
27 July 2026

IRIS - Archivio Istituzionale dell'Università degli Studi di Sassari

Oxidovanadium(IV) sulfate catalyses light-driven C–N bond formation / Gaspa, S., Sciortino, G., Porcheddu,
A., Dell'Osa, C., Satta, G., Azzena, U., Pisano, L., Carraro, M., Sanna, D., Garribba, E., Maseras, F., De Luca,
L.. - In: MOLECULAR CATALYSIS. - ISSN 2468-8231. - 541:(2023), p. 113054.
[10.1016/j.mcat.2023.113054]

Original

Oxidovanadium(IV) sulfate catalyses light-driven C–N bond formation

Publisher:

Published
DOI:10.1016/j.mcat.2023.113054

Terms of use:

Publisher copyright

(Article begins on next page)

Chiunque può accedere liberamente al full text dei lavori resi disponibili come “Open Access”.

Availability:
This version is available at: 11388/305947 since: 2025-01-10T09:55:43Z

Questa è la versione Post print del seguente articolo:

note finali coverpage



CO
RR

EC
TE

D
PR

OO
F

Journal of Molecular Catalysis. A, Chemical xxx (xxxx) 113054

Contents lists available at ScienceDirect

Journal of Molecular Catalysis. A, Chemical
journal homepage: www.journals.elsevier.com/molecular-catalysis

Oxidovanadium(IV) sulfate catalyses light-driven C–N bond fomation
Silvia Gaspa a, Giuseppe Sciortino b, Andrea Porcheddu c, Chiara Dell'Osa a, Giuseppe Satta a, e,
Ugo Azzena a, e, Luisa Pisano a, e, Massimo Carraro a, e, Daniele Sanna d, Eugenio Garribba f, ⁎,
Feliu Maseras b, ⁎, Lidia De Luca a, ⁎

a Dipartimento di Scienze Chimiche, Fisiche Matematiche e Naturali Università di Sassari, Via Vienna 2, Sassari I-07100, Italy
b Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and Technology, Avgda. Països Catalans 16, Tarragona 43007, Spain
c Dipartimento di Scienze Chimiche e Geologiche, Università di Cagliari Cittadella Universitaria, Monserrato I-09042, Italy
d Istituto CNR di Chimica Biomolecolare, Trav La Crucca 3, Sassari I-07100, Italy
e Consorzio Interuniversitario Reattività Chimica e Catalisi (CIRCC), Bari, Italy
f Dipartimento di Medicina, Chirurgia e Farmacia Università di Sassari, Viale San Pietro, Sassari I-07100, Italy

A R T I C L E  I N F O

Keywords:
Photocatalysis
DFT Mechanism
Oxidovanadium(IV) sulfate
C–N bond formation
Aldehydes
N-chloramine

A B S T R A C T

Oxidovanadium(IV) sulfate, VIVOSO4, is shown to catalyze efficiently the amidation of the C–H bond of aldehy-
des by N-chloramine derivatives for the selective synthesis of amides. The catalytic process is driven by visible
light irradiation at room temperature, and the reaction is carried out in ethyl acetate, a green and bio-based sol-
vent. The catalyst, as an inorganic salt of an earth-abundant transition metal, is easily available, stable and inex-
pensive and is superior compared to other tested transition metal salts and complexes. The proposed reaction
mechanism is obtained through the use of a combination of experimental and computational techniques. EPR
spectroscopy suggests an interaction of the amine with the VIVO2+ ion and the formation of VIV/VV and radical
organic intermediates. Density functional theory (DFT) unveils a light-induced radical mechanism via an unusual
VIVOCl(SO4) complex. The mechanistic proposal opens perspectives for the extended application of vanadium
salts toward highly desirable dechlorination processes as well as for harsh C–H activations.

1. Introduction

Photocatalysis has been one of the success stories in chemistry in the
XXI century [1,2]. Photochemistry had been for a long time a well-
known part of mainstream synthetic organic chemistry but relied
mostly on the direct excitation of organic compounds by UV light,
which limited significantly its scope [3,4]. This situation changed
mainly thanks to the introduction of photosensitizers, photoactive
species able to absorb photons and transfer efficiently its energy to the
organic systems of interest [5]. In this way, visible-light-driven pho-
toreactions have been shown to display a safe and more accessible alter-
native to traditional photochemistry, and to introduce new reactivity
modes in organic synthesis.

