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Abstract: Asymmetric hydrogenation, a seminal strategy
for the synthesis of chiral molecules, remains largely
unmet in terms of activation by non-metal sites of
heterogeneous catalysts. Herein, as demonstrated by
combined computational and experimental studies, we
present a general strategy for integrating rationally
designed molecular chiral frustrated Lewis pair (CFLP)
with porous metal–organic framework (MOF) to con-
struct the catalyst CFLP@MOF that can efficiently
promote the asymmetric hydrogenation in a heteroge-
neous manner, which for the first time extends the
concept of chiral frustrated Lewis pair from homoge-
neous system to heterogeneous catalysis. Significantly,
the developed CFLP@MOF, inherits the merits of both
homogeneous and heterogeneous catalysts, with high
activity/enantio-selectivity and excellent recyclability/
regenerability. Our work not only advances
CFLP@MOF as a new platform for heterogeneous
asymmetric hydrogenation, but also opens a new avenue
for the design and preparation of advanced catalysts for
asymmetric catalysis.

Introduction

Asymmetric catalysis has been extensively exploited to
synthesize chiral molecules, which are valuable in medicine,
agriculture, and daily necessities.[1] One of the well-known
reactions, asymmetric H2 hydrogenation, has already been
industrialized because of its significance and convenience.[2]

So far, various strategies have been conceived to prepare

catalysts for both homogeneous and heterogeneous asym-
metric hydrogenation. In particular, molecular chiral cata-
lysts with metal/non-metal active sites are known to be
highly active,[3] but they have some issues with catalyst-
product separation and catalyst reuse. As for heterogeneous
catalysts, they are recyclable and beneficial in achieving
good selectivity;[4] however, currently all developed strat-
egies require the employment of noble metal/transition
metal as active sites along with the synthesis of complicated
chiral ligand, especially for catalysts derived from porous
chiral supports. To reduce the cost as well as to ensure
recyclability, an operationally-simple strategy to prepare
porous support with non-metal active sites (Figure 1) is
highly desired; which, however, has not been achieved. This
gap could be bridged by combining the frontier of chemistry
with advanced materials.

The concept of “Frustrated Lewis Pair” (FLP) was
conceived in 2006 to describe the frustration (steric
hindrance) between a Lewis acid and a Lewis base that
could promote H2 activation under mild conditions.[5] The
classic FLP catalysts are typically based on main-group
elements, with bulky B compounds acting as the Lewis acids
and bulky N/P compounds acting as the Lewis bases, and
have attracted great attention because such a non-metal
strategy can realize H2 activation that noble metal and
transition metal catalysts previously achieved.[3a–c] Subse-
quently, substantial FLPs for the activation of small
molecules such as olefins, alkynes, and CO2 have been
developed with significant progresses made in recent years.[6]

Some examples have been illustrated to verify the feasibility
of using molecular chiral FLPs (CFLPs) for homogeneous
asymmetric hydrogenation.[3d–g] To date, three strategies for
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Figure 1. An illustration of recyclable catalysts for asymmetric hydro-
genation derived from achiral porous frameworks and chiral non-metal
active sites.
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the construction of molecular CFLPs catalysts have been
proposed: (i) intramolecular CFLPs, which usually are
tedious to design and synthesize;[7] (ii) sterically demanding
chiral Lewis acid paired with sterically demanding achiral
Lewis base, which has been investigated mostly;[8] (iii)
sterically demanding achiral Lewis acid coupled with steri-
cally demanding chiral Lewis base, which has been rarely
developed.[9] Moreover, the bifunctional Lewis acid/Lewis
base, which may be helpful for post-modification has not
been developed in CFLPs. Furthermore, the recyclability
and catalyst-product separation issues for CFLPs catalysts
have yet to be tackled.

To obtain a recyclable FLP catalyst, methods including
post-modification and in situ generation of achiral molecular
FLPs on/in various supports have been gradually
established.[10] The porous crystalline frameworks with large
surface areas, uniform pores, and high stability, can stand
out from various supports investigated thus far.[11] In this
context, MOFs, which consist of metal nodes coordinated to
organic ligands to form three-dimensional (3D) framework
structures featuring tunability in design and function, are
particularly appealing.[12] Indeed, we recently demonstrated
the successful incorporation of FLPs into MOFs; and the
MOF not only can stabilize FLPs with improved catalysis
performances, but also render FLPs with interesting size/
stereo/chemo selectivities which were not observed in the
homogeneous systems.[13] Based on these successes, we aim
to expand FLP@MOF for heterogeneous asymmetric catal-
ysis, which has not been achieved for porous support-based
FLP catalysts.[14]

Instead of employing chiral MOFs[4b–g] which have been
extensively developed for asymmetric catalysis, our ap-
proach lies in the incorporation of CFLPs into achiral
MOFs, which not only can avoid the tedious synthesis of
chiral ligands to construct chiral MOFs but also can allow
facile control of the catalysis performance of resultant
CFLPs@MOFs by changing the type and amount of CFLPs.
In this work, we focus on incorporating various types of
CFLPs into MOF for asymmetric hydrogenation and dem-
onstrate how the computational studies on the rationally
designed CFLPs can guide the construction of CFLP@MOF
system with optimal catalysis performance.

