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Despite the advances in devising green methodologies for selective hydrogenation of nitrobenzene toward
p-aminophenol, it is still difficult to realize p-aminophenol as the exclusive product in heterogeneous metal
catalysis, as the excessive hydrogenation of nitrobenzene usually results in the aniline byproduct. Herein we
report that a metal cluster containing 36 gold atoms capped by 24 thiolate ligands provides a unique
pathway for nitrobenzene hydrogenation to achieve a p-aminophenol selectivity of ~100%. The gold
cluster can efficiently suppress the over-hydrogenation of amino groups via hydroxyl rearrangement

with the aid of water and sequentially the proton transfer promoted by acid toward p-aminophenol.
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Accepted 30th August 2024 More notably, remarkable catalytic performances can be extended to clusters Wltl’.l similar structures
such as Au,g(SR)2g and Aug4(SR)2s, where only an atomic layer change of 2.1 A thickness in the

DOI: 10.1035/d4sc05018e Auze(SR)4 cluster can tailor the proton affinity for the amino group of the key intermediate
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Introduction

p-Aminophenol (PAP) is a primary chemical for the synthesis of
medicine, rubber and dyestuffs." Currently, the industrial route
to PAP production involves the selective hydrogenation of
nitrobenzene over heterogeneous catalysts such as Pt/C to the
intermediate phenylhydroxylamine (PHA), followed by the
Bamberger rearrangement of PHA with the help of 10-15 wt%
sulfuric acid toward PAP (Fig. 1a).>* However, the excessive
hydrogenation of nitrobenzene can lead to the formation of the
aniline by-product, which is essentially inevitable. Meanwhile,
the catalysts are liable to decompose and deactivate in the
sulfuric acid solution. Many strategies have been developed to
suppress the continual hydrogenation process of PHA via
desorbing from the catalyst surface into the aqueous phase,
sequentially to make the rearrangement promoted by Brensted
acids to obtain PAP (Fig. 1b).»***° In a series of seminal studies,
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phenylhydroxylamine, thereby altering the activity while the p-aminophenol selectivity remained.

Wang and colleagues reported that the Pt-enriched surface of
PtRh bimetallic nanoparticles can readily inhibit the strong
adsorption of the PHA intermediate over the catalyst surface,
leading to 95.4% selectivity for PAP."* Similarly, the toxic
behavior of sulfur in the active center of the Pt/C catalyst pre-
treated with thiourea deliberately sacrificed the dissociation
and hydrogen adsorption capacity of the catalyst. This resulted
in a relatively low concentration hydrogen environment, thereby
reducing the adsorption strength of the intermediates on the
catalyst and preventing the over-hydrogenation process, which
gave rise to 72.5% selectivity for PAP."® Extremely high acid
concentrations such as >20 wt% sulfuric acid were even used to
enhance the selectivity of PAP (>99%), leading to deleterious
effects on the catalysts and reactor lifetimes.™ Indeed, a signif-
icant breakthrough in the exclusive hydrogenation of nitro-
benzene to PAP currently has not been made. Therefore, an
alternative approach that would be completely distinct from
previously conventional routes is highly desired.

Atomically precise metal clusters with exact numbers of
atoms and crystallographic structures have been documented to
exhibit unexpectedly catalytic performances for many chemical
processes, which are quite different from those of typical
nanoparticle catalysts.”®>® These metal clusters are of signifi-
cant interest in catalysis, which can provide novel reaction
pathways to control product selectivity, and the changes in the
size and composition of clusters such as the addition or removal
of a single atom or even the doping of a heteroatom can
significantly alter their catalytic properties.>*™° For example,
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(a) Distinct comparison between the traditional route of nitrobenzene hydrogenation and the proposed route shown in this work. The

hydrogen atom color codes: black from H,, green from H,SO,4, blue from water, and gray from the benzene ring. (b) Comparison of Auzg(SR)24
with recently reported catalysts based on the correlation of the PAP selectivity with the molar ratio of H,SO4 to nitrobenzene. (c) Crystal structure
of the Auzg(SR),4 cluster. Color codes: orange = Au; yellow = S; gray = C. The H atoms are omitted for clarity. (d) Catalytic performances of the
Ausg(SR)24 catalyst for nitrobenzene hydrogenation with the sulfuric acid concentration. (e) Catalytic performances of the Pt/C catalyst for
nitrobenzene hydrogenation with the sulfuric acid concentration. Reaction conditions: 3 mg catalyst, 0.5 mmol nitrobenzene, 10 mg CTAB, 4

