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Abstract: Heterogeneous synergistic catalysis by SBA-15 immobilized chiral amines catalysts has
promoted efficient aza-Michael-Henry tandem reaction for the synthesis of chiral 3-Nitro-1,2-
Dihydroquinoline. Final products in the asymmetric aza-Michael-Henry cascade reactions between
2-aminobenzaldehyde and B-nitrostyrolene were afforded in a yield of 85% and an enantiomeric
excess (ee) value of 98% on (S)-(-)-2-aminomethyl-1-ethylpyrrolidine immobilized SBA-15. SBA-15-
AEP catalyst has been also extended to the asymmetric aza-Michael-Henry cascade reaction of
substituted R1-2-aminobenzaldehyde and R2-substituted nitroolefin. The heterogeneous synergistic
mechanism for both tertiary amine and secondary amine immobilized mesoporous has been proposed
in detail including the geometrical constraints in the ee promotion.

Keywords: heterogeneous asymmetric catalysis; bi-functional; 3-nitro-1,2-dihydroquinoline; tandem
reaction; synergistic effects

1. Introduction

Dihydroquinoline compounds [1,2] are widely found in various natural products that possess
diverse biological and pharmacological activities [3-5]. Especially for 1,2-Dihydroquinoline compounds,
they gain more extensive attention since they are not only the intermediates for the synthesis of Skraup
quinolones [6] in the field of pharmaceuticals but also they have significant applications in the fields of
agrochemicals and chemicals [7,8]. For example, the global consumption of dihydroquinoline reached
100 thousand tons only as rubber antioxidant in 2010 and 10 thousand tons only as food-antioxidant in
2013 [9,10], respectively. However, a large proportion of bioactive hydroquinoline products [11,12],
taking mefloquine and angusturine for example, are utilized in racemic form. In fact, hydroquinoline
enantiomers are found to display distinctly different properties [13,14]. Therefore, it is important
to produce optically pure hydroquinoline enantiomer. Current industrial methods, including the
extraction from coal tar [15] and the classic chemical synthesis [16-18], are difficult to meet the
asymmetric production requirements. The classic chemical synthesis methods, including Skraup
Doebner-Von Miller, Combes, etc., usually use the inorganic acid as catalyst, such as sulfuric
acid or concentrated hydrochloric acid, which brings enormous environmental stress. Therefore,
the development of effective and environment-friendly methods to synthesize the enantioselective
hydroquinoline compounds is of considerable ongoing interest and currently highly desired [6,19,20].

The asymmetric catalytic synthesis of quinoline derivatives by using chiral organometallic
compounds as catalysts has been intensively investigated [21-23]. Particularly, the asymmetric
hydrogenation reactions employing Rh, Pd, and Ir complexes as catalysts have been demonstrated
to be efficient enough to afford chiral quinoline derivatives [24-26]. Then the organocatalysts have
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been focused on because of their high efficiency and metal-free nature [27]. Usually, single-site
organocatalysts could perform well only by coordinating with co-catalysts or assistant catalysts [28].
Cordova et al. [29] employed diphenylprolinol trimethylsilyl ethers as catalysts with benzoic acid
as cocatalyst to synthesize chiral 1,2-dihydroquinolines by the aza-Michael-Aldol reaction between
2-aminobenzaldehydes and «, -unsaturated aldehydes. Soon afterwards, Wei [30] and Hamada
et al. [31] promoted the selectivity of the aza-Michael-Aldol reaction through intensifying the
nucleophilicity and the steric hindrance of the substrate by changing 2-aminobenzaldehydes to
N-protected 2-aminobenzaldehydes. The reaction conversion was also reported to be increased with
the assistance of sodium acetate or acetic acid. Later, Xu et al. [32] disclosed the first organocatalyzed
enantioselective domino aza-Michael-Henry reaction employing bi-functional primary amine thiourea
as catalyst and benzoic acid as cocatalyst, achieving a yield of 70% and an enantiomer excess (ee) value
of 85% of 3-nitro-1,2-dihydroquinolines. Subsequently, Lu et al. [33] developed a quinidine-derived
tertiary amine-thiourea catalyst catalyzing a similar aza-Michael-Henry reaction, affording a yield of
92% and an ee value of 90%. They modified an electron-withdrawing sulfone group on the amino
moiety of 2-aminobenzaldehyde to increase the aniline N-H acidity and induce asymmetric reaction
by the steric hindrance of the sulfonamide. Despite the great advances so far, the asymmetric synthesis
of quinoline derivatives from the substrates without protected or modified N is still a great challenge,
and in most cases an acidic additive or co-catalyst is required for achievement of impressive catalytic
efficacy. Here, we propose a heterogeneous acid-base synergistic catalysis route on the asymmetric
synthesis of quinoline derivatives by an aza-Michael-Henry cascade reaction (Scheme 1A), employing
a heterogeneous bi-functional catalyst with inherent achiral silanols of mesoporous silica as acidic sites
and immobilized chiral amines as basic sites (Scheme 1B). The final product is afforded in up to a yield
of 85% and an ee value of 98%.

