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ABSTRACT: Cross-coupling reaction via the dehydrogenative route over heterogeneous solid atomic catalysts offers practical
solutions toward economical and sustainable elaboration of simple organic substrates. Current utilization of this technology is,
however, hampered by limited molecular definition of many solid catalysts. Here, we report the development of Cu-M dual-atom
catalysts (where M = Co, Ni, Cu, and Zn) supported on hierarchical USY zeolite to mediate the efficient dehydrogenative cross-
coupling of unprotected phenols with amine partners. Over 80% isolated yields have been attained over Cu-Co-USY, which
shows much superior reactivity when compared with our Cu, and other Cu-M analogs. This amination reaction has hence
involved simple and non-forceful reaction condition requirements. The superior reactivity can be attributed to (1) the specifically
designed bimetallic Cu-Co active sites within the micropore for ‘co-adsorption-co-activation’ of the reaction substrates, and (2)
the facile intracrystalline (meso/micropore) diffusion of the heterocyclic organic substrates. This study offers critical insights
into the engineering of next-generation solid atomic catalysts where complex reaction steps.

INTRODUCTION catalysts — with well-defined active site architecture — have

With the global economic boom and population growth attracted immense attention in recent years for sustainable
)

sustainable provision of fine, optoelectronics, and organic transformations. The versatility of solid atomic

pharmaceutical chemicals has become one of the most catalysts has driven a wide range of applications in organic

important issues in modern society, which often involves transformation  processes, such as direct arylations,

the use of catalytic processes. Heterogeneous solid atomic hydrosilylation,’ hydroboration,” and C-C/C-X cross-
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coupling reactions.*® Particularly, a series of single-atom
catalysts (a sub-class of solid atomic catalysts) have been

reported over various support materials, including zeolites,”

metal-organic frameworks,*"'
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graphitic carbon nitride,”
metal oxides,"® efc for cross-coupling reactions.
Seminal work by de Vos et al. reported the development of
molecular Pd within zeolites to achieve high selectivity
toward para-biaryl compounds by C(sp*)-H activation via
zeolitic steric confinement.” In essence, solid atomic
catalysts can bring heterogeneous catalysts toward the
molecular frontier, as they can not only render high
potential in matching the performance of the state-of-the-art
homogeneous organometallic catalysts but also allow facile
separation of catalysts from the reaction mixture for

process intensification.'?*'

However, the catalytic
capability of most solid atomic catalysts for reactions that
involve multiple reaction steps is still not yet satisfactory
and broader applications remain generally unexplored. It
has been attributed to the generally lower molecular
definition of the active site architecture and the less mature
tunability in steric and electronic properties to achieve

further complex functional derivatization.””

For cross-coupling reactions where multiple complex
steps are involved, neighboring metal sites (e.g, in dual-
atom catalysts) are shown to be effective in promoting
catalytic efficacy through optimizing the synergy by co-
adsorption and subsequent co-activation of different
reaction substrates by separate metal sites, which could
further influence the adsorption structures to break the
scaling relationship limits.*> Pairing of metals could
further alter the electronic states, and break the limitations
of symmetric charge distribution by polarization, which
would influence the catalytic characteristics in a manner
that is impossible with most analogous single-atom
catalysts. Porous materials like zeolites, metal- and
covalent-organic frameworks, and polyoxometalates can be
utilized as ideal domains for the engineering of precise dual-
atomic, or even multi-atomic catalytic species.’® By
enabling the exploitation of confinement-controlled
chemistry within the quasi-isolated pores of molecular
dimension, simultaneous activation of coupling partners
and stabilization of the reactive intermediates can be
favored.””*

