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Detected by thein situ EPR spectroscopy immobilized nitro
radical anionsgenerated in the cour se of Au/Al,O5-catalyzed
nitrobenzene hydrogenation demonstrate the abnormal hyper-
fine splitting and serve as inter mediates of the reaction.
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The chemoselective catalytic hydrogenation of functionalized
nitroarenes to the corresponding anilines, which are valuable
substances to manufacture a diversity of agrichemicals and
pharmaceuticals, is a subject of topical interest.>? It was aready
reported that supported Au/Al,O; catalysts demonstrate one among
the highest selectivities towards hydrogenation of the nitro groupin
amolecule containing also the C=C or C=0 bond.® K. Shimizu
et al. have proposed that the high chemoselectivity of Au/Al,Ozis
attributed to cooperation between the acid—base pair site on y-Al,04
and the Au atoms at the metal support interface to dissociate H,
into an H*/H- pair which is transferred selectively to the polar
bonds in the nitro group.® On the other hand, M. A. Keane et al.
have suggested that the exceptional production of p-chloroaniline
in the p-chloronitrobenzene hydrogenation over Au/Al,O5 catayst
can be explained by selective activation of NO, group at Al,Os
Lewis acid sites and reaction with chemisorbed and spillover
hydrogen.” Thus, the exact mechanism of chemoselective
hydrogenation of nitroarenes to anilines on Au/Al,O; catalyst
remains unclear.

Hitherto, in situ IR spectroscopy was the only physica method
used to detect the intermediates formed during hydrogenation
of nitroarenes on supported gold catalysts.2® Meanwhile, the
interaction of nitroaromatic compounds with alumina surface is
well known as leading to the formation of nitro radical anions
which can be observed by EPR spectroscopy.1%-12 Herein, we report
on the results of the study of nitrobenzene (NB) hydrogenation
reaction on Au/y-Al,O5 catalyst by the in situ EPR method.

The use of an Au/Al,O; catalyst’ containing 2.0 wit% Au
(BET surface area, 143 m? g%; total pore volume, 0.64 cm? g)
with the mean Au particle diameter of 1.8 nm provided a highly
chemoselective hydrogenation of 3-nitrostyrene and 4-nitro-
acetophenone to the corresponding anilines in a flow reactor (see
Online Supplementary Materials).*® To explain this result, we have
investigated the hydrogenation of nitrobenzene in the presence of
benzaldehyde at the different contact times. It was found that
benzyl acohol isnot obtained until the almost complete consump-
tion of nitrobenzene (see Online Supplementary Materials). Thus,

T The Au/Al,O; catalyst was prepared via so-called deposition—precipita-
tion technique according to the known procedure.6
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the high sdlectivity towards the nitro group hydrogenation observed
on Au/Al,O; catalyst is aresult of the preferential adsorption of
nitroarene via the nitro groups on the catalyst active sites.28

To determine the nature of catalyst active sites, the EPR
spectroscopy was employed for the detection of radical anions
formed in the systems containing y-aluminaor Au/Al,O3 catalyst
upon a contact with the solution of nitrobenzene in toluene.*
Figure 1(a) shows the EPR spectrum of adsorbed nitrobenzene
on y-Al,O; surface calcinated at 400°C. An intense anisotropic
signal at g = 2.003 in the spectrum isknown!®12 and corresponds
to the generation of the NB radical anions on the surface defect
sites of alumina containing oxide ions, which serve as electron
donors.1%12 The formation of nitro radical anions on other metal
oxides, such as MgO, ZnO, and TiO,, was also observed.'!
A predominant feature of this spectrum is the hyperfine splitting
on a nitrogen atom. The spectra simulation gives the best fit for
the following values of g and hyperfine interaction (HFI) tensor
components: g, = 2.003, g, = 2.003, g, = 2.001, A, = 2.0+0.2 G,
A =20£02 G, and A, = 335:02 G (1 G = 10* T). A low
intense and easily saturated signal at g = 1.98 can be assigned to
the delocalized electrons in the carbonaceous n-system.’® Note
that thereis no resonance absorption observed for the y-alumina
calcinated at temperature lower than 400°C.

