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Abstract: Frustrated Lewis pairs (FLPs) have recently been
advanced as efficient metal-free catalysts for catalytic hydro-
genation, but their performance in chemoselective hydrogena-
tion, particularly in heterogeneous systems, has not yet been
achieved. Herein, we demonstrate that, via tailoring the pore
environment within metal-organic frameworks (MOFs), FLPs
not only can be stabilized but also can develop interesting
performance in the chemoselective hydrogenation of a,f-
unsaturated organic compounds, which cannot be achieved
with FLPs in a homogeneous system. Using hydrogen gas
under moderate pressure, the FLP anchored within a MOF that
features open metal sites and hydroxy groups on the pore walls
can serve as a highly efficient heterogeneous catalyst to
selectively reduce the imine bond in a,fB-unsaturated imine
substrates to afford unsaturated amine compounds.

Catalytic hydrogenation of organic compounds containing
unsaturated bonds has drawn comprehensive attention since
the early 20th century! given the atom economy and
cleanliness of the transformation as well as its importance in
industrial processes.”! Heterogeneous hydrogenation cataly-
sis has been dominated by precious metals (Pd/Pt/Ru/Rh/Ir).
These catalysts have shown high efficiency and selectivity
compared to stoichiometric reductants.”) However, the scar-
city and high cost of precious metal catalysts hinders their
broader applications in industry.

Chemoselective hydrogenation, for example, the selective
reduction of a,f-unsaturated organic compounds, has been
a challenging topic since the early stage of hydrogenation
development,” and requires delicate design and manipula-
tion of the catalyst system.

The emergence of frustrated Lewis pairs (FLPs),” as
pioneered by Stephan in 2006, suggests different pathways for
the activation of H,® and other small molecules.”! Tremen-
dous progress has been witnessed for the development of
FLPs as metal-free catalysts for the hydrogenation of many
types of unsaturated compounds, including olefins, alkynes,
imines, esters, ketones, and aziridines.®! Chemoselective
hydrogenation of o,f-unsaturated organic compounds has
been reported for some homogeneous FLP catalysts’” but
they tend to preferentially reduce the carbon—carbon double
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bond, which is thermodynamically favored. It remains a sig-
nificant challenge for FLP catalysts to selectively hydrogenate
o,pB-unsaturated organic compounds to afford the relevant
olefin product especially in heterogeneous systems.!'”

Recently, we demonstrated the introduction of Lewis pair
(LP) into metal-organic frameworks (MOFs), which exhib-
ited enhanced stability and excellent recyclability, as well as
interesting catalysis performance for imine reduction reac-
tions and hydrogenation of olefins.'!! The diverse yet tunable
features of MOFs/"? make them an efficient platform to
manipulate heterogeneous catalysts for various organic trans-
formations that traditional porous materials simply cannot
provide.® On the basis of our recent success, we envisaged
using FLPs for heterogeneous chemoselective hydrogenation
of a,-unsaturated organic compounds, and thus we postulate
that the MOF pore environment can be delicately tailored
with “ports” to anchor FLPs, meanwhile “activation” groups
preferably interact with the targeted double bond in the
substrate, thereby producing selective reduction during the
hydrogenation process (Scheme 1).

We selected the MOF, MIL-101(Cr) as the platform as it
can be prepared with the secondary building unit (SBU) in
the form of Cr;(u3-O) (COO)s(OH)(H,0),; we envision that
upon dehydration, the SBU can expose two Cr'" sites with
one as the “port” to anchor FLP and the other, together with
the hydroxy group residing at the third Cr'" site, to preferably
interact with the targeted double bond in the substrate to
facilitate its “activation” (Scheme 2). Herein we anchor the
FLP B(C¢F;),(Mes)/DABCO into MIL-101(Cr), and directly
using H, gas at room temperature the resultant MIL-101(Cr)-
FLP can selectively hydrogenate the imine bond in a,p-
unsaturated imine compounds to afford unsaturated amine
compounds, which cannot be achieved for FLPs in a homoge-
neous system. Our work presents the first example of an FLP-
based catalyst capable of selectively hydrogenating o,f3-
unsaturated organic compounds, thereby paving a new
avenue for the design of precious-metal-free chemoselective
heterogeneous catalysts.