Here, we demonstrate that Cu-Co dual-atom active sites
supported on hierarchical USY zeolites can allow the
efficient cross-dehydrogenative coupling (CDC) of
unprotected phenols with phenothiazines to form
aminated phenols. By fine-tuning the constituent
components of Cu: M (among M = Co, Ni, Cu, and Zn),
the optimal reactivity of the catalysts has been achieved at
Cu-Co supported on USY zeolite. Notably, its conversion
is nearly two-fold magnitude greater than the single-atom
Cu: counterpart, showing exceptional reactivity with
simple and non-forceful reaction condition requirements,
namely, room temperature, air (or O,), methanol as
solvent, and additive-free. The catalysts also show high
catalytic stability from our recycling experiment with no

observed metal leaching. A high synthetic application can
be seen from the gram-scale synthesis experiment. The
underlying catalytic mechanism involving ‘co-adsorption-
co-activation’ of the coupling partners to form radical
species was discerned by combined  catalytic
measurements, synchrotron X-ray powder diffraction
(SXRD)-Rietveld refinement, probe-assisted electron
paramagnetic resonance (EPR) spectroscopy, and density
functional theory (DFT) calculations.

RESULTS AND DISCUSSION
SYNTHESIS AND CHARACTERISATION

The dual-atom catalysts were synthesized over a
specifically chosen hierarchical USY zeolite (Si0,:AL,Os =
12) by a modular assembly approach by utilizing the
underlying principles of coordination (via formation of
acid-base adducts) chemistry and solid-state (via steric
confinement) chemistry, as illustrated in the supporting
information (see Figure S1 in the Supporting Information
(SI)). The hierarchical property was studied by N
adsorption-desorption isotherm, as is presented in Figure
$2 and Table S1. A hysteresis loop at the relative pressures
P/Py of 0.4-1.0 was observed, which is characteristic of a
type IV isotherm.”” This thus indicates a bimodal micro-
and mesoporous distribution, with an average diameter of
ca. 0.72 nm and 15.8 nm, respectively. In a molecular
manner, di-basic 2-methylimidazolate (‘meIm’) was used
as a linker to connect multiple cationic metal M** (M = Co,
Ni, Cu, and Zn) nuclei in the micropore of USY. The
samples are denoted as Cu.-Y (where x = 1, 2, and 3), and
Cu-M-Y for simplicity. The elemental analysis based on X-
ray fluorescence (XRF) spectroscopy shows an increasing
trend in the corresponding metal contents upon the
application of melm (Figure la and Table S2). For
instance, the Cu:Zn molar ratio is 0.87:1 in Cu-Zn-Y, and
the Cu content in Cui-Y and Cu»-Y increases from 2.92
wt% to 5.27 wt% (nearly doubled). In contrast, no change
in the metal content was noted without applying 2-melm
from our control experiments, which signifies the
successful modular addition of metals within the zeolites.
Related Zn-based dual-atoms over a series of ZSM-$S

zeolites have been also prepared successfully.**3!

‘Solid-state’ mass spectrometry by matrix-assisted laser
desorption/ionization time-of-flight/time-of-flight mass
spectrometry (MALDI-TOF/TOF-MS) can be used to
probe the metal constituents of the dual-atoms, as the
isotope distribution based on natural abundance can reflect
the metal nuclearity and elemental composition.>** By
carefully tuning the laser power, related bi- and trinuclear
extra-framework metal clusters supported on zeolites can
be detected, as shown in our recent studies.***' Figure 1c
shows the mass spectra of Cuz-Y and Cu-Co-Y (which are
the more representative samples as later discussed).
Predominant features with the mass intensity ratio of
M:M+2:M+4 ~ 100:90:20 (e.g,, at m/z of 252:254:256)
and M:M+2 ~ 100:50 (e.g., atm/z of 319:321) and in Cus-
Y and Cu-Co-Y, which suggests the notable presence of



dual-atom ‘Cu-Co’ and ‘Cu.), respectively. These ratios
match with the theoretical mass intensity of dimeric Cu,
and Cu-Co species based on isotope extrapolation
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Figure 1. Elemental and morphological characterizations. (a) Elemental analysis of Cu1-Y, Cus-Y, Cu-Co-Y, Cu-Ni-Y and Cu-Co-Y,
(b) Cu 2p XPS spectra of Cui-Y, Cuz-Y, and Cu-Co-Y, (¢) MALDI-TOF/TOF mass spectra of Cux-Y and Cu-Co-Y, and TEM-EDX

mapping analysis of (d-i) Cuz-Y and (j-0) Cu-Co-Y.

