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Delocalized [4n + 2]m-aromaticity in cyclic planar unsaturated organic
molecules conceptually underpins organic chemistry. Recently, the study
of all-metal aromaticity has burgeoned, but although there has been
interestincyclo-{E;} (E =P, As, Sb, Bi) species as cyclopropenium analogues,
the formation of cyclo-{Bi,} remains rare. Thus, the potential aromaticity
of 2/6m-cyclo-Bi,**", as the heaviest 6p analogue of cyclopropylium, has
remained open to differentinterpretations. Here we report the formation
of diuranium and dithorium ért-cyclo-Bi,*” inverse sandwich complexes,
complementing the small number of acyclic- and cyclic-Bi, (n = 3-5)
compounds. The 6m-cyclo-Bi;*” ring exhibits substantial ring currents,
similar to 6m-benzene, 2m-(C;H,)* or 6m-(C;H,)*". Calculations reveal
similar ring currents for 61 cyclo-Bi;*, 2 cyclo-Bi," and O cyclo-Bi,™,
demonstrating o-aromaticity that isdominant over -aromaticity in
cyclo-Bi,*, despite the favourability of describing cyclo-Bi,> with localized
rather than delocalized bond descriptions. Confirmation of 6m-cyclo-Bi;*
g-aromaticity provides the heaviest all-metal 6p analogue to m-aromatic
(C;H;)**", leading to organic-inorganic aromaticity benchmarking.

Delocalized Hiickel [4n + 2]m-aromaticity in cIassicaI:cycIic planar
unsaturated organic molecules"*suchas benzene (C4H,) or the cyclo-
propenium cation ((C;H,)%), which occur terrestrially andininterstellar
space™, conceptually underpins organic chemistry. Recently, the study
of molecules exhibiting all-metal aromatic bonding®® has become a
burgeoning, yet intensively debated field”™*, because whether it is
appropriate toapply Hiickel's model to systems beyond second-row ele-
ments remains anopen question. Indeed, in the absence of consensus

onthe definition of aromaticity™, discussions can only be valid within
their own arbitrary criteria. Accordingly, the study of potentially aro-
matic all-metal species is necessary to develop further insight, and
ultimately a consensus, and examples now span inorganic heterocy-
cleswith three-, four- and five-membered rings with a range of metals
from lithium to thorium providing complementary or contrasting
types of inorganic aromaticity to established organic aromaticity',
However, although there hasbeeninterest in{:yclo-{EB} (E=P,As,Sb,Bi)
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The catalytic asymmetric Michael addition of a,3-unsaturated carbonyl
compounds is one of the most valuable methods for constructing the

B-carbon chirality centre because of its atom economy and efficiency.
However, the catalytic asymmetric reverse a-addition of anucleophile to an
o, B-unsaturated carbonyl compound is much less common. Here we realize
a palladium-catalysed asymmetric a-carboranylation of «,3-unsaturated
carboxylic acids via aninverse electron-demand nucleophilic addition.

The reaction features good B(9)-site selectivity of o/m-carboranes,

precise a-regioselectivity towards a,3-unsaturated carboxylic acids, wide
functional group tolerance and excellent enantioselectivities. A detailed
reaction mechanismis proposed based on experimental and computational
results that elucidates the origin of the enantioselectivity and a-selectivity.
This finding has a guiding significance for the catalytic asymmetric
anti-Michael-type addition of a,f3-unsaturated carbonyl compounds and
providesa different avenue for synthesizing a-chiral carboxylic acids.

Icosahedral carboranes (thatis, C,B0H),), aclass of representative boron
clusters with three-dimensional aromaticity, have potential applica-
tionsinmaterial chemistry, organic synthesis and pharmaceuticals' “.In
particular, carborane derivatives are very attractive inmedicinal chem-
istry because of their ability to form unusual dihydrogen bonds that can
target hydrophobicbindingsites in different bioreceptors when design-
ing bioactive compounds®(Fig. 1a). In addition, carboranes are potential
candidates for boron neutron capture therapy due to their highboron
content”. Consequently, developing new methods to introduce carbo-
ranesinto organic moleculesis highly desirable. Over the past several
decades, various cage-carbon-substituted o-carborane derivatives
weresynthesized viareactions of decaborane withalkynes or cage C-H
functionalization'">. However, cage-boron-substituted o-carborane
derivatives are less known due to the weak polarity of B-Hbonds and
the low selectivity of ten B-H bonds in o/m-carboranes. Notably, the
B-substituted carborane cage behaves as an electron-rich moiety, in
contrast to the C-substituted carborane cage as electron-withdrawing,

making the derivatives show different properties'. Therefore, the

selective B-H functionalization to access cage-boron-substituted
o-carborane derivatives is of great significance, and some pioneer-
ing work has been reported in the last decade” >, Despite these, the
catalyticasymmetric synthesis to connect the boron vertex with the
chiral carbon centre was not reported* . Using 1,1,1,3,3,3-hexafluor
o-2-propanol (HFIP) asa solvent, our group realized a series of electro-
philic substitution reactions on the B(9) position of o-carborane”
(Fig. 1b). The Pd(ll)-catalysed B(9)-H functionalization has also been
developed viaanelectrophilic palladation process®.. In these reactions,
the carborane actsasanucleophile toreact with diverse electrophiles.

