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3,4-Dihydroisoquinolines are high-value chemicals, both as medicinally relevant compounds and as
intermediates for the synthesis of 1,2,3,4-tetrahydroisoquinoline derivatives, which are widely regarded
as privileged scaffolds in drug discovery. Though envisaged as a direct route, the partial oxidation of
1,2,3,4-tetrahydroisoquinolines to 3,4-dihydroisoquinolines is, however, very challenging due to the
inherent tendency of these substrates toward over-oxidation to the aromatic isoquinolines. Herein, we
have used 1,2,3,4-tetrahydroisoquinoline (THIQ) as a model substrate for its selective oxidative
dehydrogenation to 3,4-dihydroisoquinoline (DHIQ) under heterogeneous photochemical conditions
with titania-based photocatalysts. Among the materials tested, TiO,-P25 and CuNPs/TiO,-P25 have
been found to be the best photocatalysts in terms of conversion and selectivity upon irradiation (369
nm) in acetonitrile, with oxygen as a terminal oxidant. Notably, high conversion and selectivity were also
attained with TiO,-P25 in the presence of Cs,COs under air. Although pristine TiO,-P25 represents the
simplest and most readily available photocatalyst, CuNPs/TiO,-P25 is clearly superior from a reusability
standpoint, maintaining high conversions (97-96%) and excellent selectivities (97:3-96:4) over the first
four cycles, and consistently outperforming TiO,-P25 in the oxidation of other amines. A detailed
characterisation of this catalyst, combined with comprehensive mechanistic studies, supports a strong
substrate-surface interaction that facilitates single-electron transfer oxidation of the former; accordingly,
a consistent reaction mechanism has been proposed. A meticulous green chemistry assessment shows
that, while TiO,-P25 displays the most favourable risk-factor score, CuNPs/TiO,-P25 provides the most

balanced overall sustainability profile when risk factors, waste generation and recyclability are
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Accepted 7th April 2026 considered, and benchmarks favourably against previously reported photocatalytic methodologies.

Overall, this study introduces an efficient and sustainable photocatalytic method that not only
DOI: 10.1035/d65u00165f overcomes key limitations of previous systems, but also underscores the effectiveness and practicality of

rsc.li/rscsus heterogeneous photochemical approaches under mild aerobic conditions.

Sustainability spotlight

Sustainable chemical production requires oxidations that minimise waste and hazardous reagents. Using molecular oxygen as the sole terminal oxidant, we
report a heterogeneous photocatalytic dehydrogenation that converts tetrahydroisoquinolines and related amines to valuable imines while suppressing over-
oxidation. A simple CuNPs/TiO,-P25 photocatalyst combines high chemoselectivity with reuse over multiple cycles and enables 80% solvent recovery. An
evidence-based assessment (E-factor = 5, energy demand and risk-factor analysis covering catalyst preparation and use) provides transparent comparison with
representative literature methods. Primary contribution to UN SDGs: SDG 12 (responsible consumption and production); secondary links: SDG 9 (innovation in
sustainable chemical processes) and SDG 13 (reduced waste/energy demand supporting lower emissions).
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Scheme 1 Different approaches to the synthesis of imines.

the synthesis of nitrogen heterocycles, fine chemicals and
pharmacologically active compounds.* Although the conden-
sation of carbonyl compounds and amines has been tradition-
ally practiced for the synthesis of imines (Scheme 1a),® in recent
years, there has been a general upsurge of interest in developing
alternative approaches based on air or molecular oxygen as
green terminal oxidants,® namely: (a) the oxidative cross dehy-
drogenation of alcohols and amines (Scheme 1b),” (b) the direct
oxidation of primary amines (Scheme 1c),® and (c) the oxidative
dehydrogenation of secondary amines (Scheme 1d).*° The
combination of aerobic methods with photochemical condi-
tions offers an operating surplus with respect to conventional
protocols in terms of efficiency, atom economy and
sustainability.*