(Scheme S1). At the lower mass range, the occurrence of
‘single-atom’ Cu has also been noted, due to potential
fragmentation and experimental residual of Cu,.

Figure S3 shows the SXRD patterns of the metal-
modified samples. The space group remains unchanged at
Fm-3m with only marginal shifts of the Bragg peaks,
suggesting that the metalation process does not affect the
crystalline framework of the host hierarchical USY. No
major structural change or metal/metal oxide aggregation
has been observed. Highly symmetric Bragg peaks signify
the uniform dispersion of the extra-framework species
(Table $3). As shown in the morphology and transmission
electron microscopy energy dispersive X-ray (TEM-EDX)
mapping analysis (Figures 1d-10, and $4), homogeneous

metal distribution and an absence of metal/metal oxides
aggregation on the crystal surface were noted.

The electronic properties were probed by combined
ultraviolet-visible ~ (UV-vis)
photoelectron spectroscopy (XPS), and X-ray absorption
near-edge spectroscopy (XANES). Figure SS shows the

spectroscopy,  X-ray

UV-vis spectra of the samples of each assembly step. A
hypsochromic-bathochromic shift pattern (between 590
and 750 nm) in the d-d transition peak of Cu®* species is
observed. This can be attributed to the electronic
perturbation of Cu’ species upon the application of
melm.***! The XPS and XANES results (Figures 1b, S6-
$7 and Tables $4-S§) show the binding energies of the
metal species, which reveal their oxidation state of +2 in all
the samples (Cu**-melm-M?* dual-atom sites).



CATALYTIC PERFORMANCE EVALUATION

The catalytic formation of C-N bonds via the CDC
mechanism, using a benchmark reaction between 4-
methoxyphenol (la) with phenothiazine (2a), was
performed in a batch reactor with the USY-based catalysts
(Table 1). The effect of the nuclearity of metal sites was
first evaluated (entries 1-4); only a single product (3a),
from the CDC reaction was detected as confirmed by
nuclear magnetic resonance spectroscopy and high-
resolution mass spectroscopy. The catalytic reactivity
increases over Cux-Y catalyst, from nil reactivity over H-
USY, to extremely low reactivity over Cu,-Y, to a turnover
frequency (TOF) of 0.251 site' h' over Cu-Y. The
marginal difference in the isolated yields over Cus-Y and
Cus-Y implies that the third metal site does not actively
contribute to the reaction process. By varying the elemental
composition (entries 3, 5-7), the reactivities over Cu-Co-
Y (TOF = 0.322 site'h') are much higher than those over
analogous Cua-Y (0.251 site” h'), Cu-Ni-Y (0.086 site’ b
1), and Cu-Zn-Y (0.097 site*h*). The absence of Cu cannot
catalyze the amination reaction, as seen in our control
experiments (entries 1, 8-9). This high yield from CDC
reaction between unprotected phenols and phenothiazines
over a heterogeneous catalytic system is remarkable,
particularly with an extremely simple and environmentally
friendly reaction condition requirement, ie, room
temperature, methanol as solvent, additive-free, and O
(and air; entry 10). The reactivity was comparable with
various recent findings, such as using the electrocatalytic
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approach by the Lei group.

With  the addition of TEMPO (2,2,6,6-
tetramethylpiperidine 1-oxyl; radical trap; entry 11), only a
trace amount (<1%) of 3a product was formed, which
suggests the involvement of activated radical species
(supported by our electron paramagnetic resonance (EPR)
spectroscopy study which will be discussed later). This
supports previous findings over homogeneous catalysts,
where the cross-coupling reaction between la and 2a
involves the dual-radical mechanism (Scheme $2).3% 3
Under this mechanism, both coupling partners are oxidized
by the redox-active metal centers to form the
corresponding radical species via a single-electron transfer
(SET) mechanism. We have also considered the potential
impact of the residual zeolitic BASs (if present). In the
absence of BASs (entry 14, H* replaced with Na*), Cu-Co-
Y (Na*) delivers a marginally affected catalytic activity
where the isolated yield of 3a only dropped slightly from
83% to 73%. It is in stark contrast to various recent studies
where such poisoning of BASs has fully impeded the
catalytic reactivities.”” * It indicates the minor role of the
BASs (if present) in the CDC reaction.

