
Introducing Frustrated Lewis Pairs to Metal−Organic Framework for
Selective Hydrogenation of N‑Heterocycles
Ze-Ming Xu, Zhuoyi Hu, Yali Huang, Shu-Jin Bao, Zheng Niu,* Jian-Ping Lang,* Abdullah M. Al-Enizi,
Ayman Nafady, and Shengqian Ma*

Cite This: J. Am. Chem. Soc. 2023, 145, 14994−15000 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hydrogenated nitrogen heterocyclic compounds play a critical role in
the pharmaceutical, polymer, and agrochemical industries. Recent studies on partial
hydrogenation of nitrogen heterocyclic compounds have focused on costly and toxic
precious metal catalysts. As an important class of main-group catalysts, frustrated
Lewis pairs (FLPs) have been widely applied in catalytic hydrogenation reactions. In
principle, the combination of FLPs and metal−organic framework (MOF) is
anticipated to efficiently enhance the recyclability performance of FLPs; however,
the previously studied MOF-FLPs showed low reactivity in the hydrogenation of N-
heterocycles compounds. Herein, we offer a novel P/B type MOF-FLP catalyst that
was achieved via a solvent-assisted linker incorporation approach to boost catalytic hydrogenation reactions. Using hydrogen gas
under moderate pressure, the proposed P/B type MOF-FLP can serve as a highly efficient heterogeneous catalyst for selective
hydrogenation of quinoline and indole to tetrahydroquinoline and indoline-type drug compounds in high yield and excellent
recyclability.

■ INTRODUCTION
Selective hydrogenation of nitrogen heterocyclic molecules is
one of the most important transformations in organic synthesis
for the production of various compounds in the pharmaceut-
ical, polymer, and agrochemical industries.1 In the past
decades, a variety of precious metal catalysts have been
extensively utilized in the selective hydrogenation of nitrogen
heterocyclic molecules.2 However, the high cost of precious
metal catalysts and their toxicity have limited their widespread
use in industry and in other catalytic transformations.
Alternatively, the studies on metal-free hydrogenation catalysts
have recently attracted increasing interest due to their potential
low cost and weak toxicity.3 As one of the important main-
group catalysts, frustrated Lewis pairs (FLPs) have been
applied in the partial hydrogenation of various nitrogen
heterocyclic compounds, such as quinolines, indoles, and
phenanthrolines in homogeneous reactions.4 However, com-
pared with pervasive heterogeneous catalysts, most FLPs serve
as hydrogenation catalysts in the homogeneous reaction
systems and lose their activation after completion of the
reactions, thereby limiting their possible utility. Therefore,
developing heterogeneous FLP catalysts with excellent
recyclability and great catalytic reduction performance of
nitrogen heterocyclics is highly desirable yet challenging.

As an emerging class of crystalline porous materials, metal−
organic frameworks (MOFs) have been extensively employed
in heterogeneous catalysis, benefiting from their structural
diversity and tailorability.5 The integration of MOFs with a
catalytic center endows the MOF-based heterogeneous catalyst

with excellent recycling performance and special selectivity.6,7

In recent years, some research efforts have been devoted to
grafting N/B type FLPs onto MOFs to construct novel
heterogeneous catalysts.8 In 2019, we reported the chemo-
selectively hydrogenate α,β-unsaturated imine to the corre-
sponding amine using MIL-101(Cr)-FLP-H2 as a heteroge-
neous catalyst,9 in which the DABCO and B(C6F5)2(Mes)
exhibited as frustrated Lewis pairs to tailor the pore
environment. However, the N/B type MOF-FLP heteroge-
neous catalyst showed unsatisfactory catalysis performance in
the hydrogenation of nitrogen heterocyclic compounds since
the lower Lewis acidity of B(C6F5)2(Mes) leads to low
reactivity (Scheme 1, Supporting Information). Compared
with N/B type FLP, P/B type FLP has gained marked interest
due to its outstanding performance in the hydrogen activation
reactions.4m Given the difficulty in the synthesis of suitable P-
containing Lewis base, caused by its possible oxidation and
coordination with the metal node of MOF,10 the P/B type
MOF-FLP has not been developed.