This renaissance in photochemistry derives largely from the devel-
opment of photosensitizers based on Ru(II) and Ir(III) complexes [6,7].
However, the intrinsic high cost of these noble metals, their scarceness
and high toxicity profiles are clearly suboptimal. It is thus advisable to
study the opportunity of replacing Ru- and Ir-based photocatalysts with
more sustainable, easily accessible and cheaper metals [8–11]. Reports

of earth-abundant metals (EAMS) ed-photocatalysts have been de-
scribed in recent years and include inorganic and organometallic com-
plexes of vanadium(V) [8,9], chromium(III) [12], iron(II) [13,14],
cobalt(III) [15], copper(I) [16,17], zinc(II) [18,19], zirconium(IV)
[20], and tungsten(VI) [21,22], but this is clearly still an open topic.
Particularly, only one V-based homogenous photocatalyst has been re-
ported up to now; it is VVO(OiPr)3 which, in presence of O2, selectively
oxidizes the Cα−Cβ bond of lignin β−1 at room temperature and under
visible light irradiation [23–25]. These classes of EAMS have moreover
distinct reactivity profiles, further expanding the diversity of the field
[26].

Amide bonds are basic functional groups in chemistry currently ex-
ploited for natural products, functionalized materials and drugs devel-
opment [27,28]. Traditional methods for the preparation of amides suf-
fer of many drawbacks, such as the formation of byproducts, chemical
waste and harsh working conditions [7,29,30].

These problems have been partially addressed by the introduction of
photocatalytic procedures [31,32]. Recent examples are based on pre-
cious Ir and Ru classic photosensitizers [33,34], metallic nanocompos-
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ites [35,36], and organocatalyzed approaches [37–43]. Ball-milling
[44], continuous-flow [45], Fe(III)- [46] and Rh(III)-catalysed [47] ap-
proaches for the direct aldehyde C–H amidation from aldehydes and N-
chloroamines have been also proposed. However, there is still margin
for improvement in view of industrial scale application: i) precious
metal-based photosensitizers are toxic and expensive; ii) some catalysts
need specific synthesis; and iii) solvents are not always green. Here we
report a new class of photocatalytic system based on oxidovanadium
(IV) sulfate, VIVOSO4, a stable, inexpensive and commercially available
EAM salt. The efficiency of VIVOSO4 has been compared with that of
other inorganic salts of first raw transition metals and metal complexes
in the synthesis of amides from N-chloramines and aldehydes. The cata-
lyst works in ethyl acetate, a green and bio-based solvent, and well tol-
erates both aromatic aldehydes and primary and secondary N-
chloramines with diverse functional groups. Selective C–H activation
remains a highly desirable goal in organic synthesis, and this work com-
plements the range of available methods with a new photocatalytic al-
ternative [23,25,48–52]. We also report a mechanistic study of the
process by coupling spectroscopic studies and DFT calculations
[53–58]. The proposed mechanism may be foundational for further ex-
ploration of the reactivity of this and related systems.

2. Experimental

2.1. General information

All reagents and solvents were as obtained by commercial source.
All solvents were dried by usual methods and distilled under Argon.
Column chromatography was generally performed on silica gel (pore
size 60 Å, 32–63 nm particle size) and reactions were monitored by
thin-layer chromatography (TLC) analysis was performed with Merck
Kieselgel 60 F254 plates and visualized using UV light at 254 nm,
KMnO4 and 2,4-DNP staining. For irradiation with blue light OSRAM
Oslon SSL 80 LDCQ7P-1U3U (blue, λ max = 455 nm, I
max = 1000 mA, 1.12 W) was used. 1H NMR and 13C NMR spectra
were measured on a Bruker Avance III 400 spectrometer (400 MHz or
100 MHz, respectively) using CDCl3 solutions and TMS as an internal
standard. Chemical shifts are reported in parts per million (ppm, δ) rel-
ative to internal tetramethylsilane standard (TMS, δ 0.00). The peak
patterns are indicated as follows: s, singlet; d, doublet; t, triplet; m, mul-
tiplet; q, quartet; dd, doublet of doublets; br, broad. The coupling con-
stants, J, are reported in Hertz (Hz). High resolution mass spectra
HRMS (HESI-FT-ORBITRAP) were recorded on a Q-Exactive Thermo
Scientific mass spectrometer. UV–Vis spectra were obtained on a Varian
Cary 1E UV/VIS Spectrometer. Melting points were determined in open
capillary tubes and are uncorrected.

2.2. General procedure to N‑chloro-amines 2a-2o

Amine (10 mmol) was dissolved in CH2Cl2 (50 mL) and treated with
N-chlorosuccinimide (11 mmol, 1.47 g) at 0 °C. After the addition, the
mixture was warmed to r.t. and stirred for 2 h under Ar (the reaction
was monitored by TLC until disappearance of amine). Then, the crude
products were purified by flash chromatography on pad of silica gel.

