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The oxidative cleavage of alkenes represents a relevant chemical process with immense potential for the syn-
thesis of partially oxidized compounds. Several methodologies have been proposed for achieving oxidative
cleavage of alkenes, aiming to obtain carbonyl products. However, none of these approaches have been suc-
cessfully scaled up for industrial applications beyond the laboratory scale. In this study, we report the selective
photocatalytic oxidative cleavage of limonene to limononaldehyde using irradiated TiO, suspensions in the
presence of silver nitrate under ambient conditions. Results demonstrate that within one hour of irradiation, a
notable conversion and selectivity of 60% towards limononaldehyde can be achieved. The investigation reveals
that the oxidation process is primarily driven by nitrate radicals, generated through hole-induced oxidation of
nitrate ions. Notably, this selective photocatalytic approach shows potentials that bode well for its application to
other olefinic substrates in addition to limonene. These results present a promising pathway for the scalable

industrial synthesis of partially oxidized compounds through selective photocatalytic oxidation of alkenes.

1. Introduction

Alkenes are considered to be among the most relevant compounds
for modern industrial chemistry, because of their suitability as starting
compounds for a broad variety of reactions, including electrophilic
substitution/addition, hydrogenation and oxidation [1]. In the presence
of a strong oxidizing agent, the double bond of alkenes can be oxida-
tively cleaved, producing industrially relevant carbonyl compounds [2,
3]. On top of that, particularly interesting is the oxidative cleavage of
cyclic olefins, as it is possible to obtain bi-functionalized
a,w-compounds, which can be used as precursors for plasticizers,
resins and polymers, such as polyamides and polyurethanes [4]. Several
methods have been proposed for the oxidative cleavage of alkenes; many
of these involve the use of stoichiometric amounts of environmentally
unfriendly oxidizing agents such as KHSOs (oxone) [5], KMnO4 [6],
NalOy4 [7], Cr salts [8], m-chloroperbenzoic acid [9], and hypervalent
iodine [10]. Other processes take place in the presence of
noble-metal-based catalysts (Ir, Pd, Au, Os) [11], porphyrin derivatives
[12], or enzymes [3]. An alternative is ozonolysis, a process in which
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ozone adds as an electrophile to an alkene to give the unstable cyclic
molozonide, which immediately rearranges to the more stable ozonide.
The latter is easily transformed to the corresponding carbonyl products
when in the presence of a reducing agent such as zinc or dimethyl sulfide
[13]. Another method involves the use of singlet oxygen for [2 + 2]
cycloaddition reactions, which, unfortunately, applies effectively only
to electron-rich carbon-carbon double bonds [14]. Most of the
mentioned methods are mainly used at lab scale, and present relevant
issues when implemented at larger scale. On the other hand, the main
process industrially implemented, i.e. hydroformylation, requires harsh
conditions (temperatures and pressures up to 200°C and 100 atm,
respectively), homogeneous Rh or Co catalysts, and stoichiometric
amounts of syngas, which mainly derives from steam reforming or
partial oxidation of natural gas or liquid hydrocarbons [15]. Therefore,
alternative methods based on heterogeneous catalytic systems, oper-
ating under mild conditions are urgently required in view of a more
green and sustainable industrial production. These features are dis-
played by the photocatalytic approach, which has recently proved to be
a mature technology for the green and sustainable synthesis of
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Fig. 1. Limonene conversion (X;, black squares), selectivity to limononaldehyde (Sy, red circles), versus irradiation time for a representative run.

high-added value compounds [16]. Heterogeneous photocatalysis relies
on the property of irradiated semiconductors (such as TiO5) to promote
photogeneration of electrons (e”) and holes (h™) (Eq. (1)), which even-
tually transfer to electron acceptors (A) or donors (D), respectively (Eq.
(2)), giving rise to useful chemical transformations [17].

TiO, 4 hv = TiO,*(e'CB, h*CB) 1

TiO2*(e'CB, h"CB) + A+ D — TiO, + A™® +D™* @)

Few examples of photocatalytic C=C cleavage have been recently
reported in the presence of ZnInyS4 and thiol as initiator [18], by
exploiting a mechanistically similar process carried out in homogeneous
phase in the presence of disulfides [19]. Similar results have been ob-
tained in the presence of carbon nitride using N-hydroxysuccinimide
[20] as mediator, and of Bi4OsBry [21]. Most of these papers report on
oxidative cleavage of aryl substituted double bonds. To the best of our
knowledge, the heterogeneous photocatalytic cleavage of olefinic dou-
ble bond to carbonyl compounds in the presence of TiO5 have been never
reported up to now. Results suggest that this reaction, which is also the
object of a pending patent [22], applies to both aryl- and
alkyl-substituted C=C double bonds, and is selectively triggered by ni-
trate radicals (NO3) produced through photocatalytic oxidation of ni-
trate ions. It is worth noting that the existence of nitrate radicals in
photocatalytic systems has been only recently proposed [23], thus this
reaction constitutes a further demonstration of their existence in het-
erogeneous photocatalysis, and one of their first applications in the field
of photocatalytic organic synthesis [24,25].

