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Single-Site Cobalt Catalysts at New Zr;(u3-0)s(53-OH)s(12-OH)s
Metal-Organic Framework Nodes for Highly Active Hydro-
genation of Nitroarenes, Nitriles, and Isocyanides

Pengfei Ji,f Kuntal Manna, Zekai Lin, Xuanyu Feng, Ania Urban, Yang Song, and Wenbin Lin*

Department of Chemistry, University of Chicago, 929 E 57t St, Chicago, IL 60637, USA

ABSTRACT: We report here the synthesis of a robust and porous metal-organic framework (MOF), Zr12-TPDC, constructed
from triphenyldicarboxylic acid (H.TPDC) and an unprecedented Zriz secondary building unit (SBU): Zriz(z3-0)s(us-
OH)s(12-OH)s. The Zr12 SBU can be viewed as an inorganic node dimerized from two commonly observed Zrs clusters via six
t2-OH groups. The metalation of Zr12-TPDC SBUs with CoCl: followed by treatment with NaBEtsH afforded a highly active
and reusable solid Zri2-TPDC-Co catalyst for the hydrogenation of nitroarenes, nitriles, and isocyanides to corresponding
amines in excellent activity and selectivity. This work highlights the opportunity in designing novel MOF-supported single-
site solid catalysts by tuning the electronic and steric properties of the SBUs.

Introduction

Metal-organic frameworks have become an important
class of molecular materials with broad applications in
catalysis,!® biomedical imaging and drug delivery,®1! gas
storage and seperation,'?-2% sensing,?!-23 solar energy har-
vesting,?+%5 and electron and ion conductivity.26-?7 A large
diversity of inorganic nodes have been used for MOF con-
struction, including the nodes based on divalent, trivalent,
and most importantly, tetravalent metals.?8-2° Among tens
of thousands of MOFs synthesized to date,3%-32 Zr-based
MOFs have distinguished themselves with exceptionally
high thermal and chemical stability, simple and straight-
forward linker tunability, and relatively low costs of zirco-
nium precursors.33-3% Depending on choice of linkers and
synthetic conditions, several kinds of Zr nodes with differ-
ent symmetry and connectivity have been obtained, includ-
ing ZrOes353¢ Zrs04(13-OH)4,3738 and ZrsOs(z2-OH)4
nodes.3940 Herein we report a new Zri2-TPDC (H2TPDC is
triphenyldicarboxylic acid) MOF based on the first example
of Zr1208(u3-OH)s(12-OH)s node,*! and its application in
supporting single-site cobalt-based solid catalysts for high-
ly effective hydrogenation of nitroarenes, nitriles, and iso-
cyanides to afford corresponding amines.

We recently showed that the SBUs in Zr MOFs provided
an excellent ligand platform for discovering single-site
base metal (e.g., Fe and Co) catalysts without homogenous
analogs.3* 42 The bridging ligands of Zr MOFs created a
unique bowl-shaped secondary environments around the
SBU-supported base metal centers that cannot be easily
enforced in homogeneous molecular catalyst systems.
More importantly, we discovered that the activities and
selectivities of supported base metal catalysts were exquis-
itely sensitive to subtle steric and electronic differences of
Zr SBUs (Figure 1). For example, the ZrsO4(u3-OCoH)4
catalyst based on the Zre04(13-OH)4 node is highly active
for benzylic C-H functionalization*? while the ZrsOs(-

