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Abstract: Synthesis of substituted anilines upon nucleophilic addition of secondary amines to
cyclohexanone derivatives followed by aromatization of the enamine by employing a combination of
Ir-polypyridine complex as a photoredox catalyst and cobaloxime as H.-evolution catalyst was
developed recently by Leonori et al. In this work, we replace homogeneous photoredox catalyst by
heterogeneous mesoporous graphitic carbon nitride (mpg-CN) that is free of rare elements.
Substituted aromatic amine and H, are formed simultaneously. Combination of X-Ray spectroscopies
revealed charge transfer from cobaloxime to mpg-CN in the dark. lllumination of the catalytic system
with visible light induces electron transfer from mpg-CN to cobaloxime and formation of persistent
Co(ll) species. The results of DFT modelling suggest that the studied reaction is strongly endothermic
and endergonic. Thus, energy of photons is stored in the reaction products — H, and the aromatic
amine.
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Introduction

The second law of thermodynamics allows predicting if a certain chemical reaction is spontaneous or
non-spontaneous in the given conditions. In practice, it requires computing and/or measuring change
of enthalpy (AH), entropy (AS) and computation of Gibbs free energy (AG) of a chemical system that
undergoes a chemical reaction. Many chemical reactions are characterized by positive change in AG,
making the reaction thermodynamically non-spontaneous (Fig. 1, path A). There are several
approaches that enable such intrinsically endergonic reactions. For instance, a commonly exploited
approach in chemistry laboratories involves coupling of a desired intrinsically endergonic reaction (AG;
> 0) with another highly exergonic one (AG; < 0) so that AG; < -AG; — overall Gibbs free energy change
of the sum of these two reactions is negative (Fig. 1, path B). In practice, compounds with weakly
negative or even positive enthalpy of formation are added into the reaction mixture. The energy that
is released upon their conversion into thermodynamically more stable compounds is employed to
drive the desired intrinsically uphill reaction. This approach naturally generates chemical waste and
decreases atom efficiency. More innovative, but at the same time more challenging approach, is to lift
the Gibbs free energy of the reactants, to afford AG < 0 (Fig. 1, path C).2 This approach is realized in
electrolysis (or electrocatalysis), photochemistry (or photocatalysis) and plasma catalysis.® Typically,
charged radical species generated upon oxidation, reduction or ionization of substrates and
electronically excited state of compounds obtained upon photon absorption are highly reactive.
Therefore, in general, they undergo transformations into more stable species spontaneously.

One of the most studied intrinsically endergonic reactions is water dissociation into H; and O,. This
reaction does not occur spontaneously under the standard conditions, AG*® of the reaction
2H,0 — 2H, + 0, is +113 kcal mol™. However, the reaction proceeds when energy is supplied by
photons or electromotive force. When this energy in the form of electricity for electrolysis or light for
photocatalysis is derived from renewable sources, the generated H; is considered green. While the by-
product of water splitting, O, is less valuable, electrocatalytic or photocatalytic water splitting can
afford oxygen of high purity to complement the existing air separation technology. An alternative
approach considers generation of H, from hydrogen-rich organic compounds, coupled with their
conversion into value-added products. The examples of products synthesized via this approach are
represented by chemical commodities, such as acetaldehyde®>®”# or 2,3-butandiol®>'®!%® that are
obtained upon dehydrogenation of ethanol, ethylene glycol — from methanol, 131415 and other
organic compounds.1®'18 |t is worth to mention that the demand for such fine organic compounds is
significantly lower compared to the above mentioned industrial commodities. Given that H, and
organic compounds are generated in stoichiometric, ~1:1, ratio, various oxidant-free cross-
dehydrogenative coupling®® and cross-coupling hydrogen evolution reactions?® cannot, in principle,
fulfil all the demand in H,. Nevertheless, these strategies to construct more complex organic
compounds are more atom efficient — i) prefunctionalization of the organic substrates is avoided, ii)
the “by-products” are H,, H,0, CO, and/or other small molecules.??%2315 24 More promising is
generation H, from biomass, such as lignin, cellulose? or pollutants.?® However, the yield rate of H, is
significantly lower compared to model small organic sacrificial molecules — glucose, and other sugars.?’
Itis also of fundamental interest to expand the scope of dehydrogenation reactions and identify which
of them are intrinsically endergonic, but are enabled by means of photochemistry and photocatalysis.
In this case the energy of photons is stored in the organic products, while the reaction is regarded as
artificial photosynthesis.?
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Recently, Leonori et al. developed an elegant approach to synthesize substituted anilines from
aliphatic ketones and amines employing a combination of Ir-polypyridine photoredox catalyst and
Co(dmgH)2(Me;NPy)Cl (Fig. 1B).? The method shows several advantages — i) there are many
precursors available commercially, and ii) in addition to substituted anilines two H, and one H,O
equivalents are generated as the by-products. On the other hand, i) it relies on Ir-based photoredox
catalyst — this transition metal is rare and expensive, and ii) endo-/exoergicity of the reaction was not
assessed. These aspects prompted us to gain the missing pieces of information and to develop a
complimentary method that does not require Ir complexes as photocatalyst.
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Fig. 1. A: Path A denotes schematically a reaction profile of a certain endergonic reaction and
synthesis of a target compound. Path B denotes synthesis of the target compound when it is coupled
with another exergonic reaction. Path C denotes photochemical, electrochemical approaches or
plasma catalysis that involve formation of reactive intermediates — radical ions and electronically-
excited states. B: Synthesis of anilines from aliphatic ketones and amines that is accompanied by H,
evolution reported by Leonori and colleagues.

