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ABSTRACT: Confinement, an effective strategy to improve
the enantioselectivity in metal-catalyzed asymmetric synthesis, is
a great challenge to the heterogeneous organocatalysis via
hydrogen-bonding activation in that hydrogen bonding is more
sensitive to the complicated spatial or chemical microenviron-
ment in confined spaces. Here, visible improvement of
enantioselectivity has been experimentally achieved on hetero-
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geneous 9-amino (9-deoxy) epiquinine and 9-thiourea epiquinine catalysts in the Michael addition by rationally modulating the
pore size of the mesoporous host. The enantiomer excess for heterogeneous 9-thiourea epiquinine is level with the homogeneous
counterpart when the support pore size is reduced to an optimized spatial dimension. Theoretical calculations revealed that the
immobilization can switch the activation routes, and the hydrogen-bonding interaction between substrate and pore wall
influences the energy gap between R/S transition states, well accounting for the dependence of enantioselectivity on the pore size
experimentally observed in the heterogeneous organocatalytic Michael addition. The results not only demonstrate significant
development in the comprehension of confinement in the heterogeneous asymmetric catalysis but also suggest an original
strategy in designing efficient enantioselective heterogeneous catalysts.
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1. INTRODUCTION

The growing demand in the pharmaceutical and agrochemical
industries for efficient and economical synthetic routes to
enantiomerically pure compounds has focused much attention
on heterogeneous asymmetric catalysis and catalysts,"* but
binding a homogeneous catalyst to solid surfaces usually has led
to a deteriorated activity.’ In the case of asymmetric catalysis, a
visible reduction or even elimination of enantioselectivity often
be observed.*"® Encouraging success has been made in a few
metal-complex-catalyzed asymmetric reactions’ " to avoid the
loss of enantioselectivity caused by the heterogenization or
even enhancing the enantioselectivity through constraining the
asymmetric catalytic moieties into confined spaces. For Rh'
complexes immobilized in mesoporous silica, for example, a
gradual increase in the enantiomer excess with reduced pore
size was observed in addition to a superior enantiomer excess in
the asymmetric hydrogenation of methyl benzoylformate,
whereas the homogeneous chiral catalyst gave the racemic
products.'®

The confinement effects realized in heterogeneous chiral
ligand—metal complex catalysis have been qualitatively
explained using two concepts.'”'” Thomas et al.'’ proposed
it was the constraints imposed by the space surrounding the
metal center (active site) that dominated the enantioselectivity.
The substrate’s interaction with both the chiral directing group
and the pore wall in the confined space contribute to influence
the orientation of the substrate relative to the reactive catalytic
center. Jones et al.'* later proposed it was the restricted access
(to the active site by the relatively bulky reactants) generated
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by the concavity of the pore that was the principal determinant
of the enhancement of the ee values.

For most chiral reactions, however, the energy difference
between R and S transition states is so small that the
interference from the host surface, such as spatial restriction
and interactions, could impose adverse effects on the
enantioselectivity.'® For example, reduced ee was observed
for the cyclopropanation of styrene with ethyl diazoacetate
catalyzed by the copper-bis(oxazoline) immobilized inside
mesoporous channels when compared with the homogeneous
counterpart.’” Similar results were found on the chiral
Mn(salen) catalyst grafted in the nanopores of MCM-41 in
the asymmetric epoxidation of 1-phenylcyclohexene.”® More-
over, in many cases, the enantioselectivity was found to
decrease with reduced pore size.”' >’ More remarkably, the
confinement, effective in metal complex catalysis, encounters a
great challenge when applied in organocatalysis in that not only
is the organocatalysis much more sensitive to the spatial and
chemical microenvironment,”** but also the organocatalysts
are more prone to suffer from modification or alteration in the
immobilization.>*® To improve the enantioselectivity of
heterogeneous asymmetric organocatalysis by confinement is
believed to be of more significance owing to its ease of
manipulation, escape of metal contamination, and other merits,
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as well as its potential application in a broad range of chiral
synthesis.>'