Table 1. Screening of catalysts and conditions. Unless
otherwise specified, all reactions were performed with
1a (0.25 mmol), 2a (0.25 mmol), catalyst (100 mg),
CH;O0H (3.0 mL), and charged with an O, balloon at
room temperature for 20 h.

OH H

_O
J
H N Cat. OH
* T N
@[SD 0, balloon, rt., 20 h @E @

o CH,OH (3.0 mL) s
1a, 0.25 mmol 2a, 0.25 mmol 3a, isolated yield
Isolated Turnover
Entry Catalyst yield of 3a frequency
(%) (site* h)
1 H-USY n.d.
2 Cui-Y trace
3 Cuz-Y 83 0.251
4 Cuz-Y 76 0.136
S Cu-Co-Y 81 0.322
6 Cu-Ni-Y 23 0.086
7 Cu-Zn-Y 27 0.097
8 Coi-Y n.d.
9 CoxY n.d.
10 Cuz-Y with air 45 0.136
11 Cuz-Y with ¢
T,
TEMPO ace
Y 1
" Cuz (dou'b ed %0
catalyst loading)
13 Cuw-Y (hélved 4
catalyst loading)
-Co-Y Na*
g CuCo¥ (Na
poisoned)

As presented in Scheme S$3, we have also successfully
achieved a direct scale-up of the process, where more than
0.5 g of 3a product has been yielded with similar catalytic
efficiency over Cu-Co-Y. Excellent catalytic recyclability
has been achieved (Figure S8), with the catalytic reactivity
remaining over five cycles. The crystallinity of the samples
remained unaltered from our postmortem powder XRD
(Figure S9) and TEM-EDX mapping analyses (Figure
$10). Nil metal ion (< 0.3 ppm) was detected from hot
filtration experiments.

We subsequently evaluated the reaction kinetics of the
CDC reaction over the Cu-M-Y catalysts, with the kinetic
data presented in Figure S11. The reactions over Cu-Ni-Y,
Cu:-Y, and Cu-Zn-Y were determined as first-order
reactions, with the corresponding rate constant k of 0.18,
0.85, and 0.17 g cat' h”, respectively. In contrast, the
reaction over Cu-Co-Y was determined as a zeroth-order
reaction, at k= 0.10 mmol g cat* h™.

It is extremely interesting to note such a difference in the
TOF and reaction order over these related Cu-M-Y
catalysts. In particular, the zeroth-order reaction of Cu-Co-
Y suggests that the catalytic reaction is under a diffusion
control regime, which hints at a more favored activation of
the reaction substrates when compared to other Cu-M-Y
analogs. Further mechanistic discussion will be made in the
following sections.



To explore the universality of this catalytic scheme, the
reaction scope was further extended to structurally
different phenol (-H, -Me, ~-OMe, ~OPh, and ~-OBn) and

b ¢

Cu-Co-Y Cu

K-edge

phenothiazine (~CFs, —~Cl, and ~CN) functional groups. A
series of phenols 1 and phenothiazines 2 were examined. As
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Figure 2. Atomic and structural elucidation of the catalysts. Wavelet transforms for k* weighted Cu K-edge EXAFS signal of (a) Cu>-Y

and (b) Cu-Co-Y, wavelet transform for k* weighted Co K-edge EXAFS signal of (¢) Cu-Co-Y. The Rietveld refinement profiles of high-
resolution SXRD of (d) Cuz-Y and (e) Cu-Co-Y. (f) Pore size distribution profiles of Cu;-Y and Cu-Co-Y (from microporosity analysis),
(g-h) the corresponding Rietveld refined crystal structures. (i) Schematic illustration of Cu-Co dual-atoms supported on bi-modal
meso-micro hierarchical USY zeolite The ligation water molecules and the mirror symmetry of the extra-framework species are
disregarded for clarity. Atoms are represented in balls/sticks (dark red = copper, pink = cobalt, grey = carbon, light blue = nitrogen,

white = silicon, and red = oxygen).