Results and Discussion

It’s been documented that open metal sites can render
MOFs with excellent performances for applications in
separation, catalysis, and sensors.[15] Besides, they can serve
as ideal anchoring sites for guest species as well exemplified
by the open CrIII sites in MIL-101(Cr).[16] In principle, it is
feasible to introduce CFLPs into MOFs by post-modification
of open metal sites based on our previously developed
strategy,[13] which, however, has been hindered by the lack
of CFLPs involving bifunctional Lewis acid/Lewis base. To
address such hindrance, herein we first employed computa-
tional calculations to examine the activities of a series of
rationally designed CFLPs featuring bifunctional Lewis
bases, which could be incorporated into MOF via step-wise

anchoring approach.[13] In detail, R-piperazine, (1R,2R)-1,2-
cyclohexanediamine, (1R,2R)-1,2-diphenyl-1,2-ethanedi-
amine, and (R)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyra-
zine were each coupled with tris(pentafluorophenyl)borane
(BCF) as potential CFLPs, defining as CFLP1, CFLP2,
CFLP3 and CFLP4, respectively (Figure 2).

In order to evaluate the possibility of H2 activation with
these CFLPs, the thermodynamic and kinetic Gibbs free
energy were calculated following the equation ΔG=ΔG-
([NH]+[BH]� )� ΔG(N···B)� ΔG(H� H) at room
temperature.[17] Meanwhile, the solvation corrected single-
point energy calculations (based on the gas-phase optimized
geometries) were also conducted to closely simulate the
solvent effect of a real reaction using the M06 method in
conjunction with the SMD solvation model3 in solvent
(toluene). The obtained kinetic ΔGKsol value for CFLP1 to
CFLP4 is 19.8, 22.1, 24.4 and 19.0 kcalmol� 1, respectively
(Figure 2), indicative of the positive reaction rate. These
values are comparable to the reported FLPs which can
activate H2.

[18] The corresponding thermodynamic ΔGTsol

value is � 2.0, � 1.5, � 2.2, and � 2.5 kcalmol� 1, respectively.
Therefore, both kinetic and thermodynamic values suggest
the feasibility of these rationally designed CFLPs for
spontaneous H2 activation with CFLP4 most active given its
lowest calculated activation energies.[17,18]

In light of its framework robustness, large pore space,
and high density of accessible open metal sites, MIL-101(Cr)
was selected for the incorporation of the aforementioned
CFLPs. Activation of MIL-101(Cr) released CrIII open metal

Figure 2. Computational screening of rationally designed bifunctional
CFLPs for the activation of H2.
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sites after heating and degassing at 150 °C for 12 hours.[19]

Subsequently, the target catalysts were prepared via anchor-
ing different amounts of chiral bifunctional Lewis bases (the
configuration is R unless otherwise stated) including 2-
methylpiperazine, 1,2-cyclohexanediamine, 1,2-diphenyl-1,2-
ethanediamine, and 2,5-dihydro-3,6-dimethoxy-2-isopropyl-
pyrazine to the CrIII open site with one N atom and then
introducing equivalent amount of
tris(pentafluorophenyl)borane to another N atom. The
obtained catalysts were denoted as CFLPx-y@MIL-101(Cr),
where x represents the category of CFLPs (number 1 to 4),
and y indicates the loading amount of CFLPs (mmolg� 1).

Considering the lowest activation energies of CFLP4
among the four rationally designed CFLPs as suggested
from computational calculations, our characterizations and
catalysis studies were focused on CFLP4 and CFLP4-
0.75@MIL-101(Cr). The framework integrity of the obtained
catalyst remained unchanged as verified by the powder X-
ray diffraction (PXRD) patterns of CFLPx-0.75@MIL-
101(Cr) and MIL-101(Cr) (Figure S1, S2). N2 sorption
isotherms at 77 K revealed that, after the incorporation of
CFLP4, the Brunauer–Emmett–Teller (BET) surface area
decreased from 4032 m2g� 1 for MIL-101(Cr) to 2067 m2g� 1

for CFLP4-0.75@MIL-101(Cr), whereas the pore sizes of
both samples are predominantly distributed in the range of
1.0–3.0 nm indicative of minimal pore blockage after CFLP
introduction (Figure S3, S4). Meanwhile, the BET surface
areas and pore size distributions of the other three CFLPx-
0.75@MIL-101(Cr) samples were also examined, with results
similar to CFLP4-0.75@MIL-101(Cr) (Figure S5–S7). The
catalysts could be thermally stable up to 200 °C, with a
weight loss corresponding to solvent evaporation as evident
by thermogravimetric analysis (TGA) (Figure S8–S12).
Additionally, elemental analysis confirmed the agreement
between the measured and calculated contents of C, H, O,
and N in CFLP4-0.75@MIL-101(Cr) (Table S1). Indeed, the
existence of N in the sample suggested the successful
introduction of the chiral pyrazine into MIL-101(Cr). Four-
ier transform infrared spectroscopy (FTIR) results (Fig-
ure S13–S16) showed that CFLP4-0.75@MIL-101(Cr) exhib-
ited the characteristic peaks of both MIL-101(Cr) and
CFLP4, proving the successful incorporation of CFLP4 into
the MIL-101(Cr). Closer inspection of the C� H vibration
signal revealed a shift in CFLP4-0.75@MIL-101(Cr) as
compared with CFLP4 at around 3000 cm� 1, consistent with
the formation of FLPs.[13a] The X-ray photoelectron spectro-
scopy (XPS) results also showed a new signal of N, B, and F
in CFLP4-0.75@MIL-101(Cr) as compared with MIL-
101(Cr) (Figure S17), further proving the successful incorpo-
ration of CFLP4 into MOF. In addition, CFLP4-0.75@MIL-
101(Cr) showed higher Cr2p3 bonding energy than MIL-
101(Cr) with an entire shift of 0.6 eV (Figure S18), which
can be attributed to the coordination of chiral pyrazine to
the open Cr sites.[13] Scanning electronic microscope (SEM)
and transmission electronic microscope (TEM) revealed the
octahedral morphology of CFLP4-0.75@MIL-101(Cr) with
particle size of �100 nm (Figure 3). The energy dispersive
spectrometer (EDS) elemental mapping clearly shows the
presence of Cr, C, N, B, and F, indicating the existence and

