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Mixed-Valence Single-Atom Catalyst Derived

from Functionalized Graphene

Aristides Bakandritsos, Ravishankar G. Kadam, Pawan Kumar, Giorgio Zoppellaro,
Miroslav Medved’, Jifi Tucek, Tiziano Montini, Ondrej Tomanec, Pavlina Andryskovd,
Bohuslav Drahos, Rajender S. Varma, Michal Otyepka, Manoj B. Gawande,*

Paolo Fornasiero,* and Radek Zbo¥il*

Single-atom catalysts (SACs) aim at bridging the gap between homogeneous
and heterogeneous catalysis. The challenge is the development of materials
with ligands enabling coordination of metal atoms in different valence
states, and preventing leaching or nanoparticle formation. Graphene
functionalized with nitrile groups (cyanographene) is herein employed for
the robust coordination of Cu(ll) ions, which are partially reduced to Cu(l)
due to graphene-induced charge transfer. Inspired by nature’s selection of
Cu(l) in enzymes for oxygen activation, this 2D mixed-valence SAC performs
flawlessly in two O,-mediated reactions: the oxidative coupling of amines
and the oxidation of benzylic C—H bonds toward high-value pharmaceutical
synthons. High conversions (up to 98%), selectivities (up to 99%), and
recyclability are attained with very low metal loadings in the reaction. The
synergistic effect of Cu(ll) and Cu(l) is the essential part in the reaction
mechanism. The developed strategy opens the door to a broad portfolio of

(SACs) (see also reviews!'13l). SACs
could offer ultimate atom economy and
make every active site accessible, like
homogeneous catalysts but being recy-
clable, which is a subject of paramount
importance.!Y Major challenges in the
field though encompass: i) the develop-
ment of materials with precise function-
alities for robust metal ion binding and
ii) metal cooperativity in heterometallic
and mixed-valence SACs, as identified in
the recent topical perspective.l!Z Meeting
the first challenge could facilitate higher
metal contents avoiding clustering and
leaching upon reaction and catalyst recy-
cling. This is also a prerequisite for the
second challenge (metal-metal coopera-

other SACs via their coordination to various functional groups of graphene,
as demonstrated by successful entrapment of Fe'"'/Fe'' single atoms to

carboxy-graphene.

Heterogeneous nanocatalysis based on metallic species has
undoubtedly evolved into a central discipline because it offers
solutions to meet the challenges in the field.l'! Restricting the
dimensions of the catalytically active particles down to few
nanometersi? or even to subnanometer clusters,>* has proven
pivotal for enhancing performance. Flytzani-Stephanopoulos
and co-workers in 2003P! highlighted the activity of supported
Au and Pt single metal ions in water gas shift catalysts, while
following reports/®1% shed more light on single-atom catalysts

tion), since low metal content translates
into large intermetallic distances.®! Coop-
eration between two metal ions linked by a
single-frame ligand has shown enormous
potential in homogeneous catalysis."! For
example, biocatalysts (metalloenzymes)
use binuclear!!®l and mixed-valence metal centers!!! for effective
catalysis. Therefore, the development of heterogeneous catalysts
with cooperativity between metal centers, keeping all the salient
features of SACs, could offer a platform for the development of
the next generation of catalysts.

Graphene-based 2D materials have contributed to the devel-
opment of SACs,[1%12-1418-27 in which metal ions are tetracoordi-
nated in porphyrinic-like vacancies. Although only low contents
of metal atoms can be achieved (up to =1 wt%),!10:12.14.18,22-26]
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nanoparticle formation often persists,'?1%’] thus limiting

metal-metal cooperation and atom economy. Sintering and
nanoparticle formation in these SACs should be probably
attributed to the high temperaturel®141920271 and high energy
(e.g., ball milling®?!)) procedures required for their preparation.
For these reasons, installation of functional groups on gra-
phene, which can bind metal ions through typical coordination
chemistry methods, would lift such limitations.

