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ABSTRACT: Structural exploration and functional application of
thorium clusters are still very rare on account of their difficult
synthesis caused by the susceptible hydrolysis of thorium element.
In this work, we elaborately designed and constructed four stable
thorium clusters modified with different functionalized capping
ligands, Ths-MA, Thg-BEN, Thy-C8A, and Thy-Fcc, which
possessed nearly the same hexanuclear thorium-oxo core but
different capabilities in light absorption and charge separation.
Consequently, for the first time, these new thorium clusters were
treated as model catalysts to systematically investigate the light-
induced oxidative coupling reaction of benzylamine and thermo-
driven oxidation of aniline, achieving >90% product selectivity and
approximately 100% conversion, respectively. Concurrently, we
found that thorium clusters modified by switchable functional ligands can effectively modulate the selectivity and conversion of
catalytic reaction products. Moreover, catalytic characterization and density functional theory calculations consistently indicated that
these thorium clusters can activate O,/H,0, to generate active intermediates O, /HOO' and then improved the conversion of
amines efficiently. Significantly, this work represents the first report of stable thorium clusters applied to photo/thermotriggered

oA

catalytic reactions and puts forward a new design avenue for the construction of more efficient thorium cluster catalysts.

H INTRODUCTION

As relatively abundant actinides on earth, thorium and its
derivatives have manifested critical applications in nuclear
energy, medical, and industrial fields because of their radiation
resistance, high temperature resistance, and high thermal
conductivity.' ~> However, the relatively low structural
variability of these materials restricts their development to
some extent in more potential applications.””® The develop-
ment of thorium-based coordination compounds provides
more possibilities to overcome these restrictions, because more
structural variations and functional modulations can be readily
implemented through the diverse coordination numbers and
intriguing coordination modes of thorium as well as
coordination of different functional ligands.” Particularly,
thorium-based metal—organic frameworks (Th-MOFs) have
been tuned for applications in gas adsorption, ion exchange,
and radiation resistance through coordination modification
with different organic ligands.'’~"” Nevertheless, the applica-
tion of thorium-based functionalized materials (including
thorium-based complexes) in the field of catalysis is still
largely unexplored.'®™** To date, a mere handful of Th-MOFs
have been reported to be applied as heterogeneous catalysts for

© XXXX American Chemical Society

WACS Publications A

CO, cycloaddition and photocatalytic oxidation of 2-
chloroethyl ethyl sulfide.”* *°

From the perspective of catalysis, compared with Th-MOFs,
thorium-based molecular compounds (such as thorium
clusters) can be employed as homogeneous or heterogeneous
catalysts. Therefore, they have greater potential to expose more
catalytically active sites and catalytic specific surface area in
principle, which is more favorable for enhancing the
corresponding catalytic reaction performance. Unfortunately,
thorium clusters have not yet been adapted to any catalytic
reactions, mainly because of the tremendous challenge in the
synthesis of thorium clusters.””*® Especially when compared
with titanium, zirconium, and hafnium clusters with similar
physicochemical properties,” thorium clusters with well-
defined structures are extremely rare.’*>” This is due to the
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Figure 1. (a) Simplified model of Thy core. The hexanuclear thorium-oxo core of (b) The-MA, (c) The-BEN, (d) The-Fec, and (e) Ths-C8A. The
molecular structure view of (f) The-MA, (g) The-BEN, (h) Thg-Fec, and (i) The-C8A. All hydrogen atoms are omitted for clarity, and purple
represents N,N-dimethylacetamide molecules and pink represents N,N-dimethylformamide molecules.

strong Lewis acidity of Th** which makes its hydrolysis very
rapid, leading to the coexistence of multimers (e.g, dimers,
tetramers, hexamers, octamers, or decamers). This entails that
it is difficult to form a uniform multicore cluster structure.’
To cope with this challenge, one of the most effective strategies
is to incorporate capping l§ands to control the assembly
process of thorium clusters.”* Moreover, the coordination of
functionalized capping ligands can further have a significant
impact on the structural expansion and performance develop-
ment of thorium clusters.

