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Copper Single Atoms Chelated on Ligand-Modified Carbon

for Ullmann-type C—O Coupling

Vincenzo Ruta,” Giovanni Di Liberto,”™ Francesco Moriggi,” Yurii P. Ivanov,
Giorgio Divitini,' Gianlorenzo Bussetti,'” Vincenzina Barbera,” Mark A. Bajada,”
Maurizio Galimberti,”’ Gianfranco Pacchioni,”” and Gianvito Vilé*®

Cross-coupling reactions are of great importance in chemistry
due to their ability to facilitate the construction of complex
organic molecules. Among these reactions, the Ullmann-type
C—0 coupling between phenols and aryl halides is particularly
noteworthy and useful for preparing diarylethers. However, this
reaction typically relies on homogeneous catalysts that rapidly
deactivate under harsh reaction conditions. In this study, we
introduce a novel heterogeneous catalyst for the Ullmann-type
C—O coupling reaction, comprised of isolated Cu atoms

Introduction

Transition metal-catalyzed cross-coupling reactions are widely
applied in organic synthesis for the formation of C—C, C-0O, and
C—N bonds.™™ Among the best known and most exploited
reactions, the Ullman-type coupling allows the formation of
C—0 bonds from readily available phenols and aryl halides in
the presence of a base (e.g., KOH, Cs,CO;, or K,CO;).>® This
reaction, however, is characterized by the use of stoichiometric
amount of homogeneous copper catalysts and bulky or toxic
ligands to activate the catalytic system (Figure 1).°® On the
one hand, homogeneous catalysts suffer from a variety of
intrinsic issues, such as low stability and the difficulty to recover
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chelated to a tetraethylenepentamine-pyrrole ligand that is
immobilized on graphite nanoplatelets. The catalytic study
reveals the recyclability of the material, and demonstrates the
crucial role of the pyrrole linker in stabilizing the Cu sites. The
work expands the potential of single-atom catalyst nano-
architectures and underscores the significance of ligands in
stabilizing metals in cationic forms, providing a novel, tailored
catalyst for cross-coupling chemistries.

and reuse the catalytic phase after reaction.'®"® Additionally,
the use of bulky or toxic ligands can limit access to the catalytic
site, leading to reduced reactivity, and/or pose hazards during
their synthesis, use, and post-reaction disposal.’'® One
effective solution to circumvent these issues is the heterogeni-
zation of the active site, achievable through the anchoring of
metals on solid supports."”'® This approach offers a promising
means of combining the advantages of homogeneous and
heterogeneous systems, resulting in atom efficiency, uniformity
of the active site, and prolonged stability.!***!

To date, the Ullmann coupling reaction was studied in a
heterogeneous configuration over copper nanoparticles sup-
ported on various carriers (e.g., magnetite,?" zeolites,” carbon
nanotubes™  graphene oxide and  metal-organic
frameworks®). Among those, sp* carbon allotropes, such as
graphene, carbon nanotubes, and graphite nanoplatelets
(GNPs), offer the possibility to modulate the carrier surface
chemistry through appropriate functionalization,”*?” thereby
tailoring the local environment around the catalytic center to
mimic the function of additives, ligands, or enzymes.'®™' To
introduce functional groups on poorly reactive sp*-hybridized
carbon surface, harsh conditions are generally employed.?®*>34
In this regard, the covalent grafting of pyrrole compounds is an
alternative approach that has been recently developed,® and it
is based on a domino reaction made of the carbocatalytic
oxidation of the pyrrole compound followed by Diels-Alder
reaction between the GNPs carbonaceous surface and the
pyrrole moiety.®**” This approach allows the facile functionali-
zation of the material, thereby circumventing the need for
harsh conditions.

By extending the applicability of this strategy, we design
herein a new heterogeneous catalyst for the Ullmann coupling
reaction, merging single-atom catalysis with covalent pyrrole
grafting. The catalyst (denoted as Cu@f-GNPs) features dis-
persed copper single atoms chelated onto the tetraethylene-
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© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH


http://orcid.org/0000-0003-3044-7519
http://orcid.org/0000-0001-6788-0215
http://orcid.org/0000-0001-8556-8014
http://orcid.org/0000-0001-8176-7067
http://orcid.org/0000-0001-5770-7208
http://orcid.org/0000-0002-4749-0751
http://orcid.org/0000-0003-0641-8590
https://doi.org/10.1002/cssc.202301529
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.202301529&domain=pdf&date_stamp=2024-01-02

