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s of rod-coil molecules inside
nanopores as efficient nanoreactors for asymmetric
synthesis†

Hui-Yu Zhao, Qing Xu, Gui-Lang Liu, Yi-Rong Pei* and Long Yi Jin *

An important subject of porous organic materials is their capacity to access enantioselectivity due to their

high surface area, controllable pore size, and ease of functionalization. However, recyclability of enantio-

separation is a challenge, mainly due to the complex procedures of recovery and refreshing from

enantiomers. For the first time, we combined nanochannel technology and supramolecular chiral

assembly to achieve efficient enantioselectivity. Fine-designed amphiphilic chiral rod-coil molecules 1–3

were immobilized to SBA-15 pore walls to form SA-M1–3 (abbreviation for amino-functionalized SBA-15

connected to molecules 1–3), which commenced chiral aggregation inside the channels. The

experimental results indicated that the strong p–p stacking interaction between the rigid terphenyl

groups, as well as hydrophilic–hydrophobic interaction of the amphiphiles, assisted in chiral arrangement

in aqueous solution, and was accompanied by amplification of chirality. As a result, porous chiral

channels exhibiting enhanced efficiency in asymmetric synthesis were manufactured, where

enantioselectivity can be controlled by the initial structural design of amphiphiles that induce chiral

aggregation behaviors. The chiral centers of SA-M1 and SA-M2 are located on hydrophobic and

hydrophilic coils, respectively, while SA-M3 possesses both chiral coils. The SA-M materials proceeded

with chiral aggregation and behaved efficiently for enantioselectivity. SA-M3, which contained the most

chiral centers, showed the most optimal enantioselectivity with an enantiomeric excess (ee) value up to

71.75%, which occurred because of the strongly driven chiral aggregation of the hydrophobic and

hydrophilic chiral coils. The covalent hybrid structures of the SA-M materials can be easily refreshed

simply through washing, and exhibited excellent recyclability with negligible loss of efficiency. Therefore,

the SA-M materials have the ability to provide sustainable and reliable application value for enantiomer

separation.
Introduction

Enantioselectivity is of great signicance for the life sciences,
pharmaceutical chemistry, and human health.1–4 In the current
era where food and drug safety is of great concern, research
related to enantioselectivity is very important. Recently, chiral
materials have rapidly been developed with outstanding appli-
cation prospects in the elds of enantio-separation5–9 and
asymmetric synthesis.10–16 Normally, enantioselective sites are
modied with chiral receptors, such as amino acids17,18 and
cyclodextrins,19,20 and their asymmetric synthesis is costly.21–23

Therefore, the preparation of functional chiral nanomaterials
from self-assembly has become a burgeoning topic for
improving enantioselectivity, because well-designed chiral
ration Centre for Experimental Chemistry

02, People's Republic of China. E-mail:
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14698
molecules can form ordered aggregates with advanced features
such as chiral transfer, amplication, and recognition.24–27

Amphiphilic molecules are known to effectively self-assemble
into various nanostructures in specic solvents. In our previous
work, we conrmed that implanting chiral centers into amphi-
philic rod-coil block molecules induces steric hindrance to the
molecular interactions, giving rise to various aggregation
morphologies.28–33 It was also found that chiral groups on
different sites of molecules lead to great changes in aggregation
behaviors.34,35 In detail, molecules with chiral groups on a rigid
site prefer twisting stacking mode to weaken the steric hindrance
of p–p packing interaction from overlap stacking mode.

The twisted assembly can effectively amplify chirality in an
orderly manner. Chiral groups on hydrophilic coil sites also
result in a relatively tight assembly mainly with twists, accord-
ing to hydrophilic–hydrophobic interaction. These chiral
amphiphiles self-assemble in aqueous solution, giving rise to
an enantioselective environment. Thus, the obtained chiral
aggregates exhibit obvious enantioselectivity in the process of
enantioseparation and asymmetric synthesis of small
© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules. However, the current issue is that the enantiomeric
excess (ee) value of asymmetric synthesis reactions still needs to
be improved. In addition, the advantage of aggregates as
a nanoreactor is not signicant, as the refresh process is indeed
cumbersome.35 Therefore, developing a simple, efficient, and
recyclable asymmetric synthesis system to enhance the catalytic
activity and structural stability of nanoreactors remains
a challenge.