Herein, we present a method of anilines synthesis from aliphatic ketones and amines that is enabled
by mesoporous graphitic carbon nitride (mpg-CN) as the heterogeneous photocatalyst coupled with
commercial Co(dmgH),PyCl as H,-evolution catalyst.

Results and Discussion
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First, the thermodynamics of the involved reactions was calculated to ascertain their feasibility and
spontaneity. The condensation of 1a and 2a into | is thermoneutral for practical purposes (AH?%® =
+1.56 kcal mol™?) and slightly endergonic (AG?®® = +2.88 kcal mol?) in standard conditions (Fig. 1B). The
equilibrium constant can be shifted by changing the temperature and the equilibrium composition can
be influenced by changing the fraction of reactants and products, including water. Thus, the step is
not a thermodynamic bottleneck. A subsequent conversion of I into 3a, where two molecules of H,
are also formed, is strongly endothermic (AH?%® = +39.24 kcal mol?). The formation of two hydrogen
molecules increases the entropy of the system, offsetting some increase in the Gibbs free energy
(AG?*® = +7.82 kcal mol?). Thus, a fraction of photon energy is stored in the products.

We studied synthesis of 3a from 4-methylcyclohexanone 1a as a saturated aryl surrogate and
morpholine 2a. Their interaction with the formation of | occurs spontaneously, in agreement with the
results of thermodynamic calculations. Following the procedure proposed by Leonori and colleagues®
we tested a catalytic system based on mpg-CN and Co(dmgH),PyCl complex (Fig. 1B). In our reaction
system, mpg-CN serves as the photocatalyst, which electronically excited state is quenched
reductively by I, while Co(dmgH),PyCl functions as the dehydrogenation catalyst. The results of the

reaction conditions optimization are summarized in Table 1.

Table 1. Screening of the reaction conditions of aniline synthesis.

mpg-CN (20 mg)
o) Co(dmgH),PyClI (0.5 mg) //\O
K\ (o} DABCO (0.22 mmol) N \)
+ HN\) CH3COOH (0.0874 mmol) /@/ . M s o
Me Dioxane (1 mL)
Me

Blue Light (80 mW - cm2)

