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ABSTRACT: One-pot three-component regioselective azide- N«N:N
alkyne cycloadditions are central reactions for synthesizing Y/ } > \%\©
pharmaceuticals and fine chemicals and are also applied for in f ‘ =" { ;

vivo metabolic labeling biotechnology. Homogeneous catalysts A SO

based on copper species coordinated with ancillary ligands are

regularly used to perform this reaction, offering superior catalytic

activity and selectivity compared to conventional heterogeneous

counterparts based on supported copper nanoparticles. However, @B
the challenge of catalyst recovery limits the use of these
homogeneous compounds in many large-scale applications. In \©

this work, we report the high catalytic performance of a family of

Cu-based single-atom catalysts for triazole synthesis, with an

emphasis on the fundamental understanding of the structure and function of the catalyst. The catalysts were prepared via
tricyanomethanide polymerization to create a joint electronic structure where the mesoporous graphitic carbon nitride carrier acts as
a ligand for the atomically dispersed copper species. The material properties and the precise metal location/coordination (i.e.,
deposited in the heptazine pore of carbon nitride, substituted in the framework of carbon nitride, hosted in a vacancy, or entrapped
in sandwich-like arrangement) were characterized through a battery of spectroscopic and theoretical methods. The catalysts were
employed in the synthesis of 1,2,3-triazoles employing azide-alkyne click reaction under base-free conditions. The single-atom Cu
catalysts demonstrated improved activity and selectivity compared to the homogeneous reference catalyst. Density functional theory
calculations corroborated the results and showed that the reaction proceeds through a barrier given by the activation of the
acetylenic moiety on Cu;. The activity of this step was primarily affected by the coordination of the metal with the support.
Therefore, understanding the metal coordination in single-atom catalysts is critical to further optimizing single-atom catalysts and
greening synthetic chemistry.
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1. INTRODUCTION advantage of not having to stock a large amount of organic
azides.’

Synthetic methodologies that exploit metal-based homogeneous ) ) )
The three-component reactions prototypically occur in the

catalysts are of paramount importance for the fast and high-
throughput production of chemicals. The azide-alkyne click
cycloaddition is an example of such important homogeneous
. . . 12 . .
reactions generating triazoles,”~ key motifs for the preparation

presence of homogeneous catalysts based on copper. Over the
last two decades, catalytic systems featuring the use of a wide
variety of ancillary ligands, including phosphines, N-heterocyclic

of drugs, pesticides, natural compounds, and functional carbenes, bipyridines, and acyclic diaminocarbenes, have been
materials.”* The synthesis can proceed via a three-component successfully reported.”""" Due to their uniform and well-defined
reaction involving aryl bromide, sodium azide, and alkyne, or via active sites, these homogeneous catalysts show remarkable
the two-component reaction involving aryl azide and alkyne.

However, organic azides are not often commercially available Received: December 6, 2021

(particularly when dealing with highly-substituted intermedi- Revised:  February 2, 2022

ates) and have an explosive character.” Hence, three-component Published: February 17, 2022

reaction is the preferred choice for the synthesis of triazoles in
industrial settings, due to the facile scale-up, the possibility to
rely on cheaper and readily available starting materials, and the

© 2022 The Authors. Published b
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selectivity and a high turnover frequency. However, they also
suffer from practical issues such as rapid catalyst deactivation
and product contamination with metal residues, that challenge
the recovery and reuse of the homogeneous catalyst."> To
overcome these issues, the design and exploitation of
heterogeneous catalysts with immobilized copper species is an
attractive direction for research and development. These
materials are widely preferred since they are stable and easy to
separate from the reaction mixture. Various heterogeneous
catalysts have been fabricated for the azide-alkyne click
cycloaddition reaction using bare or ligand-modified copper
on silica, carbon-based materials, zeolites, and polymeric
materials.”>™'° However, these systems suffer from several
other drawbacks, includin% the presence of heterogeneous active
sites on solid surfaces.'”"® This complicates the description of
the reactivity of the azide-alkyne cycloaddition catalyst featuring
supported copper nanoparticles'”*’ since the nanoparticle
contains a variety of atoms with different coordinations (i.e.,
atoms at the vertices, edges, facets) and defects (i.c., steps, kinks,
vacancies). This intrinsic complexity poses a significant
challenge in understanding the “active center” and establishing
structure—activity relationships.'” Even with the impressive
number of physicochemical tools in surface science,”’ the level
of understanding of nanoparticle-based copper catalysts for
triazole synthesis is limited and the design process remains
empirical. Moreover, due to the weak interactions between the
support and the copper species, some of these heterogeneous
copper catalysts suffer from fatal shortcomings such as loss of the
active sites and reduced selectivity. Recent studies have revealed
that the performance of these heterogeneous cataz?fsts relies on
the rational design of the copper ensemble size.'"'> Hence, it
appears to be key to tailor the synthesis of the heterogeneous
copper catalysts to reach good catalytic efficiency, excellent
selectivity, high stability, and good recyclability.