As a well-known molecular sieve, SBA-15 possesses wide
application prospects in catalysis, separation, biology, and
nanomaterials due to its large specic surface area, uniform
pore diameter, and structural heat-resistant stability.36–43 For
chiral materials based on SBA-15, Liu et al. reported the modi-
cation of SBA-15 pore walls with chiral molecules for enantio-
separation,44 and simultaneously emphasized the importance
of pore size in improving the separation performance. However,
in their work, the ee value only reached 2.9% because the
separation process was mainly based on weak molecular inter-
action. Obviously, it is difficult to achieve high chiral selectivity
only through the interaction between small molecules. Based
on these current studies, we formulated an idea that chiral
aggregation in a conned space could improve enantiose-
lectivity, and for the rst time, we constructed an efficient
asymmetric synthesis nanoreactor by introducing an SBA-15
channel as the assembly space.

Thus, in this study, we designed a series of coil-rod-coil
molecules with shorter hydrophilic chains and lateral methyl
groups in either hydrophilic chains or hydrophobic chains, or
both hydrophilic and hydrophobic chains, which were con-
nected to the SBA-15 pore walls to form SA-M composites.
Structural characterization of the composites precisely pro-
ceeded, as well as analysis of chiral aggregation behaviors. The
structure of SA-M possesses a high pore volume with a rich S-
environment constructed from chiral assembly, providing
a nano chiral reactor. As expected, the obtained SA-M series
materials showed superior asymmetric synthesis in nucleo-
philic substitution synthesis of small molecules. These mate-
rials also exhibited good recyclability with almost negligible
errors. In this work, we fully demonstrate the potential appli-
cations of SA-M series materials, which provide a platform for
asymmetric synthesis and catalysis.

Results and discussion
Material design and synthesis

Amphiphiles with rigid blocks and exible coils self-assemble
into regularly packed aggregates through cooperation of p–p
stacking interactions and hydrophilic–hydrophobic interac-
tions. Furthermore, chiral amphiphiles carry on tilted stacking
to overcome steric hindrance from additional chiral groups,
which has been proven in previous studies.33,34 The chiral
aggregation generated amplied chirality and exhibited signif-
icant enantioselectivity in asymmetric synthesis. To achieve
a highly efficient enantioselective system with enhanced ee
value and recyclability, we conceived chiral assembly in the
conned pore space of SBA-15. In addition, the hydrophobic
environment inside the pore will be conducive to the reactivity,
© 2024 The Author(s). Published by the Royal Society of Chemistry
compared to the aqueous environment outside the hole. To
verify this hypothesis, as shown in Fig. 1, rod-coil amphiphilic
molecules 1–3 were graed onto modied mesoporous silica
SBA-APT (the abbreviation for SBA-15 modied with APTES (3-
aminopropyl triethoxysilane)) by covalent bond, resulting in
materials SA-M1, SA-M2, and SA-M3.

Rod-coil amphiphilic molecules 1–3 were designed and
synthesized with a triphenyl group as a rigid segment con-
necting hydrophilic/hydrophobic chiral coils, as shown in
Scheme S1.† The molecular structure was conrmed by 1H
nuclear magnetic resonance (NMR) spectroscopy and matter-
assisted laser desorption/ionization time-of-ight mass spec-
trometry (MALDI-TOF-MS), as shown in Fig. S1–S6.†
Structural characterization

For characterizing structural changes of nanochannels during
SA-M synthesis, we initially carried out N2 adsorption–desorp-
tion experiments for all the materials at 77 K, as shown in Fig. 2.
The N2 adsorption capacity was gradually decreased upon
surface modication of SBA-15 to SBA-APT. Further, molecules
1–3 were connected to SBA-APT and generated SA-M1, SA-M2,
and SA-M3, respectively, for which the adsorption tendency
showed a more signicant downward trend (see Fig. 2a and c).
In addition, typical type I and type IV gas adsorption isotherms
were observed, revealing microporous and mesoporous char-
acteristics according to the IUPAC classication.45 It can be
inferred that the channel type porous structure of SBA-15 is
maintained aer hybridizing with molecules.