Catalytic asymmetric Michael addition is one of the most valu-
able methods for constructing B-chirality centre of a,p-unsaturated
carbonyl compounds regarding their atom economy and green cre-
dentials (Fig. 1c). Therefore, a large variety of nucleophiles (Michael
donors) and a,B-unsaturated compounds (Michael acceptors)
have been employed in these reactions® *. By contrast, catalytic

College of Chemistry, Zhengzhou University, Zhengzhou, China. 2School of Chemistry and Chemical Engineering, Henan Key Laboratory of Boron



nature synthesis

Article

https://doi.org/10.1038/s44160-024-00607-4

Synthesis of ultrahigh-metal-density
single-atom catalysts viametal
sulfide-mediated atomic trapping

Received: 28 November 2023

Accepted: 14 June 2024

Published online: 15 July 2024

Jiangwei Chang', Wen Jing', Xue Yong ®?, Ang Cao?, Jingkun Yu', Han Wu',
Chengzhang Wan*, Siyang Wang', Geoffrey . N. Waterhouse ®°, Bai Yang®,
Zhiyong Tang ®’, Xiangfeng Duan®*

& SiyuLu®'

%) Check for updates

Single-atom catalysts (SACs) exhibit exceptional intrinsic activity per

metal site, but are often limited by low metal loading, which compromises
the overall catalytic performance. Pyrolytic strategies commonly used for
synthesizing SACs generally suffer from aggregation at high metal loadings.
Here we report a universal synthesis approach for ultrahigh-density
metal-nitrogen-carbon (UHDM-N-C) SACs via a metal-sulfide-mediated
atomization process. We show that our approach is general for transition,
rare-earth and noble metals, achieving 17 SACs with metal loadings >20 wt%
(including aloading of 26.9 wt% for Cu, 31.2 wt% for Dy and 33.4 wt% for Pt)
at 800 °C, as well as high-entropy quinary and vicenary SACs with

ultrahigh metal contents. Insitu X-ray diffraction and transmission

electron microscopy alongside molecular simulations reveals a dynamic
nanoparticle-to-single atom transformation process, including thermally
driven decomposition of the metal sulfide and the trapping of liberated
metal atoms to form thermodynamically stable M-N-C moieties. Our studies
indicate thata high N-doping is crucial for achieving ultrahigh-loading
metal atoms and a metal-sulfide-mediated process is essential for

avoiding metal aggregation at high loadings. As ademonstration, the
metal-loading-dependentactivity in electrocatalytic oxygen evolution
reaction is demonstrated on SACs with increasing Ni content.

Since their discovery by Zhang’s group'?, single-atom catalysts
(SACs) have attracted wide interest in the field of energy-related
electrocatalysis. SACs consist of atomically dispersed metalsona
conductive support, typically N-doped carbon. Due to their unique
geometries and electronic properties, SACs offer many advantages
over traditional metal-nanoparticle-based catalysts, including
(1) fully exposed active sites, (2) high atom utilization (near 100%),
which is especially important for the high-cost noble metals, and
(3)tunablelocal coordinationbonds, which allow satisfactory activity
and selectivity for various applications®®, A wide range of methods,

especially pyrolysis-based strategies, have been developed for synthe-
sizing metal-nitrogen-carbon (M-N-C, M=Ni, Fe and so on) SACs™ .
However, the metal-atom loadings for most reported M-N-C SACs
aretypically lessthan5 wt% or1at%, with only afew studies reporting
loadings above 10 wt% (refs. 7,8,12,13). Increasing the metal load-
ings typically results in metal-atom aggregation and nanoparticle
formation. Accordingly, the active-site density per square nano-
metre is typically limited to within 4 atoms nm™, which is much
lower than that of commercial catalysts (for example, 20 wt% Pt/C,
~15 atoms nm™?).
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Atroposelective isoquinolinone synthesis through
cobalt-catalysed C-H activation and annulation

Xiao-Ju Si'?, Dandan Yang ©'?, Meng-Chan Sun', Donghui Wei®', Mao-Ping Song' and Jun-Long Niu®'>