Single-atom catalysts (SACs) with atomically dispersed
metals entrapped in the cavities of inert carriers are emerging
as a new class of nanocatalysts”* and are gaining considerable
attention because of the possibility to reach 100% metal atom
utilization with excellent catalytic behavior compared with
traditionally supported nanoparticles.”” > A strong metal—
support interaction is thought to be critical to prevent
aggregation of single atoms on the surface.”*~*' However, the
relation between the exact metal coordination and the catalytic
performance is often not elaborated. Bearing in mind the
importance of triazoles and given recent reports showing the
manufacturing of triazoles over single-atom catalytic systems,*”
we report the development of a copper-based SAC supported on
a mesoporous polymeric graphitic carbon nitride motif. The
SAC catalyst was extensively characterized by experimental and
theoretical methods to unlock structure—property relationships
and understand the reactivity of the materials. These findings
may pave a new path toward heterogenization of homogeneous
copper catalysts for other cycloaddition reactions.

2. MATERIALS AND METHODS

2.1. Catalyst Preparation. All reagents (sodium tricyano-
methanide (98%), CuCl,-2H,0 (>99%), cyanamide (99%), a
40% aqueous dispersion of 12 nm SiO, particles, and NH,HF,
(95%)) were purchased (IoLiTec, Sigma-Aldrich) and used as
such, without any further purification. To prepare copper(Il)
tricyanomethanide, a solution of CuCl,-2H,0 (1.70 g, 0.01 mol)
in water (10 mL) was added to a stirred solution of sodium
tricyanomethanide (1.13 g, 0.01 mol) in water (10 mL). The
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obtained mixture was stirred in the dark for 3 h. A brown solid
was separated by centrifugation at 4000 rpm, washed with water
(three times with 10 mL each), and dried in vacuum (7 mbar, 50
°C) to obtain 0.95 g of material.

The synthesis of two Cu-based single-atom catalysts (herein
indicated as saCu-x@mpgC;N,, where x designates the different
materials), was performed by mixing cyanamide (3.0 g),
copper(Il) tricyanomethanide, and Ludox HS40 (7.5 g) and
stirring the obtained solution at 70 °C for 16 h, until the water
was completely evaporated. For saCu-1@mpgC;N, and saCu-
2@mpgC;N,, 37 mg (0.15 mmol) and 131 mg (0.53 mmol) of
copper(Il) tricyanomethanide were used, respectively. The
resulting solid was calcined at 550 °C for 4 h, using a heating rate
of 550 °C. The resulting brown-yellow powder was ground and
treated with an NH,HF, solution (12 g in S0 mL of water) for 24
h to remove the silica template. The suspension was centrifuged,
and the precipitate was washed three times with distilled water
and once with ethanol. Finally, the product was dried at 60 °C
under vacuum overnight, obtaining 1.78 and 1.61 g of saCu-1@
mpgC;N, and saCu-2@mpgC;N,, respectively. The procedure
for preparing mpgC;N, was similar to that of saCu-x@mpgC;N,
except that no metal tricyanomethanide was added.

2.2. Catalyst Characterization. Powder X-ray diffraction
(XRD) patterns were collected on a Bruker D8 Advance
diffractometer equipped with a scintillation counter detector
and with Cu Ka radiation (1 = 0.15418 nm) using a 0.01° s~
(20) scanning speed. Carbon, hydrogen, nitrogen, and sulfur
elemental analysis was accomplished by combustion analysis
using a Vario Micro device. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was performed using an
Optima 8000 ICP-OES spectrometer (PerkinElmer) to
determine the copper content. Nitrogen physisorption was
performed on a Micromeritics ASAP 3020 instrument (Micro-
meritics, Atlanta) at —196 °C. Before the measurement, the
samples (ca. 20—40 mesh) were degassed at 150 °C for 24 h.
The specific surface area was determined by the Brunauer—
Emmett—Teller (BET) method using the adsorption branch in
the p/p, range of 0.05—0.35. The micropore and mesopore
volumes were calculated using the quenched solid density
functional theory (QSDFT) model for N, adsorbed on carbon
with a cylindrical pore shape at 77 K. Scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX) images
were obtained on a JSM-7S00F (JEOL) at an accelerating
voltage of 3 kV. EDX investigations were conducted using a Link
ISIS-300 system (Oxford Microanalysis Group) equipped with a
Si(Li) detector and an energy resolution of 133 eV. Trans-
mission electron microscopy (TEM) studies were performed
using a double Cs-corrected JEOL JEM-ARM200F (S)TEM
operated at 80 kV equipped with a cold field emission gun. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out in a custom-designed UHV system working at the base
pressure of 1 X 10~ mbar and equipped with an electron
analyzer (EA12S Omicron) and an X-ray source (DAR400
Omicron). The powder samples were suspended in methanol
and drop-cast on metal support to obtain a homogeneous film.
Once dried, the sample was introduced in an ultrahigh-vacuum
system and left outgassing overnight. Photoemission spectra
were acquired at room temperature in normal emission. The
spectra were analyzed using the XPSPEAK software using Voigt
functions and subtracting a Shirley background. X-ray
absorption spectroscopy (XAS) experiments were performed
at the SuperXAS beamline of the Swiss Light Source at the Paul
Scherrer Institute in Villigen, Switzerland. The Swiss Light
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Table 1. Compositional and Textural Properties of Heterogeneous Catalysts

