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The hydrogenation efficiency of nitro compounds was found
to be greatly boosted by coupling with dehydrogenation of
ammonia borane. The Pd@MIL-101 with tiny Pd NPs is
exceptionally efficient and recyclable in the tandem reactions
and diverse nitro compounds can be selectively reduced to the
corresponding amines in 1.5-5 min with quantitative yields.

Aniline and its derivatives are important chemical raw materials with
production of more than 4,000,000 tons every year. They are used
widely for the synthesis of dyes, polymers, agro-chemicals,
pharmaceuticals, and various fine chemicals.' One common route for
their preparation is the reduction of the corresponding nitro
derivatives. The reduction of nitro compounds is generally achieved
in the presence of noble metal catalysts under hydrogen atmosphere.”
However, hydrogen gas is hardly dissolvable in the solution of nitro
compounds, thus making the reduction of nitro compounds by
hydrogenation relatively slow. To improve the efficiency of the
reaction, it is crucial to enable sufficient contact between hydrogen
gas and the substrate (nitro compounds). In this regard, a system
where in situ hydrogen generation is coupled with nitro group
reduction could provide an effective solution, since the hydrogen
produced throughout the reaction system will be able to well contact
and react with nitro group immediately, thus to greatly boost the
reaction rate.

Ammonia borane (NH;BH;, AB) is a versatile reducing agent due
to its high hydrogen content of 19.6 wt%, stability, non-toxicity, and
high solubility in water and methanol.** As a high quality of
hydrogen source, dehydrogenation of ammonia borane in water
or/and methanol can be effectively catalyzed over fine metal
nanoparticles (NPs).*® Therefore, it is possible to achieve highly
efficient reduction of nitro compounds by taking advantage of in situ
generated hydrogen from NH3;BH; in the presence of a suitable
catalyst.

Palladium NPs have been previously demonstrated to be effective
catalysts for both NH3;BH; dehydrogenation and hydrogenation of R-
NO, to R-NH,.>® It is well known that the catalytic activity of noble
metal NPs is closely relevant to their sizes. While small size
typically corresponds to enhanced catalytic activity of metal NPs, it
also results in high surface energies. Thus small-size metal NPs tend
to aggregate/fuse, resulting in the reduction of their catalytic activity.
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To solve this problem, the encapsulation/confinement of tiny metal
NPs inside porous materials has been recognized as an effective
way.’

As a relatively new class of porous material, metal-organic
frameworks (MOFs),® possess exceptionally high porosity and
exhibit promising applications in diverse fields including gas storage
and separation, sensing, catalysis, etc.” Porous MOFs have been
demonstrated to be ideal candidates to stabilize fine metal NPs for
catalysis.'® However, the metal NPs@MOF has been rarely reported
for tandem catalysis,'" particularly, among which almost all are
based on synergistic effect between MOF acidity/basicity and metal
NPs, while tandem catalysis over metal NPs alone remains
unexplored thus far.

In this work, a Pd precursor was rationally introduced into a
mesoporous MOF, MIL-101, via a double solvents approach (DSA)
followed by in situ reduction by NH;BH; to afford tiny Pd NPs of
~3 nm in diameter mainly confined inside the cavities of MIL-101.
The obtained PdA@MIL-101 exhibits excellent catalytic performance
in tandem dehydrogenation of ammonia borane and reduction of
nitro compounds (Scheme 1). Especially, the turnover frequency
(TOF) value for the hydrogenation of nitrobenzene is as high as 97
MOlitrobenzene MOlpg 'min™!, to the best of our knowledge, which
surpasses all previously reported Pd catalytic activity in this
conversion. In addition, this is the first work of metal NPs@MOF
catalyzing a tandem reaction with monometallic NPs as the sole
active sites.

® Pd*

@ PdNPs

MiL-101

Scheme 1 Schematic illustration showing the in situ reduction of Pd*
incorporated into MIL-101 and the subsequent tandem catalysis of the
dehydrogenation of ammonia borane and hydrogenation of nitro compounds.