A CHO : !
- NO NO NO
@[ P 2 Heterogeneous I XN i | e ™ i o
2
// Bifunctional Catalysts o P Py // =
Ry NH; R, R, ]1} R, R, ?.; R,

target enantiomer

B gon on on
—OH X OH OH

Si\/\/s‘ﬁ‘-:_, L Si/\/\s/\‘«""\‘ Si/\/\N/ .

_ - '(K‘ B -‘_7_‘." H -

—on a0 R-onm - o /
OH OH OH
OH on OH

SBA-15-Q SBA-15-PY SBA-15-AEP

Scheme 1. (A) Asymmetric aza-Michael-Henry cascade reaction and (B) the designed heterogeneous
bi-functional catalysts.

Heterogeneous acid-base bi-functional catalysts have been reported to promote asymmetric
reactions successfully with good activity and high enantioselectivity [34], which could well solve
the tough problem of mutual deactivation [35] of acid and base sites in homogeneous counterparts.
Immobilized acid and base active sites could supply efficient synergistic catalysis as previously
reported [36—41]. Our group more recently reported efficient synergistic catalysis achieved with
inherent achiral silanols of mesoporous silica as acidic sites and immobilized chiral amines as basic sites
in the direct asymmetric aldol condensation [42], the asymmetric Henry—Michael one-pot reaction [43],
oxa-Michael-Michael cascade reaction [44] and Knoevenagel-phospha-Michael tandem reaction [45].
The heterogeneous bi-functional catalysts were not only demonstrated effective in the synergistic
catalysis, but also were easy to be separated and recycled. Inspired by our previous reports, here the
challenges in the synthesis of optically pure quinoline derivatives by asymmetric cascade reaction are
to be dealt with by using the heterogeneous bi-functional catalysts.

Quinine and pyrrolidine have been attempted as homogeneous catalysts for the synthesis of chiral
quinoline derivatives [24-27], while found to be inefficient unless companied or assisted with acidic
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sites. So this work chooses quinine (tertiary amine, abbreviated as Q) and (S)-(+)-prolinol (secondary
amine, abbreviated as PY) as the grafted amine. Then (S)-(-)-2-aminomethyl-1-ethylpyrrolidine
(abbreviated as AEP), which bears both of tertiary and secondary amine sites, with a structure simpler
than quinine while more complex than pyrrolidine, was grafted as the precursor of basic sites. The
heterogeneous catalysts are respectively abbreviated as SBA-15-Q, SBA-15-PY, and SBA-15-AEP, as
shown in Scheme 1B.