In contrast with the case of y-Al,O3, the EPR signa of nitro
radical anions was observed for Au/Al,O; catalyst after calcina
tion at the lower temperature of 150°C [Figure 1(b)]. In both

* The EPR spectra were recorded on a Bruker X-band EleXsys 500
spectrometer equipped with an ER4102ST cavity and ER4131VT tem-
perature control system. The preliminary treatment of samples included
the calcination procedure at 150 or 400°C for 4 h. After fast cooling, the
sample was placed into the quartz tube filled with nitrobenzene (1 vol%)
in toluene at room temperature. The EPR spectra were recorded at 30 min
after the addition of NB solution. The simulation of EPR spectra was
performed using EasySpin EPR toolbox.” The in situ EPR experiments
were carried out in the quartz reactor directly in the microwave cavity at
the temperature range from 25 to 90°C. The reaction mixture contained
Au/Al,O5 catalyst in the NB solution (1 vol%) in toluene. Gaseous
hydrogen was supplied into the reactor by flow mass controller with the
rate of 0.1 dm? h under the atmospheric pressure. The products obtained
during the in situ EPR experiments were analyzed by GC-MS.

- 536 —



Mendeleev Commun., 2018, 28, 536-537

(b) lg =2.003

3400 3500 3600 3350 3400 3450
HIG HIG
Figure 1 EPR spectra of the nitro radical anions adsorbed on (a) y-Al,O3
after calcination at 400°C and (b) Au/Al,O; catalyst after calcination at

150°C, recorded at room temperature. Dashed line shows the simulated
spectra.

spectra, the signals can be assigned to the immobilized radica
anions since no EPR signals were detected for the solution filtered
off from solid samples. The NB radical anions generated in the
presence of y-Al,O5 and Au/Al,O; manifest significantly different
hyperfine splitting. The simulation of the spectra for Au/Al,O4
system looks reasonable with g, = 2.003, g, = 2.003, g, = 2.003,
A,=15+02G, A =15+0.2G, and A, = 10.5+0.2 G, which means
the three times lower characteristic HFI constant for Au/Al,O3
system in comparison with that for the pure alumina surface.
It should be underlined that such abnormal hyperfine splitting is
observed for nitroaromatic radical anions on the alumina surface
for the first time in spite of very long history of electron transfer
studiesvia EPR .11 Since the variation of calcination temperature
demonstrated only alittle effect on the value of HFI constant of
nitro radical anions adsorbed on aumina® we believe that this
phenomenon indicates the influence of neighboring gold nano-
particles on the distribution of electron spin density within the
nitro radical anions formed on the catalyst surface and, probably,
means that the NB radicals observed in the Au/Al,O3 system are
formed near to the edge of gold nanoparticles.

Figure 2 shows the EPR spectra of Au/Al,O; sample recorded
in situ in the NB solution. Injection of H, into the reaction mixture
containing Au/Al,O; catalyst leads to the severe drop of the EPR
absorption intensity [see Figure 2(c),(d)]. The reaction products
obtained during the in situ EPR experiments were analyzed
by GC-MS method. Aniline, azobenzene, and azoxybenzene
were detected in the solution, indicating the occurrence of NB
hydrogenation.»1* The postreaction solution demonstrated no
detectable EPR spectra proving the fact that the paramagnetic
signal was specific one only for the radical speciesformed onthe
catalyst surface. Consequently, the concentration of nitro radical
anions decreases once the reaction was started, which means the
participation of detected radical speciesin the NB hydrogenation
occurring on the catalyst surface.

Similar to the case of pure alumina, the paramagnetic species
stabilized on Au/Al,O5 are probably generated via the interaction
of nitro group of NB and oxide ions on the alumina surface.
According to published data,® the spillover process of H atoms
from metal nanoparticles to the non-reducible supports, such as
aumina, is nearly impossible, which allows us to suggest that
the hydrogenation of nitroarenes occurs at the border between the
gold nanoparticles and alumina.

In summary, the application of EPR method has revealed the
radical anions generated due to interaction between nitrobenzene
in liquid phase and the active sites of Au/Al,O5 catalyst. The
immobilized NB radical anions demonstrating the abnormal
hyperfine splitting act as the active intermediates in the course
of hydrogenation.

The authors are grateful to Professor Yu. V. Shubin and
A. V. Ishchenko for assistance in this study. This work was carried
out within the framework of the budget project for G. K. Boreskov
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Figure 2 The EPR spectra of the nitro radical anions localized on Au/Al,O5
catalyst surface after the addition of NB solution recorded in situ under
different conditions: (a) 25°C; (b) 82 °C; (c) injection of H, (1 bar), 82°C;
and (d) injection of H, (1 bar), 90°C.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2018.09.029.
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