Within the cyclic amines, 3,4-dihydroisoquinolines are
worth mentioning because of their potential application in
medicinal chemistry. For instance, ancistrocladidine is
a natural naphthyl-dihydroisoquinoline alkaloid isolated from
the plant family Ancistrocladaceae, the extracts of which have
been used in traditional medicine to treat malaria and dysen-
tery (Chart 1)."* There is an ongoing interest in the synthesis of
1,2,3,4-tetrahydroisoquinolines because they are considered
privileged structures in drug discovery, with diverse therapeutic
applications.” In this sense, the C=N bond of 3,4-di-
hydroisoquinolines can be conveniently exploited to obtain
substituted 1,2,3,4-tetrahydroisoquinolines through manifold
organic reactions;" solifenacin (Vesicare™) is one of these
types of compounds, a muscarinic receptor antagonist effective
against overactive bladder disorders (Chart 1).** While the
oxidative dehydrogenation of 1,2,3,4-tetrahydroisoquinolines
seems a straightforward access to 3,4-dihydroisoquinolines,®
this approach is hampered because of the trend to over-
oxidation of the latter, leading to the corresponding aromatic
isoquinolines.” In particular, 3,4-dihydroisoquinoline can be

OMe MeQ
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e o
ot N (0}
MeO —N Ph \g/

ancistrocladidine
(antimalarial)

solifenacin
(Vesicare™)

Chart 1 The structures of the biologically active dihydroisoquinoline
ancistrocladidine and the tetrahydroisoquinoline solifenacin.
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Scheme 2 Products of the oxidative dehydrogenation of 1,2,3,4-
tetrahydroisoquinoline and prices (Sigma-Aldrich, 2026).

considered a high-value chemical, the price of which is much
higher than that of 1,2,3,4-tetrahydroisoquinoline and iso-
quinoline (Scheme 2).

Since the recent revival of interest in photocatalysis,*
different research groups have used this kind of activation to
attempt the challenging transformation of 1,2,3,4-tetra-
hydroisoquinoline (THIQ) into 3,4-dihydroisoquinoline (DHIQ),
typically, using O, as a terminal oxidant. A variety of catalytic
systems has been tested, including those based on (a) ruthe-
nium complexes,” (b) organic dyes,"”® (c¢) porphyrins,"” (d)
polymers,* (e) MOFs,** and carbon nitride,?> among others.>
Although, generally, moderate-to-high selectivity is attained in
the title transformation with the aforementioned photo-
catalysts, most of them are relatively expensive and/or involve
laborious synthetic procedures. Within heterogeneous photo-
catalysis, titania® is a simple, cheap, stable, non-toxic and very
important semiconductor photocatalyst employed in organic
chemistry transformations.?® Titania (anatase) was found to
promote the dehydrogenation of THIQ with 100% conversion
and 68% selectivity under visible-light irradiation at 40 °C.*® It is
known that metal doping can improve the photocatalytic
activity of TiO, by tuning the bandgap and regulating its elec-
tronic properties.”” The metal dopant can behave as an electron
trap, improving the transfer, migration and separation of elec-
trons and holes; it can also shift the bandgap absorption to
visible light, furnishing a surface with additional active sites for
photochemical reactions.”® The modification of TiO, with
transition metals, such as Pt, Ni and Rh, was explored for the
semi-oxidation of THIQ; however, the conversions and/or
selectivities towards DHIQ reported were relatively low.>
Therefore, despite the notable advances in the field, many of the
reported systems suffer from inherent limitations in photo-
catalytic efficiency and/or sustainability. These include modest
conversions or selectivities, the need for complex and costly
catalysts, and procedures that lack alignment with green
chemistry principles.