Research Article

ChemSusChem

doi.org/10.1002/cssc.202301529

Chemistry
Europe

European Chemical
Societies Publishing

homogeneous salts or organometallic catalyst

Cul or CuPFg(MeCN)4

. O X Cs,CO; TMEDA
R J v IR 130°c.omF
24 h
Cu(OTH),PhH
i OH X Cs,CO3 EtOAC
R * I TR 110 °C, toluene
12-26 h
Pd(CH3CO0),
i O X KyPO, XPhos
R1_'/ * S Rz 100 °C, toluene
18 h
)
"
o NiBr(bipy)
e 2(RIpY
= A X TEA, C13HgOS
8 R * W ™2 q00°C, MeCN
ol 72h
o
w
supported metal nanoparticles catalyst
Cupp/C
it ~CH X.. = Cs,CO3 phen
R * le T2 7200 °C, dioxane
2h
CUF3204
w5, OH X = Cs,CO3 phen
|
R1+ + I—R) ° ;
o i 200 °C, dioxane
2h
single metal atom catalyst
Cuy@N-doped C
. O X - KoCOs
R i T U™ 150°C, DMF
24 h
e
= Cu@f-GNPs
g S AOH X i K,CO4
B R * I ™7 1s0°c, OMF
o= 24 h

Figure 1. State-of-the-art on Ullmann-type C—O cross coupling reactions. Abbrevi
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pentamine-pyrrole functionalized GNPs. A comprehensive in-
vestigation of the properties of the catalyst was carried out with
the aim of establishing a correlation between its structure and
reactivity. The newly developed synthetic method offers several
advantages over established procedures, including a simpler
and greener route for preparing single-atom catalysts with high
yield, and the elimination of any homogeneous additives during
the C—O coupling Ullmann reaction.
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Results and discussion

Preparation and characterization of the single-atom catalyst.
The chelation of the isolated copper atoms on the ligand-
functionalized graphene has been performed by following the
procedure summarized in Figure 2a. Firstly, the pyrrole com-
pound,  N'-(2-aminoethyl)-N°-(2-((2-(2,5-dimethyl-1H-pyrrol-1-
yl)ethyl)amino)ethyl)ethane-1,2-diamine (TEPAP), was prepared
through the Paal-Knorr reaction, by reacting the polyamine, N'-
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Figure 2. Schematic representation of the synthesis of the Cu@f-GNPs catalyst (a); C 1s (b), N 1s (c), and Cu 2p (d) XPS core level spectra of Cu@f-GNPs; XANES
profile of Cu@f-GNPs and of a reference Cu" phtalocyanine (e); High-resolution HAADF-STEM of Cu@f-GNPs (f). EDX map of Cu overlaid obtained from the
high-resolution HAADF-STEM image of the Cu@f-GNPs catalyst with different layer thickness (g).

(2-aminoethyl)-N*-(2-((2-aminoethyl)amino)ethyl)ethane-1,2-dia-
mine, with 2,5-hexanedione. At this stage, a domino reaction
occurs: the carbo-catalyzed oxidation of the pyrrole is followed
by a Diels-Alder cycloaddition, leading to covalent functionali-
zation of the carbonaceous support with TEPAP. Once the f-
GNPs adduct is obtained, the decoration with copper is
performed via ion exchange. A catalyst made of Cu@GNPs was
also prepared as a reference sample, by simple ion exchange of
the pure GNPs carrier (see the Materials and Methods section
for further experimental details). The sustainability of our newly
developed catalytic protocol is intrinsic to the catalyst structure.
The presence of the polyaminic moiety on the catalyst surface
avoids the use of external ligands, ubiquitous in many
heterogeneous and homogenous protocols of this reaction,
leading to easier downstream operations to purify and isolate
reaction products. The environmental advantages of preparing
our single-atom catalyst were further demonstrated through a
detailed assessment of green metrics applied to the aforemen-
tioned synthetic protocol. The results of this study, summarized
in Table S1 in the Supporting Information, indicate that the
adopted synthetic protocol is inherently more environmentally
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sustainable in comparison to the synthesis of a conventional
Cu-based catalyst. The higher value of reaction mass efficiency
suggests nearly complete conversion of the reactants into the
final product, while lower values for process mass intensity and
solvent intensity respectively highlight the reduced impact of
the total mass input in our synthesis and a smaller contribution
of solvents in our protocol.

The obtained catalysts were subjected to inductively
coupled plasma-optical emission spectroscopy (ICP-OES) to
determine their Cu loading, which was found to be 4.2 wt % for
Cu@f-GNPs, and 4.7 wt% for Cu@GNPs (Table 1). CHN analysis
was also employed to determine the exact carbon-to-nitrogen
(C/N) ratios in the obtained catalysts, as presented in Table 1.
Specifically, the C/N ratio of GNPs and Cu@GNPs was found to
be approximately 135.0, whereas the ratio reduced to 25.7 in
the presence of a ligand, indicating that the catalyst preserved
its desired elemental composition and functional group
densities after copper immobilization. Notably, the observed
variations in the nitrogen values in the TEPAP-functionalized
materials were consistent with the anticipated values, thereby
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Table 1. Elemental composition and surface area values of the prepared materials.