The enantioselective Michael addition reaction, which
represents the mechanism through hydrogen-bonding activa-
tion, is considered to be one of the most important methods for
the construction of optically active compounds that are useful
intermediates for a variety of natural and nonnatural
products.**~*® Hydrogen-bonding activation, combining supra-
molecular recognition with chemical transformations in an
environmentally benign fashion, has been rec0§nized as a
powerful activation mode in organocatalysis.>”*® Promising
results have been observed for the heterogeneous hydrogen-
bonding activation asymmetric organocatalysis,*® but a much
greater challenge could be predicted for implementation of
confinement in hydrogen-bonding activation organocatalysis
than covalent activation, such as enamine or imine activation
organocatalysis, because the energy of hydrogen bonding is
almost in the same range as the energy difference between the
R and S transition states.'® Nevertheless, here, this work
demonstrates that the adverse interference® of the support
surface on the asymmetric organocatalysis via hydrogen-
bonding activation can be eliminated successfully by modulat-
ing the size of the confined space. The experimental
observations have been rationally interpreted with theoretical
study by colligating the curvature of the support pore with the
multiple hydrogen-bonding interactions. The results and
conclusions in this work show valuable insight into the essence,
as well as the applicability and practicability, of confinement
strategy in enantioselective catalysis and asymmetric synthesis.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Materials and Methods. Tetraethyl orthosilicate
(TEOS, 98%), triblock organic copolymer (EO,4-PO;o-EO,)
(Pluronic P123, Aldrich), trimethylchlorosilane (TMCS, 98%,
Alfa Aesar), 3-mercaptopropyl-trimethoxysilane (MPTMS,
95%, Alfa Aesar), quinine (98%, Alfa Aesar), 3,5-bis-
(triftuoromethyl)phenylisothiocyanate (99%, Matrix Scientific),
diisopropyl azodicarboxylate (DIAD, 94%, Alfa Aesar), and
diphenyl phosphoryl azide (DPPA, 97%, Alfa Aesar) were used
as received without further purification. Other chemicals used
in this work are all of analytical purity. Toluene and
tetrahydrofuran (THF) were first dehydrated for 2 d by 0.4
nm zeolite and then distilled from a sodium/benzophenone
system prior to use. Dichloromethane was distilled under N,
atmosphere after being refluxed with CaH, for ~4 h. The
dehydration by 0.4 nm zeolite was performed for 2 d, as well,
before refluxing. Chiral 9-amino(9-deoxy)epiquinine was
synthesized from quinine following a procedure described
previously,* yielding 56.8—58.6%. 9-Thiourea epiquinine was
prepared through the reaction of chiral 9-amino(9-deoxy)-
epiquinine with 3,5-bis (trifluoromethyl)phenyl isothiocyanate
in anhydrous THF, yielding 80.2—90.1%. MCM-41, synthe-
sized following the procedure reported by Monnier et al.*!
afforded the support materials with a pore size of 4.7 nm. SBA-
15, synthesized following the procedure reported by Zhao et
al.** afforded support materials with pore sizes of 5.8, 6.3, 7.3,
9.8, 10.7, and 11.3 nm.

The grafting of trimethylsilyl groups was performed on the
as-synthesized mesoporous materials to shelter the silanol
groups at the exterior surface. Typically, 1.0 g of as-synthesized
mesoporous material was first desiccated under vacuum at 50
°C and then mixed with 20 mL of anhydrous toluene under N,
atmosphere. After 15 min of agitation, 66 yL of TMCS was
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introduced. After 20 h of agitation at 80 °C, the solid was
washed successively with toluene, hexane, and anhydrous
ethanol and then dried under ambient temperature. A 0.5 g
portion of sheltered support was suspended in a mixture of 128
mL of absolute ethanol and 2 mL of hydrochloric acid (37%) to
remove the template. After 24 h of agitation at 50 °C, the solid
was filtered and thoroughly washed with absolute ethanol. The
same procedure was repeated three times. The resulting solid
was first desiccated and then subjected to grafting of
mercaptopropyl linkers. A 1.0 g portion of solid was suspended
with 1.5 mL (7.9 mmol) of MPTMS in 20 mL of anhydrous
toluene and stirred under refluxing for 24 h in an inert
atmosphere. A 0.5 g portion of 9-amino(9-deoxy)epiquinine or
9-thiourea epiquinine and 1.0 g of grafted mercaptopropyl-
derived mesoporous silicas were suspended in 25 mL of
chloroform under N, atmosphere. After 30 min of agitation (to
drive off the residual air in the suspension), SO mg of
azobisisobutyronitrile was added. After 24 h of agitation at 65
°C under inert atmosphere, the solid was filtered; washed
thoroughly with chloroform, hexane, acetone, and absolute
ethanol; and finally, dried under vacuum to give the
immobilized catalysts.

In the asymmetric Michael addition reaction of nitromethane
with chalcone, a molar ratio of chalcone/nitromethane/catalyst
of 1/4/0.1 was applied. Typically, to a suspension mixture of
chalcone and heterogeneous catalyst ( ~S0 mg) in 0.5 mL of
toluene, nitromethane was introduced in one portion. The
mixture was oscillated at 30 °C for 120 h and then filtered. The
filtrate was subjected to flash chromatography (silica gel with
ethyl acetate/hexane = 1/8) to afford the desired product as
well as the unconverted chalcone. The conversion was
calculated as the molar percentage of the reacted to the total
chalcone. The yield and ee were determined on the basis of the
isolated product. The enantiomeric excess (ee) was determined
by HPLC with a Daicel Chiralcel AD-H column on Varian
Prostar 210 HPLC with a Prostar 325 UV—vis detector. The
mobile phase was a mixture of hexane and i-PrOH (v/v = 80/
20) at a flow rate of 1.0 mL/min.