2. Results and Discussion

To anchor the selected amines, thiol/bromine functionalized materials, abbreviated as SBA-15-SH
and SBA-15-Br, were first prepared by post-synthesis grafting reaction. SBA-15-SH or SBA-15-Br
well preserves the well-ordered long-range structure of SBA-15 precursor, with (100), (110) and (200)
reflections clearly observed in the powder X-ray diffraction (XRD) patterns (Figures S1 and S2). The
N, adsorption—-desorption isotherms typical of type IV with H1 hysteresis loop are observed for
SBA-15-SH and SBA-15-Br (Figures S3 and S4). The pore size distribution of SBA-15-SH or SBA-15-Br
remains as narrow as that of SBA-15 (Figures S3 and S4). Well-ordered mesoporous channels are
clearly observed from TEM images (Figure S5) for SBA-15 as well as SBA-15-SH and SBA-15-Br,
confirming the well-ordered mesoporous structures. The slight decrease in the specific surface
area and pore volume (Table S1) indicates that the grafted functional groups are located inside the
mesopores. The immobilization of chiral amines was achieved by the reactions between -C=C-/-OH
and -SH, or between -NH, and -Br following the methods reported in [46]. The 13C CP/MAS nuclear
magnetic resonance (NMR)spectra clearly indicate the successful immobilization of functional groups
(Figures S6-58). No signals of double bonds are observed at 114 ppm for SBA-15-Q), indicating the
complete reaction of double bonds with the surface mercapto groups. The alkyl carbon signals of PY
and AEP are observed at 20-60 ppm and 10-70 ppm. The chemical shift and relative intensity well
match the structures of grafted moieties. The resulting SBA-15-Q, SBA-15-PY, and SBA-15-AEP possess
well-ordered mesoporous structure according to the results of XRD patterns, N, adsorption—desorption
experiments, and TEM images (Figures S1-S5). The amount of loaded N for SBA-15-Q, SBA-15-PY,
and SBA-15-AEP is respectively calculated to be 0.829, 0.639, and 0.829 mmol/g from the elemental
analysis (Table 52). According to the specific surface areas and the N atom number in the basic sites,
the density of grafted amines is respectively calculated to be 1.074, 0.707, and 0.693 pmol/m? (Table S2).
The silanol density of SBA-15-SH and SBA-15-Br was calculated to be 4.46 and 8.87 umol/m? (Table S3)
determined by the deconvolution of 2Si MAS NMR signals (Figure S9) and the specific surface areas
(Table S1). The molar ratio of surface silanols to immobilized amines for SBA-15-Q, SBA-15-PY, and
SBA-15-AEP is respectively calculated to be 4:1, 6:1 and 13:1. The possible reason for the highest molar
ratio of surface silanols to immobilized amines for SBA-15-AEP may be the largest steric hindrance
near the surface caused by the ethyl-substituted ring after 5 C atoms.

SBA-15-Q, SBA-15-PY, and SBA-15-AEP were then applied in the asymmetric aza-Michael-Henry
cascade reaction between 2-aminobenzaldehyde and p-nitrostyrolene (Table 1). Preliminary
investigation in CH3OH solvent demonstrates the occurrence of asymmetric aza-Michael-Henry
cascade reaction on SBA-15-Q), SBA-15-PY, and SBA-15-AEP, affording 86%, 60%, and 83% ee values
(Table 1, entries 1-3). The yield on SBA-15-PY is higher than on SBA-15-Q, while ee value is on the
contrary. For SBA-15-AEP, with both secondary and tertiary amine sites, the yield is higher than
on either individual secondary or tertiary amine, while the ee value is similar to that on SBA-15-Q.
Increasing reaction temperature causes a slight loss of ee value while promoting the yield visibly
(Table 1, entry 4). The yield at 40 °C approaches a similar value in 24 h to that in 48 h at 35 °C (40%
versus 49%). Both yield and enantioselectivity increase by using i-PrOH as solvent (Table 1, entries 5
and 6), which was similar to the homogeneous system reported by Xu et al. [47]. The yield further
rises by extending the reaction time without visible loss of ee value (Table 1, entry 7).