In the present work, we designed a mixed-valence ionic
copper catalyst delivering exceptional conversions and selec-
tivities (see Table S1, Supporting Information) with very low
metal loading in the reaction, for the oxidative homo-/hetero-
dehydrogenation of amines to imines and benzylic C—H bond
oxidation, through which a wide variety of pharmaceutically
important compounds are commercially produced.?®?°! The
catalyst was prepared on multi-gram scale exploiting the abun-
dant cyano-functionalities of a previously developed graphene
derivative (cyanographene, G-CN),B% as strong and selective
ligands for copper ions.! The bare G—CN support was syn-
thesized by our previously reported method3? via substitu-
tion of fluorine atoms in fluorographene with nitrile groups.
Subsequently, G—CN was mixed with CuCl, to immobilize
Cu(II) on the G—CN sheets (Figure 1a). The binding of copper
was verified with inductively coupled plasma mass spec-
trometry (ICP-MS), amounting to =3.4 wt%. High-resolution
transmission electron microscopy (HR-TEM, Figure 1b) and
X-ray diffraction (Figure S1, Supporting Information) veri-
fied the absence of inorganic crystalline phases, and in the
former case unveiled high electron density spots, ascribed to
copper ions before (Figure 1c,d) and after the catalytic reaction
(Figure 1e,f). The Cu single atoms were also identified with
scanning transmission electron microscopy (STEM, Figure S2,
Supporting Information). The spot size of the Cu atoms is
=~0.2 nm, in accordance with experimental results and simu-
lations on copper phthalocyanine over graphene.[32l Chemical
mapping revealed the homogeneous distribution of Cu over
the graphene (Figure 1gh). Definitive proof on the single-
atom state of copper and information about their coordination
environment were collected by electron paramagnetic spec-
troscopy (EPR) measurements, as discussed later, and X-ray
absorption spectroscopy (Figure S3, Supporting Information).

High-resolution X-ray photoelectron spectroscopy (HR-XPS)
revealed reduction of =50% of the Cu(II) ions to Cu(I). The Cu
2p envelope (Figure 1i) indicated two valence states: Cu(I) at
932.6 eV and Cu(II) at 934.9 eV, with areas of 55% and 45%,
respectively. The completely different HR-XPS of a control
sample with graphene oxide (Figure S4, Supporting Informa-
tion) supported the hypothesis that the presence of Cu(l) ions
should be attributed to interactions developed specifically with
G—CN. EPR and X-ray absorption near edge structure also
verified the presence of Cu(I) and that it is not the result of
reduction from the XPS beam (Figures S3 and S5, Supporting
Information). In order to explain the reduction, we used den-
sity functional theory (DFT) calculations, which showed that
the positive charge and spin density on copper significantly
decreased, and that charge transfer indeed facilitates the reduc-
tion of Cu(Il) to Cu(I) (Figure 1j-1; Table S2, Supporting Infor-
mation). Analysis of the HR-XPS N1s envelope experimentally
corroborated the charge transfer and the interaction between
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the N-atom from G—CN and Cu cations, as explained in
Figure S6 in the Supporting Information.

The mixed-valence Cu SAC was employed for the oxidative
homo-/hetero-dehydrogenation of amines to imines (Figure 2a
and b) and benzylic C—H bond oxidation (Figure 2c), through
which a wide variety of pharmaceutically important compounds
are commercially produced.?®?%l Once the reaction conditions
for amine-homocoupling were optimized (Table S3, Supporting
Information), the catalyst delivered very high selectivities and no
undesirable byproducts for a large variety of amines (except for
2-picolylamine, Figure 2(2g), with negligible amounts of alde-
hyde and amides). For amines substituted with electron with-
drawing groups, such as the para-chloro-derivative (Figure 2 (2c)),
the catalyst showed excellent conversion and selectivity despite
the fact that such substrates generally lead to lower conver-
sions (i.e., 77.5%, 393 K with an MnO,/CeO, catalystl*?]). For
the strongly electron withdrawing CF;-substituted benzylamine
(Figure 2(2e)), G(CN)—Cu displayed higher turnover frequency
(TOF = 13 h!) at lower temperatures than the currently best-
performing nanoparticulate catalysts (CuO nanoflakesP* or
mesoporous Cs/MnO,?%! with TOF =3 h™!). For the S-substi-
tuted derivative, G(CN)—Cu showed superior performance
(Figure 2(2j)), even with respect to homogeneous catalysts.>¢!
Homocoupling of alkylamines is particularly sluggish due to
the presence of the inactive o-hydrogen.l”) It is very remarkable
that the G(CN)—Cu catalyst achieved comparatively high con-
version for this challenging reaction (Figure 2(2k)).

