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Although visible-light-driven dual photoredox catalysis, amethod that
combines photoabsorbers and transition metals, has become a powerful
tool to conduct coupling reactions, resource economical and scalability
issues persist, owing to the use of catalysts and light absorbers that exploit
critical raw materials (such as iridium complexes), and are homogeneousin
nature. Here we report the merger of metallic single-atom and photoredox

catalysis, in the form of a Ni atom-supported carbon nitride material, for
the C-O coupling of carboxylic acids and alkyl halides. This operationally
straightforward system, composed of only earth-abundant components,
exhibits awide functional group tolerance. Additionally, short reaction
times, facile recovery and high catalyst stability make this method highly
attractive for industrial applications.

Within the pharmaceutical, agrochemical and academic sectors,
transition-metal-catalysed cross-coupling reactions are important
synthetic tools that allow chemists to assemble complex molecular
frameworks of diversified interests'. In this context, the construction
ofaC-0Obondhasbeen historically hampered by the utilization of tra-
ditional thermal condensation reactions, which typically feature harsh
conditions and homogeneous catalytic systems (Fig. 1a)**. Among
theseroutes, itis worth mentioning the thermal cross-dehydrogenative
C-0 coupling protocol, in which the presence of a specific functional
group (for example, amides, amines and aldehydes, among others) is
required to activate the respective C-Hbond (Fig. 1b)*”. The emergence
ofvisible-light-mediated (metalla)photoredox catalysis for synthetic
organic chemistry has opened up new avenues for alternative C-O
cross-coupling reactions®’, mainly through oxidative esterification
of aldehydes (Fig. 1¢)'°, and coupling of carboxylic acids and halide
substrates (Fig. 1d) featuring a multi-component homogeneous or
semi-heterogeneous catalytic system" ¢, The renewed interestin this
photo-based methodology is owed to the mild reaction conditions
employed, the robust functional group tolerance and the possibility to

access redox-neutral reaction routes unattainable with classical ionic
chemistry triggered by thermal activation'”**. Besides, the use of visible
lightisseen as anideal driving force for catalytic transformations' >,
toestablishagreener chemical industry within the forthcoming decar-
bonization of our economy?.

Despite the novelty of the approach, the method relies on
the use of Ir- or Ru-containing photocatalysts (chiefly, Ir[dF(CF;)
ppyl.(dtbbpy)PF, or Ru[dF(CF;)ppyl,(dtbbpy)PF,, where (dF(CF;)
ppy=2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine, and dtbbpy
=4,4’-di-tert-butyl-2,2’-bipyridine)), homogeneous Ni co-catalysts
and additional bipyridyl compounds for ligating the Ni centres, as
illustrated in Fig. 1. Although research efforts have begun to invoke
the use of alternative, heterogeneous and low-cost photocatalysts
(primarily based on carbon nitride materials)”~*?, in many cases the
metal catalystis still present as ahomogeneous entity. Thisintroduces
two major disadvantages; firstly, the two catalytic components are
at all times separated from one another, and hence, electron trans-
fer phenomena are limited by the diffusive (and convective) aspects
of the system. Secondly, having solubilized catalysts complicates
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Fig.1|Established and current catalytic work on the formation of C-O cross- homogeneous and semi-heterogeneous catalysis have opened new avenues for
coupled products. a,b, Most of the early procedures involved harsh conditions mild C-0O coupling, exemplified by the oxidative esterification of aldehydes (c)
(such as high temperatures) and homogeneous catalytic systems, asillustrated and the metallaphotocatalytic coupling strategy (d). e, The study herein points
by the thermal condensation pathway (a) and thermal cross-dehydrogenative to asynthetic approach based on heterogeneous single-atom catalysis. Note:
coupling (b). ¢,d, The recent advances in multi-component metallaphotoredox PC,..inddenotes a‘heterogeneous photocatalyst’.

downstream processing of the post-reaction mixture, sinceadditional metalatomsanchored onappropriate heterogeneoussupports, have

treatment is required to recover the metal component.

been hailed as the bridging concept between heterogeneous and

In the past few years, our group (together with others) hasbeen homogeneous catalysis, due to: (1) the optimal use of the metal phase
active in the design of heterogeneous single-atom catalysts (SACs)**.  (as a result of its atomic dispersion)**, (2) exceptionally high activity
These materials, which are characterized by the presence ofindividual — and selectivity stemming from distinct electronic structures and
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unsaturated coordination centres**’, (3) relatively interpretable reac-
tion mechanistic pathways as a result of the single-atom nature of the
reactive sites*"**and (4) anideal platform to deduce structure-perfor-
mance correlations based on the atomic-level structures of SACs***,