Entry Catalyst c He N C/N ratio () cu’ Seer

(Wt %) (Wt %) (Wt %) (Wt %) (m*g™")

1 GNPs 93.6 0.13 0.69 135.7 - 244

2 f-GNPs 88.9 0.41 3.46 25.7 - 48.5

3 Cu@GNPs 89.2 0.11 0.66 135.2 4.7 40.5

4 Cu@f-GNPs 85.2 0.12 3.31 257 4.2 43.8

CHN values; °ICP-OES values; ‘BET surface area from the N, isotherms collected at 77 K.

confirming the successful functionalization of graphite nano-
platelets.

N, physisorption experiments were performed to assess the
surface area of the samples. After functionalization of GNPs
with the TEPAP ligand and Cu immobilization, a significant
reduction in the surface area was observed (from 244 m?’g™~" in
GNPs to 485 m”g™" in f-GNPs), consistent with the ligand
occupying surface sites on the graphitic layer. However, the
introduction of Cu sites had a negligible effect on the surface
area (the Sg is 43.8 m?g ', similar to that of f-GNPs), indicating
a well-dispersed metal distribution and the limited interaction
of metal aggregates that could decrease the surface area
(Table 1). Interestingly, the BET surface area of Cu@GNPs was
found to be 40.5m?g~', suggesting the presence of metal
aggregates on the bare GNPs carrier, that results in a decrease
of the surface area. We attributed the decrease in surface area
to the formation of copper nanoparticles in the Cu@GNPs
sample (refer to Figure S1 in the Supporting Information for
evidence of nanoparticle formation). This formation is pre-
vented in the presence of the polyaminic linker, which can
stabilize the metal in isolated form (vide infra). Notably, the
similar textural properties of CU@GNPs and Cu@f-GNPs indicate
that the observed catalytic differences cannot be attributed to
surface area alone but are likely associated with the variable
coordination of the metal sites in the samples.

X-ray powder diffraction (XRD) analysis was performed to
assess phase purity, crystallinity, and composition of the
materials. Figure S2 in the Supporting Information shows the
diffractograms obtained for the pristine GNPs, f-GNPs,
Cu@GNPs, and Cu@f-GNPs. The peak observed at around 26°
corresponds to (002) planes of the graphite carbon support.
The relative peak intensities remain unchanged after functional-
ization with TEPAP, and no new peaks appear. Similarly, no
changes are observed following the copper decoration step,
which suggests that the copper is highly dispersed on the
support.

To evaluate the oxidation state and valence of the elements
composing the catalysts, X-ray photoelectron spectroscopy
(XPS) was performed on the copper-containing samples. Fig-
ure 2 includes the C1s, N 1s, and Cu 2p profiles of Cu@f-GNPs.
In particular, the C1s spectrum (Figure 2b) shown two
components at 284.3+0.1 eV and 285.240.1 eV, which are
identified with the sp? and sp* components of C atoms.*®
Similarly, the deconvoluted N 1s spectrum of Cu@f-GNPs (Fig-
ure 2¢) features a peak (399.0 eV) assigned to Cu—N species.
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By analyzing only the photoemission peaks, the Cu2p XPS
spectrum (Figure 2d) shows the characteristic peak of Cu" 2p;,,
(932.8 €V) in Cu@f-GNPs, probing the strong chelation of Cu
with surrounding N atoms in the TEPAP ligand.“” A shoulder at
931.0 eV is also visible in the line shape, compatible with the
partial presence of Cu'#" X-ray absorption near edge spectro-
scopy (XANES) (Figure 2e) confirmed these results and showed
the presence of Cu" in the material, as seen from the adsorption
edge of our catalyst similar to that of Cu" phthalocyanine.
Moreover, the similarity in the XANES profiles between the Cu"
phthalocyanine and the Cu@f-GNPs (as shown in Figure 2e),
along with the large difference to the XANES spectra of
reference Cu oxides and metals (as depicted in Figure S3 in the
Supporting Information), indicates a local coordination environ-
ment where Cu is chelated to N atoms. To furtherly prove the
isolated nature of the Cu catalytic sites, the analysis of the
extended X-ray absorption fine structure spectra was performed
(Table S2, Supporting Information), showing the absence of
Cu—Cu pairs scattering contribution; moreover, the metal atom
results to be surrounded by four low-valent neighboring atoms,
consistently with XPS and XANES data, at an average distance
of 1.9 A. For comparative purposes, the Cu 2p XPS analysis was
also performed on the Cu@GNPs sample (Figure S4, Supporting
Information), detecting oxidic Cu" sites centered at 933.4 eV.
Density Functional Theory (DFT) was applied to obtain better
insights into the structure. The organic linker has, in fact, four
terminal nitrogen atoms, each of which can be saturated by a
hydrogen atom or have a formal negative charge. Therefore,
the ligand can adopt different oxidation states depending on
the number of hydrogen atoms bonding to the N-species. This
affects the strength of the interaction between the Cu atom
and the ligand ring. The structures of the four catalysts are
shown in Figure S5. Indeed, all DFT calculations are performed
by imposing a net charge of the system equal to zero, and the
electron density is self-consistently optimized. The formal
oxidation state of the ligand ranges from 0 to —IV, resulting in a
formal oxidation state of Cu ranging from 0 to +1IV.

