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ABSTRACT: The development of chemoselective and heterogeneous
earth-abundant metal catalysts is essential for environmentally friendly
chemical synthesis. We report a highly efficient, chemoselective, and
reusable single-site nickel(II) hydride catalyst based on robust and
porous aluminum metal—organic frameworks (MOFs) (DUT-S) for
hydrogenation of nitro and nitrile compounds to the corresponding
amines and hydrogenolysis of aryl ethers under mild conditions. The
nickel-hydride catalyst was prepared by the metalation of aluminum
hydroxide secondary building units (SBUs) of DUT-S having the formula
of Al(u,-OH)(bpdc) (bpdc = 4,4'-biphenyldicarboxylate) with NiBr,
followed by a reaction with NaEt;BH. DUT-5-NiH has a broad substrate
scope with excellent functional group tolerance in the hydrogenation of

Ar-NO, + H,

Ar-NH, (30 examples)

. (40 examples)

- ArH o 1 On
ebase metal eatom-economical . /‘.\AH + AR

eexcellent chemoselectivity o1 bar H, Ar2-OH H,
erecyclable >10 times

aromatic and aliphatic nitro and nitrile compounds under 1 bar H, and could be recycled and reused at least 10 times. By changing
the reaction conditions of the hydrogenation of nitriles, symmetric or unsymmetric secondary amines were also afforded selectively.
The experimental and computational studies suggested reversible nitrile coordination to nickel followed by 1,2-insertion of
coordinated nitrile into the nickel-hydride bond occurring in the turnover-limiting step. In addition, DUT-5-NiH is also an active
catalyst for chemoselective hydrogenolysis of carbon—oxygen bonds in aryl ethers to afford hydrocarbons under atmospheric
hydrogen in the absence of any base, which is important for the generation of fuels from biomass. This work highlights the potential
of MOF-based single-site earth-abundant metal catalysts for practical and eco-friendly production of chemical feedstocks and

biofuels.
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B INTRODUCTION

The role of first-row transition-metal hydrides in sustainable
catalysis has received increasing attention in recent years due
to the low cost and toxicity of the metals and the utilization of
dihydrogen as an energy carrier."” They often function as key
intermediates in the catalytic reactions for transferring protons
(H*), hydrogen atoms (H®), or hydrides (H™) between
molecules.”* Nickel-hydride is of particular interest, primarily
driven by the need to develop hydrogen storage materials,’
understand the active sites of nickel-containing enzymes such
as [NiFe]—}1ydr0genase6’7 and methyl-coenzyme M reductase,’
and understand its industrial applications in catalytic hydro-
genation and olefin oligomerization.” Generally, well-defined
nickel-hydride species are afforded using multidentate strong

participation such as Raney nickel,”* resin-encapsulated nickel
nanoparticles,” and alumina- or silica-supported nicke
have multiple sites, leading to give poor selectivity and also
complicating the delineation of active sites and reaction
mechanisms. Therefore, the development of chemoselective
and heterogeneous single-site nickel catalysts is essential for
sustainable chemical synthesis.

Nonreducible y-Al,O; is one of the most studied oxides as
support for Ni catalysts because of its high thermal and
chemical stability, high surface area (80—250 m*/g), and high
ability to disperse Ni nanoparticles.””*° However, the intrinsic
heterogeneity of the y-alumina surface originating from the
presence of different coordination numbers (Al and Aly;) of
aluminum ions and varied surface OH coordination modes

2628
1

field nitrogen- and phosphorous-donor ligands bearing steri-
cally encumbered bulky substituents.'’ These nickel-hydrides
have been investigated as single-site homogeneous catalysts in
many organic transformations such as hydrogenation," ™"
hydroelementation,l4716 oligomerization,g’l%19 reduction of
COZ,ZO_22 and dehy'drogenation.z1'23 In contrast, the tradi-
tional heterogeneous nickel catalysts that undergo Ni—H bond
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Figure 1. Schematic showing the development of robust and porous single-site nickel-hydride catalyst based on DUT-S. The isolation of active
nickel sites prevents oligomerization, the formation of multiple catalytic sites or intermolecular decomposition. The heterogeneous and uniformly
distributed single-site nickel-hydrides are active in catalytic chemoselective hydrogenation of nitro and nitrile compounds and also hydrogenolysis
of aryl ethers in mild conditions.
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Figure 2. (a) DUT-$ and its metalation at SBUs with nickel. (b) PXRD patterns simulated from the CIF file of DUT-5 (black)”®”” and of freshly
prepared DUT-S (blue), DUT-S-NiBr (red), and DUT-S-NiH (green). (c) Nitrogen sorption isotherms (77 K) of DUT-$ and DUT-$-NiBr. (d)
Ni K-edge XANES spectra of NiBr, (black), DUT-5-NiBr (red), DUT-5-NiH (blue), and DUT-5-Ni after hydrogenation of benzonitrile
(magenta). (e) Extended X-ray absorption fine structure (EXAFS) spectra and fits in R-space at the Ni K-edge of DUT-5-NiH showing the
magnitude (hollow squares, blue) and real component (solid squares, blue) of Fourier transformation. The fitting range is 1—4 A in R-space (within
the gray lines).

(terminal, jt,, and y3) to the Al centers presents a challenge to metal—organic frameworks (MOF) have drawn considerable
afford single-site solid catalysts.”*> To circumvent such interest recently.’”™*° Constructed from metal cluster
difficulties, the design and synthesis of single-site heteroge- secondary building units (SBUs) and organic linkers, MOF
neous catalysts based on the inorganic metal-oxo-nodes of provides highly porous and tunable support for stabilizing
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active species or affording solution-inaccessible molecular
catalysts via active-site isolation.”' ~** The inorganic nodes of
many MOFs feature functional OH groups to mimic metal
oxides/hydroxides. Due to the presence of highly disperse and
uniform OH groups at the nodes, tunable pores, thermal and
chemical stability, and predictable structures, MOFs offer a
unique platform to develop robust single-site nickel-hydride
catalysts. 5364950

Moreover, unlike the traditional supported catalysts, MOF
catalysts combine advantages offered by heterogeneous
catalysts, such as high stability, facile catalyst separation and
recovery, and less leaching, and those provided by their
homogeneous counterparts, such as homo§eneity of the active
sites, reproducibility, and selectivity.”' > Aluminum MOF,
owing to its simple and economical synthesis, high thermal
stability, large pore size, and electrophilic nature of the hydroxy
groups at SBUs, offers superior support to develop highly
electrophilic nickel-hydride catalysts at SBUs. Herein, we
report a highly chemoselective and reusable single-site
nickel(II) hydride catalyst supported by the nodes of a robust
and porous aluminum metal—organic framework (DUT-S) for
hydrogenation of nitro and nitrile compounds to the
corresponding amines and also for hydrogenolysis of aryl
ethers under mild reaction conditions (Figure 1).