The mesoporous MOF, MIL-101, a chromium-based MOF with
the molecular formula Cr;F(H,0),0[(0,C)C¢H4(CO,)]3-nH,O
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(where n is ~25), is chosen due to its high stability in water and
methanol, large surface area (BET, >3600 m?/g), and two giant
cavities (2.9 and 3.4 nm) accessible through pore windows of ca. 1.2
and 1.6 nm.'? To avoid the deposition of Pd NPs onto the external
surface of the MOF and their possible aggregation, double solvents
approach (DSA) was adopted herein. An aqueous Pd(NO3), solution
with a volume slightly less than MIL-101 pore volume was pumped
dropwise into the MIL-101 suspension in the hydrophobic solvent n-
hexane. Given the hydrophilic nature of the inner pore environment
of MIL-101, the aqueous Pd(NOs), solution was readily absorbed
into the pores of activated MIL-101 by capillary force during the
impregnation process.'®™!'"*®  The Pd** loaded MIL-101 was
subsequently reduced in situ by NH;BHj; to give PA@MIL-101.

[ (a)
b
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2Theta (degree) PiP,
Fig. 1 (a) Powder XRD patterns of simulated MIL-101, as-synthesized MIL-
101 and Pd@MIL-101. (b) N, sorption isotherms for MIL-101 and Pd@MIL-
101 at 77 K. Filled and open symbols represent adsorption and desorption
branches, respectively.

The powder X-ray diffraction (PXRD) pattern for PdA@MIL-101
shows that the crystallinity and structure of MIL-101 remain well
upon loading Pd NPs (Fig. la). The absence of identifiable
diffraction peak of Pd NPs implies that the Pd NPs are tiny. The
impact of metal loading on the porosity of MIL-101 (BET: 3660
m?/g) has been established by measuring N, sorption at 77 K, which
reveals that PA@MIL-101 still remains highly porous with a BET
surface area of 1597 m%g. The appreciable decrease in N, sorption
amount and surface area indicates that the cavities of the host
framework are occupied by dispersed NPs or/and blocked by the
NPs located on the surface (Fig. 1b). Transmission electron
microscopy (TEM) image demonstrates that the Pd NPs are well
dispersed with average sizes of ~2.5 nm (Fig. 2). The inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) indicates
the actual Pd content (0.86 wt%) is close to the nominal value (1.00

Wt%).
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Fig. 2 (a) TEM image of Pd@MIL-101 and (b) size distribution for Pd NPs.

With Pd@MIL-101 in hands, we proceeded to investigate the
catalytic performance of Pd NPs for the tandem reaction of ammonia
borane dehydrogenation and nitro compound hydrogenation. The
reaction was initiated by adding NH;BH; to the solution in flask
containing Pd**@MIL-101 and nitro compounds under magnetic
stirring. Nitrobenzene was first employed as a model compound in
the tandem catalysis over PA@MIL-101 to explore the optimized
reaction parameters. Given the great solubility of R-NO, in methanol
but not in water, a mixture of methanol and water (v:v = 2:3) was
adopted to dissolve the nitro compounds and ammonia borane to
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give a homogeneous solution. The reaction proceeded smoothly and
nitrobenzene was converted to aniline very rapidly as short as 1.5
min with real Pd/nitro compound molar ratio of ~0.007:1 at room
temperature (Table 1, entry 1). The turnover frequency (TOF) was
calculated to be 97 MOliropengene'MOlpg - *min!. As far as we know,
this is the highest value for the reduction of nitrobenzene over
diverse Pd catalysts reported thus far (Table S1).

With the optimized conditions, the catalytic results for the tandem
reaction with diverse R-NO, substrates over Pd@MIL-101 are
summarized in Table 1. All aromatic or aliphatic nitro compounds
examined were converted into the corresponding primary amines
with excellent conversion yields (>99%) at room temperature.
Aliphatic nitro compounds such as nitro-methane and nitro-ethane
were reduced in excellent yields in 1.5 min (entries 2, 3). A variety
of aromatic nitro compounds with electron-rich groups can be
efficiently reduced in the same fashion. For example, nitrobenzenes
bearing the o-methyl, m-methyl, p-methyl, p-methylol, p-hydroxyl,
o-amino, m-amino and p-amino were reduced to the corresponding
amine products in 1.5 min (entries 4-11). Moreover, the slight space
steric hindrance was tolerated well to the hydrogenation of nitro
compounds (entries 4-6 and 9-11). Electron-deficient substituents,
such as fluoro- and nitro groups slow down the reduction a little bit
(entries 12, 13), but the reaction are still very fast from the practical
point of view.