shown in Scheme S4, most of the substrates 2a-2e, and
2g-2j underwent amination and delivered the desired
products 3a-3e, and 3g-3j at moderate to excellent yields.
We also noted tolerance in oxazine (3k). In addition, we
detected nil 3f product, which suggests the limitation of
large estrone molecule (2f) in assessing most of the active
sites located within the micropores statistically. On the
other hand, nil reactivity was noted using diphenylamine as
the coupling partner, which can be attributed to the
superior stabilization of the N-radical intermediates by
thiazine/oxazine.

ATOMIC STRUCTURE ELUCIDATION

The catalytic results revealed that the reactivity is highly
dependent on the metal nuclearity and constituent
composition. We willuse Cuz-Y and Cu-Co-Y for our major

illustration, which are the more representative samples. To
understand the structure-reactivity correlations, the
geometric and electronic structures of the catalytic sites
should be further elucidated. The geometry and
coordination environments of the metal species were first
revealed by EXAFS. Wavelet transformations (WT) were
employed (Figure 2a—c) to better correlate the k-space
(reciprocal) and R-space (real) information. The highest
intensity belongs to the lobe centered atk =4 A, R=1.5
A, which corresponds to the N or O atoms around the Cu
or Co center.

Note that metal-O and metal-N interactions are barely
distinguishable by typical non-resonant X-ray techniques
because of the proximity of their scattering factors. Long-
range Cu-Cu (or Co) scattering path is not observed at



higher radial distances (atk > 10 A", R > 1.5 A), indicating
the absence of metal aggregation. Quantitative profile
fitting analyses of the k-space and R-space were conducted
to study the scattering paths of Cu/Co-N/O in Cu,-Y and

Cu-Co-Y (see the detailed analyses in Figures S12-S15§
and Table $6). The Cu-N/O bond lengths were

a ™ . b «
5 12| CurY E s | cuY E
] AW A T 8 Y -
@ 10 \i‘ 2 ‘C\
L # 1B r
@ 4 @ & K2 W
8 o 3] 02
B2 O Si-3p 2
0 - 0
08 -6 -4-20 2 4 6 810 M08 6 420 2 4 6 8 10
Energy (eV) Energy (eV)
e & f
/\/\/L Co-3d 5
‘:u‘:- 2a-2p Sa
s LSO
2] =3
=] 2
a M\ Cu-3d 22
w
ALY, A :
4 6 4 -2 2 4 6 10

Energy (eV) 1a 2a

d-band center (eV) a
& [ 4 o

A

“0-8 6 4 -2 0 2 4 6 8 10

Cu,-Y CupY Cu-Co-Y Cu-Zn-Y

Energy (eV) 5
hs
—Cu,-Y —
- 4
Cuz¥ —2 5.19 eV
Cu-Co-Y| 5
0.98 eV JE T S S S
> 1a+2a 1a*+2a 1a*+2a*
El-Z
@ -6.72 eV
c -4
w ——Cu,-Y
-1.21 eV -6 CupY
= 8] ——cCu-Co-Y —
1a+2a 3a " -8.01 eV

Figure 3. DFT calculations on the adsorption and reaction energetics. The PDOS of (a) Cui-Y, (b) Cux-Y, and (c) Cu-Co-Y; the inset
shows the corresponding optimized structures. Atoms are represented in balls/sticks (purple = Cu, light blue = Co, yellow = Si, red =
O, blue = N, grey = C, and white = O). (d) Comparison of the d-band centers of Cui-Y, Cu»-Y, Cu-Co-Y and Cu-Zn-Y. (e) PDOS
comparison of 1a, 2a, and the metal sites. (f) The adsorption energy barrier of 1a and 2a, (g) the corresponding reaction energies in the
CDC reaction. (h) The energy costs for the co-adsorption of reactants in Cus-Y, Cuz-Y, and Cu-Co-Y.

determined as around 2.0 A with an average Cu-N/O
coordination number of about 4 in both samples, where the
Co-N/O bond distance was calculated as 2.10 A with an
average coordination number of 4.3.