2.3. General procedure to compounds 3a-3u, 4a-4n

In a round bottom flask of 25 mL, aldehyde (4 mmol) and
VOSO4·3H2O (8.69 mg, 5% mol) were added to a solution of a N‑chloro-
amine (0.8 mmol) in 1 mL AcOEt under Ar atmosphere and at room
temperature. The mixture was stirred under blue led irradiation for
24 h under Ar (the reaction was monitored by TLC until disappearance
of N Cl-amine). Then was added NEt3 (0.8 mmol, 0.11 mL) and the
reaction mixture left to stir at room temperature for 2 h until disappear-
ance of the intermediate acyl chloride (monitored by TLC). Then, the

reaction mixture was quenched with water and extracted with AcOEt.
The combined organic layers were washed three times with a solution
of 5% citric acid and then three times with a solution of 5% NaHCO3;
the organic phase was dried over anhydrous Na2SO4, and the solvent
was evaporated under reduced pressure. The crude products were puri-
fied by flash chromatography on silica gel.

2.4. Detection and characterization of benzoyl chloride

In a round bottom flask of 25 mL, benzaldehyde (4 mmol, 425 mg)
and VOSO4·3H2O (8.68 mg, 5% mol) were added to a solution of a
N‑chloro-N-methyl-1-phenylmethanamine (0.8 mmol, 125 mg) in 1 mL
AcOEt under Ar atmosphere and at room temperature. The mixture was
stirred under blue led irradiation for 24 h under Ar (the reaction was
monitored by TLC until disappearance of N Cl-amine). The crude
products were purified by flash chromatography on silica gel to provide
benzoyl chloride (0.084 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ:
8.08 (d, J = 7.8 Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.6 Hz,
2H). 13C NMR (100 MHz, CDCl3) δ: 168.3, 135.4, 133.2, 131.4, 129.0.

2.5. Spectroscopic details

EPR spectra were recorded at room temperature with an X-band
Bruker EMX spectrometer equipped with a HP 53150A microwave fre-
quency counter. A preliminary exploration in the magnetic field range
0–8000 Gauss was carried out and, next, the spectra were recorded only
in the range where absorptions are detected, in the range 2900–3900
Gauss. The microwave frequency was 9.40–9.41 GHz, microwave
power was 20 mW, time constant was 81.92 ms, modulation frequency
100 kHz, modulation amplitude 0.4 mT, sweep time 335.54 s, resolu-
tion 4096 points.

UV–Vis spectra were recorded on a Varian Cary 1E spectrophotome-
ter from 900 to 300 nm with a scan rate of a 0.5 nm/s.

2.6. Computational details

Mechanistic analysis has been performed at DFT level of theory us-
ing Gaussian16 software [59]. All structures were optimized in DCM
modelled with the SMD continuum model [60] using the B3LYP func-
tional [61] combined with the Grimme's D3 correction for dispersion
[62]. Basis set BS1 was used for the optimizations. BS1 includes the
6–31G(d,p) basis set for the main group elements [63], and the scalar
relativistic Stuttgart-Dresden SDD pseudopotential and its associated
double-ζ basis set [64], complemented with a set of f polarization func-
tions [65] for the vanadium atom. Frequency calculations were carried
out for all the optimized geometries in order to characterize the station-
ary points as either minima or transition states. It was confirmed that
transition states connect with the corresponding intermediates by usual
intrinsic reaction coordinate (IRC) calculations and subsequent opti-
mization to minima. Final Gibbs energies were obtained by adding the
thermal and entropic corrections obtained with BS1 to the potential en-
ergies obtained with single point calculations using an extended basis
set (BS2). BS2 consists in the triple-ζ def2-TZVP basis set for the main
group elements and quadruple-ζ def2-QZVP basis set for V [66,67]. A
correction of 1.9 kcal·mol–1 was applied to all Gibbs values to change
the standard state from the gas phase (1 atm) to solution (1 M) at
298.15 K [68]. The electronic transitions of the intermediate II and III
were computed on the optimized geometry for the ground electronic
state at TD-DFT level of theory, with SMD for DCM. The CAM-B3LYP
[61] functional combined with BS2 basis-set was used. The molecular
orbitals (MOs) involved in the transitions were simulated performing a
Mulliken population analysis (MPA) with Gaussian 16 at the same level
of theory used for the TD-DFT calculations and identified via the AOMix
package (vers. 6.52) [69].
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Minimum Energy Crossing Points (MECPs) between potential en-
ergy surfaces of different spin have been computed using the program
developed by Harvey and co-workers [70]. To confirm that the MECPs
relate the two potential energy surfaces, the MECP structures were opti-
mized in the different spin states involved in the crossing. Gibbs ener-
gies of MECPs were estimated for both spin states by adding the en-
thalpic and entropic correction computed at BS1 level to the single
point energy computed at BS2 level. The final energy is the average of
the values computed for both spin states.

Nudged Elastic Band (NEB) calculation has been carried out using
ORCA 4.0.1 at DFT B3LYP-D3 theory level generating a total of six im-
ages connecting intermediates VIII and IX [71].