2.2. Characterization. X-ray powder diffraction (XRD)
patterns were obtained on a Rigaku D/MAX-2500 X-ray
diffractmeter operated at 45 kV and 40 mA using Cu Ka
radiation (4 = 1.5418 A). The data were collected from 0.5 to
5° (20) with a resolution of 0.02°. N, sorption isotherms were
measured on a Quantachrome Autosorb-1 system. The specific
surface area was calculated using the Brunauer—Emmett—Teller
(BET) method based on the adsorption branch. The pore size
distribution was calculated using the Barrett—Joyner—Halenda
method based on the adsorption branch. The single point pore
volume was estimated from the adsorbed amount at p/p, =
0.99. In the ag-plot analysis, nonporous a-quartz with a BET
surface area of 1.21 m* g~' was employed as the reference.
Elemental analyses were performed on a Bruker CHNS
elemental analyzer. FT-IR spectra were taken on a Bruker
Vector 22 spectrometer (resolution 4 cm™) in the range of
4000—400 cm™' using the standard KBr method. The solid
state NMR experiments were carried out at resonance
frequencies of 75.5 MHz for *C MAS NMR and 59.6 MHz
for 2Si MAS NMR on a Bruker Avance 300 M solid-state
spectrometer equipped with a commercial 5 mm MAS NMR
probe. The magic-angle spinning frequencies were set to 5 kHz
for all experiments. 'H NMR in CDCl; were recorded on a
Bruker Avance 600 spectrometer running at 600 MHz. Data for
'"H NMR are recorded as follows: chemical shift (5, ppm),
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multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet), integration, coupling constant (Hz). Chemical shifts
are reported in the & scale relative to residual CHCl, (7.26
ppm). Molecular mass was determined on a micromass LCT
spectrometer using electrospray (ES*) ionization techniques.

2.3. Computational Details. The heterogeneous system
model was based on quantum-mechanical/molecular-mechan-
ical (QM/MM) calculations.*> QM parts included the reactants
and catalyst, and MM parts involved the linker and silica wall.
Silicon atoms in the silica wall were saturated by three oxygen
atoms at the inner surface and a hydrogen atom at the outer
surface. The linker was assumed to attach to the silica wall via
the linkage of the silicon atom to three oxygen atoms in the
wall. To avoid deformation of the model, MM parts were
frozen while QM parts were allowed to move to their
equilibrium positions. In our research, a two-layer ONIOM
protocol was used to couple the QM and MM parts. The
semiempirical AM1 method* was used for QM calculations,
and the UFF force field was used for MM potential calculations.

The semiempirical method hypothesizes that the optimized
geometries in this reaction system are the same as those
calculated by the accurate methods. To justify this hypothesis,
immobilizing 9-thiourea epiquinine in the 7.7 nm mesopore,
the transition states (S)-TS;-7.7 and (R)-TS;-7.7 are optimized
by the HF/6-31G(d):UFF method. The results show that the
geometries change trivially after HF/6-31G(d):UFF is
calculated; ie, N—H--O,N in (S)-TS;-7.7 bond lengths
change by <0.04 A, and bond angles change by <8° ; N—
H--O=C in (S)-TS;-7.7 bond lengths are 2.00 and 1.95 A
(2.06 and 2.09 A, respectively, by AM1:UFF). Furthermore, the
energy difference also changes only slightly. The energy gap
between (S)-TS;-7.7 and (R)-TS;-7.7 increases by 0.18 kJ/mol
after optimization by the HF/6-31G(d):UFF method, which is
very close to the energy calculated by the AM1:UFF method.
Thus, neither the structures nor free energies are sensitive to
the geometry optimization method. Because the semiempirical
AM1 method is much less CPU-demanding, we base our
further discussions only on the AMI1 method for QM
calculations. The transition state geometries were obtained by
the QST2 method. For the homogeneous system, the
semiempirical AM1 method was used. All calculations were
performed with the quantum chemical program packages
Gaussian 03.%

3. RESULTS

3.1. Catalysts Preparation and Characterizations. The
catalysts to be used here as model systems are 9-amino(9-
deoxy)epiquinine or 9-thiourea epiquinine immobilized at the
interior surfaces of mesoporous supports. The immobilization
has been achieved by the step-by-step covalent linking approach
shown in Figure 1.