Herein, we designed and synthesized four different
hexanuclear thorium clusters,
[Ths0,(OH),(HCOO),(H,0)s] (Ths-MA, MA = Formic
acid), [TheO,(OH),(BEN),,(H,0);] (ThsBEN, BEN =
Benzoic acid), [ThsO,(OH),(Fcc)s(NO;),(DMA),] (Ths-
Fcc, Fcc = Ferrocenecarboxylic acid), and [Thg(p,-O),(us-
0),(u-OCH;),(C8A),(DMF)4] (The-C8A, C8A = Calix[8]
arene) by incorporating different functionalized capping
ligands during the synthesis. Among them, The-MA has been
reported in previous work.”> With the coordination change of
the functionalized organic ligands, the four hexanuclear
thorium clusters exhibit different structural features, and they
also show significant differences in their light absorption

capacity (expanding from the UV to the visible region) as well
as in their charge separation capacity. This makes it possible to
consider these thorium clusters as a model system to
systematically elucidate the changes in specific properties
caused by the structure. Based on these advantages, we applied
these thorium clusters as catalysts for photo or thermodriven
amine oxidation reactions (including benzylamine oxidation
and aniline oxidation) for the first time. In the photocatalytic
benzylamine oxidative coupling reaction, Thys-C8A exhibited
the highest photocatalytic activity for benzylamine oxidation
with a conversion efliciency as high as 99%, which was higher
than that of The-Fcc (87%) and much higher than that of Th-
MA (6%) and Thg-BEN (15%). Experimental characterization
and theoretical calculation results evidenced that Thy-C8A had
a stronger charge separation ability and a stronger adsorption
capacity for O, than the other three thorium clusters, which
was beneficial to the activation of the reaction substrate and
improve the photocatalytic conversion efficiency. When this
model system was for aniline oxidation, highly selective
conversion of different products can be reached by using
different ligands functionalized with thorium clusters. The-MA
and The-BEN can achieve a high selectivity of AB (94%,
azobenzene) and AOB (100%, azoxybenzene) with approx-
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imately 100% conversion; Thg-Fcc can afford a high selectivity
of NSB (100%, nitrosobenzene) and NB (100%, nitro-
benzene). Notably, The-C8A as a catalyst can activate H,0,
to highly selectively oxidize aniline to form AOB (98%), NSB
(93%), and AB (77%) with high conversion, respectively. The
theoretical calculations indicated that the activation site of
H,0, was mainly on Th** sites, and the solvation effect can
lead to different oxidation products of aniline by facilitating the
production of Ph-NHOH intermediates. To the best of our
knowledge, this is the first time that thorium cluster catalysts
have been employed to realize the selective regulation of four
different products in the aniline oxidation reaction. This work
provides a new research strategy for the structural design and
catalytic application (photocatalysis or thermocatalysis) of
more effective thorium cluster catalysts.

B RESULTS AND DISCUSSION

Synthesis and Structure of Thorium Clusters. Hex-
anuclear thorium clusters functionalized with different ligands,
Thg-MA, Thy-BEN, Thg-C8A, and Thy-Fcc, were successfully
synthesized via the hydrothermal method (see the Exper-
imental Section) with relatively high yields (Figure S1), all of
which are composed of similar Thg cores (Figure 1a). Single-
crystal X-ray diffraction analysis (SCXRD) reveals that Th-
MA crystallizes in the orthorhombic space group Pccn (Table
S1), and its asymmetric unit involves three Th atoms (Thl,
Th2, Th3), three u;-O/OH, six MA, and three water molecules
(Figure S2). The-BEN directs to a highly symmetric cubic Im
3m space group. There are one Th atom, 1/3 u;-O/OH, and
one water molecule in the asymmetric unit of Ths-BEN
(Figure S3). Both colorless polyhedron-shaped The-MA and
The-BEN consist of one ThgO,(OH),?* hexamer cluster
decorated by 12 ligands (formic acid or benzoic acid) (Figure
1fg). The Th¢O,(OH),"*" core is composed of six 9-
coordinated Th atoms bridged by four y;-OH and four y;-O
groups. Each Th atom shows a capped square antiprismatic
geometry assembled with four p;-OH/p3-O atoms, four O
atoms from formic acid or benzoic acid ligands, and one
terminal O atom from a coordination water molecule (Figure
1b,c).