The desorption curve lags behind the adsorption curve due
to the capillary condensation effect of the pore structure that
originated from the SBA-15 matrix structure. The BJH pore size
distribution shown in Fig. 2b and d shows that the pore size also
gradually decreased, but remained a uniform narrow distribu-
tion. All the results fully explain that molecules 1–3 were
successfully loaded inside the pores. In detail, the pore size
values of SA-M1, SA-M2, and SA-M3 were conrmed as 4.62,
4.62, and 4.40 nm from the Barret–Joyner–Halenda (BJH)
porosity analysis, and the mesopore volume values were 0.11,
0.06, and 0.12 cm3 g−1, respectively, which are 19.2, 9.9, and
20.0% relative to that of SBA-APT (see Table S1†).

To analyze the exact content of molecules 1–3 loaded inside
pores, thermogravimetric analysis (TGA) experiments were
conducted for the above materials. The TGA curves in Fig. 3a
clearly show weight loss and the corresponding temperatures.
The initial SBA-15 showed a total weight loss of 1.6%, which
should be attributed to the evaporation of gases (air) and water
molecules adsorbed onto the surface, as well as the dehydration
of –OH groups on the surface of silica within the full tempera-
ture range of room temperature to 873 K.44,46 The total weight of
SBA-APT was decreased to 90.3%, possibly due to the thermal
decomposition of APTES in the pores. In the case of SA-M1, SA-
M2, and SA-M3, there was a considerable decrease in the nal
weight values compared to the intermediate SBA-APT, which
was attributed to the graed block molecule 1–3. The molecular
content was calculated to be 12.7%, 16%, and 14.5%, for SA-M1,
SA-M2, and SA-M3, respectively.
Chem. Sci., 2024, 15, 14692–14698 | 14693
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Fig. 1 Schematic illustration of preparation routes for SA-Mmaterials, and detailed structures of amphiphilic rod-coil molecules 1–3 covalently
bonded to the pore walls.

Fig. 2 (a) N2 adsorption–desorption isotherms and (b) pore size
distribution of SBA-15 and SBA-APT. (c) N2 adsorption–desorption
isotherms and (d) pore size distribution of SA-M materials.
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SA-M2 showed the maximum weight loss, which can be
explained from molecular aggregation behaviors inside pores.
As shown in Fig. 1, there was no methyl side group on the
hydrophobic chain for molecule 2, and a relatively small cross-
sectional area was exhibited among the three. Thus, there was
low steric hindrance during the aggregation process for mole-
cule 2, resulting in a packed arrangement inside pores to form
SA-M2. Therefore, SA-M2 accommodated more loading. This
phenomenon was in agreement with the N2 adsorption results
in which SA-M2 accommodated the least porosity, indicating
that the pores were greatly occupied.

According to TGA verication, signicant weight loss of the
SA-M materials occurred above 623 K (350 °C), suggesting that
14694 | Chem. Sci., 2024, 15, 14692–14698
molecules 1–3 were stably bonded to the matrix. To further
demonstrate the successful synthesis of the SA-M materials,
their detailed chemical structures were characterized by
infrared spectroscopy (see the FT-IR spectra in Fig. 3b). For the
initial SBA-15 matrix, we observed a strong and broad absorp-
tion band at 1095 cm−1 that was attributed to the Si–O–Si anti-
symmetric stretching vibration, with the peak at 968 cm−1 as
the Si–OH bending vibration, and the peaks at 805 cm−1 and
466 cm−1 as the Si–O bond symmetric stretching vibration. The
broad peak at 3450 cm−1 and the peak near 1638 cm−1 were
attributed to the OH anti-symmetric stretching vibration of SA-
M and the H–O–H bending vibration, respectively.