Orbital localization of canonical Density Functional Theory orbitals
[72] was performed with the CP2K code (www.cp2k.org) using the PBE
exchange-correlation functional [73]. The Quickstep algorithm was ap-
plied to solve the electronic structure problem [74], employing a dou-
ble- ζ plus polarization (DZVP) basis set to represent the valence or-
bitals and plane waves for the electron density (300 Ry cutoff).
Goedecker-Teter-Hutter (GTH) type pseudopotentials were used for va-
lence-core interactions [75,76]. Models were treated as isolated in a cu-
bic box of 30 Å edge.

3. Results and discussion

In relation to our interest in the synthesis of amides [77,78], we
evaluated the possibility to directly use EAMs-based salts as photocata-
lysts for selective amidation of aldehydes.

The investigation started reacting benzaldehyde 1a with N‑chloro-
N-methyl-1-phenylmethanamine 2a as the model substrates, using an
array of V-, Mn-, Fe-, Co-, Ni- and Cu-based EAMs salts and complexes
under light irradiation by blue (455 nm) or green (535 nm) LEDs (Table
1). In the first reaction, benzaldehyde (Table 1, 1a, 4 mmol), N‑chloro-
N-methyl-1-phenylmethanamine (Table 1, 2a, 0.8 mmol) and VIVOSO4
(Table 1, 5 mol%) in 1 mL of DCM were irradiated for 24 h with blue
LEDS. Then Et3N (0.8 mmol) was added, affording the product 3a in
68%. For comparison, a stable VIVO complex, VIVO(acac)2, where acac
is acetylacetonato ligand, and a vanadate(V) salt, NH4VVO3, have been
tested, yielding 3a in 7% and 44%, respectively (Table 1, entries 2 and
3). With the iron salts FeIICl2 and FeIIICl3, the product 3a was formed in
34 and 30% yield, respectively, under blue LED irradiation (Table 1, en-
tries 4 and 5). NiIISO4 has given similar results, affording the desired
product in 25% yield (Table 1, entry 6). Copper salts such as CuICl and
CuII(OAc)2 were tested furnishing the product 3a in 37% and 10%, re-
spectively (Table 1, entries 7 and 8). Other metal salts like MnIICl2,
CoIICl2 and VIIICl3 with maximum absorbance around 535 nm (green
led) did not lead to the product (Table 1, entries 9, 10 and 11). Compar-
ing all the systems, VIVOSO4 afforded the product 3a with the most
promising yield of the set achieving 68% (Table 1, entry 1). With this
result in hand, a solvent screening has been performed. In acetonitrile
(CH3CN) and cyclopentyl methyl ether (CPME), the yield was not en-
hanced (Table 1, entries 12 and 13). Concerning the molar ratio of 1a
and 2a, it was found that an excess of 5 equiv. of 1a was a good compro-
mise between the reactive loading and yield of the reaction (see Table
S1). However, at the end of the reaction (Table 1, entry 14), 60% of un-
reacted aldehyde was recovered. To our delight, when ethyl acetate
(AcOEt) was used as a solvent, the yield increased up to 80% (Table 1,
entry 14). It is to highlight that AcOEt, being biodegradable and not
bioaccumulable is a highly recommended solvent by Sanofi's solvent se-
lection guide [79], and also included in the greener solvent GSK's list
[80]. In contrast, when the reaction with VIVOSO4 as a photocatalyst
was performed in dark and under green LEDs irradiation (Table 1, en-
tries 15 and 16), no products were obtained. This finding confirms a
blue LEDs light-activation process. Finally, RuII(bpy)3Cl2, a classical
photocatalyst, was also tested for comparison, but no products have
been detected (Table 1, entry 17).

Table 1
Screening for the selective amidation of 1a and 2a.

Entrya Catalyst λ (nm) Solv. Yieldb

1 VIVOSO4 455 DCM 68

2 VIVO(acac)2 455 DCM 7

3 NH4VVO3 455 DCM 44

4 FeIICl2 455 DCM 34

5 FeIIICl3 455 DCM 30

6 NiIISO4 455 DCM 25

7 CuICl 455 DCM 37
8 CuII(OAc)2 455 DCM 10

9c MnIICl2 535 DCM 0

10c CoIICl2 535 DCM 0

11c VIIICl3·3THF 535 DCM 0

12 VIVOSO4 455 CH3CN 43

13 VIVOSO4 455 CPME 14

14 VIVOSO4 455 AcOEt 80

15 VIVOSO4 dark AcOEt 0

16c VIVOSO4 535 AcOEt 0

17 RuII(bpy)3Cl2 455 DCM 0

a Reaction conditions: N‑chloro-amine (0.8 mmol), aldehyde (4 mmol),
solvent (1 mL), photocatalyst (5%), blue LEDS (455 nm), 24 h. Then Et3N
(0.8 mol) for 2 h. bIsolated% yields. cThe reaction mixture was irradiated for
24 h with green LEDS (535 nm).