OCoH)4 catalyst based on the ZrsOs(z2-OH)4 node effective-
ly hydrogenates hindered alkenes, imines, and heterocy-
cles to afford important fine chemicals.3?
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Figure 1. Depiction of three Co catalysts with vastly different
activities and selectivities based on different SBUs of Zr MOFs.
The Zrs04(u3-0CoH)s (a), ZrsOs(2-0CoH)4 (b), and Zriz[(ge-
0)2(u3-0)CoH)]sLis (c) catalysts are generated from the
Zr604(u3-OH)s, ZrgOs(12-OH)s, and Zri20s(u3-OH)s(12-OH)e
nodes, respectively.
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Figure 2. (a) The SBU of Zr12-TPDC formally results from dehydrative condensation of two Zrs nodes. (b) TEM image of Zr12-TPDC
showing plate-like morphology. (c) The experimental PXRD pattern of Zr12-TPDC (blue) is similar to the simulated PXRD of Zri2-
TPDC (red), but very different from the simulated PXRD of Zrs-TPDC (black). (d) EXAFS spectra and fits in R-space at the Zr K-edge
of Zr12-TPDC showing the magnitude (hollow squares, black) and real component (hollow squares, blue) of the Fourier transform.
The fitting range is 1.1-5.6 & in R space (within the grey lines). (e) Nitrogen sorption isotherms of Zri2-TPDC (77 K).

These studies demonstrated the ability to create highly
active and selective supported molecular catalysts using Zr
nodes in MOFs and inspired our interest in discovering
new Zr nodes to support base metal catalysts for other
challenging organic transformations. Based on the exist-
ence of molecular Zr120s(z3-OH)s(22-OH)6(RCO2)18 (R = H
or ‘Bu, Figure S1, SI) clusters,*! we sought to modify the
synthetic conditions of Ui0-68 in order to obtain a new
MOF with the Zri20s(5-OH)s(12-OH)s node. Gratifyingly,
by adding a suitable amount of water to the reaction mix-
ture, we obtained a new Zri2-TPDC MOF of the formula
Zr1208(23-OH)s(2-OH)s(TPDC)o.  Zr12-TPDC  presumably
forms through dimerizing two Zre clusters via six g2-OH
groups as a result of the reduced H.TPDC concentration by
adding water (Figure 2a). Zr12-TPDC was postsynthetically
metalated with CoCl: followed by treatment with NaBEt;H
to afford a highly active and reusable solid Zr12-TPDC-Co
catalyst for the hydrogenation of nitroarenes, nitriles, and
isocyanides to corresponding amines in excellent activity
and selectivity.

Results and Discussion

Synthesis and Characterization of Zr12-TPDC. Zr12-TPDC
was synthesized via a solvothermal reaction between ZrCls
and H2TPDC in DMF and water at 90 °C using acetic acid as
modulator. The resulting white suspension was centri-
fuged, and then washed with DMF and THF to afford Zri2-
TPDC in 45% yield. Transmission electron microscopy
(TEM) showed a disk-like morphology of approximately 40
nm in diameter and 10 nm in thickness (Figure 2b). The

small particle size is advantageous for MOF catalysts due
to shorter diffusion distances for both reaction substrates
and products, which increases reaction rates.

Atomic structure of the MOF was simulated based on a
combination of the crystal structures of the
Zr1208(OH)s(OH)s(*BuCO2)1s cluster*! and UiO-68 (Zrs-
TPDC).#2 The MOF adopts the trigonal P31c space group,
with each Zriz node coordinating to 18 bridging organic
linkers. This structural assignment was supported by the
similarity between the simulated powder X-ray diffraction
pattern (PXRD) and the experimental PXRD (Figure 2c).
The 20 peak at 3.56° corresponds to the (002) diffraction
with a d spacing of 2.49 nm, which is characteristic of Zr12-
TPDC and results from diffraction between neighboring
Zr12 SBUs along the c axis. This d spacing is larger than the
SBU distance of Zrs-TPDC (1.88 nm) along the [111] direc-
tion. The d spacing of 2.49 nm between Zr12 SBUs is also
evidenced in high resolution TEM images of Zri2-TPDC
(Figure S3, SI).
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Figure 3. (a) The metalation of Zr12-SBU with CoClz to form Zr12-TPDC-CoCl. (b) Similarities among the PXRD patterns of Zri2-
TPDC (black) and the PXRD patterns of Zri2-TPDC-CoCl (red), Zr12-TPDC-Co samples recovered from hydrogenation of nitroben-
zene (blue) and benzonitrile (green) show the retention of Zri2-TPDC crystallinity after metalation and catalysis. (c) EXAFS spectra
and fits in R-space at the Co K-edge of Zr12-TPDC-CoCl showing the magnitude (hollow squares, black) and real component (hollow
squares, blue) of the Fourier transformation. The fitting range is 1.2 - 5.6 A in R space (within the grey lines). (d) EXAFS spectra
and fits in R-space at the Co K-edge of Zr12-TPDC-CoH showing the magnitude (hollow squares, black) and real component (hollow
squares, blue) of the Fourier transformation. The fitting range is 1.2 - 5.5 A in R space (within the grey lines). (¢) XANES spectra of
Zr12-TPDC-CoCl, Zr12-TPDC-CoH and Zr12-TPDC-Co after nitrobenzene hydrogenation are similar to that of CoClz, indicating a +2