We are experienced in using TiO, as a support for metal
nanoparticles,®® as well as a heterogeneous photocatalyst® in
varied organic reactions. Our particular ongoing interest in
developing efficient catalysts based on copper nanoparticles
(CuNPs), led to the recent discovery of sulfur-stabilised CuNPs
promoting the mild oxidation of primary amines to imines,
using the molecular oxygen in air as a terminal oxidant.** Also
recently, we demonstrated that a glass-wool based molybdenum
disulfide-cobalt semiconductor catalyst (MoCo@GW) could
catalyse the semi-oxidation of THIQ through a singlet oxygen
path, reaching a conversion and selectivity of 90%.** Given this
recent interest in imine synthesis, together with the fact that
nanocomposites can manifest enhanced photocatalytic
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performance,* we have prepared a series of monometallic and
bimetallic nanoparticle-supported titania-based photocatalysts,
whose performance in the transformation of THIQ into DHIQ
has been tested and compared with that of the metal-free
counterparts. A thorough optimisation of the conditions has
been carried out by using different variables such as atmo-
sphere, solvent, base, catalyst amount, radiation wavelength,
and power density. It is known that the efficient heterojunction
formed at the interface of rutile and anatase polymorphs in
TiO,-P25,% along with the presence of oxidised Cu species that
introduce additional energy levels near the valence and
conduction bands of TiO,,* contributes to a synergistic effect
that can enhance photocatalytic activity. Based on these prop-
erties, we present a recyclable CuNPs/TiO,-P25 catalytic system
for the selective semi-oxidation of THIQ, which aligns with
green chemistry and sustainability principles. Our current study
not only achieves photocatalytic performance comparable to the
best systems reported to date in terms of conversion and
selectivity, but offers a more balanced sustainability profile,
thus representing a significant advancement in the field of
green photocatalysis.

Results and discussion
Preparation of the supported catalysts

The supported catalysts were prepared following a general
chemical reduction method of metal salts previously reported by
us.”” In this method, the anhydrous metal salt (e.g., CuCl,) is
reduced by metal lithium in the presence of a catalytic amount of
4,4'-di-tert-butylbiphenyl (DTBB), which acts as an electron
carrier (Scheme 3). The rapid generation of the metal nano-
particles is followed by the addition of the TiO, support, filtration
and drying. Handling of the catalysts from this point was done
under air. The preparation of bimetallic catalysts supported on
TiO, followed the same strategy as described in Scheme 3, but
starting from an equimolar mixture of the metal salts.

Bandgap energy measurements

The bandgap energy (E;) of the different catalysts was deter-
mined via Diffuse Reflectance Spectroscopy (DRS) with a suit-
able UV-vis spectrophotometer and ignoring specular reflection
(see the SI). All the CuNPs-based photocatalysts experienced

TiO,-P25
CuNPs —2—>

CuNPs/TiO,-P25

CuCl,

A Lit —=—

[ArHP2™ 2Li*

Li

Scheme 3 Reaction scheme for the synthesis of CuNPs/TiO,-P25.
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Table 1 Bandgap energies determined for TiO,-based catalysts

Entry Catalyst’ A (nm) E, (eV)
1 TiO,-P25% 397 3.20
2 CuNPs/TiO,-P25 441 2.88
3 CuNPs/TiO,-P25” 460 2.76
4 CuNPs/TiO, (anatase 15 nm) 412 3.08
5 CuNPs/TiO, (anatase 4 nm) 445 2.85
6 MnNPs/TiO,-P25 441 2.88
7 CuMnNPs/TiO,-P25 400 3.17
8 CuNiNPs/TiO,-P25 475 2.67
9 CuFeNPs/TiO,-P25 420 3.02

¢ Degussa-Evonik TiO,-P25, unless otherwise stated. b Non-Degussa-
Evonik TiO,-P25.

