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ABSTRACT: The development of efficient heterogeneous catalysts with multi-
selectivity (e.g., enantio- and chemoselectivity) has long been sought after but with
limited progress being made so far. To achieve enantio- and chemoselectivity in a
heterogeneous system, as inspired by enzymes, we illustrate herein an approach of
creating an enzyme-mimic region (EMR) within the nanospace of a metal−organic
framework (MOF) as exemplified in the context of incorporating a chiral frustrated
Lewis pair (CFLP) into a MOF with a tailored pore environment. Due to the high
density of the EMR featuring the active site of CFLP and auxiliary sites of the hydroxyl
group/open metal site within the vicinity of CFLP, the resultant EMR@MOF
demonstrated excellent catalysis performance in heterogeneous hydrogenation of α,β-
unsaturated imines to afford chiral β-unsaturated amines with high yields and high
enantio- and chemoselectivity. The role of the hydroxyl group/open metal site in
regulating chemoselectivity was proved by the observation of a catalyst−substrate
interaction experimentally, which was also rationalized by computational results. This
work not only contributes a MOF as a new platform for multiselective catalysis but also opens a promising avenue to develop
heterogeneous catalysts with multiselectivity for challenging yet important transformations.

■ INTRODUCTION
Selective catalysis has long been a topic in the chemistry
research field.1,2 Continuous efforts have been devoted to
mimic enzymes, the most sophisticated catalyst created by
Nature that features high specificity, high selectivity, and high
efficiency.3−10 The intrinsic strong chirality of enzymes
bestows them with high enantioselectivity in chemical
transformations, and the auxiliary groups in the vicinity of its
active center can regulate other selectivity (e.g., chemo-
selectivity) through second-sphere interactions.11−14 Great
progress has been made in mimicking enzymes for selective
catalysis in homogeneous systems.3−6 However, achieving
multiselectivity simultaneously (e.g., enantio- and chemo-
selectivity) remains very challenging for heterogeneous
catalysis.7−10

Metal−organic frameworks (MOFs) have recently been
extensively explored as a new class of heterogeneous
catalyst;15−24 their tunable structures and tailorable pore
environments25,26 also provide new opportunities for selective
catalysis.27−30 Although rapid development has been witnessed
in the construction of chiral MOFs for enantioselective
catalysis,31−40 the combination of enantioselectivity with
other selectivity (chemoselectivity) is still elusive, particularly
for some important reactions in industry like hydrogenation.
To realize heterogeneous enantio- and chemoselective hydro-

genation, as inspired by enzymes, we propose to create an
enzyme-mimic region (EMR) within the nanospace of a MOF
(EMR@MOF) by grafting a chiral frustrated Lewis pair
(CFLP) onto the MOF pore wall and tailoring the vicinity of
CFLP with some auxiliary sites (ASs) (Scheme 1); the chirality
nature of CFLP can impart enantioselectivity, and the ASs may
regulate chemoselectivity via preferable binding of certain
bonds in the substrate reminiscent of enzymes. With a high
density of EMR within the confined pore space of a MOF, high
yields can be anticipated for hydrogenation reactions in
addition to high enantio- and chemoselectivity. Indeed, such
an EMR@MOF demonstrated excellent performance in the
heterogeneous enantio- and chemoselective hydrogenation of
α,β-unsaturated imines to afford chiral β-unsaturated amines
under mild conditions.
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■ RESULTS AND DISCUSSION
Chiral β-unsaturated amines are the key intermediates for
synthesizing chiral β- and γ-amino compounds that account for
a substantial proportion of agrochemicals and active
pharmaceutical ingredients (Scheme S1).41−46 Currently,
chiral β-unsaturated amines are obtained in homogeneous
systems by asymmetric amination of functional alkenes,47

allenes,48 alkynes,49,50 and internal dienes,51,52 in which regio-
and enantioselective C−N bond establishment is driven by
chiral noble-/transition-metal (Ru, Pd, Au, etc.) complex
catalysts or via building a new C−C bond adjacent to the
amino group with the assistance of highly active butyllithium
reagents for dehydrogenation.53,54 Some issues associated with
those homogeneous catalysts such as the high cost of noble-
metal complexes, difficulty in catalyst/product separation, and
inability to recycle catalysts spur the development of a new and
more efficient approach for the synthesis of chiral β-
unsaturated amines, which we envision can be achieved via
enantio- and chemoselective hydrogenation of α,β-unsaturated
imines by an EMR@MOF based on chiral frustrated Lewis
pair@MOF in a heterogeneous manner. Frustrated Lewis pairs
(FLPs) have been widely investigated as a new class of
hydrogenation catalyst,55−61 and asymmetric hydrogenation
has also been successfully implemented with chiral FLP
(CFLP) catalysts,62−64 but enantio- and chemoselective

hydrogenation of α,β-unsaturated imines has not been
reported for FLP-based systems. To create EMR in an MOF
for heterogeneous enantio- and chemoselective hydrogenation
of α,β-unsaturated imines, we anchor the CFLP to the open
Cr(III) sites in the secondary building unit Cr3(μ3-O)-
(COO)6(OH) of the dehydrated MOF MIL-101 (Cr);65

during hydrogenation, the CFLP can transfer chirality to the
substrate while the hydroxyl on the second Cr(III) site or the
remaining third open Cr(III) site can preferably interact with
the imine bond (i.e., lower activation energy) over a carbon−
carbon double bond in the substrate, thus realizing both
enantio- and chemoselectivity similar to those of an enzyme
(Figure 1).
Before incorporating CFLPs into MIL-101 (Cr), we first

assess the ability of four newly designed CFLPs for H2
activation via computational studies to estimate the thermody-
namic and kinetic Gibbs free energy of this process at room
temperature using the equation ΔG = ΔG([NH]+[BH]−) −
ΔG(N···B) − ΔG(H−H) (Figure S1). The obtained positive
kinetic ΔG values indicate the feasibility of H2 activation by
CFLPs; meanwhile, the resulting thermodynamic ΔG values
follow an order of CFLP4 < CFLP3 < CFLP2 < CFLP1,
suggesting the H2 activation capability order of CFLP4 >
CFLP3 > CFLP2 > CFLP1. As a note, the single-point energy
calculation was conducted with a solvation correction (based
on the gas-phase optimized geometries) to closely simulate the
solvent effect of a real reaction using the M06 method in
conjunction with the SMD solvation model in solvent
(toluene). CFLPs were incorporated into MIL-101(Cr) at
different amounts (0.5, 0.75, and 1.0 mmol/g), and the
afforded catalysts were labeled in general as CFLPx-y@MIL-
101(Cr) (x and y are the category and loading amount of
CFLPs, respectively).
The computational calculations suggested CFLP4 to be the

most active for H2 activation among the four newly designed
CFLPs, and subsequent characterizations and catalysis
investigations were focused on CFLP4 and CFLP4-0.75@
MIL-101(Cr). The loading amount of CFLP4 in CFLP4-
0.75@MIL-101(Cr) was confirmed by elemental analysis
(Table S1) and nuclear magnetic resonance (NMR) (Figure
S2). Powder X-ray diffraction (PXRD) analysis suggested that
the prepared CFLP4-0.75@MIL-101(Cr) catalyst retained the
crystallinity of pristine MIL-101(Cr) (Figure S3), confirming
the preservation of the framework integrity. Fourier transform
infrared spectroscopy (FTIR) spectra of CFLP4-0.75@MIL-

Scheme 1. Schematic Illustration of Creating an Enzyme-
Mimic Region in the Nanospace of MOF

Figure 1. Schematic illustration of preparing EMR@MIL-101 for enantio- and chemoselective hydrogenation of α,β-unsaturated imine. Color code
in the structures: gray, C; blue, N; red, O; white, H; green, Cr.
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101(Cr) showed the existence of both CFLPs and MIL-
101(Cr) signals (Figures S4−S8), indicating the successful
integration of these two components. Further analysis of the
C−H stretching vibration of CFLP4-0.75@MIL-101(Cr)
revealed the red shift around 3000 cm−1 as compared with
CFLPs, suggesting the formation of FLPs.27 N2 isotherms at 77
K measured for CFLP4-0.75@MIL-101(Cr) and MIL-101(Cr)
indicated a decrease in the Brunauer−Emmett−Teller (BET)
surface area after the introduction of CFLP4 into MIL-
101(Cr) from 3268 m2/g for MIL-101(Cr) to 1382 m2/g for
CFLP4-0.75@MIL-101(Cr), whereas the pore size distribu-
tions remained mainly distributed in the range of 1−3 nm,
indicative of well-preserved porosity and minimal pore
blockage after CFLPs introduction (Figures S9 and S10).
CFLP4-0.75@MIL-101(Cr) is thermally stable up to 200