So far, the majority of reports in the area of single-atom pho-
tocatalysts have focused on several well-known fuel-related reac-
tions, for example, hydrogen evolution reaction*®, N, fixation* and
CO, reduction*s, with fewer works on emerging organic synthetic
reactions**~, In particular, within the context of ‘integrated’ Ni metal-
laphotoredoxcatalytic systems, only a few reports have been published
concerning C-O/N/Sbond formation strategies®***>>, but the reason
behindtheincorporation of certainadditives, or exact description and
characterization of the postulated active site (whether single-atom-,
nanocluster- or nanoparticle-based) is not always clear. For instance,
onesuchreportrequiredimidazole as anauxiliary ligand for activating
the Ni catalysis cycle and quinuclidine as asacrificial electron donor™,
which further complicated the post-reaction treatment. Thus, thor-
ough studies that delve into the tailored SAC design and fabrication
for targeted metallaphotocatalysed cross-coupling transformations
are indeed an area of research still in its infancy within the related
communities.

In this Article, we demonstrate the combination of metallic SAC
and photoredox catalysis, in the form of a nickel single-atom-supported
nanosheet carbon nitride material (herein denoted as Nig,—nCN,), tar-
geted towards applicationsin C-O cross-coupling chemistry (Fig. 1e).
Specifically, by using this metallaphotoredox SAC approach, we have
achieved direct C-O cross-coupling of bench-stable and commer-
cially available carboxylic acids and alkyl or aryl halides. The use of
our precious metal-free system composed solely of earth-abundant
components, in which the photo- and Ni-catalytic cycles are combined
withinasingle material, highlights key improvements compared with
the reference metallaphotocatalytic procedure (Fig. 1d) in terms of
sustainability, catalyst re-use and recyclability. The experimental obser-
vations are supported by anin-depth density functional theory (DFT)
study, which highlights key structural and mechanistic findings about
the behaviour of the single-atom systemunder visible-lightirradiation.

Results and discussion
Nis,—nCN, was synthesized following a modified procedure reported
in the literature®, by first preparing CN, nanosheets followed by the
addition of a Ni(Il) salt (which functioned as the source of the single
atoms). This was followed by a reduction-heat treatment step (for
details, see Methods and the ‘Materials and methods’ section in Sup-
plementary Information). Before catalytic evaluation, characteriza-
tion of the prepared material was afforded through a combination of
techniques, principally N, physisorption, X-ray powder diffraction,
X-ray photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS) (Fig. 2, Table 1, Supplementary Table 1and Supple-
mentary Figs.1and 2). N, sorption measurements (Supplementary
Table1) demonstrate the larger Brunauer-Emmett-Teller surface area
of nCN, (27.9 m?g™) in comparison with that of bulk graphitic carbon
nitride (gCN,,11.8 m? g"). The measurements also demonstrate that the
reduction-heatstep, carried out to formthe Nisingle-atom material, is
not accompanied by any notable morphological changes to the nCN,
support (Brunauer-Emmett-Teller area of Nig,-nCN,=29.7 m?g™).
Onthe X-ray powder diffraction patterns (Supplementary Fig. 1),
two distinct diffraction peaks at 26 equal to 12.75° and 27.50° were
identified, correspondingto the (100) and (002) planes, respectively,
ofthe graphite-like carbon nitride system. The sharp diffraction peak
at 27.50° is indicative of the typical interplanar stacking of aromatic
structures, and the weak peak at 12.75° corresponds to an in-planar
structural packing motif (trigonal N linkage of the tri-s-triazine units)*".
The C 1s XPS spectrum (Supplementary Fig. 2a) contains a peak at
284.44 eV that is ascribed to graphitic carbon (adventitious carbon,
energy calibration sp*hybridized carbon), asecond peak at 285.20 eV

that corresponds to sp*-hybridized C-C bonds, and apeak at 287.93 eV
that is assigned to sp>-hybridized N-C=N bonds in the aromatic skel-
eton of the carbon nitride. On the high-resolution N 1s XPS spectrum
(Supplementary Fig. 2b), the deconvoluted peak at 399.80 eV, ascrib-
abletoeither pyridinic-N or pyrrolic-N, isinline with previous results,
and indicates the anchoring of the Ni single atoms to the lone pair of
the N atom***®*°, This evaluation is further supported by Ni 2p XPS
(Supplementary Fig. 2c), where the four major deconvolutions with
binding energies of Ni at 857.30, 855.70, 873.30 and 874.90 eV, corre-
spond to the Ni 2p,,, and Ni2p,, peaks of Ni**. The shifts are in accord-
ance with the formation of Ni—-N, active sites, in which the nickel is
present in cationic 2+ state®®®'. If metallic Ni active sites were present,
aNi 2p,, contribution at 852.6 eV, corresponding to subsurface Ni°
species, is expected, which is absent in our case®**',