MPa Hj, 120 °C for 24 h.
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doping of one Pt atom into one core of Auzg(SR),, cluster can
elevate the HOMO energy and broaden the HOMO-LUMO gap
(HOMO: highest occupied molecular orbital; LUMO: lowest
unoccupied molecular orbital), whereas doping of two Pt atoms
into the two cores of Aug(SR),4 can narrow the HOMO-LUMO
gap, in which the former showed higher activity for CO, elec-
troreduction reaction than the latter.*°

Herein, we report the performance of
a Auze(SR),, cluster catalyst for the selective hydrogenation of
nitrobenzene, in which PAP is yielded as an exclusive product in
a low-content sulphuric acid (<1 wt%) and the recyclability of
the catalyst is also realized. Notably, a novel reaction pathway
for nitrobenzene hydrogenation is navigated over the catalyst
surface, which is different from previously reported processes
that PHA needs to desorb from the catalyst into the aqueous
phase and is further converted to PAP. More interestingly, our
study shows that the catalytic performance is not limited to
Ause(SR),4, and structurally similar clusters such as Au,g(SR),0
and Auy,(SR),s also achieved ~100% selectivity for PAP from
nitrobenzene hydrogenation.

remarkable

Results and discussion

The crystal structure of the Auzg(SR),4 (SR = 4-tert-butylbenze-
nethiol) cluster can be disassembled into a twenty-atom gold
kernel and eight external staples.*** As shown in Fig. 1c, the
gold kernel is packed in a face-centered cubic mode, and the
surface motifs can be viewed as eight Au,(SR); staples, in which
four dimeric staples are slightly distorted with the short
distance of the gold kernel and another four dimeric staples are
co-planar with the large distance of the gold kernel. We next
explored the hydrogenation of nitrobenzene catalyzed by this
cluster in a four-phase reaction system, where hexadecyl tri-
methyl ammonium bromide (CTAB) was added in the reaction
to effectively increase the solubility of nitrobenzene in the water
phase (Fig. Slaf). As shown in Fig. 1d, Auze(SR),, always
exhibited ~100% selectivity for the PAP product even if sulfuric
acid had a much lower concentration (0.97 wt%) that was the
lowest value reported (Fig. 1b and Table S1t), which was also
impossible for a commercial Pt/C catalyst (Fig. 1e). It was found
that the higher the acid concentration, more nitrobenzene was
converted into PAP, but the selectivity of PAP remained (Fig. 1d).
Regardless of the change of the reaction conditions being
temperature, reaction time and pressure, the over-
hydrogenation was significantly inhibited and no aniline was
detected in the Ause(SR),4 cases (Fig. S1b-df).

It was worth pointing out that the Ause(SR),, catalyst was
conveniently separated from the reaction system by centrifu-
gation and further showed high catalytic performances over
multiple cycles (Fig. S21). The Ausze(SR),4 clusters were robust
and remained intact under reaction conditions (Fig. S3 and
S47). Interestingly, when the 4-tert-butylbenzenethiol ligand
was exchanged into the other thiolate ligand such as the 3,5-
dimethylbenzenethiol ligand, the 36-gold-atom cluster with
a similar atomic-packing framework still gave ~100% selectivity
for PAP under identical conditions (Fig. S5t). Notably, when the
ligands were removed from the surface of the clusters via the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calcination pretreatment, the superior catalysis of Auss(SR)a4
could not be obtained anymore, in which by-product aniline
was produced on the ligand-off gold catalyst (Fig. S5 and S61).
The above observations revealed that the reaction pathway for
nitrobenzene hydrogenation over the Auzg(SR),4 catalyst should
be radically distinct from the traditional route.

To unveil the unique pathway for nitrobenzene hydrogena-
tion on the Ause(SR),4 catalyst, the adsorption behavior of
nitrobenzene over the Auz¢(SR),4 cluster was first studied by
Fourier Transform infrared spectroscopy (FTIR). As shown in
Fig. 2a, when nitrobenzene was adsorbed onto the Au;e(SR),,4
cluster at room temperature, the two bands at 1347 and
1523 cm ' assigned to the symmetric and asymmetric vibra-
tions of the nitro group could be found, respectively." Subse-
quently, after removing potential physiosorbed species via
purging argon at 120 °C for 30 min, the two vibration bands of
the nitro group respectively shifted to 1342 and 1517 cm™*
(Fig. 2a). In the case of the Pt/C, as shown in Fig. 2b, the IR
bands of adsorbed nitrobenzene onto the catalyst red shifted to
1345 and 1520 cm ' after treatment of argon purging. This
observation suggested that the nitro group of nitrobenzene can
be absorbed onto the catalysts, whereas its adsorption strength
on the Auzg(SR),, cluster might be weaker than that on Pt/C.*