Enantioselective C-H functionalization for the synthesis of chiral molecules is a challenge in organic synthesis. Although there
are several methods for atroposelective C-H functionalization to form C-N axially chiral anilides based on preformed aromatic
ring systems, methods that construct N-heterocycles are relatively under-explored. Here we report a cobalt-catalysed enan-
tioselective C-H activation and annulation process for the atroposelective synthesis of isoquinolines. The reaction proceeds
under mild conditions using Co(OAc),-4H,0 with a chiral salicyl-oxazoline (Salox) ligand and O, as an oxidant. The reaction tol-
erates a broad range of benzamides and internal and terminal alkynes, producing a range of C-N axially chiral isoquinolinones
in excellent yield and enantioselectivity (up to 98% yield and 98% e.e.). Mechanistic studies infer that the process proceeds
through a Co"'/Co' catalytic cycle, with the C-N reductive elimination step being stereo-determining. The isoquinolinone prod-
ucts show atropostability and thermal resistance and are suitable ligands for the Pd-catalysed enantioselective C-H function-

alization of indole.

ising frameworks and are widely found in natural products’,

bioactive molecules’, privileged chiral ligands’ and new
functional materials (Fig. 1a)*, and the synthesis of C-N atropiso-
mers has attracted increasing attention over the past two decades.
However, compared with the well-developed C-C axially chiral
biaryls™"", the enantioselective synthesis of C-N axially chiral com-
pounds has been explored less''"". It is highly desirable to develop
an efficient catalytic system that can simultaneously control both
reactivity and enantioselectivity in the construction of C-N axially
chiral frameworks with high atropostability.

Since the pioneering asymmetric synthesis of C-N axially chi-
ral anilides'*'%, an array of catalytic strategies have been disclosed,
including N-H functionalization'**, direct construction of the
C-N chiral axis’ and desymmetrization reactions™ (Fig. 1b,(i)-
(iii)). The de novo formation of an aromatic ring, based on cyclo-
addition, cascade annulation or the Paal-Knorr reaction, has also
provided a valuable approach (Fig. 1b,(iv))*°. In recent years,
transition-metal-catalysed atroposelective C-H bond functional-
ization based on an existing aromatic ring and the C-N axis has
been developed as a powerful method (Fig. 1b,(v)), with impressive
progress made by other groups” . Despite these elegant works, the
de novo construction of the N-heterocycle using a direct C-H acti-
vation strategy and concomitant enantiocontrol of the axial chirality
is highly appealing, yet challenging.

Although enantioselective C-H functionalization is still domi-
nated by the use of noble transition metals (Pd, Rh and Ir), recent
focus has shifted to the sustainable, more abundant and less toxic
3d-metal cobalt catalyst’ . In general, two strategies have been suc-
cessfully applied to asymmetric cobalt catalysis: an achiral Cp*Co™/
CCA (chiral carboxylic acid) system (strategy I, Fig. 1c)**" and a
chiral Cp*Co™ system (strategy II, Fig. 1c)**. By using the first
strategy, the C-H alkylation of indoles via a reversible insertion/ste-
reo-determining protodemetalation mechanism has been carried out
successfully”, Meanwhile, the Cp*®*Co"'/CCA-catalysed asymmet-
ric C(sp*)-H amidation of thioamides through an enantioselective

( : -N axially chiral units have emerged as intriguing and prom-

C(sp®)-H activation step has also been realized”. Another strategy
was based on the use of the chiral Cp*Co(III) complex®, as finely
designed and demonstrated for asymmetric C-H alkylation®,
carboamination®, as well as a multicomponent reaction. In stark
contrast to the high-valent Cp*Co™-catalysed system, the earth-
abundant and readily available cobalt-catalysed asymmetric C-H
functionalization remains highly elusive due to the serious lack of
tailor-made chiral ligands that not only stabilize the catalytic cobalt
centre, but also precisely control enantioselectivity. More recently,
the cobalt-salt-catalysed C(sp*)-H olefination/asymmetric alkene
functionalization via a Co(II)/CPA (chiral phosphoric acid) com-
bined catalysis has been demonstrated®. It is noteworthy that it is the
stereoselective aza-Michael addition to maleimide, rather than the
common C-H cleavage or alkene insertion/reduction elimination,
that serves as the stereo-determining step, which might consequently
limit further expansion of the Co(II)/CPA system. To this end, the
development of versatile chiral ligands and novel protocols with the
inexpensive cobalt salt as catalyst to realize asymmetric C-H func-
tionalization remains a daunting challenge (strategy III, Fig. 1¢)*.

Inspired by the pioneering cobalt-catalysed C-H activation/
annulation reported in ref. ¥, and with our continuing interest
in cobalt catalysis®, in this Article we describe cobalt-catalysed
enantioselective C-H activation/annulation assisted by a precisely
designed Salox chiral ligand, affording a type of C-N axially chi-
ral compound containing isoquinolinone frameworks (Fig. 1d).
Notable features of this protocol include (1) the cobalt-salt-enabled
C-N chiral axis construction, (2) easily prepared chiral ligands (one
step), (3) environmentally friendly O, as an oxidant, (4) the broad
substrate scope, high yields and excellent enantioselectivities and
(5) its unique atropostability, with a high barrier to rotation for the
C-N axially chiral product.