Primary and secondary amines including anilines are key
intermediates in the synthesis of fine chemicals, (pharmaceut-
icals, agrochemicals, and industrial materials.**>® Among
many methods, earth-abundant metal-catalyzed chemoselective
hydrogenation of nitro or nitrile compounds is one of the most
sustainable and economic methods due to the availabilit;r of
starting materials, low price, and high atom efficiency.”’ ™’
Methods for such transformations generally require high
hydrogen pressure and high temperature and also often
necessitate the addition of a base and thus have potential
safety issues.””~®® Despite significant progress with non-noble
metal nanoparticles in recent years,”” "> the development of
single-site well-defined heterogeneous and chemoselective
base-metal catalysts with excellent tolerance of functional
groups under mild reaction conditions is a challenge. Our
single-site DUT-5-supported nickel catalyst is not only highly
active for hydrogenation of nitroarenes and nitriles to give
primary amines under 1 bar H, in the absence of any base but
also affords symmetric and unsymmetric secondary amines
selectively in similar mild conditions (Figure 1). Our
straightforward, atom-efficient, and environmentally friendly
protocols using the easily affordable MOF catalyst are able to
hydrogenate not only common aromatic and aliphatic nitro
and nitrile substrates but also several industrially important
dinitriles and active pharmaceutical ingredients. Moreover, the
same MOF catalyst is also efficient for selective hydrogenolysis
of ether bonds of aryl ethers as models for lignin under 1 bar
H, at temperatures as low as 70 °C without the addition of a
base, which is important for the production of value-added
chemicals from biomass.>>”*~"

B RESULTS AND DISCUSSION

Synthesis and Characterization of DUT-5 and Nickel-
Metalated DUT-5. The solvothermal synthesis between
aluminum trichloride hexahydrate and 4,4'-biphenyldicarbox-
ylic acid in DMF at 120 °C for 48 h afforded DUT-5 (DUT-5)
as a white crystalline solid with the formula of AI(OH)(bpdc)
(Figure 2a).”® The crystallinity and structure of DUT-S were
established by the similarity of its Powder X-ray diffraction

3945

(PXRD) pattern to that obtained after the simulation of
aluminum MOF using the structure of MIL-S3(Al)-MOF
(Figure 2b).”*”” DUT-5 has one-dimensional chains of u,-
hydroxide-bridged, octahedrally coordinated AI** cations that
are linked via bpdc*™ linkers to give a three-dimensional
framework with rhombic channels. The solid-state infrared
(KBr) spectrum of DUT-S showed the v, o_j stretching band
at 3700 cm ™' and strong carboxylate stretching bands at 1598
cm™ (Figure S6, Supporting Information (SI)).49 Nitrogen
adsorption isotherms indicated a highly porous structure with a
Brunauer—Emmett—Teller (BET) surface of 1618 m?/g, a
pore78\rolume of 0.91 cm®/g, and a pore size of 1.2 nm (Figure
2¢).

Nickel-functionalized DUT-5 (DUT-5-NiBr) was synthe-
sized by metalation of the SBUs via deprotonation of y,-OH
followed by coordination of j,-O~ to a nickel ion. DUT-5 was
first treated with 1.5 equiv of n-BuLi in THF at room
temperature to give an intermediate Al(OLi)(bpdc)*>* and
then reacted with NiBr, to afford DUT-5-NiBr as an off-white
solid via a salt-metathesis reaction. Transmission electron
microscopy showed that the DUT-5-NiBr particles have a
platelike morphology and an average diameter of the particles
of 0.9 nm (Figure S3, SI). Both the organic linker and
carboxylate groups remained intact upon lithiation and
metalation of SBUs as evidenced by the "H NMR spectrum
of the digested MOF (Figures S4, SI) and by the retention of
carbonyl stretching frequency of carboxylates in the IR
spectrum (Figure S6, SI). The crystallinity of DUT-S was
maintained upon metalation as evidenced by similarity in the
PXRD pattern of freshly prepared DUT-5-NiBr to that of
pristine DUT-S (Figure 2b). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) showed 70% nickel
loading with respect to the u,-OH moiety. DUT-5-NiBr is
thermally stable up to 450 °C as evaluated by thermogravi-
metric analysis (Figure S5, SI). The estimated BET surface
area and pore size of DUT-5-NiBr are 1252 mz/g and 1.1 nm,
respectively (Figure 2c). The reduction of surface area and
pore size of DUT-5-NiBr as compared to those of pristine
DUT-S is attributed to the partial filling of the void space of
MOF with the nickel bromide moiety. The coordination
environment of nickel in DUT-5-NiBr was optimized by the
density functional theory (DFT) method (B3LYP) and a basis
set of 6-311G(d,p) using the Gaussian 09 software suite. The
DFT-optimized structure revealed a slightly distorted square-
planar nickel ion, which is ligated with one anionic bridging
oxo (from the deprotonation of the u,—OH group), two
carboxylate oxygen, and one bromide to afford the [(u5-
O7)(carboxylate-O),NiBr] species. The Ni—(u;-O~) distance
is 1.85 A, while the Ni—O(carboxylate) distances are 1.91 and
1.88 A (Figure S19, SI).

The treatment of DUT-5-NiBr with 1.2 equiv of NaBEt;H
resulted in the formation of DUT-5-NiH as a black solid.
Heating the mixture of DUT-5-NiH and 1 equiv of H,O leads
to the formation of 1.0 equiv of H, as analyzed by gas
chromatography (GC). The similarity of the PXRD pattern
implies that the crystallinity and the structural integrity of the
MOF are maintained during the bromide/hydride exchange.
X-ray absorption near-edge structure (XANES) analysis
indicated that the oxidation state of the nickel centers in
both DUT-5-NiBr and DUT-5-NiH is +2, as determined by
comparing their energies of the pre-edge peaks to NiBr, as the
reference compound (Figure 2d). The Ni coordination in the
DFT-optimized structure of DUT-5-NiH converged at a
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distorted square-planar geometry similar to that of DUT-5-
NiBr. The distances of Ni—(u3-O~) and Ni—H are 1.94 and
1.48 A, respectively, while the Ni—O(carboxylate) distances
are 1.88 and 1.89 A (Figure $S20, SI). This DFT-optimized
model fitted well to the Ni K-edge absorption of extended X-
ray fine spectroscopy data of DUT-5-NiH with an R factor of
0.008, indicating the formation of (u3;—0)(O-carboxyla-
te),NiH species in DUT-S-NiH (Figure 2e and Table S9, SI).