Next, the reaction intermediates formed on the two catalysts
were detected by time-resolved in situ FTIR spectroscopy with
a gas-solid IR cell. The two intermediate species such as PhNO
(~1509 cm™ ') and PHA (PhNHOH, ~1457 cm™ ') were observed
on the Auze(SR),4 surface (Fig. 2¢), but the IR signals of the two
species were much weaker than those on the Pt/C system
(Fig. 2c and S77), indicating that the hydrogenation capacity of
Auge(SR),, was weaker than that of Pt/C.'***** Meanwhile,
aniline (PhNH,, ~1497 cm ') was only observed over the Pt/C
system (Fig. 2d), implying that the over-hydrogenation of
nitrobenzene only occurred on the Pt/C catalyst. This pointed
out that PAP was not observed on the two IR systems, mainly as
the IR cell could not be introduced using water and sulphuric
acid, which also revealed that both H,O and acid significantly
impacted the subsequent conversion of the PHA intermediate to
the PAP product.

Furthermore, as seen from in situ Raman spectra obtained
from the nitrobenzene hydrogenation over the Ausze(SR).4
system (Fig. S87), characteristic bands at 1345 and 1043 cm ™"
occurred after 30 min of the catalytic reaction, which were
attributed to vyno, and vy, from nitrobenzene, respectively.*
With the reaction, the peak intensity of vyo, decreased as
compared to that of vy, suggesting the gradual consumption
of nitrobenzene; meanwhile a new band appeared at 462 cm ™.
Density functional theory (DFT) calculations were performed to
simulate the Raman spectra of PHA, PAP and aniline. As shown
in Fig. S8,f the characteristic O-H vibration mode from PHA
and PAP molecules can be observed at 425 and 455 cm™?,
respectively. The observations further suggested that the
hydrogenation process on the Auze(SR),, catalyst followed the
pathway from nitrobenzene to PHA and then to PAP, in which
aniline was not produced on the Auz(SR),4 surface.

Moreover, the adsorption strength of PHA molecules on the
Ausze(SR),, cluster and Pt/C catalyst was compared via

Chem. Sci., 2024, 15, 15617-15624 | 15619
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In situ FTIR spectra of adsorbed nitrobenzene onto (a) Auszg(SR)4 and (b) Pt/C. The adsorption of nitrobenzene for 30 min at room

temperature and then Ar was purged for 30 min at 120 °C. Time-resolved in situ FTIR spectra of the reaction intermediates formed on (c)
Ausze(SR)24 and (d) Pt/C for nitrobenzene hydrogenation with 4 MPa H, at 120 °C. (e) PAP selectivity versus T, value measured by NMR. (f)
Normalized HD formation rate during the H,—D, exchange reaction over Auzg(SR),4 and Pt/C, respectively.
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measuring the relaxation time of adsorbed PHA using "H NMR
(nuclear magnetic resonance) spectroscopy described by T,
(longitudinal relaxation time) and T, (transverse relaxation
time), while T, alone explained the problem of locomotion and
a lower T, value corresponded to a stronger interaction with the
surface.* The transverse relaxation time for the Auz(SR),4
cluster and Pt/C catalyst was respectively shown in Fig. S9 and
S10,7 and the T, that was clearly correlated with the PAP
selectivity is shown in Fig. 2e. The Ause(SR),4 cluster showed
alower T, value than Pt/C, indicating that the former had higher
affinity to PHA than the latter. The result was very surprising
and distinct from that in previous reports, that is, higher affinity
for PHA onto the Pt/C catalyst resulting in lower PAP selectivity,
due to the PHA over-hydrogenation.

H,-D, exchange experiments were also performed to gain in-
depth insights into the ability for H, activation on the two
catalysts, where the normalized rate of HD formation was used
to measure H, activation behavior for Aus¢(SR),, and Pt/C.*”

‘.
o
’..o

H(HO)PhNH

' °
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Fig. 2f shows that the rate of HD formation was much lower on
the Ausze(SR),, cluster than that on the Pt/C catalyst, revealing
that Auze(SR),, had much weaker ability to activate hydrogen
than Pt/C, which might lead to no excessive hydrogenation of
PHA on the Ause(SR),,4 surface.

