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Abstract: Iridium(IV) oxide nanoparticles were fac-
ilely prepared from iridium trichloride hydrate and
sodium hydroxide by a ball-milling reaction at
room temperature. The “naked” iridium nanocata-
lyst showed high stability and activity for the hydro-
genation of a series of nitrogen heterocycles, for the
first time, under a hydrogen balloon at room tem-
perature with a selectivity of higher than 99%. Be-
sides, an unprecedented substitution-dependent
effect was discovered, where substrates with vicinal
substituents on 2-, 3-, or 8-positions exhibited dis-
tinctly higher reaction rates than unsubstituted or
remote substituted ones. Extraordinary recyclability
was discovered in the hydrogenation of 2-methyl-
quinoline for 30 runs without loss of activity.

Keywords: catalytic hydrogenation; iridium oxide
nanoparticles; naked nanocatalyst; nitrogen hetero-
cycles; recyclability

The application of nanocatalysts facilitates more effi-
cient organic transformations compared to that of
bulky materials, and sometimes molecular complexes,
and thus has attracted high interest from academic
and industrial chemists for several decades.!! Due to
the large surface-to-volume ratio, naked nanocatalysts
usually exhibit higher catalytic efficiency. Neverthe-
less, they suffer from aggregation and poor reusability,
which seriously restricts their developments. Thus,
a variety of stabilization methods, using surfactants,?
organic ligands,® polymers,* dendrimers,” metal or-
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ganic frameworks (MOF)!® and ionic liquids,”! were
developed to improve their relative properties. Our
group has also advanced a series of dendrimers- and
organic ligands-stabilized nanocatalysts for carbon-
carbon bond formation and hydrogenations.®! Howev-
er, in comparison with the stabilized transition metal
nanocatalysts, the naked/unsupported nanocatalysts
offer an opportunity to understand the intrinsic cata-
lytic activity more easily by elimination of the support
effect. Moreover, the blooming of stabilized nanoca-
talysts still suffers from the catalytic mechanism,
where the true metal species in catalytic cycles
remain obscure so far depending on the nature of the
particles and/or reactions, which were widely accepted
as “semi-heterogeneous”.”'¥! From this point of view,
naked/unsupported nanocatalysts have been consid-
ered a hot research area in recent years. Naked silver,
gold, nickel and platinum nanocatalysts were system-
atically prepared and investigated in various organic
reactions."”! In Jin’s work, for instance, the unsupport-
ed nanoporous gold catalyst exhibited high selectivity
in the hydrogenation of alkynes and quinolines with
organosilane and water as a hydrogen source.'’!
Quite interestingly, although supported iridium oxide
nanoparticles possess special activities in several
chemical transformations including hydrogenation,!!!
catalytic water oxidation!"?! and CO, reduction!" etc.,
the catalytic application of their naked form was
rarely reported."” For an example, Diao’s group pro-
duced iridium oxide nanoparticles via photochemical
hydrolysis of iridium chloride in alkaline medium at
room temperature with an average diameter of 1.7+
0.3 nm. Furthermore, a partially reduced Ir/IrO, nano-
composite exhibited good catalytic performance
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toward the reduction of 4-nitrophenol.™ To the best
of our knowledge, however, the hydrogenation of ni-
trogen heterocycles catalyzed by naked iridium oxide
nanoparticles has not been established yet.
1,2,3,4-Tetrahydroquinoline and derivatives as rep-
resentative nitrogen heterocycles are a ubiquitous
class of building blocks in naturally-occurring and
synthetic compounds, which have wide applications in
fine chemicals, pharmaceuticals and agrochemicals.!'”)
In terms of simplicity and atom efficiency, the hydro-
genation of readily available quinoline derivatives has
been recognized as a promising approach (Scheme 1).

Ref.1"61; [Rh], [Ir], [Pt],
[Os];Z=C
Ref.['8]: metal-free; Z=C

homogeneous

Ref.'7I; [Rh], [Pd], [Pt],
[Au], [Ni], [Co]; Z=C N Z\
heterogeneous _ o

naked iridium(lV) oxide
nanoparticles

H, balloon, r.t., 24 h;
Z=CandN

Scheme 1. Hydrogenation of quinolines via homogeneous
and heterogeneous systems, and this work.