°C, as suggested by thermogravimetric analysis (TGA)
(Figures S11−S14). The 1H NMR spectra of digested
CFLP4-0.75@MIL-101(Cr) attest to the existence of a chiral
Lewis base (Figure S15). Scanning electronic microscopy and
transmission electronic microscopy images showed the
octahedral morphology of CFLP4-0.75@MIL-101(Cr) with a
particle size of ca. 200 nm (Figure 2a,b). The high-angle

annular dark-field scanning transmission electron microscopy
and energy dispersive spectrometer elemental mapping images
clearly displayed the existence and distribution of Cr, C, N, B,
and F elements in CFLP4-0.75@MIL-101(Cr) (Figure 2c−h),
which further verified the presence and dispersion of CFLPs
within MOFs. Likewise, the X-ray photoelectron spectroscopy
(XPS) data confirmed the signals of Cr, C, N, O, B, and F
elements (Figure S16) in CFLP4-0.75@MIL-101(Cr). Closer
inspection of the Cr 2p3 binding energy in CFLP4-0.75@MIL-
101(Cr) revealed an entire 0.5 eV shift compared to MIL-
101(Cr) due to the coordination of amines to Cr open sites
(Figure S17), which is consistent with the FTIR results.
For the optical property of chiral (R and S)-2,5-dihydro-3,6-

dimethoxy-2-isopropylpyrazine (N4) and CFLP4-0.75@MIL-
101(Cr), they displayed reversal signals in the range of 2800−
3000 cm−1 (Figure 3), as examined by vibrational circular
dichroism (VCD), because of their C−H vibration in the
investigated range and different discrimination capacity toward
circularly polarized light.
All the prepared catalysts were then examined for catalytic

performance in enantio- and chemoselective hydrogenation of
α,β-unsaturated imines with isolated yields and enantiomeric
excess (ee) values as summarized in Tables 1 and 2 and Tables
S2−S4. Unless otherwise mentioned, all of the chiral catalysts

were in an R configuration. In the context of catalysis, pristine
MIL-101(Cr) could not induce the reaction because it is
catalytically inert to H2 (Table 1, entry 1). On the contrary,
CFLP4 itself could realize the hydrogenation of the substrate
in a nearly full conversion, validating it as a good catalyst for
hydrogenation, but the resultant product was a mixture owing
to simultaneous C�C and/or C�N hydrogenation, with a
yield of 50% and an ee value of 65% for the target product
(Table 1, entry 2). To our delight, CFLP4-0.75@MIL-101(Cr)
afforded a substantially higher yield (95%) and ee value (88%)

Figure 2. Scanning electronic microscope image (a), transmission
electronic microscope image (b), high-angle annular dark-field
scanning transmission electron microscopy image (c), and elemental
mapping images (d−h) of CFLP4-0.75@ MIL-101(Cr).

Figure 3. VCD spectra of chiral N4 (2,5-dihydro-3,6-dimethoxy-2-
isopropylpyrazine) (a) and CFLP4-0.75@MIL-101(Cr) (b).

Table 1. Optimization of Enantio- and Chemoselective
Hydrogenation with CFLPx-y@MIL-101(Cr)

aUnless otherwise stated, the reaction proceeded under the following
conditions: 3 mL dry solvent, 20 mg catalyst (7.5 mol %), 0.2 mmol
substrate, and 40 bar H2, 48 h at room temperature. The yield was
determined by the weight of the isolated product, and the ee value
was determined by HPLC. The corresponding NMR spectroscopy
and HPLC results of products are provided in the Supporting
Information. bCFLP4-0.75@MIL-101(Cr) of S configuration. cMesB-
(C6F5)2 was replaced by BCF.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.3c00637
ACS Cent. Sci. 2023, 9, 1692−1701

1694

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Table 1, entry 3) compared with those of MIL-101(Cr) and
the molecular CFLP4 catalyst. Mechanically mixing MIL-
101(Cr) and CFLP4 only led to catalysis performance similar
to that of CFLP4 (Table 1, entry 4), underscoring the crucial
role of the tailored local environment in MIL-101(Cr) in
promoting both enantio- and chemoselectivity. Loading
CFLP4 of the S configuration into MIL-101(Cr) afforded a
comparable yield (94%) but reversal of enantioselectivity
(−87% ee), which indicates the general chiral induction of
CFLP4-0.75@MIL-101(Cr) (Table 1, entry 5). The observed
substantial enhancement of catalysis performance for CFLP4-
0.75@MIL-101(Cr) as compared with the molecular CFLP4
catalyst can be ascribed to the high density of EMRs created
within MIL-101(Cr), where the high local concentration of
CFPL4 molecules facilitates chiral induction, thereby boosting
enantioselectivity, and the open Cr(III) sites and the hydroxyl
groups preferably interact with the imine bond, thus promoting
the C�N chemoselectivity during hydrogenation. In the
investigation of how the Lewis acidity of boron compounds
influences the catalysis performance, CFLP4-0.75(BCF)@
MIL-101(Cr) with tris(pentafluorophenyl)borane (BCF)64

instead of MesB(C6F5)2 (Table 1, entry 6), showed a much
lower yield of 50% and ee value of 78%, because the BCF with
a stronger Lewis acidity than MesB(C6F5)2 can afford higher
activity66 of the resultant CFLP which leads to the hydro-
genation of C�C and C�N simultaneously and thereby a
much lower selectivity.
The effect of EMR density on the catalysis performance was

investigated by adjusting the loading amount of CFLP4 into
MIL-101(Cr). Reducing the CFPL4 loading amount from 0.75
to 0.5 mmol/g led to a notable decrease in catalysis
performance with a smaller yield of 81% and lower ee value
of 80% (Table 1, entry 7), which can be attributed to fewer

CFLP4 hydrogenation active sites within the MOF. Increasing
the CFLP4 loading amount to 1.0 mmol/g resulted in an even
more significant decline in the yield (76%) and ee value (72%)
(Table 1, entry 8), which can be presumably due to the fact
that the excess loading sacrifices the needed free space for mass
transfer and adjustment of the optimal molecular config-
uration. The influence of the solvent on the catalysis
performance of CFLP4-0.75@MIL-101(Cr) was also exam-
ined. Among the three commonly used solvents of CH2Cl2,
toluene, and CH3CN, toluene afforded the best performance.
When using CH2Cl2 as the solvent, substantially poorer
performance was obtained with only a 62% yield and 54% ee
value (Table 1, entry 9), which can be ascribed to the poor
solubility of substrates in CH2Cl2. A slightly higher yield (97%)
was achieved when CH3CN was used as the solvent (Table 1,
entry 10), but a much lower ee value (47%) was observed
stemming from the formation of achiral FLPs between CH3CN
and BCF.67 The heterogeneous nature of CFLP4-0.75@MIL-
101(Cr) was verified by a leaching test (Figure S18) and the
fact that it exhibited no notable decrease in catalysis
performance (Figure S19) in a 5-cycle reuse test with well
maintained crystallinity (Figure S20), porosity (Figure S21),
and composition (Figures S22 and S23), highlighting its
superior reusability and regenerability compared with its
homogeneous counterpart. The catalysis performances of
EMRs based on the other three newly designed CFLPs with
the same optimal loading amount of 0.75 mmol/g in MIL-
101(Cr) were also assessed (Table 1, entries 11−13).
Compared with CFLP4-0.75@MIL-101(Cr), CFLP1-0.75@
MIL-101(Cr), CFLP2-0.75@MIL-101(Cr), and CFLP3-
0.75@MIL-101(Cr) exhibited moderate to good catalytic
performance with respective yields of 76%, 81%, and 87%
and ee values of 62%, 72%, and 81%, which were in line with
the computational calculation results.
The above results clearly illustrated that enantio- and

chemoselective hydrogenation can be achieved simultaneously
in the heterogeneous system via creating EMR within an MOF,
and the catalysis performance of EMR@MOF can be readily
tuned by simply changing the density and type of EMR.
Given the superior catalysis performance of CFLP4-0.75@

MIL-101(Cr), the scope of substrates in chemo- and
enantioselective hydrogenation was expanded. Substrates
with different N-substitution from the phenyl group to tert-
butyl or cyclohexyl could be converted to target products in
comparable yields and ee values (Table 2, entries 1−3). On
changing the α-substitution of α,β-unsaturated imine from
methyl to isopropyl or phenyl, a slight decrease in catalysis
performance (Table 2, entries 4 and 5) was observed, which
could be attributed to the increasing steric hindrance at C�N
that makes it less efficient to approach active sites. Similarly,
the introduction of a methyl group on both sides of α-N
positions led to reduced catalysis performance (Table 2, entry
6). In addition, bromo-substituted substrates exhibited
compatible yields (93%, 95%) and ee values (81%, 86%)
(Table 2, entries 7 and 8). Furthermore, substrates with an
electron-donating group (−OCH3) could also be transformed
to the target products in good yields and ee values (Table 2,
entries 9 and 10). All these results showcased CFLP4-0.75@
MIL-101(Cr) as an excellent heterogeneous catalyst for
enantio- and chemoselective hydrogenation.
CFLP@MOF catalysts thus had the capacity of enzymes to

achieve enantio- and chemoselectivity, although the reaction
rate in our system is lower than that in enzyme systems