When MA and BEN ligands were replaced by Fcc ligands,
orange red hexagon-shaped crystals of Thg-Fcc with high
crystallinity were formed in high yield. SCXRD analysis
indicates that it crystallizes in a triclinic crystal system with the
space group P — 1. As shown in Figures S4 and 1h, its
asymmetric unit consists of a ThgO,(OH),'** hexamer cluster
decorated by eight Fcc ligands, four N,N-Dimethylacetamide
molecules, and four nitrates. One may note that although Thy-
Fcc shows a similar Thy core to The-MA and Thy-BEN, there
are clearly different coordination numbers of Th atoms (Figure
1d). Except for the eight-coordinated Thl and Th4 atoms, all
the other Th atoms are nine-coordinated. When the thorium
cluster was further modified with the C8A ligand, highly
crystalline yellow strip-shaped crystals, Thg-C8A, were
fabricated in high yield. SCXRD analysis demonstrates that
Thg-C8A crystallizes in a monoclinic crystal system with the P
2,/n space group. As illustrated in Figure SS, its asymmetric
unit involves three Th atoms (Th1, Th2, Th3), one u;-O, 1/2
U4-O, one C8A ligand, three N,N-dimethylformamide mole-
cules, and two OCHj groups. All Th atoms in the compound
are eight-coordinated and consist of eight O atoms from y3-O,
4#4-O, p-OCH;, N,N-dimethylformamide, and C8A ligand.
Two Thl atoms are located on a plane of symmetric elements

of mirror planes, which are connected via two ,-O atoms
(Figure S6). Thl atoms connect to Th2 and Th3 atoms
through two p3;-O atoms and two p,-O and four u-OCHj;
groups to form hexanuclear thorium-oxo core ([Thg(s,-
0),(u5-0),(u-OCH;),]"**) (Figure le), which is different
from the above-described ThsO,(OH),'**. Then the overall
metal-oxo core is firmly anchored in the cavity of two C8A
ligands in which eight hydroxyl groups are coordinated to Thl,
Th2, and Th3 atoms (Figure 1i). Notably, the metallic
skeleton of Thg-C8A is a [Th'4] (squashed) octahedron.
Given that these clusters have a very similar thorium-oxo core
and are modified by different functionalized organic ligands,
they may serve as a model system to systematically study the
effect of structure-induced functional changes on specific
properties.

The experimental powder X-ray diffraction (PXRD) patterns
of as-synthesized thorium clusters were in good agreement
with the simulation results of crystallographic data, indicating
that they had fine crystallinity and high purity (Figures S7—
S11). The thermogravimetric analysis curves suggested that
Thy-MA, Thg-BEN, Thy-C8A, and Thy-Fcc can maintain
structure frameworks before 250, 200, 210, and 230 °C (Figure
S12), respectively. Because of their excellent thermal stability,
these thorium clusters are promising for thermal catalysis.
Additionally, X-ray photoemission spectroscopy (XPS) was
conducted to confirm the valence state of thorium atoms. The
results implied that only Th(IV) existed in these clusters with
binding energies of 344.1 eV (4f;;,) and 334.7 eV (4f;),)
(Figures S13 and S14).