The versatility of the catalyst was also investigated for the
heterocoupling of substituted benzylic amines with anilines
(Figure 2b). Heterocoupling with high selectivity is not straight-
forward, as it competes with self-coupling. Nevertheless, after
optimization of the molar ratio of amines to anilines (Table S4,
Supporting Information), excellent conversion and selectivities
were achieved (Figure 2b). For example, cross-coupling reac-
tion between benzyl amine with aniline leads to a very poor
selectivity, 23% with CuClP®¥ versus 95% with G(CN)-Cu. The
potency of the catalyst is further unveiled by considering the
results obtained from a cesium-doped mesoporous manganese
oxide catalyst, reported to promote cross-coupling very effec-
tively with solvent and under airl®®! (selectivities 10-70%, but
only 15% conversion for benzylamine-aniline coupling). In the
present case over 99% selectivity was obtained for benzylamine—
aniline coupling under solvent-free conditions and lower tem-
perature (Figure 2(5a)). Metal-free, graphene-like systems have
also been reported for catalytic cross-coupling of amines, but
generally they require extremely high catalyst loadings (50%),13")
even in the case of photocatalytically active carbon nitride cata-
lysts.*l In general, the performance of G(CN)—Cu appears to
be superior in comparison to state-of-the-art catalysts, as dem-
onstrated in detail in Table S1 in the Supporting Information.

Inspired by the excellent results on oxidative amine cou-
pling, the catalyst was further challenged for the selective ben-
zylic C—H oxidation of hydrocarbon derivatives (Figure 2c).
Selective oxidation of saturated C—H bonds is one of the most
important protocols in fine chemical synthesis and industrial
chemistry due to the wide applications of oxidized products
in the agricultural and pharmaceutical sectors.’”) The reac-
tions were studied under oxygen and mild conditions. Notably,
although such reactions were previously performed under high

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Model of the mixed-valence copper catalyst. b) Representative HR-TEM of a graphene flake from the G(CN)—Cu catalyst. c—f) Representative
higher magnification HR-TEM images from the catalyst showing high-contrast spots originating from embedded copper atoms c,d)before and e,f)after the
catalytic reaction. EDS chemical mapping of G(CN)—Cu for g) C and h) Cu. i) HR-XPS on Cu2p of the G(CN)—Cu catalyst. j-I) Natural charge (red text),
spin density plots (colored surfaces), and spin density values on Cu ions (black text), as well as binding energies (BE) regarding Cu(ll) in R—CN---Cu(ll)
model systems in their doublet state: j) Acetonitrile---Cu(Il); k) Coronene-2CN---Cu(ll); and l) Cyc14-2CN---Cu(ll) (circumpyrene, system with 14 aromatic
cycles and two nitrile groups) computed at the SMD/B3LYP/6-31+G(d) level of theory. In (j) Cu ion is not visible due to the spin density plot overlap.
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Figure 2. a) Oxidative homocoupling of substituted benzylamines. Reaction conditions: 20 mg of the G(CN)—Cu catalyst or 10.7 umol of Cu (i.e.,
0.58 mol% Cu reaction loading), 1.83 mmol of amine substrate, 358 K, 12 h, air balloon (1 atm); TOF given in h™'. Reaction time 24 h for product 2k.
b) Oxidative cross-coupling of benzylamines with anilines. Reaction conditions: amines 1.83 mmol, aniline 5.49 mmol (amines:aniline molar ratio 1:3),

24-30 h. Catalyst and other conditions same as in (a).

c) Oxidation reactions of benzylic C—H bonds. Reaction conditions: ethylbenzene (0.5 mmol),

N-hydroxyphthalimide (NHPI) 15 mol%, 10 mg of G(CN)-Cu (5.3 umolc,) in 3 mL of acetonitrile under O, (1 atm). In all reactions the G(CN)—Cu
catalyst was used; conversions (C) and selectivities (S) were determined by gas chromatography.