The Rietveld refinement of SXRD data was then used to
discern the atomic parameters of the metal sites within the
micropores of USY. The intensities of the Bragg peaks were
significantly altered upon the incorporation of the metal
species. We have accordingly combined Rietveld
refinement of the SXRD and quantitative analysis of
EXAFS to elucidate the crystal structures (Figures 2d, 2e,
2g, 2h, and S16-S17, as done in related studies***?), with
the overall site occupancy factors of the metal sites
constrained based on our elemental analysis (Table S$2).
The crystallographic locations of the metal nuclei were first
identified by the charge-flipping algorithm. We have
subsequently employed a stepwise refinement for Cu.-Z
and Cu-M-Y, that is, following along Cu:-Y, Cu;-melm-Y,
and finally Cu-M-Y, to refine the corresponding
crystallographic metal locations. We noted that two
crystallographic metal sites are located around 5.8 A apart
in the micropores of Cus-Y and Cu-Co-Y. This atomic
separation suggests the presence of a bridging melm
between the two metal nuclei. Figure 2g-h displays their
optimized crystal structures. The Cua site is located close
to the zeolite framework near the sodalite cage, while
Cus/Cos is located on the opposite side of the supercage.
The interatomic angle of ZCua-meIm-Cus is determined as
around 145°, which matches the typical values of related
zeolitic imidazolate frameworks.” Similar atomic
structures of Cu-Ni-Y and Cu-Zn-Y have also been
observed (Figure S17). The corresponding atomic and
crystallographic parameters are summarized in Tables $7-

$16. Taking the unique structural property of the
hierarchical USY into account, these dual-atoms are
primarily located in the micropores of USY, but larger
dimension access is also given to reaction substrates at the
micro-mesopores junctions (as presented in the schematic
in Figure 2i). This can be verified by that nil product has
been collected from the coupling between la and large
estrone molecule (2f), but smaller substrates (2) were
converted effectively. It can be attributed to the active sites
being mainly located at the micropores, instead of the
mesopores, based on our porosity analysis (Table S1).
Hence, the Cu-M dual-atoms supported on this
hierarchical USY zeolite, with the dual-atoms
predominantly immobilized in the micropores, would not
only offer substrate activation within a reasonable
molecular separation but also provides a quasi-isolated
domain within the mesopore for effective coupling reaction
between the activated substrates to proceed, as well as
enhanced intracrystalline (meso/micropore) diffusion of
substrates and products.

Given that Cu-Co-Y renders a more superior reactivity
when compared with Cw:-Y and its Cu-M-Y analogs, we
have accordingly employed DFT calculations to investigate
the adsorption preferences, reaction barriers, and
activation capability. The projected density of states
(PDOS) was first compared, which reveals the electronic
structures of the supported dual-atom catalysts (Figure
3a—c). For Cu-Y, the Cu-3d orbitals exhibit a sharp peak at
E.~1.78 eV (E.= 0 V) in the PDOS, which acts as the sole
site for electron transfer. The O-2p orbitals are located
below the Cu-3d orbitals, whereas the Si-3p orbitals
dominate the conduction band. For Cu»-Y, there are two
sets of electronic contributions related to Cu. Cua is



stabilized by two water molecules with the Cua-3d orbital
at E,~3.24 eV. In comparison, Cus is tightly bound by three
water molecules with the Cus-3d orbitals located near the
Fermilevel. The O-2p orbitals show partial overlap with the
Cua center while Si-3p remains as the conduction band
(akin to that in Cui-Y). Comparable finding on the
electronic structure of Cua-Y has also been observed in our
XPS measurement with two different binding energies of
Cu-2p (Figure S$6), which can be attributed to the distinct
chemical nature of the N moieties of the melm linker
(pyridine-like and pyrrole-like, respectively).”