oxidation state of the Co centers in all of the species.

The Zr coordination environment in the Zriz SBU was
also studied by extended X-ray fine structure (EXAFS)
spectroscopy. A good fit with an R-factor of 0.008 was ob-
tained based on the Zriz cluster crystal structure (Figure
2d). Thermogravimetric analysis (TGA) showed a weight
loss of 65.5% from 240 °C to 800 °C, corresponding well to
the decomposition of Zri20s(x3-OH)s(2-OH)s(TPDC)9 to
(ZrO2)12 (65.7% expected). The observed weight loss is
much smaller than that of Zre-TPDC (71.3%) due to the
increased Zr weight percentage in Zr12-TPDC. N2 adsorp-
tion isotherm of Zri2>-TPDC showed a type I adsorption
(77K, 1 bar) with Brunauer-Emmett-Teller (BET) surface
area of 1967 m?/g (Figure 2e). The surface area of Zriz-
TPDC is smaller than that of Zrs-TPDC (2815 m?/g) due to
the increased molecular weight of SBUs and similar pore
shape and size.

Metalation of Zri2-TPDC with CoClz. Zr1.-TPDC was
treated with 5 equiv. of LiCH2SiMes to deprotonate both
the 12-OH and z5-OH sites in Zri2 SBU, then reacted with a
CoCl; solution in THF to afford Zri2-TPDC-CoCl as a deep-
blue solid (Figure 3a). Crystallinity of the MOF was main-
tained after metalation, as indicated by the similarity be-
tween the PXRD patterns of Zr12-TPDC and Zri2-TPDC-CoCl
(Figure 3b). Inductively coupled plasma-mass spectrome-
try (ICP-MS) analysis of the digested MOF revealed the
presence of 11.2+0.6 Co per Zr12 cluster, corresponding to
complete metalation of all eight x3-OLi sites to form eight
(Zr30-)CoCl, and all six z-OLi sites to form three [(Zr20-

)2(Zr30)CoCl]Li, to give the complete formula of Zriz(us-
0)s[(3-0-)CoCl]s[(££2-07)2(3-0)CoCl]3sLis(TPDC)o.

The coordination environments of the Co centers in Zriz-
TPDC-CoCl were studied by EXAFS at the Co Ko edge. The
six u2-OH sites are very close to each other, with a distance
of 3.13 A between two neighboring sites. From our previ-
ous experience with Zr-O-Co systems and reported Co-
oxide ligand binding modes, we envisioned three different
Co coordination modes on the z2-OH sites: [(z2-0)2(us-
0)CoCl]- (Figure 3c), [(z2-07)2CoClz]* (Figure S9, SI) and
(2-07)(u3-0)( #-CO2)CoCl (Figure S10, SI). The [(u2-0
)2(13-0)CoCl]- model gives the best fit, with a R-factor of
0.020, and the Co-(u2-0) distance of 1.90 A (Figure 3c).
EXAFS fitting with the [(z2-0)2CoCl2]? and (z2-07)(us-
0)(#-CO27)CoCl structure models gave larger R-factors of
0.023 and 0.027, respectively, as a result of misfits in the
second shells (R = 2.2-3.2 A) which is mainly due to the Co
contribution to the Zr scattering pathway. The Co centers
on the x3-OH sites adopt a (x3-0)(u-C027)2CoCl mode, simi-
lar to the structures proposed in previous systems.*? We
further propose the exchange between the z3-0 and z3-OLi
sites in Zr12 SBUs after lithiation in order to avoid the steric
clash between the 3-0CoCl and [(x2-07)2(3-0)CoCl]- moie-
ties that are installed on the adjacent Zr3(u3-OH) and (-
OH)2 binding sites (Figure 3a and Figure S12, SI).