catalyst C/wt % N/wt % H/wt % C/N ratio/- C/H ratio/- Cu/wt % Sppr/m* gt me/cmz’ g
mpgC;N, 31.90 48.75 243 0.66 13.16 0.0 157 0.46
saCu-1@mpgC;N, 31.58 49.05 247 0.64 12.80 0.5 264 0.68
saCu-2@mpgC;N, 3174 48.90 247 0.65 12.98 16 257 0.71
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Figure 1. X-ray diffraction patterns (a) and N,-physisorption isotherms (b) of heterogeneous catalysts. Color codes in (a) apply to both sections.

Source operates in top-up mode at 400 mA and 2.4 GeV.
Radiation from a 2.9 T bending magnet was collimated using a
Si-coated collimating mirror at 2.9 mrad (which also served to
reject higher harmonics) channel-cut monochromator. Focusing
of the beam to a spot size of 1.0 mm X 0.2 mm on the sample was
achieved by a Rh-coated toroidal mirror. The beamline provides
an X-ray flux of 6 X 10'! photon s™" and an energy bandwidth of
1 eV at the Cu K-edge. XAS spectra of samples pressed to pellets
were collected in transmission mode using a 20 cm long
ionization chamber filled with 1 bar nitrogen. Spectra were
collected with a 1 Hz scanning speed (quick-scanning mode),
and 300 spectra were averaged per sample. The data were
processed using ProQEXAFS* to calibrate, normalize, and
average the obtained XAS spectra with subsequent EXAFS
analysis performed within the Demeter software package.”* The
fitting of the EXAFS was conducted using theoretical structures
for Cu placed within the hollows of the mpgC;N, structure
representing d4-planar and octahedral symmetry.

2.3. Catalyst Performance. For reactions catalyzed by
heterogeneous catalysts, the alkyne (0.5 mmol), sodium azide
(0.5 mmol), and alkyl halide (0.5 mmol) were dissolved in a
glass tube in S mL of solvent dimethylformamide (DMF), and
the catalyst (30 mg) was added. The tube was sealed and heated
in an oil bath at 100—140 °C for 0—30 min. After completion of
the reaction, the catalyst was filtered; washed with ethyl acetate,
water, and ethanol; dried at 60 °C for 6 h; and reused in a
subsequent reaction run. For reactions catalyzed by homoge-
neous catalysts, the alkyne (0.5 mmol), sodium azide (0.5
mmol), and alkyl halide (0.5 mmol) were dissolved in S mL of
solvent (DMF) and the catalyst (1 equiv of Cu, to have
comparable Cu amounts as in saCu-2@mpgC;N,) was added.
CuCl, (Sigma-Aldrich, 99.995% trace metals basis), CuCl
(Sigma-Aldrich, >99.995% trace metals basis), Cul (Sigma-
Aldrich, >99.5%), and [Cu(COD)Cl], (Sigma-Aldrich, 95%)
were used as catalysts. The reaction tube was sealed and heated
in an oil bath at 100—140 °C for 0—30 min. In all cases, the crude
products were extracted by washing with ethyl acetate and
analyzed by "H NMR and *C NMR spectra on a Bruker 400
MHz spectrometer (CDCL,).

2.4. Theoretical Calculations. Density functional theory
(DFT) calculations were performed with the VASP code.*¥*¢
H(1s), C(2s, 2p), N(2s, 2p), Na(2s, 2p, 3s), and Cu(3d, 4s)
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electrons were treated explicitly, and the interaction between the
inner electrons and the nuclei was treated with the projector
augmented wave method.*”** The exchange-correlation func-
tional proposed by Perdew, Burke, and Ernzerhof (PBE) was
adopted.*” The long-range dispersion was added to the potential
according to Grimme’s DFT + D3 scheme with a Becke—
Johnson damping function.’”" Structure relaxations were
performed at the I' point with a cutoff of 400 eV. Spin-
polarization effects were included in all calculations. Dipole and
quadrupole corrections to the total energy were applied along
the nonperiodic direction for all calculations on slab models. A
vacuum region of at least 1.5 nm was included along the
nonperiodic direction in the supercell to avoid spurious
interactions between a replica of the slab models. As widely
discussed in the literature, carbon nitride nanosheets have been
modeled assuming a corrugated heptazine structure.”””>*
Gibbs free energies profiles have been determined by
adopting the computational approach pioneered by Nerskov
and co-workers,”*° to study reactions involving gas-phase
molecules,””~*° where we added the standard entropies of gas
species to the calculated DFT energies. The entropy of acetylene
(200.9 J mol™! K™!) has been taken from the literature.®"*>