Results

Optimization of the reaction conditions. Initially, we investigated
the annulation reaction between benzamide (1a) and diphenyl-
acetylene (2a) for the atroposelective synthesis of isoquinolinone
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Targeting epigenetic regulators to overcome drug resistance in

Cancers

Nan Wang', Ting Ma'™ and Bin Yu®'"

Drug resistance is mainly responsible for cancer recurrence and poor prognosis. Epigenetic regulation is a heritable change in gene
expressions independent of nucleotide sequence changes. As the common epigenetic regulation mechanisms, DNA methylation,
histone modification, and non-coding RNA regulation have been well studied. Increasing evidence has shown that aberrant
epigenetic regulations contribute to tumor resistance. Therefore, targeting epigenetic regulators represents an effective strategy to
reverse drug resistance. In this review, we mainly summarize the roles of epigenetic regulation in tumor resistance. In addition, as
the essential factors for epigenetic modifications, histone demethylases mediate the histone or genomic DNA modifications. Herein,
we comprehensively describe the functions of the histone demethylase family including the lysine-specific demethylase family, the
Jumonji C-domain-containing demethylase family, and the histone arginine demethylase family, and fully discuss their regulatory
mechanisms related to cancer drug resistance. In addition, therapeutic strategies, including small-molecule inhibitors and small
interfering RNA targeting histone demethylases to overcome drug resistance, are also described.

Signal Transduction and Targeted Therapy (2023)8:69

INTRODUCTION

Increasing evidence has suggested that the incidence of multiple
cancers has been rising year by year in the world." Although great
progress has been made in the treatment of cancer, it is still the
main cause of death. Chemotherapy, radiotherapy, immunother-
apy, surgical resection, and targeted cancer therapies are usually
used in cancer treatment.”> Generally, good therapeutic effects
can be achieved in the early stage of cancer, but after long-term
treatment with chemotherapeutic drugs, tumor cells could
develop drug resistance. Drug resistance is closely related to poor
prognosis and cancer recurrence, which is one of the main reasons
for cancer treatment failure. Therefore, it is desirable to elucidate
the resistance mechanisms in tumor cells during treatment.

To date, there are many identified drug resistance mechanisms
(Fig. 1). As a member of ATP-binding cassette (ABC) transporters,
P-glycoprotein (P-gp) can promote the efflux of drugs and make
the drugs lose their therapeutic effect, inhibition of P-gp can
significantly reverse drug resistance.®”'° Additionally, cytoprotec-
tive autophagic response often counteracts apoptosis triggered by
anticancer drugs, potentially contributing to acquired drug
resistance.'’"'? Notably, it is generally believed that eliminating
cancer stem cells (CSCs) and reversing epithelial-mesenchymal
transition (EMT) are also effective means to overcome drug
resistance.”*'® Additionally, gene mutations alsc contribute to
drug resistance, especially the resistance to tyrosine kinase
inhibitors. EGFR mutation can usually lead to resistance to tyrosine
kinase inhibitors, and Bruton’s tyrosine kinase mutation can also
result in resistance to ibrutinib.'’~"°

In addition to these factors mentioned above, epigenetic
regulation is also important in mediating drug resistance (Fig. 2).
Epigenetic modifications refer to the heritable changes in gene
expression without changes in DNA sequence, including DNA

; https://doi.org/10.1038/5s41392-023-01341-7

methylation, histone modification, X-chromatin remodeling, non-
coding RNA, nucleosome localization and genomic imprinting.2%?'
Of note, modifications of DNA and histone not only affect the
function of transcription factors, but also tightly associate with
other epigenetic modifications such as chromatin remodeling and
non-coding RNAs to co-regulate neoplastic processes.”*** Gen-
erally, DNA methylation often affects gene expression, transcrip-
tion, and activity. Under the action of DNA methyltransferase, a
methyl group is covalently added to the C-5 position of the DNA
cytosine ring, and hypermethylation of gene promoters usually
leads to transcriptional inhibition, resulting in decreased gene
expression.?* 2