Table 2. Catalytic Performance of CFLP4-0.75@MIL-
101(Cr) toward Enantio- and Chemoselective
Hydrogenation with Different Substrates
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considering the elongated reaction time. Additionally, CFLP@
MOF catalysts exhibit selectivity to substrates of specific
functional groups and size (Table S3). This characteristic is
similar to the substrate selectivity observed in enzymes.
Specifically, α,β-unsaturated imines with replacement of C�
N by C�O or C�C could not be converted into the
corresponding chiral product due to the inactivity of CFLP for
C�O reduction and unsuccessful establishment of a second-
sphere interaction between C�C and auxiliary sites of a
hydroxyl group/open metal site. The substrate with a larger
size (∼1.4 nm) than the window size of porous MIL-101(Cr)
(∼1.0 nm) showed no conversion, as it could not pass through
the MOF window, suggesting that the reaction proceeds inside
pores of CFLP@MOF catalysts with size selectivity on
substrates.
To gain some understanding of the mechanism of enantio-

and chemoselective hydrogenation catalyzed by CFLP4-0.75@
MIL-101(Cr), complementary supports from both experi-
ments and computations have been obtained. The theme of
our work is to mimic an enzyme’s capability to achieve
multiselectivity (i.e., enantio- and chemoselectivity herein) by
incorporating a chiral frustrated Lewis pair into a MOF to
mimic the intrinsic chiral environment in an enzyme system to
impart enantioselectivity by tailoring the vicinity of a chiral
frustrated Lewis pair with some auxiliary sites of a hydroxyl
group/open metal site to mimic the second-sphere interactions
in an enzyme system to regulate chemoselectivity and thus to
afford enantioselectivity and chemoselectivity simultaneously
during hydrogenation reactions. To validate the hypothesis of
the second-sphere interaction, it is necessary to ascertain
interactions between the substrate and the auxiliary sites.
Previously, porous heterogeneous catalysts built on Cr trimers
have been extensively investigated for important trans-
formations. Of particular interest to chemists is the discovery
of unconventional chemoselectivity in relation to Cr trimers,
which was supported by reliable theoretical calculations.27,28

However, the origin of selectivity, particularly the interaction
between Cr trimers and the substrate, remains unclear, owing
to the lack of direct experimental proof.
In our system, to probe the interaction between the imine

substrate and MOF structure, we measured IR spectra of the
CFLP4-0.75@MIL-101(Cr) sample before and after immer-
sion into substrate 2 (liquid) and subsequent evacuation under
vacuum to remove residual unbound substrate 2. The adsorbed
substrate 2 species in the MOF structure is typified by their
characteristic bands associated with imine,68 vinyl,69 phenyl,70

and methyl vibrations,70 as shown in Figure 4. Careful
examination of these modes reveals that most of them remain
in the same position as in the liquid form except for ν(C�
N),68,70 which shows a red shift of 10 cm−1 (1679 to 1669
cm−1), suggesting a weakened C�N bond due to its
interaction with the MOF structure. It is also worth noting
that the ν(C−N) mode manifests as an intense feature around
976 cm−1, evidencing the linkage of nitrogen to open metal
sites on the Cr trimers and thus forming an imine-metal
complex, as we have formerly established in studying a number
of amine molecules binding within MIL-101(Cr) and MOF-
74(Ni) compounds.71−73 Interestingly, pronounced changes
were observed in the carboxylate stretching mode of Cr trimers
after adsorbing imine; i.e., the νs(COO) band shows a red shift
of 5 cm−1 compared to the value (1395 cm−1) in CFLP4-
0.75@MIL-101(Cr). In contrast, the nearby phenyl ring mode
δ(CH) on the benzene-1,4-dicarboxylic acid linker at 1018

cm−1, whose frequency displays high sensitivity to its chemical
environment change,74−76 remains unaffected after adsorbing
imine. These observations clearly suggest that imine interacts
primarily with Cr trimers. The ν(OH) mode on Cr trimers is
unfortunately too weak to detect in the spectrum of CFLP4-
0.75@MIL-101(Cr). However, in imine-loaded CFLP4-0.75@
MIL-101(Cr), we observed the appearance of a broad feature
at ∼3350 cm−1. It is well-known that the ν(OH) band exhibits
an intensity enhancement and line broadening upon forming
hydrogen bonds.77 Therefore, it is reasonable to suggest that
there is also interaction of some substrate 2 species with a
hydroxyl group through H-bonding, giving rise to such a broad
feature. As such, the preferable interaction of C�N over C�
C in α,β-unsaturated imine with Cr trimers has been observed
experimentally. To further understand this process from the
viewpoint of energy, substrate adsorption energies over a
hydroxyl group and an open Cr(III) site of Cr trimers with an
imine bond were calculated to be −7.3 and −6.8 kcal/mol
(Figure S24), respectively. Besides, contrast tests have also
indicated the presence of a hydroxyl group and an open
Cr(III) site of Cr trimers for attaining target chemoselectivity
(Table S4). Collectively, adequate support from experiments
and computations together confirms the selective activation of
C�N over C�C in α,β-unsaturated imines by the remaining
open Cr(III) site and hydroxyl group of Cr trimers, promoting
the selective reduction of imine bonds during subsequent
hydrogenation to achieve chemoselectivity.
As for the hydrogenation activity with CFLP4-0.75@MIL-

101(Cr), we used XPS to discern the H2 activation process.
The B 1s binding energy of CFLP4-0.75@MIL-101(Cr)-H2
showed a 0.4 eV decrease compared with CFLP4-0.75@MIL-
101(Cr) because of the increased electron density of the B
element (Figure S25), suggesting the heterolytic H2 fission
analogous to that in classic FLPs.55 Accordingly, the calculated
Gibbs energy profile of the reaction process also confirms its
reasonable occurrence (Figure S26).
Last but not least, it is crucial to comprehend how the

incorporation of a chiral frustrated Lewis pair into a MOF can
mimic the intrinsic chiral environment in an enzyme system to
impart enantioselectivity. The chirality transfer from the chiral
base of CFLP to the product is the origin of enantioselectivity.

Figure 4. IR spectra of CFLP4-0.75@MIL-101(Cr) + imine (top),
CFLP4-0.75@MIL-101(Cr) (middle), and liquid imine (bottom).
Notations and acronyms: ν, stretch; δ, in-plane deformation; ph,
phenyl; s, symmetric.
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Although the majority of the reports of enantioselective FLP
catalysis have focused on using a chiral Lewis acid,62−64 there
is promising potential to explore chiral Lewis base based CFLP
catalysts due to the abundance and synthetic ease of chiral
Lewis bases. However, achieving successful asymmetric
induction of a Lewis base can be affected by two key factors.
First, there is a competition between the chiral Lewis base and
the achiral substrate (imine, ketone, etc.). Second, the order
and position of the hydride (delivered by a Lewis acid) and the
proton (delivered by a Lewis base) conversion to the substrate
play a significant role. In the case of imine hydrogenation, the
achiral imine substrate itself can act as a Lewis base in FLP
chemistry or the initial unbound protonation of the imine
nitrogen by the chiral Lewis base can lead to unsatisfactory
asymmetric induction. From previous reports on enantiose-
lective FLP catalysis using a chiral Lewis base,78 it is vital to
avoid achiral Lewis base competition and carefully consider all
the possible noncovalent interactions between the FLP catalyst
and the substrate, as well as the reaction mechanism, to
prevent detachment of the chiral Lewis base from the prochiral
system before having performed the asymmetric induction.
Specifically, successful examples have demonstrated that the
proton and hydride transfer to the substrate occurs in a
concerted fashion under the regulation of noncovalent
interactions (hydrogen bonding and π−π). To avoid achiral
Lewis base competition, alternative approaches has also been
developed based upon relay catalysis by using an achiral borane
and a chiral phosphoric acid for asymmetric hydrogenatio-
n.78a−c In our system, we used a stepwise strategy to anchor a
chiral diamine and an achiral Lewis acid in turn; this strategy
can ensure the interaction of the achiral Lewis acid with the
chiral Lewis base rather than the achiral imine substrate.
Subsequently, the imine substrate added to the catalyst
preferably interacted with Cr(III) open sites/hydroxyl groups
inside pores as demonstrated by FT-IR results (Figure 4). In
these two ways, we circumvent the competition of achiral
imine with a chiral Lewis base. More importantly, unlike most
of the unsatisfactory examples failing to convey chiral
induction with P/B frustrated Lewis pairs, we think that the
N/B system has an advantage of forming hydrogen bonding
during the protonation step, which is analogous to the
mechanism of ketone reduction by an FLP catalyst79 and
thus builds the connection between the chiral amine and the
subsequent hydride delivery step, thereby facilitating the
chirality transfer from the chiral center to the target site
(Scheme S2). In particular, the hydrogen-splitting chiral
FLP4(R)-H2 intermediate interacts with the substrate
(2E,3E)-N,4-diphenylbut-3-en-2-imine through hydrogen
bonding and π−π stacking interactions under the chiral
induction of individual chiral centers and enforced chiral
environment inside nanopores of MIL-101(Cr), supporting the
generation of S product due to a lower energy of 1.5 kcal/mol
over the R product, which is consistent with the experimental
results. Conclusively, the creation of an enzyme-mimic region
within a confined nanospace via the incorporation of a chiral
frustrated Lewis pair into the MOF with a tailored micro-
environment promotes the reaction efficiency by reducing
solvation and dissociation of the catalyst and substrates,
imparts substrate activation through second-sphere interac-
tions, and enhances the hydrogen bonding interactions for
chirality transfer, thus collectively contributing to the observed
performance.