Photocatalytic Performance toward Oxidative Cou-
pling of Benzylamines. The light absorption capacity of
these thorium clusters was evaluated first by solid-state
ultraviolet—visible (UV—vis) absorption spectroscopy. As
presented in Figure 2a, compared with Thy-MA and Thg-
BEN, it was obvious that Thy-C8A displayed a significant
absorption extending to the visible region. Furthermore, Thg-
Fcc exhibited a wider light absorption range (400—600 nm).
Based on UV—vis spectra, the bandgap energy values of the
Thg-MA, The-BEN, Thy-C8A, and Thg-Fcc were reckoned to
be 3.32, 4.12, 2.01, and 2.05 eV, which implied that these
thorium clusters can display semiconductor-like properties
(Figures S15). Subsequently, the highest occupied molecular
orbital (HOMO) positions of thorium clusters were
ascertained by ultraviolet photoelectron spectroscopy (UPS),
from which the final HOMO positions of Thy-MA, Thy-BEN,
Th¢-C8A, and Thy-Fcc were estimated to be 7.54 (2.69 V vs
NHE), 8.55 (3.70 V vs NHE), 6.25 eV (1.40 V vs NHE), and
6.25 eV (140 V vs NHE). The corresponding lowest
unoccupied molecular orbital (LUMO) positions were
calculated as 4.22 (Ths-MA), 4.43 (Ths-BEN), 4.24 (Thg-
C8A), and 4.20 (Thy-Fcc) eV (Figure S16). To validate the
accuracy of these results, Mott—Schottky electrochemical
measurements were undertaken to confirm LUMO positions
of the prepared clusters (Figures S17 and 2b). These results
were consistent with the results of UPS. Obviously, these
clusters have more positive HOMO levels, which permits them
to be applied to some oxidation reactions such as amine
oxidation reactions.

Based on the above advantages, we first utilized this model
system for the photocatalytic benzylamine oxidative coupling
reaction. Under visible light, The-MA and Ths-BEN exhibited
poor catalytic activity in the coupling reaction, and although
the photocatalytic activity of The-Fcc was improved, its activity
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Figure 2. (a) UV—visible diffuse reflection spectra for four thorium
clusters. (b) Energy band diagrams of four thorium clusters. (c)
Conversion of oxidative coupling of benzylamine over four thorium
clusters. (d) ESR spectra of The-C8A and Thg-Fec in the presence of
DMPO (a sextuplet is characteristic of DMPO-O,~ adducts). (e)
Some comparative tests added to the corresponding sacrificial
reagents. (f) Conversion and selectivity of oxidative of aniline with
Thy-C8A in seven repeating cycles.

was still lower than that of The-C8A (Figures 2c and S18).
Compared with the C8A ligand, Th-C8A displayed excellent
catalytic performance with a conversion efficiency as high as
99% (2 times higher than that of the C8A ligand), along with
the selectivity of N-benzylidenebenzylamine (BDA) approx-
imately 99% (Table S2, entries 7—8). This may be associated
with the charge separation ability of photocatalysts. In
addition, photoluminescence (Figures S20 and S21) and
time-resolved fluorescence decay techniques were performed
to further investigate the charge separation efliciency and
carrier lifetime of these clusters. As shown in Table SS, the
fluorescence lifetime of Ths-C8A (7, = 7.78 ns) was the
longest among these thorium clusters and C8A ligands,
implying that the separation efficiency of electron—hole pairs
of Thy-C8A was higher. Furthermore, electrochemical
impedance spectroscopy (EIS) was carried out to verify the
electron shuttle efliciency. The results of EIS showed that the
impedance of Ths-C8A was smaller than that of C8A. This
revealed that the surface charge transfer rate of Th-C8A was
faster and further proved that Ths-C8A had higher charge
separation efficiency (Figure $22). These results suggested that
the functionalization of thorium clusters with different ligands
could indeed improve the charge separation ability and further
facilitated the photocatalytic oxidation reaction.

Thus Ths-C8A becomes a better catalyst for the photo-
catalytic benzylamine coupling reaction in this model system.
A series of control experiments were carried out to identify that
O,, light, and the photocatalyst were indispensable for this
reaction (Table S2). Furthermore, the role of O, was

confirmed by electron paramagnetic resonance (EPR) experi-
ments in the photocatalytic oxidative coupling of benzylamine.
Because of the formation of O, rather than 'O, in EPR
experiments (Figure S23), The-C8A likely proceeded via an
0, "-mediated electron transfer pathway, rather than the 'O,-
assisted energy transfer route. In addition, visible-light-
irradiated Th4-C8A exhibited a sextuplet, while no EPR signals
were detected in the dark, corroborating that O, was
generated under light conditions (Figure 2d).>° At the same
time, some comparative experiments also demonstrated the
important role of O, and holes by adding some sacrificial
agents (Figure 2e).