uniform distribution of CFLP4 entities within CFLP4-
0.75@MIL-101(Cr). Circular dichroism (CD) spectroscopy
was employed to study the optical property of chiral amines
(N1-N4), and reversal curves of R and S enantiomers
(Figure S19–S22) were observed by measuring their meth-
anol solutions. The optical activity of the solid samples was
examined by vibrational circular dichroism (VCD). The
prepared CFLP4-0.75@MIL-101(Cr) (both R and S) dis-
played reversal signals in the range of 2800–3000 cm� 1

(Figure 4) as a result of the C� H stretching vibration as well
as different interaction with circularly polarized light,
suggesting the successful introduction of enantiomeric-pure
chiral FLP molecules into MOF.

The catalysis performances of the obtained catalysts
were examined in the context of asymmetric hydrogenation
of imines with the isolated yields and enantiomeric excess
(ee) values summarized in Table 1 and Table 2.

In the absence of CFLPs, MIL-101(Cr) itself could not
drive the reaction for asymmetric hydrogenation of imine; in
contrast, both CFLP4 and CFLP4-0.75@MIL-101(Cr) ex-
hibited high catalytic activities (Table 1 Entry 1–3). Besides
circumventing the difficulty in separating the products from
the reaction mixtures as encountered for homogeneous
catalysts, CFLP4-0.75@MIL-101(Cr) demonstrates notably
higher catalysis performance with 95% yield and 85% ee
value (Table 1 Entry 2) than the molecular CFLP4 catalyst
(85% yield and 80% ee value) (Table 1 Entry 3), which can
be presumably ascribed to the enriched concentration of

Figure 3. SEM image (a), TEM image (b and c), HAADF-STEM image
(d), and elemental mapping image (e) of CFLP4-0.75@MIL-101(Cr).

Figure 4. VCD spectra of chiral N4 (2,5-dihydro-3,6-dimethoxy-2-isopro-
pylpyrazine) (a) and CFLP4-0.75@MIL-101(Cr) (b).
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CFLP and the enforced stronger chiral environment within
the nanospace of MOF.[4b–g, 13] Mechanically mixing CFLP4
and MIL-101(Cr) afforded catalysis performance compara-
ble to the molecular CFLP4 catalyst (Table 1 Entry 4),
highlighting the role of MOF in promoting the catalysis. It’s
worth noting that, when the bulky substrate with diameter (
�1.4 nm) larger than the window size of MIL-101(Cr) (
�1.0 nm) was used, no detectable yield was observed for
CFLP4-0.75@MIL-101(Cr) whereas considerable yield was
obtained for the molecular CFLP4 catalyst (Table S2),
suggesting that the catalysis occurs within the pore of
CFLP4-0.75@MIL-101(Cr). Furthermore, no noticeable
change in conversion ratio was observed after the filtration
of solid catalysts during the reaction process while continu-
ally monitoring the reaction under otherwise unchanged
conditions (Figure S23), proving that the hydrogenation was
catalyzed by the heterogeneous catalyst and the CFLP
leaching was negligible.[20]

Comparable catalysis performance was observed when
the same amount of CFLP4 with S configuration was loaded
into MIL-101(Cr) (Table 1 Entry 5). The effect of loading
amounts of CFLPs on the catalysis performances of
CFLP4@MIL-101(Cr) was investigated with 0.75 mmolg� 1

as the optimal loading amount (Entry 5, 6 in Table 1).
Lowering the CFLP4 loading amount to 0.5 mmolg� 1 led to
a decrease in catalysis performance (Table 1 Entry 6) due to
the reduced number of active CFLP4 in MOF; increasing
the CFLP loading amount to 1.0 mmolg� 1 did not afford
significant improvement in yield but resulted in substantial
decline in ee value (Table 1 Entry 7), which could be
presumably due to that the more crowded pore environment
as a result of the increased number of CFLP4 sacrifices the
needed free space for adjusting the optimal configuration of
product thereby leading to lower stereoselectivity.

We also assessed the solvent influence on catalysis
performances of CFLP4@MIL-101(Cr), which revealed that
toluene is the best to achieve both high yield and ee value
among all tested solvents (toluene, CH2Cl2, CH3CN). Much
lower yield (55%) and ee value (43%) were observed when
CH2Cl2 was used owing to the poor solubility of the
substrates (Table 1 Entry 8). Although comparable yield
(98%) was achieved when the polar solvent of CH3CN was
used, lower ee value (55%) was obtained (Table 1 Entry 9)
because CH3CN can facilitate the formation of achiral FLPs
with BCF.[21] CFLP4-0.75@MIL-101(Cr) can be readily
recycled and regenerated. No significant decrease in catal-
ysis performance after five cycles (Figure S24), and CFLP4-
0.75@MIL-101(Cr) also retained its structural intactness and
porosity after catalysis as evident by the PXRD (Figure S25)
and BET surface area measurements (Figure S26) verifying
the heterogeneous nature of the catalyst.