2. Experimental

Titanium dioxide (P25 Evonik, anatase (73-85%), rutile (14-17%),
amorphous (0-13%)) [26], lithium nitrate (LiNOs, 99.0%,
Sigma-Aldrich), silver nitrate (AgNOs, 99.8%, Carlo Erba), (R)-limonene
(d =0.844 g/mlL, 97%, Sigma-Aldrich), cyclohexene (d =0.811 g/mL, >
99.0% Sigma-Aldrich), styrene (d = 0.909 g/mL, 99.9% Sigma-Aldrich),
trans-stilbene (96%, Sigma-Aldrich), trans-4-octene (d=0.715g/mL,

98%, Sigma-Aldrich), 2-cyclohexen-l-one (d=0.993g/mL, >95%,
Sigma-Aldrich), 1-octene (d=0,715g/mL, 98%, Sigma-Aldrich),
acetonitrile (d=0.780g/mL, anhydrous, 99.8%, Sigma-Aldrich),
ethanol (d =0.789 g/mL 99.8%, Fluka) were used as received without
further purification.

In a representative run, 15mg of TiO, (Evonik P25, 0.5 g/L) were
dispersed in 30 mL of a solution containing AgNOs3 (Sigma-Aldrich,
10 mM) and limonene (R-limonene, Sigma-Aldrich, 2 mM) in acetoni-
trile. Then, the mixture was sonicated for 15 min, vigorously stirred and
irradiated by UV-A light under static air in a Pyrex reactor equipped with
six actinic lamps (15 W each). Samples were withdrawn at fixed times,
filtered, and quantitatively analysed by means of GC/MS. Details on
compounds identification and quantification are reported in Supple-
mentary Information, SI, S1-3.

High-resolution Transmission Electron Microscopy (HRTEM) images
were obtained on a JEOL 3010-UHR instrument (acceleration potential:
300 kV) equipped with an EDAX probe. Samples for TEM investigation
were supported onto a holed carbon coated copper grid by dry
deposition.

The UV-vis diffuse reflectance spectrum of the photocatalyst after a
representative run was recorded by using a Varian Cary 5000 spec-
trometer. A Polytetrafluoroethylene (PTFE) sample was used as the
reference. The spectrum was recorded in the 200-800 nm range at a scan
rate of 240 nm/min with a step size of 1 nm. The measured reflectance
was converted with the Kubelka-Munk function.

Powder X-ray Diffraction (PXRD) patterns were obtained using a
diffractometer in Bragg-Brentano geometry equipped with a Cu anode
source (Ko, A =1.54056 [o\, voltage 40 kV, current 30 mA) coupled to a
multilayer collimating monochromator (Goebel mirror). Samples were
positioned in reflection geometry with a fixed angle of 10° with respect
to the incident beam and the diffraction patterns were acquired by
means of a Dectris Mythen 1K hybrid pixel detector with typical
10-100° 26 range, steps of 0.05° and acquisition time of 5 s/step. The
instrument resolution (divergent and antiscatter slits of 0.5°) was
determined using standards free from the effect of reduced crystallite
size and lattice defects. Phase identification and Rietveld refinement of
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Fig. 2. a: HR-TEM image of the TiO, photocatalyst recovered after 180 min of UV-A irradiation in the presence of AgNO3 10 mM and (R)-limonene 2mM in
acetonitrile. Silver nanoparticles (Ag NPs) are highlighted with yellow arrows; b: EDX map of titanium atoms (light blue points); c¢: EDX map of silver atoms (green

points); d: UV-vis diffuse reflectance spectrum (DRS) of the same sample.

the diffraction patterns were performed by means of QualX 2.0 and
MAUD 2.33 (Material Analysis Using Diffraction) suites of program,
respectively [27].

Repeatability tests were performed as it follows. The photocatalyst
used for a representative run was separated through centrifuge, washed
with a water-ethanol solution (50% v/v) several times, dried overnight
at 70 °C and reused for the following run after adding 10 mM LiNOs as
the nitrate source, without further addition of silver ions.