The presence of isolated copper sites was finally visualized
via microscopy. Aberration-corrected high-resolution scanning
transmission electron microscopy (HRSTEM) combined with
energy dispersive X-ray (EDX) analysis of the catalytic materials
showed the absence of copper-based nanoparticles in Cu@f-
GNPs (Figure 2f, left). In addition, the EDX N and Cu elemental
maps together with high-angle annular dark-field (HAADF)
STEM image (Figure 2f, center and right) corroborated the
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homogeneous distribution of both the polyaminic ligand and
metal phase throughout the carbonaceous support. Finally, the
high magnification of EDX map of Cu overlaid obtained from
the HAADF-HRSTEM image of the Cu@f-GNPs catalyst with
different layer thickness acquired with 0.8 A aberration cor-
rected electron probe (Figure 2g) shows the isolated metals,
marked by the distant red dots, on the carbon carrier. The half
wide of the Cu signal (at the distant red dots) is about 6 A
which suggests the presence of the single Cu atoms assuming
delocalization of the EDX signal, and possible atom mobility
during acquisition.

Catalytic investigations and molecular understanding. The
heterogeneous Cu@f-GNPs catalyst was applied in the Ullman-
type C—O coupling reaction between phenol and bromoben-
zene (Table 2). In a first trial, the optimization of the reaction
was performed through studying the impact of: (i) the reaction
solvent; (ii) the type of base; (iii) the amount of catalyst, on the
conversion and selectivity of the opted reaction, and HPLC
analysis was used to quantify such metrics. For the solvent
screening, we decided to test two high-boiling solvent, namely
DMF and DMSO, because literature data suggested that high
temperatures were necessary to activate any Cu-based
catalyst When DMSO was employed as the reaction solvent,
the diphenyl ether product was not observed (Entry 1). Instead,
using DMF, a minimal product formation was detected (the rate
of product formation was 17 mmol,,qmolg, " h™") likely because
of the increase of solvent polarity with respect to DMSO
(Entry 2). The effect of the base was then investigated,
demonstrating that weaker bases, ie, K,CO; (Entry3) and
Cs,CO; (Entry 4), were more effective for the reaction (rates of
201 and 155 mmol,,gmole, 'h™', respectively). On the other
hand, stronger bases like NaOH (Entry 5) led to a less efficient
product formation (60 mmol,,mole,'h™"), due to the
enhancement of competitive side-reactions. Finally, by screen-
ing the amount of catalyst employed in the reaction, we

showed that a higher amount of Cu (Entries 6 and 7) dropped
the reaction rate, due to an enhanced substrate conversion but
lower selectivity for the biphenyl ether.

A number of control experiments were also conducted. The
first of such highlighted the importance of copper for the
Ullmann coupling reaction, since no product was observed
using TEPAP-functionalized GNPs without Cu (Entry 8). A second
investigation regarding the role of the TEPAP linker was also
carried out. In this case, the catalyst bearing Cu sites deposited
on ‘bare’ GNPs (ie, without the polyamine linker) was
employed for the reaction (Entry 9). Data obtained from this
experiment showed that the latter catalyst provided a good
substrate conversion (81%) but a lower selectivity for the
desired biphenyl ether (21 %), leading to a reaction rate of only
20 mmol,,qmol¢, 'h".

To gain a better understanding of the effect of temperature
on the rate of biphenyl ether production, the catalytic reaction
was studied at various temperatures, ranging from 90 to 150°C
(Figure 3a). From this investigation, it was evident that higher
values of temperature were required in order to activate the
catalyst and drive the reaction towards biphenyl ether
formation. In particular, a maximum reaction rate of
201 mmol,,qmole,'h™" was obtained at 150°C. To elucidate
the stability of the heterogeneous catalytic system at this
temperature, a kinetic profile of the coupling reaction was also
carried out. The outcome of this study, which is summarized in
Figure 3b, depicts the increasing product formation during the
24 h reaction period, reaching a maximum of 0.12 mmol of
biphenyl ether by the end of the process. We also carried out
post-catalysis characterization of the material following the 24-
hour experiment depicted in Figure 3b. Primarily, XRD analysis
(Figure S6) revealed the absence of reflections at high 26 values
corresponding to metallic copper. Additionally, XPS was
employed to investigate whether the reaction conditions had
an impact on the catalyst's structure. After the coupling

Table 2. Optimization study for the Ullmann coupling reaction.