The catalysis performances of MIL-101(Cr) loaded with
other three rationally designed CFLPs were evaluated as
well (Table 1 Entry 10–12). As expected, with the same

Table 1: Asymmetric hydrogenation catalyzed by various catalysts.

Entry Catalyst Solvent Yield
(%, �1)

ee value
(%, �0.5)

1[a] MIL-101(Cr) Toluene 0 0
2 CFLP4-0.75@MIL-101(Cr) Toluene 95 85
3 CFLP4 Toluene 85 80
4 CFLP4+MIL-101(Cr) Toluene 87 79
5[b] CFLP4-0.75@MIL-101(Cr) Toluene 97 86
6 CFLP4-0.5@MIL-101(Cr) Toluene 85 78
7 CFLP4-1.0@MIL-101(Cr) Toluene 96 65
8 CFLP4-0.75@MIL-101(Cr) CH2Cl2 55 43
9 CFLP4-0.75@MIL-101(Cr) CH3CN 98 55
10 CFLP1-0.75@MIL-101(Cr) Toluene 84 63
11 CFLP2-0.75@MIL-101(Cr) Toluene 75 56
12 CFLP3-0.75@MIL-101(Cr) Toluene 88 78

[a] Unless otherwise stated, the reaction proceeds under below
conditions: 3 mL dry solvent, 20 mg catalyst, 0.2 mmol substrate, and
20 bar H2, 48 hours at room temperature. Yield is determined by the
weight of isolated product, and ee value is determined by HPLC.
[b] CFLP4-0.75@MIL-101(Cr) of S configuration.

Table 2: Catalytic performance of CFLP4-0.75@MIL-101(Cr) toward
asymmetric hydrogenation with different imines.

Entry Substrate Product Yield
(%, �1)

ee value
(%, �0.5)

1 95 85

2 96 79

3 95 81

4 96 80

5 97 77

6 96 78

7 94 80

8 95 80

9 96 85

10 94 84

11 92 85

12 94 88

13 93 78

The reactions are carried out under below conditions: 3 mL dry
toluene, 20 mg CFLP4-0.75@MIL-101(Cr), 0.2 mmol substrate, and
20 bar H2, 48 hours at room temperature. Yield is determined by the
weight of isolated product, and ee value is determined by HPLC.
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loading amount of CFLP (0.75 mmolg� 1), CFLP1-
0.75@MIL-101(Cr), CFLP2-0.75@MIL-101(Cr) and CFLP3-
0.75@MIL-101(Cr) exhibited poorer yields and lower ee
values as compared with CFLP4-0.75@MIL-101(Cr), which
correlated well with the computational calculation studies.
These results suggested that the catalysis performance of
CFLP@MIL-101(Cr) could be readily tuned by changing the
type of CFLP and underscored the guiding role of computa-
tional studies on the rational design of molecular CFLP to
construct highly active CFLP@MOF for heterogeneous
asymmetric catalysis.

Bearing its superior catalysis performance in mind, we
expanded the scope of substrates for asymmetric hydro-
genation catalyzed by CFLP4-0.75@MIL-101(Cr) (Table 2).
Hydrogenation of imines with different substitute groups on
the N atom (phenyl-N, benzyl-N, tert-butyl-N, and
cyclohexyl-N, respectively) led to quantitative yields (95%,
96%, 95%, 96%) and ee values (85%, 79%, 81%, 80%)
(Table 2 Entry 1–4). Comparable yields and ee values were
observed for substrates with steric hindrance at the C=N
bond (Table 2 Entry 5 and 6); similar performances were
also obtained for halogen substituted substrates (Table 2
Entry 7 and 8) and substrates with electron donating group
(� OCH3) (Table 2 Entry 9 and 10) were catalyzed to target
products in good yields and ee values. Alkyl substituted
substrates were catalytically converted into the correspond-
ing products with good performance as well (Table 2
Entry 11–13). These results therefore highlight CFLP4-
0.75@MIL-101(Cr) as an excellent catalyst for heterogene-
ous asymmetric hydrogenation of imines.

To gain some insights on the catalysis mechanism (Fig-
ure S27), solid-state 11B nuclear magnetic resonance (NMR)
spectra were measured for CFLP4-0.75@MIL-101(Cr)-H2,
CFLP4-0.75@MIL-101(Cr), and BCF, which showed the
chemical shift of � 20.5, � 6.6 and 65.6, respectively (Fig-
ure 5) indicating the formation of CFLP and H2 activation
by CFLP in CFLP4-0.75@MIL-101(Cr).[22] In addition, the
X-ray photoelectron spectroscopy (XPS) binding energy of
B element in CFLP4-0.75@MIL-101(Cr)-H2 exhibited an
overall 0.5 eV shift compared with CFLP4-0.75@MIL-
101(Cr) (Figure S28) because of an increase of electron
density, implying the activation of H2 via a heterolytic
manner. These were consistent with the computational
calculations, which suggested CFLP can activate H2 with

reasonable thermodynamic and kinetic Gibbs free energy.
In particular, the atomic charge calculation of the CFLP4-H2

transition state reflected the charge of B (� 0.54927) and N
(+0.56883), implying the heterolytic H2 splitting by CFLP,
which is in a good agreement with the mechanism of classic
FLP for H2 activation.