3. RESULTS AND DISCUSSION

3.1. Structural, Textural, and Compositional Proper-
ties of Fresh Materials. The two Cu-based single-atom
catalysts have been prepared by polymerization of copper
tricyanomethanide salts with cyanamide in the presence of a
SiO, template. Removal of the template by treatment with
(NH,)HF, gives the ordered mesoporous structure of the
material, increasing the specific surface area of bare gC;N,,
which is generally around S—10 to >150 m* g~ (Table 1).° The
final composition of the reference carbon nitride and single-
atom samples is shown in Table 1. In particular, all materials are
characterized by a stoichiometric C/N ratio of ca. 0.65, in line
with the literature for mesoporous graphitic C;N,, and the
loading of Cu is 0.5 wt % over saCu-1@mpgC;N, and 1.6 wt %
over saCu-2@mpgC;N,.

Structurally, catalysts are like the reference mesoporous
graphitic carbon nitride, as shown by X-ray diffraction patterns
(Figure 1a). The samples have two characteristic (and broad)
diffraction peaks at 13 and 27°, which are assigned to the in-

https://doi.org/10.1021/acscatal.1c05610
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Figure 2. Scanning electron micrographs (a), high-resolution transmission electron microscopy (b), and aberration-corrected high-angle annular dark-

field transmission electron microscopy of saCu-2@mpgC;N, (c).
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Figure 3. Cu 2p X-ray photoelectron spectra of saCu-1@mpgC;N, (a) and saCu-2@mpgC;N, (b). The inset in (b) refers to the high-resolution

analysis of the Auger peak in the same catalyst.

plane structural packing motif and to the interplanar stacking of
aromatic systems identified as the (002) peak, respectively.”®
The presence of copper in the framework is accompanied by a
slight disturbance of the local C;N, network. This is illustrated
by the intensity decrease and broadening of the stacking
reflection at the 20 = 27° XRD peak in Figure 1a, suggesting the
increased distortion of the stacking arrangement of the carbon
nitride layers and the decrease of the crystallite size in the
resulting products upon the increase of the amount of copper.
N, physisorption analysis indicates that the materials have
type IV isotherms with H3 hysteresis loops indicating
mesoporous structure in the synthesized materials (Figure 1b,
see also Figure S1 in the Supporting Information). The Sygr
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surface areas are 264 and 257 m* g for saCu-1@mpgC;N, and
saCu-2@mpgC;N,, respectively. The morphology of the
catalysts is in both cases made of particles with no specific
shape and a diameter of ca. 20—200 nm (Figure 2). The TEM
micrograph of a representative catalyst shows the presence of
characteristic mesopores of 5—20 nm, which originate from the
removal of the template (Figure 2). High-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) investigation performed on an aberration-corrected
microscope showed that copper is uniformly distributed across
the mpgC;N, support and is in an atomically dispersed form
(Figure 2). No regions of pronounced local intensity are seen in
the Cu map, in line with the absence of nanoparticles.

https://doi.org/10.1021/acscatal.1c05610
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Figure 4. (a) Copper K-edge X-ray absorption near-edge structure of the two single-atom catalysts and of reference CuO and Cu,O. (b) Extended X-
ray absorption fine structure of saCu-1@mpgC;N, (top) and saCu-2@mpgC;N, (bottom). (c—g) Possible model structures of Cu-based single-atom
catalysts. The structural feature Cu adsorbed in the heptazinic pore of mpgC;N, (c), Cu substituting C in mpgC;N,, (d), Cu hosted in a dicarbon
vacancy in N-doped graphene (e), octahedral complex [Cu(bpy)(tem),]** (f), and sandwich-like arrangement of Cu-doped N-graphene intercalated

in mpgC;N; (g)-

3.2. Understanding Single-Atom Metal Coordination
and Charge Transfer. X-ray photoelectron spectroscopy was
applied to determine the surface chemistry of the materials.
Regarding the support (Figures S2 and S3 in the Supporting

Information), the C 1s photoemission spectrum indicates a
complex structural situation: a strong peak centered at 288.3 eV
suggests the presence of carbon bonded to three nitrogen atoms,
which is the fingerprint of mpgC;N,,°* whereas the two other

https://doi.org/10.1021/acscatal.1c05610
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Table 2. Structural Information Derived from EXAFS Analysis of the Single-Atom Catalysts

catalyst coordination sphere scattering path
saCu-1@mpgC;N, 1st Cu—C/N/O
2nd Cu—-C/N/O
saCu-2@mpgC;N, 1st Cu—C/N/O
2nd Cu—-C/N/O

NN“ P R°
52+0.5 0.010 + 0.002 1.92 + 0.02
40+ 04 0.008 =+ 0.002 2.88 + 0.03
47 +0.5 0.010 + 0.002 1.92 + 0.02
4.0 + 0.4 0.012 + 0.003 2.89 + 0.03

“Number of nearest neighbors. “Interatomic distance. “Pseudo-Debye—Waller factor.

intense peaks at 285.8 and 284.8 eV are related to C sp® and C
sp” or adventitious carbon, respectively. Minor components can
also be ascribed to carboxyl groups (289.5 eV) and carbide or
defective carbon species (283.7 eV). The N 1s photoemission
spectrum can be fitted by five main peaks: the strongest
component is located at 398.4 eV and can be associated with
bridging nitrogen in the triazine rings (C=N-C); the peak at
399.5 eV can be ascribed to primary amines C—NH,; the peak at
400.8 eV is ascribed to C,—N—H species; and the peak at 401.3
eV is ascribed to N-C3.” Finally, the low-intensity feature at
396.8 eV is related to nitrides.