0.1 mmol 0.68 mmol Ar, 24 hours
1a 2a 3a
Entry Deviations from standard conditions Yield (%)"
1 Nonel®! 49
2 Na-PHI 9
3 Without mpg-CN n.d.
4 Without Co(dmgH),PyCl n.d.
5 In the dark n.d.
6 mpg-CN; Purple LED¥! 16
7 mpg-CN; UV LED!! 27
8 mpg-CN; Co(dmgH),PyCl (0.0024 mmol) 48
9 mpg-CN; Co(dmgH),PyCl (0.0048 mmol) 50
10 mpg-CN (30 mg) 44
11 mpg-CN (10 mg) 46
12 mpg-CN (5 mg) 32
13 mpg-CN; air 28
14 mpg-CN; without DABCO 10
15 mpg-CN; without AcOH 30
BBl GC yield
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bl Reaction conditions: ketone (0.1 mmol, 0.125 mL), morpholine (0.68 mmol, 0.59 mL), mpg-CN 20
mg, Co(dmgH),PyCl (0.0012 mmol, 0.5 mg), DABCO (0.22 mmol, 25 mg), glacial AcOH (0.0874 mmol,
0.005 mL), dioxane (1 mL), blue LEDs (Amax = 460 nm, 80 mW cm2), 25 °C, 24 h, n.d. — not detected.

] Amax = 400 nm, 60 mW cm2
A1 A nax = 365 nm, 60 MW cm™

The yield of aniline 3a synthesized under the optimal reaction conditions reaches 49%. The screening
of the reaction conditions indicates the crucial role of DABCO as a proton shuttle, which might be
involved in the photocatalytic cycle as well as cobaloxime turnover step. Furthermore, the presence
of acid and the absence of oxygen are necessary to obtain a satisfactory product yield. No product is
obtained without the addition of mpg-CN or Co(dmgH),PyCl, highlighting their importance for the
synthesis of 3a. Similarly, no product is observed when the reaction is performed in the dark,
demonstrating the photochemical nature of the process. Notably, increasing the amount of
Co(dmgH),PyCl does not significantly increase the yield of 3a, underscoring the synergistic action of
mpg-CN and Co(dmgH),PyCl.

Stability of a catalytic system is crucial to evaluate its lifespan, resistance to deactivation, and overall
durability, which are essential for maintaining consistent performance. Therefore, the reusability tests
have been performed with and without the refilling of Co(dmgH),PyCl, details can be found in
Supplementary note 1. The results indicate that mpg-CN may be reused, but deactivation of
Co(dmgH),PyCl occurs. Therefore, addition of a fresh portion of Co(dmgH),PyCl is required.
Generation of H, and aniline simultaneously was confirmed in the experiment conducted on 7 mmol
scale of 4-methylcyclohexanone resulting in formation of aniline with 35% yield (Fig. S2). A
combination of mpg-CN and Co(dmgH),PyCl mediates the synthesis of anilines by coupling various
aliphatic ketones with amines (Fig. S3, Table S1).

To understand the reaction mechanism, it is essential to elucidate the roles of mpg-CN and
Co(dmgH),PyCl. Consequently, a comprehensive characterization of the physicochemical properties
of these materials was conducted. Detailed results of these characterizations are provided in
Supplementary note 3.

X-Ray absorption spectroscopy (XAS) and X-Ray photoelectron spectroscopy (XPS) were employed to
get insights into the reaction mechanism and the electronic properties of the bare mpg-CN and the
composite Co(dmgH),PyCl (2.4 wt. %)/mpg-CN, which was prepared by concentrating a mixture of
mpg-CN and Co(dmgH)2PyCl in vacuum. The mass fraction of cobaloxime in Co(dmgH),PyCl/mpg-CN is
equal to that in entry 1 of Table 1. As shown by N 1s XPS spectrum, the introduction of Co(dmgH).PyCl
results in the shift of the peaks that are assigned to C-N=C and N-Cs; moieties in mpg-CN by ~0.3 eV
and C-NHy species by ~0.2 eV to lower binding energies. Such shift suggests charge transfer from
Co(dmgH),PyCl to N-atoms of mpg-CN. Similar direction of charge transfer from cobaloxime to mpg-
CN and the magnitude of the peaks shift, ~0.2-0.3 eV, is observed in the O 1s XPS spectrum (see Fig.
$8). In C 1s spectrum, the magnitude of the peaks shift is lower, ~0.2 eV, which might be explained by
more preferable coordination of Co by N and O-atoms compared to C. Although XPS provides detailed
information on the surface binding schemes and the electron density changes at the materials surface
chemical features, XANES provides complementary information especially for the study of the
oxidation state changes at the Co L-edge, before and after the reaction.
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Fig. 2. XPS analysis of mpg-CN and Co(dmgH),PyCl/mpg-CN: N 1s (A), C 1s (B).