Similarly, covalent histone modification is also an important
epigenetic model, which includes acetylation, phosphorylation,
methylation, ADP ribosylation, ubiquitination, and citrullination,
etc.”’ ?'Among these modifications, most of the studies have
focused on the acetylation, methylation, and phosphorylation.
Numerous studies have shown that covalent post-translational
modification of histone tails is critical to the occurrence and
development of cancer, including histone demethylases, histone
methyltransferases, histone deacetylases, histone acetyltrans-
ferases (HATs), and ADP ribosyltransferases.’™* For example, it
has been shown that histone acetylation is closely associated with
gene transcription and the alterations of histone acetylation are
tightly associated with cancer phenotypes in multiple cancers.*®*’
Furthermore, cancer cells can produce significant resistance to
chemotherapeutic drugs through epigenetic changes, especially
abnormal modification of histone or genomic DNA***° Their
dysregulation usually results in the activation of oncogenes or the
inactivation of tumor suppressor genes as well as the dysfunction
of many signaling pathways. Therefore, targeting epigenetic
modifications could be a promising strategy to overcome drug
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Azvudine (FNC): a promising clinical candidate for

COVID-19 treatment

Bin Yu®' and Junbiao Chang'~
Signal Transduction and Targeted Therapy (2020)5:236

A very recent work published in Advanced Science by our group
reveals that 2’-deoxy-2'-B-fluoro-4'-azidocytidine (Azvudine, FNC),
a clinical candidate originally developed for HIV treatment, has
entered clinical trial in China for evaluating its efficacy and safety
(ChiCTR2000029853), showing promise for treating novel corona-
virus disease 2019 (COVID-19)." This work suggests that
nucleoside-based antivirus agents could be repurposed for
COVID-19 treatment.

Since the breakout of severe acute respiratory syndrome
coronavirus 2 (SARS-COV-2) in December 2019, SARS-COV-2 has
spread rapidly. As of August 30, 2020, over 23 million cases have
been confirmed worldwide, and more than 0.8 million deaths
have been reported. Because of the lack of effective treatment, the
fetal cases are increasing globally, particularly in the USA.
Therefore, the development of effective vaccines and drugs have
been highly pursued for COVID-19 prevention and treatment. To
date, some drugs and clinical drug candidates are currently
undergoing clinical assessment for treating COVID-19.2 Remdesi-
vir, originally developed by Gilead Sciences for treating Ebola virus
disease, shows effectiveness in inhibiting the activity of SARS-COV-
2 and has received approval in some countries for emergency use
in patients with severe COVID-19.> However, rationed supply, side
effects, and unsatisfactory phase Il clinical results limit the clinical
use of remdesivir. In addition, the increasing SARS-COV-2 mutated
strains G, GH and GR have posed new challenges for COVID-19
treatment.” Thus, it is urgent to develop safe and effective drugs
for treating COVID-19.

SARS-COV-2, a positive-sense single-stranded RNA virus, utilizes
nucleosides and nucleotides for RNA synthesis (Fig. 1a). Inside the
host cells, nucleoside analogs mimic natural nucleosides and are
transformed into corresponding active nucleoside triphosphates
through kinase catalysis, which are then embedded in virus RNA
during RNA synthesis and then block addition of nucleotides to
the 3’-hydroxy group, finally terminating RNA chain synthesis and
virus replication (Fig. 1b). Besides, nucleoside-based antiviral
agents also inhibit DNA- and RNA-dependent polymerases crucial
for viral replication. Therefore, the widely used nucleoside-based
antiviral drugs in clinic may have potential for COVID-19
treatment.

FNC, a novel nucleoside-based broad-spectrum anti-virus
clinical candidate recently developed in our laboratory for HIV
infection treatment and prevention,” is the first dual-targeting
nucleoside-based agent that inhibits nucleoside reverse transcrip-

; https://doi.org/10.1038/541392-020-00351-z

tase and restores expression of cytidine deaminase APOBEC3G
(A3G) in HIV-1 patients derived CD4™ T cells. The 2'-fluoro group
enhances its acidic stability and greatly affects the electronic
properties and conformational shape of nucleosides, thus
dramatically improving the activities, while modifications at the
4'-position such as introduction of an azido group make the
nucleosides adopt an unnatural 3’-C-endo conformation, making
the compounds being active against HIV and multidrug-resistant
HIV strains. FNC has exhibited desirable pharmacokinetics,
excellent efficacy and safety in the phase | and Il clinical trials
(GQ-FNC-2014-2, GQ-FNC-201, and NCT04109183) for treating HIV
infection. On March 17, 2020, a phase lll clinical trial of FNC was
initiated to evaluate the efficacy and safety in HIV-infected
treatment naive patients (NCT04303598). On August 12, 2020,
the listing application of FNC for HIV treatment was given priority
in the review process (CXHS2000016/CXHS2000017). Based on our
previous findings, we speculate that FNC could be repurposed for
COVID-19 treatment, even for patients infected by mutated
SARS-COV-2.