■ CONCLUSION
In summary, enantio- and chemoselectivity in the heteroge-
neous system has been achieved via the creation of an enzyme-
mimic region (EMR) within the nanospace of a MOF (EMR@
MOF), as illustrated in the context of grafting a newly designed
chiral frustrated Lewis pair (CFLP) onto the pore wall of MIL-
101(Cr) with auxiliary sites of a hydroxyl group and an open
Cr(III) site within the vicinity of CFLP for heterogeneous
enantio- and chemoselective hydrogenation of α,β-unsaturated
imines. Guided by computational studies on a series of newly
designed CFLPs, CFLP4-0.75@MIL-101(Cr) that features a
high density of EMRs demonstrated excellent catalysis
performance in transforming α,β-unsaturated imines to chiral
β-unsaturated amines under mild conditions with high enantio-
and chemoselectivity in addition to good recyclability/
regenerability. This work lays a solid foundation to develop a
MOF as an efficient multiselective heterogeneous catalysis
system. In addition, the creation of a reaction region with the
tailored environment of the subtle difference in binding/
interaction with the substrate to afford specific selectivity
reminiscent of enzymes as showcased herein can be extended
to other heterogeneous systems for multiselective catalysis.

■ METHODS
Materials. Unless otherwise stated, all of the chemicals

were purchased from international chemical suppliers and used
without further purification.

Characterization. Nuclear magnetic resonance (NMR)
spectra were recorded on a Varian 500 spectrometer. Powder
X-ray diffraction (PXRD) data of solid samples were recorded
on a Bruker AXS D8 Advance A25 powder X-ray
diffractometer (40 kV, 40 mA) with Cu Kα (λ = 1.5406 Å)
radiation. Fourier transform infrared spectroscopy (FTIR) was
performed with a PerkinElmer Spectrum Two FT-IR
spectrometer. Vibrational circular dichroism (VCD) spectra
were obtained using a Bruker Optics PMA 50 FTIR
spectrometer. Transmission electron microscopy images and
energy dispersive spectrometry (EDS) were attained using an
FEI Tecnai F30 microscope. X-ray photoelectron spectra
(XPS) were conducted on a PHI 5000 Versaprobe Scanning
XPS Microprobe instrument with UPS. High-performance
liquid chromatography (HPLC) was recorded with an Agilent
1220 Infinity II LC System. Thermogravimetric analysis
(TGA) was measured by a TA Instruments Q50 Thermogravi-
metric Analyzer. N2 sorption isotherm measurements were
performed at 77 K on a Micromeritics ASAP 2020 instrument.
The elemental data were collected on a Thermo Flash Smart
elemental analyzer.

General Method for the Preparation of CFLP@MIL-
101(Cr). In a glovebox, 100 mg of activated MIL-101(Cr), 4
mL of dry toluene, and chiral diamine were mixed in a 20 mL
vial with stirring for 24 h. The solid was separated from the
suspension by centrifugation and then washed three times with
dry toluene (2 × 3 mL). Following that, the obtained solid
sample was dispersed in 4 mL of dry toluene in a 20 mL vial to
which MesB(C6F5)2 was added and stirred for 1 day. Finally,
the target sample was obtained after separation from the
mixture and washing three times with dry toluene (2 × 3 mL).

Preparation of CFLP4-0.5@MIL-101(Cr). In a glovebox,
100 mg of activated MIL-101(Cr), 4 mL of dry toluene, and
2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (10.0 mg)
were mixed in a 20 mL vial with stirring for 24 h. The solid
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was separated from the suspension by centrifugation and then
washed three times with dry toluene (2 × 3 mL). Following
that, the obtained solid sample was dispersed in 4 mL of dry
toluene in a 20 mL vial to which MesB(C6F5)2 (24.3 mg) was
added and stirred for 1 day. Finally, the target sample was
obtained after separating from the mixture and washing three
times with dry toluene (2 × 3 mL).
Preparation of CFLP4-0.75@MIL-101(Cr). In a glovebox,

100 mg of activated MIL-101(Cr), 4 mL of dry toluene, and
2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (14 mg) were
mixed in a 20 mL vial with stirring for 24 h. The solid was
separated from the suspension by centrifugation and then
washed three times with dry toluene (2 × 3 mL). Following
that, the obtained solid sample was dispersed in 4 mL of dry
toluene in a 20 mL vial to which MesB(C6F5)2 (36 mg) was
added and stirred for 1 day. Finally, the target sample was
obtained after separating from the mixture and washing three
times with dry toluene (2 × 3 mL). The calculated density of
CFLP4 per MOF unit and Cr3O cluster was 0.51.
Preparation of CFLP4-1.0@MIL-101(Cr). In a glovebox,

100 mg of activated MIL-101(Cr), 4 mL of dry toluene, and
2,5-dihydro-3,6-dimethoxy-2-isopropylpyrazine (20 mg) were
mixed in a 20 mL vial with stirring for 24 h. The solid was
separated from the suspension by centrifugation and then
washed three times with dry toluene (2 × 3 mL). Following
that, the obtained solid sample was dispersed in 4 mL of dry
toluene in a 20 mL vial to which MesB(C6F5)2 (48 mg) was
added and stirred for 1 day. Finally, the target sample was
obtained after separating from the mixture and washing three
times with dry toluene (2 × 3 mL).
General Procedure for the Enantio- and Chemo-

selective Hydrogenation. Typically, except for the H2
exchange process, all the procedures were finished in the
glovebox. 20 mg of catalyst and 3 mL of dry toluene were
stirred in a 25 mL autoclave at room temperature and 40 bar
pressure of H2 for 12 h. After that, 0.2 mmol of substrate was
placed in the autoclave and the mixture was stirred at room
temperature and 40 bar pressure of H2 for 48 h. When the
reaction was completed, centrifugation was conducted to
separate the solid and liquid. The target product was obtained
after disposal of the liquid by column chromatography. The
corresponding yield was determined by weight percentage, and
the enantiomeric excess (ee) value was evaluated by high-
performance liquid chromatography (HPLC). The solid was
washed three times with dry toluene (2 × 3 mL) for further
use.
Recycling Tests for CFLP4-0.75@MIL-101(Cr). A 20 mg

portion of CFLP4-0.75@MIL-101(Cr) and 3 mL of dry
toluene were stirred in a 25 mL autoclave at room temperature
and 40 bar pressure of H2 for 12 h. Subsequently, 0.2 mmol
(substrate 1) was placed in the autoclave, and the mixture was
stirred at room temperature and 40 bar pressure of H2 for 48 h.
When the reaction was completed, the solid and liquid were
separated by centrifugation. The target product was obtained
after disposal of liquid by column chromatography. The
corresponding yield was determined by weight percentage, and
the ee value was evaluated by HPLC. CFLP4-0.75@MIL-
101(Cr) was washed three times with dry toluene (2 × 3 mL)
for reuse. The above procedure was repeated five times.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637.

Additional figures, tables, and schemes as described in
the text and NMR spectra, HPLC results, and
coordination in the theoretical calculation to explicitly
reflect catalyst characterization, catalytic performance,
and mechanistic investigations (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Shengqian Ma − Department of Chemistry, University of
North Texas, Denton, Texas 76201, United States;
orcid.org/0000-0002-1897-7069;

Email: shengqian.ma@unt.edu
Zhiyong Tang − National Center for Nanoscience and
Nanotechnology, 100190 Beijing, People’s Republic of
China; orcid.org/0000-0003-0610-0064;
Email: zytang@nanoctr.cn

Authors
Yin Zhang − Department of Chemistry, University of North
Texas, Denton, Texas 76201, United States

Yao Jiang − School of Chemistry and Chemical Engineering,
Hefei University of Technology, Hefei 230009, People’s
Republic of China; orcid.org/0000-0002-2316-8274

Ayman Nafady − Department of Chemistry, College of Science,
King Saud University, Riyadh 11451, Saudi Arabia

Abdullah M. Al-Enizi − Department of Chemistry, College of
Science, King Saud University, Riyadh 11451, Saudi Arabia;
orcid.org/0000-0002-3967-5553

Kui Tan − Department of Chemistry, University of North
Texas, Denton, Texas 76201, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscentsci.3c00637

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the support from the Robert A.
Welch Foundation (B-0027) and the US National Science
Foundation (ECCS-2029800). Partial support from Research-
ers Supporting Program project no. (RSP2023R55) at King
Saud University, Riyadh, Saudi Arabia (A.M.A.-E.) and the
National Natural Science Foundation of China (92056204)
(Z.T.) is also acknowledged.