TGA of the Zr12-TPDC-CoCl showed a weight loss of
55.3% from 180 °C to 800 °C (Figure S13, SI), correspond-
ing well to the decomposition of
Zr1205(0CoCl)s(03CoCl)sLis(TPDC)9 to
(Zr02)12(Co015)11(LiO0s)3 (54.5% expected). N2 sorption
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studies indicated that Zri12-TPDC-CoCl had a BET surface
area of 810 m?/g. In contrast to Zr12-TPDC which exhibits a
Type I adsorption isotherm, Zr12-TPDC-CoCl adopts a type
Il adsorption isotherm (Figure S14, SI), likely due to sever-
al distortion of the Zr12-TPDC-CoCl framework upon de-
solvation. The severe framework distortion was also indi-
cated by the loss of PXRD pattern for the dried Zri2-TPDC-
CoCl sample.

Zr12-TPDC-Co-Catalyzed Hydrogenation of Nitroarenes.
Treatment of Zr12-TPDC-CoCl with 5 equiv. of NaBEt3H in
THF generated the corresponding cobalt-hydride species
Zr12-TPDC-CoH as a black solid. XANES analysis of Zriz-
TPDC-CoH suggested +2 oxidation state of the Co centers
(Figure 3e). EXAFS study on Zr12-TPDC-CoH showed that
the [(z2-07)2(u3-0)CoH]- structural model fit the experi-
mental spectra well, with a R-factor of 0.003. EXAFS fitting
also gave a Co-(12-0-) distance of 1.97 A (Figure 3d).
Zr12-TPDC-CoH was an active catalyst for hydrogenation
of a broad range of nitroarenes to corresponding anilines.
Anilines are important building blocks for the synthesis of
pharmaceuticals, fine chemicals, and commodities.*3-44
Among the various known procedures for the reduction of
nitroarenes, the catalytic hydrogenation represents one of
the most efficient and environmentally benign synthetic
routes. To date, active and chemoselective catalysts for
nitroarene hydrogenation are mostly based on precious
and toxic noble metals,4547 with a few earth-abundant
metal based catalysts recently appeared in the literature.*s-
51 The screening experiments for Zr12-TPDC-CoH catalyzed
hydrogenation revealed that the highest turnover frequen-
cies (TOFs) were obtained when the reactions were per-
formed in toluene at 110 °C. At a 0.5 mol % Co loading,
nitrobenzene was completely hydrogenated in toluene at
110 °C under 40 bar of Hz in 42 h to afford aniline in quan-
titative yield. Under these reaction conditions, nitroarenes
containing oxo- or halogen-functionalities, 4-nitroanisole,
1-nitronaphthalene, 4-nitrobenzotrifluoride, 1-bromo-2-
nitrobenzene, 1-bromo-4-nitrobenzene and 1-iodo-4-
nitrobenzene, were selectively hydrogenated to afford 4-
aminoanisole, 1-naphthylamine, 4-(trifluoromethyl)aniline,
2-bromoaniline, 4-bromoaniline, and 4-iodoaniline, re-
spectively, in 70-100% yields (entries 1-6, Table 1). Pure
aniline products were obtained by simple filtration of the
reaction mixtures followed by removal of the volatiles
(Figure S18, SI). Both electron-poor substituents, such as
trifluoromethyl, and electron-rich groups, such as methoxy
and amino, were well tolerated under the reaction condi-
tions. The hydrogenation of N-methyl-4-nitroaniline and
N,N’-dimethyl-4-nitroaniline afforded 4-
(dimethylamino)aniline and 4-(dimethylamino)aniline in
excellent yields, respectively (entries 7-8, Table 1).
Impressively, Zri2-TPDC-CoH also selectively reduced
nitro groups in presence of sensitive substituents such as
iodo or keto groups. For example, at a 0.5 - 2.0 mol % Co
loading, 1-iodo-4-nitrobenzene, 4-nitrobenzophenone, and
4-nitroacetophenone were selectively hydrogenated to 4-
iodoaniline, 4-aminobenzophenone, and 4-
aminoacetophenone, respectively, in moderate yields (en-
tries 9-11, Table 1). As heteroaromatic amines are im-