To date, various homogeneous and heterogeneous
protocols catalyzed by transition metals or in a metal-
free manner were applied for the hydrogenation of
quinolines and their derivatives.'*!”!¥l Recently, an el-
egant study on a heterogeneous protocol was reported
by Beller and co-workers, who developed core—shell
cobalt oxide/cobalt nanoparticles modified by nitro-
gen-doped graphene layers on alumina. This hetero-
geneous catalyst enabled good activity and high selec-
tivity in hydrogenation of nitrogen heteroarenes in-
cluding quinolines, acridines and unprotected indoles,
however, with a temperature of 120°C and time of up
to 60 hours.!"” It should be noted that current hydro-
genations of nitrogen heterocycles are associated with
one or more shortcomings, including complicated cat-
alyst preparation, high reaction pressure/temperature,
high catalyst loading, air-sensitive ligands, additives,
metal leaching, recyclability issues and so on. Conse-
quently, we envisioned that naked/unsupported metal
nanoparticles might match with the high demand of
combining the merits of homogeneous and heteroge-
neous catalysts to address the above disadvantages.
Herein, we reveal a facile preparation of naked iridi-
um(IV) oxide nanoparticles, along with their first ap-
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plications in the heterogeneous hydrogenation of ni-
trogen heterocycles with high efficiency and extraor-
dinary recyclability under mild conditions.

Our studies started with the preparation of naked
iridium(IV) oxide nanoparticles. Previous works have
revealed the synthesis of iridium oxide nanoparticles
via photochemical or thermal hydrolysis of Ir(IV)/
Ir(IlT) precursors under basic aqueous conditions.!'*!
In comparision, we herein disclose an operationally
simple and greener ball-milling protocol without sol-
vent or illumination. For a typical procedure, iridium
chloride hydrate and sodium hydroxide were mixed
(molar ratio of 1:4) and ground together in an agate
mortar for 30 minutes at room temperature. The reac-
tion started readily during the mixing process, accom-
panied by the release of heat. The mixture was rinsed
with distilled water, and then dried at 80°C for 4
hours The equation of the reaction is as follows:

4 IrCly-3 Hy0 + 12 NaOH + O, = 4 IrOy-x HO + 12 NaCl + (18—4x) H,0

The resulting black powder indicated the formation
of iridium(IV) oxide nanoparticles. The prepared IrO,
NPs were absolutely insoluble in common solvents,
such as THF, dichloromethane, ether, hexane, metha-
nol, DMF and water, albeit slightly soluble in heated
DMSO. This solubility provided for unambiguous het-
erogeneous catalysis and facile solvent precipitation
for catalyst recovery.

Further characterization was conducted by trans-
mission electron microscopy (TEM). The TEM image
and size distribution of particles are shown in
Figure 1, which revealed an average diameter of 2.0+
0.5 nm. X-ray photoelectron spectroscopy (XPS) mea-
surement showed the Ir 4f,, and Ir 4f;, signals with
binding energies E, at 62.1 eV and 65.1 eV, respec-
tively (Figure 1c). The XPS spectrum exemplified that
the resulting iridium nanoparticles were assigned to
the Ir(IV) state. These values were consistent with
the literature report."” To gain further insights into
the chemical composition of the obtained iridium(IV)
oxide nanoparticles, thermogravimetry (TG), X-ray
diffraction (XRD) and Raman spectroscopy have
been performeded. The total mass loss of the iridiu-
m(IV) oxide sample, as shown on the TG curves (Fig-
ure 2a), was up to 24.0%. Since no organic compo-
nents were used for the whole preparation process,
this mass loss might be contributed to the existence of
crystalline water. Thus, the molecular formula of
nanoparticles can be deduced as IrO,-4H,O. The
XRD analysis was performed on a Rigaku Miniflex
600 with Cu (1=1.54178 A) irradiation at the scan-
ning rate of 10°m™ in the 20 range of 20-80° operat-
ing at 40 kV and 40 mA. Two board humps were ob-
served at 33° and 56° (Figure 2b) corresponding to
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Figure 1. (a) TEM image of IrO, NPs (scale bar=10 nm);
(b) the corresponding particle size distribution; (c) XPS
spectrum of IrO, NPs.