The step-by-step fabrication of heterogeneous catalysts was
monitored by *Si and '*C CP/MAS solid-state NMR spectra,
FT-IR spectrum, N, adsorption—desorption experiments, XRD,
and element analysis techniques. To ensure the active centers
all anchored inside the mesoporous channels, the exterior
surfaces of the mesoporous supports were first sheltered with
—Si-(CHj;); moieties before exposure of the interior surfaces.

In the ¥Si CP/MAS NMR spectra shown in Figure 2, a
visible resonance at 14 ppm appears, which is absent for the
pristine mesoporous support. According to the previous
study,*® this resonance originates from the Si atoms in Si—
(CH,); grafted. The resonances at —90, —100, and —110 ppm
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Figure 1. 9-Amino(9-deoxy)epiquinine and 9-thiourea epiquinine
anchored inside the channels of the mesoporous supports.
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Figure 2. (A) *Si CP/MAS NMR spectra of (a) pristine, (b) exterior
surface-sheltered, and (c) —SH grafted samples; (B) '*C CP/MAS
NMR spectra of (a) exterior surface sheltered, (b) —SH grafted, (c) 9-
amino(9-deoxy)epiquinine-immobilized, and (d) 9-thiourea epiqui-
nine-immobilized samples.

associated with Q,, Q3, and Q, [Q, = Si(0Si),(OR),_,, n =2—
4] are observed. Although the CP technique is limited in a
quantification of peaks, the change of the peak intensities may
allow 7giving a trend of the condensation degree in this
work.*”*® The relative intensity of Q* at —110 ppm to Q’ at
—100 ppm presents a marked increase, and the resonance
intensity of Q* linkage decreases. With the following grafting of
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Table 1. Textural and Chemical Properties of Support Materials and Immobilized Catalysts

immobilized QN*

immobilized SQT?

pore size of pore
support* Sex d S, S S, size
{im) support  (m*/g)? (m’/g)° (m’/g) (m*/g) (nm)
4.7 sheltered 86 854 940 613 3.6
—SH 90 767 857
grafted
5.8 sheltered 46 448 494 184 4.9
—-SH 45 367 412
grafted
6.3 sheltered 42 468 510 167 5.4
—SH 38 268 306
grafted
7.3 sheltered 29 553 582
—SH 26 543 569
grafted
9.8 sheltered 60 422 482 255 8.0
—SH 60 352 412
grafted
10.7 sheltered 67 578 645
—-SH 70 389 459
grafted
11.3 sheltered 57 399 456
—-SH 61 372 433
grafted

content of pore content of density of
QN density of S, size SQT SQT
(mmol/g) QN (/nm?) (m?*/g) (nm) (mmol/g) (/nm?)
0.034 0.03 532 33 0.063 0.07
0.204 0.67
0.152 0.55 190 5.5 0.156 0.49
524 6.4 0.060 0.07
0.066 0.14
345 8.9 0.156 0.27
348 9.7 0.061 0.11

“QN: 9-amino(9-deoxy)epiquinine. "SQT: 9-thiourea epiquinine. “Sheltered support with —Si—(CH,);. 9S,,: specific areas of exterior surface. Sy

specific areas of interior surface. 75, =S, + Sy

mercaptopropylsilyl moiety, the relative intensity of Q* to Q*
further increases, and the Q® resonance becomes hardly
observed. Simultaneously, the resonances at —48, —56, and
—67 ppm associated with T;, T, and T; linkages (T, =
RSi(0Si),,(OCH;);_,,, m = 1-3) are well resolved, verifying
the anchor of mercaptopropyl groups to silica walls.

In the 'C CP/MAS NMR spectra (Figure 2), the
mesoporous support with exterior surface sheltered clearly
displays a resonance at 1.50 ppm, which originates from the
grafted Si—(CHj,);. The following modification with mercapto-
propyl groups gives rise to three new resonances at 10, 27, and
49 ppm, which is consistent with that previously resolved.*’
The resonances at 10 and 27 ppm are assigned to the Si—CH,—
and CH,—CH,—SH of the tethered mercaptopropyl moieties.
The resonance at 48 ppm arises from the residual methoxy
groups due to the incomplete condensation of 3-mercaptopro-
pyltrimethoxysilane. To make clear the location of grafted
mercaptopropyl moieties, a,-plot analysis®® has been performed
(see Table 1). In each case, the mercaptopropyl grafting causes
a marked decrease in the specific area of interior surface while
the specific area of exterior surface hardly changes. It confirms
that the grafting of mercaptopropyl groups has occurred only at
the interior surface, just as rationally predicted. According to
the calculations from the surface areas and the content of the
active centers, the distribution of the catalytic centers in the
support cavity can be obtained which supposes the active
centers exist as isolated single sites.