Details on the Griess method used to detect NOy are described in
Section S4.

3. Results and discussion

The values of limonene conversion (Xp) and selectivity towards
limononaldehyde (Sp4) versus irradiation time in the presence of bare
TiOy and AgNOs are reported in Fig. 1, along with the related reaction
scheme.

Limonene is fast oxidized, reaching almost total conversion during
three hours of irradiation. Production of limononaldehyde (LA) occurs
with a maximum selectivity of ca. 60% after 50 min. Thereafter, selec-
tivity decreases, in agreement with what reported in literature for other
partial oxidation processes in batch systems [28]. Notably, only the
endocyclic double bond undergoes cleavage, while the exocyclic one is
stable under the present reaction conditions. It is crucial to highlight
that the primary oxidation product of limonene is limononaldehyde, as
evidenced by the chromatogram presented in Supporting Information
(Fig. S2). However, several much smaller peaks, difficult to quantify, are
also discernible, which likely originate from direct hole-induced
oxidation of limonene (as in the case of limonene conversion in the
absence of nitrate) or from overoxidation of limononaldehyde. Blank
tests carried out under dark conditions or in the absence of TiO; did not
result in limonene degradation, thus indicating the photocatalytic na-
ture of the reaction. Moreover, the reaction did not appreciably take
place under nitrogen atmosphere.

In order to assess the role of silver and nitrate ions, control runs were
carried out under otherwise similar conditions but (i) in the absence of
AgNOg, (ii) with equimolar amounts of AgClO4 or (iii) LiNOs. For all of

these tests, limonene concentration rapidly decreased, but only negli-
gible production of limononaldehyde was detected, according to pre-
vious reports [29]. These results underline the need of both silver and
nitrate ions for the oxidative cleavage to occur. To further confirm these
results, both AgClO4 and LiNOs (10 mM) were added to the photo-
catalytic suspension, providing results similar to the run performed in
the presence of AgNO3 (Fig. 1).

The essential role of silver ion could be justified by considering its
photoinduced reduction to metallic silver onto the semiconductor sur-
face, as demonstrated through HR-TEM and EDX analyses of the pho-
tocatalyst recovered after a 180 min lasting run (Fig. 2a-c), and
according to what widely reported in literature [30]. Silver nano-
particles of few nanometers, along with some bigger aggregates are
visible at the surface of TiO,. The diffuse reflectance UV-vis spectrum of
the same sample (Fig. 2d), besides the band to band transition in the UV
region due to TiO,, shows the typical localized surface plasmon reso-
nance (LSPR) induced absorption band of silver nanoparticles with a
maximum centered at ca. 480 nm. Accordingly, the suspension became
brownish upon UV-A irradiation.

The electron-induced reduction of silver ion into metal silver nano-
particles could play an important role in addressing the selectivity of the
reaction, as it efficiently competes with the reduction of molecular ox-
ygen, which is thermodynamically less favoured. On the other hand,
once generated, silver nanoparticles could act as electron-sinks, inhib-
iting the recombination of the photogenerated electron-hole pairs, and
promoting the availability of holes for the oxidation processes [30].
Further investigation is ongoing to clarify these aspects.

Nitrate radicals can be produced upon hole-induced oxidation of
nitrate ions according to Eq. (3) [23,24].

NO; +h*->NO; 3)

The reaction of nitrate radical with unsaturated compounds is briefly
summarized in Egs. (4)—(7), in analogy with the mechanistic hypotheses
proposed in previous reports on atmospheric chemistry [31]. Nitrate
radical selectively adds to the carbon-carbon double bond, forming an
alkyl radical (Eq. (4)), which in turn reacts with molecular oxygen,
giving rise to a peroxyl radical (Eq. (5)).
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This unstable radical, leads to the formation of an alkoxy radical due
to the reaction with another nitrate (or peroxyl) radical, producing at
the same time molecular oxygen and NO, (Eq. (6)). Finally, the alkoxy
radical rearranges with the homolytic rupture of the carbon-carbon
bond resulting in carbonyl compounds and a NO5 molecule (Eq. (7)).

To confirm the above proposed mechanism (Eq. (4)-(7)), the for-
mation of nitrogen dioxide (NO3) has been verified by means of the
Griess test. To this aim, the reaction was carried out under flowing air
and the gaseous stream exiting the reactor was bubbled throughout a
Griess solution. The absorbance of the pink-red dye, formed by the azo-
coupling reaction, was measured by means of UV-vis spectroscopy
(Amax = 549 nm) and correlated to the amount of NO3 produced during
the photocatalytic process (see Section S4). Results of a representative
run, along with blank tests under flowing nitrogen and in the absence of
limonene, are reported in Fig. 3.