In this work, we designed a P/B type MOF-FLP to explore
the selective hydrogenation of nitrogen heterocyclic molecules
(Scheme 1). The MOF, NU-1000, [Zr6(μ3-O)4(μ3-
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OH)4(OH)4(H2O)4(TBAPy)2] (H4TBAPy is 1,3,6,8-tetrakis-
(p-benzoic acid)pyrene), was selected as the platform that has
the secondary building unit (SBU) in the form of [Zr6(μ3-
O)4(μ3-OH)4(OH)4(H2O)4]8+. In the 31 Å diameter meso-
pores of NU-1000, Lewis base (2,4,6-Me3C6H2)2P(2-Me-4-
COOHC6H3) could be anchored by the method called
solvent-assisted linker incorporation (SALI) to achieve the
NU-1000-LB.11 Under a H2 atmosphere and ambient temper-
ature, Lewis acid B(C6F5)3 can be anchored into NU-1000-LB,
and the resultant NU-1000-FLP-H2 was achieved, thereby
implying the capability to catalyze the hydrogenation of the
quinoline and indole to their corresponding tetrahydroquino-
line and indoline products. Remarkably, P/B type MOF-FLP
showed great recycling performance in the above catalytic
reactions. Consequently, the P/B type MOF-FLP was then
employed for the efficient synthesis of tetrahydroquinoline and
indoline type drug molecules.

■ RESULTS AND DISCUSSION
NU-1000 was synthesized using a procedure described in the
literature.11d The compound (2,4,6-Me3C6H2)2P(2-Me-4-
COOHC6H3) was designed and synthesized as the Lewis
base (LB) since the carboxylic acid of the LB can be
coordinated with the Zr6 node in 31 Å diameter mesopores of
NU-1000, thus making LB strongly anchored in the pores of
NU-1000 thereby yielding NU-1000-LB. To investigate the
reactivity of the LB and the B(C6F5)3 (Lewis acid, LA), the
esters of LB and LA were exposed to a hydrogen atmosphere,
giving rise to the phosphonium borates [(2,4,6-Me3C6H2)2PH-
(2-Me-4-COOMeC6H3)]+ [HB(C6F5)3]−, which can be
determined by 11B NMR spectroscopy (Supporting Informa-
tion (SI), Figure S11). Based on the above reaction, the Lewis
acid B(C6F5)3 was added to NU-1000-LB, and then reacted
with H2 to obtain the HB(C6F5)3−/(2,4,6-Me3C6H2)2PH(2-
Me-4-COOHC6H3)+ pair anchored into the NU-1000, which
was denoted as the NU-1000-FLP-H2 (Figure 1). NU-1000-
FLP-H2 (0.67 mmol per 1 g of NU-1000 or 2 FLP per
unsaturated Zr6 node of NU-1000) was used in the following
characterizations.

To confirm the existence of the Lewis base in the pores of
NU-1000, 31P MAS NMR spectroscopy was investigated. As

illustrated in Figure 2a, the solid 31P NMR spectra of NU-
1000-LB showed a signal at −28.72 ppm, indicating that the

Lewis base was successfully anchored in NU-1000. After the
reaction between B(C6F5)3 and NU-1000-LB under hydrogen,
a new peak at −23.80 ppm was observed in the solid-state 31P
NMR spectrum, which matched well with that of the
homogeneous [(2,4,6-Me3C6H2)2PH(2-Me-4-COO-
MeC6H3)]+[HB (C6F5)3]− (δ = −23.28 ppm), thus confirming
the formation of the corresponding FLP-H2 in the pore of the
NU-1000.

Scheme 1. Types of Different MOF-FLPs for N-
Heterocycles Hydrogenation Reactions

Figure 1. Construction pathway of NU-1000-FLP-H2.

Figure 2. (a) 31P MAS NMR spectra of NU-1000-LB and NU-1000-
FLP-H2. (b) FT-IR spectra of NU-1000, NU-1000-LB, NU-1000-
FLP-H2. (c) SEM image of the NU-1000-FLP-H2. (d) TEM image
and (e) HAADF-STEM image of NU-1000-FLP-H2 after ultrathin
sectioning with the corresponding elemental mapping images.
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The Fourier transform infrared (FT-IR) spectroscopy
analysis was employed to confirm the interactions between
FLP-H2 and Zr-clusters on the NU-1000 framework. The
characteristic peaks from LB and LA are shown in the IR
spectra of NU-1000-FLP-H2. The new band at 972 cm−1 can
be attributed to the B−C stretching vibrations of LA, and the
other two new bands around 1460 and 1510 cm−1 arise from
the P-Ph stretching vibrations of LB (Figure 2b). The above
bands of NU-1000-FLP-H2 further confirmed the anchored
FLP-H2 in the MOF.