The XANES spectrum Co(dmgH),PyCl/mpg-CN in dark reveals that Co is in the oxidation state +3 (Fig.
3A). Upon illumination of the sample with visible light (405 nm) we record a major change in the Co
peak shape with the arising of two peaks located at 776.4 and 775.3 eV in the L; edge spectrum
pointing to a reduction of Co(lll) to Co(ll). At the N K-edge, complementary changes are observed: the
spectrum shifts towards higher energy values upon illumination, pointing to a charge transfer from
the mpg-CN to the cobalt. Thus, the edge energy position in the XANES spectrum is a measure of the
ionization potential of the corresponding N core level (1s for the K-edge). This is shielded by all the
other (valence) electrons, and therefore a shift of the edge position towards higher energy indicates
less shield and therefore, in chemical terms, an oxidation. The described changes in N K-edge and Co
L-edge spectra are at least partially reversible: cessation of light irradiation leads to slow partial
recovery of Co(lll) and charge transfer back to mpg-CN. However, it is worth mentioning that some
changes, after prolonged irradiation, are not reversed (in the time of the experiment). For example,
at the N K-edge, there is a broadening of both the main peak at ~402.5 eV and of the peak at ~405.5 eV,
that is not reversed®. In summary, the XAS results are consistent with a scenario where the UV
photons create electron-hole couples, where the hole is localized on mpg-CN, while the electron is
localized on the Co of the cobaloxime. Co(ll) species are long-lived and may be the resting state of
cobaloxime. X-Ray absorption spectroscopy studies of Co-polypyridyl complex and Co(dmgBF,),
identified Co(l) species, which are formed transiently upon Co-complex excitation in the presence of
sacrificial electron donors — ascorbic acid or triethanolamine.3>3? These conditions, however, are
different from that employed in our current study — Co(dmgH).PyCl/mpg-CN was investigated in solid
state in vacuum without adding any sacrificial agents.
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Fig. 3. Co L, ;-edge spectra of and Co(dmgH),PyCl/mpg-CN without (purple line) and with illumination
(pink line) (A), N K-edge spectra without (red line) (B) and Co L,3-edge spectra (C) with illumination
(different colors), and with the laser switched off after illumination (red line).

Theoretical calculations were conducted to elucidate the reaction mechanism in more detail. First, I is
adsorbed into pores on the (ac) surface of mpg-CN with an adsorption interaction of 1.18 eV
(27.1 kcal mol). Upon excitation to *mpg-CN, four H*/e pairs are transferred, forming 4 equivalents
of mpg-CN(H*/e") as | is converted through II, lll and IV to 3a (see Fig. 4 for the energy profile). The
overall energy change during those steps is -2.4 kcal mol?, i.e., energy difference between “I + 4 mpg-
CN” and “3a + 4 mpg-CN(H*/e7)".
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TDDFT determined energy of the mpg-CN excited state is 62 kcal mol?, and of the Co species is
+43 kcal mol™.

As discussed earlier, the uncatalyzed reaction (thermodynamic limit) has an energy change of
+39.2 kcal mol™. This difference, which accounts for the superior performance of mpg-CN, is explained
by a strong adsorption of 3a (-41.9 kcal mol?, i.e., energy difference between 3a adsorbed on mpg-
CN and desorbed 3a + mpg-CN) and the propensity of mpg-CN to attract hydrogen. Relative to H" + e’
(which is equilibrium with % H, at SHE conditions), mpg-CN(H"/e’) with H* at the most favourable site
has a —0.29 eV (-6.7 kcal mol?) lower energy than mpg-CN, indicating a facilitated transfer (see Fig. 5
for the comparison). The preferential storage of H* in a “triangular pocket” of the (ac) surface of mpg-
CN agree with the results of modelling obtained earlier.3

Fig. 5. Possible sites for binding H* on the (ac) plane of mpg-CN. Values represent adsorption energy
(in kcal mol?) relative to ¥ H,. Negative values indicate favorable adsorption.