portant building blocks in synthesizing a variety of phar-
maceuticals and biologically active compounds, we also
tested the hydrogenation of nitroindole compounds. With-
out any optimization, 4-nitroindole and 5-nitroindole were
hydrogenated to afford 4-aminoindole and 5-aminoindole
in 55% and 92% isolated yields, respectively, and no by-
products were detected in the reaction mixtures (entries
7-8, Table 1).

Importantly, at a 1.0 mol% Co-loading, Zr12-TPDC-CoH
could be recovered and reused at least 7 times for the hy-
drogenation of 4-nitroanisole without loss of catalytic ac-
tivity (Figure 4). Excellent yields (86-100%) of 4-
aminoanisole were obtained consistently in the reuse ex-
periments without formation of any by-product (Figure

S21, SI). The PXRD pattern of Zr12-TPDC-CoH recovered
from the first run remained unchanged from that of pris-

tine Zr12-TPDC-CoH (Figure 3b), indicating the stability of
the MOF structure under the reaction conditions. The het-

erogeneity of Zr12-TPDC-CoH was confirmed by several
experiments. [CP-MS analyses showed that the amounts of
Co and Zr that leached into the supernatant after the first
run were only 0.4% and 0.03%, respectively. Moreover, no
additional hydrogenation was observed after removal of
the solid catalyst from the reaction mixture. The rate of
hydrogenation was unchanged in the presence of metallic
mercury. These tests rule out the role of any leached Co-
nanoparticles or other Co-species in catalyzing hydrogena-
tion reactions (Figure S20, SI).

Table 1. Zr:12-TPDC-Co Catalyzed Hydrogenation of Ni-
troarenes.?

N NO2  Zry,-TPDC-Co N NH;
RT 110 °C R

Product Mol Yield
% Co %b

Entry Substrate

NO, NH;
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(U=
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; S
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NO,
N02 NH2
C T O e
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Br Br
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aReaction conditions: 0.50 mg of Zr12-TPDC-CoCl, 5 equiv of
NaBEtsH (1.0 M in toluene) w.r.t. Co, nitroarene, toluene, 40
bar Hz, 110 °C, 42 h. bYield was determined by 'H NMR with
mesitylene as the internal standard. Isolated yields are in
parentheses. cReaction was performed for 72 h.

Figure 4. Plots of yields (%) of 4-aminoanisole at different
runs in the recycle experiments of Zri2-TPDC-Co for the
hydrogenation of 4-nitroanisole. The Co-loadings were 1.0
mol %.