■ REFERENCES
(1) Mitschke, B.; Turberg, M.; List, B. Confinement as a Unifying
Element in Selective Catalysis. Chem. 2020, 6, 2515−2532.
(2) Bullock, R.; Chen, J.; Gagliardi, L.; Chirik, P.; Farha, O.;
Hendon, C.; Jones, C.; Keith, J.; Klosin, J.; Minteer, S.; et al. Using
Nature’s Blueprint to Expand Catalysis with Earth-abundant Metals.
Science 2020, 369, No. eabc3183.
(3) Wodrich, M.; Hu, X. Natural Inspirations for Metal-Ligand
Cooperative Catalysis. Nat. Rev. Chem. 2018, 2, 0099.
(4) Shi, J.; Wu, Y.; Zhang, S.; Tian, Y.; Yang, D.; Jiang, Z.
Bioinspired Construction of Multi-enzyme Catalytic Systems. Chem.
Soc. Rev. 2018, 47, 4295−4313.
(5) Millet, A.; Cesana, P.; Sedillo, K.; Bird, M.; Schlau-Cohen, G.;
Doyle, A.; MacMillan, D.; Scholes, G. Bioinspired Supercharging of

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.3c00637
ACS Cent. Sci. 2023, 9, 1692−1701

1698

https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.3c00637/suppl_file/oc3c00637_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shengqian+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1897-7069
https://orcid.org/0000-0002-1897-7069
mailto:shengqian.ma@unt.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiyong+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0610-0064
mailto:zytang@nanoctr.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2316-8274
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ayman+Nafady"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdullah+M.+Al-Enizi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3967-5553
https://orcid.org/0000-0002-3967-5553
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kui+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.3c00637?ref=pdf
https://doi.org/10.1016/j.chempr.2020.09.007
https://doi.org/10.1016/j.chempr.2020.09.007
https://doi.org/10.1126/science.abc3183
https://doi.org/10.1126/science.abc3183
https://doi.org/10.1038/s41570-017-0099
https://doi.org/10.1038/s41570-017-0099
https://doi.org/10.1039/C7CS00914C
https://doi.org/10.1021/acs.accounts.2c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Photoredox Catalysis for Applications in Energy and Chemical
Manufacturing. Acc. Chem. Res. 2022, 55, 1423−1434.
(6) Li, Y.; Gomez-Mingot, M.; Fogeron, T.; Fontecave, M. Carbon
Dioxide Reduction: A Bioinspired Catalysis Approach. Acc. Chem. Res.
2021, 54, 4250−4261.
(7) Lian, X.; Fang, Y.; Joseph, E.; Wang, Q.; Li, J.; Banerjee, S.;
Lolar, C.; Wang, X.; Zhou, H.-C. Enzyme-MOF (metal-organic
framework) Composites. Chem. Soc. Rev. 2017, 46, 3386−3401.
(8) Dong, J.; Liu, Y.; Cui, Y. Artificial Metal-Peptide Assemblies:
Bioinspired Assembly of Peptides and Metals through Space and
across Length Scales. J. Am. Chem. Soc. 2021, 143, 17316−17336.
(9) Bour, J.; Wright, A.; He, X.; Dinca,̌ M. Bioinspired Chemistry at
MOF Secondary Building Units. Chem. Sci. 2020, 11, 1728−1737.
(10) Chen, K.; Wu, C.-D. Designed Fabrication of Biomimetic
Metal-Organic Frameworks for Catalytic Applications. Coord. Chem.
Rev. 2019, 378, 445−465.
(11) Larsen, A. T.; May, E. M.; Auclair, K. Predictable Stereo-
selective and Chemoselective Hydroxylations and Epoxidations with
P450 3A4. J. Am. Chem. Soc. 2011, 133, 7853−7858.
(12) Bernacchia, G.; Bortolini, O.; Bastiani, M. D.; Lerin, L. A.;
Loschonsky, S.; Massi, A.; Müller, M.; Giovannini, P. P. Enzymatic
Chemoselective Aldehyde-Ketone Cross-Couplings through the
Polarity Reversal of Methylacetoin. Angew. Chem., Int. Ed. 2015, 54,
7171−7175.
(13) Bernini, R.; Crisante, F.; Gentili, P.; Morana, F.; Pierini, M.;
Piras, M. Chemoselective C-4 Aerobic Oxidation of Catechin
Derivatives Catalyzed by the Trametes villosa Laccase/1-Hydrox-
ybenzotriazole System: Synthetic and Mechanistic Aspects. J. Org.
Chem. 2011, 76, 820−832.
(14) Colombo, D.; Brenna, E.; Gatti, F. G.; Ghezzi, M. C.; Monti,
D.; Parmeggiani, F.; Tentori, F. Chemoselective Biohydrogenation of
Alkenes in the Presence of Alkynes for the Homologation of 2-
Alkynals/3-Alkyn-2-ones into 4-Alkynals/Alkynols. Adv. Synth. Catal.
2019, 361, 2638−2648.
(15) Canossa, S.; Ji, Z.; Gropp, C.; Rong, Z.; Ploetz, E.; Wuttke, S.;
Yaghi, O. System of Sequences in Multivariate Reticular Structures.
Nat. Rev. Mater. 2023, 8, 331−340.
(16) Liu, J.; Goetjen, T.; Wang, Q.; Knapp, J.; Wasson, M.; Yang, Y.;
Syed, Z.; Delferro, M.; Notestein, J.; Farha, O.; et al. MOF-enabled
Confinement and Related Effects for Chemical Catalyst Presentation
and Utilization. Chem. Soc. Rev. 2022, 51, 1045−1097.
(17) Zhu, L.; Liu, X.-Q.; Jiang, H.-L.; et al. Metal-Organic
Frameworks for Heterogeneous Basic Catalysis. Chem. Rev. 2017,
117, 8129−8176.
(18) Huang, Y.-B.; Liang, J.; Wang, X.-S.; Cao, R. Multi-functional
Metal-Organic Framework Catalysts: Synergistic Catalysis and
Tandem Reactions. Chem. Soc. Rev. 2017, 46, 126−157.
(19) Wei, Y.-S.; Zhang, M.; Zou, R.; Xu, Q. Metal-Organic
Framework-Based Catalysts with Single Metal Sites. Chem. Rev.
2020, 120, 12089−12174.
(20) Drake, T.; Ji, P.; Lin, W. Site Isolation in Metal-Organic
Frameworks Enables Novel Transition Metal Catalysis. Acc. Chem.
Res. 2018, 51, 2129−2138.
(21) Dhakshinamoorthy, A.; Li, Z.; Garcia, H. Catalysis and
Photocatalysis by Metal Organic Frameworks. Chem. Soc. Rev. 2018,
47, 8134−8172.
(22) Bavykina, A.; Kolobov, N.; Khan, II S.; Bau, J.; Ramirez, A.;
Gascon, J. Metal-Organic Frameworks in Heterogeneous Catalysis:
Recent Progress, New Trends, and Future Perspectives. Chem. Rev.
2020, 120, 8468−8535.
(23) Shen, Y.; Pan, T.; Wang, L.; Ren, Z.; Zhang, W.; Huo, F.
Programmable Logic in Metal-Organic Frameworks for Catalysis. Adv.
Mater. 2021, 33, 2007442.
(24) Li, B.; Wen, H.-M.; Cui, Y.; Zhou, W.; Qian, G.; Chen, B.
Emerging Multifunctional Metal-Organic Framework Materials. Adv.
Mater. 2016, 28, 8819−8860.
(25) Ji, Z.; Wang, H.; Canossa, S.; Wuttke, S.; Yaghi, O. Pore
Chemistry of Metal-Organic Frameworks. Adv. Funct. Mater. 2020, 30,
2000238.