Cu@f-GNPs

OH  Br base (2 equiv) o}
+
©/ \© T, solvent ©/ \©
(1.5 equiv) 24 h
Entry Catalyst Catalyst mass T(°Q) Base Solvent Rate”
(mmol,og molg, "' h™")

1 Cu@f-GNPs 8 mg 120 K,CO; DMSO 0
2 Cu@f-GNPs 8 mg 120 K,CO, DMF 17
3 Cu@f-GNPs 8 mg 150 K,CO, DMF 201
4 Cu@f-GNPs 8 mg 150 Cs,CO, DMF 155
5 Cu@f-GNPs 8 mg 150 NaOH DMF 60
6 Cu@f-GNPs 24 mg 150 K,CO4 DMF 104
7 Cu@f-GNPs 40 mg 150 K,CO4 DMF 37
8 f-GNPs 8 mg 150 K,CO; DMF 0
9 Cu@GNPs 8 mg 150 K,CO, DMF 20
“Product mmol calculated from HPLC data, using a calibration curve of the diphenyl ether.
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Figure 3. Influence of temperature (a) and reaction time (b) for the heterogeneous Ullmann coupling reaction over Cu@f-GNPs. Reaction conditions: phenol
(0.5 mmol, 0.25 mM), bromobenzene (0.75 mmol), catalyst (8 mg), K,CO; (1 mmol), DMF (2 mL). The mass of product is obtained based on HPLC analysis, using
a calibration curve of the diphenyl ether. (c) Recycling test for Cu@f-GNPs catalyst at 150 °C for 24 h. (d) Substrate scope for the Ullmann-type C—O coupling
reaction. The yields reported are obtained via NMR using dibromomethane as internal standard.

reaction, the prominent peak at 932.8 eV, attributed to N-  philic partner, affording the biarylether product 1. From these
coordinated Cu" species,* remained evident (Figure S6). To  tests, the improved reactivity of iodobenzene with respect of
furtherly prove the stability, and elucidate the reusability of our ~ brominated congener has been elucidated (36 and 24 % yield,
catalyst, a recyclability test composed of 3 consecutive reactions  respectively), while fluoro- and chlorobenzene resulted to be
was performed (Figure 3c). The outcome of this study demon- inactive towards the C—O coupling, due to the two halides
strated the optimal reusage of our catalyst, supported by  worst nature as leaving group. Regarding the aryl bromide
negligible leaching of Cu in the reaction solution evidenced by  scope, both electron withdrawing and electron donating groups
ICP-OES analysis. were well supported, as demonstrated by the trifluoromethyl

Finally, to evaluate the flexibility of our protocol towards  substituent in compound 1a (50% yield), and the aromatic
different functional groups, and further explore the reactivity of ~ condensed core of 1-Br-naphtalene 1c (63 % yield), respectively,
the novel catalytic system, differently decorated phenols and  with a major preference for electron-donating substituents.
aryl bromides were tested. At first, we evaluated the reactivity  Indeed, alkylic substituents present in compound 1b, 1d, and
of different aryl halides, testing in the model reaction 1g resulted in diminished yields, due to the minor electronic
chlorobenzene, iodobenzene, and fluorobenzene as electro-  effects (20%, 19%, and 22% yield, respectively). The trend is

ChemSusChem 2024, 17, €202301529 (6 of 11) © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

95U9017 SUOWILIOD SAIIES1D 3|ced!dde au) Ag peusanob ae spile YO ‘SN JO Sajni oy ArIq1T aUIIUO 8|1 UO (SUOTIPUOD-PUR-SLLBYL0D" A3 1w ARe1q)1pU1|UO//:SANY) SUONIPUOD PUe SWid L a1 885 *[202/¥0/ST] U A%iq1auliuo A1 ‘ONYTIA 1A ODINDILITOd Aq 625TOEZ02 95S9/200T OT/I0P/W0d" A3 1M Aleug1jpuljuo'adone-As Iey;/:sdny woly papeojumod ‘G ‘Y40z ‘Xr9sr98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202301529

confirmed by the test of other electron-deficient aryl bromides
Te (30% yield) and 1f (42% vyield), decorated with strong
electron-withdrawing substituent. Stronger electron donating
groups on the phenol moiety, in both the ortho and para
positions, e.g., condensed system of 2-naphtol 1h (64 % yield),
the methoxy moiety in guaiacol 1i (31% yield), and the double
methoxy substituent in compound 1j (25% yield), lead to
enhanced product formation, with the latter presenting a
decreased reaction performance due to the possible steric
hindrance of the two oxygenated groups. Thus, this difference
appears to be related not only to the intensified electron
density on the oxygen atom of phenol, stemming from stronger
electron donating groups, but also to the bulkiness of the
compound(s). This in-turn affects the nucleophilic attack of the
phenols on the Cu center, and ultimately the rate of the
reaction. The combined interplay of the electronic and geo-
metric effects of the compounds on the catalytic efficiency are

well displayed in Figure 3¢, where a quasi-linear correlation
between the electron density normalized by the molecular
diameter, and the product yield is observed. We finally
compared the reactivity of our system with other catalysts
(Table S3, Supporting Information). The excellent performance
of Cu@f-GNPs compared to state-of-the-art materials highlights
the significance of including ligands in Ullmann C-O type
catalytic protocols and paves the way for further catalyst design
optimization by combining metal and ligand catalysis in a
single, heterogeneous material.