Aer APTES graing, we observed several signicant
changes: the vibration peak intensity of silanol at 968 cm−1

weakened, conrming the consumption of Si–OH through
APTES silanization, which indicated successful graing of
APTES. The new peaks at 2860–2960 cm−1 and 1380–1430 cm−1

were attributed to the stretching vibration of the organic
molecular units methyl and methylene and the deformation
vibration of methyl, respectively.44 The above analysis indicates
that the SA-Mmaterials contain SBA-APT and organic molecular
structural units. In addition, the N–H stretching vibration and
N–H bending vibration of secondary amine were observed at
3450 and 1660 cm−1, respectively, and originated from reaction
between –NH2 of SBA-APT and –CHO of molecules 1–3. The
above analysis indicates that SBA-APT materials are connected
to organic block molecules 1–3 through C–N bonds, and the SA-
M materials were successfully obtained.

Fig. 3c shows the small angle X-ray scattering (SAXS) pattern,
and for all the materials, three signicant scattering peaks were
observed, which were indexed as (100), (110), and (200) reec-
tions of two-dimensional symmetry (p6mm). These results
indicate that all samples possess a clear hexagonal mesoporous
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TGA graph, (b) FT-IR spectra, and (c) SAXS patterns for SBA-15, SBA-APT, and SA-M materials.
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structure.47 More importantly, these hexagonal ordered pore
structures remained upon modication and further reaction,
illustrating that molecules 1–3 were regularly bonded inside the
pores, which was consistent with N2 adsorption and the FT-IR
results mentioned above. Moreover the gradual decrease in
scattering intensity of these three peaks was attributed to the
difference in scattering contrast between pores and walls, as
well as the inuence of organic groups on the surface of
nanochannels.

Microstructures of SBA-15, SBA-APT, and SA-M materials
were further identied through transmission electron micros-
copy (TEM) experiments, as shown in Fig. 4 and S7.† Parallel
channels and hexagonally arranged pores can be clearly
observed for all the materials, and were attributed to the (110)
and (100) directions of the p6mm phase, respectively, which are
consistent with the results of the SAXS study. These arrays are
distributed along the same parallel direction and are assembled
perpendicular to their hexagonal pore arrangement. In addi-
tion, we marked lattice fringes and measured intervals, as
shown in Fig. 4, which were in agreement with the N2
Fig. 4 Negative-stained TEM images of (a) SBA-APT, (b) SA-M1, (c) SA-
M2, and (d) SA-M3 with lattice fringes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorption results, displaying approximately 10 nm intervals on
the (100) plane.

The morphology was also observed by scanning electron
microscopy (SEM), as shown in Fig. S8.† Mesochannels on the
surface are clearly displayed for SBA-15, and the pore arrays of
longitudinal nanochannels are arranged at equal intervals for
all the samples. In the case of the SA-M materials, the channels
were partially occupied and exhibited relatively blurry stripes.
These phenomena can be attributed to the high molecular
content of small molecules up to 16%, as characterized by TGA.

Co-assembly behaviors with achiral molecules

Similar rod-coil molecules with chiral side groups, which were
studied in our previous work, can self-assemble into nanobers,
nanotubes, and nanosheets via slight changes of the molecular
structures for nanoreactors. The experimental results showed
that the assemblies exhibited signicant circular dichroism
(CD) adsorption due to the chiral aggregation.34,35 Based on the
structural characterization of the SA-M series materials, we
focused on the chiral assembly behavior of molecules 1–3 inside
the conned pores. As shown in Fig. 5, weak CD signals were
exhibited at approximately 350 nm for SA-M in aqueous solu-
tion, which is in agreement with the UV absorption wavelength
shown in Fig. S9,† and suggests the presence of the chiral
assembly of the organic molecules inside the channel.