(26) Feng, L.; Day, G.; Wang, K.-Y.; Yuan, S.; Zhou, H.-C. Strategies
for Pore Engineering in Zirconium Metal-Organic Frameworks. Chem.
2020, 6, 2902−2923.
(27) Niu, Z.; Zhang, W.; Lan, P. C.; Aguila, B.; Ma, S. Promoting
Frustrated Lewis Pairs for Heterogeneous Chemoselective Hydro-
genation via the Tailored Pore Environment within Metal-Organic
Frameworks. Angew. Chem., Int. Ed. 2019, 58, 7420−7424.
(28) Zhao, M.; Yuan, K.; Wang, Y.; Li, G.; Guo, J.; Gu, L.; Hu, W.;
Zhao, H.; Tang, Z. Metal-organic Frameworks as Selectivity
Regulators for Hydrogenation Reactions. Nature 2016, 539, 76−80.
(29) Zhang, X.; Huang, Z.; Ferrandon, M.; Yang, D.; Robison, L.; Li,
P.; Wang, T.; Delferro, M.; Farha, O. Catalytic Chemoselective
Functionalization of Methane in a Metal-Organic Framework. Nat.
Catal. 2018, 1, 356−362.
(30) Zhang, Y.; Guo, J.; Zhang, J.; Qiu, X.; Zhang, X.; Han, J.;
Zhang, B.; Long, C.; Shi, Y.; Yang, Z.; et al. Metal-Organic
Frameworks Enable Regio- and Stereo-selective Functionalization of
Aldehydes and Ketones. Chem. 2022, 8, 1688−1704.
(31) Gong, W.; Chen, Z.; Dong, J.; Liu, Y.; Cui, Y. Chiral Metal-
Organic Frameworks. Chem. Rev. 2022, 122, 9078−9144.
(32) Yoon, M.; Srirambalaji, R.; Kim, K. Homochiral Metal-organic
Frameworks for Asymmetric Heterogeneous Catalysis. Chem. Rev.
2012, 112, 1196−1231.
(33) Berijani, K.; Chang, L.-M.; Gu, Z.-G. Chiral Templated
Synthesis of Homochiral Metal-Organic Frameworks. Coord. Chem.
Rev. 2023, 474, 214852.
(34) Gu, Z.-G.; Zhan, C.; Zhang, J.; Bu, X. Chiral Chemistry of
Metal-Camphorate Frameworks. Chem. Soc. Rev. 2016, 45, 3122−
3144.
(35) Falkowski, J.; Sawano, T.; Zhang, T.; Tsun, G.; Chen, Y.;
Lockard, J.; Lin, W. Privileged Phosphine-Based Metal-Organic
Frameworks for Broad-Scope Asymmetric Catalysis. J. Am. Chem.
Soc. 2014, 136, 5213−5216.
(36) Guo, J.; Lian, Y.; Li, F.; Duan, Y.; Xue, X.; Long, C.; Zhang, Y.;
Tang, Z. Metal-organic Frameworks’ Tricks in Asymmetric Catalysis.
Chem. Catal. 2022, 2, 2986−3018.
(37) Zheng, Z.; Yuan, C.; Sun, M.; Dong, J.; Liu, Y.; Cui, Y.
Construction of Monophosphine-Metal Complexes in Privileged
Diphosphine-Based Covalent Organic Frameworks for Catalytic
Asymmetric Hydrogenation. J. Am. Chem. Soc. 2023, 145, 6100−
6111.
(38) Jiang, H.; Zhao, X.; Zhang, W.; Liu, Y.; Li, H.; Cui, Y.
Conformational Control of Organocatalyst in Strongly Brønsted-
Acidic Metal-Organic Frameworks for Enantioselective Catalysis.
Angew. Chem., Int. Ed. 2023, 62, No. e202214748.
(39) Tang, X.; Meng, C.; Rampal, N.; Li, A.; Chen, X.; Gong, W.;
Jiang, H.; Fairen-Jimenez, D.; Cui, Y.; Liu, Y. Homochiral Porous
Metal-Organic Polyhedra with Multiple Kinds of Vertices. J. Am.
Chem. Soc. 2023, 145, 2561−2571.
(40) Dong, J.; Liu, L.; Tan, C.; Xu, Q.; Zhang, J.; Qiao, Z.; Chu, D.;
Liu, Y.; Zhang, Q.; Jiang, J.; et al. Free-standing Homochiral 2D
Monolayers by Exfoliation of Molecular Crystals. Nature 2022, 602,
606−611.
(41) Kang, Z.; Wang, Y.; Zhang, D.; Wu, R.; Xu, X.; Hu, W.
Asymmetric Counter-Anion-Directed Aminomethylation: Synthesis of
Chiral β-Amino Acids via Trapping of an Enol Intermediate. J. Am.
Chem. Soc. 2019, 141, 1473−1478.
(42) Li, H.; Sheeran, J. W.; Clausen, A. M.; Fang, Y.-Q.; Bio, M. W.;
Bader, S. Flow Asymmetric Propargylation: Development of
Continuous Processes for the Preparation of a Chiral β-Amino
Alcohol. Angew. Chem., Int. Ed. 2017, 56, 9425−9429.
(43) Zhao, J.; Liu, X.; Luo, W.; Xie, M.; Lin, L.; Feng, X.
Asymmetric Synthesis of β-Amino Nitriles through a ScIII-Catalyzed
Three-Component Mannich Reaction of Silyl Ketene Imines. Angew.
Chem., Int. Ed. 2013, 52, 3473−3477.
(44) Ma, J.-A. Catalytic Asymmetric Synthesis of α- and β-Amino
Phosphonic Acid Derivatives. Chem. Soc. Rev. 2006, 35, 630−636.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.3c00637
ACS Cent. Sci. 2023, 9, 1692−1701