Synchrotron XAS was employed to determine the electronic
properties and local coordination of the single-atomic sites in the
fabricated catalyst®*. Figure 2a shows a comparison of the Nig,—nCN,
sample alongside various Ni-containing reference materials, in the
X-ray absorption near-edge structure (XANES) region. For Nig,—nCN,,
the position of the edge that s correlated to the Ni oxidation state®>** is
clearly shifted to higher energies with respect to the Ni metal foil, thus
confirming the XPS results about the presence of cationic Ni** species.
However, the shape of the pre-edge and white line spectral features is
remarkably different from NiO, while it looks very similar to a Ni phth-
alocyanine homogeneous organometalliccompound. In particular, the
Nis,—nCN,and Ni phthalocyanine samples share a characteristic peak
at-~8,339 eV, arising from a 1s > 4p transition®***, whichis broader and
weaker inNig,—nCN,. This observation suggests that our catalyst shows
alocal atomic environment similar to that of Ni phthalocyanine, but
withamoredistorted and heterogeneous structure. Figure 2b reports
the analysis of the extended X-ray absorption fine structure (EXAFS)
region: considering the results of the fit (Table 1) we can see afirst shell
contribution of around1.9 A, characteristic of Niatoms coordinated to
Nsitesinthe nCN, cavities*. The absence of Ni-Ni scattering contribu-
tions confirms the single-site nature of the catalyst. The high values
of both the fitted Debye-Waller factors and of the average coordina-
tion numbers for the two first shells are indeed related to structural
heterogeneity, as already highlighted when presenting the XANES
analysis. Moreover, we can note the presence of a small contribution
at 2.4 A, between the first two main coordination shells, which could
be associated to Niininterstitial or interplanar nCN, layers.

To complement experimental observations, we modelled the
adsorption of a single Ni atom on a corrugated graphitic CN, layer
using DFT calculations. The impregnation of carbonaceous materials
with dispersed metal species often leads to various structures, and
thelocal coordination of the SAC was proven to remarkably influence
its reactivity®. In this work, we adopted, as amodel structure, asingle
Ni atom coordinated in the heptazinic pore of nCN,, but we cannot
rule out the existence of other stable anchoring sites displaying a
different local coordination. However, a first relevant finding is that,
even within the heptazinic pore, several stable isomers exist, where
the Ni atom occupies various sites at the borders of the pore, in close
contact with the N atoms. In particular, upon a systematic scan, four
isomers have been found to lie within a rather small energy range
(~200 meV). Another possible configuration envisages the adsorp-
tion of Niontop of anitrogen atom, which is however muchless stable
by 1.8 eV. The most stable configuration is characterized by the Ni
adatom adsorbed in a planar configuration at the side of a heptazine
pore, with two first N neighbours at a distance of 1.88 A and two second
neighbours at 2.60 A (Fig. 2c). An alternative (stable, but less studied)
model structure envisages the Ni atom surrounded by four N atoms
inasquare planar coordination, within adi-carbon vacancy of carbon
nitride (Supplementary Fig. 3). For simplicity, this symmetric motif
was not considered for DFT simulations. The metal atom is anchored
quite strongly inthe heptazine pore, as evidenced from the calculated
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Fig.2| Catalyst characterization. a, Ni K-edge XANES spectra of Nig,—nCN,
and of reference Ni foil, NiO and Ni phthalocyanine. Note that on the y axis we
report the normalized absorption coefficient of the sample as a function of
the incoming X-ray photon energy. b, Magnitude and imaginary parts of the
k>-weighted phase-uncorrected FT-EXAFS extracted in the 2.4-11.5 A krange
of Nig,—nCN, (solid lines) and corresponding best fits (for further details, see
‘Materials and methods’ section in Supplementary Information) in R-spacein

therange1.0-3.0 A (dashed lines). ¢, DFT-based ball-and-stick models of the
optimized Nis,—nCN, structure, depicting anisolated Niatom entrapped within
the heptazinic pore of the nCN, framework. d, HRTEM micrograph of Nig,—nCN,.
at amagnification of 50 nm (top), high-resolution HAADF-STEM of a portion of
the same catalyst (middle) and energy-dispersive X-ray Ni mapping showing the
presence and the individual contribution of Ni on Nig,—nCN, (bottom).

Table 1] Structural information derived from EXAFS analysis
of the Ni SAC

Coordination Scattering N R(A) 2 (A?)
sphere path

Tst Ni-C/N/O 47+0.7 1.91£0.02 0.012+0.003
2nd Ni-C/N/O 5.3+0.9 2.87+0.03 0.011+0.004

Summary of the parameters optimized in the fitting of the Ni K-edge EXAFS data for

the Nig,-nCN, sample (Fig. 2b): N, coordination number; R, interatomic distance; o?,
Debye-Waller factor. The fit was carried out in R-space, in the range 1.0-3.0A, on FT-EXAFS
spectra transformed in the 2.4-11.5 Ak range. The R-factor of the fit was 0.04.

binding energy of —3.57 eV. However, given the small difference in
energy between the various isomers, one can expect that, at room
temperature, the Niatoms will display adynamical behaviour within the
pore, and the interatomic distances obtained from the EXAFS spectra
are an average among various bonding configurations of the Niatom
in (and outside) the heptazine pore and, thus, correspond quite well
with DFT projections. This rationale also accounts for the high value of
the fitted Debye-Waller factor for the first coordination shell. It must
be pointed out, however, that the formal oxidation state attributed
to the Ni atom based on the DFT calculations is closer to Ni(I) than to
Ni(Il), at variance from the X-ray measurements. We attribute this to
state mixing and reciprocal polarization at the Ni-nCN, interface. The
extra charge donated by the metal is delocalized over the conduction
band of carbon nitride rather than residing on specific N atoms. It must

be said that the localization and delocalization of charge is an issue
in DFT, because it depends on the adopted functional. Therefore, an
intermediate picture could be closer to reality.