In the absence of limonene under air flow, negligible amounts of NO,
could be detected. Instead, NO5 was produced in the presence of limo-
nene both under flowing air and N, but with different trends. In fact,
after a short transitory, NO, production was linear (R2 = 0.997) for the
entire duration of the experiment under flowing Nj. On the other hand,
in the presence of air, the trend was exponential when limonene was
present in the photocatalytic suspension (up to ca. 200 min), while it
became linear after complete conversion of limonene. The differences in
the trends could be tentatively attributed to the fact that only in the
presence of oxygen the reaction can proceed through Eq. (5), paving the
oxidative cleavage of limonene and the consequent NOj production
according to Egs. (6)-(7). On the other hand, NOy production can be
attributed to nitrate reduction in the absence of oxygen [32]. Accord-
ingly, the trend of NO2 production was linear both under nitrogen in the
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4

(5)

presence of limonene and under air in the absence of limonene, indi-
cating similar reaction kinetics. Notably, as above mentioned, limonene
did not appreciably react under N, atmosphere, even if NO, was
evolving during the run. This finding allows excluding, under the pre-
sent conditions, a concurrent NO, mediated oxidation of limonene,
elsewhere proposed [33]. In order to further corroborate the proposed

©

)

mechanism, additional experiments were conducted using t-BuOH and
HCOOH as OH radicals and holes scavengers, respectively. Results are
presented in Fig. S5 of the Supporting Information. Interestingly, the
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Fig. 3. Absorbance of the Griess solution, indicating nitrogen dioxide forma-
tion over time for representative photocatalytic runs under flowing air (red
circles), flowing nitrogen (black squares), and for a blank test performed in the
absence of limonene under flowing air (blue triangles).
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Fig. 4. Selectivity towards limononaldehyde (LA) during irradiation time ob-
tained in four consecutive runs, indicated with roman numerals. The inset
shows the corresponding limonene conversion values (X;) obtained after 180
min of irradiation for each consecutive run.

selectivity and conversion remain virtually unaltered in the presence of
t-BuOH, indicating that limononaldehyde does not originate from re-
actions involving OH radicals and that formation of nitrate radicals is
not mediated by OH radicals, as hypothesized in a previous paper [24].
Conversely, in the presence of HCOOH, both the conversion and selec-
tivity values experience a notable reduction. This can be attributed to
the competition between nitrate and formate ions for the photo-
generated holes, which hampers the oxidation of nitrate anions to ni-
trate radicals, as well as the direct oxidation of limonene at the catalyst
surface. These evidences further confirm that (i) nitrate radicals are
formed through hole-induced oxidation of nitrate ions, and that (ii) the
oxidative cleavage of olefins is driven by nitrate radicals.

The possibility of reusing the photocatalyst in consecutive runs has
been investigated following the procedure detailed in the experimental
part. Results are shown in Fig. 4.

The conversion of limonene after 180 min of irradiation (see inset)
decreased to ca. 60% during the second run, but it stabilized to ca. 70%
during the following repetitions. However, the maximum selectivity to
limononaldehyde dramatically fell down from the 60% obtained during
the first run to about the 10% of the following runs. At the same time the
color of the photocatalyst progressively lightens by performing multiple
repetition runs. It is worth to remember that the runs after the first were
carried out without further addition of silver ions by adding lithium
nitrate as the nitrate radical precursor. Moreover, runs performed in the
absence of silver ions but in the presence of TiO, previously decorated
with silver nanoparticles, show similar low values of selectivity towards
limononaldehyde. These evidences strongly corroborate, as above
specified, the crucial role of the initial silver ion reduction step in the
formation of limononaldehyde. Specifically, silver ions serve as sacrifi-
cial electron acceptors, impeding the reduction of molecular oxygen and
thereby allowing it to participate in limononaldehyde formation as
described in Eq. (5). Moreover, the preferential reduction of silver ions
compared to molecular oxygen can enhance the generation of nitrate
radicals due to the resulting improved spatial charge separation.

To gain deeper insights into the reason of the selectivity reduction in
consecutive runs, we acquired the powder X-ray diffraction patterns of
the photocatalyst recovered at various irradiation times during the first
run (Fig. 5, patterns a-d) and after the first reuse run, which lasted
180 min (Fig. 5 pattern e).