Theoretical calculations were employed at this step to
rationalize the catalytic cycle (Figure 4a). The first step of the
Ulmann coupling is the interaction between phenol and copper,
forming a cuprate-like compound. Figure 4b shows the opti-
mized structures and the calculated energies. We can observe
that there is a clear trend between the free formation energy of
the adduct and the nature of the catalyst. Indeed, as the metal

(a)
* + PhOH + PhX

PhOCu + PhX + H* + e

PhOCuPh + X+ H* *+ ROR + 1/2H, + 1/2Br,

1.47
117
> 0.79
()]
(O]
<
-0.21 -0.16
—-1.10
-1.77
Reaction coordinate / a.u.

(b) PhOCu + PhX + H* + e

PhOCuPh + X- + H*

%f

V.

A3

l 0,000
-6,250

= -12,50

1,5 ‘EU“)

1,0 -gu(o)

0,5 1

gull

~-18,75

0,0 4 (- -25,00

AG,/ eV
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Figure 4. Gibbs free energy profiles of different active surfaces, with isolated metals having Cu® (blue), Cu' (light blue), and Cu" (black) valence state (a).
Optimized structures of possible PhOCu and PhOCuPh intermediates (b). Predicted reaction rates based on a kinetic model, for three different copper valence
states (c). Light blue: Cu; blue: N; red: O; black: C; white: H. The entropic and zero-point energy contributions of reactants and products in standard condition

are reported in Table S4.
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binds a negatively charged matrix, it is less prone to accept
further electronic density from PhOX to form PhOCu. The next
step of the reaction is the coupling with PhBr, forming a
cuprate while binding PhO™ and Ph™ units simultaneously.
Figure 4b shows the optimized structures and Gibbs formation
free energies. We first observe that when Cu is embedded in a
strongly negatively charged cavity, not only is it not prone to
form PhOCu, but it is also unable to bind both PhO™ and Ph~
moieties at the same time. This result is not surprising since it
corresponds to an unrealistic picture. On the contrary, a Cu
atom that is formally neutral is again too reactive, forming very
stable adducts. Based on the calculated Gibbs formation free
energies, we constructed reaction profiles reported in Figure 4a.
Figure 4c allows us to appreciate the different behavior of Cu®
compared to Cu' or CU". In the first case, the catalyst is very
reactive and strongly binds the PhO™~. The next reaction steps
need to climb a very large overall reaction barrier of 1.77 eV. In
the presence of Cu!, the formation of the cuprate is exergonic
(AG=-0.21 eV), and the coupling with PhX needs to overcome
a large barrier of 1.38 eV, as the formation free energy of
PhOCuPh is 1.17 eV. Cu" is less reactive, and the formation of
the cuprate is endergonic by 0.79 eV. The coupling with PhX is
still endergonic with a further barrier of 0.68 eV. In summary,
the reactivity of Cu°® is very different from that of Cu' and Cu".
The latter two are characterized by a similar behavior, with the
Cu" requiring overcoming two barriers that are lower than that
needed for Cu'.

To gain a more quantitative estimate of the catalytic activity
of the different SACs layers, we constructed a simple kinetic
model based on reaction profiles and calculated reaction
energies. The reaction was modeled according to the following
steps (1-3):

PhOH + Cu — PhOCu + 1/2H, )
PhOCu + PhBr — PhOCuPh + 1/2Br, )
PhOCuPh — PhOPh + Cu 3)

Assuming we work under standard conditions and apply
the steady-state approximation for the PhOCu and PhOCuPh
intermediates,*** we can write the rates as follows (4-5):

_pac, (-p)s,
Venocu = 0 = K10c,€ %7 + K, 0ppocupn€ *7 =

_(-pae,

k_10pocu€™ * + kyOpnocu€”