High-resolution transmission electron microscopy (HRTEM)
further demonstrates the absence of any nickel-based nanoparticles on
the Nig,—-nCN,surface (Fig.2d, top and middle). Inaddition, the energy-
dispersive X-ray Ni map obtained during high-angle annular dark-field
detector (HAADF) scanning transmission electron microscopy (STEM)
image (Fig. 2d, bottom) highlights the homogeneous distribution of
the metal phase and the atomic dispersion of the Ni atoms over the
nCN, support.

Our investigation into C-O coupling using the characterized
Nis,—nCN, material began with the coupling of N-Boc-L-proline (Boc,
t-butyloxycarbonyl) and 1-bromo-3-phenylpropane, with potassium
carbonate asabase and acetone as solvent (Table 2). The reaction was
conducted using the PhotoCube™ reactor (Supplementary Fig. 4),
whichis thefirst multi-wavelength instrument available for advanced
photochemical applications. The coupling product1, (the correspond-
ing ester) was obtained with a yield of 31% when areaction time of 2 h
was adopted, and when using visible-lightirradiation from white light-
emitting diodes (LEDs) present within the photoreactor. Uponincreas-
ingthereactiontimeto 8 h, keepingall other factors constant, the yield
of the product ester increased to 76%, and a corresponding reaction
rate of 0.07 mmol g, min™ (Table 2, entry 1) was achieved. As shown
in Table 2, a series of control experiments in which key components
were omitted from the reaction mixture or environment highlight the
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Table 2 | Model C-0O coupling reaction with corresponding control experiments?®

- [nl -PhotoCube™ reactor
Niga-nCN, (5 mg)

Q\COOH + B'\/\Q

- Qe

N

! K>COg3 (2.0 equiv) |

Eog Acetone (3 mL), 45 °C, 8 h Boc O

0.45 mmol 0.30 mmol (#)-1

(1.5 equiv) (1.0 equiv)
Entry Control experiment Rate® (mmol g_,, ' min™)
1 As shown 0.07
2 No light 0.01
3 No base 0.01
4 No degassing with N, 0.08

Reaction scheme showing standard conditions, and control experiments for the metallaphotocatalytic C-O coupling reaction between the model carboxylic acid and model alkyl halide.
2Conditions: alkyl halide concentration 100 mM; Photo Cube™ reactor set to white light irradiation (LED input power =128 W). °The amount of starting alkyl halide consumed during the reaction
was computed via HPLC (to provide the rate quoted in the table), with a calibration curve of the respective compound, while the sole product was identified via 'H and *C NMR spectroscopy.

importance of the light and the base (Table 2, entries 2 and 3, respec-
tively) for promoting the C-O coupling reaction. Without degassing
the chemical system, aslightly higher rate was reported (Table 2, entry
4). Theimportance of this result is such that the single-atom catalytic
system is tolerable to the presence of oxygen and is not inhibited by
this species, thereby improving the versatility of the system for more
commercial applications.

Toinvestigate the effect of the light source onthe rate of the reac-
tion, a wavelength dependence study of the metallaphotocatalytic
coupling by Nis;,—nCN, was examined using the same reactor, which
has the in-built option to select a variety of different wavelengths, or
combinations of such. As depicted in Fig. 3, when considering mono-
chromatic light sources, the optimal rate for the consumption of the
aforementioned starting alkyl halide (1-bromo-3-phenylpropane)
was achieved using A = 457 nm (blue) light. However, when broadband
white light was used, the rateincreased further. Due to the maximal rate
achieved under this type of irradiation, further studies were always
performed using white light. The importance of this finding is that a
common fluorescent white lightbulb, or solar light itself, can be used
todrive the reactionunder investigation, further expanding the appli-
cability of our designed system. Solvent optimization was also probed,
with dioxane, acetonitrile and dimethylformamide (DMF) selected as
additional solvents for this study (Fig. 3b). The least polar solvent, diox-
ane, performed most poorly. Highest rates were recorded with DMF as
the solvent, while acetonitrile and acetone produced similar results.