In i-PrOH solvent, SBA-15-Q), possessing tertiary amine center, affords a yield of 37% in 72 h at
40 °C with an ee value of 99% (Table 2, entry 1), with the ee value much higher than the homogeneous
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counterpart (Table 2, entry 2) under the same reaction condition. The yield afforded by SBA-15-Q is
lower than the homogeneous counterpart (Table 2, entries 1 and 2), but higher than that observed
on the heterogeneous catalyst passivated by post-silylation (SBA-15-Q-CH3s) (Table 2, entry 3). The
sharp decrease in the yield resulting from the post-silylation clearly indicates the crucial role of surface
silanols in the enhancement of catalytic activity, just as expected in the synergistic catalysis strategy. The
post-silylation also causes a decrease in the ee value (from 99% to 70%), indicating that the participation
of surface silanols in the catalysis promotes the enantioselectivity as well in spite of the achiral acid
species. Similar results are observed for SBA-15-PY and SBA-15-AEP. SBA-15-PY affords higher ee
value (Table 2, entry 4) than both of homogeneous counterpart (Table 2, entry 5) and SBA-15-PY-CHj3
(Table 2, entry 6). SBA-15-AEP (Table 2, entry 7) affords an ee value of 98%, while the homogeneous
counterpart affords an ee value of only 8% (Table 2, entry 8). The immobilization of AEP on the
SBA-15 significantly remarkably promotes the enantioselectivity. SBA-15-AEP-CHj affords an ee of 40%
(Table 2, entry 9), which is visibly lower than that on SBA-15-AEP though higher than that achieved on
the homogeneous counterpart. Both SBA-15-PY (Table 2, entry 4) and SBA-15-AEP (Table 2, entry 7)
afford visibly higher yield than their respective passivated counterparts SBA-15-PY-CHj (Table 2, entry
6) and SBA-15-AEP-CHj; (Table 2, entry 9), further indicating the promotion of silanol cooperation to
the catalytic activity. SBA-15-SH (Table 2, entry 10) or SBA-15-Br (Table 2, entry 11), as the precursor to
anchor the basic moieties, could scarcely establish the reaction, revealing the single acid site could not
catalyze the reaction without base in comparison with the result of no catalyst added (Table 2, entry
12). Therefore, the expected synergistic catalysis between the achiral surface silanols of mesoporous
support and chiral amines has been demonstrated on the heterogeneous catalysts in this work.

Table 1. The aza-Michael-Henry cascade reaction on designed bi-functional catalysts with tailored
reaction conditions.

H
Entry Catalyst T (°C) Solvent Time (h)  Yield (%) ? EE (%) P
1 SBA-15-Q 35 CH;OH 48 19 86
2 SBA-15-PY 35 CH;OH 48 36 60
3 SBA-15-AEP 35 CH3;0H 48 49 83
4 SBA-15-AEP 40 CH3;OH 48 54 75
6 SBA-15-AEP 40 i-PrOH 48 70 99
7 SBA-15-AEP 40 i-PrOH 72 85 98

Unless indicated otherwise, all the reactions were performed with 0.1 mmol of 2-aminobenzaldehyde, 0.12 mmol
of B-nitrostyrolene, and cat. (20 mol %) in 1 mL of solvent. ? Determined by 'H NMR.  Determined by high
performance liquid chromatography (HPLC).

The heterogeneous catalysts all presents a decrease yield in the same reaction time compared with
the corresponding homogeneous counterparts probably due to the diffusing resistance of the SBA-15
mesopores. However, SBA-15-AEP with the largest dimensional size of immobilized amine among the
three catalysts establishes the highest yield in the heterogeneous catalysis. It is proposed that the yield
for the heterogeneous catalyst also depends on the surface silanol/immobilized amine. For SBA-15-AEP
with the highest surface silanol/amine (13:1) achieves a lowest decrease from the homogeneous
counterparts among the three catalysts. From the viewpoint of the enantioselectivity, SBA-15-Q (from
10% of Q to 99%) and SBA-15-AEP (from 8% of AEP to 98%) catalysts possessing tertiary amine
structure promote the asymmetric cascade reaction more efficiently than SBA-15-PY with individual
secondary amine (from 15% of PY to 71%). We propose that the pore walls of SBA-15 impose steric
effects, similar to what has been found by Jones and co-workers in the heterogeneous Rh(I)-catalyzed
asymmetric hydrogenation [48]. SBA-15-P123-AEP (Table 2, entry 13), in which the template P123
was not removed from the internal mesopores and the (5)-(-)-2-aminomethyl-1-ethylpyrrolidine was
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grafted on the outside surface of the SBA-15, was then prepared to further confirm the steric effects
within the confined space. An ee value of 25% was obtained that is lower than SBA-15-AEP (98%)
but higher than the homogeneous (S)-(-)-2-aminomethyl-1-ethylpyrrolidine (8%) (Table 2, entry 13).
More interesting is that the enantioselectivity promotion with the participation of surface silanols for
SBA-15-AEP (from 40% of SBA-15-AEP-CHj3 to 98%) is the greatest among the three catalyst. The
synergistic catalysis promotes the heterogeneous reaction more efficiently with more silanol groups
around the amine sites.