some decrease in the bandgap energy with respect to that of
TiO,-P25 (Degussa-Evonik unless otherwise stated), which was
more pronounced in the case of CuNPs/TiO,-P25 non-Degussa-
Evonik) (Table 1, entries 1-5). A particle-size effect was observed
when comparing the E; of CuNPs/TiO, (anatase 15 nm) and
CuNPs/TiO, (anatase 4 nm), with the latter being 0.23 eV lower
(Table 1, entries 4 and 5). The monometallic catalyst based on
MnNPs showed the same behaviour as that of CuNPs/TiO,-P25
(Table 1, entries 2 and 6), whereas the bimetallic systems gave
disparate results: the E, slightly decreased for CuMnNPs/TiO,-
P25 and CuFeNPs/TiO,-P25, but notably dropped for CuNiNPs/
TiO,-P25, with this being the lowest E, recorded (Table 1,
entries 7-9). Indeed, this value is considerably lower than those
reported for the mixed oxides NiO/TiO, (2.81-2.99 eV) or for Ni-
and S-doped TiO, (2.87 eV).*®

Photocatalytic experiments

Preliminary experiments for the selective oxidation of THIQ (1)
to DHIQ (2) were conducted in MeCN using a near-UV irradia-
tion (369 nm) at 0.14 W cm ™ > power density for 3 h under an
oxygen atmosphere, as the general conditions (Table 2). A
control reaction in the absence of any catalyst led to unreacted
THIQ (1), even after 23 h (Table 2, entry 1). Then, we focused on
the photocatalytic activity of TiO,-P25 (Degussa-Evonik). The
effect of the atmosphere demonstrated the necessity for an
oxidising medium, with molecular oxygen giving better results
than air in terms of conversion after 3 h (Table 2, entries 2-4). It
is noteworthy that quantitative conversion could be reached
under air after 24 h, though the selectivity towards DHIQ (2) was
lower than that with molecular oxygen (Table 2, compare entries
2 and 4). The catalyst loading and power density were also
analysed as variables. The best results were obtained with 10 mg
of TiO,-P25 in MeCN (Table 2, compare entry 2 with entries 5-7)
and a power density of 0.14 W cm ™2 (Table 2, compare entry 2
with entries 8-14). Double amount of TiO,-P25 did not affect the
selectivity, but diminished the conversion at 3 h (Table 2, entry
7); quantitative conversion was reached with extended reaction
time, albeit with no improvement in the selectivity (Table 2,
entry 7). Power densities lower than 0.14 W cm ™2 led to signif-
icant conversions only after 23 h (Table 2, entries 8-11), whereas
higher power densities favoured the formation of 3 after 3 h and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photocatalysed oxidative dehydrogenation of THIQ (1): effect of the catalyst amount and power density in different atmospheres®

TiO,-P25
NH

1

conditions

e .
MeCN, LED 369 nm

X
+
N N

2 3

Entry Catalyst Atmosphere Catalyst amount (mg) Power density (W cm™2) Conversion” (%) Selectivity 2/3 * (%)
1 — 0, — 0.14 0 (0) —

2 TiO,-P25 0, 10.0 0.14 97 84

3 TiO,-P25 Ar 10.0 0.14 0 0

4 TiO,-P25 Air 10.0 0.14 75 (>99) 89 (70)
5 TiO,-P25 O, 1.7 0.14 78 78

6 TiO,-P25 O, 5.0 0.14 78 59

7 TiO,-P25 0, 20.0 0.14 89 (>99)° 84 (84)°
8 TiO,-P25 0, 10.0 0.005 0 (82) (80)

9 TiO,-P25 Air 10.0 0.005 0 (90) (54)

10 TiO,-P25 0, 10.0 0.07 0(82) (80)

11 TiO,-P25 Air 10.0 0.07 0 (79) (77)

12 TiO,-P25 0, 10.0 0.20 44 25

13 TiO,-P25 Air 10.0 0.20 25 40

14 TiO,-P25 O, 10.0 0.28 44 11

15 TiO,-P25 0, 10.0 _4 0(8) (88)

16 TiO,-P25° 0, 10.0 0.14 (26) (15)

“ Reaction conditions: 1 (0.5 mmol), TiO,-P25 (Degussa-Evonik), MeCN (2 mL), LED 369 nm, O, (balloon) or air. > Conversion of 1 into 2 and 3
determined by GLC after 3 h (no by-products were observed); data after 23 h in parentheses. © Data after 16 h. ¢ Reaction without irradiation.