[5] Furthermore, the chirality transfer
from the chiral amine to the product proceeds under the
assistance of hydrogen bonding,[23] in which the enantiose-
lectivity is supported by the calculated energy difference
(2.4 kcalmol� 1) between R and S isomer.

Conclusion

In summary, under the guidance of computational studies
on a series of rationally designed chiral frustrated Lewis
pairs, a highly active CFLP@MOF system has been con-
structed for efficient heterogeneous asymmetric hydrogena-
tion with excellent recyclability/regenerability. This work
not only lays a solid foundation to develop CFLP@MOF as
a new platform for heterogeneous asymmetric hydrogena-
tion, but also suggests an approach by merging the frontiers
of different chemistry fields to tackle some challenges in
asymmetric catalysis and beyond.

Acknowledgements

The authors thank the support from the Robert A. Welch
Foundation (B-0027) and the US National Science Founda-
tion (ECCS-2029800). Partial support from the Researchers
Supporting Program (RSP-2022/55) at King Saud University,
Riyadh, Saudi Arabia (A.M.A), and National Natural
Science Foundation of China (21721002) (Z.Y.T.) is also
acknowledged.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Asymmetric Hydrogenation · Chiral · Frustrated
Lewis Pair · Heterogeneous · Metal–Organic Framework

[1] a) S. Mukherjee, J. Yang, S. Hoffmann, B. List, Chem. Rev.
2007, 107, 5471–5569; b) T. Beeson, A. Mastracchio, J. Hong,
K. Ashton, D. MacMillan, Science 2007, 316, 582–585.

[2] a) R. Noyori, T. Ohkuma, Angew. Chem. Int. Ed. 2001, 40, 40–
73; Angew. Chem. 2001, 113, 40–75; b) W. Knowles, Angew.
Chem. Int. Ed. 2002, 41, 1998–2007; Angew. Chem. 2002, 114,
2096–2107; c) S. Oouellet, A. Walji, D. MacMillan, Acc. Chem.
Res. 2007, 40, 1327–1339; d) H. Blaser, C. Malan, B. Pugin, F.

Figure 5. 11B NMR spectrum of CFLP4-0.75@MIL-101(Cr)-H2, CFLP4-
0.75@MIL-101(Cr), and BCF (top to bottom).

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202213399 (5 of 6) © 2022 Wiley-VCH GmbH

 15213773, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202213399 by U

niversity O
f N

orth T
exas W

illis L
ibrary, W

iley O
nline L

ibrary on [20/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/cr0684016
https://doi.org/10.1021/cr0684016
https://doi.org/10.1126/science.1142696
https://doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
https://doi.org/10.1002/1521-3773(20020617)41:12%3C1998::AID-ANIE1998%3E3.0.CO;2-8
https://doi.org/10.1002/1521-3773(20020617)41:12%3C1998::AID-ANIE1998%3E3.0.CO;2-8
https://doi.org/10.1002/1521-3757(20020617)114:12%3C2096::AID-ANGE2096%3E3.0.CO;2-Z
https://doi.org/10.1002/1521-3757(20020617)114:12%3C2096::AID-ANGE2096%3E3.0.CO;2-Z
https://doi.org/10.1021/ar7001864
https://doi.org/10.1021/ar7001864


Spindler, H. Steiner, M. Studer, Adv. Synth. Catal. 2003, 345,
103–151; e) S. Fleischer, S. Zhou, S. Werkmeister, K. Junge, M.
Beller, Chem. Eur. J. 2013, 19, 4997–5003; f) S. You, Chem.
Asian J. 2007, 2, 820–827.

[3] a) W. Tang, X. Zhang, Chem. Rev. 2003, 103, 3029–3070; b) T.
Ikariya, A. Blacker, Acc. Chem. Res. 2007, 40, 1300–1308; c) J.
Xie, S. Zhu, Q. Zhou, Chem. Rev. 2011, 111, 1713–1760; d) W.
Meng, X. Feng, H. Du, Acc. Chem. Res. 2018, 51, 191–201;
e) Y. Liu, H. Du, Acta Chim. Sin. 2014, 72, 771–777; f) X. Feng,
H. Du, Tetrahedron Lett. 2014, 55, 6959–6964; g) L. Shi, Y.
Zhou, ChemCatChem 2015, 7, 54–56.

[4] a) F. Meemken, A. Baiker, Chem. Rev. 2017, 117, 11522–11569;
b) L. Ma, C. Abney, W. Lin, Chem. Soc. Rev. 2009, 38, 1248–
1256; c) W. Gong, Z. Chen, J. Dong, Y. Liu, Y. Cui, Chem.
Rev. 2022, 122, 9078–9144; d) M. Yoon, R. Srirambalaji, K.
Kim, Chem. Rev. 2012, 112, 1196–1231; e) D. Dang, P. Wu, C.
He, Z. Xie, C. Duan, J. Am. Chem. Soc. 2010, 132, 14321–
14323; f) H. Ma, C. Zhao, G. Chen, Y. Dong, Nat. Commun.
2019, 10, 3368; g) Z.-G. Gu, C. Zhan, J. Zhang, X. Bu, Chem.
Soc. Rev. 2016, 45, 3122–3144; h) M. Pan, K. Wu, J.-H. Zhang,
C.-Y. Su, Coord. Chem. Rev. 2019, 378, 333–349.