This observation suggests an inner-sphere reaction mechanism,
likely a hallmark of photocatalytic cycles involving first-row transition
metal complexes, as highlighted in several reviews on photoredox catal-
ysis with EAMs [5]. Using the optimized conditions (Table 1, entry 14),
the reaction scope has been investigated. Firstly, the reactivity of an ar-
ray of commercially available aldehydes has been tested. In particular,
diverse functional groups on aromatic rings, both electro-donating and
electron-withdrawing, were examined. Neither the electronic proper-
ties nor the steric effects of substituents on the aromatic ring of aldehy-
des have showed significant effect on the reaction and products yield.
Strong electron-donating groups as OMe in meta- and para-positions
(Scheme 1, 3b and 3c) showed satisfying results. Substituents in ortho
positions, which are sterically hindered, as ortho-methoxybenzaldehyde
and ortho-methylbenzaldehyde, were well tolerated and converted into
the corresponding amide (Scheme 1, 3d and 3g). Aromatic aldehydes
with moderate electron-donating substituent as methyl in ortho, meta or
para positions (Scheme 1, 3e, 3f, 3g) and tert‑butyl (Scheme 1, 3i) were
converted into the corresponding amides providing satisfactory yields.
When the aromatic ring was replaced by biphenyl or by hindered naph-
thyl groups, the corresponding amides were obtained with 49% and
65% yields, respectively (Scheme 1, 3j and 3k).

Benzaldehydes with halide substituents, as fluorine, chlorine and
bromine, were subjected to the optimized reaction conditions furnish-
ing the corresponding amides, which could be further manipulated by
traditional cross-coupling reactions (Scheme 1, 3l, 3m and 3n). Ben-
zaldehydes with moderate electron-withdrawing groups as ketone and
ester gave good results too (Scheme 1, 3o and 3p). Strong electro-
withdrawing groups as CN and CF3 (Scheme 1, 3q and 3r) were well tol-
erated affording the desired amides in good results. To prove the syn-
thetic utility of the procedure, thiophene-2-carbaldehyde was subjected

3
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Table 2
Computed S2 and Mulliken spin population for selected atoms of the open-
shell intermediates and TSs a.

Species S2 V O1 O2 O3 O4 N C

Cat 0.76 1.12 0.02 0.00 0.00 0.00 – –
I 0.76 1.14 0.01 0.01 0.00 0.00 0.02 –
II 0.76 1.13 0.02 0.00 0.00 0.00 0.02 –
TSII-III 0.77 0.70 0.01 0.00 0.00 0.00 0.17 –

III 0.76 0.08 0.03 0.01 0.00 0.00 0.81 –
IV 3.77 1.09 0.02 0.50 0.52 0.06 0.87 –
V 3.77 1.09 0.01 0.03 0.00 0.00 0.87 0.58
VI 3.77 1.09 0.00 0.00 0.00 0.00 0.87 0.71
TSVI-VII 3.77 1.08 0.01 0.00 0.00 0.00 0.87 0.71
VII 3.77 1.08 0.01 0.00 0.00 0.00 0.87 0.71
VIII 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.71
IX 0.76 1.06 0.01 0.00 0.00 0.00 0.00 0.00
TSIX-X 0.76 1.13 0.01 0.00 0.00 0.00 0.05 0.00
X 0.76 1.14 0.01 0.00 0.00 0.00 0.06 0.00
XI 0.76 1.11 0.01 0.00 0.00 0.00 0.04 –
TSXI-XII 0.76 1.01 0.00 0.00 0.00 0.00 0.01 –

XII 0.76 1.13 0.01 0.00 0.01 0.00 0.02 –
XIII 0.76 1.15 0.01 0.00 0.00 0.00 0.02 –

a B3LYP-D3/BS2 in DCM continuum model.

to the optimized reaction conditions, giving the desired heteroaryl
amide (Scheme 1, 3s). Then, aliphatic aldehydes were tested but no
products were obtained (Scheme 1, 3t and 3u).

To investigate the scope of the method, the reaction was tested with
an array of N‑chloro primary and secondary amines showing a good tol-
erance. Primary N-benzyl amine provided the corresponding amide in
very good yield (Scheme 2, 4a). N‑chloro ortho- and para‑methoxy ben-
zyl amines were converted into respectively N-(2-methoxybenzyl) ben-
zamide and N-(4-methoxybenzyl)benzamide in 59% and 76% yields
(Scheme 2, 4b and 4c). In addition, N‑chloro benzyl amines with alkyl
and phenyl substituents furnish the corresponding amides (Scheme 2,
4d and 4e).

Benzyl amine with halide substituent as chlorine was employed to
obtain N-(4-chlorobenzyl) benzamide (Scheme 2, 4f) which can be ad-
ditionally transformed by cross-coupling reactions. Strong electro-
withdrawing groups as CF3 (Scheme 2, 4g) is well tolerated affording
the desired amide in good yield. Primary N‑chloro alkyl amines as hep-
tyl and 2-phenylethane were reacted furnishing the corresponding
amides (Scheme 2, 4h, and 4i). Secondary aliphatic amines both acyclic
as dibenzyl amine and dibutylamine and cyclic as piperidine, 4-
methylpiperidine and morpholine showed a good tolerance providing
the corresponding amides (Scheme 2, 4j, 4k, 4l, 4m and 4n) in satisfac-
tory yields.