To characterize the chiral aggregation inside the pores, we
introduced 7-(diethylamino)coumarin-3-carboxylic acid N-suc-
cinimidyl ester (DCCS), an achiral molecule, into the system as
an intermediate for signal conversion to analyze the co-
aggregation behavior with SA-M. Upon the addition of DCCS,
a new strong absorption peak was generated at 445 nm, which
was consistent with the UV absorption peak position of DCCS
(see Fig. S10†). Because DCCS is an achiral molecule, the cor-
responding CD signal resulted from chiral transfer from chiral
aggregation inside the pores, as shown in Fig. 5d.

To further verify this, we replaced the aqueous solvent with
pure THF under the same concentration, for which no signi-
cant absorption was found, as shown in Fig. S11.† On the
subject of chirality transfer, it required very close distance and
an adapted arrangement between the subject and object.48 An
effective chirality transfer can only occur under assembly
Chem. Sci., 2024, 15, 14692–14698 | 14695
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Fig. 5 (a–c) CD spectra of SA-M materials before and after co-
assembly with DCCS in H2O/THF (v/v = 9/1). (d) Schematic repre-
sentation of chiral transfer through co-assemblies.
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conditions for the SA-M molecular system. In organic solvents,
amphiphilic molecules are dissolved into a relatively free state
compared with aqueous environments, which would only
weakly enable chiral transfer. Based on the above results, we
conrmed the chiral self-assembly behavior in the pores of SA-
M, which is consistent with our expected results.
Nanoreactors with enantioselectivity in nucleophilic
substitution

Based on the research results above, we attempted to apply SA-
Mmaterials as enantioselective nanoreactors in the asymmetric
synthesis of small molecules. SA-Mmaterials were composed of
SBA-APT pores and chiral amphiphilic rod-coil molecules con-
nected by covalent bonds.

Chiral assemblies inside the conned pores would promote
selective capillary adsorption effects and provide an S- or R-
Fig. 6 Schematic illustration of the asymmetric nucleophilic substitution
nanoreactors.

14696 | Chem. Sci., 2024, 15, 14692–14698
environment for asymmetric synthesis. To verify this hypoth-
esis, we chose the nucleophilic substitution reaction between p-
methylbenzenesulfonyl chloride (TsCl) and 1-methoxypropane-
2-ol (PM) as the model reaction to estimate the capacity of
enantioselectivity in nucleophilic substitution (see Fig. 6). The
two reactants were added to a THF/H2O (v/v = 1/9) solution
containing SA-M, to which pyridine was added as a base cata-
lyst. The system was then stirred overnight at room temperature
to synthesize asymmetric 1-methoxypropan-2-yl-4-
methylbenzene sulfonate (PM-Ts).

The molecular weight of the obtained product PM-Ts was
conrmed by HPLC-MS analysis, as shown in Fig. S12.†
Subsequently, to determine and evaluate the enantioselectivity
of SA-M materials, chiral HPLC determination was carried out
to analyze the enantiomeric purity according to the experi-
mental conditions and analytical methods previously re-
ported.34,35 HPLC analysis for the target products in Fig. 7a
indicated that all the SA-M materials exhibited S-preferred
synthesis with ee values of 37.82%, 62.24%, and 71.75% for SA-
M1, SA-M2, and SA-M3, respectively. SA-M provided a hydro-
phobic environment inside the pores compared to the external
aqueous solution, which was favorable for the hydrophobic
molecule TsCl and pyridine to enter inside the pore. Addition-
ally, S-PM would take priority over R-PM in entering the pores,
due to the S-type chiral coils of rod-coil molecules, which is
conducive to adsorption of S-PM.35 Thus, it tended to produce S-
preferred synthesis, with ee values up to 72%.