Surface characterization via X-ray photoelectron spectroscopy
confirms the presence of Cu(I) ions at the surface, together with
the presence of a minority Cu(II) component. As shown in
Figure 3, the Cu 2p photoemission peak shows a main
component at about 933.1 eV and a second less intense feature
at 934.5 eV; the former can be associated with Cu(I) and the
latter to Cu(II), as also confirmed by the relatively high intensity
of the satellite features between 939 and 945 eV, which are
typically associated with final state effects in copper species with
a 3d” electronic configuration.”® The presence of a majority of
Cu(I) species is also confirmed by the analysis of the Auger peak,
which is centered at a kinetic energy of 914 eV, and overall,
according to a Wagner plot, the electronic fingerprint observed
is similar to CuC;N,.°

The fine details of copper at the atomic level were investigated
by synchrotron X-ray absorption spectroscopy (XAS). As shown
in Figure 4a, the absorption edge of Cu for both saCu-1@
mpgC;N, and saCu-2@mpgC;N, is located between that of
Cu,0 and CuO, suggesting the majority of the Cu atoms to be
Cu (I). Furthermore, the peak at around 8981 eV, which is
characteristic of the 1s—4p transition, is assigned to Cu(1).5%%
From the fitting of the Fourier transform of the extended X-ray
absorption fine structure (EXAFS) spectra (Figure 4b), it is
found that Cu is surrounded by approximately five neighboring
ligands at an average distance of around 1.92 A. These results
suggest that Cu atoms are in the center of the hollow structure of
the support and with other four neighbors in the second
coordination sphere at the distance of around 2.88 A (Table 2).
The Cu is noted as being dispersed as single atoms across the
C;N, support with no evidence of any scattering contribution
from Cu—Cu pairs in the obtained EXAFS.

The information from the EXAFS measurements has been
cross-checked by DFT calculations on C;N, structures hosting
Cu species on different sites. We start the discussion from a
system where Cu is coordinated in a pore created by the
heptazine units (Figure 4c), a commonly hypothesized
adsorption site for single metal atoms.”’ Here, the Cu atom is
surrounded by six N neighbors, but the N—Cu distances are
larger than that observed in EXAFS and span in the range 2.1—
2.7 A (average 245 A).

An alternative to the coordination of Cu, species in pores is
represented by substitutional doping. As previously proposed in
the literature,’” Cu occupies here a C-site connecting two
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heptazine pores (Figure 4d). In this structure, Cu is bound to
three N atoms at 1.8—1.9 A and has four C atoms in a second
coordination sphere at about 2.6—2.8 A. Since neither simple
coordination of Cu nor Cu implanted in a substitutional site
entirely agrees with the XAS data, we extended the modeling to
the structure reported in Figure 4e, where Cu is coordinated in a
dicarbon vacancy in nitrogen-doped graphene (NG). This
implies a structure of a support to be different from carbon
nitride, but this choice can be rationalized if one looks at the
octahedral [Cu(bpy)(tcm),]** complex in Figure 4f. Unlike
copper(II) tricyanomethanide,”" which we used as a precursor
for synthesizing single-atom catalysts based on carbon nitride
motifs via copolymerization strategy and which possesses a
polymeric structure, this molecular complex serves as a
convenient model to reduce computational costs. Nevertheless,
the copper atom in [Cu(bpy)(tcm),]** and in copper(Il)
tricyanomethanide is in an octahedral environment. Another
structural motif that comprises the Cu atom hosted in a dicarbon
vacancy surrounded by pyridinic N-species has square-planar
coordination, which closely resembles that of a copper atom
bound to a bis-pyridine ligand in the [Cu(bpy) (tcm),]** model.
We, therefore, included the Cu/NG structure (Figure 4e),
assuming that part of the Cu hosted in the carbon nitride matrix
may be surrounded by fragments of nitrogen-doped graphene
moieties also formed during synthesis. In this case, the structure
relaxation yielded 1.9 A for Cu—N and 2.7 A for Cu—C bonds,
which are in good agreement with XAS in terms of bond
distances but not in terms of coordination number (four in the
calculated model, five according to the experimental EXAFS).
The possibility to increase the coordination number of Cu from
4 to 6 was explored by sandwiching a N-doped graphene cluster
between two layers of corrugated C;N, (Figure 4g): in this case,
however, the coordination of the Cu to the N atoms from the
C;N, layers is very loose, leading to Cu—N axial distances as
large as 2.9 A, which is not in agreement with our XAS data.