DUT-5-NiH-Catalyzed Hydrogenation of Nitroarenes.
DUT-5-NiH is an active catalyst for the selective hydro-
genation of aromatic and aliphatic nitro compounds to the
corresponding amines. The screening experiments with
nitrobenzene revealed that the highest turnover frequency
was obtained when the hydrogenation reaction was carried out
at 130 °C under 1 bar of H, using toluene or p-xylene as the
solvent. The analogous DUT-S-supported Fe and Co hydrides,
DUT-5-FeH and DUT-5-CoH, were less efficient catalysts for
hydrogenation of nitroarenes (Table S1, SI). Under the
optimized reaction conditions, the hydrogenation of nitro-
benzene with 1 mol % of nickel loading resulted in 100%
conversion to aniline (2a) in 6 h (Scheme 1). Pure aniline was
isolated in the quantitative yield via simply centrifugation to
remove the solid catalyst followed by the evaporation of the
volatiles. DUT-5-Ni-catalyzed hydrogenation of nitro groups
had a wide range of substrate scope with excellent
compatibility with various auxiliary functional groups
(Schemes 1, 2b—z). Both the electron-donating groups, such
as methyl (2b), hydroxo (2c), and amino (2e), and electron-
poor groups, such as halo (2d), ester (2s—u), aldehyde (2g),
and cyano (2p), are well tolerated in the reaction conditions.
The nitro substrates bearing electron-withdrawing groups were
more active, allowing us to carry out the reduction at a lower
temperature (90 °C). Hydrogenation of N-(4-nitrophenyl)-
benzamide, 3-nitro-o-xylene, 1-nitronapthalene and p-nitro-
phenylacetate gave N-(4-aminophenyl)benzamide (2i), 3-
amino-o-xylene (2j), l-aminonapthalene (2k), and p-amino-
phenylacetate (21), respectively, in 75—100% isolated yields.
Importantly, DUT-5-NiH was also highly chemoselective in
the hydrogenation of nitroarene-bearing groups sensitive to
reduction such as iodo, aldehyde, keto, nitrile, and thio. At a
2.0 mol % loading, the hydrogenation of bis(2-nitrophenyl)-
sulfane at 120 °C under 1 bar of H, afforded 2,2'-thiodianiline
(2q) in 70% yield, and no cleavage of the arene—sulfur bond
was detected. However, 2-((2-nitrophenyl)thio)aniline (2r)
was obtained in 90% yield when the reaction was performed at
a lower temperature of 110 °C. Three amine-functionalized
dicarboxylates, dimethyl-2-aminoterephthalate (2s), dimethyl-
2-amino-[1,1-biphenyl]-4,4’-dicarboxylate (2t), and dimethyl-
2,2’-diamino-[1,1’-biphenyl]-4,4’-dicarboxylate (2u), were
prepared in excellent yields from the corresponding nitro
derivatives using our standard protocol under 1 bar H,. In all
of the cases, pure products were obtained by removal of the
solid MOF catalyst via centrifugation followed by the
evaporation of volatiles. The compatibility with borane and
acid functionalities and heteroarenes was also striking. For
example, 4-nitrophenylboronic acid pinacol ester, 2-nitro-
benzoic acid, and bis(4-nitrophenyl) hydrogen phosphate
were reduced efficiently to afford 4-aminophenylboronic acid
pinacol ester (2w), 2-aminobenzoic acid (2h), and 4-
aminophenyl (4-nitrophenyl) hydrogen phosphate (2v),
respectively. Heterocyclic nitro compounds such as 2-chloro-
4-nitropyridine and S5-nitroindole were hydrogenated to the
corresponding amino compounds, 2-chloropyridin-4-amine
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Scheme 1. DUT-5-NiH-Catalyzed Hydrogenation of
Nitroarenes™”

DUT-5-NiH
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€90 °C, 30 h. “Substrate: p-nitroaniline. “0.2 mol % Ni, 40 h.
FSubstrate: 1,3-dinitrobenzene, 3 h. #Substrate: S-chloro-2-nitroani-
line. "Substrate: bis(2-nitrophenyl)sulfane, 2 mol % Ni, 120 °C, 30 h.
‘Substrate: bis(2-nitrophenyl)sulfane, 110 °C, 30 h. /Substrate:
dimethyl-2,2'-dinitro-[1,1’-biphenyl]-4,4-dicarboxylate. *Substrate:
bis(4-nitrophenyl)hydrogen phosphate, 24 h, NMR vyield. “Reaction
conditions: DUT-5-NiH (1.0 mol % Ni), 0.243 mmol nitroarene, 1
bar H,, 3.0 mL of toluene or p-xylene, 130 °C, 6 h. ¥100% conversion;
isolated yields are shown.

(2x) and S-aminoindole (2y) with 85—100% yield without
any side products. DUT-5-NiH was also efficient in the
hydrogenation of aliphatic nitro compounds such as nitro
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Figure 3. (a) Plot for the %GC yield of aniline at various runs in the recycle and reuse of DUT-S-Ni (1.0 mol % Ni) for hydrogenation of
nitrobenzene. (b) PXRD patterns of DUT-S-NiH (black) and DUT-5-Ni recovered after run 12 of hydrogenation of nitrobenzene (green),
hydrogenation of benzonitrile (red), and hydrogenolysis of diphenyl ether (blue). (c) Plots of %GC yield of 2u (A—C) after hydrogenation of

dimethyl-2,2'-dinitro-[1,1’-biphenyl]-4,4’-dicarboxylate and 8d (D
acetylbenzonitrile in the presence of benzylamine, respectively, using

—F; gray, 8d; red, 4-acetyl-benzylamine) after hydrogenation of 4-
DUT-5-NiH (1.0 mol % Ni, A and D), MIL-53(Al)-Ni (1.0 mol % Ni, B

and E), and Ni nanoparticles (C and F) as catalysts under identical conditions. (d) Plot for the %GC yield of N-benzylacetamide at various runs in
the recycle and reuse of DUT-S-NiH (0.1 mol % Ni) for hydrogenation of benzonitrile.

cyclopentane (1z), and cyclopentyl amine was isolated as HCI
salt in 95% yield. The hydrogenation of nitroarenes also works
well with 0.1 mol % Ni loading, albeit with a longer reaction
time (Scheme S1, SI).

