) was left-handeda( Fig. S5)'° L andD were both right-handed @nd
¢, Fig. S5), but their combinations withinl showed good to excellent e.e. values for
transformation of benzaldehyde (entries 3-5). Asgmn of L with Mnl (Cat2) provided
excellent e.e. for heptaldehyde too (entry 28)addition,Cat2 showed moderate to poor e.e. for
acetophenone (entry 17), ethyl glyoxylate (entry &sd cyclohexanecarboxaldehyde (entry 24).

Therefore, chiral induction of helical silica wdfranative.

12



Table 3

Catalytic asymmetric hDA reactions of Danishefsldisne with various carbonyl compounds

OCHjs (1) Catalyst (2 mol%)
| = + J?\ zﬂo?vini,n'?',stéohm _ m R
(HC)sSin g R” 'R (2) CF;COOH C 0 i

Entry*  Carbonyl Catalyst Solvent Q) Yield® (%) E.e(%) TOF (h?
1 o blank CHCI, 0 3 0 -
2 PN YL CHCl, 0 2 0 -
3 PR H Catl CH,Cl, 0 83 100§ 3.2
4 Cat2 CH,Cl, 0 65 100§ 5.4
5 Cat3 CH,Cl, 0 36 849 3.0
6 Mn2 CH,Cl, 0 40 45R) 3.3
7 Cat4 CH,Cl, 0 65 82R) 5.4
8 Cats CH,Cl, 0 94 57R) 7.9
9 Cats CH,Cl, -78 79 739 6.6
10 Cat6 CH,Cl, 0 89 70R) 7.4
11 Cat6 toluene 0 98 933 8.2
12 Cat6 CH.CN 0 89 959 7.4
13 Cat6 CHOH 0 88 979 7.4
14 Cat7 CH,Cl, 0 100 1009) 8.3
15 Cat8 CH,Cl, 0 100 919 8.3
16 Cat9 CH,C, 0 99 879 8.3
17 o Cat2 CH,Cl, 0 77 -39 6.4
18 U Mn2 CHCl, 0 36 25 3.0
19 Ph™ CHs Cat4 CH,Cl, 0 81 -50 6.7
20 Cats CH,Cl, 0 90 58 7.5
21 Cats CH,Cl, -78 66 -96 5.5
22 Cat6 CH,Cl, 0 83 48 6.9
23 Cat7 CH,Cl, 0 95 -67 7.9
24 o Cat2 CH,Cl, 0 100 1R 8.3
25 Mn2 CH,Cl, 0 100 299 8.3
26 O)J\H Cats CH,Cl, 0 100 209 8.3
27 Cats CH,C, -78 100 23R) 8.3
28 o Cat2 CH,Cl, 0 89 -100 7.4
29 W Mn2 CH,Cl, 0 100 56 8.3
30 H Catd CHCl, 0 100 110 8.3
31 Cats CH,Cl, 0 100 84 8.3
32 Cats CH,Cl, -78 82 -95 6.8
33 Cat6 CH,Cl, 0 100 67 8.3
34 Cat7 CH,Cl, 0 100 -66 8.3
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35 o Cat2 CH,Cl, 0 100 -39 8.3
36 /\o)kfo Mn2 CH,Cl, 0 66 77 5.5
37 Cat4 CH,Cl, 0 100 -59 8.3
38 H Cats CH,Cl, 0 100 71 8.3
39 Cats CH,Cl, -78 100 -98 8.3
40 Cat6 CH,Cl, 0 100 81 8.3
41 Cat7 CH,Cl, 0 100 -86 8.3

& Conditions same as in section 4.6.. N¥bfsurface controlled at 2 mol% based on carbonystsate (Table 2).

® Molar percentage of hDA product to original canasubstrate, but those of entries 24-27 determinediene.

¢ Enantiomeric excess. Retention time (min) for hDiduct of benzaldehyde: 3.664R)(and 4.040 %),
determined by comparison with literatffteproduct of acetophenone: 3.578 and 3.938, aleschrfiguration not
determined, e.e. = ([early (retention time)] —dlat/ ([early] + [late]), also for other cases laok absolute
configurations; product of cyclohexanecarboxaldeffyd3.970 ) and 6.197 R); product of heptaldehyde
3.632 and 3.995, absolute configuration not deteenhi product of ethyl glyoxylatg 3.621 and 3.970; absolute
configuration not determined.