Reaction of the mercaptopropyl-modified mesoporous sur-
face with 9-amino(9-deoxy)epiquinine or 9-thiourea epiquinine
yields the immobilized catalysts. The introduction of catalytic
centers results in a decrease in the specific surface area. The
more the catalytic centers are incorporated, the more the
surface areas decrease (see Table 1), but all the resulting
heterogeneous catalysts retain the well-defined mesoporous
structure typical of long-range ordered hexagonal symmetry. In
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the XRD patterns (not shown here), well-resolved (100),
(110), and (200) reflections are clearly observed in all cases. In
the FT-IR spectra (see Figure 3), the IR absorption band at
2576 cm™, arising from S—H vibration, vanishes due to the
covalent combination of catalytic centers. The absorption band
at 1278 cm™ arises from the C=S bond vibration. The
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Figure 3. FT-IR spectra of (a) sheltered support, (b) grafted support,
and (c) immobilized 9-thiourea epiquinine.
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Table 2. Experimental Results for the Asymmetric Michael Addition Reaction of Nitromethane and Chalcone®

o

X +
CH;NO, ————>
O 0 2 Toluene, 303K

9-amino (9-de0xy) epiquinine

pore size (nm) conversion (%) yield (%) ee (%)
b 61 56 76 (S)
4.7 29 (25) 21 (18) 57 (54)
5.8 44 (43) 35 (32) 38 (33)
6.3 39 (34) 29 (25) 23 (21)
9.8 25 (24) 18 (15) 12 (10)

NO, o

®

9-thiourea epiquinine

pore size (nm) conversion (%) yield (%) ee (%)
b 71 64 94 (R)
4.7 25 (23) 22 (20) 75 (73)
6.3 66 (65) 63 (59) 93 (92)
7.3 63 (64) 59 (61) 85 (82)
10.7 61 (61) 58 (S8) 69 (65)
113 58 (56) 55 (53) 39 (38)

Reactlons were carried out with 4.0 mmol of nitromethane, 1.0 mmol of chalcone, and 10 mol % of catalytic site in 0.50 mL of toluene for 120 h.
Homogeneous catalysis. The figures in the parentheses are reproduced results.

Scheme 1. Competing Hydrogen-Bonding Activation Routes to the R and S Transition States

Route 1 Route 2
F3 F3
chiral chiral g chiral $ nggslld
9 thlourea ‘/é\ C /scaffold /é\ C /scaffold CF‘/(S\NH,C\N/SCTI\‘HOM NH,C\E'/ rl\l
H 4 B '
i S H J H
epiquinine LA - o o O0° i
9 : o N :
P S Copy, phCxAC :
chiral chiral chiral ch;al
ffold ffold scaffold
) N/sca o \N/sclaffold H‘N/Sca, o H.N/ i
9-amino BN YN g N g
: H H P H S H
(9-.deox.y) M A o b O‘N'—'d E
epiquinine > f‘;) / Q N e
&=F . C
Ph” Ph oS,
(R)-TS; (S)-TS, (R)-TS; (S)-TS:
absorption bands assigned to symmetric (§;) and asymmetric challenge to the heterogeneous enantioselective organo-
bending (§,,) vibrations of —CHj in —Si(CHj); grafted on the catalysis. For both catalytic moieties, a gradual improvement
exterior surface are observed at 1386 and 1456 cm™. The IR of enantioselectivity with constricted pore size is observed. It
bands at 1558, 1540, 1512, and 1473 cm™}, all originating from means the chiral induction has been recovered by the
the bone vibrations (vc—c) of aryl rings, and the *C restriction of organocatalytic moiety in mesoporous supports.
resonances at 33 (Si—(CH,);—S—CH,—CH,—); 50 (O-— The restriction by mesoporous channel makes a more positive
CH,); 26, 41, 5SS, 59 (quinidine); and 101, 121, 131, 143, impact on the asymmetric induction of 9-thiourea epiquinine
158 (aromatic carbons), all characteristic of 9-amino(9- than on 9-amino(9-deoxy)epiquinine. For 9-thiourea epiqui-
deoxy)epiquinine or 9-thiourea epiquinine, are clearly observed. nine, the enantiomer excess not only visibly increases with
3.2. Enantioselective Michael Addition between reduced pore size, but also reaches the level for a homogeneous
Nitromethane and Chalcone. The products of the counterpart (93% vs 94% ee) when the support pore size is
enantioselective Michael addition between nitromethane and reduced to 6.3 nm. That is, it is possible to achieve the
chalcone are useful intermediates for a variety of further confinement in the organocatalysis by rationally modulating the
elaborated structures, such as chlrsalls gmmocarbonyls, pyrroli- dimension of confined space, but when the pore size is further
dines, y-lactams, and y-amino acids.”>" Applied to the reaction, shrunk to 4.7 nm, the enantiomer excess is found to display a
the catalysts give varied enantioselectivities, depending on decrease instead (to 75% ee), suggesting that the confinement
either the pore size of the mesoporous support or the nature of requires an optimized spatial dimension.
the organocatalytic moiety. In a homogeneous system, 9-
amino(9-deoxy)ep%quinino catalyst prodoces an _enantiomer 4. DISCUSSION
excess of 76% with major S configuration, and 9-thiourea
epiquinine catalyst produces an enantiomer excess of 94% with 4.1. Theoretical Exploration of Favored Transition
major R configuration. The immobilization of either 9-amino(9- States. Cinchona-derived thiourea has been recognized as a
deoxy)epiquinine or 9-thiourea epiquinine results in a reduced bifunctional organocatalyst™ capable of activating simulta-
enantioselectivity, holding the same major configuration as neously both nucleophile and electrophile. In the Michael
homogeneous counterparts, as can be seen in Table 2. The addition reaction of nitromethane and chalcone, nitroalkane
experimental observations provide direct evidence for the great acts as a nucleophile, and chalcone acts as an electrophile. The
1122 dx.doi.org/10.1021/cs200588c | ACS Catal. 2012, 2, 1118—1126
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Figure 4. (a) Relative energy profile of competing hydrogen-bonding activation routes to R and § transition states and (b) computational models for