¢ Calcined at 500 °C for 4 h.

product decomposition after 23 h (Table 2, entries 12-14). A
control experiment in the absence of irradiation led to only 8%
conversion after 23 h, proving the very low catalytic effect by
TiO,-P25 itself (Table 2, entry 15). Although the photocatalytic
activity of TiO,-P25 has been reported to be enhanced after
calcination® in the oxidation of methyl orange, we have not
observed such effect in the oxidation of THIQ (1) (Table 2, entry
16).

The effect of the atmosphere was studied in more detail by
monitoring the evolution of the oxidative dehydrogenation of
THIQ (1) in oxygen (Fig. S2). The selectivity to DHIQ (2) peaked
after 2 h (87%) at 89% conversion. Conversion then increased to
a nearly quantitative value after 3 h (97%), while selectivity
decreased to 84%. Prolonged irradiation promoted further
oxidation of DHIQ (2) to IQ (3), with the latter being the major
product after 23 h.

The effect of the solvent polarity and base were evaluated
next, with the results being summarized in Table 3. A decrease
in the conversion was noticed when water was introduced in the
reaction medium as a mixture of MeCN-H,0, while maintaining
the selectivity observed with neat MeCN (compare entry 2 in
Table 2 with entries 1 and 2 in Table 3).

The conversion decrease was more pronounced when using
neat water as a solvent, particularly, in air (Table 3, entries 3 and
4). In these cases, quantitative conversions were reached after
23 h, though to the detriment of the selectivity (Table 3, entries
3 and 4). Within the organic solvents, isopropanol gave the best
conversion at 3 h in oxygen with a good selectivity (Table 3, entry
5); this selectivity was maintained in air but with much lower
conversion (Table 3, entry 6). Toluene and chloroform led to

© 2026 The Author(s). Published by the Royal Society of Chemistry

good-to-high conversions in air only after 23 h, with moderate
selectivities (Table 3, entries 11 and 13). The effect of the pres-
ence of 1 equiv. of base on the reaction rate was also considered
after 3 h in air, using neat water as a solvent (Table 3, entries 15-
21): good-to-high selectivities were generally recorded, with
Cs,CO; showing the best performance (Table 3, entry 19). The
favourable effect of Cs,CO; was also observed in organic
solvents, leading to the highest conversions and selectivities in
air after 3 h (Table 3, entries 22-24). Among the organic solvents
tested, MeCN afforded the most favourable outcome (92%
conversion and 92% selectivity, 3 h in air), reaching quantitative
conversion after 23 h with only a slight decrease in selectivity
(Table 3, entry 22). When the catalyst loading was doubled to
20 mg, conversion remained high (91%), although the selec-
tivity decreased to 82%.

We next examined the effect of the metal in the form of
nanoparticles supported on TiO, (Table 4). Two wavelengths
were selected to test the photocatalytic activity of the different
prepared catalysts in the oxidative dehydrogenation of THIQ (1):
near-UV light (A = 369 nm) and blue visible light (1 = 450-455
nm). First, several catalysts based on CuNPs supported on
different types of TiO, were screened under oxygen and 369 nm
irradiation for 3 h at 0.14 W cm™ > power density (Table 4,
entries 1-5). It is noteworthy that the type of TiO, used exerted
an important influence in both the conversion and selectivity.
For instance, CuNPs on 4 nm TiO, showed better performance
than the 15 nm counterpart (Table 4, entries 4 and 5). The
highest conversion at 3 h (90%) was attained with CuNPs/TiO,-
P25 (Table 4, entry 1), with 91% selectivity towards DHIQ (2).
Notably, upon increasing the catalyst loading to 20 mg and

RSC Sustainability, 2026, 4, 2232-2249 | 2235
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Table 3 Photocatalysed oxidative dehydrogenation of THIQ (1): effect of the solvent and base in oxygen and air
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a