Subsequently, dehydrogenation occurs as mpg-CN(H*/e’) transfers hydrogen atoms to the Co"
complex (Co"(dmgH),Py). Note that XAS measurements revealed Co(ll) being persistent species. In the
first step, a single hydrogen atom is transferred, forming Co"(dmgH),PyH. In the next step,
Co"(dmgH),PyH reacts with H*Cl, being converted to Co"(dmgH),PyCl and releasing H.. The cobalt
complex is recovered upon a reaction with the second equivalent of mpg-CN(H*/e"), forming mpg-CN,
HCl and Co"(dmgH),Py. The whole reaction pathway is shown in Fig. 6.
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Fig. 6. A complete reaction mechanism along with the energy differences for each reaction step (in
kcal mol). Adsorption/desorption energies are shown in parentheses. The steps involving the Co-
complex transfer 2 H*/e” and must occur twice in a cycle (see Fig. 8).

Lastly, we studied the effect of different Co-complexes. Co"(dmgH),Py was modelled to get insights
into the results of XAS measurements. In the unbound Co"(dmgH),Py, Co is formally in the oxidation
state of +2. The natural bond orbital (NBO6) analysis shows that Co has a net charge of 0.99 ey. Upon
a H*/e" transfer, the metal centre in Co(dmgH),PyH is partially reduced to 0.63 e, while the newly
transferred H retains its electron (charge 0.02 ep). Upon full oxidation, the charge on Co in the ensuing
Co"(dmgH),PyCl is 0.86 eo. In Fig. 7, HOMO and LUMO are shown. This reveals two important
considerations. First, formal oxidation states are rough approximations at best, which only
qualitatively follow the calculated values, while the difference in the calculated charges during the
reaction is much less extreme. Secondly, in Co"(dmgH),PyCl the Co atom is (ever so slightly) /ess
oxidised compared to Co'"(dmgH),Py. This difference is, however, even smaller when in contact with
mpg-CN (1.02 vs 1.09 eo), where some charge transfer is also observed (vide infra).

Co'"(dmgH),Py and Co"(dmgH),PyCl must approach the catalyst for an efficient hydrogen transfer.
Simulations show that the cobaloxime can only approach mpg-CN from the side along the (ab) facet.
Their interaction energy is similar, 25.3 and 24.1 kcal mol. As shown by XAS and XPS, there is
considerable charge transfer to mpg-CN. The Bader charge of the unperturbed surface N atoms in
mpg-CN is -1.1 eo. Co"(dmgH)2Py is positioned with Co above one N atom, which has a Bader charge of
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-2.0 eo.On the other hand, Co"(dmgH),PyCl is roughly between two surface N atoms, which have Bader
charges of -1.81 eg and -1.67 ey, indicating a cumulatively larger charge transfer. This is also graphically

shown in Fig. 7.

A 9

Fig. 7. Depiction of HOMO (top), LUMO (middle) orbitals and differential charge density upon
adsorption to mpg-CN (bottom) of Co"(dmgH),PyH (left) and Co"(dmgH),PyCl (right).

Leonori and colleagues concluded involvement of two photons for each molecule of aniline formed.?®
The results of modelling revealed energy barriers greater than ~30 kcal mol? (oxidation on mpg-CN)
and greater than ~10-20 kcal mol™ (cobaloxime cycle). Given that all the experiments were conducted
at ~25-35 °C, it is unlikely that the ambient environment can provide sufficient energy to overcome
the energy barriers by heat only. Therefore, involvement of more than two photons per each molecule
of aniline formed is deemed to be reasonable, which is reflected in Fig. 8.
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Fig. 8. A proposed photocatalytic mechanism of 3a synthesis by employing a combination of
Co(dmgH),PyCl and mpg-CN.