[5] G. Welch, R. Juan, J. Masuda, D. Stephan, Science 2006, 314,
1124–1126.

[6] a) J. Lam, K. Szkop, E. Mosaferi, D. Stephan, Chem. Soc. Rev.
2019, 48, 3592–3612; b) D. Stephan, J. Am. Chem. Soc. 2021,
143, 20002–20014.

[7] a) D. Mercea, M. Howlett, A. Piascik, D. Scott, A. Steven, A.
Ashely, M. Fuchter, Chem. Commun. 2019, 55, 7077–7080; b) J.
Lam, B. Günther, J. Farrell, P. Eisenberger, B. Bestvater, P.
Newman, R. Melen, C. Crudden, D. Stephan, Dalton Trans.
2016, 45, 15303–15316; c) M. Lindqvist, K. Borre, K. Axenov,
B. Kótai, M. Nieger, M. Leskelä, I. Pápai, T. Repo, J. Am.
Chem. Soc. 2015, 137, 4038–4041; d) V. Sumerin, K. Cherni-
chenko, M. Nieger, M. Leskelä, B. Rieger, T. Repo, Adv.
Synth. Catal. 2011, 353, 2093–2110; e) Q. Wang, C. Han, X.
Feng, H. Du, Chin. J. Org. Chem. 2019, 39, 2257–2263; f) K.-Y.
Ye, X. Wang, C. Daniliuc, G. Kehr, G. Erker, Eur. J. Inorg.
Chem. 2017, 368–371; g) G. Ghattas, D. Chen, F. Pan, J.
Klankermayer, Dalton Trans. 2012, 41, 9026–9028.

[8] a) D.-C. Mewald, R. Fröhlich, M. Oestreich, Chem. Eur. J.
2011, 17, 9406–9414; b) M. Mewald, M. Oestreich, Chem. Eur.
J. 2012, 18, 14079–14084; c) X. Liu, T. Liu, W. Meng, H. Du,
Org. Biomol. Chem. 2018, 16, 8686–8689; d) X.-S. Tu, N.-N.
Zeng, R.-Y. Li, Y.-Q. Zhao, D.-Z. Xie, Q. Peng, X.-C. Wang,
Angew. Chem. Int. Ed. 2018, 57, 15096–15100; Angew. Chem.
2018, 130, 15316–15320; e) X. Li, J.-J. Tian, N. Liu, X.-S. Tu,
N.-N. Zeng, X.-C. Wang, Angew. Chem. Int. Ed. 2019, 58,
4664–4668; Angew. Chem. 2019, 131, 4712–4716; f) X. Ren, G.
Li, S. Wei, H. Du, Org. Lett. 2015, 17, 990–993; g) X. Liu, Q.
Wang, C. Han, X. Feng, Chin. J. Chem. 2019, 37, 663–666;
h) W. Wang, X. Feng, H. Du, Org. Biomol. Chem. 2016, 14,
6683–6686; i) G. Li, Y. Liu, H. Du, Tetrahedron Lett. 2018, 59,
1400–1403; j) Z. Zhang, H. Du, Angew. Chem. Int. Ed. 2015,
54, 623–626; Angew. Chem. 2015, 127, 633–636; k) Z. Zhang, H.
Du, Org. Lett. 2015, 17, 2816–2819; l) Z. Zhang, H. Du, Org.
Lett. 2015, 17, 6266–6269; m) S. Wei, X. Feng, H. Du, Org.
Biomol. Chem. 2016, 14, 8026–8029; n) Q. Wang, J. Chen, X.
Feng, H. Du, Org. Biomol. Chem. 2018, 16, 1448–1451; o) Y.
Liu, H. Du, J. Am. Chem. Soc. 2013, 135, 6810–6813; p) D.
Chen, V. Leich, F. Pan, J. Klankermayer, Chem. Eur. J. 2012,
18, 5184–5187; q) D. Chen, Y. Chen, J. Klankermayer, Angew.
Chem. Int. Ed. 2010, 49, 9475–9478; Angew. Chem. 2010, 122,
9665–9668; r) D. Chen, J. Klankermayer, Chem. Commun.

2008, 2130–2131; s) X. Ren, H. Du, J. Am. Chem. Soc. 2016,
138, 810–813; t) X. Zhu, H. Du, Org. Biomol. Chem. 2015, 13,
1013–1016; u) S. Wei, H. Du, J. Am. Chem. Soc. 2014, 136,
12261–12264; v) L. Süsse, J. Hermeke, M. Oestreich, J. Am.
Chem. Soc. 2016, 138, 6940–6943; w) J. Paradies, Top. Organo-
met. Chem. 2018, 62, 193–216; x) A. Hamza, K. Sorochkina, B.
Kótai, K. Chernicheko, D. Berta, M. Bolte, M. Nieger, T.
Repo, I. Pápai, ACS Catal. 2020, 10, 14290–14301.