Furthermore, the density functional theory (DFT) calcu-
lations were carried out to further explore the distinction in the
photocatalytic performance of these four thorium clusters. In
addition to the aforementioned charge separation efficiency,
the adsorption capacity to reactant molecules is also an
important factor affecting the reaction activity.”’~** The
calculation results showed that the adsorption energy of O,
over these thorium clusters decreased in an order of The-MA
(0.09 eV) > The-BEN (—0.18 eV) > Thy-Fcc (=034 eV) >
The-C8A (—0.67 eV) (Figure 3b). This indicated that the
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Figure 3. (a) DFT simulates the HOMO and LUMO of these four
thorium clusters. (b) Oxygen adsorption energy barriers for Ths-MA,
Th-BEN, Th-C8A, and Thg-Fec. (c) Proposed reaction mecha-
nisms for photocatalytic benzylamine oxidative coupling reaction.

order of photocatalytic reaction activity was Ths-C8A > Thg-
Fcc > Thg-BEN > The-MA, which was consistent with
experiments. We also found that compared to the other three
thorium clusters, the LUMO and HOMO of Thy-C8A were
mainly located in the thorium-oxo core and ligands,
respectively, which indicated the possible ligand-to-metal
charge transfer process (Figure 3a). This meant that the
thorium-oxo core also became the active site, because once
C8A was stimulated by light, the thorium-oxo core will serve as
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an electron acceptor. On the basis of all the foregoing
discoveries, the mechanism of oxidative coupling of benzyl-
amine under visible light irradiation was proposed.”' ~** As
shown in Figure 3¢, the C8A ligand in Thy-C8A can be excited
by visible light, and the photogenerated electrons are
transferred to the thorium-oxo core. The adsorbed benzyl-
amine molecules were oxidized by photogenerated holes to
form benzylamine radical cation(I), and simultaneously O,
reacted with photogenerated electrons to generate O,~.
Subsequently, intermediate I reacted with O, to produce
intermediate II, which further converted into intermediate III.
Then III can be readily attacked by another free benzylamine
molecule to result in the formation of aminal(IV). After the
release of ammonia, the final product N-
benzylidenebenzylamine(VI) was produced (path A). In path
B, III was hydrolyzed to obtain benzaldehyde(V), which was
followed by condensation with another benzylamine to yield
the coupling product.

The photocatalyst was removed from the reacted solution,
and the residues of Th*" ions in the filtrate were calculated to
be only 0.025% (The-C8A) by inductively coupled plasma
(ICP) analysis. Additionally, no noticeable alteration appeared
in the IR, PXRD, and XPS spectra of Ths-C8A after reaction
(Figures S26, S27, and S14), further proving that The-C8A was
the heterogeneous catalyst. Subsequently, the recycling tests
confirmed that the Thy-C8A could retain the catalytic activity
and selectivity after seven cycles (Figure 2f). Meanwhile, the
activity of Thg-C8A on other benzylamine derivatives was
performed under the same reaction conditions. The high
conversion of benzylamine derivatives indicated that Ths-C8A
as a heterogeneous molecular catalyst had universality in the
photocatalytic oxidative coupling of amines (Figure 6a).