To evaluate the efficacy and safety of FNC in patients with mild
and common COVID-19, we recently conducted a randomized,
open-label, controlled clinical trial of FNC tablets in China
(ChiCTR2000029853)." In this pilot study, 20 patients were
randomly assigned to receive FNC or standard antiviral treatment.
We found that FNC could shorten the nucleic acid negative
conversion (NANC) time. In the FNC group, the mean times of the
first NANC is 2.60 d, while for the control group, this value is 5.60
d. The NANC rate is 100% after treatment for 4 d in the FNC group,
significantly higher than that (73% after 28 d treatment) in the
hydroxychloroquine treatment group. FNC is also efficacious in
patients who have received other treatment regimens and could
help patients recover faster. Besides, FNC is well tolerated without
drug-related adverse events in the FNC group. We speculate that
FNC triphosphate could be embedded during RNA synthesis of
SARS-COV-2 and inhibits related polymerases, finally leading to
RNA replication termination (Fig. 1c). Overall, FNC is a safe and
efficacious nucleoside-based drug candidate for treating mild and
common COVID-19 and also shows promise for curing severe
COVID-19, clinical trials with larger sample size are warranted to
further investigate the efficacy and safety of FNC for COVID-19
treatment. The data also suggest that repurposing existing broad-
spectrum antivirus agents is a viable and promising strategy for
COVID-19 treatment.
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Ultrastable Copper Cluster Enables Highly Site-Selective and
Chemoselective Carbocation C(sp®)—H and C(sp?)—H Bonds
Functionalization
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ABSTRACT: The C—H functionalization represents a universal and
important method for constructing new C—C bonds by carrying out
reactions directly on inert C—H bonds. The major challenges are to
control the site-selectivity and chemoselectivity because most complex
organic compounds have many similar C—H bonds or different
functional groups, such as a C=C bond or O—H bond. Here, we
develop a versatile copper cluster (Cu;NC™"®)) with high stability and
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Cu,NC™WH®) stabilized carbocations. Moreover, turnover number

(TON) values of the C—H functionalization are elevated to a whole new level (up to 123,200). Mechanistic studies and density
functional theory (DFT) demonstrate that site-selectivity and chemoselectivity derive from the energy differences among these key
intermediates. The diverse applicability of Cu3NC(NHC) provides a generic platform for optimizing chemical reactions and fostering
their innovative development, thereby promoting the rapid development of the intersection between cluster chemistry and organic
chemistry.

B INTRODUCTION

The C—H functionalization has enhanced chemical synthesis by
affording a streamlined method for constructing C—C bonds,

provide cyclopropane compounds or O—H functionalization
products.”* ™"
chemoselective electrophilic substitution on diazoesters through

It is also a challenging task to achieve a

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

which is the most important organic transformation in organic
chemistry, materials science, and the synthesis of pharmaceut-
icals.'™" The development of innovative catalysts has greatly
promoted the substantial progress of the above organic
reactions, enhancing their utility and tolerability.” However,
there are still many challenges in this process. The C(sp*)—H
bonds are far less reactive and more difficult to functionalize
selectively. Site-selectivity is a major challenge in the C(sp*)—H
bonds and C(sp*)—H bonds functionalization (Scheme 1a,1b).
The developed strategy relied on substrate control, such as a
directing group (DG)”'” and a more reactive C—H bond,"" to
resolve the site-selectivity problem. The structure of the
substrate may limit the applications of these approaches. A
more challenging method is to use catalysts to control site-
selectivity. ”"” Meanwhile, chemoselectivity is another impor-
tant challenge in C—H functionalization (Scheme 1b). Most of
the reported transition metal catalysts were used to catalyze the

addition reactions of a-diazoesters according to the typical
I T D S C B EP

LT T L

the reasonable and novel design of a catalyst. In addition, the
turnover number (TON) of these transformations is usually less
than several hundred, and improving catalytic activity is also a
challenge.'”~*" Another urgent issue that needs to be addressed
is the lack of multifunctional catalysts to solve comprehensively
the above problems. A versatile catalyst with diverse reactivity is
highly desirable.

Ligand-protected metal nanoclusters (NCs) have been
rapidly developed in organic catalysis and electrochemical
catalysis as representative nanocatalysts because of good
chemical purity, homogeneous distribution of catalytic sites,
and well-defined crystal structure.”' ~>* Moreover, metal nano-
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ABSTRACT: Photocatalytic methane coupling represents a promising Ciuster driving the CH, activation via -OH radicals

strategy for the production of valuable C,, chemicals, Herein, the rational
design of an Au,4Zn, nanocluster-embedded ZnO catalyst was
demonstrated to enhance photocatalytic performance, and the resultant
Auy,Zn,/Zn0 catalyst exhibited a C,, selectivity of 93.5% and a yield of @
663.1 pmol-g,, "h™" (510.1 mmol-gy,”"h™") in a batch reactor. X-ray