In order to further study the reaction mechanism of nitro-
benzene hydrogenation in the Auss(SR),, cluster, the DFT
calculations were performed. The reaction pathways without
the catalyst are first predicted (Fig. 3a). The PhNO, precursor is
reduced to form PhNO via an exergonic deoxygenation reaction
(as the combination of hydrogenation and dehydration). PhANO
then undergoes hydrogenation to form a perpetual interme-
diate, PHA, with an exergonicity of 26.3 kcal mol . Dehydration
of PHA yields a phenylnitrene (PhN:) triplet intermediate, which
is endergonic by 26.6 kcal mol " at 298 K. PhN:, as a diradical, is
expected to be highly reactive and possibly act as a transient
intermediate for further reactions. The relevance of PhN: in the
reaction of PHA is evinced by the experiment results. Without
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(a) Reaction pathways for catalyst-free reactions of nitrobenzene (PhNO,), including the proton-transfer pathway toward PAP (red), the

hydrogenation pathway toward aniline (green), and the dimerization pathways toward azobenzene and azoxybenzene (purple). (b) The proton-
transfer pathway in aqueous solution. (c) The nitrobenzene reaction pathways for the Auzg(SR),4 catalyst. The Gibbs free energies at 298 K are
given in kcal mol™?; the spin multiplicities are given in the parenthesis (singlet if omitted). Color code: O =red, N = blue, C = black, H = green, Au
= orange, and S = yellow. The unpaired electrons are indicated by the white circles. The distances between the active Au site and the organic
species are labelled with texts.
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any catalyst, H,, or acid, PHA can degrade to yield azox-
ybenzene,*® which can be viewed as the combination of PhN:
and PhNO. In the presence of the Auz4(SR),, catalyst, without H,
or acid, PHA degrades mainly into azobenzene and azox-
ybenzene (>90% selectivity); the former is a dimer of PhN:. The
degradation of PHA into azobenzene or azoxybenzene is effec-
tively a dimerization process involving PhN:, which is highly
exergonic (purple paths in Fig. 3a). Due to the nature of
dimerization, such pathways are contingent on the diffusion of
the monomers and thus could be inhibited when competing
reactions with favorable thermodynamics and fast kinetics are
ongoing, e.g., the potential reactions of PhN: with H, or acid.
When H, is present, PhN: can be reduced to PhNH, (green
path in Fig. 3a) with high exergonicity (76.1 kcal mol ") and low
activation energy (20.5 kcal mol *). When acid is present, PAP
can be formed through an intramolecular proton transfer
process (Fig. 3a). To understand this homogeneous process,
solvent effects must be considered. DFT calculations using
a (H,0), cluster as the explicit solvent show that the (H,O)o
cluster dissociates and reconstructs spontaneously into
a (H,0)g cluster, -H adsorbing at N, and -OH adsorbing at the p-
position of phenyl, with a solvation energy of —16.4 kcal mol .
Therefore, the PhN: diradical exists, in effect, as the H(HO)
PhNH singlet in the aqueous solution (Fig. 3b). Calculations
show that the amino group of the gas-phase H(HO)PhNH has
a proton affinity of 237.2 kcal mol " and the hydride at the p-
position of phenyl has a deprotonation energy of 340.7 kcal
mol " (Fig. 4c). H(HO)PhNH is hence amphiprotic with its
amino and p-hydride serving as a strong base (with proton

* L
y
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affinity comparable to that of Li(OH), 239.0 kcal mol ") and
weak acid (comparable to acetic acid with a deprotonation
energy of 341.1 kcal mol™"),*** respectively. The amino and p-
hydride of the same H(HO)PhNH molecule can act as the proton
acceptor and donor, respectively; when mediated by solvent or
solvated molecules, exergonic amino protonation and ender-
gonic p-hydride deprotonation may occur synergistically,
leading to an intramolecular proton transfer process with much
lower energy barrier than the otherwise intermolecular proton
transfer process. Solvated acid can donate protons to the amino
group while the acid anion can accept protons from p-hydride.
Hence, acid promotion is conducive to the intramolecular
proton transfer of H(HO)PhNH in solution, which can thus be
broken down into amino protonation and subsequent p-hydride
deprotonation steps (red path in Fig. 3b).