We have performed a number of experiments to test the
heterogeneous nature of the DUT-5-NiH catalyst. The
catalytic activity of DUT-5-NiH for hydrogenation of nitro-
arenes was unaffected in the presence of metallic mercury
(Figure S9, SI). In addition, Ni nanoparticles generated from
the reaction of NiBr, and NaBEt;H both in solution as well as
within DUT-S were almost inactive, thus excluding the
potential of any in situ generated Ni nanoparticles or leached
Ni particles responsible for catalysis (Figures 3c and S12, SI).
Moreover, no further conversion was observed upon removal
of the MOF catalyst from the reaction mixture during the
course of hydrogenation reaction (Figure S8, SI). Importantly,
at 1 mol % Ni loading, DUT-S5-NiH was recycled and reused at
least 9 times for the hydrogenation of nitrobenzene without
apparent loss of catalytic activity (Figure 3a and Table S2, SI).
The supernatant of the reaction mixture showed leaching of Ni
and Al of 0.13 and 0.06% after the first run and of 0.32 and
0.07% after the fourth run, respectively. The PXRD pattern of
DUT-5-NiH recovered after the hydrogenation reaction
remained unchanged (Figure 3b), indicating the robustness
of the MOF frameworks under the reaction conditions. The
effect of pore sizes of MOF on hydrogenation reactions was
further studied by comparing the catalytic activity of DUT-S-

NiH with that of the nickel-metallated MIL-53(Al) MOF
having a similar topology but smaller pore size (Figure 3c).
Under identical reaction conditions, DUT-5-NiH had almost
two times higher activity than MIL-S3(Al)-NiH in the
hydrogenation of dimethyl-2,2’-dinitro-[1,1’-biphenyl]-4,4’-
dicarboxylate, indicating that the catalysis facilitated by
DUT-5-NiH was both on the surface and inside of the pores
(Figure S12, SI).

DUT-5-Ni-Catalyzed Hydrogenation of Arene Nitriles.
DUT-5-NiH was also an active catalyst for chemoselective
hydrogenation of aliphatic and aromatic nitriles to give
corresponding amines. Interestingly, either primary or
secondary amines were afforded selectively depending on the
reaction conditions. At a 1.0 mol % Ni loading, dibenzylamine
was obtained quantitatively from the hydrogenation of
benzonitrile at 90 °C under 1 bar of H, (entry 1, Table 1).
In contrast, benzylamine was afforded quantitatively when the
same catalytic reaction was carried out at 130 °C in the
presence of 1.1 equiv of di-tert-butyl dicarbonate (Boc,0) or
acetic anhydride (Ac,0) with respect to benzonitrile under 1
bar of H, followed by acid hydrolysis (entry 2, Table 1).
Nitriles bearing alkyl, halo, methoxy, and amino functional
groups were fully converted to the corresponding substituted
symmetric dibenzyl amines at 90 °C in 90—100% yields
(entries 3, S, 7, 9, and 11, Table 1). In all cases, the pure
product was isolated from the reaction mixture simply by
centrifugation of the reaction mixture followed by evaporation
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Table 1. DUT-5-NiH-Catalyzed Hydrogenation of Aryl Nitriles™"*

DUT-5-NiH
1.0 mol% Ni
( D AN A
toluene, 90 °C, 20 h H
4
Ar-CN +  Hp DUT-5-NiH
(1 bar) 1.0 mol% Ni
3 (1.0 mol% Ni) - Ar/\NHa* cr
Boc,O/Ac,0 (1.1 euiv) 5
toluene or xylene, 130 °C, 6 h
followed by acid hydrolysis
Entry Arene Product %Conversion  Entry Arene Product %Conversion
(Yield)? (Yield)?
CN
1 @( gﬂ@ 100 (99) 13 QCN @ﬁw; e 100(99)
Cl*HgN
2 ©ﬂw; or 100 (99) HN ’
14 ° /©/CN o) /©/\NH3* cr 100 (99)
S calib ean cULL NN s e
4 /©/\NH3+ cr 100 (97) 15 o QCN ©/\NH3+ cr 100 (99)
‘BuO)LH “Cl *HaN
A eaegy WL,
MeO MeO OMe oN
6 @ﬂm; o 100(99) 160 p ﬁpﬁNHCOCHS 100 (95)
MeO d o)
CN
TN O, T e ey e oo
Br Br Br
MeS MeS
NH* CF 100 (82)
8c 5 CN NHg* CI
r
18 100 (96
9 eN gun 100 (92) (%)
10 /©/\NH3*CI‘ 100 (97) 19 | X | X 100 (99)
F N7 CN N7 NHs" CF
11 CN NH, 100 (99) 20 | ~CN | X NH,* CF 100 (99)
N P
w OO SN
NH, NG
21 ClH 4
12 @\NH{CI' 100 (94) m cl HBN/\@E\> 94 (86)
N N
NH5* CI H H

“Reaction conditions: DUT-5-NiH (1.0 mol % Ni), 0.243 mmol nitrile, 1 bar H,, 3.0 mL of toluene or p-xylene. £100% conversion, isolated yields

are shown. “Reaction was performed at 110 °C.

of the volatiles without any chromatographic purification. At a
1.0 mol % Ni loading, DUT-5-NiH also gave complete
conversion of various substituted nitriles at 130 °C in the
presence of Boc,O to give the corresponding N-Boc-benzyl-
amines within 6 h, and the corresponding primary amines were
isolated as HCI salts after carbamate hydrolysis in acidic
conditions. A range of substituted benzylamines bearing
functional groups such as methyl, bromo, fluoro, methoxy,
amino, keto, and thio were afforded in 80—100% vyields
(entries 4, 6, 8, 10, and 12—17, Table 1). No side products
such as N-benzylidenebenzylamine, dibenzylamine, or their
derivatives were formed as analyzed by GC—mass spectrom-
etry (GC—MS). Heterocyclic nitriles such as 2-pyridylnitrile,
3-pyridylnitrile, and indole-S-carbonitrile were reduced to 2-
picolylamine, 3-picolylamine, and S-(aminomethyl)indole,
respectively, in excellent yields (entries 19—21, Table 1).
Importantly, at a 0.1 mol % Ni loading, DUT-5-NiH was
recycled and reused at least 7 times for the reduction of
benzonitrile to N-benzylacetamide (Figure 3d). The leached
nickel and aluminum into the supernatant after run 1 were 0.22