Mechanistic Investigation of Zr::-TPDC-Co Catalyzed
Hydrogenation of Nitroarenes. To elucidate the multi-
step hydrogenation pathways, all possible intermediates in
nitrobenzene hydrogenation reactions were tested for re-
activity (Table 2). According to literatures,5? two reaction
pathways are possible for nitrobenzene hydrogenation, the
monomeric pathway and dimeric pathway. The monomer-
ic pathway reacts by stepwise hydrogenation of nitroben-
zene to nitrosobenzene, phenyhydroxyamine, and then
aniline. The dimeric pathway is a result of nitrosobenzene
reacting with phenylhydroxyamine to form azoxybenzene,
which was subsequently hydrogenated to azobenzene,
hydrazobenzene, and then aniline. While azobenzene and
hydrazobenzene were readily hydrogenated to aniline by
Zr12-TPDC-Co (Entry 4-5, Table 2), azoxybenzene only gave

Journal of the American Chemical Society

7% conversion and 2% yield of aniline under identical re-
action conditions, indicating that the azoxybenzene hydro-
genation is the slowest step in the dimeric pathway (Entry
5, Table 2). In addition, the rate of hydrogenation of 4-
nitroanisole was greatly suppressed in presence of
azoxybenzene, indicating that azoxybenzene acts as a cata-
lyst inhibitor (Figure S22, SI). In comparison, hydrogena-
tion of nitrosobenzene and phenylhydroxyamine gave 64-
75% yield of aniline together with 22-35% of azoxyben-
zene side product formed through substrate dimerization
(Entry 1-2, Table 2). No azoxybenzene intermediate was
observed during hydrogenation of nitrobenzene, presum-
ably because very little nitrosobenzene or phenylhydroxy-
amine accumulated during the reaction process. With the-
se results, we propose that Zri2-TPDC-Co catalyzed ni-
troarene hydrogenation mainly via the monomeric path-
way as shown inside the dotted box in Figure 5.

Table 2. Zri2-TPDC-Co-Catalyzed Hydrogenation of Interme-
diates in Proposed Pathways of Nitroarene Hydrogenation.

Conver-
Entry Substrate Product sion
%?*
O
1 PhNH, (35:1:64)
NHOH PhN(O)=NPh 100
+ PhN=NPh +
2 [ j PhNH, (22:3:75)
o]
t @ PhN=NPh  + 7
3 @( N PhNH; (5:2)
/@ NH,
e naaeatii.
H /@ NH,
o O
5 N

aReaction conditions: 0.50 mg of Zr12-TPDC-Co (0.5 mol % Co),
substrate, toluene, 40 bar Hz, 110 °C, 42 h. ®Conversion was
determined by GC-MS analysis.

H ? . H :
. Monomeric N. H Ny N NH, !
Mt @/ o Ha, ©/ o _H ~ouL.©/ :

Figure 5. Two possible pathways for Zr12-TPDC-Co-catalyzed
hydrogenation of nitroarenes. Based on our mechanistic
studies, we propose that Zr12-TPDC-Co catalyzes nitroarene
hydrogenation mainly via the monomeric pathway as shown
in the dotted box.
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Zr12-TPDC-Co-Catalyzed Hydrogenation of Nitriles and
Isocyanides. Zri2-TPDC-Co was also active in catalyzing
hydrogenation of nitriles and isocyanides. Nitriles are typi-
cally reduced to corresponding amines using stoichio-
metric amounts of metal hydrides,53 hydrosilanes activated
by metals,>* or organocatalysts.5®> However, these methods
have poor atom economy and typically low functional
group tolerance. In contrast, catalytic reduction of nitriles
using Hz as the reducing agent is highly atom efficient and
sustainable. The single-site hydrogenation catalysts for
selective and milder hydrogenation of nitriles have been
primarily developed based on precious metals,5¢-5° and a
few Fe- and Co-based homogeneous catalytic systems have
recently been reported.®** Furthermore, examples of cata-
lytic hydrogenation of isocyanides are rare.”* The catalyt-
ic hydrogenation of nitriles and isocyanides were per-
formed under identical conditions to those of nitroarene
hydrogenation reactions. At a 0.5 mol % Co-loading, Zri2-
TPDC-Co efficiently reduced a range of nitriles including
substrates bearing bromo- and amino-functionalities to
afford corresponding benzylamines in quantitative yields
(entries 1-4, Table 3). Pure benzylamine products were
isolated in 94-100% yields after simple filtration followed
by removal of the volatiles in vacuo. The MOF recovered
from the hydrogenation of benzonitrile remained crystal-
line, as shown by PXRD (Figure 3b), and the leaching of Co
and Zr into the supernatant was 0.2% and 0.03%, respec-
tively. Zri2-TPDC-Co could be recovered and reused at least
7 times for the hydrogenation of benzonitrile to afford
pure benzylamine without any loss of catalytic activity
(Figure 6).