The nitrogen adsorption/desorption measurements at 77 K
and powder X-ray diffraction (PXRD) of NU-1000-LB and
NU-1000-FLP-H2 were, respectively, measured to verify their
porosity and phase purity. As shown in Figure S13, the PXRD
patterns of NU-1000-LB and NU-1000-FLP-H2 are in
excellent agreement with the patterns of NU-1000, suggesting
the framework integrity of NU-1000-FLP-H2. The N2 sorption
isotherms indicated that the BET surface area of NU-1000-LB
and NU-1000-FLP-H2 decreased to 1554 and 1212 m2·g−1

compared with parent NU-1000 (SI, Figure S14). Meanwhile,
the pore sizes of NU-1000-LB and NU-1000-FLP-H2 also
decreased, which can further confirm that the LB and FLP-H2
molecules were grafted in the mesopores of NU-1000 (SI,
Figure S15).

The SEM image of NU-1000-FLP-H2 verifies that NU-1000
retains its rectangular crystal throughout the encapsulation
process (Figure 2c). To investigate the uniform distribution of
FLP-H2 within the pores of NU-1000, the NU-1000-FLP-H2
was ultrathinly sectioned (Figure 2d). Subsequently, the
ultrathin section of NU-1000-FLP-H2 was studied by high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy dispersive X-ray
spectroscopy (EDS) elemental mapping analyses. As presented
in Figure 2e, the Zr, O, P, and F elements were uniformly
distributed throughout the pores.

The existence of LB and FLP-H2 in the framework was
further illustrated by X-ray photoelectron spectra. The P(2p)
spectrum showed the P element within the NU-1000-LB (SI,
Figure S21), and the spectra of both F(1s) and P(2p) showed
the F and P elements within the NU-1000-FLP-H2 (SI, Figure
S24 and Figure S25). Furthermore, the Zr 3d5/2 binding energy
shifts from 183.1 to 182.8 eV after coordination of Lewis base,
and after the Lewis acid installation, it shifts slightly to 183.0
eV (SI, Figure S27). Meanwhile, the binding energy of P 2p
shifts from 132.9 to 132.8 eV when FLP-H2 is formed (SI,
Figure S28).

To evaluate the effect of FLP uptake amount on the catalysis
performance, a series of MOF-FLP with different FLP-H2
uptake amounts including NU-1000-FLP-H2-1 (0.16 mmol
FLP-H2 per 1 g NU-1000) and NU-1000-FLP-H2-2 (0.33
mmol FLP-H2 per 1 g NU-1000) were prepared. The loading
amounts of FLP-H2 were determined by 1H NMR spectros-
copy after the samples were dissolved in the 10% D2SO4−
DMSO-d6 mixture solvent. To evaluate the catalysis perform-
ances of NU-1000-FLP-H2 catalysts, we chose 2-methylquino-
line as a substrate and exposed it to 10 mg of catalyst in
toluene at 1 MPa H2 atmosphere at 60 °C for 24 h. The yield
of 2-methyl-1,2,3,4-tetrahydroquinoline increased along with
the increase of the FLP-H2 loading amount in NU-1000 (SI,
Table S2). Compared with the catalyst NU-1000-FLP-H2, the
MOF-FLP-H2 with the lower amount of FLP-H2, NU-1000-
FLP-H2-2, gave a 68% yield; meanwhile, the lowest uptake
amount of FLP-H2 only afforded a 45% yield. Whereas, the

suitable uptake amount of FLP-H2 loaded NU-1000 exhibited
excellent catalytic performance. The control experiments using
NU-1000 and NU-1000-LB were also conducted; the desired
product could not be detected even after a 72 h reaction time,
suggesting NU-1000 and NU-1000-LB are inactive for the 2-
methylquinoline reduction reaction. In contrast, the heteroge-
neous NU-1000-FLP-H2 showed higher catalytic activity than
homogeneous FLP-H2 (SI, Table S2), which can be attributed
to the synergistic effect between the MOF and FLP. The
interactions between the Zr-OH of NU-1000 and the nitrogen
atom of N-heterocycles could activate the C�N bonds of the
substrates,9,12 thus facilitating the hydrogenation of N-
heterocycle substrates.

2-Methylquinoline compounds with different substituted
groups were used to investigate the catalysis performance of
the heterogeneous NU-1000-FLP-H2. As summarized in Table
1, the reaction yields catalyzed by NU-1000-FLP-H2 from