Table 1 Tandem Reaction Results for Dehydrogenation of NH;BH;
and Hydrogenation of Various R-NO, Compounds over Pd@MIL-

101.2
NH3BH3, Pd@MIL-101

MeOH/H,O (v:v/2:3), RT

Yield Time
Entry Substrate Product %) (min)
L e O e s
2 CH3NO, CH;3NH, >99 1.5
3 CH3CH,NO, CH4CH,NH, >99 1.5
NO, NH,
TS e S
CHj, CHj
5 H304<;>—No2 Hac@NHz >99 1.5

HaC NO, HaC NH,
6 \@( \C( >99 15

7 HOHZC@NOZ HOHQC@NHz >99 1.5
8 HO@NOQ HO@NHZ >99 1.5
NO, NH,
9 @[ @[ >99 1.5
NH, NH,
10 HzN@NOZ HZN@NHz >99 1.5
HoN NO, HoN NH,
11 O O >99 1.5
O,N NO, HoN NH,
12 O/ j@( >99 3
B e D s
14° @—Noz {;ym2 >99 30

*Reaction conditions: 0.4 mmol nitro compound, 0.875 mmol NH;BH;, 34
mg 0.86 wt% PA@MIL-101, 8 mL MeOH, 12 mL H,0, 25 °C. °NH;BH; was
replaced by 1 bar hydrogen. ‘Catalytic reaction products were analyzed and
identified by gas chromatography.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

To explore the possible reason for this extremely efficient
reduction of nitro compounds, the uncoupled dehydrogenation of
NH;BH; in a mixture of methanol and water (viv = 2:3) over
Pd@MIL-101 was conducted and the reaction was completed in 27
min (Pd/NH3BH; molar ratio of ~0.003:1) (Fig. S1), where
theoretical maximal amount of hydrogen was generated (H,/NH;BH;
~ 3). When additional nitro compounds were introduced into the
reaction system, unexpectedly, the generation of H, was greatly
accelerated, especially in the initiation stage (Fig. S2). Although the
reason behind this phenomenon currently remains unclear, we
believe the extremely rapid hydrogen generation kinetics certainly
contributes to the boosting reduction of nitro compounds. Moreover,
there is clearly a synergistic effect when both the NH;BH;
dehydrogenation and nitro compounds reduction are coupled. We
also attempted to change the hydrogen source for the reduction of
nitro compounds. Strikingly, when ammonia borane was replaced
with hydrogen flow while other conditions remained unaltered (with
Pd@MIL-101 catalyst pre-reduced by ammonia borane), the reaction
was completed after 30 min (entry 14), 20 times slower than that of
the above NH;BHj;-engaged tandem process. Our experiments
support that the content of dissolved hydrogen in the reaction
solution as well as sufficient contact between hydrogen and nitro
compounds jointly control the reduction rate of the nitro group, for
which the coupling of in situ dehydrogenation and reduction
reactions has been proved to be a very effective approach.

The stability and reusability of catalysts are of great importance
for their practical application. It can be seen that the activity,
selectivity and framework integrity of Pd@MIL-101 were well
retained during six consecutive runs without any treatment or
activation for the catalyst (Fig. 3a, S3), clearly demonstrating the
recyclability and reusability of the catalyst. In addition, the Pd NPs
remain high dispersion and their sizes are almost retained even after
6 runs, revealing the good confinement effect of MIL-101 based on
its porous structure (Fig. 3b). The ICP-AES result shows negligible
Pd species can be detected in the reacted solution, which reveals the
leaching of active sites almost does not occur during the reaction.

Fig. 3 (a) Catalytic recyclability of Pd@MIL-101 for tandem reactions of
ammonia borane dehydrogenation and nitrobenzene hydrogenation. Reaction
conditions: 0.4 mmol nitrobenzene, 0.875 mmol NH;BH3;, 34 mg 0.86 wt%
Pd@MIL-101, 8 mL MeOH, 12 mL H,O, 25 °C; only 1.5 min for each in all
6 cycles. (b) TEM image for PA@MIL-101 catalyst after 6 catalytic runs.
Inset: size distribution for Pd NPs in PA@MIL-10 after 6 cycles of tandem
reactions.