1699

https://doi.org/10.1021/acs.accounts.2c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.2c00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00058H
https://doi.org/10.1039/C7CS00058H
https://doi.org/10.1021/jacs.1c08487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC06418D
https://doi.org/10.1039/C9SC06418D
https://doi.org/10.1016/j.ccr.2018.01.016
https://doi.org/10.1016/j.ccr.2018.01.016
https://doi.org/10.1021/ja200551y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200551y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja200551y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201502102
https://doi.org/10.1002/anie.201502102
https://doi.org/10.1002/anie.201502102
https://doi.org/10.1021/jo101886s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101886s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101886s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201900177
https://doi.org/10.1002/adsc.201900177
https://doi.org/10.1002/adsc.201900177
https://doi.org/10.1038/s41578-022-00482-5
https://doi.org/10.1039/D1CS00968K
https://doi.org/10.1039/D1CS00968K
https://doi.org/10.1039/D1CS00968K
https://doi.org/10.1021/acs.chemrev.7b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1021/acs.chemrev.9b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00256H
https://doi.org/10.1039/C8CS00256H
https://doi.org/10.1021/acs.chemrev.9b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202007442
https://doi.org/10.1002/adma.201601133
https://doi.org/10.1002/adfm.202000238
https://doi.org/10.1002/adfm.202000238
https://doi.org/10.1016/j.chempr.2020.09.010
https://doi.org/10.1016/j.chempr.2020.09.010
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1038/nature19763
https://doi.org/10.1038/nature19763
https://doi.org/10.1038/s41929-018-0069-6
https://doi.org/10.1038/s41929-018-0069-6
https://doi.org/10.1016/j.chempr.2022.02.004
https://doi.org/10.1016/j.chempr.2022.02.004
https://doi.org/10.1016/j.chempr.2022.02.004
https://doi.org/10.1021/acs.chemrev.1c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2003147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2003147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2022.214852
https://doi.org/10.1016/j.ccr.2022.214852
https://doi.org/10.1039/C6CS00051G
https://doi.org/10.1039/C6CS00051G
https://doi.org/10.1021/ja500090y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500090y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.checat.2022.09.024
https://doi.org/10.1021/jacs.2c11037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202214748
https://doi.org/10.1002/anie.202214748
https://doi.org/10.1021/jacs.2c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-022-04407-8
https://doi.org/10.1038/s41586-022-04407-8
https://doi.org/10.1021/jacs.8b12832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201704882
https://doi.org/10.1002/anie.201704882
https://doi.org/10.1002/anie.201704882
https://doi.org/10.1002/anie.201209093
https://doi.org/10.1002/anie.201209093
https://doi.org/10.1039/B517100H
https://doi.org/10.1039/B517100H
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(45) Nagle, A. S.; Salvatore, R. N.; Chong, B.-D.; Jung, K. W.
Efficient Synthesis of β-Amino Bromides. Tetrahedron Lett. 2000, 41,
3011−3014.
(46) Huang, B.; Zeng, L.; Shen, Y.; Cui, S. One-Pot Multi-
component Synthesis of β-Amino Amides. Angew. Chem., Int. Ed.
2017, 56, 4565−4568.
(47) Xia, C.; Shen, J.; Liu, D.; Zhang, W. Synthesis of Chiral α, β-
Unsaturated γ-Amino Esters via Pd-Catalyzed Asymmetric Allylic
Amination. Org. Lett. 2017, 19, 4251−4254.
(48) Parveen, S.; Li, C.; Hassan, A.; Breit, B. Chemo-, Regio-, and
Enantioselective Rhodium-catalyzed Allylation of Pyridazinones with
Terminal Allenes. Org. Lett. 2017, 19, 2326−2329.
(49) Koschker, P.; Breit, B. Branching Out: Rhodium-Catalyzed
Allylation with Alkynes and Allenes. Acc. Chem. Res. 2016, 49, 1524−
1536.
(50) Chen, Q.-A.; Chen, Z.; Dong, V. M. Rhodium-Catalyzed
Enantioselective Hydroamination of Alkynes with Indolines. J. Am.
Chem. Soc. 2015, 137, 8392−8395.
(51) Yang, X.-H.; Dong, V. M. Rhodium-Catalyzed Hy-drofunction-
alization: Enantioselective Coupling of Indolines and 1,3-Dienes. J.
Am. Chem. Soc. 2017, 139, 1774−1777.
(52) Park, S.; Malcolmson, S. J. Development and Mechanistic
Investigations of Enantioselective Pd-Catalyzed Intermolecular
Hydroaminations of Internal Dienes. ACS Catal. 2018, 8, 8468−8476.
(53) Hultzsch, K. C. Transition Metal-Catalyzed Asymmetric
Hydroamination of Alkenes (AHA). Adv. Synth. Catal. 2005, 347,
367−391.
(54) Collet, F.; Lescot, C.; Dauban, P. Catalytic C-H Amination: the
Stereoselectivity Issue. Chem. Soc. Rev. 2011, 40, 1926−1936.
(55) Welch, G. C.; Juan, R. R. S.; Masuda, J. D.; Stephan, D. W.
Reversible, Metal-Free Hydrogen Activation. Science 2006, 314,
1124−1126.
(56) Lam, J.; Szkop, K. M.; Mosaferi, E.; Stephan, D. W. FLP
Catalysis: Main Group Hydrogenations of Organic Unsaturated
Substrates. Chem. Soc. Rev. 2019, 48, 3592−3612.
(57) Jupp, A.; Stephan, D. W. New Directions for Frustrated Lewis
Pair Chemistry. Trends Chem. 2019, 1, 35−48.
(58) Stephan, D. W. Catalysis, FLPs, and Beyond. Chem. 2020, 6,
1520−1526.
(59) Stephan, D. W. Diverse Uses of the Reaction of Frustrated
Lewis Pair (FLP) with Hydrogen. J. Am. Chem. Soc. 2021, 143,
20002−20014.
(60) (a) Zhang, Y.; Lan, P.; Martin, K.; Ma, S. Porous Frustrated
Lewis Pair Catalysts: Advances and Perspective. Chem. Catal. 2022, 2,
439−457. (b) Xu, Z.-M.; Hu, Z.; Huang, Y.; Bao, S.-J.; Niu, Z.; Lang,
J.-P.; Al-Enizi, A.; Nafady, A.; Ma, S. Introducing Frustrated Lewis
Pairs to Metal-Organic Framework for Selective Hydrogenation of N-
Heterocycles. J. Am. Chem. Soc. 2023, 145, 14994.
(61) Niu, Z.; Bhagya Gunatilleke, W.; Sun, Q.; Lan, P.; Perman, J.;
Ma, J.-G.; Cheng, Y.; Aguila, B.; Ma, S. Metal-Organic Framework
Anchored with a Lewis Pair as a New Paradigm for Catalysis. Chem.
2018, 4, 2587−2599.
(62) (a) Liu, Y.; Du, H. Frustrated Lewis Pair Catalyzed Asymmetric
Hydrogenation. Acta Chim. Sinica. 2014, 72, 771−777. (b) Feng, X.;
Du, H. Metal-free Asymmetric Hydrogenation and Hydrosilylation
Catalyzed by Frustrated Lewis Pairs. Tetrahedron Lett. 2014, 55,
6959−6964. (c) Meng, W.; Feng, X.; Du, H. Frustrated Lewis Pairs
Catalyzed Asymmetric Metal-Free Hydrogenations and Hydro-
silylations. Acc. Chem. Res. 2018, 51, 191−201.
(63) (a) Shi, L.; Zhou, Y.-G. Enantioselective Metal-Free Hydro-
genation Catalyzed by Chiral Frustrated Lewis Pairs. ChemCatChem.
2015, 7, 54−56. (b) Guerzoni, M. G.; Dasgupta, A.; Richards, E.;
Melen, R. L. Enantioselective Applications of Frustrated Lewis Pairs
in Organic Synthesis. Chem. Catal. 2022, 2, 2865−2875.
(64) Zhang, Y.; Chen, S.; Al-Enizi, A.; Nafady, A.; Tang, Z.; Ma, S.
Chiral Frustrated Lewis Pair@Metal-Organic Framework as a New
Platform for Heterogeneous Asymmetric Hydrogenation. Angew.
Chem., Int. Ed. 2023, No. e202213399.

(65) Férey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour,
J.; Surblé, S.; Margiolaki, I. A Chromium Terephthalate-Based Solid
with Unusually Large Pore Volumes and Surface Area. Science 2005,
309, 2040−2042.
(66) Nicasio, J. A.; Steinberg, S.; Inés, B.; Alcarazo, M. Tuning the
Lewis Acidity of Boranes in Frustrated Lewis Pair Chemistry:
Implications for the Hydrogenation of Electron-poor Akenes. Chem.
Eur. J. 2013, 19, 11016−11020.
(67) Patrow, J. G.; Wang, Y.; Dawlaty, J. M. Interfacial Lewis Acid-
Base Adduct Formation Probed by Vibrational Spectroscopy. J. Phys.
Chem. Lett. 2018, 9, 3631−3638.
(68) Hou, Q.; Cai, J.; Xu, J.; Wang, H.; Shen, J. Microcalorimetric
Adsorption and Infrared Spectroscopic Studies of Pd/Mgsio Catalysts
for the Hydrogenation of Imines. Ind. Eng. Chem. Res. 2022, 61,
12942−12952.
(69) Pasquale, A. J.; Long, T. E. Real-Time Monitoring of the Stable
Free Radical Polymerization of Styrene Via in-Situ Mid-Infrared
Spectroscopy. Macromolecules 1999, 32, 7954−7957.
(70) Colthup, N. B.; Daly, L. H.; Wiberley, S. E. Introduction to
Infrared and Raman Spectroscopy, 3rd ed.; Academic Press: 1990.
(71) Li, B.; Zhang, Y.; Ma, D.; Shi, Z.; Ma, S. Mercury Nano-Trap
for Effective and Efficient Removal of Mercury(II) from Aqueous
Solution. Nat. Commun. 2014, 5, 5537.
(72) Li, B.; Dong, X.; Wang, H.; Ma, D.; Tan, K.; Shi, Z.; Chabal, Y.
J.; Han, Y.; Li, J. Functionalized Metal Organic Frameworks for
Effective Capture of Radioactive Organic Iodides. Faraday Discuss.
2017, 201, 47−61.
(73) Tan, K.; Zuluaga, S.; Fuentes, E.; Mattson, E. C.; Veyan, J.-F.;
Wang, H.; Li, J.; Thonhauser, T.; Chabal, Y. J. Trapping Gases in
Metal Organic Frameworks with a Selective Surface Molecular Barrier
Layer. Nat. Commun. 2016, 7, 13871.
(74) Tan, K.; Nijem, N.; Canepa, P.; Gong, Q.; Li, J.; Thonhauser,
T.; Chabal, Y. J. Stability and Hydrolyzation of Metal Organic
Frameworks with Paddle-Wheel Sbus Upon Hydration. Chem. Mater.
2012, 24, 3153−3167.
(75) Serre, C.; Bourrelly, S.; Vimont, A.; Ramsahye, N. A.; Maurin,
G.; Llewellyn, P. L.; Daturi, M.; Filinchuk, Y.; Leynaud, O.; Barnes,
P.; et al. An Explanation for the Very Large Breathing Effect of a
Metal-Organic Framework During Co2 Adsorption. Adv. Mater. 2007,
19, 2246−2251.
(76) Leclerc, H.; Devic, T.; Devautour-Vinot, S.; Bazin, P.;
Audebrand, N.; Férey, G.; Daturi, M.; Vimont, A.; Clet, G. Influence
of the Oxidation State of the Metal Center on the Flexibility and
Adsorption Properties of a Porous Metal Organic Framework: Mil-
47(V). J. Phys. Chem. C 2011, 115, 19828−19840.
(77) Marechal, Y. The Hydrogen Bond and the Water Molecule: The
Physics and Chemistry of Water, Aqueous and Bio-Media; Elsevier
Science: 2007.
(78) (a) Gao, B.; Han, Z.; Meng, W.; Feng, X.; Du, H. Asymmetric
Reduction of Quinolines: A Competition between Enantioselective
Transfer Hydrogenation and Racemic Borane Catalysis. J. Org. Chem.
2023, 88, 3335−3339. (b) Chen, J.; Meng, W.; Feng, X.; Du, H.
Asymmetric Hydrogenation by Relay Catalysis with FLPs and CPAs:
Stereodivergent Synthesis of 3-Substituted Flavanones. J. Org. Chem.
2022, 87, 10544−10549. (c) Han, C.; Meng, W.; Feng, X.; Du, H.
Asymmetric Intramolecular Hydroalkoxylation of 2-Vinylbenzyl
Alcohols with Chiral Boro-Phosphates. Angew. Chem. In. Ed. 2022,
61, No. e202200100. (d) Dai, Y.; et al. Chiral FLP-catalyzed
Asymmetric Hydrogenation of 3-Fluorinated Chromones. Chem.
Commun. 2022, 58, 1558−1560. (e) Chen, J.; Gao, B.; Feng, X.;
Meng, W.; Du, H. Relay Catalysis by Achiral Borane and Chiral
Phosphoric Acid in the Metal-Free Asymmetric Hydrogenation of
Chromones. Org. Lett. 2021, 23, 8565−8569. (f) Gao, B.; Feng, X.;
Meng, W.; Du, H. Asymmetric Hydrogenation of Ketones and Enones
with Chiral Lewis Base Derived Frustrated Lewis Pairs. Angew. Chem.,
Int. Ed. 2020, 59, 4498−4504. (g) Sitte, N. A.; Köring, L.; Roesky, P.;
Paradies, J. FLP-catalysis Meets Hydrogen-bond Activation. Org.
Biomol. Chem. 2020, 18, 7321−7325. (h) Pan, Z.; Shen, L.; Song, D.;
Xie, Z.; Ling, F.; Zhong, W. B(C6F5)3-Catalyzed Asymmetric