heterogeneous 9-thiourea epiquinine as examples.

activation is proposed to operate through two hydrogen-
bonding activation competitive routes (routes 1 and 2 in
Scheme 1). Route 1 represents nucleophile activation by the
protonated amine group and electrophile activation by the
thiourea moiety, and route 2 represents the opposite activated
mechanism. On the homogeneous 9-thiourea epiquinine, the
energy of the § transition state, which represents the transition
state leading to the S configuration product, is predicted to be
notably higher for both routes 1 and 2 than that of the R
transition state, which represents the transition state leading to
the R configuration product (Figure 4). In route 1, (S)-TS; is
11.67 kJ/mol less favored than (R)-TS;, whereas on the
alternative route, (S)-TS, is found to be 20.09 kJ/mol less
stable than (R)-TS,, so either pathway is predicted to lead to
the R major enantiomeric form. Experimentally, an enantiomer
excess of 94% with major R configuration has been observed.
The calculation results and experimental observations agree
well with each other. At the same time, (R)-TS, is predicted to
be 0.87 kJ/mol lower in energy than (R)-TS; (Figure 4).

The results suggest that, for the Michael addition reaction
catalyzed by homogeneous 9-thiourea epiquinine, route 2
represents an energetically preferred pathway to give the major
R configuration. A previous work based on density functional
theory calculation®* has indicated that the complex correspond-
ing to the coordination of the electrophilic species to thiourea is
less stable than the complex formed on the alternative route,
which is entirely consistent with our results.

For 9-amino(9-deoxy)epiquinine, the hydrogen-bonding
activation route 1 represents nucleophile activation by the
protonated amine group and electrophile activation by the
primary amine, and route 2 represents the opposite activated
mechanism, but another competitive activation model, enamine
activation, has to be taken into considerations,”>™> so the
energies of the transition states corresponding to both
activation models have been calculated. The enamine activation
is predicted to be notably higher in energy (2532.29 kJ/mol for
(R)-TS and 2545.95 kJ/mol for (S)-TS) than hydrogen-
bonding activation (2262.39 kJ/mol for (R)-TS; and 2250.32
kJ/mol for (S)-TS,; 2253.73 kJ/mol for (R)-TS, and 2251.89
kJ/mol for (S)-TS,). The results indicate that the hydrogen-
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bonding activation is energetically preferred to enamine
activation.

According to the calculation results on the catalysis of
homogeneous 9-amino(9-deoxy)epiquinine via hydrogen-bond-
ing activation (Figure 4), the energy of (R)-TS, which
represents the transition state leading to the R configuration
product, is notably higher in both hydrogen-bonding activation
routes. Either pathway is predicted to lead to the major S
enantiomeric form. For route 1, (R)-TS,; is calculated to be
12.14 kJ/mol less favored than (S)-TS;, and on the alternative
route, this gap decreases to 1.77 kJ/mol. (S)-TS, is calculated
to be 1.63 kJ/mol lower in energy than (S)-TS,. The results
suggest that, for the Michael addition reaction catalyzed by
homogeneous 9-amino(9-deoxy)epiquinine, the hydrogen-
bonding activation by route 1 is an energetically preferred
pathway to give the major S configuration. Experimentally, an
enantiomer excess of 76% with major S configuration has been
observed, which is consistent with the theoretical prediction
(Figure S), but the energy calculation based on the enamine
activation mechanism indicates that (R)-TS is 13.65 kJ/mol
more stable than (S)-TS, which is in contrast to the
experimental observation of S enantiomer excess.