The novelty of the photocatalyzed process led us to perform an inte-
grated experimental/computational mechanistic analysis. A series of
EPR spectra (instrumental details in the Supporting Information, SI) of
the reaction mixture with 1a and 2a in AcOEt were collected in dark
and under blue LEDs irradiation at different times (Fig. 1). Initially, no
EPR signals are observed (trace a of Fig. 1) and only after 6 h the eight
resonances due to the interaction of the unpaired electron on VIV with
the 51V nucleus (I = 7/2) appear (trace b) [81]. The intensity of the
spectral signals increases with time; after 14 h a well-resolved isotropic
spectrum is obtained with spin Hamiltonian EPR parameters giso=
1.975 and Aiso= 97.7 × 10–4 cm–1 (trace c). Based on the ‘additivity re-
lationship’, the empirical rule that assigns a contribution to each donor

Scheme 1. Investigation of the aldehyde scope of the reaction.

in the equatorial plane and allows to estimate Aisowithin approximately
±3 × 10–4 cm–1 from the experiment [82,83], this value is compatible
with the binding of an amine-N to vanadium (intermediate I in the pro-
posed mechanism, vide infra in Scheme 3).

Unexpectedly, the spectrum recorded after 13 h on the reaction mix-
ture held in dark for 1 h shows that the signals of VIV significantly
weaken (trace d). The decrease of the EPR intensity indicates an oxida-
tion, at least partial, to VV in the absence of irradiation (intermediate III
in the mechanism). In the traces a-b of Fig. 2, the spectrum of the reac-
tion mixture blocked after 13 h and not irradiated for 1 h was again re-
ported and compared with the same spectrum amplified 10 tens. Be-
sides the residual signals of the VIV intermediate with the amine binding
(cfr. with trace c of Fig. 1), other resonances denoted with the asterisks
suggest the formation of radical species and/or additional VIVO com-
plexes (these could be attributed to the intermediate III). Unlikely, the
isolation of such intermediates was not possible due to their low half-
life. Only when the mixture is irradiated again by blue LEDs, the inten-
sity of the resonances of VIVO species with the amine-N coordinated to
V increases again (traces c-d), giving the final VIVO species of the
process (Scheme S1 in the SI).

Globally, these results are in agreement with the computationally
proposed mechanism showing quite low barriers and a fast evolution of
the reaction after the light excitation (vide infra).

These results indicate that the wavelength of the blue LEDs would
cause the conversion of VV to VIV. To confirm this assumption, the elec-
tronic absorption spectrum of the reaction mixture was recorded (Fig.
3). It can be noted that the light absorption is negligible at 535 nm
(green LEDs) and increases considerably at 455 (blue LEDs), accounting
for the significant difference in the yield of the reactions observed in the
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Scheme 2. Investigation of the amine scope of the reaction.

Fig. 1. EPR spectra recorded as a function of the time in the reaction mixture
with 1a and 2a. (a) t = 0 h; (b) 6 h; (c) 14 h; (d) reaction blocked after 13 h
and not irradiated for 1 h. The spectra were presented with the same instru-
mental gain.

two cases. The weak absorptions between 600 and 750 nm (trace b of
Fig. 3) can be attributed to the VIVO intermediate(s). Finally, it must be
mentioned that, among the intermediates of the reaction, an acyl chlo-
ride was also isolated and characterized through 1H NMR and 13C NMR
[84].

The mechanistic observations from experiment were complemented
by a set of DFT calculations (B3LYP-D3 in DCM continuum model, full
computational details in the SI). This led to the mechanism proposed in
Schemes 3 and 4. The catalytic cycle starts with the N-coordination of
the chloroamine 2a to [VIVO(SO4)(H2O)3] giving rise to the 6-
coordinated intermediate I. This corresponds to the species observed by
EPR spectroscopy (Figure 1, trace c, and Fig. 2, trace d). The time-
dependent DFT (TD-DFT) analysis of the vertical transitions from I
yielded only ligand based transitions, thus not compatible with the re-
ported photo-redox process (see the SI for further details). Therefore,
we moved to the following intermediate. Through oxidative addition
(OA) the N–Cl bond is broken, entailing the formation of a VV chloride

complex, III, with a radical nitrogen coordinated to the metal. This oxi-
dation process can account for the weakening of the EPR signal ob-
served in a non-irradiated solution (Fig. 1, trace d).