Along with the characteristic patterns of the crystalline phases of P25
(i.e., anatase and rutile), formation of metallic silver is evident after 60
min of irradiation. Accordingly, the color of the suspension turns from
white to brownish, already after the first minutes of irradiation.

Molecular Catalysis 550 (2023) 113607
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Fig. 5. PXRD patterns of the fresh photocatalyst (a), and of the photocatalyst
recovered after 60 (b), 120 (c), 180 (d) minutes of irradiation in a represen-
tative run. Pattern (e) is relative to the photocatalyst recovered after the first
reuse run, which lasted 180 min.

Moreover, after 120 min of irradiation (pattern c in Fig. 5) it becomes
apparent the formation of novel diffraction patterns, which increase in
intensity during irradiation (pattern d) and after the first repetition run
(pattern e in Fig. 5). These signals have been attributed to solid Ag(CN),
which deposited onto the catalyst, being not soluble in acetonitrile.
Formation of Ag(CN) can be rationalized by considering the photo-
catalytic oxidation of acetonitrile, which generally occurs at low extent
in irradiated TiOy suspensions, thus justifying the common use of
acetonitrile in many photocatalytic organic syntheses [34-36].
Accordingly, Friedman et al. [16] claim that acetonitrile cannot be
oxidised by the photogenerated holes of common semiconductors. On
the contrary, Davit et al. [37] reported relatively small values (up to 1.4
e 10 M/s m?) of initial rate of acetonitrile photocatalytic degradation
in water, per square meter of TiO, P25. Litchin and Avudaithai [38]
found cyanogen (CN), as an intermediate product of the photocatalytic
degradation of acetonitrile, and proposed the formation of CNe radicals
as reaction intermediates, which readily dimerize. Augugliaro et al. [39]
found only traces of cyanide CN” in the aqueous phase as an acetonitrile
oxidation product, possibly because of the stripping of HCN species in
gas phase. However, the detected isocyanate and/or cyanate species,
were a clear clue of the existence of free cyanide ions. It is worth to
mention that, in the present system, the electrophilic attack of nitrate
radicals to the triple bond of acetonitrile cannot be excluded, even if less
favoured with respect to that to the double bond of limonene. On the
basis of this brief literature review, the formation of Ag(CN) in the
present system can be rationalized both from reaction of Ag™ present in
solution and the formed CN’, or by reaction of metallic silver photo-
deposited onto the photocatalyst with CNe radicals. However, the latter
hypothesis seems more likely, as below discussed. In order to shine light
on the mechanism underlying this parasitic reaction and its influence on
the photocatalytic reaction, Rietveld analysis of the XRD patterns has
been performed as shown in Fig. S6 of the Supporting information. The
obtained quantitative values of the amount (in weight%, with respect to
the mass of photocatalyst) of both metallic silver and Ag(CN) solid
phases have been plotted against irradiation time for the first run in
Fig. 6, along with the concentration of limonene measured in the liquid
phase (right axis).

While, as expected, formation of metallic silver begins immediately
upon switching on the lamps, the amount of Ag(CN) is initially negli-
gible and significantly increases up to 15 wt% only after the complete
consumption of limonene. This finding demonstrates that the influence
of the parasitic formation of Ag(CN) on the photocatalytic activity in the
first run is virtually negligible. In fact, limonene can be hypothesized to
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Fig. 6. Amount (wWt%) of metallic silver (green squares) and Ag(CN) (red tri-
angles) deposited onto the photocatalyst at selected irradiation times during a
representative run, along with the limonene concentration measured in the
liquid phase (blue circles, right axis).

efficiently compete (directly through hole-oxidation or indirectly
through nitrate radicals) with the oxidation of acetonitrile, which is
significantly suppressed in its presence. Moreover, the reduction of the
amount of metallic silver occurs after 120 min, concomitantly with the
steep increase of the amount of Ag(CN), thus supporting the hypothesis
that Ag(CN) is likely formed by reaction of metallic silver and cyanide
radicals. This information further explains the lightning of the photo-
catalyst and the loss in selectivity observed upon multiple reuse.
Accordingly the amount of Ag(CN) increases from 15 wt% at the end of
the first run to 17.5 wt% at the end of the first reuse, while the amount of
metallic silver decreases from 5.4 to 3.8 wt% (see Fig. S6).