MIL-101(Cr) with the SBU of Cr;(us3-O)(COO)(OH)-
(H,0), was prepared according to the procedure reported in
the literature!" and was dehydrated before the introduction
of FLP. The Lewis base (LB) of 1,4-diazabicyclo[2.2.2]octane
(DABCO) that features two binding nitrogen atoms, with one
to anchor at the open Cr'™" and the other to interact with the
Lewis acid (LA), was first grafted into MOF to form MIL-
101(Cr)-LB (Scheme S1 in the Supporting Information). To
stabilize the anchored FLP, the Lewis acid B(C4Fs),(Mes) was
added to MIL-101(Cr)-LB, and then treated with H, to afford
the HB(C4Fs),(Mes) /HDABCO" pair anchored MIL-101-
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(Cr), which is denoted as MIL-101(Cr)-FLP-H, (Scheme S2).
MIL-101(Cr)-FLP-H, (1.0 mmol FLP per 1 g MIL-101(Cr) or
0.34 FLP per unsaturated Cr site) was used in the following

characterizations.

"B NMR spectroscopy measurements were carried out to
investigate the FLP with activated hydrogen that is anchored

on the pore wall of MIL-101(Cr)-FLP-H,. As shown
in Figure 1a, the '"B NMR spectrum of the mixture of
B(C¢Fs),(Mes) and DABCO shows a peak at
66.1 ppm, indicative of an extremely weak interaction
between the Lewis acid and Lewis base. After
treating the Lewis acid with MIL-101(Cr)-LB in
toluene under 10 bar H, atmosphere and at room
temperature for 24 h, the solid-state ''B NMR spec-
trum showed a distinct peak at —22.4 ppm, which
is comparable to that of the homogeneous
[HDABCO]'[HB(CFs),(Mes)]” (0 =-22.5 ppm)
and related [HB(C¢Fs),(Mes)][LB] system (0=
—22.1 ppm), thus confirming the formation of the
presumed ammonium hydridoborate of FLP."" Fur-
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thermore, the peaks from the solid-state "F NMR
spectrum (Figure S1) of MIL-101(Cr)-FLP-H, are
consistent with the formation of a tetracoordinate
anionic borate, further confirming the existence of
FLP ammonium hydridoborate within the MOF.*

The porosity and phase purity of MIL-101(Cr)-LB
and MIL-101(Cr)-FLP-H, were investigated by N, gas
sorption at 77K and powder X-ray diffraction
(PXRD) measurements, respectively. As shown in
Figure S2, the PXRD patterns of MIL-101(Cr)-LB
and MIL-101(Cr)-FLP-H, are in good agreement with
the calculated ones and those of the pristine MIL-
101(Cr), indicating the retention of the framework’s
structural integrity during the stepwise loading pro-
cess. The N, sorption studies (Figure S3) indicated that
in comparison with pristine MIL-101(Cr), there is
a steady decrease in the BET surface area (from 2724
to 2196 and 1112 m*>g™") and reduction in pore sizes
(Figure S4, S5 and S6) for MIL-101(Cr)-LB and MIL-
101(Cr)-FLP-H, due to the LB and FLP molecules
grafted onto the pore wall of MIL-101(Cr).