4.2, Dependence of Transition States on the Pore
Size. The heterogeneous models are established as shown in

1004
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Figure S. Graph of experimental ee versus calculated values for the
reaction.
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Figure 4b to investigate the effects of immobilization on the
transition state energies. The calculated energies are also
summarized in Figure 4 (see Supporting Information Tables S3
and S4 for detailed optimal geometries). Immobilizing 9-
amino(9-deoxy)epiquinine in the support with a pore size of
7.0 nm, the energy gap between the R and S transition states in
route 1 is calculated to decrease from 12.14 to 7.14 kJ/mol,
representing a reduced ee value experimentally observed after
immobilization (Figure S). The energy gap between the R and
S transition states in route 2 increases from 1.77 to 5.42 kJ/mol,
but the heterogeneous 9-amino(9-deoxy)epiquinine still
produces a major S configuration via route 1, just as the
homogeneous counterpart. Immobilizing 9-thiourea epiquinine
in the 7.7 nm mesopore, the activation route is switched to
route 1 according to the calculation results on the transition
state energies, rather than route 2, which is favored in the
homogeneous system. Although the energy difference between
the S and R transition states in route 1 has been enlarged to
13.09 kJ/mol from 11.67 kJ/mol by the immobilization, it is
smaller than the energy gap of route 2 in the homogeneous
system, accounting for the reduction of ee experimentally
observed (Figure S).

The dependence of the transition state energy on the pore
size has been further explored in this work. As can be seen from
Figure 4, for the immobilized 9-amino(9-deoxy)epiquinine, the
energy gap between the R and S transition states in the
energetically favored route 1 increases by 1.66 kJ/mol when the
pore size is reduced from 7.0 to 5.0 nm. The enlarged energy
difference leads to an improved ee value, as observed in the
experiment. For the immobilized 9-thiourea epiquinine, the
energy gap between the S and R transition states increases by
3.19 kJ/mol when the pore size is reduced from 7.7 to 5.0 nm,
preserving route 1 as the energetically favored pathway. The
enlarged energy gap between S and R transition states accounts
for the enhanced ee value (Figure S). Further reducing the pore
size, for example, to 3.6 nm, the energy gap between S and R
transition states decreases instead to 12.82 kJ/mol, 3.46 kJ/mol
below the energy barrier between (S)-TS;-5.0 and (R)-TS;-5.0,
which accounts for the decreased ee value observed in the
experiment.

It should be pointed out that the modulation of pore size also
has an impact on the competitive route. For example, in the 9-
thiourea epiquinine systems, the reduction of pore size from 7.7
to 5.0 nm enlarges the energy difference between routes 2 and
1 from 6.05 to 14.10 kJ/mol, making route 2 less competitive.
The R and S transition states are reversed in energy for route 2
when the pore size decreases to 3.6 nm, accompanied by an
energy difference between the R and S transition states (13.86
kJ/mol), but no evidence directly illuminates whether the
energy gap between the two competitive activation routes
contributes to the enantioselectivity in that no switch of the
activation routes has occurred.

4.3. Hydrogen-Bonding between the Pore Wall and
Substrates Analyzed. As discussed above, the changes in the
energy gaps between the R and S transition states have well
explained the dependence of enantioselectivity on the pore size
in the heterogeneous organocatalysis via hydrogen-bonding
activation. This is supposed to be related virtually to the
hydrogen bonds between the pore wall and substrates. The
optimized hydrogen-bonding networks between the substrate
and the pore wall are illustrated in Tables 3 and 4 by using the
AM1 method. As can be explored from Table 3, decreasing the
pore size of heterogeneous 9-amino(9-deoxy)epiquinine
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Table 3. Optimized Hydrogen-Bonding Interactions
between Substrate and Pore Wall in the Catalysis of 9-
Amino(9-deoxy)epiquinine

Pore Interaction Hydrogen bond
. between -
size TS for favored route substrate and Distance Angle
(nm) pore wall range range
A) (degree)
S 3 2.61-2.73 124-137
7.0
R 3 2.52-3.04 113-125
f”i).;‘-‘,:"' )
525700
S s 2 2.65-291 122-124
5.0 :
. P
D :
Y .
R ety 3 3 2.81-3.12 102-104

catalyst from 7.0 to 5.0 nm breaks one hydrogen bond from
the pore wall to the substrate in the S configuration activation.
That is, there is one more hydrogen bond between the pore
wall and the substrate in (R)-TS;-5.0 than in (S)-TS;-5.0, but
the C—H--O—Si hydrogen bond in (S)-TS;-S.0 is stronger
than in (R)-TS;-5.0 (2.65 vs 2.81 A). So there is actually no
prominent difference between the interactions with pore wall
for both the R and S transition states. The results indicate the
influence of the shrunk pore size represents only a slight
increase in the energy difference between the S and R transition
states.