oxygen pressure (10 bar),l*!l using noble metals (ReOCl;(OPPhy)
(SMe,)),*¥ and /or high temperature (120 °C), poor conversions/
selectivities (36-75%) were attained.*'*] However, the present
catalyst yielded good to excellent conversions (up to 98%) and
selectivities (up to 99%) under mild conditions (Figure 2c).
Importantly, the catalyst revealed very high stability upon
recycling, remaining highly active (94% conversion; same as
the fresh one, see Figure 2(2a), product 2a) for benzylamine
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coupling, even after five recycling steps (Figure 3a).
Moreover, no change in product selectivity was detected and
thus N-benzylidene-benzylamine was synthesized with 98%
selectivity during all catalytic cycles. XPS analysis after the
reaction, verified that the copper mixed-valence state was
retained (Figure 3b; Figure S7 and Table S5, Supporting
Information). Post-recycling HR-TEM analysis and energy-
dispersive X-ray spectroscopy (EDS) chemical mapping also

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Recycling experiments using the G(CN)—Cu catalyst for oxidative coupling of benzylamine. b) XPS spectra of the G(CN)—Cu catalyst
(a) before reaction, (b) after the 1st recycling, and (c) after the 5th recycling. ) HR-TEM image of the catalyst after five catalytic cycles showing absence
of nanoparticles. d) EDS copper mapping on the catalyst after five catalytic reactions. e) X-band (9.156588 GHz) powder spectra of G(CN)—Cu catalyst
recorded inside a polypropylene VSN holder (P125E) in the temperature range of 273—133 K. Experimental parameters: 100 kHz modulation frequency,
30 ms time constant, 4 min sweep time, 0.4 mW microwave power, 0.7 mT modulation width. The inset shows the temperature (T) dependence of
the EPR signal, expressed either as double-integrated signal intensity divided by the square root of the applied microwave power (DI/\P, circles) or

as DI XT/\/P (squares).

confirmed the absence of any inorganic nanoparticles after
the 5th catalytic cycle (Figure 3c,d) and that the Cu ion dis-
tribution was just as homogeneous as in the fresh catalyst.
The single-atom character of the catalyst and the absence
of any Cu(0) or CuO nanoparticles were also demonstrated
clearly by low-temperature EPR measurements (Figure 3e).
The EPR spectrum of the fresh catalyst exhibits a broad reso-
nance signal that is fully consistent with the presence of iso-
lated paramagnetic Cu(Il) cations (d° system). It should be
noted that the presence of Cu(l) cations (d'* system) cannot
be confirmed by EPR, since Cu(I) is silent. The unpaired
electron in Cu(II) (S = 1/2) is clearly localized in the d orbital
(gefr > 2.0023) and experiences a moderate tetragonal ligand-
field (g, > g,). DFT calculations also supported the tetrag-
onal coordination environment as the most stable one, with
binding energy of —27.1 kcal mol™ (Table S6, Supporting
Information). At this point, it is very difficult to resolve the
exact coordination environment of the as-prepared and freeze-
dried catalyst, i.e., how many water molecules Cu atoms might
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be coordinated with. Only the Am, = 1 transition is detected
(around g = 2); no half-field transition (around g =4, Am; = 2)
is observed, suggesting that the effective dipolar interac-
tions (which give rise to the zero-field-splitting (ZFS) term)
between copper centers in the system are very weak.[*#¢l The
biquadratic ZFS comprises a first-order term, arising from
direct spin—spin interaction between magnetic dipoles, and a
second-order contribution arising from spin-orbit coupling.
Because the direct spin—spin interaction exhibits 1/r* depend-
ence on the ZFS, where r is the distance between magnetically
interacting centres, the through-space distances of Cu(II) sites
(S =1/2) in G(CN)—Cu must be rather large (>0.7 nm). The
observed Curie behavior (DI = C/T) (inset in Figure 3e), fur-
ther excludes the presence of magnetically interacting Cu(II)
centers in the catalyst. That is to say, it excludes the presence
of Cu(Il) centers that are exchange-coupled through space
via Cu—O—Cu bonds, and also the formation of CuO nano-
particles/clusters, which should exhibit antiferromagnetic
interactions.*’]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Although the main scope of this work was the design and
characterization of a new class of SACs, we also addressed a
probable mechanism via DFT calculations and EPR spec-
troscopy, in order to explain the superior performance of
the catalyst. We focused on one of the reactions (oxidative
amine coupling), since both are based on oxygen-activation
mediated by the metal and oxidation by hydrogen abstrac-
tion (Figure 4a; Figure S9, Supporting Information), which
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are typically performed in nature by orhydroxylating mono-
oxygenases?’l (non-coupled binuclear Cu enzymes!'’)). Fol-
lowing DFT data, benzylamine ligands lead to more stable
G(CN)—Cu complexes, than in the case of water molecules
(see Tables S6-S8, Supporting Information), thus initiating the
reaction (Figure 4a, step 1). The oxidative dehydrogenation of
the amine can proceed through reduction of oxygen, as widely
accepted.’! With knowledge in hand about oxygen reduction