It is worth noting that, despite the remarkable differences in
bonding and coordination environment, all of these Cu, species
exhibit a Cu" charge state, as evidenced by the projected density
of states (Figure S7). Charge transfer occurs in all models since
the electron donated by the metal is transferred to the
conduction band of the support, and no localization is observed.

It is clear that the complete and undisputed determination of
the location and coordination of single metal atoms on a support
such as C3N, is more complex than it could appear. However, we
will use the results of structural motifs modeling shown in Figure
4c—e in the section related to calculating the reaction free-
energy profile (vide infra). Therefore, we decided to characterize
the catalytic activity of Cu species toward the synthesis of
triazoles in three cases: Cu adsorbed in the heptazinic pore of
C;N, (Cu(ads)/C;N,, Figure 4c), Cu substitutional to C in
C;N, (Cu(sub)/C;N,, Figure 4d), and Cu adsorbed in the
dicarbon vacancy in N-doped graphene (Cu(ads)/NG, Figure
4e). This choice is based on the fact that all of the structures
mentioned above are compatible with the XAS evidence,

https://doi.org/10.1021/acscatal.1c05610
ACS Catal. 2022, 12, 2947—-2958


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c05610/suppl_file/cs1c05610_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c05610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

N
S
©/\Br + NaN; + \©

sodium

benzylbromide azide

phenylacetylene

1-benzyl-4-phenyl-1H-1,2,3-triazole

20 20
(a) T=130°C | (b) t=30 min L
-~ - p
£ 164 saCu-2@mpgC,N, £ 164
£ £
'8 121 '8 121
(o)} (o)}
—y o, -
g g
E 8 CuCl ) E 8; |
g 4l cucl, | £ 44 !
14 y
o ~ _ _ _ mpgCyN, 0 $ - _
0 5 10 15 20 25 30 100 110 120 130 140
Reaction time / min Temperature / °C
(C) 80 5 (d) 40
T=130"C [ saCu-1@mpgC;N,
£=25 min = I saCu-2@mpgC:N,
60- £ 301
< "% T=130°C T=130°C
S 40 _2’20 t=5min t=5min
Q £
> €
] @ 104
20 ] 10
o
0- 0-

1

2 3 4 5

Reaction run/ -

6 7

Reaction / -
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pointing to the fact that single-atom catalysts are likely made of a
mixture of different kinds of sites for metal species. Therefore,
the information provided via spectroscopy is often a mediated
property. By computing for the first time the reaction energy
profiles over different catalytic sites, we have been able to
compare structural and reactivity effects over a six-coordinated
Cu atom with long and loose bonds to saturated atoms of the
substrate (Cu(ads)/C;N,), with Cu species featuring three
(Cu(sub)/C3N,) or four short Cu—N bonds (Cu(ads)/NG).

3.3. Catalytic Performance and Molecular Under-
standing. Before any activity evaluation, a blank test was
performed without any catalyst. Figure S4 in the Supporting
Information shows that the triazole product was not formed over
30 min. This observation excludes the potential contribution of
gas or liquid-phase chemistry to drive the reaction. Similarly, we
have also conducted the reaction on the bare carbon nitride
carrier, which did not give any product (Figure Sa,b). These
results unambiguously indicate that the reaction requires copper
catalysts to proceed.

The single-atom saCu-2@mpgC;N, catalyst was evaluated in
the synthesis of 1-benzyl-4-phenyl-1H-1,2,3-triazole vis-a-vis
with two model homogeneous catalysts. Figure Sa shows the
reaction time versus performance of the heterogeneous and
homogeneous catalysts, further demonstrating the better
reactivity of the heterogeneous sample. Given that the reaction
was conducted using an equivalent amount of Cu in the sample,
this corroborates that the ligand—metal charge transfer in the
saCu-2@mpgC;N, catalyst leads to enhanced catalytic perform-
ance. By increasing the temperature from 100 to 140 °C (Figure
Sb), the reaction rate increases with both catalysts, although
saCu-2@mpgC;N, remains more active. It must be considered
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that all copper species in the homogeneous copper chloride
catalyst are available for the reaction. On the other hand, during
synthesis, some of the copper species are entrapped in the bulk
of the material, and thus are inaccessible given that catalysis is a
surface phenomenon. Based on this consideration, it is
reasonable to assume that the discrepancy between the turnover
numbers over the single-atom catalyst and homogeneous sample
is even higher. The durability of the SAC material was also
investigated by employing the catalyst in several consecutive
reactions (Figure Sc).

After the first cycle, the material was filtered, dried, and reused
in a subsequent reaction. It is noteworthy to mention that no
distinct difference in the product yield was observed, and the
catalytic system worked exceptionally well, even up to seven
runs. ICP-MS analysis of the reaction mixture solution after the
seven runs confirmed the absence of any leached Cu species in
the sample. In addition, characterization of the used material by
XRD and N, physisorption (Figure SS) proved no structural
modifications, in addition to the absence of metal leaching. XPS
analysis of the same catalyst (Figure S6) shows that the
speciations of Cu and N after catalysis are the same, despite the
small variations in the carbon spectrum that are probably due to
the presence of various organic compounds adsorbed on the
sample. Concerning the surface amount of Cu, this appears to be
6.2%, slightly above the value in the fresh material (4.8%) but
within the instrumental error (2—3%).