The Fourier transform infrared (FT-IR) spectros-
copy analysis was employed to verify the association
of FLP and MIL-101(Cr) framework. The spectrum of
MIL-101(Cr)-FLP-H, shows the characteristic peaks
from LB and LA (Figure S7). As shown in Figure 1b,
the presence of a new band at high wavenumbers
(3000-3030 cm ') is due to the methyl C—H stretching
vibrations of LA, and the new band around 1466 arises
from the aliphatic C—H stretching vibrations of LB.
The above notable new bands of MIL-101(Cr)-FLP-
H, further suggest the existence of the FLP-H, inside
the MOF.I"

The coordination interaction between FLP and the
open Cr'"'sites in MIL-101(Cr) was investigated by X-
ray photoelectron spectroscopy (XPS) spectra of MIL-
101(Cr) and MIL-101(Cr)-FLP-H,. As presented in
Figure S8 and S9, the Cr(2p) spectrum of MIL-101-
(Cr)-FLP-H, is notably different from the Cr(2p)
spectrum of MIL-101(Cr). The Cr (2p;,) and Cr (2ps,,) peaks
of MIL-101(Cr)-FLP-H, are shifted by around 0.58-2 eV
toward higher binding energies, compared to those of MIL-
101(Cr). Such shifts indicate an change in the electron density
of Cr'™, which can be attributed to the interaction between Cr
and DABCO. The survey spectrum of MIL-101(Cr)-FLP-H,
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Figure 1. a) "B NMR spectrum of MIL-101(Cr)-FLP-H, and FLP; b) IR spectra of
MIL-101(Cr), FLP-H,, and MIL-101(Cr)-FLP-H,.
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indicates the presence of the F and N elements of the FLP
molecule within the MOF (Figure S10).

The morphology of MIL-101(Cr)-FLP-H, was investi-
gated by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in Fig-
ure 2a,b, the SEM and TEM images exhibited regular
octahedral crystals of MIL-101(Cr)-FLP-H, with an average
diameter of about 100 nm. To investigate the distribution of

(a) (b)

Figure 2. SEM image (a), TEM image (b), and HAADF-STEM image of
MIL-101(Cr)-FLP-H, with the corresponding elemental mapping
images (c).

FLP-H, in MIL-101(Cr)-FLP-H,, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDS)
elemental mapping analyses were conducted. As presented in
Figure 2¢, the Cr, F, and N elements are evenly distributed
inside the octahedral crystal of MIL-101(Cr)-FLP-H,, sug-
gesting the integration of FLP inside the pores of the MOF.
These results indicated that the LP was homogeneously
distributed in the MIL-101(Cr) pores without the presence of
accumulation in particular regions.

To investigate the optimal loading amount for catalyzing
the imine reduction reactions, we prepared a series of MOF-
FLP with different FLP uptake amounts, (MIL-101(Cr)-FLP-
H,-1 (0.5 mmol FLP per 1 g MIL-101(Cr)) and MIL-101(Cr)-
FLP-H,-2 (0.75 mmol FLP per 1g MIL-101(Cr))). The
loading amount of FLP in the above samples was quantified
with '"HNMR spectroscopy by decomposing MOF-FLP in
10 wt% NaOH deuterium oxide solution (Figure S11, S12
and S13). The catalytic performances of the MIL-101(Cr)-
FLP-H, catalysts were evaluated by exposing N-tert-butyl-1-
phenylmethanimine (1a) to 20 mg catalyst in toluene, result-
ing in the reduction to N-benzyl-fert-butylamine (1b) at
10 bar H, atmosphere and room temperature after 48 h. As
presented in Table S2, along with the increase of FLP loading
amount, the catalytic yield for the above reaction increased.
The MOF-FLP with the lowest amount of FLP, MIL-101(Cr)-
FLP-H,-1, only gave 36 % yield, whereas the highest uptake
amount of FLP loaded MIL-101(Cr)-FLP-H, exhibited com-
plete conversion. Therefore, MIL-101(Cr)-FLP-H, was
chosen for the following catalysis studies. The control experi-
ments using pristine MIL-101(Cr), MIL-101(Cr)-LB, and
MIL-101(Cr)/LA were conducted, however no reduction
product was detected in the reaction solvent even after 72 h,
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suggesting MIL-101(Cr), MIL-101(Cr)-LB, and MIL-101(Cr)/
LA are inactive for the imine reduction reaction.