The heterogeneous bi-functional catalyst SBA-15-AEP designed in this work could be extended
to the asymmetric aza-Michael-Henry cascade reaction of substituted R;-2-aminobenzaldehyde
and Ry-substituted nitroolefin (Table 3). The substituted R2-substituted nitroolefin (entries 1-4) and
R1-2-aminobenzaldehyde (entries 5-7) were found to be tolerated in this cascade reaction. It reveals that
the substrates with electron-withdrawing substituents are more favored than that with electron-donating
substituents of 2-aminobenzaldehyde in the heterogenous aza-Michael-Henry cascade reactions.

Table 2. The aza-Michael-Henry cascade reaction on designed bi-functional catalysts in i-PrOH at

40 °C for 72 h.

CHO
NO NO
/ : 40°C,72h X :

+ —  —
i-PrOH .,
NH, PH NZ ph
H

Entry Catalyst Yield (%) 2 EE (%) P
1 SBA-15-Q 35 (39) 99 (99)
2 Q 50 10
3 SBA-15-Q-CHj 10 70
4 SBA-15-PY 40 (41) 71 (72)
5 PY >99 15
6 SBA-15-PY-CHj 20 65
7 SBA-15-AEP 85 (81) 98 (98)
8 AEP >99 8
9 SBA-15-AEP-CHj3 42 (45) 40 (42)
10 SBA-15-SH 3 14
11 SBA-15-Br 3 16
12 - 2 13
13 SBA-15-P123-AEP 39 25

2 Determined by 'H NMR. ® Determined by HPLC. The data in parentheses are reproduced results.

Table 3. Substrate scope for SBA-15-AEP catalyzed aza-Michael-Henry cascade reactions.

CHO NO
AN NO Ny 2
| .  SBA-ISAEP m
— T .
/ Va NH, K, 40°C, 72 h, i-PrOH R{ = N/ "«,,,Rz

R, H
Entry R1 Group R; Group Yield (%) 2 EE (%) P
1 H 2,3-MeO-Ph 67 (65) 98 (98)
2 H 4-Me-Ph 60 (59) 90 (93)
3 H 2,4-Cl-Ph 45 (40) 97 (96)
4 H 3,4-Cl-Ph 42 (38) 95 (97)
5 3-MeO Ph 52 (50) 95 (99)
6 5-Cl Ph 55 (53) 98 (99)
7 3.5-Br Ph 68 (67) 99 (98)

2 Determined by 'H NMR. ? Determined by HPLC. The data in parentheses are reproduced results.

Catalyst recycling has also been explored. The heterogeneous catalyst could be recovered by simple
centrifugation. The catalytic property catalyzed by SBA-15-AEP in the aza-Michael-Henry cascade
reactions between 2-aminobenzaldehyde and 3-nitrostyrolene stayed at the same level after five runs
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(Figure 1). The content of N for reused SBA-15-AEP in five runs was measured to be 0.620 mmol/g and
almostno leaching was observed. Figure S10 indicates the recovered catalysts still possess the long-range
and periodic ordered mesoporous structures. The N, adsorption—-desorption isotherms typical of
type IV with H1 hysteresis loop and well-distributed pore size distribution are still observed for used
SBA-15-AEP (Figure S11). The scaling experiments with 10 times (1.0 mmol of 2-aminobenzaldehyde
and 1.2 mmol of $-nitrostyrolene) and 100 times (10.0 mmol of 2-aminobenzaldehyde and 12.0 mmol
of B-nitrostyrolene) have been carried out in order to further illustrate the synthetic value of this
methodology. The catalyst achieved a yield of 94% and an ee value of 97% at the same level with
1.0 mmol of 2-aminobenzaldehyde.

100 100

80 - 80

60 - 60

Yield / %
ee value / %

40 I 40

20+ 20

1 2 3 4 5
Cycle number

Figure 1. The recycling of the SBA-15-AEP catalyst in the aza-Michael-Henry cascade reaction between
2-aminobenzaldehyde and -nitrostyrolene.