4

BAG,
Kol

_p4aG,
kT —

Venocurh = 0 = KyO0pnocu€
(1-p)4G, (1-B)(4G, +46G,) (5)
k_50pnocupn€ *7 + K3Opnoc,€ T

where 0c,, Oppocupns aNd  Oppocupn  represent the fraction of
catalytic sites occupied by the free catalyst, PhOCu, and
PhOCuPh, respectively. On the other hand, § is the symmetry
factor of the reaction barriers, and a typical value of it adopted
in other studies is 05. If we consider that
1= 0c, + Opnocurn + Opnocuprn, @and that the reaction rate can be
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(1-$)(46, +4G, —0.16eV)

written as: v = k30p,0cumn€ RoT , we can find an approx-
imate expression of the reaction rate as a function of AG,; and
AG,. For simplicity, we approximate all pre-exponential terms as
equal to 1. This leads to the following expression of the reaction
rates (6):

(1-B)(4G, +4G, ~0.16eV)

e RoT
V= 46, +BAG, 46, 4G, +46, 46,+4G, (14646, +4G, (6)
14+e w +ek +e kl  +e ke ki

Based on this analysis, Figure 4c shows the behavior of the
calculated reaction rate as a function of AG, and AG,. We
observe that both oxidized Cu single atoms are predicted to be
more active than Cu’, and Cu' offers better performance than
cu".

Conclusions

In conclusion, we have developed a novel single-atom catalyst
that is well tailored for catalyzing the Ullmann C—O coupling
reaction. The material was prepared using a mild, multistep
reaction protocol, and was characterized using several techni-
ques. The battery of methods applied allowed us to elucidate
the structure and properties of the Cu-based carbonaceous
materials, featuring isolated Cu atoms chelated on the adsorbed
pyrrole ligand. The application of the heterogeneous catalyst
for the Ullmann coupling reaction was successful, demonstrat-
ing the high performance of the devised system (evidenced by
the kinetic test conducted at 150°C for 24 h) and the substrate
versatility (evidenced by the aryl bromide and phenol scopes).
The polyamine linker was identified as a crucial component for
immobilization of the isolated metal atoms. Moreover, the
experimental evidence highlighted that the polyamine moiety
stabilizes reaction intermediates, thereby lowering the ener-
getics of, and facilitating, the coupling reaction. Overall, the
study allowed us to explore the potential of a novel family of
Cu-based single-atom catalysts for a highly relevant reaction
protocol, offering a greener and more sustainable outlook for
this class of synthetic transformations.