related 2-methylquinolines derivatives are 99% for 2-methyl-
quinoline (2a), 98% for 6-fluoro-2-methylquinoline (2b), 95%
for 7-fluoro-2-methylquinoline (2c), 89% for 6-methoxy-2-
methylquinoline (2d), 99% for 2-phenylquinoline (2e), and
85% for acridine (2f), respectively. In comparison, the yields
are 91%, 89%, 84%, 82%, 90%, and 79% when catalyzed by a
5.6 mol % homogeneous FLP-H2 catalyst, respectively. These
results indicate the excellent catalysis performance of porous
NU-1000-FLP-H2 in FLP-promoted hydrogenation. In an
effort to further expand the reduction of nitrogen heterocyclic
compounds, we further explore the applicability of NU-1000-
FLP-H2 in the partial reduction of 1-methyl-1H-indole into 1-
methylindoline. As shown in Table 2, the reaction yields
catalyzed by NU-1000-FLP-H2 are 99% for 1-methyl-1H-
indole (4a), 98% for 1,2-dimethyl-1H-indole (4b), 98% for
1,3-dimethyl-1H-indole (4c), 95% for 4-bromo-1-methyl-1H-
indole (4d), 99% for 5-chloro-1-methyl-1H-indole (4e), 85%
for 1,7-dimethyl-1H-indole (4f), 96% for 1,6-dimethyl-1H-
indole (4g), 94% for 6-bromo-1-methyl-1H-indole (4h), and
97% for 5-methoxy-1-methyl-1H-indole (4i). These results
illustrate that porous NU-1000-FLP-H2 shows excellent
catalysis performance in indole hydrogenation reactions.

To demonstrate the application of NU-1000-FLP-H2 in the
synthesis of drug molecules, a catalytic hydrogen reaction from
2-pentylquinoline (5) to 2-pentyl-1,2,3,4-tetrahydroquinoline
(6) was performed (Figure 3a). In the above hydrogenation
reaction, the heteroaromatic ring of quinoline derivative was
catalytically reduced. Subsequently, an antimalarial natural

Table 1. NU-1000-FLP-H2 Catalyzed Hydrogenation of
Quinolinea

aReaction conditions: 10 mg NU-1000-FLP-H2, 0.12 mmol 3a, 2 mL
toluene, 1 MPa H2, 60 °C, 24 h.
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product, racemic (±)-angustureine (7), was obtained by the
methylation of the tetrahydroquinoline derivative. Meanwhile,
indoline skeleton derivative 12, a neuroleptic agent in many
types of antidepressants, can also be synthesized by employing
NU-1000-FLP-H2. As depicted in Figure 3b, hydrogenation of
indole 8 gave protected racemic hexahydrocarbazole 9 with a
76% yield. The unprotected intermediate hexahydrocarbazole
10 was obtained via the deprotection of 9. Subsequent
protection with 2-chloroacetyl chloride gave intermediate 11.
Finally, N-alkylation afforded the racemic biologically active
compound 12 in high overall yields.

Based on the homogeneous FLP-H2 catalyzed hydro-
genation reactions, the probable mechanism of NU-1000-
FLP-H2 catalyzed quinoline is proposed in Figure S33.4l,n,o

This reaction is initiated to proceed via transferring the proton
on zwitterion I to quinoline, affording intermediate II, which
undergoes nucleophilic attack by the borohydride anion,
affording intermediate III and an imine. After that,
intermediate III could heterolytically cleave H2 to obtain
intermediate IV. Subsequently, the imine could be hydro-

genated to produce V. In the last stage, the zwitterion I could
be regenerated via the heterolytic cleavage of H2.

As a heterogeneous catalyst, the stability and recycling
performance of NU-1000-FLP-H2 were investigated by
separating the catalyst via simple centrifuge from the reaction
mixture and reusing it in five consecutive runs of the
hydrogenation reactions of quinoline and indole. The results
indicated that no significant reactivity drop was observed
throughout these recycling experiments. The PXRD and N2
adsorption studies of NU-1000-FLP-H2 after five cycles further
supported the catalysts are robust (SI, Figure S35, Figure S36,
and Figure S39 and S40). The SEM (SI, Figure S37a and
Figure S41a), TEM (SI, Figure S37b and Figure S41b), and
HAADF-STEM images of NU-1000-FLP-H2 after five cycles
indicated the rectangular crystal was still retained. As shown in
Figure S37c and Figure S41c, the Zr, P, and F elements were
also uniformly distributed.

■ CONCLUSIONS
In summary, we demonstrated the incorporation of a P/B FLP
into NU-1000 to realize the catalytic hydrogenation of N-
heterocycles by using hydrogen gas. Benefiting from the high
hydrogenation activity of the P/B FLP, NU-1000-FLP-H2 can
achieve the hydrogenation of quinolone and indole in high
yield with excellent recyclability. Furthermore, NU-1000-FLP-
H2 has been applied in the synthesis of tetrahydroquinoline
and indoline-type drug molecules. The findings of this work
not only demonstrate the development of new types of efficient
MOF-FLP catalysts for some challenging reactions, but also
suggest a new route to construct porous FLP-based materials
for applications beyond catalysis.
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