oxygen
activation "
ol H /k@
y N
d f \' H
cu' H
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Cu(ll)-oxyl complex

formation
of imine

H
cu copper(ll)
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Figure 4. a) The potential main steps of the catalytic reaction (details are available in Figures S8-S12, Supporting Information). b) Identification of
the "OH radicals formed during the catalytic reaction. X-band (9.17 GHz) EPR spectrum of the DMPO—OH radical adduct in solution as obtained
after collecting the supernatant by centrifugation of the reaction mixture (catalyst/benzylamine) where the radical trapping agent was added (DMPO/
CH,Cl,) (Obs). The blue spectrum (Sim) represents the simulated EPR envelope (see the Supporting Information for details). c) X-band EPR spectrum
of the G(CN)—Cu catalyst after turnover. Experimental parameters: frequency 9.1706 GHz, mod. freq. 100 kHz, mod. amplitude of 1.0 mT, time const.
of 30 ms, applied microwave power of 0.6 mW, sweep time of 240 s, phase 0°, T=123 K.
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in copper enzymes through its preferential coordination with
Cu(l) centers,1017484] the Cu(l) center in our catalyst can
also play a key role for O, binding and activation (Figure 4a,
step 1 and Figure S8, steps 1-I, 2-1, Supporting Information)
leading to the copper-oxyl intermediate (Figure 4a, step 2 and
Figure S8, step 3-1, Supporting Information). A cyclic interme-
diate can be formed between two Cu ions (Figure 4a, step 2
and Figure S8, step 3-I, Supporting Information), which pro-
motes a two-hydrogen abstraction from the neighboring amine
by the reactive oxyl species (Figure S9, Supporting Informa-
tion) leading to the release of water and formation of an imine
molecule (Figure 4a, step 3). Importantly, hydroxyl radicals
evolving in this step were trapped and observed by EPR using
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (Figure 4b). Finally,
the catalytic cycle could be completed by the amine-imine cou-
pling (Figure 4a, step 4; Figure S10, Supporting Information),
leading to the release of NH; and to the regeneration of the cat-
alyst (Figure 4a, step 5; Figure S11, Supporting Information).
The cooperativity of Cu ions (through the cyclic interme-
diate) was also supported experimentally by the powder EPR
spectrum of the catalyst, which showed increasing dipolar
interactions between Cu centers only after the catalytic reaction
(Figure 4c). Since Cu(]) is silent in EPR, the spectrum is domi-
nated by a Cu(II) signal expressing the following spin-Hamilto-
nian parameters: g// of 2.360 and g of 2.066 and resolved A//
of 19 mT. However, a second minor component could be seen
(enlarged, low-field spectrum in Figure 4c), which indicated
increased rhombic strain probably due to the bond flipping
with estimated spin-Hamiltonian parameters: g; of 2.380, g, of
2.075, and g3 of 2.005, and with A// =9.5 mT. Namely, Cu(II)
hyperfine term that is half of that witnessed for the dominant
Cu(II) EPR signal. This minor component suggests the pres-
ence of weakly interacting copper (II) ions through space
(S1,2 = 1/2-1/2) at distances smaller than 7 A, where the
exchange energy (J) is larger than the Cu hyperfine term (A),
i.e., ] >0.009 cm™'. This cooperativity is not precluded based on
the 7 A maximum mean distance between the Cu ions, as cal-
culated from the Cu content in G(CN)—Cu (3.4 wt%) and from
the experimentally determined surface area (153 m? g™') of
G(CN)—Cu (Table S9, Supporting Information). Further strong
evidence for Cu(l)/Cu(Il) cooperativity in the G(CN)—Cu
catalyst was collected by performing additional control experi-
ments involving the heterocoupling of benzylamine and aniline
(Table S10, Supporting Information). Reactions catalyzed by
Cu(I) and Cu(lI) chlorides, individually or as mixtures, exhib-
ited low conversions (47-60%) and no selectivity (0-8%) for the
cross-coupled product. The low activity of the non-immobilized
Cu(I)/Cu(Il) salt mixtures can be attributed to the inability of
freely moving metal ions to stabilize a cyclic intermediate. A
catalyst with much less copper (=0.5 wt% instead of 3.4 wt%,
and thus with decreased areal density of Cu atoms and limited
cooperativity) was also tested in the same reaction. (Table S10,
entry 4 in the Supporting Information). To avoid reducing the
quantity of copper available for catalysis, the total quantity of
this G(CN)—Cu(0.5) catalyst added to the reaction mixture was
7 times that of the G(CN)—Cu(3.4) catalyst used originally. Nev-
ertheless, the selectivity for the desired cross-coupled product
fell from 92% to 38%. This can be explained by the increased
distance between adjacent Cu(I)/Cu(Il) atoms in the low Cu
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catalyst, and the resulting reduction in cooperativity. Because
aniline lacks o+hydrogens, it cannot undergo hydrogen abstrac-
tion and activation, without forming a cyclic intermediate (see
Figure S13 in the Supporting Information and the associated
mechanistic discussion). These control experiments clearly
demonstrate the importance of having immobilized Cu ions
in close proximity to one another. Therefore, the higher activity
of the densely populated G(CN)—Cu catalyst can be only con-
nected to cooperativity effects.