Tio,-P25 X
E:Qm LED 369 nm (0.14 W/cm?) ©©\l * ©©\l
conditions
1 2 3
Entry Solvent Base Atmosphere Conversion® (%) Selectivity 2/3 © (%)
1 MeCN-H,0° — 0, 77 87
2 MeCN-H,0° — Air 68 87
3 H,0 — 0, 64 (>99) 77 (66)
4 H,0 — Air 39 (>99) 77 (70)
5 i-PrOH — 0, 88 85
6 i-PrOH — Air 40 85
7 MeOH — 0, 39 49
8 DMSO — O, 81 77
9 DMSO — Air 22 60
10 Toluene — 0, 65 91
11 Toluene — Air 0 (94) (70)
12 CHCl; — O, 70 80
13 CHCl, — Air 0(81) (78)
14 THF — O, 61 67
15 H,O KOH Air 29 83
16 H,0 K;PO, Air 29 83
17 H,0 NaHCO; Air 53 89
18 H,0 K,CO; Air 20 85
19 H,O Cs,CO3 Air 60 90
20 H,0 Ba(OH),8H,0 Air 12 75
21 H,O KOt-Bu Air 52 88
22 MeCN Cs,CO; Air 92 (>99) [91] 92 (88) [82]
23 DMSO Cs,CO3 Air 82 94
24 i-PrOH Cs,CO;3 Air 87 92

“ Reaction conditions: 1 (0.5 mmol), TiO,-P25 (Degussa-Evonik, 10 mg), base (1 equiv.), solvent (2 mL), LED 369 nm (0.14 W cm ™~ ?), O, (balloon) or
air. » Conversion of 1 into 2 and 3 determined by GLC after 3 h; data after 23 h in parentheses; data with 20 mg of catalyst after 16 h in brackets.

€ 1:1 MeCN-H,0.

extending the irradiation time, both conversion and selectivity
approached quantitative values (97%). An important decrease
in the conversion was observed when the above experiment at
3 h was conducted with CuNPs on calcined TiO,-P25, albeit both
conversion and selectivity reached high values after 23 h (Table
4, entry 2). Catalysts based on metals other than Cu led to lower
conversions and selectivities (Table 4, entries 6-9), though
MnNPs/TiO,-P25 manifested quite good behaviour in this
transformation (Table 4, entry 6). The reaction catalysed by
CuNPs/TiO,-P25 was also attempted under visible light irradi-
ation (blue LED, A = 450-455 nm) and in the absence of irra-
diation, in both cases producing minute amounts of the desired
product after 23 h (Table 4, entries 10 and 11, respectively). The
addition of Cs,CO; did not improve the conversion and main-
tained the selectivity, but longer reaction time was needed
(Table 4, entry 12). Reactions carried out in air were much less
efficient regarding the conversion, irrespective of the solvent or
base used (Table 4, entries 14-19).

In analogy to TiO,-P25, the effect of reaction time was
examined in more detail by monitoring the evolution of the
oxidative dehydrogenation of THIQ (1) under an oxygen atmo-
sphere using CuNPs/TiO,-P25 (Fig. S3). The reaction profile
shows a rapid consumption of the substrate and formation of
DHIQ (2), reaching 90% conversion after 3 h with 91%

2236 | RSC Sustainability, 2026, 4, 2232-2249

selectivity. Importantly, after this initial period the product
distribution becomes essentially time-independent: DHIQ (2)
remains the dominant product while only minor amounts of IQ
(3) are formed, and no progressive shift towards 3 is observed
upon prolonged irradiation. In contrast to TiO,-P25 (Fig. S2),
where prolonged irradiation promotes further oxidation of
DHIQ (2) to IQ (3) and, therefore, leads to a pronounced time-
dependence of selectivity, the CuNPs/TiO,-P25 system reaches
a quasi-stationary regime within a few hours. As a result,
selectivity is far less sensitive to extended reaction times, which
is advantageous for reaction screening and substrate scope
studies, as a single, standard irradiation time can be used
without risking substantial over-oxidation.