Finally, Figure 5d shows the effect of metal loading in two
single-atom catalysts on their performance in the studied
reaction. Thus, the triazole yield was slightly higher over the
saCu-2@mpgC;N, sample. To expand the applicability of this
procedure, several alkynes and azides with different function-
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Scheme 1. Substrate Scope for Synthesizing Substituted 1,2,3-Triazoles via Click Cycloaddition between Aryl Acetylenes, Benzyl
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Figure 6. Proposed catalytic cycle for triazole formation over supported Cu, species (a). Reaction free-energy profile (b) at a temperature of 130 °C.
The structures in the inset in (b) refer to the intermediates formed over Cu(ads)/C;N,.

alities were examined (Scheme 1). The reaction works well with
various aryl halides and alkynes, tolerating electron-donating
and -withdrawing functional groups in the starting material. We
also conducted an additional experiment, scaling up the reaction
between phenylacetylene, benzyl bromide, and sodium azide, to
produce 1 g of 1-benzyl-4-phenyl-1H-1,2,3-triazole at 130 °C
and with 30 min reaction time. The reaction proceeded well with
a 40—50% yield. It is important to highlight that these
investigations were conducted at a lower reaction time (25
min), and thus at a milder degree of conversion, to better
appreciate catalytic differences among the materials. In Table
S1, we report the corresponding turnover frequency (TOF) of
our catalyst, as well as the estimated TOF of state-of-the-art
Cu(I) and Cu(Il) catalysts for the three-component triazole
synthesis. The table highlights that our single-atom sample
stands out as the most active catalyst for this reaction. This
verifies that the product yield is not the most appropriate way to
compare the catalytic activity of homogeneous and single-atom
catalysts, and TOFs should be calculated and reported, as they
account for the intrinsic reaction rate. It must be remarked that,
in terms of TOFs, our catalyst is also more active than the single-
atom catalyst recently reported by Yang and co-workers*
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(Table S1). Finally, we have conducted catalytic tests over other
homogeneous catalysts (Cul and [Cu(COD)CL,], both with
Cu(I) active sites; see Figure S4). The results confirm that these
homogeneous catalysts are also less reactive than saCu-2@
mpgCsN,.

DFT calculations were carried out to derive technical insights
into the reaction mechanism. To this end, we studied a
simplified model reaction between sodium azide and the
simplest alkyne, acetylene, as shown in the reaction scheme in
Figure 6a. As a first approximation, this simplification omits the
steric and inductive effect of the phenyl group on the reactivity of
the C—C triple bond, which is not a critical factor in identifying
the reaction mechanism. The envisaged mechanism starts with
the adsorption and activation of acetylene over Cu;/C;N,.
Then, a linear intermediate is formed upon the addition of
sodium azide, with contextual loss of a Na* cation that binds to
the carbonaceous support. Next, the cyclization completes,
forming a triazolate pentacyclic ion bound to the Cu SAC.
Finally, the desorption of a sodium triazolate molecule
regenerates the catalyst. To verify the correctness of this
mechanism, we have confirmed the preferential adsorption of
the alkyne moiety over a copper single-atom catalyst by running
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catalytic experiments on a catalyst pretreated with one of the
reagents. In particular, saCu-2@mpgC;N, was first contacted
with a §$ mL DMEF solution of sodium azide (0.5 mmol) at 130
°C for 30 min. The catalyst was then filtered and contacted with
a 5 mL DMEF solution of alkyne (0.5 mmol) and alkyl halide (0.5
mmol). The reaction tube was sealed and heated at 130 °C for
30 min, but no product was formed. Then, saCu-2@mpgC;N,
was contacted with a S mL DMEF solution of alkyne (0.5 mmol)
at 130 °C for 30 min. The catalyst was then filtered and
contacted with a S mL DMF solution of azide (0.5 mmol) and
alkyl halide (0.5 mmol). The reaction tube was also sealed in the
case and heated at 130 °C for 30 min, leading to a 29% yield,
confirming the preferential adsorption of the alkyne on solid
single-atom catalysts.