The parasitic formation of Ag(CN) poses additional challenges for
process optimization in industrial scale-up scenarios. This issue can be
readily addressed by utilizing “greener” and more stable solvents, other
noble metals (e.g., Pt, Pd) pre-deposited on the P25 surface, combined
in-continuous systems and/or photoelectrocatalytic approaches. All of
these aspects are the object of future investigations.

It is worth mentioning, that only the endocyclic bond of limonene
undergoes cleavage, while the exocyclic bond is stable under the present
reaction conditions, in agreement with previously reported theoretical
calculations regarding the addition of nitrate radical on the two double
bonds [40]. Even though this confers regioselectivity to the present
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reaction, it indicates the relevance of the nature of the double bond of
the olefinic substrate. To clarify this aspect, some other alkene mole-
cules have been tested under the same experimental conditions
described above. The tested alkenes are listed in Table 1, along with the
obtained product of cleavage, the highest values of selectivity and the
corresponding conversion obtained at the indicated irradiation times.
Entries 1-2 present endocyclic double bonds of different nature. Out
of them, only limonene (Entry 1) presents a tertiary carbon involved in
the double bond. The stability of the resulting intermediate radical (Eq.
(4)) justifies the fast conversion (almost complete after 120 min, see
Fig. 1) and the highest value of selectivity obtained only after 50 min of
irradiation. Instead, the secondary carbons involved in the double bond
of cyclohexene (Entry 2) display similar activity in terms of conversion,
but lower selectivity (achieved at longer irradiation times) compared
with limonene. The cleavage reaction does not take place at all for the
electron poor double bond of 2-cyclohexen-1-one, whose degradation is
negligible during 180 min irradiation. Entry 3 is a linear alkene with
internal double bond, which displays an activity similar to cyclohexene.
Notably, the terminal bond of 1-octene does not undergo cleavage. On
the other hand, the presence of the aromatic ring activates the terminal
bond of styrene (Entry 4), and, accordingly, the activity and selectivity
values of stilbene (Entry 5) are higher compared with those of styrene.
Notably, due to the high reactivity of the carbonyl functionality, the
cleavage products may undergo polymerization through condensation
and cyclization reactions, when present above a certain concentration in
the reaction medium. Even though this limits the obtainable yields in
batch systems, it suggests that performing them in continuous systems,
and by coupling them with membrane separation units, could dramat-
ically benefit the reaction performances [41]. This approach has been
successfully implemented for other photocatalytic partial oxidation re-
actions. Moreover, the produced NO5 could be easily reoxidized to ni-
trate anions and reused for subsequent reactions, thus endowing the
reaction with high mass efficiency, in accomplishment with the princi-
ples of green chemistry [42]. Unfortunately, the sacrificial use of silver
ions could limit the practical application of the reaction in the present
experimental conditions, but investigation is ongoing to provide suitable
alternatives. On the other hand, this finding clearly indicates that the
reaction selectivity can be addressed once provided a way to efficiently
(and cheaply) compete with molecular oxygen for the photogenerated
electrons. Furthermore, it suggests that the formation of nitrate radicals
in photocatalytic systems becomes relevant when the oxidizing ability of

Table 1

Highest selectivity (S) and conversion values (X) obtained at the indicated irradiation times (t) for the C=C cleavage reactions of different alkenes.
Entry Reactant Cleavage product X (%) S (%) t (min)
1 60 60 50

o]
=
2 @ ERS e Ve 82 37 180
3 NN NN 81 38 180
4 ©A\ ©/\D ) ) N
5 O X, 95 37 90
X
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the photogenerated hole is boosted in terms of increased life-time as in
the present case, by adding an efficient electron acceptor, or by
increasing its redox potential. This is the case of the synthesis of
elemental bromine, which is reported to occur efficiently only at acidic
value of pH in water [43].

4. Conclusions

The C=C cleavage reaction of alkenes induced by nitrate radicals
photocatalytically generated can be considered a viable alternative to
the existing analogous processes. The reaction is general, with the
exception of compounds bearing electron poor and terminal double
bonds. Under the described experimental conditions, the initial reduc-
tion of silver as a sacrificial electron scavenger is essential for the for-
mation of the carbonyl compounds. Moreover, the parasitic formation of
Ag(CN) on the catalyst surface, even if significant only after the com-
plete consumption of the olefin, requires further optimization and
refinement of the system. Nonetheless, results constitute indirect evi-
dence of the possibility of generating and using nitrate radicals in het-
erogeneous photocatalytic systems, and can be considered as the starting
point for novel nitrate radical based photocatalytic syntheses towards a
sustainable production of industrially relevant compounds.
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