In summary, a tandem process has been developed to
successfully improve the reaction rate of the hydrogenation of
nitro compounds by coupling with the hydrogen generation
from NH;BHj;. The tandem reaction exhibits exceptionally high
activity, selectivity and recyclability. The key to the success are
ascribed to: 1) the presence of fine and highly active Pd NPs,
which were obtained by rational incorporation of Pd*" into
MIL-101 via DSA followed by in situ reduction with NH;BHj;
2) the extremely rapid kinetics of hydrogen generation from
NH;BH; enables the generation of local high-concentration

This journal is © The Royal Society of Chemistry 2012
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hydrogen dispersed throughout the reaction system, which
greatly facilitates the contact between hydrogen and nitro
compounds, thus boosting the reaction rate. A variety of
aliphatic and aromatic nitro compounds with different groups
were able to be reduced to the respective primary amines with
excellent conversion yields (>99%) in very short reaction time
(1.5-5 min). Six consecutive runs of the tandem -catalysis
unambiguously demonstrate the great stability and recyclability
of PA@MIL-101 catalyst. Compared to other reported reduction
systems for nitro compounds, the current tandem manner does
not require stored/pressurized hydrogen and it is therefore not
only more efficient but also much safer. We envision the
strategy with tandem catalysis in this work opens an avenue
to the improvement of catalytic efficiency for other related
reactions.

This work is supported by the NSFC (21371162 and
51301159), the 973 program (2014CB931803), NSF of Anhui
Province (1408085MB23), the Recruitment Program of Global
Youth Experts, the Scientific Research Foundation for the
Returned Overseas Chinese Scholars, the State Education
Ministry, and the Fundamental Research Funds for the Central

Universities (WK2060190026).

Notes and references

* Hefei National Laboratory for Physical Sciences at the Microscale, Key
Laboratory of Soft Matter Chemistry, Chinese Academy of Sciences,
Collaborative Innovation Center of Suzhou Nano Science and
Technology, Department of Chemistry, University of Science and
Technology of China, Hefei, Anhui 230026, P.R. China. E-mail:
jlanglab@ustc.edu.cn; Webpage: http://staff.ustc.edu.cn/~jianglab/

® Department of Chemistry and Physics, Troy University, Troy, AL
36082, USA.

¢ National Institute of Advanced Industrial Science and Technology
(AIST), Ikeda, Osaka 563-8577, Japan.

T  Electronic Supplementary
DOI: 10.1039/c000000x/

I These authors contributed equally to this work.

Information (ESI) available: See

1 (a) D. Kim and F. P. Guengerich, Annu. Rev. Pharmacol. Toxicol.,
2005, 45, 27; (b) R. S. Downing, P. J. Kunkeler and H. van Bekkum,
Catal. Today, 1997, 37, 121; (c¢) F. A. Westerhaus, R. V. Jagadeesh,
G. Wienhofer, M.-M. Pohl, J. Radnik, A.-E. Surkus, J. Rabeah, K.
Junge, H. Junge, M. Nielsen, A. Briickner and M. Beller, Nat. Chem.,
2013, 5, 537.

2 (a) A. Corma, P. Serna, P. Concepcion and J. J. Calvino, J. Am.
Chem. Soc., 2008, 130, 8748; (b) H. Yang, X. Cui, Y. Deng and F.
Shi, ChemCatChem, 2013, 5, 1739.