The heterogeneous catalysts achieve high enantioselectivity in the aza-Michael-Henry cascade
reaction, presumably resulting from the geometrical constraints of mesoporous support that accompany
the formation of the intermediate. It is found that SBA-15-Q and SBA-15-AEP possessing tertiary amine
structure promote the asymmetric cascade reaction more efficiently than SBA-15-PY with individual
secondary amine. Based on the above analysis and the previous reports [49-51], the heterogeneous
mechanism for SBA-15 immobilized secondary amine (Figure 2) and tertiary amine (Figure 3) has been
proposed respectively. For SBA-15-PY (Figure 2), firstly in the aza-Michael reaction, secondary amine
reacts as a nucleophile with the carbonyl group of 2-aminobenzaldehyde to form iminium ions giving
H,O [52]. p-nitrostyrolene is activated by the surface silanols as hydrogen-bonding donor, which is
helpful to connect the electrophile to the iminium-activated 2-aminobenzaldehyde in the transition
state [49]. Then the N of amino group in the iminium intermediate nucleophilically attacks the «-C in
the activated -nitrostyrolene and abstracts H from amino-group to form the stereoselectivity. The
steric hindrance of mesopore wall remarkably constrains the Re-face activation of 3-nitrostyrolene close
to the mesopore wall, leaving the Si-face attacking pathway in green. As a result, improved ee value
could be achieved compared with the homogeneous process. Then in the subsequent intramolecular
Henry reaction, the 3-C in the activated (-nitrostyrolene nucleophilically attacks the tautomeric
enamine with the hydration of the N-H bonding followed by intramolecular dehydration to form the
final product and recover the heterogeneous catalyst.

For SBA-15 immobilized tertiary amine (Figure 3), firstly in the aza-Michael reaction, the
tertiary amine interacts with aniline N-H to form hydrogen bond to activate the amino group [49].
B-nitrostyrolene is also activated by the surface silanols as hydrogen-bonding donor. Then the
amino group nucleophilically attacks the «-C in the activated 3-nitrostyrolene and abstracts H from
amino-group, forming the stereoselectivity. Similar to the secondary amine catalyzed mechanism, the
steric hindrance constrains the Re-face attacking pathway that close to the mesopore wall, leaving the
Si-face attacking pathway in green. However, compared with secondary amine, the activation mode
by the tertiary amine makes the amino group possessing fewer degrees of freedom, which is better
for the establishment of stereoselectivity. As a result, a more remarkable ee value enhancement could
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be achieved for SBA-15-Q and SBA-15-AEP than SBA-15-PY. Then in the subsequent intramolecular
Henry reaction, the 3-C in the activated (3-nitrostyrolene nucleophilically attacks the C of carbonyl
group followed by intramolecular dehydration to form the final product and recover the heterogeneous
catalyst. In addition, because SBA-15-AEP is of the most surface silanol, the activation capacity for
B-nitrostyrolene is deduced to be strongest, thus resulting in the greatest product yield.

P e
Z
/\/\m/\A\_
)
(\

OH
OH

Figure 2. The proposed heterogeneous catalytic mechanism for SBA-15-PY in the aza-Michael-Henry
cascade reaction.

RN H,N

Chiral
Sca

Figure 3. The proposed heterogeneous catalytic mechanism for SBA-15 immobilizing tertiary amine in
the aza-Michael-Henry cascade reaction.

3. Experimental

3.1. Materials and Characterizations

P123 (EO9PO79EOyg, molecular weight 5800), (S)-(+)-prolinol, Diphenylphosphine, prolinol,
3-merraptnpropyltrimethnxysilane (MPTMS), Tetraethyl orthosilicate (TEOS), (3-bromopropyl)
trichloro-Silane, Quinine, and (-nitrostyrene were purchased from Sigma-Aldrich (Burlington, MA,
USA) or Alfa-Aesar (Shanghai, China). 2-Aminobenzalehyde, 2-amino-3-methoxy-Benzalehyde, 2-
amino-5-chloro-Benzalehyde, 2,4-dichloro-B-nitrostyrene, 3,4-dichloro-f-nitrostyrene, 2,3-dimethoxy-
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B-nitrostyrene and (S)-(-)-2-Aminomethyl-1-ethylpyrrolidine were purchased from J&K Chemical
company with 98% purity (Shanghai, China). All the reagents and commercial chemicals were used
as received.