Aniline Oxidation. Because of the presence of competitive
oxidation and condensation reactions in the catalytic oxidation
of amines, it is difficult to control the selectivity of the
oxidation products (AB, AOB, NSB, NB)."”~*" As a result, the
oxidation of cheap and abundant aniline into high-value
products is a challenge in the industry.** To further explore the
role of thorium clusters in the oxidation reaction, this model
system was applied to the oxidation of aniline. It is expected
that the functionalized thorium cluster model system can
selectively modulate the aniline oxidation products toward
AOB, AB, NSB, and NB. First, a series of solvents were
screened, and the results obtained are shown in Tables S7—
S10. We found that the highly controllable selectivity of the
product can be accomplished by modifying different ligands on
thorium clusters or adjusting the reaction solvent (Figure 4d).
(1) When Thg-MA was employed as a catalyst, AOB was the
main product with low conversion efficiency in polar and
protic solvents. The selectivity of NSB was improved in low
polar and aprotic solvents, but the conversion efliciency
needed to be further improved. In acetic acid, AB was obtained
in significant quantities. (2) While using The-BEN as the
catalyst, AOB was the main product and achieved high
conversion efficiency in low polar and aprotic solvents such as
n-hexane, petroleum ether, and carbon tetrachloride. (3) When
applying Thg-Fcc as the catalyst, the products were diverse in
polar and protic solvents. The main product was NSB in low
polar and aprotic solvents (N-hexane-H,0,); NB became the
main product in acetic acid. (4) When Th¢-C8A was taken as
the catalyst, it was found that AOB was the main product in
polar and protic solvents with high conversion efficiency, and a
small amount of AB was formed (methanol-H,0, system),
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Figure 4. (a) Selective oxidation of anilines to azoxybenzenes,
azobenzenes, and nitrosobenzenes with peroxide as the oxidant over
four thorium clusters in an order of the methanol-H,0, system/N-
hexane-H,0, system/AcOH-H,0, system. (b) Conversion and
selectivity of oxidative of aniline with Thy-C8A in four repeating
cycles. (c) PXRD patterns of Thy-C8A before and after oxidative
coupling of aniline in the methanol-H,0, system. (d) Regulating
product selectivity through two pathways over four thorium clusters.

while a large amount of AB could be detected (AcOH-H,0,
system) in acetic acid solvent. In more detail, the conditions in
the methanol-H,0, system were optimized (Table S11). As a
result, high conversion efficiency of aniline and high selectivity
of AOB can be achieved at room temperature. It was noted
that aniline could be completely converted into AOB in a
shorter time with the increase of temperature. By contrast, the
utilization of low polar and aprotic solvents increased the
selectivity of NSB (N-hexane-H,0,) (Figure 4a and Table
S16).

Subsequent cycle tests showed that the catalytic activity of
Thy-C8A decreased very little after four cycles (Figure 4b).
Moreover, the catalyst was removed from the solution after the
reaction, and ICP results showed that the residual Th*" in the
filtrate was only 0.025% (ThgC8A). The PXRD, IR, and XPS
spectra of the reused Ths-C8A catalyst did not change
significantly (Figures 4c, $32 and S33), which further proved
that Thy-C8A was the heterogeneous catalyst and maintained
the structural integrity during the catalysis process. Then Thg-
C8A was selected as the catalyst for extending substrate
experiments because of its high structural stability. In the
methanol-H,0, system, various amine derivatives including F,
Cl, p-Me, m-Me, and o-Me were investigated. These
derivatives can be oxidized to the corresponding azoxyben-
zenes in excellent yields (Figure 6b).

Next, the mechanism of aniline oxidation was disclosed by
experiments. According to the available literature,™’ it is
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Figure 6. Reaction scope on (a) photocatalytic benzylamine oxidative
coupling reaction: reaction conditions unless noted otherwise:
substrate 0.1 mmol, catalysts 10 mg, solvent 2 mL of acetonitrile,
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°C), isolated yields. (b) Aniline oxidation: reaction conditions: aniline
(0.1 mmol), The-C8A (10 mg), methanol (1 mL), H,0, (2 mmol,
30%w/w.), rt, 48 h, and isolated yields.

generally believed that the oxidation of aniline proceeds
through two known mechanisms: the nitrosobenzene inter-
mediate mechanism (Figure Sb) and the aniline radical
mechanism. To identify the reaction mechanism, a series of
comparative experiments were conducted. In the methanol-
H,O0, system, the reaction proceeded normally when using 2,6-
di-tert-butyl-4-methylphenol (BHT) as a radical scavenger
(Table S14, entry 1), which indicated that the reaction does
not proceed via the aniline radical. In addition, a large amount
of NSB was detected in n-hexane solvent, further demonstrat-
ing the mechanism of aniline oxidation. These results
suggested that the AOB and AB were generated undergoing
the mechanism of nitrosobenzene (Table S14, Schemes S1 and
S2).