The ee value can be determined by the degree of chiral
aggregation. SA-M3, which contains six chiral centers per
molecular portion, proceeded to conduct maximum chiral
assembly, and efficient enantioselectivity resulted among the
three. There was a certain impact of the loading amount of
chiral molecules on the results for SA-M2. For SA-M1, hydro-
phobic chiral groups bulked the cross-sectional area of rods,
which hindered the p–p stacking of terphenyl groups, while SA-
M2 and SA-M3 containing hydrophilic chiral coils on the end
reaction between PM and TsCl in the presence of SA-M materials as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Chiral HPLC chromatograms of the nucleophilic substitution
reaction between PM and TsCl: results from racemic PM in the pres-
ence and absence of SA-M materials; (b) cycles of asymmetric
synthesis.
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position behaved with magnied chirality as well as higher
enantioselectivity.

Consequently, SA-M3 contained the most chiral centers, and
showed stronger enantioselectivity through the synergistic
effects of hydrophobic–hydrophilic and p–p stacking interac-
tions. It is worth noting that the graed porous materials exist
in a precipitated form in solution and can be reused aer
simple ltration. To verify the recyclability of SA-M materials,
we refreshed the precipitates (SA-Mmaterials) through washing
and ltering to conduct repeated experiments. Taking SA-M1 as
an example, the ee values obtained from the three repeated
experiments were 37.82%, 35.98%, and 37.78%, with
a maximum error less than 2%, which demonstrated the
possibility of effective practical application (see Fig. 7b and
S13†).

Compared with the previously reported catalysts for asym-
metric nucleophilic substitution reactions of small molecules,
the SA-M materials possessed advanced properties, as summa-
rized in Table S2.† The catalytic activity of the SA-M material
was signicantly improved, with an ee value of 71.75%. Because
the chiral aggregation occurred within nanochannels, the
conned chiral environment led to superior catalytic activity:
capillary condensation as well as the hydrophobicity inside
© 2024 The Author(s). Published by the Royal Society of Chemistry
pores prompted small molecules to enter the nanoreactor.
Additionally, the S-PM prioritized due to the enantioselectivity
of the S-aggregates. Compared with pure organic aggregates,
covalently bonded SA-Mmaterials can maintain a stable porous
chiral structure in various solvents and at a certain higher
temperature with an efficient, environmentally friendly recy-
cling performance through a simple washing process.

Conclusions

In summary, we successfully synthesized SA-M materials con-
taining amphiphilic chiral rod-coil molecules covalently
bonded to modied SBA-15 pore walls, and demonstrated chiral
assembly behavior inside pores. Due to the excellent selectivity
of the SA-M series materials towards enantiomeric compounds,
these materials were applied as enantioselective nanoreactors
for asymmetric synthesis of small molecules. There was
amaximum ee value of 71.75% for the nucleophilic substitution
reaction between p-methylbenzenesulfonyl chloride and 1-
methoxypropane-2-ol. These materials also exhibited good
durability and recyclability, with a maximum error of less than
2% aer three cycles of reuse, which is important in practical
applications. Therefore, our research results can provide an
important porous materials platform for chiral asymmetric
synthesis.

Experimental
Synthetic method for materials SA-M1–3

Amphiphilic block organic molecules 1, 2, and 3 were synthe-
sized by the well-known Suzuki coupling reaction (see Scheme
S1†). SBA-15 was surface functionalized with 3-amino-propyl
triethoxysilane to produce SBA-APT with sufficient amino
groups on the pore walls. Taking the synthesis of SA-M1 as an
example, molecule 1 (0.36 g) was dissolved in 50 mL of ethanol
solvent and placed in a 100 mL one-neck round-bottom ask
together with SBA-APT (0.127 g). Then, it was reuxed for 24 h,
followed by concentrating and re-dissolving in 50 mL mixed
solvent of methanol : dichloromethane = 1 : 1 for the net
reduction reaction. In an ice bath, 0.075 g NaBH4 was added,
and the solution was stirred for 12 h. The residue was washed
with ethanol 3 times, and subsequently freeze-dried for 12 h,
producing the SA-M1 nal material. The synthetic methods for
SA-M2 and SA-M3 are similar to that of SA-M1.
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The data supporting this article have been included as part of
the ESI.†
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