3 (a) P. Chen, Z. Xiong, J. Luo, J. Lin and K. L. Tan, Nature, 2002,
420, 302; (b) W. Grochala and P. P. Edwards, Chem. Rev., 2004, 104,
1283; (¢) A. Gutowska, L. Li, Y. Shin, C. M. Wang, X. S. Li, J. C.
Linehan, R. S. Smith, B. D. Kay, B. Schmid, W. Shaw, M. Gutowski
and T. Autrey, Angew. Chem. Int. Ed., 2005, 44, 3578; (d) M. E.
Bluhm, M. G. Bradley, R. Butterick, U. Kusari and L. G. Sneddon, J.
Am. Chem. Soc., 2006, 128, 7748; (¢) C. W. Hamilton, R. T. Baker,
A. Staubitz and 1. Manners, Chem. Soc. Rev., 2009, 38, 279; (f) R. J.
Keaton, J. M. Blacquiere and R. T. Baker, J. Am. Chem. Soc., 2007,

J. Name., 2012, 00, 1-3 | 3



10

ChemComm

129, 1844; (g) C. E. Hartmann, V. Juréik, O. Songis and C. S. J.

Cazin, Chem. Commun., 2013, 49, 1005.

(@) M. Chandra and Q. Xu, J. Power Sources, 2006, 156, 190; (b) F.

Cheng, H. Ma, Y. Li and J. Chen, Inorg. Chem., 2007, 46, 778; (c) U.

B. Demirci and P. Miele, Energy Environ. Sci., 2009, 2, 627; (d) H.-

L. Jiang, S. K. Singh, J.-M. Yan, X.-B. Zhang and Q. Xu,

ChemSusChem, 2010, 3, 541; (e¢) M. Zahmakiran, Y. Tonbul and S.

Ozkar, J. Am. Chem. Soc., 2010, 132, 6541; (f) G. Chen, S. Desinan,

R. Rosei, F. Rosei and D. Ma, Chem. Commun., 2012, 48, 8009.

(@) M. Chandra and Q. Xu, J. Power Sources, 2007, 168, 135; (b) H.
Erdogan, O. Metin and S. Ozkar, Phys. Chem. Chem. Phys., 2009,
11, 10519; (¢) H. Goksu, H. Can, K. Sendil, M. S. Giiltekin and O.
Metin, Appl. Catal. A: Gen., 2014, 488, 176; (d) H. Goksu, S. F. Ho,
O. Metin, K. Korkmaz, A. M. Garcia, M. S. Giiltekin and S. Sun,
ACS Catal., 2014, 4, 1777.

(a) R.J. Rahaim and R. E. Maleczka, Org. Lett., 2005, 7, 5087; (b) B.

Sreedhar, P. S. Reddy and D. K. Devi, J. Org. Chem., 2009, 74, 8806.

R. J. White, R. Luque, V. L. Budarin, J. H. Clark and D. J.

Macquarrie, Chem. Soc. Rev., 2009, 38, 481.

(a) J. R. Long and O. M. Yaghi, Chem. Soc. Rev., 2009, 38, 1213; (b)

H.-C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012, 112,

673; (¢) H.-C. Zhou and S. Kitagawa, Chem. Soc. Rev., 2014, 43,

5415.

(@) S. Ma and H.-C. Zhou, Chem. Commun., 2010, 46, 44; (b) J.

Gascon, A. Corma, F. Kapteijn and F. X. Llabrés i Xamena, ACS

Catal., 2014, 4, 361; (¢) T. Zhang and W. Lin, Chem. Soc. Rev.,

2014, 43, 5982; (d) B. Chen, S. Xiang and G. Qian, Acc. Chem. Res.,

2010, 43, 1115; (e) L. E. Kreno, K. Leong, O. K. Farha, M.

Allendorf, R. P. Van Duyne and J. T. Hupp, Chem. Rev., 2012, 112,

1105; (f) A. Mallick, B. Garai, D. D. Diaz and R. Banerjee, Angew.

Chem. Int. Ed., 2013, 52, 13755; (g) R.-B. Lin, F. Li, S.-Y. Liu, X.-L.

Qi, J.-P. Zhang and X.-M. Chen, Angew. Chem. Int. Ed., 2013, 52,

13429; (h) Z. Wang and S. M. Cohen, Chem. Soc. Rev., 2009, 38,

1315; (i) Z. Hu, K. Zhang, M. Zhang, Z. Guo, J. Jiang and D. Zhao,

ChemSusChem, 2014, 7, 2791; (j) J. Qin, S. Zhang, D. Du, P. Shen,

S.-J. Bao, Y.-Q. Lan and Z.-M. Su, Chem. Eur. J., 2014, 20, 5625.