(101) and (211) planes of IrO, in the tetragonal
phase.’”’ Raman bands measured at 549 and 716 cm™!
can be readily assigned to the first order E, and B,,
phonon bands of rutile IrO, (Figure 2c).*")
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Figure 2. (a) TG spectrum of IrO, NPs; (b) XRD spectrum
of IrO, NPs; (c) Raman spectrum of IrO, NPs.

With this heterogeneous nanocatalyst in hand, we
first examined the feasibility and efficiency of iridium
(IV) oxide in the catalytic hydrogenation of 2-methyl-
quinoline. Using 2 mol% iridium (IV) oxide nanopar-
ticles, the desired product 1,2,3,4-tetrahydro-2-methyl-
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Table 1. The effect of the solvents on the hydrogenation of

2-methylquinoline.®
L

m 2 mol% IrO, NPs
o
N

H, balloon, solvent, r.t., 24 h

1a 2a i
Entry Solvent Yield (2a [%])™
1 toluene 20
2 dichloromethane 44
3 THF 17
4 1,4-dioxane 20
5 MeCN 32
6 EtOAc 36
7 EtOH 63
8 MeOH >95 (98)
9 2,2 2-trifluoroethanol >95 (97)
10 H,O <5
11l MeOH 46

[} Reaction conditions: 0.2 mmol 2-methylquinoline, 2 mL
solvent, 2.0 mol% catalyst, H, balloon, room tempera-
ture, 24 h.

) Determined by 'H-NMR (isolated yield in brackets).

[l Commercial IrO,.

quinoline was obtained in 20% yield with toluene as
solvent under a hydrogen balloon at room tempera-
ture for 24 hours (Table 1, entry1). As shown in
Table 1, the conversions were strongly dependent on
the solvents. Non-polar solvents such as dichlorome-
thane, THF, 1,4-dioxane, acetonitrile and ethyl acetate
gave yields of less than 50%. In sharp contrast, the
conversions were dramatically enhanced in alcoholic
solvents. Yields of more than 95%, along with 99%
selectivity, were obtained in methanol and 2,2,2-tri-
fluoroethanol (entries 8 and 9). However, the sub-
strate remained intact in water (entry 10). To our de-
light, a significantly differentiated reactivity of iridi-
um(IV) oxide nanoparticles and commercial IrO, was
observed, where the bulky commercial IrO, only af-
forded a lower yield of 46% (entry 11). As illustrated
in the optimizations, a high pressure of molecular hy-
drogen, elevated temperatures or high catalyst load-
ings are simultaneously avoided without impairing the
catalytic efficiency. Moreover, the nanocatalyst could
be removed by decantation or centrifugation, leaving
the hydrogenation product alone after evaporation of
the methanol. Thus, to the best of our knowledge, this
is the operationally simplest protocol under mild con-
ditions for heterogeneous hydrogenation of 2-methyl-
quinoline reported so far.

The substrate scopes of various substituted quino-
lines and other nitrogen heterocycles were further in-
vestigated under the optimized conditions (Table 2).
In general, quinoline derivatives with vicinal function-
al groups (2, 3, 8 positions) are hydrogenated to the
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Table 2. IrO, nanoparticles-catalyzed hydrogenation of ni-
trogen heterocycles: vicinal substitutions.

z IrO, NPs 7
X X 0

R1+/ }Rz + H, (2 mol%) R1—}\ j—RZ

N"  (balloon) MeOH, Z >N

24 h,rt. H
1a—1j 2a-2j

Entry Z R! R? Yield (2 [%])™
1 H H 2-Me (1a) 98
2 H H 3-Me (1b) 98
3 H H 2-NH, (1¢) 96!°!
4 H 6-Me 2-Me (1d) 97
5 H 8Me H(le) 98
6 H 6-Br  2-Me (1f) 98
7 H 8Br 2-Me(lg) 97
8 N H 2-Me (1h) 96
9 N H 2,3-dimethyl (1i) 97
10 N 5Me H(j) 91

[} Reaction conditions A: nitrogen heterocycle (0.2 mmol),
MeOH (2 mL), IrO, NPs (1.2 mg, 0.04 mmol), H, bal-
loon, room temperature, 24 h.