In II a coordinated H2O molecule moves to the second coordination
sphere of the complex leaving a free coordination site for OA to take
place (see Fig. S1 of the Supporting Information for further details). The
N–Cl bond cleavage in TSII-III was analyzed in detail by computing the
centroids of the localized molecular orbitals (CLMOs) along the reac-
tion coordinate [72]. This demonstrates the heterolytic nature of this
step, in which a concomitant single-electron transfer (SET) occurs from
VIV to the coordinated aminic nitrogen forming [VVOCl(SO4)(H2O)2(N-
2a)] at 1.6 kcal·mol−1 (Fig. 4).

The OA addition is the highest computed energy barrier of the
whole cycle, 23.0 kcal·mol−1 (from −4.2 to 18.8 kcal mol−1). We postu-
late that the photoactive species is intermediate III, resulting from the
oxidative addition. TD-DFT indicates absorption of blue LEDs irradia-
tion which produces a high energy excited state that could decay in a
VIV intermediate IV, in which an electron from the coordinated O-
sulfate is transferred to the metal. The vertical excitation falling from
495 up to 377 nm were analyzed in terms of molecular orbitals (MOs)
and their atomic orbitals (AOs) composition. A ligand-to-metal charge
transfer (LMCT) process were clearly identified involving SO4-π → V-
dx2

−y2 and L’-π / SO4-π → V-dx2
−y2 transitions, where L’ is the coordi-

nated amine moiety (see Table S1). The LMCT character of the transi-
tion is further supported by the approximate value 427.5 nm obtained
as rough difference between ligand oxidation (SO4–•/SO42–) and metal
reduction (VVO2+/VIVO2+) potentials using the literature experimental
data [85–87]. This step is in agreement with the increase of the EPR in-
tensity after the irradiation of the reaction mixture kept in dark (Fig. 1,
trace e).

In the resulting intermediate IV, the original +IV oxidation state of
vanadium is restored giving rise to a quartet spin state (S = 3/2) where
the three unpaired electrons are localized in different centers: one on
the metal, one on the coordinated N-imino and the third one on the O-
sulfate (Fig. 5 and Table 2). This unusual quartet species should be ex-
tremely reactive and probably, for this reason, it is not revealed by EPR
spectroscopy.

It is so reactive that is able to activate the aldehydic C–H bond in a
barrierless process forming acyl radical and hydrogen sulfate. From in-
termediate IV the activation of the C–H bond by the N-radical was also
evaluated obtaining an energy barrier of 17.1 kcal·mol−1, much higher
than that of the acitivation by the O-sulfate, thus confirming the pro-
posed activation. The formation of the radical species is also suggested
by EPR (Fig. 2). In the most favoured pathway the C–H aldehyde bond
of IV is homolitically broken by the O-radical in a barrierless process
giving rise intermediate V at 9.8 kcal·mol–1. This species presents the
coordinated hydrogen sulfate and the acyl radical in the second coordi-
nation sphere of the complex that can easily moves toward the chloride
giving rise the almost isoenergetic intermediate VI. Through TSVI-VII
(4.4 kcal·mol–1) describing the rotation of the S–O bond, intermediate
VII is formed at 8.1 kcal·mol–1. In intermediate VIII (S = 1/2), falling at
5.3 kcal·mol–1, a V = N nitrene bond is formed entailing the oxidation
of the metal centre. The different spin state potential energy surfaces of
intermediate VII and are connected by minimum energy crossing point
(MECP) of 5.7 kcal·mol–1. The new acyl radical can easily move in the
second coordination sphere approaching the chloride and sponta-
neously forms the new C–Cl with a concomitant single-electron transfer
(SET) from the chlorine to V(V) that returns in its initial oxidation state
+IV in intermediate IX at −6.6 kcal·mol–1 (Scheme 4). For the sake of
the completeness, we estimated the energy associated with this move-
ment through NEB calculation obtaining a potential energy barrier of
5.9 kcal·mol–1. The presence of VIV intermediates different from I is also
consistent with the results of EPR spectroscopy (Fig. 2, traces b and c).

Intermediate IX contains the coordinated acyl chloride which can be
easily dissociated through TSIX-X, with a barrier of 1.0 kcal mol−1. Inter-
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Scheme 3. Simplified DFT mechanism (energies in kcal mol–1) for the VIVOSO4 photocatalyzed cross-coupling of benzaldehyde 1a and N‑chloro-N-methyl-1-
phenylmethanamine 2a to form benzoyl chloride and dimethylamine. Transition state energies are shown in purple, spin states in blue. Steps from IV to IX are
depicted in Scheme 4.