Other catalyst combinations were explored (employing the same
model starting material, 1-bromo-3-phenylpropane) to demonstrate
the beneficial aspects of having a fully integrated single-atom metalla-
photoredox catalyst. Chiefly, the fully homogeneous systemincluding
the photocatalyst Ir[dF(CF;)ppyl,(dtbbpy)PF, and the metallacatalyst
combination featuring NiCl,»glyme and the ligand 4,4’-dOMe-bpy
(4,4’-dimethoxy-2,2’-bipyridine) was first tested"*". A lower conver-
sionrelative to the optimized SAC system was recorded (Fig. 3d). The
Ir photocatalyst was then substituted for gCN,, while maintaining
the same nickel catalyst and ligating agent. This provided ameans to
compareafullyintegrated photoredox- and metallacatalytic cycle, as
inthe case of Nig,—nCN,, with two individual and decoupled catalytic
entities, as in the case of the mixture of gCN,and the homogeneous
nickel catalyst within the same reaction vial. In this instance, the SAC
not only outperformed the ‘gCN, and homogeneous nickel catalyst’
combination (Fig. 3d, conversion of 100% versus 89%, respectively)
but also provided afacile route for recovery and reutilization, which
is in stark contrast to the reaction mixture featuring the solubilized
nickel catalyst. The other entries in Fig. 3d correspond to the cases
when only gCN, was used, and when the homogeneous Ni catalyst
was adopted. These instances show minimal alkyl halide conversion,

thus highlighting the importance of the interplay between both the
photoredox- and metallacatalytic cycles in order for the C-O cou-
pling reaction to proceed. To complement such measurements, the
rate of reaction per gram of Niwas also deduced and was found to be
maximal for Nig,—nCN,, in comparison with the other catalytic systems
employed (Fig. 3d, right-hand axis). This result can firstly be ascribed
to the low Ni content within the SAC (5 mg of SAC were utilized, in
which the Ni content was measured to be around 7.5 wt.% by induc-
tively coupled plasma-optical emission spectrometry). Additionally,
one must consider the intrinsic coupling between the photoactive
support and the Ni single atoms that leads to enhanced utilization
of the metallic sites present (as a result of the atomic dispersion of
the Ni). The mass of soluble Ni catalyst used for the other entries in
Fig. 3d was based on the literature value for analogous metallapho-
toredox systems'*’,

To deriveamolecular-level understanding into the reaction mech-
anism, we simulated (at the DFT level) the reaction on asupercell sport-
ing an isolated Ni atom on a corrugated CN, single-layer nanosheet.
We adopted the pyrrolidine-2-carboxylic acid (referred to herein as
RCOOH) and the simplest alkyl bromide (methyl bromide) as model
molecules for thereactantsin the simulated case. At variance from the
experiments, in the simulations we have omitted the Boc protecting
groupboundtothe Natomintheheterocycle. Internal test calculations
showed that the neglection of Boc does not imply sizeable changes to
the energy profile of the coupling reaction. Following the catalytic cycle
showninFig. 4, wefirstadsorbed the RCOOH on Nig,—nCN,, yielding an
adsorptionfreeenergy of -1.81 eV. The heterocyclic ring binds to Nivia
itsNatomatadistance of 1.95 A, and the Niadatom s re-arranged toa
distorted planar trigonal geometry (Supplementary Fig. 5a).

To obtain experimental confirmation of the DFT results con-
cerning the RCOOH interaction with the catalyst, a preliminary dif-
fuse reflectance infra-red Fourier transform spectroscopy study of
pyrrolidine-2-carboxylic acid adsorption from aqueous solution was
performed. The measurements are challenging because the adsorbate
signals are weak and superimposed with the strong IR bands of the nCN,
support. Supplementary Fig. 6 depicts the diffuse reflectance infra-
red Fourier transform spectroscopy spectra of the RCOOH molecule
adsorbed on Nig,—nCN, and on the bare nCN, support, after subtrac-
tion of the spectrum of the same material contacted only with water.
We canrecognize the typical stretching modes of the pyrrolidinering
in the 1,200-900 cm™ spectral region and the v(C-0) and §(C-H)
modesinthe1,400-1,200 cm™range®®®, Interestingly, the broad signal
between 1,600 and 1,500 cm™, which contains a contribution from the
N-H bending mode®, shows a bathochromic shift in the Nig,~nCN,,
spectrum with respect to the nCN, one. This spectroscopic evidence
suggests that, for the Nig,—nCN, material, the RCOOH is experiencing
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Fig.3|Metallaphotocatalytic optimization, recyclability tests and system
comparison studies. a, Light-dependent rate for the C-O coupling reaction
by Nis,—nCN, using acetone as solvent. b, Solvent screening for the same
reactionin the presence of either blue or white light irradiation. ¢, Recycling
experiment performed under standard conditions for four 8 h catalytic cycles,
inthe presence of acetone as solvent and white light irradiation. d, Comparison

ofthe C-0 coupling behaviour of different catalytic systems, in the presence

of DMF as solvent and white light irradiation. General conditions: alkyl halide
concentration 100 mM, reaction time 8 h, temperature 45 °C (see also ‘Materials
and methods’ section in Supplementary Information for amore complete
description of the reactions).
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Fig. 4 | DFT-calculated metallaphotocatalytic C-0 coupling cycle. The cycle involves Ni;,—nCN, and visible-light irradiation. The inset shows the structure of each

intermediate. Free energy variations are reported in eV for each step.

an appreciable interaction with the Ni sites through the N atom, sup-
porting the structure predicted by DFT calculations.