Since H, is required for the reduction of PhNO, into PHA, the
coexistence of H, and acid is mostly inevitable for the subse-
quent reactions. The desired catalyst for the PAP synthesis via
the PHA intermediate must be capable of suppressing the
hydrogenation or promoting the proton transfer in an acidic
solution, in order to reduce the yield of the aniline byproduct.
Our calculations show that both PhN: and H(HO)PhNH, i.e.
active species resulting from PHA, can adsorb on the Auze(SR),,4
catalyst (Fig. 3c). The adsorption of PhN:, leading directly
towards catalyst-adsorbed H(HO)PhNH in the solution, may
cause further reactions to take place at the catalyst surfaces and
inhibit the hydrogenation of the amino group, owing to the
steric effects of the cluster ligands.
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(a) Structural evolution of Au,g(SR)20 and Au44(SR),g from Auzeg(SR),4 along the z-direction. Color codes in the clusters: green/orange/blue

= Au and yellow = S. (b) Catalytic performances of Au,g(SR)20, Auzg(SR)24 and Au44(SR),g for nitrobenzene hydrogenation. (c) Gas-phase
deprotonation energy (DPE, black) for the para-H and proton affinity (PA, red) for the amino group of H(OH)PhNH with no catalyst, and
Auzg(SR)20, Auzg(SR)24 and Auy4(SR),g at 298 K at the DFT level. Color codes in the H{OH)PhNH: black = C, green = H, red = O, and dark blue = N.
(d) Corresponding PA and DPE comparisons. The adsorption energy (Eads), PA and DPE at 298 K are given in kcal mol ™.
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Excitedly, the excellent hydrogenation of nitrobenzene to
PAP can be applied to structurally similar Au,g(SR),, and
Auy4(SR),g clusters. Au,g(SR),, was obtained through subse-
quently exfoliating an Aug(SR), layer with 2.1 A thickness from
Auj6(SR),, along the z-direction, while Auyy(SR),s was formed
through bandaging an additional Aug(SR), layer on the
Auz6(SR),, cluster along the z-direction, with the x- and y-
directions being constant (Fig. 4a).** As shown in Fig. 4b, the
three clusters exhibited an excellent selectivity for PAP,
although they had different activities, which might be due to the
structural flexibility of the clusters during the reactions (Fig. S11
and S12%). The mechanisms of nitrobenzene hydrogenation
over Auyg(SR),o and Auys(SR),g clusters were also explored by
DFT calculations. It also shows that both PhN: and H(HO)PhNH
can adsorb on Au,g(SR),o and Auyy(SR),s clusters (Fig. S137),
thereby causing further reactions to take place at the catalyst
surfaces and inhibiting the hydrogenation of the amino group.
The adsorption of H(HO)PhNH over the Au clusters substan-
tially increases the basicity of its amino group and the acidity of
its p-hydride, according to the predicted proton affinities and
deprotonation energies (Fig. 4c and d); such a change in the
electronic properties will undoubtedly promote intramolecular/
intermolecular proton transfer. In addition, when an Au cluster
catalyst is used, the endergonicity for the dehydration of PHA
into PhN: is reduced as compared to no catalyst case (Fig. S147),
implying an improved kinetics to form the active species.
Overall, the whole reaction process of nitrobenzene hydroge-
nation occurred completely on the gold cluster surface: nitro-
benzene hydrogenation generated PHA and then PHA absorbed
onto the gold cluster followed by removing a fraction of H,0;
then PHA reacted with the nucleophile H,O to form H(OH)
PhNH; finally, with the help of acid, the proton transfer
occurred to produce the target product PAP. Thus, the novel
reaction pathway can effectively inhibit the over-hydrogenation
of PHA on the catalyst surface.

Conclusions

In summary, our study shows that atomically precise metal
clusters indeed provide access to inaccessible issues of traditional
catalysts. A Auze(SR),,4 cluster exhibits a remarkable performance
in the exclusive conversion of nitrobenzene to p-aminophenol via
a distinguishable reaction route from typical industrial routes.
The strong affinity of the key intermediate phenylhydroxylamine
with the cluster enables the whole reaction process composed of
nitrobenzene hydrogenation, nucleophilic rearrangement and
intramolecular/intermolecular proton transfer carried out on the
cluster surface, while the over-hydrogenation and Bamberger
rearrangement that are well-known and recognized by traditional
routes did not occur on the cluster catalyst. Additionally, excellent
performances for this reaction can be extended to structurally
similar catalysts with Auze(SR),4, which holds great promise in the
design of high-performance catalysts for important chemical
processes. Looking into the future of heterogeneous catalysts, the
studies of atomically precise metal cluster catalysts will lead to
an unexpected help in advances in catalysis mechanisms and
practical application.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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