3948

and 0.04%, respectively. The crystallinity of the MOF
remained the same after the hydrogenation of benzonitrile as
shown by the PXRD of the recovered MOF (Figure 3b).
Hydrogenation of Aliphatic Nitriles and Dinitriles.
The chemoselective hydrogenation of aliphatic nitriles is more
challenging due to base-induced side reactions using common
hydrogenation catalysts. Importantly, several aliphatic nitriles
such as benzyl cyanide, 4-chloro-benzyl cyanide, pentanenitrile,
and cyclohexyl carbonitrile were selectively reduced to the
corresponding primary amines in nearly quantitative yields
with 1.0 mol % DUT-5-NiH at 130 °C under 1 bar H, (entries
1, 2, 4, and S, Table 2). The amines with high NMR purity
were obtained after simply removal of the MOF solid by
centrifugation followed by either removal of the volatiles in
vacuo or isolation as the HCI salt. Using the same protocol,
several dinitriles were also efficiently reduced to corresponding
diamines. For example, adiponitrile, which is hydrogenated at
elevated pressures in the polymer industry on a ton scale
annually to give 1,6-hexamethylenediamine, an essential
building block for the production of Nylon 6,6, was readily

https://dx.doi.org/10.1021/acscatal.0c04379
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Table 2. DUT-5-NiH-Catalyzed Hydrogenation of Aliphatic
Nitriles and Dinitriles™” %

fhas)

DUT-5-NiH
R/\CN + H, M R/\/NHZ
toluene or xylene 7
6 (1 bar) 130 °C
Entry Arene Product %Conversion
(Yield)®
1 ©/\CN ©/\/NH2 100 (95)
2 /©/\CN /@/VNHZ 100 (99)
Cl cl

' RO et

N

H
4 ~"¢N S~ NH2 100 (99)¢
5 O/CN O/\NHZ 100 (76)¢
6 NC/Q\CN HzN/Hﬁ\NHZ 100 (95)¢
7 NC” CN HoN N, 100 (99)¢
100 (91)¢

8 CN NH,
HoN
NC

“Reaction conditions: DUT-5-NiH (1.0 mol % Ni), 0.243 mmol
nitrile, 1 bar H,, 3.0 mL of toluene or p-xylene, 20 h. “Isolated yield in
the parentheses. “Reaction was performed at 90 °C. “Isolated as HCI
salt. “GC yield.

hydrogenated under 1 bar of H, (entry 6, Table 2). The
hydrogenation of malononitrile and 1,4-dicyanobenzene
attained full conversion, giving 1,3-trimethylenediamine and
1,4-bis(aminomethyl)-benzene, respectively, in excellent yields
(entries 7 and 8, Table 2).

Mechanistic Investigation into DUT-5-NiH-Catalyzed
Hydrogenation of Aryl Nitriles. The presence of Ni
centers in DUT-5-NiH and DUT-5-Ni after catalysis based
on the XANES analysis (Figure 2d) and control experiments
(Figure S12, SI) precludes the contribution of any Ni

nanoparticles within the MOFs to the hydrogenation of aryl
nitriles. Furthermore, the absence of any reflection peaks of Ni
nanoparticles with 26 > 30° in the PXRD pattern rules out the
formation of any Ni particulates upon treatment of NaEt;BH
and during catalysis (Figure 3b). We thus infer that the SBU-
supported Ni"" hydride was the actual catalytic species, and the
proposed pathways of hydrogenation of nitriles are summar-
ized in Figure 4. As discussed before, the hydrogenation of
benzonitrile at 80—90 °C produces only dibenzylamine. Upon
increasing the reaction temperature, a mixture of benzylamine
and dibenzylamine was formed, and benzylamine was the
major product at 130 °C. We thus infer that the Ni-catalyzed
hydrogenation of benzonitrile gives the putative phenyl-
methanimine as the key intermediate in the first step, which
undergoes further hydrogenation to produce benzylamine (A
pathway). The reaction between the benzylamine product and
phenylmethanimine intermediate gives dibenzylamine (B
pathway). The selectivity of the products depends on the
relative rate of the individual steps. We propose that at low
temperatures (80—90 °C), the rate of the A pathway is slower
than that of the B pathway; thus, the nucleophilic attack of
benzylamine to the imine intermediate gives a secondary amine
with the liberation of ammonia (B pathway). The nucleophilic
attack of benzylamine became restricted in the presence of
acetic anhydride leads to the formation of only N-
benzylacetamide (A pathway).

We have further characterized the reaction pathway of
hydrogenation of aryl nitrile to the corresponding benzylamine
by kinetic and computational studies. The empirical rate law
was determined by investigating the instantaneous rate
dependence on the average initial substrate concentration,
and the concentration of benzonitrile was determined by GC-
FID analysis. At low initial concentrations (0.048—0.28 M) of
the substrate, the average initial substrate conversion rates
increase linearly as the substrate concentration increases;
however, at higher substrate concentrations (>0.28 M), the
initial rates reach a maximum. Plots of initial rates versus
substrate concentration thus show saturation in high substrate
concentrations (Figure Sa). This saturation kinetics implies
reversible nitrile coordination to nickel followed by the
turnover-limiting step. In addition, the initial substrate
conversion rates had first-order rate dependence on nickel
concentrations (Figure Sa) and zeroth-order dependence on
the pressure of H, (Figure S18, SI). Our kinetic data indicates
that a substrate molecule and the nickel catalyst are involved in

NS
©/\N/\© DUT-5-NiH ©/\N/\©
_— H
H,

B-pathway ©ANH2

N .
©/C DUT-5-NiH ©ANH DUT-5-NiH ©/\NH2 Ac,0 @NHCOCHa
—_— —_— A
H, Ha

A-pathway

NH,
C-pathway

X
SN DUT-5-NiH N
X —q = H X
2

Figure 4. Proposed pathways for DUT-5-NiH-catalyzed hydrogenation of nitriles to primary and secondary amines.
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Figure S. (a) Kinetic plots of initial rates —(d[substrate]/dt) for hydrogenation of benzonitrile versus initial concentrations of nickel and
benzonitrile for the first 8 min. (b) Proposed catalytic cycle of DUT-5-NiH-catalyzed hydrogenation of aryl nitriles to corresponding benzylamines
based on the kinetic and computational studies. (c) DFT-calculated reaction energy profile of DUT-5-NiH-catalyzed hydrogenation of
benzonitriles. See the Supporting Information for computational details.

the turnover-limiting state of the catalytic cycle in the
hydrogenation of aryl nitriles.