In the DFT simulation, we focused on one plausible structure for
the NiSAC, namely the one where the Nisingle atomis coordinated in
the heptazinic poreonthe CN,support (Fig.2c). It must be stated that
the relative energies of the reaction intermediates may change only
slightly by considering the alternative, stable metal atom coordination
motif (the symmetric motif, as previously introduced, and discussed
intheliterature®). We hypothesize a catalytic cycle where, at first, the
carboxylic acid is non-dissociatively adsorbed on Nig,—nCN, with an
adsorption free energy of —1.81 eV. The location of the RCOOH fron-
tier orbitals with respect to the band edges of CN, is displayed in the
projected density of states plot reported in Supplementary Fig. 7. One
can appreciate that the CN,conduction band is populated, due to the
ionization of the Ni single atoms. Next, an acid-base reaction takes
place, and a proton is transferred from the adsorbed carboxylic acid
tothe CN,sheet. This step is thermodynamically unfavourable, witha
free energy penalty of 0.66 eV.Infact, abase, namely K,CO;, is present
inthereactionenvironment, anditis thus reasonable to assume that the
deprotonated carboxylate species will be directly adsorbed on the Ni
single atom with no need to overcome any barrier. In the computational
model, however, theimplicitinclusion of the H* counterionis necessary

to ensure the neutrality of the supercell. Notably, the carboxylate ion
displays acompletely different coordination on Niwithrespecttothe
carboxylic acid: the RCOOH species is singly coordinated via a Ni-N
bond, while the RCOO™ ion is attached to Ni with an 1? coordination
viathe carboxylate group (Supplementary Fig. 5).

Next, the methyl bromide molecule (R’BrinFig.4) is co-adsorbed
onthe Ni catalytic centre, (Supplementary Fig. 5c). The adsorption of
methylbromide hasadissociative nature, and afurther re-arrangement
of the pyrrolidine-carboxylate ion heterocycle takes place (now a
monodentate O-Ni bond mode is envisaged). A positive AG is associ-
ated with this step (+0.70 eV), resulting from the balance between two
bond breakages (C-Br in R’Br and O-Ni in the adsorbed carboxylate)
and two bond formations (Ni-C and Ni-Br). The reaction product,
methyl pyrrolidine-2-carboxylate (RCOOR’in Fig. 4), is formed onthe
Nis, site, overcoming a thermodynamic barrier of 0.68 eV. The RCOOR’
ester isbound viathe Natom on Ni (Supplementary Fig. 5). Finally, the
catalyst is regenerated by the subsequent desorption of the RCOOR’
reaction product (+1.15 eV) and loss of a H" and Br~ species (+0.61 eV).
Overall, the reactionis remarkably endergonic (AG = +0.78 eV, Fig. 4).
The relaxed structures of all the reaction intermediates are reported
in Supplementary Fig. 5. It is worth noting how the Ni atom changes
its coordination to the CN, supportinabroadrange, between2and 5,
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Table 3 | Alkyl halide, aryl halide and carboxylic acid scope for the Nig,—~nCN, metallaphotocatalysed C-O coupling

protocol

o 'PhotoCube reactor
(White LEDs)

@ Niga—nCN, (5 mg)

R'-COOH + X-R?

-

KoCO3 e}

DMF, 45°C, 8 h

Alkyl halide scope

N (0] P Ph
)

Boc O
(x)-1, 81% yield
X =Cl, 75% yield

%O /\OBn
|

Boc O
(#)-2, 85% yield

Boc O

X = I, 94% yield
g
(0] X (0]
h h
Boc O Boc O Boc (0]

(x)-6, 68% yield (+)-7, 60% vyield

Aryl halide scope

Q.

(¥)-12, 76% yield

N (0] P Ph : MO P Ph
OC

I
Boc O o
(+)-16, 71% yield (x)-17, 92% yield

Boc\”/H(o ~_-Ph O\Ko _~_Ph
0 0

22, 52% yield

O._~_-CF3 N
IIBOC 0

N
Boc O

(#)-11, 85% yield

Carboxylic acid scope

(x)-21, 87% yield

HO, 3

N O.__~_Ph Mo ~_-Ph
| |

Boc O Boc O

(+)-26, 97% yield

(+)-3, 61% yield
()-8, 61% yield

(#)-13, 83% yield

Cbz.
N
Q(O _~_-Ph Q(O _~_-Ph O\'(O _~_Ph
(0] (0] O

(2)-18, >99% yield

~o 0}
Y

23, 25% yield

(4)-27, 88% yield

Boc O
(x)-5, 89% yield

Boc O
(x)-4, 54% yield

Boc 0

D

Boc (0]