As can be explored from Table 4, reducing the pore size of
heterogeneous 9-thiourea epiquinine from 7.7 to 5.0 nm, the
hydrogen-bonding interactions of the substrate with pore wall
are strengthened for the R transition state. The C—H--O—Si
hydrogen bonds in (R)-TS;-5.0 increase to complex five from
simple three-dentate in (R)-TS;-7.7. The hydrogen bonds
between the substrate and the pore wall in (S)-TS;-5.0 seem no
different from (S)-TS;-7.7 and may lead to an enlargement of
the energy difference between the R and S transition states of
route 1. Further reduction of the pore size to 3.6 nm is
accompanied by the changes in the hydrogen-bonding
interactions between the substrate and the pore wall, as can
be seen in Table 4. The hydrogen-bonding interactions
between the substrate and the pore wall in (S)-TS;-3.6 turn
to a five-dentate hydrogen-bonding network, approaching the
same number as in (R)-TS;-3.6. This change in the hydrogen
bonds from the pore wall may further lead to a reduction in the
energy gap between (R)-TS;-3.6 and (S)-TS;-3.6. The
hydrogen-bonding interactions between chalcone and the
pore wall in the case of (S)-TS,-3.6 in route 2 change to five
C—H---O-Si bonds, but in the R isomer, there are still three,
reversing the relative energy for the R and S transition states.

It should be made clear that, although the polarizable

continuum models have been widely used to estimate the
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Table 4. Optimized Hydrogen-Bonding Interactions
between Substrate and Pore Wall in the Catalysis of 9-
Thiourea Epiquinine

Interaction Hydrogen bond
Pore
. between
size TS for favored route substrate and Distance Angle
(nm) pore wall N range range
A) (degree)
S 3 2.71-295 118-149
7.7
R 3 2.68-2.89 114-119
S 3 2.65-2.78 116-144
5.0
R 5 2.68-2.94 119-146
S 5 2.61-2.80 110-166
3.6
LW
R il x“* 5 2.69-3.10 108-114

solvation of the reaction components, their estimation for
hydrogen-bonded interactions always deviates notably from the
real ones.>* So in this work, toluene molecules were added into
the calculated model directly until the optimized energy
remained stable. According to the volume of heterogeneous
model (18 A x 18 A X 8 A) and the density and molecular
weight of toluene, the number of toluene molecules has been
estimated to be not more than 14. The calculation indicates the
energy surface turns to complanation when 10 solvent
molecules have been introduced (see Supporting Information
Figure S1). Taking route 2 in the catalysis of 9-thiourea
epiquinine as an example, it is found that the energy difference
between the R and S transition states in the system with
optimized solvent molecules (20.01 kJ/mol) is similar to that
without a solvent molecule (21.13 kJ/mol). Comparing the
energy of the heterogeneous system with the solvent molecules
in the optimized number and without solvent molecules
(54825.69 kJ/mol versus $4637.44 kJ/mol), it can be
concluded that the interactions between the support surface
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as host and the substrate molecules as guest prove the top
priority to the solvent effects. So our calculations and
discussions have all been carried out on the basis of gas-
phase energies.

5. CONCLUSIONS

In summary, cinchona alkaloid-derived 9-amino(9-deoxy)-
epiquinine and 9-thiourea epiquinine have been immobilized
at the interior surface of mesoporous hosts in this work to
explore the dependence of organocatalytic enantioselectivity on
the interaction between the substrate and the pore wall. With
rationally modulating the pore size of mesoporous hosts, it has
been demonstrated that the confinement can be experimentally
achieved in the heterogeneous Michael addition of nitro-
methane and chalcone. For 9-amino(9-deoxy)epiquinine,
enantiomer excess improvement has been observed with
constricted pore size. For 9-thiourea epiquinine, the enantio-
selectivity not only visibly increases with reduced pore size, but
also reaches the level for homogeneous counterpart when the
support pore size is reduced to 6.3 nm. Theoretical calculations
on the energy gaps between the R and S transition states have
well explained the dependence of enantioselectivity on the pore
size. For the Michael addition reaction catalyzed by 9-thiourea
epiquinine, the relative error between the computational and
the experimental ee values is lower than 25%. The optimized
hydrogen-bonding interaction analysis reveals that the hydro-
gen bonds between the pore wall and substrates modify the
energy gap between the S and R transition states or even switch
the competitive activation routes. The main findings of this
work are expected to extend the understanding of the essence
of confinement in asymmetric synthesis and further assist in
designing efficient enantioselective catalysts.
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