4 Turnover frequency, M@baucMoly ™ (6 h)™.

On the other hand;at2 showed very high e.e. value for reaction of hejgiayde, but showed
very poor e.e. for cyclohexanecarboxaldehyde @ntB4vs. 28). In the present system, the
hydroxyl of silanol onCat2 would construct hydrogen bond in association witbonyl substrate.
Heptaldehyde has a long and flexible alkyl thatlddee induced by chiral centers on catalyst
easily. However, the boat-to-chair conformation md® of cyclohexyl on
cyclohexanecarboxaldehyde could be restricted laynais onCat2 through hydrogen-bond or
other adsorptions, which might depress enantioteityc This phenomenon was different with
those stemmed from strictly homoger@e polymer-facilitated catalysfs.

Immobilization of Mn2 into helical silica increased e.e. values, whicbrevobserved in

14



reactions of benzaldehyde (entries 7, 8,v606), acetophenone (entries 19, 20, \&2 18),
heptaldehyde (entries 31, 88.29) and ethyl glyoxylate (entries 48. 36). On the other hand,
Mn2 dominated major configuration of hDA product ofnkaldehyde rather than helical silica
(entries 7vs. 3; 8vs.4; 10vs.5), so didMn3 (entries 14/s.7, 15vs.8, 16vs.10). Similar trends
were observed in transformations of acetophenomérigs 20 and 22ss. 18; 23 vs. 19),
cyclohexanecarboxaldehyde (entriesv8625), heptaldehyde (entries 31 andv3329; 34vs. 30)
and ethyl glyoxylate (entries 38 and ¥6. 36; 41vs. 37). Therefore, Mn(lll)-salen and helical
silica had a synergy on chiral induction, where M)éalen controlled product configuration and
helical silica took effects in promotion of e.eluss.

Combination of sodium lactate-doped silidd_(or YD) with Mn2 afforded higher e.e. values
than that of non-doped material’)( for reactions of acetophenone (entries 28 19),
heptaldehyde (entries 31 and 38 30) and ethyl glyoxylate (entries 38 and v 37). Only a
small deviation was observed in that of benzaldehightries 8 and 1@s. 7). Therefore, doping
of sodium lactate improved chiral induction of balisilica.

The most significant result was temperature-fatilig major configuration of product, which
was found in all substrates (entrieg98; 21vs.20; 27vs.26; 32vs.31; 39vs.38). HereinCat5
was composed ofL (mesoscopic chirality) anein2 (molecular chirality), but they had contrary
inducing direction on major configuration of protigentries 4vs. 6). The 0°C might provide a
reaction of thermodynamic control whdvn2 dominated configuration of product, but a much
lower temperature (-7%) probably gave a kinetic control whevim2 andYL worked togethet’

Another interesting phenomenon was effects of swlea major configuration of product and

enantioselectivity. In practice, toluene, acetderitrand ethanol showed the same major

15



configuration in combination witat6, but dichloromethane gave different results (estdi1-13
vs. 10). UnderCat5, BMImMNO; and BMImBR, showed a major configuration contrary to that
from dichloromethane either (Table 4). Thus, théapty of solvent, along with interaction of
solvent with silica surfaces might play a key ratedetermination of major configuration of
product. In addition,all polar solvents afforded satisfactory yields fransformation of
benzaldehyde (entries 10-13). The stronger theripolaas, the higher the e.e. value was (entries
10 <11 < 12 < 13 <ionic liquids of Table 4), iodiing chiral induction of helical silica-supported

Mn(lll)-salen could be promoted under highly patad media®

2.10. Recycling of catalyst

Although fresh cycle achieved satisfactory yieldl @ood enantioselectivity (entry 8), direct
recycling of Cat5 was not very efficient because no product was otlede after four cycles
(Cats5/CH.CI,, Table 4). The weakening of Mn-O bond by valentange of Mn ion, or leaching
of Mn(lll)-salen complexes intn-hexane may take part in it (section 4%8.).

In this work, BMIMNG, and BMImBFR, were employed as recycling media, and satisfactory
e.e. values were obtained (Table 4). Obviously, tawic liquids prevented degradation of
Mn(lll)-salen effectively, perhaps owing to coordiion of nitrogen of imidazolyl into manganese
ions. Furthermore, BMImBfshowed better yields than BMImMN@ recycling, probably because
BF, showed higher affinity to Mn(lll)-salen than NO(Table 4). In practice, chemical
modification of Jacobsen’s catalyst could not alsvgyarantee stereoselectivityHowever, this
work provided a promising strategy for reusabilify Mn(lll)-salen catalyst without changing

structure.
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Table 4

Recycling ofCat5 in imidazolium ionic liquids for hDA reaction ofddishefsky’s diene with benzaldehyde