Overall, the conductive character of G—CN, which mediated
the charge transfer for the partial reduction of Cu(II) to Cu(I)
ions, leads to excellent catalytic activity of newly developed
mixed-valence SAC in comparison to other state-of-the-art cata-
lysts. According to the previously suggested mechanism, this
behavior could be attributed to: i) the copresence of Cu(l) pro-
motes binding and activation of oxygen, kick-starting the reac-
tion, ii) neighboring Cu(I)/Cu(Il) species are relevant for cyclic
intermediate formation and securing the redox balance in the
reactions taking place concomitantly at the two copper centers
and, finally, iii) the single-atom and under-coordinated state of
the metal centers are crucial for furnishing this reaction effec-
tively at low reaction loadings and provide sterically unhindered
access for balanced binding and release of reactants, intermedi-
ates, and products.

Finally, the possibility to generalize the concept of mixed-
valence 2D SACs immobilized on graphene derivatives was
demonstrated by the Fe(III)/(II) single atom entrapment (using
Fe(NO;);-9H,0 as iron source) on a carboxylated graphene deriv-
ative (i.e., graphene acid, which was recently reported and synthe-
sized after the acidic hydrolysis of G—CNB). This Fe/graphene
derivative (G(COOH)—Fe) was prepared via a similar procedure
as for G(CN)—Cu (see the Supporting Information). Single Fe
atoms were identified in HR-TEM/EDS images without any
indices of nanoparticles (Figure S14, Supporting Information).
The mixed valence state was clearly unveiled by low temperature
>’Fe Mossbauer spectroscopy (both Fe(IIl) and Fe(Il) species
were identified, Figure S15 and Table S11, Supporting Informa-
tion), suggesting partial charge transfer from graphene to Fe**
centers, as in the case of the G(CN)—Cu catalyst.

We believe this work paves the way for a yet unexplored field
of 2D coordination chemistry with covalent graphene deriva-
tives containing suitable donor groups including thiols,*% car-
boxyls,?% or hydroxyls.P!l This concept stimulates the vision of
a broad family of single-atom heterogeneous catalysts based
on the selective coordination by functional groups of various
metals (e.g., Au, Fe, Ni, Co, Pt, Mn) with superior ability to
create mixed-valence or bimetallic single-metal-ion catalysts tai-
lored for particular catalytic reactions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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