B @ g
% o,

i\ 9

photoelectron spectroscopy (XPS) and diffuse reflectance infrared Fourier

transform spectroscopy—CO adsorption (CO—DRIFTS) revealed that the

clusters functioned as hole acceptors, thereby accelerating the separation of photogenerated carriers. Radical experiments and
isotope-labeling studies confirmed that the ® OH radical derived from water serves as the primary reactive oxygen species responsible
for activating methane to ®CH; radicals under the coexistence of H,O and O,, which demonstrates a significant discrepancy
compared to the reported photogenerated hole activation pathway. Additionally, the «OOH radical generated via oxygen reduction
played a supporting role both in modulating the concentration of ®OH radicals and promoting the catalytic cycle. The cooperation
contributed to the high yield and excellent selectivity of the C,, products. This work provides valuable insights into the mechanistic
pathway of methane conversion and highlights the potential of metal nanocluster-based materials in photocatalysis.

1. INTRODUCTION

As the second-largest greenhouse gas in the world, methane
has a global warming potential of 81.2 times that of carbon
dioxide over a 20-year time horizon." Furthermore, methane
functions not merely as an eco-friendly fuel source but also as a
foundational molecular platform for synthesizing high-value
chemical compounds.”™ This dual utility underscores the
multifaceted advantages of methane utilization in terms of the
economy, society, and security. Nevertheless, methane
activation remains inherently challenging owing to its sym-
metrical tetrahedral configuration, minimal polarizability, and
high C—H bond energy, thereby requiring extreme operational
parameters, including elevated temperatures, high-pressure
environments, and aggressive oxidizing agents.”® The
introduction of photocatalysis has markedly reduced the
energy barrier, enabling the activation of C—H bonds in
methane under mild conditions. This development positions
methane conversion as an alternative and promising approach
to address the methane surplus issues.”” "' As an emerging
field, photocatalytic methane conversion has attracted
considerable attention in recent years, with the production of

- . 12 . .
various value-added chemicals, © including oxygenated com-
13-16

17-21 . . 122,23
pounds, such as methanol,”’ formic acid, and
. . 124,25 26—-33
acetic acid,”™* as well as alkanes such as ethane and

34-36
ethylene.
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C,, chemicals. Typically, oxidative coupling of methane
(OCM) is thermodynamically favorable (G’ x = —320 kJ-
mol™),”*" allowing for high yields but also leading to
overoxidation products. In contrast, nonoxidative coupling of
methane (NOCM) is endothermic (G%gy = +68.6 kJ-
mol™),” resulting in undesired activity but ideal selectivity
due to the absence of excessive oxidation. Therefore, the
simultaneous achievement of high activity and high selectivity
in the photocatalytic coupling of methane has long been a
fascinating but challenging target, especially under batch
reactor conditions. Studies have shown that modulating the
active species involved in the direct oxidation of methane can
significantly enhance catalytic performance.”*® Ideally, these
active species should exhibit adequate oxidative capacity,
optimal concentration, and appropriate characteristics.”*""
Excessively strong oxidative capacity or high concentrations
can cause overoxidation,'”'“*” while an abundance of active
species can lead to product diversity,'”"" both of which
diminish selectivity. Conversely, insufficient oxidative capacity
or low concentrations compromise catalytic activity.'' There-
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electrolyte
Potential / V vs RHE

phosphine ligands readily dissociating from the four peripheral
silver atoms under solvent regulation, Ag,,P could transform into
Ag,» with four exposed silver atoms. Furthermore, site-specific substitution could be accomplished in these open metal sites through
a judicious choice of heterometal, resulting in an isostructural Cu-doping Ag,;Cu, nanocluster. As a result, Ag;, and Ag,;Cu, with
exposed metal sites showed improved catalytic activities in electrocatalytic nitrate reduction reaction (NO;RR) compared to Ag;,P,
and Ag,;Cu, displayed superior performance with an optimal faradaic efficiency (FE) of 90.4 + 0.2% for NH, production and a total
FE of 99.6 + 0.3%. This study not only offers a pathway for generating and manipulating open metal sites on metal nanoclusters but

also provides new perspectives for the design and synthesis of efficient metal nanocluster-based catalytic materials.

B INTRODUCTION

As an emerging class of nanomaterials, atomically precise metal
nanoclusters feature with quantum confinement effect, thus
giving rise to unique electronic configurations and potential
app]icattions.l_8 Recently, metal nanoclusters have attracted
remarkable attention as model nanocatalysts owing to their
atomic precision, enabling the atomic-level elucidation of the
catalytic processes.”"’
structures have been demonstrated to determine the catalytic
active sites of metal nanoclusters.'”'> Thus, surface engineer-
ing strategies are being developed to regulate the surface
environments of metal nanoclusters.'> However, the precise
creation and further directional manipulation of accessible
metal sites for improving the catalytic activity and selectivity
remain challenging.