Similarly, isocyanides were also efficiently reduced to N-
methylamines by Zri2-TPDC-Co in toluene at 110 °C under
40 bar Hz. Ata 0.5-2.0 mol % Co loading, benzyl isocyanide,
2-naphthyl isocyanide, cyclohexyl isocyanide, and a-
methylbenzyl isocyanide were hydrogenated in 100% con-
version to afford N-benzylmethylamine, N-methyl-N-2-
naphthylamine, N-methyl-cyclohexylamine and N-methyl-
a-methylbenzylamine, respectively. Pure secondary
amines were isolated in 82-96% yields (entries 5-8, Table
3). The leaching of Co and Zr into the supernatant after
hydrogenation of 2-naphthyl isocyanide was determined
to be 0.2% and 0.08%, respectively.

Table 3. Zr12-TPDC-Co Catalyzed Hydrogenation of Nitrile and
Isocyanide Compounds.«

— N
R-CN  z . TPDC-Co R” 'NH,

/©/ - @ . 100
4 HoN 0.5

(98)

ch N~ CHs ) 100
5 ©/\H 93)

6 O ' (96)

ne L N~ 0.5 92

©/LH 0.5 82

or > or
R-NC 40 bar Hp, 110 °C ,H
R ~N
Entry Substrate Product Mol % Yield
Co %b
1 CN
cr g””z 05 100
CcN NH,
5 /©/ 0.5 100
Br Br
Br: CN Br: 100
NH,
s O M s g

aReaction conditions: 0.50 mg of Zr12-TPDC-Co for nitrile sub-
strates, 2.0 mg of Zri12-TPDC-Co for isocyanide substrates,
nitrile or isocyanide, toluene, 40 bar Hz, 110 °C, 42 h. bYield
was determined by 'H NMR with mesitylene as the internal
standard. Isolated yields are in parentheses.

Run

Figure 6. Plots of yields (%) of benzylamine at different runs
in the recycle experiments of Zri2-TPDC-Co for the
hydrogenation of benzonitrile. The Co-loadings were 1.0
mol %.

Catalytic Activity Comparison of Zri2-TPDC-Co, Zre-
TPDC-Co, and Zrs-MTBC-Co Systems. To investigate the
electronic and steric differences of the Co centers in Zri2-
TPDC-Co and those in previously reported Zrs-TPDC-Co
and Zrs-MTBC-Co, we set up catalytic hydrogenation of
selected substrates for all three types of reactions under
identical conditions. For hydrogenation of 1-
nitronaphthalene (entry 1, Table 4), Zri2-TPDC-Co gave
complete conversion to l-aminonaphthalene, while Zre-
TPDC-Co and Zrs-MTBC-Co were completely inactive for
this substrate. Nano-sized Zrs-TPDC-Co of ~160 nm in di-
ameter was also inactive for any of the hydrogenation re-
actions (Figure S17, Table S7, SI), ruling out the major con-
tribution of MOF crystallite sizes to the catalytic activity
differences among the three systems.®> The drastically dif-
ferent activities of the three Co@SBU catalysts can be ex-
plained by the steric difference among the three SBUs. The
Co-binding site in Zr12-SBU is featured by a sterically open
4.6 Ax6.9 A rectangle space, while the Zrs-SBU site is an
equilateral triangle with edge length of 4.4 A and the Zrs-
SBU site is a rhombus with an edge length of 4.5 A (Figure
7 and Figure S12, SI).
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Table 4. Hydrogenation of Nitroarene, Nitrile and Isocyanide
Compounds with Different SBU Supported Co-catalysts.