(a) S. Hermes, M.-K. Schréter, R. Schmid, L. Khodeir, M. Muhler,

A. Tissler, R. W. Fischer and R. A. Fischer, Angew. Chem. Int. Ed.,

2005, 44, 6237; (b) Y. K. Hwang, D.-Y. Hong, J.-S. Chang, S. H.

Jhung, Y.-K. Seo, J. Kim, A. Vimont, M. Daturi, C. Serre and G.

Férey, Angew. Chem. Int. Ed., 2008, 47, 4144; (c) H.-L. Jiang, T.

Akita, T. Ishida, M. Haruta and Q. Xu, J. Am. Chem. Soc., 2011, 133,

1304; (d) B. Yuan, Y. Pan, Y. Li, B. Yin and H. Jiang, Angew. Chem.

Int. Ed., 2010, 49, 4054; (e) G. Lu, S. Li, Z. Guo, O. K. Farha, B. G.

Hauser, X. Qi, Y. Wang, X. Wang, S. Han, X. Liu, J. S. DuChene, H.

Zhang, Q. Zhang, X. Chen, J. Ma, S. C. J. Loo, W. D. Wei, Y. Yang,

J. T. Hupp and F. Huo, Nat. Chem., 2012, 4, 310; (f) C.-H. Kuo, Y.

Tang, L.-Y. Chou, B. T. Sneed, C. N. Brodsky, Z. Zhao and C.-K.

Tsung, J. Am. Chem. Soc., 2012, 134, 14345; (g) J. Hermannsdérfer,

M. Friedrich, N. Miyajima, R. Q. Albuquerque, S. Kiimmel and R.

Kempe, Angew. Chem. Int. Ed., 2012, 51, 11473; (h) H. R. Moon, D.-

W. Lim and M. P. Suh, Chem. Soc. Rev., 2013, 42, 1807; (i) A.

Dhakshinamoorthy and H. Garcia, Chem. Soc. Rev., 2012, 41, 5262;

(j) H.-X. Zhang, M. Liu, X. Bu and J. Zhang, Sci. Rep., 2014, 4, 3923;

(k) Y.-Z. Chen, Q. Xu, S.-H. Yu and H.-L. Jiang, Small, 2015, 11, 71,

4| J. Name., 2012, 00, 1-3

11

12

13

(/) L. Chen, X. Chen, H. Liu and Y. Li, Small, 2015, DOI:
10.1002/sml11.201403599.

(@) Y. Pan, B. Yuan, Y. Li and D. He, Chem. Commun., 2010, 46,
2280; (b) A. Arnanz, M. Pintado-Sierra, A. Corma, M. Iglesias and F.
Sanchez, Adv. Synth. Catal., 2012, 354, 1347; (c) F. G. Cirujano, A.
Leyva-Pérez, A. Corma and F. X. Llabrés i Xamena, ChemCatChem,
2013, 5, 538; (d) X. Li, Z. Guo, C. Xiao, T. W. Goh, D. Tesfagaber
and W. Huang, ACS Catal., 2014, 4, 3490; (e) M. Zhao, K. Deng, L.
He, Y. Liu, G. Li, H. Zhao and Z. Tang, J. Am. Chem. Soc., 2014,
136, 1738; (f) Y.-Z. Chen, Y.-X. Zhou, H. Wang, J. Lu, T. Uchida, Q.
Xu, S.-H. Yu and H.-L. Jiang, ACS Catal., 2015, 5, 2062.

G. Férey, C. Mellot-Draznieks, C. Serre, F. Millange, J. Dutour, S.
Surblé and 1. Margiolaki, Science, 2005, 309, 2040.

A. Ajjaz, A. Karkamkar, Y. J. Choi, N. Tsumori, E. Ronnebro, T.
Autrey, H. Shioyama and Q. Xu, J. Am. Chem. Soc., 2012, 134,
13926.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 5



Page 5 of 5 ChemComm

Graphical Abstract
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The hydrogenation efficiency of nitro compounds is greatly boosted by coupling with
ammonia borane dehydrogenation over rationally synthesized Pd@MIL-101 with Pd

NPs in ~3 nm.