(£)-9, 84% yield (#)-10, 94% yield

Trog eroy

Boc O
(0]

(x)-14, 90% yield (+)-15, 88% yield

(x)-19, 71% yield

/H(O _~_Fh
o

24, 22% yield

20, 84% yield

_~_-Ph

FSC/\[]/O ~_-Ph
o

25, 10% yield

(0] P Ph
|
Boc O
(£)-28, 91% yield

Yields reported are isolated yields. Diverse substrates were shown to be suitable coupling partners in this transformation. Where not stated, X = Br. Bn, benzyl; Cbz, benzyloxycarbonyl.

uponbinding of the reactants, thus enhancing the stabilization and the
activation of the reactive species. Notably, the Nisingle atom does not
change oxidation state in the simulated reaction cycle.

The experimental observation that irradiation is important
for the C-0O coupling reaction to proceed, and the endergonic
character of the reaction assessed by DFT calculations, seems to
complement previous experimental studies on homogeneous”, or
semi-heterogeneous®, organometallic catalytic systems. In these
publications, the enabling role of the photosensitizer in the coupling
reaction onthe Ni-based metallacatalyst was attributed to anenergy
transfer process, alternative to the more traditional excited-state
redox chemistry displayed by such metallaphotocatalytic systems".
Therole of carbon nitride is of paramount relevance in this context,

asaviablealternative to the use of photosensitizers that contain criti-
cally rare metals. Thorough modelling of the excited-state dynamics
of this system is beyond feasibility, but we hereby provide a direct
proofofthe endothermic nature of the C-O cross-coupling reaction,
which strongly indicates that the role of light is to trigger the energy
transfer process leading to the metallaphotocatalytic production
of theester.

With optimal metallaphotoredoxcatalytic conditions in hand,
and a better understanding of the reaction mechanism through DFT,
we probed the generality of this process testing differently decorated
carboxylic acids, alkyl halides, and aryl halides (Table 3). The model
reaction was also tested using the corresponding alkyl iodide and
alkyl chloride, affording the base product 1in excellent yields in all
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cases, thus demonstrating the flexibility of our protocol towards all
alkyl halides. We evidenced a trend in the reactivity, where [ > Br > Cl,
consistent with the halide trend already reported for cross-coupling
reactions”. Good to excellent yields were reported for both linear
aliphatic alkyl bromides (1-5,10 and 11, 45-94% yield), and benzylic
substrates (68, 60-68% yield). Systems experiencing enhanced con-
jugation were also successfully coupled to the carboxylic acid via this
method (9, 84% yield). The substrate scope was expanded further to
include aryl halides possessing an electron-withdrawing group in the
paraposition, which also provided the desired ester product in excel-
lentyield (12-15,76-90% yield).

Subsequently, we explored the reactivity of the nucleophilic
carboxylic acid moiety. The expansion or reduction of the proline
N-bearing ring in substrates 16 (71% yield) and 17 (92% yield) led to a
good system performance, particularly in the case of the four-mem-
bered ring, in which the major ring strainresultsin the aforementioned
improved reactivity. Variationinthe a-heteroatom, with the introduc-
tion of an oxygen instead of a nitrogen atom in the cyclic carboxylic
acid substituent, led to the formation of the C-O coupled productin
optimal yield (19, 71% yield). Moreover, the system reacts smoothly
even when shifting the heteroatom from the a-position (substrates
18 and 20,99% and 84% yield, respectively). The reactivity of a carbo-
cyclic substituent, with the elimination of the heteroatom, resulted
inarelatively lower performance (22, 52%yield), thus underlining the
importance of the heteroatom (independent of its positionin the ring)
for our single-atom metallaphotocatalyic protocol. Then, we decided
to test the reactivity of carboxylic acids with smaller substituents, to
probe the versatility of our C-O coupling protocol. Using a different
N-Boc natural amino acid as the nucleophile, N-Boc alanine, the reac-
tion performed with excellentyield (21, 87%yield), due to the similarity
of the substrate with the model N-Boc proline initially utilized. The
implementation of even smaller substituents resulted in an overall
lower system performance (substrates 23-25, 10-25% yield), and is
related to both the negligible electronic effects of the substituents and
thelack of stabilization of the resultant intermediates. This is particu-
larly evident for the carboxylic acid featuring an electron-withdrawing
CF, group (substrate 25,10% yield). This confirms the importance of
the presence of a heteroatom within the acid substrate, to ensure a
high and efficient system reactivity, as was previously discussed for
the cyclic substituents. Finally, we tested substituted or condensed
derivatives of the N-Boc proline substructure, which all functioned
as efficient coupling partners (substrates 26-28, 88-97% yield), thus
confirming the importance and optimal reactivity of heteroatom-
containing cyclic carboxylic acids, independent of the substitution
pattern onthe cyclic moiety.