Materials and methods

Catalyst preparation. The tetraethylenepentamine-pyrrole (TE-
PAP) linker was first synthesized through a Paal-Knorr reaction,
in which a diketone was reacted with a primary amine to form a
mono N-substituted pyrrole. Tetraethylenepentamine (Sigma
Aldrich, >95% purity, 3.7 g, 20 mmol) and 2,5-hexanedione
(Sigma-Aldrich, >99% purity, 2.3 g, 20 mmol) were mixed in
bulk conditions in a flask and heated under vigorous stirring at
150°C for 2 h. To prepare TEPAP-functionalized graphite nano-
platelets (f-GNPs), graphite nanoplatelets (10 g) were poured in
a flask along with TEPAP (1.5 g, 13 wt%) and acetone (100 mL).
After sonicating the dispersion for 20 min, the solvent was
evaporated, and the dried powder was then heated at 180°C
for 2 h. Extraction with acetone was performed overnight to
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remove unreacted pyrrole compounds. Cu grafting on f-GNPs
was performed by mixing f-GNPs (1.0 g) with copper(ll) acetate
(Sigma Aldrich, 99% purity, 1 mmol, 0.2 g), in 40 mL of water.
After 45 min of continuous stirring, an aqueous solution of
ascorbic acid (Sigma Aldrich, 99% purity, 34 mmol, 6g,
dissolved in 80 mL of water), was added. After this addition, the
mixture was kept under stirring for 1 h. The resulting mixture
was filtered, yielding a black powder that was washed with
both water and methanol. The product was then dried in an
oven at 80°C for 1 h. Cu@GNPs were prepared with the same
approach by following the same procedure, wherein a similar
quantity of pristine GNPs (1.0 g) was used in place of f-GNPs.
Catalyst characterization. Elemental analysis was performed
using a Costech ECS4010 elemental analyser which allows the
simultaneous quantification of C, H, N, and S. Results are the
average of 4 tests performed on the same sample. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) analy-
sis was performed using a Horiba Ultra 2 instrument equipped
with photomultiplier tube detection. X-ray photoelectron spec-
troscopy (XPS) was performed in an ultra-high vacuum chamber
with the base pressure of 2x107'° Torr, and a non-chromatized
Mg Ko source (photon energy=1253.6 eV) at normal emission
and room temperature.”® Photoelectrons were collected by a
150 mm hemispherical analyzer (SPECS GmbH) with a pass
energy of 20 eV for high-resolution spectra and 40 eV for wide
spectra. Because this apparatus does not consent to analyze
samples in powder form, pellets were made using a manual
hydraulic press. Wide-angle X-ray powder diffraction (XRD) was
performed on an automatic Bruker D8 Advance Diffractometer
with a nickel-filtered Cu Ko radiation (1.5406 A wavelength).
The doubled glancing angle (26) was set from 5° to 80°. For
microscopy analysis, the materials were dispersed on TEM grids
and analysed in a ThermoFisher Spectra300 (S)TEM microscope
operated at 60 kV. The EDX signal was acquired on a dual-X
detector with a total collection solid angle of 1.76 sr. Data were
processed using Velox. X-ray absorption spectroscopy (XAS)
experiments were conducted at the SuperXAS beamline of the
Swiss Light Source at the Paul Scherrer Institute in Villigen,
Switzerland. The radiation emitted by 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 through a
channel-cut monochromator. The spot size of 1.0 mmx0.2 mm
on the sample was achieved using a Rh-coated toroidal mirror.
The beamline offers an X-ray flux of 6x10'"" photons s™' and an
energy bandwidth of 1eV at the Cu K-edge. XAS spectra of
samples pressed into pellets were collected in transmission
mode using a 20 cm long ionization chamber filled with 1 bar
of nitrogen. Spectra were collected with a scanning speed of
1 Hz (quick-scanning mode), and 300 spectra were averaged
per sample. The Fourier transform (FT) of the k3-weighted
EXAFS oscillations and k3yx(k) from k-space to r-space was
conducted in the range of 3-13 A~" for curve fitting analysis.
Catalytic tests. The phenol (1 equiv, 0.5 mmol, 0.25 mM),
aryl bromide (1.5 equiv, 0.75 mmol), and base (2 equiv, T mmol)
were dissolved in a glass tube in 2mL of solvent, and the
catalyst (8 mg) was added. The tube was sealed and heated in
an oil bath at the desired temperature, from 90 to 150°C, for
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24 h. For analysis, an aliquot (50 pL) of the reaction mixture was
diluted in acetonitrile (MeCN, 3 mL) and analyzed via high-
performance liquid chromatography (HPLC), using an Agilent
1200 instrument, equipped with an ultraviolet-visible detector
(G1315D) set at 210 nm. Samples (10 pL) were injected directly
onto a 250 mmx4.6 mm HypersilGOLD™ 5 umx175 A column
purchased from Thermo-Fisher. The mobile phase was com-
prised of a 60:40 MeCN:H,0 mixture with a total flow rate of
0.7 mLmin~' at 40°C. When conducting either analysis, 45 min
of equilibration was required before the first sample injection.
Initially, starting materials were analyzed separately to identify
their retention times on the chromatogram; limiting reagent
and product calibration curves were carried out, to calculate
conversion and yields; selectivity is calculated by the peak area
method. For the substrate scope, the reaction mixture is filtered
to separate the catalyst, diluted in icy water (5mL) and
extracted with diethyl ether (5 mL); the organic phase is
evaporated, re-dissolved in CDCl; and analyzed by means of
NMR spectroscopy. NMR spectra both 'H and *C were collected
on a Bruker 400 MHz (100 MHz) spectrometer.

DFT calculations. Theoretical calculations were performed
using the Density Functional Theory (DFT) implemented in the
Vienna ab initio Simulation Package (VASP) code”’ The
Perdew-Burke-Ernzerhof parametrization of the exchange and
correlation functional was adopted.*® The valence electrons
were expanded using a set of plane waves by adopting a kinetic
cutoff of 400 eV, whereas core electrons were treated with
pseudopotentials using the Projector ~ Augmented
Approach.”**% Dispersion forces were accounted for by employ-
ing Grimme’s D3 scheme.""*? Electronic self-consistent calcu-
lations were considered converged by setting a threshold of
107° eV, while geometry optimization was performed within the
Conjugate Gradient algorithm, and a force threshold of
1072 eVA~" was applied.

We performed PBEO single-point calculations on top of PBE-
optimized structures. This allows for the improvement of the
description of the electronic structure of the systems with an
acceptable computational effort. We approximated the catalyst
by considering the active phase, i.e., taking the metal atom
embedded in the carbon ring with four nitrogen coordinating
atoms. The presence of the graphene support was neglected.
This assumption can be considered acceptable, assuming that
only Cu atoms are active for the Ulmann coupling. Gibbs free
energy profiles were calculated within the Nerskov thermo-
chemistry approach, assuming standard conditions,*® and
Gibbs free energies were obtained by adding the entropic
contribution to the calculated DFT energies.®**® The entropy of
solid-state species was neglected, and that of reactants and
products was taken from International Tables.”” The zero-point
energy correction was always considered, working in a harmon-
ic fashion. Table S4 in the Supporting Information reports the
working entropic and zero-point contributions for the different
structural coordination of Cu single atoms. As an energy
reference, we used '/, H, and '/, Br, rather than H* and Br~
according to the Computational Hydrogen Electrode (CHE)
approach,”® which does not alter the shape of the reaction
profile.
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