XRD patterns were carried out on a D8 focus X-ray diffractometer (Bruker, Berlin, German) with
Cu K radiation (30 mA, 45 kV). Nitrogen adsorption/desorption experiments were obtained on
an Autosorb-1 system (Quantachrome, Chicago, IL, USA). Before measurements, the samples were
outgassed at 80 °C for 8 h. The specific surface areas were calculated using the Brunauer-Emmett-Teller
(BET) method and the mesopore size distribution was calculated using the Barret-Joyner-Halenda (BJH)
method from the desorption branches of nitrogen isotherms. Transmission electron microscopy (TEM)
images were recorded on 2100 high-resolution transmission electron microscopes (JEOL, Tokyo, Japan).
Before measurements, samples were dispersed in ethanol and subsequently deposited on a microgrid.
Elemental analysis of C, H, N, and S was performed using a VarioEL (Elmentar Analysensysteme
Gmbh, Langenselbold, German) elemental analyzer. 'H and '3C NMR spectra were obtained on an
Avance 400 MHz NMR spectrometer (Bruker, Berlin, Germany). The solid-state NMR experiments
were carried out on an Avance 300 MHz solid-state spectrometer (Bruker, Berlin, Germany) with a
commercial 4 mm MAS NMR probe at frequencies of 75.5 and 59.6 MHz for 13C CP/MAS. 2Si BD-MAS
NMR spectra for the silanol determination were carried out using an Hpdec pulse sequence, which
is one pulse sequence with a high-power proton decoupling. Silanol concentrations were calculated
by dividing the molar fraction of the Q! (Q! = Si (OSi); (OH)y;, i = 24, -80 to —130 ppm) species
by the molar weight of the sample (determined as sum of molar weights and fractions of the Q).
Before measurements, the samples were vacuumed to remove water and exclude the surface hydration.
HPLC analysis was performed on Prostar 210 HPLC (Varian, Palo Alto, CA, USA) with Prostar 325
UV-Vis detector.

3.2. Catalysts Preparation

Preparation of SBA-15: Mesoporous silica, SBA-15, was synthesized following the procedure
following the procedure reported by Zhao et al. [46]. Firstly, 4.0 g of the temple P123 was dissolved in
a 128 mL of HCI and deionized H>O mixture under stirring at 40 °C. Then, 8.54 g of TEOS was slowly
added into the solution when P123 completely dissolved, followed by slow stirring for 20 h at 45 °C.
The resulting mixture was maintained at 100 °C under static condition for 48 h, and then filtered and
dried. Template removing was conducted under calcination at 550 °C for 6 h.

SBA-15-SH [52-54]: Dried SBA-15 (0.8 g) and (3-mercaptopropyl) trimethoxysilane (1.2 mL) were
added to anhydrous toluene (24 mL) and heated at 110 °C for 24 h. Then the solid was filtered,
thoroughly washed, and dried in vacuo for 12 h.

SBA-15-Br [48]: Dried SBA-15 after vacuum treatment (1.0 g) was suspended in 7.5 mL of
anhydrous tetrahydrofuran (THF). Then, 3-Bromopropyltrichlorosilane (2.4 mmol) was added into the
cooled slurry at —78 °C. The mixture was slowly warmed up, and then stirred at 25 °C for 8 h and at
50 °C for another 1 h. Then the solid was filtered, treated by the Soxhlet extraction using THF, and
dried in vacuo for 12 h.

SBA-15-Q [45]: Dried SBA-15-SH (1.0 g), quinine (0.5 g) and «, «’-azoisobutyronitrile (AIBN,
50 mg) in 25 mL of chloroform was refluxed under N, atmosphere for 24 h. The solid was filtered,
thoroughly washed and dried in vacuo.

SBA-15-Py [45]: Dried SBA-15-SH (1.0 g), 4-methyl benzenesulfonic acid (52.1 mg) and
(S)-(+)-prolinol (83.1 mg) in 30 mL of anhydrous toluene was refluxed under N, atmosphere for
48 h. The solid was filtered, thoroughly washed and dried in vacuo.