Taking the clean catalyst and the separated reactants in their
equilibrium phase at a temperature of 130 °C (solid sodium
azide and gas-phase acetylene) as a reference state, one can see
from Figure 6b that the first step, namely, the activation of
acetylene, is endoergonic. However, the related thermodynamic
barrier strongly depends on the coordination of the Cu SAC, and
it is minimal (+0.09 V) in the case of Cu(ads)/C;N,, and more
significant for Cu species tightly bound to the support: +0.48 eV
for Cu(sub)/C;N, and +0.66 eV for Cu(ads)/NG. A more
remarkable activation of the C,H, molecule is achieved in the
case of smaller barriers, as can be evidenced by inspecting two
main structural descriptors of acetylene: the C—C bond distance
and the H-C—C bond angle for the molecule in the gas phase
are 1.21 A and 180°. On Cu(ads)/C;N,, the C—C bond is
elongated up to 1.24 A, and the bond angle reduces to 161°. On
Cu(sub)/C;N,, the activation of the acetylene molecule is less
pronounced (1.22 A and 178°), and almost negligible on
Cu(ads)/NG (1.21 A and 179°). For comparison, the acetylene
activation has been simulated with the same computational
setup over two simple molecules mimicking the Cu(I) and
Cu(II) complexes often used as homogeneous catalysts, namely,
CuCl and CuCl, (Table S2 and Figure S8). It results in that
C,H, is strongly activated on both substrates, with a slightly
more pronounced distortion on CuCl (C—C bond elongation to
1.243 A and H-C—C bending to 164°) compared to CuCl,
(1.235 A and 169°). Overall, it can be stated that (i) (Cu)ads/
C;N, displays an activity comparable to molecular species
adopted as homogeneous catalysts toward C,H, activation and
(ii) the coordination of the copper species seems to be the
determining factor for its activity, rather than its oxidation state.
Thus, a clear trend can be observed, where SAC species
displaying more loose coordination to the substrate, such as
Cu(ads)/C;N,, exhibit higher activity toward acetylene. On the
other hand, if the SAC shows three (Cu(sub)/C;N,) or even
four (Cu(ads)/NG) bonds shorter than 2 A with N atoms from
the substrate, this translates into smaller activity. However, it
must be considered that all of the examined SACs are, up to a
variable extent, catalytically active: if acetylene is adsorbed on a
Cu-free C;N, substrate, then only weak physisorption is
reported with no appreciable activation, and no reaction takes
place upon coadsorption of sodium azide. As a further test of the
proposed mechanism, the adsorption of the reactants in the
reversed order has been simulated on Cu(ads)/C;N,, the
catalyst showing the highest activation of C,H,. It resulted in
that sodium azide binds strongly to the SAC (—0.96 eV), but the
resulting activated complex is unable to bind and react with
acetylene, in line with the catalytic experimental evidence. The
fact that the reaction proceeds with comparable yield on the
three-component reactor (43%) and by dosage of sodium azide
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on the pre-adsorbed C,H,/Cu-SACs (29%) may be ascribed to
dynamical processes, allowing the azide species adsorbed on Cu
sites to diffuse on the surface, letting the active site free for
acetylene activation.

Once the thermodynamic barrier corresponding to the
acetylene activation is overcome, the reaction proceeds downhill
on all substrates toward the formation of a linear intermediate
upon attack of the sodium azide on a C atom from acetylene.
The stability of the linear intermediate spans from —1.10 eV
with respect to the reactants and the clean substrate for
Cu(ads)/NG to —2.73 eV for Cu(sub)/C;N, and —4.19 eV for
Cu(ads)/C;N,. The cycle is then closed exergonically, with the
formation of a pentacyclic triazolate ion coordinated on the Cu
SAC, with relative free energies of —3.79 eV for Cu(ads)/NG,
—5.34 eV for Cu(sub)/C;N,, and —5.47 eV Cu(ads)/C;N,.
The final step is uphill and leads to the desorption of a sodium
triazolate molecule and the regeneration of the clean catalyst.
The final barrier to be overcome is larger for Cu(ads)/C;N,
(2.27 eV) than Cu(sub)/C;N, (2.14 eV) and Cu(ads)/NG
(0.59 V). The catalyst, thus, can easily activate the reactants,
but bind very strongly the products, making their release and the
regeneration of the catalyst less favorable. In general, a
desorption barrier calculated in this way is just a theoretical
construct necessary to close the cycle. Since the experiments are
carried out in solution, the solvation of the sodium triazolate will
stabilize the reaction product, facilitating the desorption from
the catalyst, for instance. Moreover, as explained above, in the
experiments, the catalyst is regenerated through washing with
ethyl acetate, a procedure that cannot be modeled theoretically.

4. CONCLUSIONS

We have reported a stable single-atom catalyst made of only
earth-abundant elements for click chemistry. Compared to
literature precedents,”” this material exploits the textural and
electronic properties of mesoporous graphitic carbon nitride to
entrap copper species. This mimics the beneficial functions of
the homogeneous ligand in a metal complex and surpasses the
performance of different state-of-the-art catalysts without
evidencing metal leaching or aggregation after the reaction.
The enhanced performance could be explained at the molecular
level, showing that the reaction proceeds through a barrier given
by the activation of the acetylenic moiety on Cu,. This step is
affected mainly by the coordination between the metal and the
support. These findings provide further evidence on the
importance of optimizing a single-atom catalyst by under-
standing the exact metal coordination and can help optimize
earth-abundant single-atom catalysts for click chemistry and
other challenging chemical reactions for the manufacture of fine
chemicals and pharmaceuticals.
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