OCH3 (1) Cat5 (2 mol%)
MS 4 angstrom
Z + Q solvent, 0 °C, 6 h ~ 70

(H3C)3Si N > H

(0] Ph™ H (2) CF,CcOOH e) *on
Catalyst Yield (%), E.e. (%)

Cycle fresh Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cygle
Cat5/CH,Cl, 94,57 R’ 80, 60 R) 35,25R) 10,36 R) - -

Cat5/BMImMNO; 88, 100 § 87,1009 80, 100 81,1009 70,1009 50, 100 §
Cat5/BMImBF, 74,100 § 77,1009 83,1009 70,1009 69, 100 74,100 §

& Recycling details same as in section 4.6., othexrpaters same as in Table 3.

® Entry 8, Table 3.

3. Conclusions

In conclusion, doping of sodium lactate sigrfily changed porosity, internal configuration

and hydrolysis resistance of helical silica. Inenegeneous catalysis, combination of achiral

Mn(lll)-salen complex with helical silica providedgh enantioselectivity, while the synergy of

Mn(lll)-salen with helical silica on chiral inducth was present. Secondly, temperature and

solvent showed important influences on major camfition of products as well as

enantioselectivity. At last, imidazolium ionic ligis were efficient media for recycling of catalyst.

This work developed a new series of chiral silicaterials, and provided a highly asymmetric,

recyclable, green and low-cost route to catalygiynametric hetero-Diels-Alder reaction.

4. Experimental

4.1. Starting materials

Hexadecyltrimethylammonium bromide (TAB), tetraethyl orthosilicate (TEOS),- and
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D-sodium lactate, ammonia solution (25 wt.%), phemgkthoxysilane (PTMS), Danishefsky’s
diene (1-methoxy-3-trimethylsilyloxy-1,3-butadien®4 wt.%), benzaldehyde, acetophenone,
cyclohexanecarboxaldehyde, heptaldehyde, ethyl xglgte (50 wt.% in toluene) and
trifluoroacetic acid were purchased from Aldrichcogla or Acros. Jacobsen’s catalylging-3,
Scheme 1; Sections 1-2, Supplementary datadnd ionic liquid BMImX (BMIni =
1-n-butyl-3-methylimidazolium; X= BF;)* were synthesized according to literatures (Seetion
Supplementary data). BMImX (%= NO3) was prepared by the ion-exchanging of commercial

BMImCI with AgNQO; in distilled water (Section 3, Supplementary data)

4.2. Instruments

'H NMR was recorded on Bruker ADVANCE IIl (400MHZESI-HRMS was detected on
microOTOF-Q IlI, Bruker.Daltonics. GC-MS was carriegt on GCMS-QP2010 Plus, Shimadzu.
Mn contents were measured by inductively coupledsmplh atomic emission spectrometry
(ICP-AES) on ICPE-9000, Shimadzu. FT-IR was repmbite KBr pellets on Bruker Tensor 27,
with wave numbers of 400-4000 ¢m

BET surface area, pore volume, pore radius and pizee distribution were performed on
Micromeritics ASAP 2020, using \adsorption isotherms at 77.35 K. Samples were s$eghat
150 °C in vacuum before testing. Surface area was Gtilon these isotherms using the
multi-point Brunauer-Emmett-Teller (BET) method édsn adsorption data in relative pressure
P/P, of 0.06-0.3. Total pore volume was obtained fropnasorbed aP/P, = 0.97. Pore volume
and pore radius were determined using Barrett-Jeyatenda (BJH) method.

Particle size was tested in gH, at 298 K on Zetasizer Nano ZS90, Malvern. Low-angl|
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X-ray diffractions (2 at 0.5 to 10) of powdered samples were reported on Philips X'Peo
diffractometer using Cu-Keadiation {, 1.5418 A), with interval of 0.05second, scattering
signals of 0.52.0° were omitted for clarity. X-ray photoelectron spescopy (XPS) was carried
out on Kratos Axis Ultra DLD, using monochromati¢ Ko X-ray (1486.6 eV) as irradiation
source, the binding energy scale was calibratedsing C 1s peak at 285.0 eV. Scanning electron
microscopy (SEM) was performed on JEOL JSM-6700E0a@ kV with Au coating. Transmission
electron microscopy (TEM) was tested on JEOL JENIE2X at 120 kV.