[9] a) Y. Dai, W. Meng, X. Feng, H. Du, Chem. Commun. 2022,
58, 1558–1560; b) B. Gao, X. Feng, W. Meng, H. Du, Angew.
Chem. Int. Ed. 2020, 59, 4498–4504; Angew. Chem. 2020, 132,
4528–4534; c) S. Li, G. Li, W. Meng, H. Du, J. Am. Chem. Soc.
2016, 138, 12956–12962.

[10] a) Y. Ma, S. Zhang, C.-R. Chang, Z.-Q. Huang, J. Ho, Y. Qu,
Chem. Soc. Rev. 2018, 47, 5541–5553; b) A. R. Jupp in
Frustrated Lewis Pairs. Molecular Catalysis, Vol. 2 (Eds.: J. C.
Slootweg, A. R. Jupp), Springer, Cham, 2021, https://doi.org/
10.1007/978-3-030-58888-5 7.

[11] Y. Zhang, P. Lan, K. Martin, S. Ma, Chem Catalysis Chem
Catal. 2022, 2, 439–457.

[12] H. Furukawa, K. Cordova, M. O’Keeffe, M. Yaghi, Science
2013, 341, 974.

[13] a) Z. Niu, W. Gunatilleke, Q. Sun, P. Lan, J. Perman, J.-G. Ma,
Y. Cheng, B. Aguila, S. Ma, Chem 2018, 4, 2587–2599; b) Z.
Niu, W. Zhang, P. Lan, B. Aguila, S. Ma, Angew. Chem. Int.
Ed. 2019, 58, 7420–7424; Angew. Chem. 2019, 131, 7498–7502.

[14] a) S. Shyshkanov, T. N. Nguyen, A. Chidambaram, K. Styl-
ianou, P. Dyson, Chem. Commun. 2019, 55, 10964–10967; b) S.
Shyshkanov, T. N. Nguyen, F. M. Ebrahim, K. C. Stylianou, P.
Dyson, Angew. Chem. Int. Ed. 2019, 58, 5371–5375; Angew.
Chem. 2019, 131, 5425–5429; c) X. Li, Q. Deng, L. Yu, R. Gao,
Z. Tong, C. Lu, J. Wang, Z. Zeng, J.-J. Zou, S. Deng, Green
Chem. 2020, 22, 2549–2557.

[15] U. Kökçam-Demir, A. Goldman, L. Esrafili, M. Gharib, A.
Morsali, O. Weingart, C. Janiak, Chem. Soc. Rev. 2020, 49,
2751–2798.

[16] D.-Y. Hong, Y. Hwang, C. Serre, G. Férey, J.-S. Chang, Adv.
Funct. Mater. 2009, 19, 1537–1552.

[17] L. Zeonjuk, N. Vankova, A. Mavrandonakis, T. Heine, G.
Röschenthaler, J. Eicher, Chem. Eur. J. 2013, 19, 17413–17424.

[18] T. Rokob, A. Hamza, I. Pápai, J. Am. Chem. Soc. 2009, 131,
10701–10710.

[19] T. Zhao, F. Jeremias, I. Boldog, B. Nguyen, S. Henninger, C.
Janiak, Dalton Trans. 2015, 44, 16791–16801.

[20] X. Li, B. Zhang, L. Tang, T. Goh, S. Qi, A. Volkov, Y. Pei, Z.
Qi, C. K. Tsung, L. Stanley, W. Huang, Angew. Chem. Int. Ed.
2017, 56, 16371–16375; Angew. Chem. 2017, 129, 16589–16593.

[21] J. Patrow, Y. Wang, J. Dawlaty, J. Phys. Chem. Lett. 2018, 9,
3631–3638.

[22] a) S. Geier, D. Stephan, J. Am. Chem. Soc. 2009, 131, 3476–
3477; b) A. Willms, H. Schumacher, T. Tabassum, L. Qi, S.
Scott, P. Hausoul, M. Rose, ChemCatChem 2018, 10, 1835–
1843; c) D. Scott, M. Fuchter, A. Ashley, Angew. Chem. Int.
Ed. 2014, 53, 10218–10222; Angew. Chem. 2014, 126, 10382–
10386.

[23] a) T. Mahdi, D. Stephan, J. Am. Chem. Soc. 2014, 136, 15809–
15812; b) T. Mahdi, D. Stephan, Angew. Chem. Int. Ed. 2015,
54, 8511–8514; Angew. Chem. 2015, 127, 8631–8634.

Manuscript received: September 11, 2022
Accepted manuscript online: November 8, 2022
Version of record online: December 7, 2022

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, 62, e202213399 (6 of 6) © 2022 Wiley-VCH GmbH