Imine compounds with different substituting groups were
employed to investigate the catalytic property of heteroge-
neous MIL-101(Cr)-FLP-H,. As shown in Table S3, the
reaction yields catalyzed by MIL-101(Cr)-FLP-H, from
related imine compounds are 68 % for N-benzylideneaniline
(2a), 91% for N-benzylidene-1-phenylmethanamine (3a),
and 58 % for acridine (4a). The catalysis results reveal that
the steric effect close to the N atoms can affect the catalytic
performance. The steric effect could be presumably owing to
the confinement effect imparted by the porous structure of
the MOF, which restricts the accessibility of buried C=N
double bonds to the FLP active centers that are anchored on
the pore walls of the MOF. Along with the increase in size of
the imine substrate, the reduction reaction yield decreased.
The reaction yield catalyzed by MIL-101(Cr)-FLP-H, for 5a
is 21 % and none of the product could be observed for 6a even
after 72 h. Considering the existence of the coordinated FLP
on the window, the size of the window (with diameters of ca.
1.0 nm) is smaller than the diameter of 6a molecule (with
diameters of 1.3 nm), thus the large imine molecule could not
enter into the pores of MIL-101(Cr)-FLP-H,. Therefore, the
observed size selectivity performance of MIL-101(Cr)-FLP-
H, can be attributed to the restriction of the window structure
in the framework.

Considering the interesting catalytic performance of MIL-
101(Cr)-FLP-H, in the above imine reduction reactions, we
decided to examine MIL-101(Cr)-FLP-H, for selective cata-
lytic hydrogenation of the a,f-unsaturated imine compounds
directly using hydrogen gas, which has barely been explored
in both homogeneous and heterogeneous systems.'”! Inter-
estingly, for the substrate 7a, both imine and alkene double
bonds were reduced in the case of homogeneous FLP, and no
7b can be observed after the catalytic reaction. However, the
heterogeneous MIL-101(Cr)-FLP-H, shows a yield of 87 %
7b for 7a under the same reaction conditions. This excellent
selectivity could be attributed to the hydrogen bonding
between the N atoms of the imines and the -OH groups
from the framework and/or the interaction between the N
atoms of the imines and remaining open metal sites.'®! The
a,B-unsaturated imine compounds with different substituted
groups were employed to further investigate the chemo-
selective catalysis performance of the heterogeneous MIL-
101(Cr)-FLP-H,. As presented in Table 1, the reaction yields
catalyzed by MIL-101(Cr)-FLP-H, from the related a,f-
unsaturated imine compounds are 100 % for 8a, 91 % for 9a,
81 % for 10a, 100 % for 11a, and 93 % for 12a. The high yields
of these products highlight that MIL-101(Cr)-FLP-H, can
serve as a porous FLP catalyst with excellent catalytic
performance in the chemoselective hydrogenation reactions,
which has not been achieved previously for any FLP-based
catalyst.

On the basis of the reported homogenous FLP catalyzed
hydrogenation reactions and the solid-state ’F NMR spec-
troscopy results for MIL-101(Cr)-FLP-H,, the tentative
catalysis mechanism of MIL-101(Cr)-FLP-H,-catalyzed
imine reduction reactions is proposed as illustrated in Fig-
ure S14. The process is initiated by the reaction between MIL-
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Table 1: Catalytic hydrogenation of a,B-unsaturated imine compounds.?!
Substrate . Product
7a-11a  10barH; R. T 7b-11b
entry substrate product yield [%]
1 @MNk 7a HJ< 7b oM

R >

3 ©/\A\N© 8a
/A\‘O\\ o\

4 MNJ/\J 9a /\/\NQ/ 9b 91

10a /\/\Hk 10b 81

o
/©/ 11b 100

[a] Reaction conditions: 20 mg (10 mol % FLP) MIL-101(Cr)-FLP-H,,
0.13 mmol substrate, 3 mL toluene, room temperature, 48 h. [b] Reac-
tion conditions: 10 mol% FLP, 0.13 mmol 7b, 3 mL toluene, room
temperature, 48 h.