To further study the mechanism of DUT-5-NiH-catalyzed
hydrogenation of nitriles, we performed DFT calculations, and
the calculated energy profile are shown in Figure Sc. The
catalytic cycle commences with the 16-electron d®-nickel-
hydride complex (DUT-5-NiH) as the catalyst and benzoni-
trile (cycle 1, Figure Sb). The coordination of benzonitrile to
nickel forms an 18-electron nickel intermediate (INT-1),
which is 2.6 kcal lower in energy than DUT-S-NiH (Figure
Sc). INT-1 then transformed into phenylmethanimine-
coordinated nickel species (INT-2) via a transitional state
(TS-1) involving 1,2-insertion of the coordinated nitrile into
the nickel-hydride bond, requiring an activation free energy of
16.5 kcal/mol. The subsequent o-bond metathesis of the Ni—
N bond of INT-2 and the H—H bond of molecular dihydrogen
associated with a barrier of 13.0 kcal/mol leads to the
formation of phenylmethanimine and the regeneration of the
DUT-5-NiH catalyst. DUT-S5-NiH further catalyzes the
hydrogenation of phenylmethanimine to give benzylamine
(cycle 2, Figure Sb). The coordination of phenylmethanimine
to nickel of DUT-5-NiH forms INT-3, and this step is
exergonic by 12.5 kcal/mol. Then, 1,2-insertion of the
coordinated imine into the nickel-hydride bond transforms
INT-3 to INT-4 via TS-3, requiring an activation free energy of
12.8 kcal/mol. INT-4 then undergoes a o-bond metathesis

3950

reaction with dihydrogen that leads to the production of
benzylamine and the regeneration of DUT-5-NiH. The
calculated energy profile diagram reveals that the trans-
formation of INT-1 to INT-2 via TS-1 is the turnover-limiting
step. The DFT calculation identifies TS-1 as a four-member
cyclic transition state involving 1,2-insertion of the coordinated
nitrile into the nickel-hydride bond with the dissociation of a
labile Ni—O(carboxylate) bond. In our kinetic studies, the
plots of initial rate versus [substrate] showed a rate
dependence that evolved from first order at low concentrations
to zero order at high concentrations, and this was consistent
with reversible nickel—nitrile interaction to give INT-1
preceding the irreversible turnover-limiting step. The first-
order dependence on the concentrations of nickel and the
substrate saturation kinetics further support the involvement of
nickel and nitrile in the turnover-limiting step. The proposed
catalytic cycle is thus in good agreement with the theoretical
and kinetic studies (Figure Sb).

DUT-5-NiH-Catalyzed Synthesis of Unsymmetric
Secondary Amines. As discussed above, DUT-5-NiH-
catalyzed hydrogenation of aryl nitrile at 90 °C produces
symmetric diarylamine selectively due to the coupling between
benzylamine and the phenylmethanimine intermediate. We
surmised that the hydrogenation of substituted aryl nitriles in
the presence of benzylic primary amines under identical
reaction conditions would give unsymmetric secondary amines

https://dx.doi.org/10.1021/acscatal.0c04379
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by the reaction of benzylic primary amines and the
arylmethanimine intermediate. Indeed, at a 1.0 mol % Ni
loading, the reaction of 4-methoxy-benzonitrile with 1.5 equiv
of benzylamine under 1 bar of H, in toluene or p-xylene at 90
°C gave N-benzyl-1-(4-methoxyphenyl)methanamine as the
sole product in 80% isolated yield (8a, Scheme 2). An excess

Scheme 2. DUT-5-NiH-Catalyzed Synthesis of
Unsymmetric Secondary Amines™”

DUT-5-NiH
1.0 mol% Ni R, _R'
R-CN + R'—NH, % N + NH,3
1 bar Hy, xylene H g

90 °C

8a; X = OMe, 80% 8e; X =H, 92%
8b; X = Br, 89% 8f; X =Br, 81%
8¢c; X=F, 72% 8g; X =F, 86%

8d; X = COMe, 92%

8h; X = COMe, 94%
8i; 89% 80%

@\/\

Bm X OMe 86%
8n; X=H, 81%

80; X = OMe, 86% 8p; X=H, 81%
N
H

8q; X = OMe, 80%
OMe 8r; 56%

MeO /@
N

H
MeO 8s: 41%

“Reaction conditions: DUT-5-NiH (1.0 mol % Ni), 0.243 mmol R—
CN 0.365 mmol R'=NH,, 1 bar H,, 3.0 mL of p-xylene, 20 h.
bIsolated yield in the parentheses.

amount (1.5 equiv) of benzylamine was found to improve the
selectivity of product 8. Several unsymmetric secondary amines
(8b—d, Scheme 2) were afforded by the reaction of various
substituted aryl nitriles and benzylamine in good yields. The
formation of any symmetric secondary amines or substituted
benzylamines was not observed in all of the reactions as
determined by GC—MS. The reaction of 4-methoxy-benzyl-
amine with benzonitrile or substituted benzonitriles bearing
bromo, fluoro, acetyl, or acetamide functional groups also
produced the corresponding unsymmetric secondary amines in
80—94% isolated yields with excellent chemoselectivity (8e—i,
Scheme 2). At a 1.0 mol % Ni loading, indole- and pyridyl-
substituted nitriles or aliphatic nitrile such as benzyl cyanide
selectively yielded unsymmetric secondary amine products
8k—o by the reaction with benzylamine or 4-methoxybenzyl-
amine. Other amines such as furfuryl amine and anilines also
react smoothly (8p—s, Scheme 2) under identical reaction
conditions. However, a significant decrease in the reaction rate
with anilines was observed presumably due to their lower

nucleophilicity.
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Hydrogenation of Nitro and Cyano Groups of
Pharmaceutical Compounds. The conditions for the
hydrogenation of nitroarenes and arene nitriles were
appropriate for the functionalization of the active pharmaceut-
ical ingredients (APIs) in some of the prescribed drugs,
indicating that the scope of the reaction is suitable for
applications in medicinal chemistry (Scheme 3). Our protocol