Conclusions

The photocatalytic synthesis of substituted anilines from carbonyl compounds and amines, a reaction
of critical importance in synthetic chemistry, has traditionally relied on molecular catalysts based on
rare-earth elements, which poses sustainability challenges. This study demonstrates that merging the
mesoporous graphitic carbon nitride (mpg-CN) with cobaloxime can serve as an effective alternative
to molecular catalysts in the synthesis of substituted anilines. Specifically, a combination of mpg-CN
and a cobaloxime facilitates aromatization of enamine that is accompanied by evolution of hydrogen.
This method efficiently couples aliphatic ketones with amines to produce substituted anilines and
hydrogen in a heterogeneous manner. Mechanistic studies, supported by X-ray spectroscopy and DFT
calculations, reveal charge transfer from cobaloxime to mpg-CN in the dark and light-induced electron
transfer from mpg-CN to cobaloxime, leading to the formation of persistent Co(ll) species. This process
effectively stores photon energy in the reaction products, making the energetically uphill reaction
feasible. Furthermore, detailed catalyst characterization under reaction conditions confirmed the
formation of a heterojunction, underscoring the efficacy of the proposed catalytic system for the
synthesis of anilines using various ketones. This method not only demonstrates the potential for more
sustainable and efficient production of anilines but also highlights the importance of integrating
heterogeneous photocatalysts with molecular catalysts for advanced organic transformations.

Experimental section
Reagents were purchased at the highest commercial quality and used without further purification.
Synthetic procedures

Catalyst preparation: mpg-CN was prepared using the following steps: cyanamide (30 g) was mixed
with an aqueous colloidal suspension of silica (75 g, LUDOX HS-40, 40 wt%) until a clear solution was
obtained. The mixture was then subjected to slow evaporation using a rotary evaporator until it
formed a transparent amorphous solid. Next, the flask containing the solid was promptly placed into
a water bath preheated to 80 °C and connected to a gas trap. As the solid heated, it turned white, and
the evolution of ammonia was observed. The white solid was subsequently transferred to a crucible
and heated in an oven at 550 °C for 4 hours, followed by additional calcination at the same
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temperature for another 4 hours under a flow of nitrogen. After cooling, the contents of the crucible
were transferred to a polypropylene bottle, into which NHsHF; (120 g) and water (500 mL) were
added. The mixture was stirred for 24 hours. Following filtration, the solid was washed multiple times
with water and ethanol before being dried overnight in a vacuum oven. The final yield was 15.8 g.

General procedure dehydrogenative synthesis of anilines: A 5-mL vial was fitted with a magnetic
stirrer and filled with mpg-CN (20 mg), chloro(pyridine)bis(dimethylglyoximato)cobalt(lll) (0.5 mg,
0.0012 mmol), and DABCO (25 mg, 0.22 mmol), all mixed thoroughly. Subsequently, 1,4-dioxane
(2 mL), 4-methylocyclohexan-1-one (0.0125 mL, 0.1 mmol), morpholine (0.059 mL, 0.68 mmol), and
CH3COOH (0.005 mL, 0.0874 mmol) were added to the mixture. The vials were sealed with screw caps
equipped with a PTFE liner and degassed with Ar using a double needle technique. The reaction
mixture was then irradiated for 24 hours inside a blue photoreactor (Aem = 465 nm, Egm = 80 mW cm’
2). After the reaction, the catalyst was separated by centrifugation, and the solution was transferred
back into the vial for analysis by GC-MS.

General procedure for scale-up experiment: In a three-neck reactor equipped with a magnetic stirring
bar, mpg-CN (1.4 g), chloro(pyridine)bis(dimethylglyoximato)cobalt(lll) (35 mg, 0.084 mmol), and
DABCO (1.75 g, 15.7 mmol) were placed and thoroughly mixed. Subsequently, 1,4-dioxane (70 mL), 4-
methylocyclohexan-1-one (0.875 mL, 7 mmol), morpholine (4.13 mL, 47.6 mmol), and CH3;COOH (0.35
mL, 6.125 mmol) were added to the mixture. The reactor was then degassed with Ar, and the
temperature sensor was immersed while the gas collector was connected to the reactor neck. The
reaction mixture was irradiated for 24 hours inside a blue photoreactor. After the 24-hour reaction
period, the reaction mixture (1 mL) was extracted, the catalyst was separated by centrifugation, and
the solution was analyzed by GC-MS. The reaction was considered complete when all starting
materials were consumed. The catalyst was further separated from the reaction mixture by
centrifugation. Subsequent steps involved the isolation of the reaction product. Firstly, the dioxane
was removed using a rotary evaporator. Then, dichloromethane was used to dissolve the remaining
liquid. Next, the solution was washed successively with sodium bicarbonate, water, and brine. Finally,
the solvent was removed using a rotary evaporator. Purification of the crude liquid was carried out by
hand column chromatography using ethyl acetate/hexane as eluents on silica gel.