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.3c00637
ACS Cent. Sci. 2023, 9, 1692−1701

1700

https://doi.org/10.1016/S0040-4039(00)00330-0
https://doi.org/10.1002/anie.201700840
https://doi.org/10.1002/anie.201700840
https://doi.org/10.1021/acs.orglett.7b01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b01904?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b05200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200404261
https://doi.org/10.1002/adsc.200404261
https://doi.org/10.1039/c0cs00095g
https://doi.org/10.1039/c0cs00095g
https://doi.org/10.1126/science.1134230
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1016/j.trechm.2019.01.006
https://doi.org/10.1016/j.trechm.2019.01.006
https://doi.org/10.1016/j.chempr.2020.05.007
https://doi.org/10.1021/jacs.1c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.checat.2021.12.001
https://doi.org/10.1016/j.checat.2021.12.001
https://doi.org/10.1021/jacs.3c04929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2018.08.018
https://doi.org/10.1016/j.chempr.2018.08.018
https://doi.org/10.6023/A14040344
https://doi.org/10.6023/A14040344
https://doi.org/10.1016/j.tetlet.2014.10.138
https://doi.org/10.1016/j.tetlet.2014.10.138
https://doi.org/10.1021/acs.accounts.7b00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201402838
https://doi.org/10.1002/cctc.201402838
https://doi.org/10.1016/j.checat.2022.09.007
https://doi.org/10.1016/j.checat.2022.09.007
https://doi.org/10.1002/anie.202213399
https://doi.org/10.1002/anie.202213399
https://doi.org/10.1126/science.1116275
https://doi.org/10.1126/science.1116275
https://doi.org/10.1002/chem.201301158
https://doi.org/10.1002/chem.201301158
https://doi.org/10.1002/chem.201301158
https://doi.org/10.1021/acs.jpclett.8b00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9912498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9912498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9912498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms6537
https://doi.org/10.1038/ncomms6537
https://doi.org/10.1038/ncomms6537
https://doi.org/10.1039/C7FD00013H
https://doi.org/10.1039/C7FD00013H
https://doi.org/10.1038/ncomms13871
https://doi.org/10.1038/ncomms13871
https://doi.org/10.1038/ncomms13871
https://doi.org/10.1021/cm301427w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm301427w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200602645
https://doi.org/10.1002/adma.200602645
https://doi.org/10.1021/jp206655y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206655y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206655y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp206655y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202200100
https://doi.org/10.1002/anie.202200100
https://doi.org/10.1039/D1CC06964K
https://doi.org/10.1039/D1CC06964K
https://doi.org/10.1021/acs.orglett.1c03286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201914568
https://doi.org/10.1002/anie.201914568
https://doi.org/10.1039/D0OB01492C
https://doi.org/10.1021/acs.joc.8b01362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Reductive Amination of Ketones with Ammonia Borane. J. Org. Chem.
2018, 83, 11502−11509. (i) Zhou, Q.; Meng, W.; Yang, J.; Du, H. A
Continuously Regenerable Chiral Ammonia Borane for Asymmetric
Transfer Hydrogenations. Angew. Chem. In. Ed. 2018, 57, 12111−
12115. (j) Shang, M.; Wang, X.; Koo, S.; Youn, J.; Chan, J.; Yao, W.;
Hastings, B.; Wasa, M. Frustrated Lewis Acid/Brønsted Base Catalysts
for Direct Enantioselective α-Amination of Carbonyl Compounds. J.
Am. Chem. Soc. 2017, 139, 95−98. (k) Li, S.; Li, G.; Meng, W.; Du, H.
A Frustrated Lewis Pair Catalyzed Asymmetric Transfer Hydro-
genation of Imines Using Ammonia Borane. J. Am. Chem. Soc. 2016,
138, 12956−12962. (l) Fer, M. J.; Cinqualbre, J.; Bortoluzzi, J.;
Chessé, M.; Leroux, F. R.; Panossian, A. When Chirality Meets
“Buchwald-Type” Phosphines: Synthesis and Evaluation in Frustrated
Lewis Pair-, Lewis Base- and Palladium-Promoted Asymmetric
Catalysis. Eur. J. Org. Chem. 2016, 2016, 4545−4553. (m) Sumerin,
V.; Chernichenko, K.; Nieger, M.; Leskelä, M.; Rieger, B.; Repo, T.
Highly Active Metal-Free Catalysts for Hydrogenation of Unsaturated
Nitrogen-Containing Compounds. Adv. Synth. Catal. 2011, 353,
2093−2110. (n) Stephan, D. W.; Greenberg, S.; Graham, T. W.;
Chase, P.; Hastie, J. J.; Geier, S. J.; Farrell, J. M.; Brown, C. C.;
Heiden, Z. M.; Welch, G. C.; et al. Metal-Free Catalytic Hydro-
genation of Polar Substrates by Frustrated Lewis Pairs. Inorg. Chem.
2011, 50, 12338−12348. (o) Heiden, Z. M.; Stephan, D. W. Metal-
free Diastereoselective Catalytic Hydrogenations of Imines Using
B(C6F5)3. Chem. Commun. 2011, 47, 5729−5731. (p) Erös, G.;
Mehdi, H.; Pápai, I.; Rokob, T. A.; Király, P.; Tárkányi, G.; Soós, T.
Expanding the Scope of Metal-Free Catalytic Hydrogenation through
Frustrated Lewis Pair Design. Angew. Chem. In. Ed. 2010, 49, 6559−
6563.
(79) Mahdi, T.; Stephan, D. W. Enabling Catalytic Ketone
Hydrogenation by Frustrated Lewis Pairs. J. Am. Chem. Soc. 2014,
136, 15809−15812.

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.3c00637
ACS Cent. Sci. 2023, 9, 1692−1701

1701

 Recommended by ACS

Amino Acid-Derived Ionic Chiral Catalysts Enable
Desymmetrizing Cross-Coupling to Remote Acyclic
Quaternary Stereocenters
Junqiang Wei, Ye Zhu, et al.
JULY 20, 2023
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Catalytic Deracemization Reactions
Mouxin Huang, Sanzhong Luo, et al.
MAY 13, 2023
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Biomimetic Asymmetric Reduction Based on the Regenerable
Coenzyme NAD(P)H Models
Mu-Wang Chen, Yong-Gui Zhou, et al.
JULY 13, 2023
ACCOUNTS OF CHEMICAL RESEARCH READ 

Asymmetric Carbohydroxylation of Alkenes Using
Photoenzymatic Catalysis
Yao Ouyang, Todd K. Hyster, et al.
JULY 27, 2023
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1021/acs.joc.8b01362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201806877
https://doi.org/10.1002/anie.201806877
https://doi.org/10.1002/anie.201806877
https://doi.org/10.1021/jacs.6b11908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201600727
https://doi.org/10.1002/ejoc.201600727
https://doi.org/10.1002/ejoc.201600727
https://doi.org/10.1002/ejoc.201600727
https://doi.org/10.1002/adsc.201100206
https://doi.org/10.1002/adsc.201100206
https://doi.org/10.1021/ic200663v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200663v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1039/c1cc10438a
https://doi.org/10.1002/anie.201001518
https://doi.org/10.1002/anie.201001518
https://doi.org/10.1021/ja508829x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508829x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c04877?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c02622?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00129?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
http://pubs.acs.org/doi/10.1021/jacs.3c06618?utm_campaign=RRCC_acscii&utm_source=RRCC&utm_medium=pdf_stamp&originated=1694026055&referrer_DOI=10.1021%2Facscentsci.3c00637
https://preferences.acs.org/ai_alert?follow=1