Fig. 2. EPR spectra recorded on the reaction mixture with 1a and 2a. (a) Reac-
tion blocked after 13 h and not irradiated for 1 h; (b) same spectrum of the
trace a amplified 10 times; (c) reaction blocked after 13 h, not irradiated for
1 h and irradiated again for 2 min; (d) reaction blocked after 13 h, not irradi-
ated for 1 h and irradiated again for 5 min. The spectra were presented with
the same instrumental gain, except that in the trace b. The asterisks denote rad-
ical species and/or other VIVO intermediates other than the one with the
amine-N coordination expected on the basis of the reaction mechanism in
Scheme 3.

mediate XII evolves in turn through proton migration from hydrogen
sulfate to nitrogen via TSXII-XIII, with a barrier of 8.2 kcal mol−1. The
amine is finally released and replaced by a water molecule to return to
I.

Fig. 3. Electronic absorption spectrum on the reaction mixture with 1a and
2a, irradiated for 14 h. (a) Spectral signal; (b) signal amplified 10 times. The
molar amount of VIVOSO4 is 4.0 μmol in 1 mL of solution for a theoretical
concentration of 0.004 M. The calculation of the absorption molar coefficient
ɛ is not possible because the amount of vanadium dissolved in solution cannot
be quantified. The wavelength corresponding to blue (455 nm) and green
(535 nm) LEDs are shown with the dotted line.

The catalytic cycle results thus in the formation of acyl chloride and
amide molecules, which then form a new amidic C–N bond through the
well-known off-cycle nucleophilic addition-elimination reaction be-
tween the acyl chloride and the amine [88].

The proposed cycle accounts for both the low amidation yield ob-
tained with VIVO(acac)2 (entry 2 of Table 1), and for the observed inert-
ness of the aliphatic aldehydes (3t and 3 u in Scheme 1). On one hand
VIVO(acac)2 is a species with relative low tendency of the acac ligand
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Scheme 4. DFT computed energy profile (B3LYP-D3 in DCM) for the competition between the energy profiles leading to the products (Int V to Int IX) through
MECP, and to the regeneration of the reagents (Int V to Int VII’) through MECP’. Light blue and red lines correspond to the main reaction for benzaldehyde and ac-
etaldehyde, respectively. Dark blue and orange lines correspond to the deactivation paths. Spin state of the system is also specified.

Fig. 4. Superposition over the reactant structures of the localized α and β or-
bital centroids (orange and blue dots, respectively) along the IRC for the ox-
idative-addition process. The corresponding arrow-pushing scheme is also de-
picted.

Fig. 5. Total (α–β) spin density (isovalue: 0.03) plot over intermediate III (dou-
blet state) and intermediate IV after irradiation by blue LEDs (quartet state), see
Table 2 for spin population along the reaction coordinate. The wavelength com-
puted by TD-DFT (CAM-B3LYP) for this transition is also reported. On the bot-
tom the corresponding structures are depicted.

toward substitution reactions and, for this reason, it is inefficient to-
wards the OA of the N-chloramine; moreover, it cannot bind SO42– due
to the absence of available equatorial coordination sites around vana-
dium leading to less catalytically efficient excitations.

On the other, the inertness of the aliphatic aldehydes comes from an
alternative evolution of V in which an additional MECP (MECP’) leads
to the relaxation of the excited VIV complex (S = 3/2) that evolves to-
ward the regeneration of the initial VIV catalyst (S = 1/2) and the alde-
hyde reagent through a barrierless hydrogen abstraction. This route is
favored for the aliphatic aldehyde (MECP' more stable than MECP for
acetaldehyde) and disfavored for the aromatic aldehydes (MECP more
stable than MECP' for benzaldehyde) (Scheme 4, orange and dark blue
pathways).

Two important features of the catalytic cycle are the presence of the
photochemically active intermediate III, containing VV, and of interme-
diate V, resulting from its photoexcitation, involving spin delocaliza-
tion over the sulfate ligand.

4. Conclusions

The oxidovanadium(IV) salt VIVOSO4 has been shown to be a new
photocatalyst with application as a light-driven alternative pathway to
conventional C–H aldehyde amidation leading to the selective produc-
tion of amides. The advantages of VIVOSO4 compared to other EAMS
based-photocatalysts are: it is a common inorganic salt, is stable and in-
expensive, and does not need to be synthesized. The catalyst tolerates
well both aromatic aldehydes and primary and secondary N-
chloramines with various functional groups. Spectroscopic studies, cou-
pled with DFT calculations, suggest an inner-sphere mechanism starting
with the coordination of the amine that undergoes to oxidative addition
forming a photocalitically active VV chloride intermediate. This VV

species can absorb blue LEDs irradiation to yield a highly reactive VIV

intermediate in the quartet spin state able to spontaneously activate
aldehyde C–H bonds. The current study paves the way for general appli-
cation of the VIVOSO4 catalyst with one unpaired electron toward
highly desirable dechlorination processes as well for harsh C–H activa-
tions.

The Supporting Information (SI) is available free of charge on the
ACS Publications website. Characterized compounds, extended descrip-
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tion of the computational results and Cartesian coordinates of all the
optimized structures (PDF). A collection set of computational data is
available in the ioChem-BD repository [89].
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