 15213773, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202213399 by U

niversity O
f N

orth T
exas W

illis L
ibrary, W

iley O
nline L

ibrary on [20/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1002/chem.201204236
https://doi.org/10.1002/asia.200700081
https://doi.org/10.1002/asia.200700081
https://doi.org/10.1021/cr020049i
https://doi.org/10.1021/ar700134q
https://doi.org/10.1021/cr100218m
https://doi.org/10.1021/acs.accounts.7b00530
https://doi.org/10.6023/A14040344
https://doi.org/10.1016/j.tetlet.2014.10.138
https://doi.org/10.1002/cctc.201402838
https://doi.org/10.1021/acs.chemrev.7b00272
https://doi.org/10.1039/b807083k
https://doi.org/10.1039/b807083k
https://doi.org/10.1021/acs.chemrev.1c00740
https://doi.org/10.1021/acs.chemrev.1c00740
https://doi.org/10.1021/cr2003147
https://doi.org/10.1021/ja101208s
https://doi.org/10.1021/ja101208s
https://doi.org/10.1039/C6CS00051G
https://doi.org/10.1039/C6CS00051G
https://doi.org/10.1016/j.ccr.2017.10.031
https://doi.org/10.1126/science.1134230
https://doi.org/10.1126/science.1134230
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1021/jacs.1c10845
https://doi.org/10.1021/jacs.1c10845
https://doi.org/10.1039/C9CC02900A
https://doi.org/10.1039/C6DT02202B
https://doi.org/10.1039/C6DT02202B
https://doi.org/10.1021/ja512658m
https://doi.org/10.1021/ja512658m
https://doi.org/10.1002/adsc.201100206
https://doi.org/10.1002/adsc.201100206
https://doi.org/10.6023/cjoc201903076
https://doi.org/10.1002/ejic.201600834
https://doi.org/10.1002/ejic.201600834
https://doi.org/10.1039/c2dt30536d
https://doi.org/10.1002/chem.201100724
https://doi.org/10.1002/chem.201100724
https://doi.org/10.1002/chem.201202693
https://doi.org/10.1002/chem.201202693
https://doi.org/10.1039/C8OB02446D
https://doi.org/10.1002/anie.201808289
https://doi.org/10.1002/ange.201808289
https://doi.org/10.1002/ange.201808289
https://doi.org/10.1002/anie.201900907
https://doi.org/10.1002/anie.201900907
https://doi.org/10.1002/ange.201900907
https://doi.org/10.1021/acs.orglett.5b00085
https://doi.org/10.1002/cjoc.201900121
https://doi.org/10.1039/C6OB01172A
https://doi.org/10.1039/C6OB01172A
https://doi.org/10.1002/ange.201409471
https://doi.org/10.1021/acs.orglett.5b01240
https://doi.org/10.1021/acs.orglett.5b03307
https://doi.org/10.1021/acs.orglett.5b03307
https://doi.org/10.1039/C6OB01556E
https://doi.org/10.1039/C6OB01556E
https://doi.org/10.1039/C8OB00023A
https://doi.org/10.1021/ja4025808
https://doi.org/10.1002/chem.201200244
https://doi.org/10.1002/chem.201200244
https://doi.org/10.1002/anie.201004525
https://doi.org/10.1002/anie.201004525
https://doi.org/10.1002/ange.201004525
https://doi.org/10.1002/ange.201004525
https://doi.org/10.1039/b801806e
https://doi.org/10.1039/b801806e
https://doi.org/10.1021/jacs.5b13104
https://doi.org/10.1021/jacs.5b13104
https://doi.org/10.1039/C4OB02419B
https://doi.org/10.1039/C4OB02419B
https://doi.org/10.1021/ja507536n
https://doi.org/10.1021/ja507536n
https://doi.org/10.1021/jacs.6b03443
https://doi.org/10.1021/jacs.6b03443
https://doi.org/10.1021/acscatal.0c04263
https://doi.org/10.1039/D1CC06964K
https://doi.org/10.1039/D1CC06964K
https://doi.org/10.1002/anie.201914568
https://doi.org/10.1002/anie.201914568
https://doi.org/10.1002/ange.201914568
https://doi.org/10.1002/ange.201914568
https://doi.org/10.1021/jacs.6b07245
https://doi.org/10.1021/jacs.6b07245
https://doi.org/10.1039/C7CS00691H
https://doi.org/10.1007/978-3-030-58888-5_7
https://doi.org/10.1007/978-3-030-58888-5_7
https://doi.org/10.1016/j.checat.2021.12.001
https://doi.org/10.1016/j.checat.2021.12.001
https://doi.org/10.1016/j.chempr.2018.08.018
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1002/anie.201903763
https://doi.org/10.1002/ange.201903763
https://doi.org/10.1039/C9CC04374H
https://doi.org/10.1002/anie.201901171
https://doi.org/10.1002/ange.201901171
https://doi.org/10.1002/ange.201901171
https://doi.org/10.1039/C9GC04432A
https://doi.org/10.1039/C9GC04432A
https://doi.org/10.1039/C9CS00609E
https://doi.org/10.1039/C9CS00609E
https://doi.org/10.1002/adfm.200801130
https://doi.org/10.1002/adfm.200801130
https://doi.org/10.1002/chem.201302727
https://doi.org/10.1021/ja903878z
https://doi.org/10.1021/ja903878z
https://doi.org/10.1039/C5DT02625C
https://doi.org/10.1002/anie.201710164
https://doi.org/10.1002/anie.201710164
https://doi.org/10.1002/ange.201710164
https://doi.org/10.1021/acs.jpclett.8b00470
https://doi.org/10.1021/acs.jpclett.8b00470
https://doi.org/10.1021/ja900572x
https://doi.org/10.1021/ja900572x
https://doi.org/10.1002/cctc.201701783
https://doi.org/10.1002/cctc.201701783
https://doi.org/10.1002/anie.201405531
https://doi.org/10.1002/anie.201405531
https://doi.org/10.1002/ange.201405531
https://doi.org/10.1002/ange.201405531
https://doi.org/10.1021/ja508829x
https://doi.org/10.1021/ja508829x
https://doi.org/10.1002/anie.201503087
https://doi.org/10.1002/anie.201503087
https://doi.org/10.1002/ange.201503087