) Isolated yield.

[l The product — with repetition for three times — was iden-
tified as 1,2,3,4-tetrahydroquinoline.

corresponding adducts in high yields and selectivities.
Substrate with a methyl group on the 3-position of
substrate also reacted smoothly, although it is widely
accepted as a tough substrate, usually applied with
high pressure and/or temperature.'® More interest-
ingly, the presence of electron-deficient bromo sub-
stituents on the 6 or 8 positions of quinoline moiety
did not retard the hydrogenation process. Besides, no
hydrodehalogenation products were detected under
the current conditions (entries 6 and 7), whereas the
cleavage of C—Br bond is a common event for iridium
and other transition metal complexes/nanopartic-
les.?'%fl These results further testified the mild and
highly regioselective properties of our protocol. To be
noted, an unanticipated C-N bond cleavage was ob-
served for 2-aminoquinoline (1¢, entry 3). Vicinal sub-
stituted quinoxanes (1h-1j) are also applicable under
the standard conditions with excellent yields and se-
lectivities. Further efforts on the hydrogenation of vi-
cinal substituted benzothiazoles, benzofurans and in-
doles gave negative results, which implied the sub-
strate structure dependence of our iridium(IV) oxide
nanoparticles.

It is worthy to mention that the above excellent re-
sults were obtained with substrates bearing vicinal
substitutions. Otherwise, the hydrogenation turned to
be sluggish. As depicted in Table 3, quinoline and
other nitrogen heterocycles with remote substitutions
(4, 5, 6, 7 positions) required higher reaction tempera-
ture and hydrogen pressure to enable statisfactory
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Table 3. IrO, nanoparticles-catalyzed hydrogenation of ni-
trogen heterocycles: none or remote substitutions.

- IrO, NPs 7
AN (2 mol%) x
REC T JRew R 1 e
Z >N 60 atm) MeOH, H
24 h,60°C
1k—1t 2k—2t
Entry Z R! R’ Yield (2 [%])™
1 H H H (1k) 98 (<5)
2 H H 2-Ph (11) 97 (43)
3 H H 4-Me (1m) 42 (0)
4 H H 6-Me (1n) 98 (<5)
5 H H 6-MeO (lo) 97 (<5)
6 H 6NH, H(®p) 96 (0)
7 H H 7-Me (1q) 97 (18)
8 H 8 H (1r) 95 (31)
9 N H H (1s) 98 (<5)
10 N H 2-Ph (1t) 96 (<5)

2] Reaction conditions B: nitrogen heterocycle (0.2 mmol),
MeOH (2 mL) and IrO, NPs (1.2 mg, 0.04 mmol), 60 atm
H,, 60°C, 24 h.

] Isolated yields (yields under reaction conditions A in
brackets).

conversion. For instance, the hydrogenation of quino-
line gave >95% yield upon heating up to 60°C under
60 atm hydrogen pressure (conditions B, entry 1),
whereas only a <5% yield was detected with the
former optimized conditions A (hydrogen balloon,
room temperature). Moreover, the rest of substrates
possessing remote substitutions or vicinal phenyl
groups furnished much lower yields ranging from 0-
43% under conditions A. It is well known that ortho-
substitution sometimes diminished the efficiency of
catalytic hydrogenation due to the steric hindrance.””
However, this type of reverse substitution-dependent
effect is impressive and unprecedented in catalytic hy-
drogenation. Furthermore, a competing hydrogena-
tion of 2-methylquinoline and 4-methylquinoline was
conducted under the standard conditions A in
Scheme 2. A 100:0 (2a:2m) ratio of hydrogenated
products was indentified by 'H-NMR, further exem-
plifing the positive effect of vicinal substitution. We
hypothesize that the homolytic hydrogen would be
stabilized by the iridium oxide and activate the pyri-
dine moiety, which synergistically enables a weak hy-
drogen-bonding interaction of the vicinal (methyl)C-
H with an oxygen atom on the surface of iridium
oxide nanoparticles toward higher efficiency.” It is
noticed that 2-phenyl-substituted substrates (11, 1t)
proceeded sluggishly under conditions A, but were
converted into hydrogenated products with excellent
yields under conditions B. This comparison is consis-
tent with the fact that larger conjugation would retard
the hydrogenation efficiency.'*!
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1a IO, NPs, Hp balloon 22 H
+ —_—
CHs MeOH, rt., 24 h * CHs
X
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0= H0”
e
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Scheme 2. The competing hydrogenation reaction and the
proposed C-H--O(=Ir=0) hydrogen bonding interaction.