Zre- Zrg- Zri2-
Entry Reactions TPDC- MTBC- TPDC-
CoH CoH CoH

NO,

1a “ “NH 0% 0o 00
0 — ) %

on 100
b - NHy 0, 0,
2 o o 0% 4% o
o,
5 (O 0% 7% 82%

aReaction conditions: 0.5 mol% of Zr-MOF-Co catalyst, 1-
nitronaphthalene (69 mg, 0.4 mmol), toluene, 40 bar Ho,
110 °C, 42 h. bReaction conditions: 0.5 mol% of Zr-MOF-Co
catalyst, benzonitrile (42 pL, 0.4 mmol), toluene, 40 bar Ho,
110 °C, 42 h. cReaction conditions: 0.5 mol% of Zr-MOF-Co
catalyst, (S)-(-)-a-methylbenzyl isocyanide (54 pL, 0.4 mmol),
toluene, 40 bar Hz, 110 °C, 42 h.

; pg -1 g
o # oo AG N
IS5 ol e, oF
O\;,f'l\é/ o H} O H-Q ‘j/>—§ ° 71——0Q : O——7r
O o I U R RRNSAY,
O~z Z¥‘~ /ZF O\L Zr/ \Zr\ ©
2444 O:[:\ o Qj—é/ —————————————— o

r,0,(OH), SBU Zr504(OH), SBU Zr1,04(OH)4 SBU

Figure 7. Comparison of the electronic and steric properties
of Co binding sites in Zre, Zrs, and Zriz SBUs. The oxygen
atoms highlighted in red are involved in cobalt binding after
lithiation and metalation.

For hydrogenation of benzonitrile, Zr12-TPDC-Co afforded
benzylamine in a quantitative yield while Zrs-TPDC-Co and
Zrg-MTBC-Co produced benzylamine in 0% and 4% yields,
respectively. We believe that the higher activity of Zri.-
TPDC-Co in nitrile reduction mainly stems from the dian-
ionic nature of the binding site, leading to a more electron-
rich Co center which should facilitate the migratory inser-
tion of hydride to the nitrile triple bond. Zri2-TPDC-Co is
also significantly more active than Zrs-TPDC-Co and Zrs-
MTBC-Co in isocyanide hydrogenation. For example, Zri2-
TPDC-Co catalyzed the hydrogenation of sterically hin-
dered (S)-(-)-a-methylbenzyl isocyanide to afford the sec-
ondary amine product in 82% yield (entry 3, Table 4),
while Zrs-TPDC-Co was totally inactive and Zrs-MTBC-Co
gave only 7% of the hydrogenation product. The electron-
rich nature of and more sterically open environment
around the [(z2-0-)2(u3-0)CoH]- active sites are likely re-
sponsible for the much higher activity of the Zr12-TPDC-Co
catalyst.

Conclusion

We have synthesized the first Zr MOF based on novel
Zr12(u3-0)s(13-OH)s(12-OH)s nodes. The Zri2 SBUs provide
a unique ligand environment for Co(II) centers to afford a

Journal of the American Chemical Society

highly effective single-site solid catalyst for the
hydrogenation of nitroarenes, nitriles, and isocyanides.
The monomeric pathway was proposed for the nitroarene
hdyrogenation reaction by comparing hydrogenation
reactivities of all possible intermediates. The Zr12-TPDC-Co
catalyst represents the first base-metal catalyst for the
hydrogenation of isocyanides to N-methylamines. The
straightforward SBU functionalization and the exceptional
catalytic activity of Zri2-TPDC-Co indicates that MOF nodes
can provide an unprecendented ligand platform to design
recyable and reusable earth-abundant metal catalysts for
sustainable synthesis of fine and commodity chemicals.
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