Therobustness and longer-term stability of the Nig,—-nCN, catalyst
was then demonstrated by means of a recyclability test. The metal-
laphotocatalytic material, being present in powder form, allowed for
simplerecovery and re-use in anew reaction (Fig. 3c). After completion
of the initial 8 h C-O coupling reaction between N-Boc-L-proline and
1-bromo-3-phenylpropane (see Table 2, but with the solvent being
DMF), the catalyst wasfiltered, rinsed, recovered and re-used in a simi-
lar 8 hexperiment. This process was repeated for a total of four cycles,
inwhich nonotable variationin the rate was observed, suggesting that
the catalytic properties of the material were preserved during the pho-
toinduced reaction. Post-catalysis characterization of the recovered
SAC (after the fourthrun) also complemented the consistent catalytic
rates reported in Fig. 3c. Comparing the XAS results for pristine and
used Nig,—nCN,, we cannote that in the XANES region (Supplementary
Fig. 8a), the characteristic peak at ~8,339 eV is slightly broadened in
the used catalyst relative to the analogous freshly prepared material.
Additionally, inthe EXAFSregion (Supplementary Fig. 8b), the intensity
of the signal between the first two main coordinationshellsisincreas-
ing. These spectral variations seem to suggest that the material struc-
tural heterogeneity is marginally enhanced after the catalyticreaction.

Conclusion

We have successfully prepared ananosheet carbon nitride supported
Ni single-atom material and demonstrated its applicability for C-O
coupling chemistry, particularly through the reaction between car-
boxylicacids and alkyl/aryl halides, thereby leading to the correspond-
ing ester product. The benign nature of the reaction environment
has been exemplified by the breadth of functional groups amenable
to this organic transformation, and the high yields recorded in the
relatively short reaction time imposed (compared with more clas-
sical methods) are testament to the abilities of this earth-abundant,
readily fabricated SAC. We additionally demonstrated the recovery
and re-usability of the SAC for four consecutive metallaphotocata-
lytic cycles, showing negligible signs of deactivation throughout the
study. DFT simulations have shed light on the mechanistic role of the
Nisingle atoms within the system, and the key interplay between the
CN,photocycle and the Nimetallacycle. This method of engineering
atomically dispersed Ni metal sites at the carbon nitride surface is a
viable strategy toimprove the activity and recyclability of the metal-
laphotoredoxcatalytic system and will play a critical role in the next
generation of sustainable and green synthetic methodologies for
the preparation of pharmaceutically relevant compounds and other
fine chemicals.

Methods

Catalyst synthesis, and general experimental setup of the
metallaphotocatalytic C-O coupling protocol

Nis,—nCN, was synthesized through a combined thermal polymeriza-
tion-metalimpregnation procedure, first featuring the polymerization
of dicyanamide (by heating 10 g, under air, at 550 °C for 3 h, at a heat-
ing rate of 10 °C min™) yielded gCN,, and the resultant yellow powder
thensubjected to another heating step in air, in which 750 mg of gCN,,
was calcined at 520 °C for 4.5 h, using a heating rate of 2°C min™, to
afford the nCN, scaffold. The following step involved theimpregnation
of the photoactive nanosheet support with the nickel single atoms;
Ni(NO;),-6H,0 in water (140 mg, 14 ml) was added to nCN, (350 mg),
followed by sonication, addition of NaBH, (1.05 g dissolved in 5 ml of
Millipore water), stirring, heating (12 hat 80 °C) and rapid microwave
heating. The resulting solid was filtered, washed and dried to obtain
Nis,—nCN,.

Nig,2—nCN, (5 mg), N-Boc-L-proline (0.45 mmol, 1.5 eq.), K,CO,
(0.6 mmol, 2.0 eq.), solvent (3 ml) and a magnetic stirrer bar were
transferredinto a4 mlvial equipped with ascrew-cap rubber septum,
whichinturnfunctioned as the batch photoreactor. The reaction mix-
ture was degassed with N, for 15 min, and 1-bromo-3-phenylpropane
(0.30 mmol, 1.0 eq.) was then added dropwise. Photocatalytic batch
experiments were irradiated for 8 husing a PhotoCube™ reactor, and
product analysis was conducted using 'H and *C NMR spectroscopy.
During system optimization, quantitative analytical data on the con-
version and product selectivity of the reaction mixture were obtained
by taking a 30 pl aliquot, diluting it with MeCN, filtering it and subse-
quently analysing it using high-performance liquid chromatography
(HPLC). Further details concerning catalyst synthesis and characteriza-
tion, the experimental setups employed and the overall metallapho-
tocatalytic protocol can be found in ‘Materials and methods’ section
in Supplementary Information.

Data availability

All the data supporting the findings of this study are available within
the article and its supplementary information and also from the
corresponding authors upon reasonable request.
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