General procedure for catalyst stability tests: The reaction was performed in a 5-mL vial as previously
described. In the first experiment, the recovered catalyst was washed with ethanol, dried, and then
reused for another reaction. After 24 hours of irradiation, the catalyst was recovered by
centrifugation, washed with ethanol, and dried at 60°C in a vacuum oven. After each catalytic run, the
reaction mixture was collected and analyzed by GC-MS.

In the second experiment, the chloro(pyridine)bis(dimethylglyoximato)cobalt(lll) was replenished.
After the first catalytic run, the catalyst was recovered, washed with ethanol and dried at 60°C. For
the second reaction cycle, the recovered catalyst was combined with an additional
chloro(pyridine)bis(dimethylglyoximato)cobalt(lll) (0.5 mg, 0.0012 mmol) and the standard reaction
mixture. After 24 hours of irradiation, the catalyst was again recovered, washed and dried. This
procedure was repeated for a third cycle with the addition of a fresh portion of the cobaloxime
(0.5 mg, 0.0012 mmol). After each catalytic run, the reaction mixture was collected and analyzed by
GC-MS.
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General procedure for reactions with different ketones in 0.1 mmol scale: A 5-mL vial was fitted with
a magnetic stirrer and filled with mpg-CN (20 mg), chloro(pyridine)bis(dimethylglyoximato)cobalt(lll)
(0.5 mg, 0.0012 mmol), and DABCO (25 mg, 0.22 mmol), all mixed thoroughly. Subsequently, 1,4-
dioxane (1 mL), chosen ketone (0.1 mmol), morpholine (0.059 mL, 0.68 mmol), and CH;COOH (0.005
mL, 0.0875 mmol) were added to the mixture. The vials were sealed with screw caps equipped with a
PTFE liner and degassed with Ar using a double needle technique. The reaction mixture was then
irradiated for 24 hours inside a blue photoreactor (Aem = 465 nm, Ezm = 80 mW cm™). After the
reaction, the catalyst was separated by centrifugation, and the solution was transferred back into the
vial for analysis by GC-MS.

General procedure for reactions with different ketones in 5 mmol scale: In a three-neck reactor with
a magnetic stirring bar, mpg-CN (1 g), chloro(pyridine)bis(dimethylglyoximato)cobalt(lll) (25 mg,
0.06 mmol), and DABCO (1.25 g, 11 mmol), was combine and mixed. Then, 1,4-dioxane (50 mL), along
with 4-metoxycyclohexan-1-one (A) or 1,4-cyclohexanedione (B) or and 2-cyclohexen-1-one (C) (5
mmol each), morpholine (2.95 mL, 34 mmol), and CH3COOH (0.250 mL, 4.375 mmol) were added.
After degassing the reactor with Ar, the temperature sensor and connected the gas collector were
submerged. The reaction mixture underwent 24 hours of irradiation inside a blue photoreactor. After
that time, the reaction mixture (1 mL) was extracted, catalyst was separated by the centrifugation,
and the solution was analyzed by GC-MS. The reaction was considered finished when all starting
materials were used up. We then isolated the catalyst from the reaction mixture by centrifugation.
Next steps included removing dioxane with a rotary evaporator, dissolving the remaining liquid in
dichloromethane, washing the solution with sodium bicarbonate, water, and brine, and finally
removing the solvent with a rotary evaporator. To purify the crude liquid, we conducted hand column
chromatography on silica gel using ethyl acetate/hexane as eluents.