Internal chirality of samples was characterizedemantioselective adsorption wéline in
water? In practice, sample (20 mg) ahe(or D-)valine (50 mg) were added to distilled water (20
mL), then stirred at 28C for 120 minutes. Concentration bf(or D-)valine was monitored at
regular intervals by UV (210 nm, UV 1800, Shimadzxgsorption percentage was determined by
Lambert-Beer’s Law, then plotted as a functionimiet

Thin layer chromatography (TLC) was performed cesglplates coated with &ifrsilica gel,
with coloration in phosphomolybdic acid (PMA)/etlohisolution (5 wt.%). Yield and e.e. were
determined by HPLC (Section 12, Supplementary d&ggtem controller: Waters 1525, binary

hplc pump; UV-Vis detector: Waters 2998, photodiodeay detector; UV: 254 nm for

2,3-dihydro-2-phenyl-Hdl-pyran-4-one (from benzaldehyde),
2,3-dihydro-2-methyl-2-phenylH-pyran-4-one (acetophenone),
2-cyclohexyl-2,3-dihydro-#-pyran-4-one (cyclohexanecarboxaldehyde),
2-hexyl-2,3-dihydro-#-pyran-4-one (heptaldehyde) and

2-ethoxyformyl-2,3-dihydro-M-pyran-4-one (ethyl glyoxylate), obtained by scagn200-400

nm. Daicel Chiralcel OD-H, size: 150 mm x 4.6 mmartgle: 5 um; mobile phase:
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n-hexane/2-propanol, 90/10, v/v; rate: 0.5 mL Thicolumn temperature: 300 K, pressure: 3.0-3.5

MPa; sample concentration: 0.5 mg Tnib n-hexane; injection: 10L.

4.3. Synthesis of helical silica

SampleN was synthesized according to literattitd. and D were prepared as follows.
C16TAB (0.40 g, 1.09 mmol) antd-(or D-)sodium lactate (0.06 g, 0.54 mmol) were dissolved
aqueous ammonia (25 wt.%, 100 mL) at 40 TEOS (2.0 mL, 1.86 g, 8.95 mmol) was
introduced. The mixture was slowly stirred (800 Jy@h40°C for 3 h, then aged at 106G for 24
h in autoclave. White solidd. (or D) were filtered, dried in air, calcined at 580 for 5 h to

remove templates.

4.4. Phenylsulfonylation of helical silica

N (L orD, 0.9 g) was dehydrated at 8D for 24 h, then added to dry toluene (150 mL), and
dispersed by ultrasound at 25 for 3 h. PTMS (2.1 mL, 2.2 g, 11.3 mmol) wasduliced. The
mixture was stirred at 2% for 1 h, then refluxed at 12C for 18 h. After being cooled to 28,
compounda was filtered, washed with ethanol (3x20 mL), dred0°C for 12 h.

The a (3.0 g) was added to,80; (10 wt.%, 10 mL), then stirred at 4C for 2 h. The
resultingb was filtered and washed with water until pH wagurther with ethanol (3x20 mL),
dried in air. Next, NaHC@solution (0.195 mol £, 20 mL) was added, stirred for 3 h at’g5 Y

(YL orYD) was filtered, washed to neutral with water, diiedir.

4.5. Synthesis of helical silica-supported Mn(lll)salen complexes
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Mnl (-2, -3; 100 mg) and¥ (YL, YD; 300 mg) were added to dichloromethane (20 mlgnth
stirred at 40C for 3 h. The solids were collected by filtratiand washed by distilled water (3x30

mL) and ethanol (3x30 mL), then dried in air.

4.6. Catalytic asymmetric hetero-Diels-Alder reactin

Carbonyl compound (1.0 mmol), Danishefsky’s dieh® (nmol), molecular sieve (50 mg, 4A)
and catalyst (2 mol% Mn based on carbonyl) wereeddd solvent (including ionic liquid, 3.0
mL), then stirred at 6C (or at -78°C, in Dewar bottle of 250 mL, filled with liquid tnogen and
acetone), and monitored by TLC/PMA (petroleum etiiRerof Danishefsky's diene: 0.3 of
benzaldehyde, acetophenone, cyclohexanecarboxaldehgptaldehyde, ethyl glyoxylate,: 0.48,
0.43, invisible, 0.5, 0.64& of above hDA products: 0.56, 0.87, 0.71, 0.7200accordingly). The
hDA products were further characterized B NMR and mass spectra (Section 11,
Supplementary data). After 6 h, trifluoroaceticda@OpuL) was added and stirred for 1 h. Mixture
was concentrated, extracted fppexane (3x5 mL), the left catalyst (including iofiquid layer)
was reloaded with consumables for recycling. Hexayer was concentrated. The crude product
was purified by flash chromatography ($iQ00-300 mesh, pure petroleum ether), then tested

chiral HPLC (Section 12, Supplementary data).
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