N/© 8b 100

H

o

A NJ< 7b 87
o
o

12b 93

101(Cr)-FLP-H, and the imine substrate. The [HBMes-
(C4Fs),]™ reduces the imine substrate and then converts to
BMes(C¢Fs),, while the MIL-101(Cr)-[LBH]* converts into
MIL-101(Cr)-LB. Subsequently, the MIL-101(Cr)-LB and
BMes(C¢Fs), react with hydrogen to regenerate the MIL-
101(Cr)-FLP-H, and complete the catalysis cycle.

Density functional theory (DFT) -calculations were
employed to understand the tentative mechanism of the
chemoselective hydrogenation of a,f-unsaturated imine com-
pounds. As shown in Figure 3, the unsaturated Cr'™ sites and
the hydroxy group in Cr;O(OH)(COO):H,O trimers of MIL-
101 can serve as “active” sites that interact with the C=N
group of 7a molecule. The calculated adsorption energy of 7a

Cr,0(OH)(COO),H,0 7a with open metal site

Figure 3. Theoretical models of the interaction of 7a with Cr;O(OH)-

(CO0)¢H,0 trimer on a MIL-101(Cr)-FLP-H, catalyst. Gray C; green Cr;
white H; red O; blue N.

Angew. Chem. Int. Ed. 2019, 58, 7420-7424

Communications

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

over the unsaturated Cr'™ sites and the hydroxy group in

Cr;O(OH)(COO):H,O trimers is —33.77 and
—34.83 kImol !, respectively; that is, binding between the
trimers and 7a through N---HO and N---Cr is thermodynami-
cally favored, with the interaction between 7a and hydroxy
group in Cr;O(OH)(COO)H,O trimers being slightly stron-
ger (Figure S15 and S16). Therefore, different from the
homogenous catalyst, the MOF catalyst can selectively
reduce the C=N bond in o,B-unsaturated imine compounds.
These results support the experimental observation that the
-OH groups and remaining open Cr'™ sites in MIL-101(Cr)
preferentially interact with the C=N group (rather than the
C=C group) of 7a thus to activate it, giving rise to the
improved selectivity for the formation of product 7b.

In industrial processes, the recyclability and long-term
stability of the catalyst are of utmost importance. Based on
this consideration, we investigated the stability and recycling
performance of MIL-101(Cr)-FLP-H,. MIL-101(Cr)-FLP-H,
can be readily recycled with great catalytic performance, and
the yield of the catalysis reaction can maintain 100 % percent
even at the fifth recycling experiment (Figure S17). The
"H NMR data of the decomposed MIL-101(Cr)-FLP-H, in
10 wt % NaOH deuterium oxide solution after five cycles of
catalytic reaction matches the original MIL-101(Cr)-LB, thus
reinforcing the idea that the LB portion of FLP is compe-
tently bound to the Cr™ sites. The robustness of the catalyst
was further confirmed by the well-retained crystallinity and
pore structure in MIL-101(Cr)-FLP-H, after the catalytic
reaction, as evidenced by PXRD and N, adsorption studies,
respectively (Figure S18 and S19).

In summary, we demonstrated the incorporation of
a frustrated Lewis pair (FLP) into a MOF, MIL-101(Cr)
with a tailored pore environment featuring open metal sites
and hydroxy groups in the SBUs. This tailored pore environ-
ment stabilizes the FLP through strong coordination between
the Lewis base and the MOF thereby giving it excellent
recyclability as well as interesting catalytic activity for
catalytic reduction of imines with direct utilization of hydro-
gen gas under moderate pressure. Moreover, the hydroxy
groups and open metal sites from the tailored pore environ-
ment within the MOF endow the anchored FLP with great
performance in the chemoselective hydrogenation of a,f3-
unsaturated imines through the preferential interaction
between C=N group (rather than the C=C group) and the
-OH group and remaining open Cr' site in catalyst, as
indicated by DFT calculations. Our work not only lays
a foundation to develop MOF-FLP as a new generation of
efficient chemoselective heterogeneous catalyst, but also
paves a new avenue for the design of precious-metal-free
chemoselective catalysts.
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