SBA-15-AEP [45]: Dried SBA-15-SH (1.0 g) and (5)-(-)-2-aminomethyl-1-ethylpyrrolidine (150mg)
in 15 mL of anhydrous toluene was stirred at 50 °C for 48 h. The solid was filtered, treated by Soxhlet
extraction using THEF, and dried in vacuo.
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SBA-15-Base-CHj3 (Base = PY, AEP, Q): Dried SBA-15-SH (1.0 g) and trimethylmethoxysilane
(2 mL) in 50 mL of anhydrous toluene (50 mL) was refluxed under N, atmosphere for 24 h. The solid
was filtered, thoroughly washed and dried in vacuo.

SBA-15-P123-AEP: SBA-15 without removing the template P123 from the internal mesopores was
used as the precursor for SBA-15-P123-AEP. The calcination procedure at 550 °C for 6 h for as prepared
SBA-15 was not needed. The preparation procedure was the same as for SBA-15-AEP mentioned above.

3.3. Aza-Michael-Henry Cascade Reaction

Firstly, 0.10 mmol of 2-aminobenzaldehyde, 0.12 mmol of -nitrostyrolene, and 20 mol% of
catalyst were mixed in 1 mL of solvent. Then the mixture was heated to 40 °C and stirred for 72 h
if not specially indicated. The reaction product was isolated by chromatographic purification. The
yield was determined by 'H NMR analysis with 0.1 mmol of 1,1,2,2-tetrachloroethane (6.00 ppm)
as the internal standard. Through calculating the ratio for integral area of the target product with
1,1,2,2-tetrachloroethane, the yield of the target product was obtained according the previous report [55].
The ee values were measured by HPLC with Chiralpak OD-H column using isopropanol/n-hexane
(v/v = 15/85) as flow phase at a flow rate of 1.0 mL/min in the detection wavelength of 254 nm.

4. Conclusions

In conclusion, we have developed the heterogeneous acid-base bi-functional catalyst for the
enantioselective aza-Michael-Henry cascade reaction of nitroolefins and 2-aminobenzaldehydes.
The synergistic catalysis between inherent achiral silanols of mesoporous silica as acidic sites and
immobilized chiral amines as basic sites allows this challenging transformation to take place under
mild reaction conditions. The final product is afforded in up to 85% yield and 98% ee. The effects of
substituents of 2-aminobenzaldehyde and nitroolefin have been also investigated. The heterogeneous
synergistic mechanism for both tertiary amine and secondary amine immobilized mesoporous has
been proposed in detail including the geometrical constraints in the ee promotion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/713/s1,
Figure S1: XRD patterns of (a) SBA-15, (b) SBA-15-SH, (c) SBA-15-PY, and (d) SBA-15-Q; Figure S2: XRD patterns
of (a) SBA-15, (b) SBA-15-Br, and (c) SBA-15-AEP; Figure S3: Nitrogen adsorption-desorption isotherms and
the pore size distribution of (a) SBA-15, (b) SBA-15-SH, (c) SBA-15-PY, and (d) SBA-15-Q; Figure S4: Nitrogen
adsorption-desorption isotherms and the pore size distribution of (a) SBA-15, (b) SBA-15-Br, and (c) SBA-15-AEP;
Figure S5: TEM images of (a) SBA-15, (b) SBA-15-SH, (c) SBA-15-Br, (d) SBA-15-PY, (e) SBA-15-AEP, and
(f) SBA-15-Q, perpendicular (left) and parallel (right) to the channels; Figure S6: '3C CP/MAS NMR spectrum of
SBA-15-Q and '3C NMR spectrum of quinine; Figure S7: 13C CP/MAS NMR spectrum of SBA-15-PY and '*C NMR
spectrum of (S)-(+)-prolinol; Figure S8: 13C CP/MAS NMR spectrum of SBA-15-AEP and 13C NMR spectrum of

(S)-(-)-2-aminomethyl-1-ethylpyrrolidine; Figure S9 and description: 2°Si MAS NMR spectra of (a) SBA-15-SH and
(b) SBA-15-Br; Figure S10: XRD pattern and TEM images of reused SBA-15-AEP in five runs; Figure S11: Nitrogen
adsorption—-desorption isotherms and the pore size distribution of reused SBA-15-AEP in five runs. Table S1: The
specific surface area, pore volume, and pore diameter of mesoporous silica; Table S2: The density of chiral basic

sites and the ratio of silanol to basic sites; Table S3: The molecular weight, molar fractions of Q' sites and the
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