Physicochemical characterization of catalyst:

The crystallinity of the materials was determined by powder X-ray diffraction (XRD) using Rigaku
SmartLab (Japan, Cu Ka, 0.154 nm). Thermo Scientific Nicolet iD7 (USA) spectrometer was used as a
Fourier-transform infrared (FTIR) spectrometer. Physisorption measurements were performed on a
Quantachrome Quadrasorb S| (Austria) at 77 K for N.. The specific surface areas were calculated by
applying the Brunauer-Emmett-Teller (BET) model to adsorption isotherms for 0.05 < p/po < 0.3 using
the QuadraWin 5.11 software package. Samples were degassed overnight before the measurements.
Scanning Electron Microscopy (SEM) imaging was performed using the Zeiss LEO 1550-Gemini
(Germany) system with acceleration voltage of 10 kV. An Oxford Instruments X-MAX (UK) 80 mm?
detector was used to collect the energy-dispersive X-ray (EDX) data. Fluorescence spectra were
recorded on Jasco FP-830 instrument (Japan). The excitation wavelength was set at 375 nm. Optical
absorbance spectra of powders were measured on a Shimadzu UV 2600 equipped with an integrating
sphere. EPR study was conducted on Bruker EMXnano benchtop X-Band EPR spectrometer (Germany).
The following settings have been used for all spectra acquisition unless other is specified: Center Field
3448.05 G, Sweep Width 200 G, Receiver Gain 50 dB, Modulation Amplitude 1.000 G, Number of Scans
10, Microwave Attenuation 20 dB. Sample were placed and flame-sealed in EPR capillaries (IntraMark,
volume 50puL, ID 0.86 mm), inside the EPR tube (ID 3mm, OD 4 mm, length 250 mm).
Photoluminescence maps were recorded by Horiba FluoroMax-4 (Japan), integration time 0.2, and
slits apertures 2. Mass spectral data were obtained using Agilent GC 8890 gas chromatograph,
equipped with HP-5MS column (inner diameter = 0.25 mm, length = 30 m, and film = 0.25 um),
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coupled with Agilent GC/MSD 5977B mass spectrometer (electron ionization). 1H NMR spectra were
recorded on Agilent 400 MHz Bruker (Germany).

Computational methods

Thermodynamic calculations were performed at the DFT level using Gaussian 16. The wB97XD

functional®

was chosen on account of its favourable performance for main-group elements and
organo-metallics and inclusion of the D2 dispersion interaction by Grimme. Geometrical optimizations
were done with the 6-31+G(d,p) basis set and final energies were obtained as single-pass calculations
with the 6-311++G(d,p) basis set. In all instances, the SMD variation of the IEFPCM solvent was used
with the default settings for dioxane®. Vibrational analysis was performed to confirm that no
imaginary frequencies were present in stable structures. Vibrational, rotational and translational
contributions to the free energy were accounted for. Gibbs free energies were computed at 1 atm and
298.15 K3¢. These calculations were used to study the thermodynamics and equilibria of the reactions

involved in the process.

A combined H*/e transfer from the substrate to mpg-CN was modelled with a plane-wave DFT
approach, as implemented in VASP 6.3.1, due to the periodic structure of mpg-CN. It was modelled as
a perfectly-condensed graphitic carbon nitride®. It assumes an undulating structure with a
computationally optimized unit cell @ = 7.00, b = 12.12, ¢ = 7.00 A and C.N3, composition. Consistent
with previous works, a slightly off-set AA structure, where the layers are shifted by 12% and 7% in the
cardinal directions, is most stable. The structure is not planar but assume a zigzag-type geometry,
consistent with®, The active site of mpg-CN is the (ac) edge plane, which was modelled in a 2x2
supercell with hydrogen-terminated dangling nitrogen atoms (-NH,). Along the (ac) edge, mpg forms
pores, where | (4-(4-methylcyclohexen-1-yl)morpholine) binds to and undergoes a stepwise oxidation
as H*+e is transferred to *mpg-CN under illumination. The re-oxidation of mpg-CN(H*/e’), however,
can only occur at the edges (ab), since the (Co(dmgH),PyCl) complex does not fit into the pores on
(ac). A RPBE functional® was used with an energy cutoff of 500 eV. A Gaussian smearing of 0.001 eV
was used to improve the electronic convergence. Spin-polarised calculations were used where
required and the Grimme D3 dispersion correction was turned on“® . Due to the size of the supercell,
a single point (gamma) sampling in the Brillouin zone sufficed. Whenever multiple possibilities existed,
all possible adsorption sites were considered, and the lowest-lying energies are reported universally.
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