Similar binding with water ligands has been noticed in
Cu-Co-Y. The Cu center shows an electronic structure
comparable to that of Cu,-Y with the dominant peak at E.~
1.73 eV, whereas the Co-3d orbitals demonstrate several
peaks covering from E, to E.-2.15 eV. The distinct
electronic structures of Cuy-Y and Cu-Co-Y suggest the
presence of two different adsorption sites, which warrants
an efficient electron transfer for substrate co-adsorption
and subsequent co-activation on the dual-atom sites. Also,
the improved overlapping between Cu-3d and Co-3d
should offer higher reaction efficiency between the
coupling partners. We further compared the d-band center
of different catalysts, as shown in Figure 3d. Compared to
Cu,-Y, although the d-band center is lower in Cuy-Y, the
presence of two distinct but neighboring adsorption sites in
Cus-Y is the key factor that leads to promoted catalytic
reactivity due to stable initial binding (co-adsorption) with
1a and 2a substrates. A higher d-band center is observed in
Cu-Co-Y, which could explain why a higher reactivity has
been experimentally noted. We have also compared the d-
band center of Cu-Zn-Y, which is much lower at around —
4.2 eV and renders lower catalytic reactivity. As shown in
Figure 3e, the PDOS study reveals a strong p-d orbital
overlap between the adsorbed substrates and the metal
sites. The 2p orbitals of 1a and 2a match well with the Cu-
3d and Co-3d orbitals, respectively, leading to the strong
adsorption of the reactants. Whereas the adsorption energy
barrier (mainly from steric hindrance) of 1a is comparable
on Cus-Y, Cuz-Y, and Cu-Co-Y, the adsorption of 2a on
Cui-Y and Cuu-Y has a large energy barrier (Figure 3f).
This supports the poorer catalytic performance of Cui-Y
and Cur-Y in the cross-coupling reaction compared with
that of Cu-Co-Y. In particular, the adsorption of 2a on Cu-
Co-Y is favored by a low energy barrier, which leads to
promoted catalytic reactivity. The overall reaction energies
have also been compared to indicate the reaction trend
(Figure 3g). Cu-Co-Y shows a much more favorable trend
for the formation of 3a with the overall reaction energies of
121 eV (¢f. -0.17 eV for Cus-Y), respectively, which
agrees with our kinetic data (Figure S11). A significant
energy barrier of 0.98 eV in Cui-Y suppresses the cross-
coupling reaction. Since the co-adsorption of 1a and 2a is
critical to the subsequent cross-coupling reaction pathway,
the overall energy cost (resultant of adsorption and
reaction energies) is also an important consideration, as
shown in Figure 3h. Due to the unfavorable adsorption of

2a on Cu;-Y, the formation of 3a is greatly hindered. Stable
bindings of 1a and 2a on Cu-Co-Y, on the other hand,
warrant  higher catalytic reactivity as observed
experimentally.

One reason we observed this subtle rate-enhanced
amination reaction is because of the excellent energy
matching between the coupling partners and the two
neighboring metal species in the dual-atom active sites. The
favored adsorptions of 1a and 2a on Cu-Co dual-atoms
have been calculated above as the key factor in promoting
the reactivity. Probe-assisted EPR experiments were
further employed to elucidate the structure-reactivity
correlations by studying the coordination geometries and
the adsorption preferences of the reaction substrates of Cu
and Co sites.