DFT calculations were performed to confirm the actual
active sites. As shown in Figure Sa, for these thorium clusters,
the adsorption energy of H,O, was lower on Th* sites than on
bridging oxygen, suggesting that the adsorption sites of H,O,
were primarily on Th*' sites, but not on bridging oxygen,
except for The-BEN (Figure S35). According to the above
results, we proposed the mechanism of aniline oxidation on
thorium clusters. These thorium clusters can adsorb and
activate H,0, to produce HOO', which should be the active
species for the reaction. Then HOO' attacked aniline to
generate phenylhydroxylamine (Ph-NHOH) (Figure Sb, step
1), which was readily oxidized to NSB (Figure Sb, step 2).>’
Then AOB was formed when the condensation reaction occurs
between NSB and Ph-NHOH (Figure Sb, step 4), while NSB
can also react with free aniline to afford AB (Figure Sb, step S).
In addition, NSB may be further oxidized to give NB (Figure
Sb, step 3).

Subsequently, we also picked Thys-C8A as the catalyst to
research the effect of different solvents on the product
selectivity by DFT calculations, and the associated reaction
energies were marked in Figure Sb. The results displayed that
the reaction energy of step 1 (—0.930 eV) is higher than that of
step 2 (—2.09S eV), which implied that generated Ph-NHOH
from Ph-NH, (step 1) could be the slowest step other than
dimerization (step 4 and step S). Therefore, the speed of this
step can be determinative of the selectivity between AB and
AOB. If this step is faster, AOB will be generated in priority;
otherwise AB will be produced in consideration. The kinetic of
step 1 can be tuned by solvents, and we can use the dielectric
continuum model of COSMO (Computational Molecular
Science) to calculate the associated solvation energies. As a
result, the order of the solvation energy of step 1 is —0.023 eV
(n-hexane) > —0.084 eV (acetic acid) > —0.117 eV
(methanol), which implied that the solubilization effect can
facilitate the step 1 (Figure Sa). In addition, we can read some
additional messages from the solvation energy: the higher the
permittivity, the faster step 1. It was inferred that AOB will be
preferred in methanol solvent and AB will be more favored in
acetic acid because the permittivity of methanol is higher than
that of acetic acid (Table S6), which was consistent with the
experimental observation. However, it seemed that n-hexane
violated this trend. Its permittivity was the lowest, but it nearly
will not produce AB. We speculated this was exceptional
because the viscosity of n-hexane was so large that it inhibited
the dimerization reaction (step S). Therefore, the solvation
dependent trend can be interpreted as the coeffect of the
permittivity and the viscosity.
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B CONCLUSIONS

In summary, for the first time, we reported the design and
synthesis of a series of stable thorium clusters (Ths-MA, The-
BEN, Thy-C8A, and Thg-Fec) coordinated by switchable
functional ligands and investigated their role as catalysts in
photo/thermodriven amine oxidation reactions in detail. In the
photocatalytic oxidative coupling of benzylamine, Th-C8A
was expected to be the best heterogeneous catalyst among four
thorium clusters owing to its strong charge separation ability
and adsorption capacity to the substrate, which can reach
>99% selectivity and approximately 100% conversion in visible
light. In aniline oxidation, the selectivity of aniline oxidation
products can be regulated by thorium clusters functionalized
with different capping ligands, and significant selectivity and
conversion of products are achieved. Noteworthy, this is the
first time that the selective regulation of four products
(including AOB, AB, NSB, and NB) has been achieved using
a model crystalline cluster-based catalyst system. Afterward,
DFT calculations also revealed the role of thorium clusters in
amine oxidation, which may activate O,/H,0, and thus
generate specific reactive species for efficient conversion of
amines. This work provides an important case study for the
development and application of thorium clusters in the fields of
photocatalysis and thermocatalysis.
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