Scheme 3. DUT-5-NiH-Catalyzed Hydrogenation of Nitro
and Cyano Groups of Pharmaceutical Compounds®

X
g X
N CF
j)LH :

X = NO,, Flutamide

Cl

H
e
HO/©/N1/ X\[:/>_OH

X = NO,, Ornidazole
(antibiotic) (for treatment of prostate cancer)

10; X = NH;, 71% F 11, X=NHy 94%

\Cﬁ .g/\ﬂwez

X = NO,, Niclosamide
(for treatment of tapeworm infestations)
12; X = NHy, 79%

9%: paracetamol, 95%

X = CN, Citalopram
(antidepressant)
13; X = CHyNH,, 75%

“Reaction conditions: DUT-5-NiH (1.0 mol % Ni), 0.243 mmol
substrate, 1 bar H,, 3.0 mL of p-xylene, 130 °C, 24 h; isolated yields
are shown. “Substrate: 4-nitrophenol, 1.2 equiv of Ac,O with respect
to substrate was added in situ.

enables us to produce paracetamol by one-pot hydrogenative
amidation of 4-nitrophenol with Ac,O. At a 1 mol % Ni
loading, the hydrogenation of p-nitrophenol in presence of 1.2
equiv of Ac,O in p-xylene at 130 °C produced paracetamol,
which was isolated in 95% yield and excellent purity. Using the
methodology of nitro reduction, marketed nitro-substituted
drugs such as Ornidazole, Flutamide, and Niclosamide were
hydrogenated to the respective amines (10—12, Scheme 3)
with high selectivity. Citalopram (13), a cyano-substituted
drug, was also hydrogenated to afford the corresponding
benzylamine in 75% yield.

DUT-5-NiH-Catalyzed Hydrogenolysis of Aryl Ethers.
We next tested the catalytic activity of DUT-5-NiH in
hydrogenolysis of aryl ethers, commonly found in lignin
linkage structures (Figure S16, SI).*' 3-O-4, a-O-4, and 4-O-5
linkages are three of the most frequent types of C—O bonds
present in the structure of hardwood lignin contributing to
45—62%, 3—12% and 4—9% of ether bonds, respectively.*”
Due to the high strength and stability of its aryl ether bonds,
their cleavage by base-metal catalysts generally requires harsh
conditions such as a high catalyst loading,””** a high pressure
of H,,’*” and a high temperature (120—180 °C). 077583
Despite significant improvement with recently developed Ni
n:anop'articles,76’84 the requirement of excess base and the
presence of multiple sites limit their practical applicability as
well as the scope of mechanistic investigations. Therefore, the
development of single-site earth-abundant metal catalysts for
selective depolymerization of lignin into small molecules under
mild conditions and for understanding the C—O cleavage
mechanism is highly desirable. Hydrogenolysis of diphenyl
ether as a model compound for the 4-O-5 linkage of lignin was
first studied to optimize the reaction conditions. At a 1 mol %
Ni loading, DUT-5-NiH completely cleaved diphenyl ether to
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Table 3. DUT-5-NiH-Catalyzed Hydrogenolysis of Aryl Ethers”

o DUT-5-NiH
R@/ R1 . H2 (1.0 mol% Nl) R@ (14) + R1_OH (15)
(1 bar) heptane
Entry Aryl ether Product T (°C) Time |Conversion| %GC (Yield)? | TOF (h1)
(h) (%) 14 15

1 ©/O\© O/OH 140 12 100 97 97 8.3

+
2b Meo\©/0\©/OMe Meo\© HO\O/OMe 160 24 85 83 80 1.8

+

3 ©/0\© ©/CF3 O/OH 140 12 100 99 99 8.3

+

F3C
4 /@ OH 140 18 100 99 99 5.6
@Ao ©/+ O/
5 ©/+ ©/OH 70 36 100 99 99 2.8
iTaniefon

+
6 ©/\o HO 70 36 100 99 99 2.8
7 @AO/\Q ©/+ OAOH 140 12 100 99 95 8.3
8 0 ©/ 100 24 100 97 4.2

©/\Ok

9 ©/O\/\Ph /\© . O/OH 140 12 90 87 87 7.5

“Reaction conditions: DUT-5-NiH (1.0 mol % Ni), 0.24 mmol aryl ether, 1 bar H,, 3.0 mL of heptane. b2 mol % Ni was used.

give benzene and cyclohexanol as the sole products in 12 h
under 1 bar of H, in heptane at 140 °C (Table 3, entry 1).
Importantly, no base was required in this hydrogenolysis
reaction. Although phenol was nearly completely hydrogenated
to afford cyclohexanol, no competing hydrogenation of
benzene was observed under these conditions. However, the
formation of cyclohexyl phenyl ether was observed at a higher
pressure of hydrogen due to the partial hydrogenation of
diphenyl ether. Unsymmetrical diaryl ethers were dissociated
at the C—O bond adjacent to the more electron-poor aryl ring
(Table 3, entry 3).

DUT-S5-NiH was also active under comparable conditions
for the selective hydrogenolysis of a number of a-O-4 and $-O-
4 lignin model compounds. For example, hydrogenolysis of a-
O-4 lignin model compounds such as benzyl phenyl ether and
4-(benzyloxy)phenol with 1 mol % Ni catalyst under 1 bar of
H, in heptane led to the formation of toluene and
corresponding cyclohexanol in nearly quantitative yields
(Table 3, entries 4 and 6) via cleavage of alkyl C—O bonds.
Importantly, DUT-5-NiH-catalyzed hydrogenolysis of benzyl
phenyl ether could be done at a temperature as low as 70 °C
presumably due to the presence of weaker alkyl C—O bonds in
the a-O-4 linkage (Table 3, entry 5). Moreover, the
hydrogenolysis of similar alkyl ethers such as dibenzyl ether
and benzyl acetate also progressed well under similar reaction

conditions (Table 3, entries 7 and 8). The hydrogenolysis of 2-
phenylethyl phenyl ether (-O-4) proceeded to full conversion
to form cyclohexanol and ethylbenzene in 87 and 87% yields,
respectively (Table 3, entry 9). The TOFs of the model
compounds agree with the trend of bond-dissociation energies:
4-0-5 (314 kJ/mol) > p-O-4 (289 kJ/mol) > a-O-4 (218 kJ/
mol).”*