Adsorption binding of reaction substrates with EPR
active centers can significantly affect the peak intensity by
altering the overall unpaired electrons in the system.**
The continuous-wave EPR spectra of Cui-Y, Cux-Y and Cu-
Co-Y before and after loading of individual substrates (1a
and 2a) were measured. The probe-assisted EPR spectra of
Cuwi-Y, Cus-Y, and Cu-Co-Y are presented in Figures 4 and
$18. No noticeable change of the g-tensors and signal
intensities has been observed in the EPR spectra of Cui-Y
upon the adsorption of 1a or 2a (Figure S18 and Tables
$17-S18), which supports the minimal interactions
between Cu sites and substrates (1a and 2a) as computed
by our DFT calculation. On the contrary, the EPR signal of
Cu,-Y is significantly broader than that of Cu;-Y due to
stronger dipolar exchange interactions between nearby Cu
sites in Cuy (Cua--Cus = 5.746 A). Slight hyperfine features
appeared in the low-field part of the spectrum (g, = 2.42,
Ay;=480 MHz).”” We observed altered g- and A-tensors of
Cu’ and a noticeable decrease in signal intensity upon the
adsorption of 1a or 2a on Cu,-Y (Figure 4a—b and Tables
$17 and $19). In the case of Cu,-Y+2a, a new intense high-
field narrow band with g = 2.003 without any hyperfine
structure, which can be attributed to the formation of 2a
radical by Cu® reduction (giving EPR silent Cu*) through
electron transfer between Cu?* and 2a.**% Likewise, the
EPR signals of Cu®* in Cu-Co-Y decreased notably upon 1a
and 2a adsorption, and the g- and A-tensors were altered
(Figure 4c—d and Tables $17 and $20). The absence of a
signal attribution of Co™ (d’, S = 3/2, high spin) is
potentially due to the fast relaxation and only becomes
detectable at < 10 K.°** The calibrated EPR intensity of the
newly formed radical is apparently 8.2 times larger in Cu-
Co-Y than Cu:-Y, which infers more efficient electron
transfer between Cu-Co-Y and 2a compared with Cus-Y
(Figure S19 and Table S21).

The adsorption configurations of 1a and 2a, in terms of
atomic distances, over Cu-Co-Y, have been further revealed
by combined probe-assisted SXRD and DFT calculations
(Figures 4e-h, $20, and Tables §22-826)." %
Asymmetric binding preferences are noted in Cu-Co-Y+1a
and Cu-Co-Y+2a, with Oya---Cuas = 1.846(2) A, O1a-Cos =



5.580(3) A, Naa-Cos = 3.456(2), and Naa---Cua = 4.283(2)
A, suggesting that more favored adsorption preferences
between the Cu---1a pair, as well as the Co--2a pair. As a
result, we propose a reaction mechanism for this CDC
reaction based on a ‘co-adsorption-co-activation’ model for

dual-atom Cu-Co-Y (Figure 4i). The synergy between Cu
and Co in Cu-Co-Y can greatly promote the adsorption and
electron transformation of 2a, which is in great agreement
with our catalytic and DFT findings. This also explains that
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Figure 4. Adsorption configuration investigation. Probe-assisted EPR spectra measured at 77 K of (a, b) Cux-Y+1a, and Cua-
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of the radical cross-coupling between 1a and 2a.

the analogous Cu-Ni-Y and Cu-Zn-Y samples show much
inferior catalytic reactivity as Co®* (d”) and Cu** (d°) are
well-known radical initiators.

CONCLUSIONS

To conclude, we have presented the construction of Cu-
based dual-atom catalysts supported on hierarchical USY
zeolites for the CDC reaction between unprotected
phenols and phenothiazines. The superior reactivity, at
highly simple and environmentally friendly reaction
conditions, has been attributed to the precise synthesis of
the active sites within the micropores, and the facile
intracrytalline diffusion of heterocyclic organic substrates
along the mesopores.

The detailed atomic and structural parameters of these
dual-atom catalysts have been determined by our multi-
modal characterization. While the metal sites in the dual-
atoms are located about 5.8 A apart, they can synergistically
offer separate active sites for substrate co-adsorption in

proximity. The supported Cu-Co dual-atoms uniquely
exhibit superior performance in the production of
aminated phenols in the absence of any additives. The
reactivity is pleasingly comparable with the state-of-the-art
homogeneous and electrocatalytic systems operating
under more forceful conditions. A rational structure-
reactivity  interplay between  hierarchical zeolite
architecture, reaction energetics, and catalytic properties
has been discerned. The intricate bimodal micro- and
mesoporous distribution within the hierarchical zeolites
not only offers rigid support for the homogeneous
immobilization of metal species but also provides a quasi-
isolated cavity for effective radical coupling. This will bring
arealizable leap toward the next-generation heterogeneous
catalysts at the molecular homogeneous dimension for the

sustainable production of fine chemicals.
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