Finally, the reusability of this nanocatalyst was eval-
uated with 2-methylquinoline as the model substrate.
Figure 3 depicts the recovery and reusability of our
“naked” iridium(IV) oxide catalyst. After the reaction
completion, the catalyst was collected by centrifuga-
tion, and the products were separated by simple de-
cantation and evaporation. By adding a new batch of
methanol and 2-methylquinoline, the recovered nano-
catalyst can be used directly for the next run. This re-
cycling protocol enabled the iridium oxide nanoparti-
cles to be used for 30 runs furnishing quantitative
conversion of substrates without loss of activity and
selectivity. This remarkable stability for “naked”
nanoparticles is intriguing and unprecedented, since
aggregations always lead to deactivation of catalytic
sites without the protection of stabilizors. TEM
images of iridium oxide nanoparticles after 30 runs
exhibited a similar size distribution compared to the
freshly prepared ones. Meanwhile, the XPS spectrum
indicated the sole component of Ir(IV), no Ir(0) spe-
cies was formed after hydrogenation and recovery.
Furthermore, ICP-OES was applied to detect the
leaching of iridium in the organic phase for 1%, 2™
and 30™ cycles, which all gave values below the detec-
tion threshold. The above observations collectively
point to a heterogeneous process, and completely rule
out the “semi-heterogeneous” manner for this proto-
col.

In summary, we have revealed here an expedient
preparation of “naked” iridium(IV) oxide nanoparti-
cles from iridium trichloride hydrate and sodium hy-
droxide via a ball-milling reaction. This heterogene-
ous nanocatalyst was applied, for the first time, in the
hydrogenation of a series of nitrogen heterocycles
with a hydrogen balloon at room temperature. The
catalyst showed high stability and activity, along with
a selectivity higher than 99%. An unprecedented sub-
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Figure 3. (a) The recycling runs; (b) TEM image (scale
bar=5nm) and particle size distribution of the nanocatalyst
after 30 runs.

stitution-dependent effect was discovered, where sub-
strates with vicinal substituents on 2, 3, or 8 positions
exhibited distinctly higher reaction rates than unsub-
stituted or remotely substituted ones. Moreover, ex-
traordinary recyclability was discovered in the hydro-
genation of 2-methylquinoline for 30 runs without
loss of activity or metal leaching.
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Experimental Section

Typical Procedures for Preparation of “Naked”
Iridium Oxide Nanoparticles

Iridium chloride trihydrate and sodium hydroxide were pre-
mixed with a molar ratio of 1:4, and then the mixture was
ground by ball-milling in an agate mortar for 30 min at
room temperature. The reaction started readily during the
mixing process, accompanied by the release of heat. The
product was rinsed with distilled water then oven dried at
80°C for 4 hours to afford black powder ready for catalytic
use directly.

Typical Procedure for Catalytic Hydrogenation of
Nitrogen Heterocycles with “Naked” Iridium Oxide
Nanoparticles

2-Methylquinoline (28.6 mg, 0.2 mmol), IrO, NPs (1.2 mg,
2mol%), and 2 mL methanol were charged into a reaction
tube, purged with hydrogen for three times and then pres-
surized with a hydrogen balloon. The reaction mixture was
stirred at room temperature for 24 hours. After completion,
the catalyst was recovered by decantation or centrifugation
at 15,000 rpm, and then washed with methanol for 3 times
(1 mLx3). The organic phases were combined and concen-
trated to afford the hydrogenated product (2a). The recov-
ered nanocatalysts can be used directly for the next run.
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