Investigation into the Mechanism of DUT-5-NiH-
Catalyzed Hydrogenolysis of Aryl Ethers. We first
investigated the reaction pathway of DUT-5-NiH-catalyzed
hydrogenolysis of diphenyl ether by kinetics using the method
of initial rates. The average initial substrate conversion rates
increase linearly with initial concentrations of diphenyl ether
and nickel, indicating first-order rate dependence on both
substrate and catalyst concentrations (Figure 6a). However,
the initial rate of the hydrogenolysis of diphenyl ether showed
zeroth-order dependence on hydrogen concentrations (Figure
6b). This empirical rate law supports the involvement of
diphenyl ether and nickel in the turnover-limiting step. The
oxidative addition of the aryl C—O bond of diphenyl ether to
the Ni(1I) center is unlikely to occur in the turnover-limiting
step because the oxo-ligated Ni** center is electron-poor.
Instead, DUT-5-NiH-catalyzed hydrogenolysis of diphenyl
ether likely proceeds via 6-bond metathesis pathways (Figure
6¢). On the basis of our experimental observations, we propose
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Figure 6. (a) Kinetic plots of initial rates —(d[substrate]/dt) for hydrogenolysis of diphenyl ether versus initial concentrations of nickel and
diphenyl ether (<10% conversion), showing first-order dependence on both components. (b) Plot of initial rate —(d[substrate]/dt) versus
(P2)iniial Showing independence of initial rates on hydrogen pressure. (c) Proposed mechanism for the hydrogenolysis of aryl ether catalyzed by
DUT-S-NiH. (d) DFT-computed minimum-energy reaction path diagram for catalytic hydrogenolysis of diphenyl ether. See the Supporting

Information for computational details.

that the reaction of DUT-5-NiH with diphenyl ether produces
the DUT-5-Ni(OPh) intermediate and benzene via a four-
centered turnover-limiting step, involving [26 + 20] cyclo-
addition of a “Ni—H” bond with a “C—0O” bond of diphenyl
ether. Then, the o-bond metathesis between Ni—OPh and H,
furnishes phenol and regenerates DUT-5-NiH. The DFT
calculation revealed that [20 + 20] cycloaddition in TS-A
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requires an activation free energy of 24.8 kcal/mol and the
transformation of DUT-5-NiH to DUT-5-Ni(OPh)

exergonic by 21.8 kcal/mol. The weak coordination of H,
gives INT-B, which undergoes o-bond metathesis to give
DUT-5-NiH and phenol via TS-B, requiring an activation free
energy of 19.0 kcal/mol (Figure 6d). The proposed catalytic
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cycle is thus in good agreement with our theoretical and kinetic
studies (Figure 6c¢).

Role of MOF in the Kinetics and Chemoselectivity. To
understand the reason for the excellent chemoselectivity and
high activity of DUT-5-NiH under atmospheric hydrogen
pressure, we performed comparative studies of the formation
of unsymmetric secondary amine 8d from 4-acetylbenzonitrile
and benzylamine catalyzed by DUT-S-NiH, MIL-53-(Al)-NiH,
and Ni nanoparticles under identical reaction conditions
(Figures 3c and S15, SI). DUT-S5-NiH produced 8d with
100% chemoselectivity, in contrast, MIL-S3(Al)-NiH and Ni-
nanoparticles gave a mixture of 8d and primary amine. We thus
infer that the well-defined large pores of DUT-5-NiH facilitate
the intermolecular reactions in the confined space and thus
enhance chemoselectivity. The pore confinement and steric
protection around nickel also likely to increase the activation
energy of the binding of bulky substrates compared to that of
smaller dihydrogen, resulting in zeroth-order dependence on
the concentration of H,. Our computational studies showed
that the labile Ni—O(carboxylate) bonds not only stabilize the
active nickel-hydride site but also dissociate in a sterically
congested transition state for creating vacant coordination sites
at the nickel center. In addition, DUT-5-NiH features electron-
rich hydride and bridged p;-oxo sites with NBO charge of
—0.381 and —1.396, respectively, thus affording a reactive Ni—
H species for substrate activation. We thus believe that the
high stability, chemoselectivity, and reactivity of the nickel
catalyst originates due to high electrophilicity of the nickel
center, site isolation and uniform distribution of the active sites
within the MOF, the presence of single-site catalytic species,
and the large size and confinement effect of the pores within
DUT-S (Figure 7).

* Well-defined pores: allow size-selective and

1Anm chemoselective catalysis under mild conditions
o Labile Ni-O(carboxylate) coordination sites:
% H facilitate substrate binding
| . .
i High NBO charges of hydride (-0.381) and
oF 06_—l\|l|~\06 L * Hig . g ydride ( . )
1/ Vi oI/ \/ u3-0~ (—-1.396): afford a reactive Ni—-H for
Al\o/A\l\ ﬁl\o/Al migratory insertion
00,00

o Site-isolation: prevents intermolecular
deactivation and increase robustness

Figure 7. Origin of the robustness, high reactivity, and chemo-
selectivity of DUT-5-NiH.

B CONCLUSIONS

In conclusion, we have developed an aluminum MOF-node-
ligated nickel(II)-hydride, which is a versatile chemoselective
catalyst for hydrogenation of nitro and nitrile compounds and
hydrogenolysis of aryl ethers under mild conditions. This
heterogeneous single-site nickel catalyst was easily prepared by
metalation of SBUs of DUT-S with NiBr, followed by the
activation with NaEt;BH. The mechanisms of catalytic
hydrogenation of aryl nitriles and hydrogenolysis of aryl ethers
were investigated in detail by kinetic and computational
studies. Highly selective hydrogenation of numerous structur-
ally diverse nitroarenes and nitriles were achieved in high yields
with excellent selectivity under atmospheric hydrogen pressure.
The zeroth-order dependence of the reaction rate on the
pressure of H, allowed us to progress all of the reactions under
ambient hydrogen pressure. This work has demonstrated that
DUT-S node-ligated single-site base-metal hydrides are
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promising catalysts in hydrogenation and hydrogenolysis
reactions for sustainable synthesis of biofuels and chemical
feedstocks owing to their low cost, excellent stability and
reactivity, and usage of cheap and atom-economic reductant

hydrogen.
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