Creating uncoordinated metal sites by ligand removal while
preserving the inherent structural integrity continues to be a
persistent pursuit for metal nanocluster catalysts.' "> However,
ligand removal is typically achieved under harsh pretreatment
(thermal and chemical methods) or in situ catalytic
processes,' ™" resulting in derivatives with distinct structural
chances. size enlareement. and complicated intermediates.

Surface and interface coordination

relationships (Scheme 1a). Auxiliary phosphine ligands have
been widely utilized in costabilizing metal nanoclusters because
of their monocoordination mode, which differs from traditional
thiolate and alkyne-based ligands and effectively complements
the vacant coordination sites.”'~>* The intrinsic neutrality of
phosphine ligands and weaker M—P bonding suggest that
ligand removal could occur under relatively mild conditions.
Electrospray ionization mass spectrometry (ESI-MS) also
confirms that the phosphine ligands are easily dissociated
during the ionization process and the derived gas-phase metal
nanoclusters could keep their major components.”””*’
However, the precise phosphine dissociation process involving
structure evolution hitherto remains unobserved.

Following the creation, the precise manipulation of metal
active sites is also conducive to improving the surface activity
of metal nanoclusters. Heterometal doping has proven to be an
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ABSTRACT: Atom-precise metal nanoclusters (NCs) with large
bulk (nuclearity >60) are important species for insight into the
embryonic phase of metal nanoparticles and their top-down etching
synthesis. Herein, we report a metastable rod-shaped 70-nuclei
copper-hydride NC, [Cl@Cu,,H,,(PhC=C),,(CF,C00)]*
(Cuyg), with CI™ as the template, in which the Cl@Cusy kernel
adopts a distinctive metal packing mode along the bipolar direction,
and the protective ligand shell exhibits corresponding site
differentiation. In terms of metal nuclearity, Cu,q is the largest
alkynyl-stabilized Cu-hydride cluster to date. As a typical highly
active intermediate, Cu,, could undergo a transformation into a
series of robust modularly assembled Cu clusters (B-type Cug, A:

A-type Cuy, A—B-type Cu,;, and A—B—A-type Cuys) upon

,‘./ 4 3|

“‘:‘—p 1: Iy

Etching B |

Modular
Assembly

etching by p-tert-butylthiacalix[4]arene (H,TC,A), which could not be achieved by “one-pot” synthetic methods. Notably, the
patterns of A and B blocks in the Cu NCs could be effectively modulated by employing appropriate counterions and blockers, and
the modular assembly mechanism was illustrated through comprehensive solution chemistry analysis using HR-ESI-MS.
Furthermore, catalytic investigations reveal that Cug could serve as a highly efficient catalyst for the cycloaddition of propargylic
amines with CO, under mild conditions. This work not only enriched the family of high-nuclear copper-hydride NCs but also

provided new insights into the growth mechanism of metal NCs.

B INTRODUCTION

Atomically precise coinage-metal nanoclusters (NCs) have
attracted much attention because of their intriguing esthetic
structures, unique properties, and potential applications in
various research areas such as optics, catalysis, biochemistry,
new energy sources, sensors, etc.'”” With the advancements in
synthetic approaches and X-ray diffraction technology, a series
of high-nuclearity Au and Ag NCs (such as Augg, Auyy, Aty
Agion Agra, Agsyy) have been successfully isolated and
structurally characterized, which are significant for under-
standing the process of formation and growth of metal
nanoparticles (NPs)."""* In contrast, the access and precise
characterization of their Cu analogs remain deficient because
of the susceptibility to air oxidation and challenge in single-
crystal growth, despite the pivotal role played by copper and
copper-based nanomaterials in energy conversion."*”"* Over
the past decades, only limited large-sized Cu NCs (Cusy, Cugy,
Cug;, Cugy, Cugy, etc.) have been structurally determined,
which impeded the comprehensive understanding of the
evolutionary mechanisms underlying Cu nanoparticles."”~**
Therefore, the development of new methods and approaches

The labile nanoparticle precursors and unique foreign
ligands play a crucial role in cluster conversion for accessing
novel metal NCs, which also provides valuable insights into the
reactivity of metal clusters.”** Of particular attention are
metal-hydride clusters, which can serve as useful benchmark
models of size evolution.””™*” Recently, there have been
several studies focusing on copper-hydride clusters that exhibit
remarkable reactivity as potential precursors for expanding
structural libraries or generatmg functional materials.”*** Liu
et al. utilized the Cu,,H, clusters as templates to produce three
different compounds, Cuj,H,, AgCu,H,, and AuCu,,.*°
Zheng et al. introduced Pt*" ions into Cu;,Hg to obtain
Pt,Cus,.”” It is worth noting that the success of size expansion
and core alloying relies on the presence of a relatively stable
template, as analogous structures were consistently ob-
served.”® Alternatively, some researchers have proposed
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