The experimental results collected in Tables 2, 3, and 4
highlight the influence of several key variables on the conversion
and selectivity of the oxidative dehydrogenation of THIQ (1): (a)
the amount of photocatalyst shows a non-linear correlation with
performance: while insufficient catalyst leads to incomplete
conversion, a larger amount can promote light scattering and
reduce the effective photon absorption, thus limiting photo-
catalytic efficiency and conversion at short reaction times; at
longer reaction times, however, both conversion and selectivity
improved further, particularly in the case of CuNPs/TiO,-P25. (b)
The nature of the atmosphere also plays a significant role: oxygen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Photocatalysed oxidative dehydrogenation of THIQ (1): effect of the supported metal®

catalyst, MeCN
NH

1

conditions

_aayeL, Ve .
LED 369 nm or 450 nm

N
+
N N

2 3

Entry Catalyst Atmosphere-solvent-base 2 (nm) Power density (W cm™2)  Conversion” (%)  Selectivity 2/3 * (%)
1 CuNPs/TiO,-P25 0, 369 0.14 90 [97] 91 [97]
2 CuNPs/Ti0,-P25° 0, 369 0.14 41 (89) 96 (94)
3 CuNPs/TiO,-P25¢ 0, 369 0.14 60 88

4 CuNPs/TiO, (anatase 4 nm) O, 369 0.14 80 89

5 CuNPs/TiO, (anatase 15 nm) O, 369 0.14 65 86

6 MnNPs/TiO,-P25 0O, 369 0.14 84 85

7 CuMnNPs/TiO,-P25 0O, 369 0.14 35 91

8 CuNiNPs/TiO,-P25 0O, 369 0.14 23 87

9 CuFeNPs/TiO,-P25 0, 369 0.14 23 91

10 CuNPs/TiO,-P25 0, 450-455 — 0 (16) 0 (13)
11 CuNPs/TiO,-P25 0, — — 0 (11) 0 (91)
12 CuNPs/TiO,-P25 0,-Cs,CO; 369 0.14 (81) (90)

13 CuNPs/TiO,-P25 Air 369 0.14 53 96

14 CuNPs/TiO,-P25 Air-H,0 369 0.14 28 93

15 CuNPs/TiO,-P25 Air-MeCN/H,O 369 0.14 47 94

16 CuNPs/TiO,-P25 Air-i-PrOH 369 0.14 23 91

17 CuNPs/TiO,-P25 Air-NaHCO;3; 369 0.14 23 83

18 CuNPs/TiO,-P25 Air-Cs,CO;3 369 0.14 15 80

19 CuNPs/TiO,-P25 Air-KOt-Bu 369 0.14 10 60

“ Reaction conditions: 1 (0.5 mmol), catalyst (10 mg), MeCN (2 mL), LED 369 nm (0.14 W cm ™) or 450-455 nm (18 W), unless otherwise stated, O,
(balloon) or air; TiO,-P25 refers to Degussa-Evonik material. > Conversion of 1 into 2 and 3 determined by GLC after 3 h; data after 23 h in
parentheses; data with 20 mg of catalyst after 16 h in brackets. ¢ With TiO,-P25 calcined at 500 °C for 4 h. ¢ Non-Degussa-Evonik TiO,-P25.

¢ Reaction without irradiation.

provides a higher concentration of reactive oxygen species (e.g.,
singlet oxygen, superoxide radical anion), which facilitates rapid
substrate oxidation, albeit can lead to overoxidation; air can slow
down this process, enabling better selectivity for DHIQ (2) but at
extended times. (c) Power density is another critical factor: lower
irradiance slows down the generation of electron-hole pairs and
reactive species, limiting conversion, while excessive power
density can accelerate side reactions, compromising both
conversion and selectivity. (d) Regarding the solvent effect, polar
aprotic solvents like MeCN and DMSO provide the best results,
likely due to their ability to dissolve polar intermediates and/or
stabilise charged transition states. In contrast, protic or non-
polar solvents often reduce activity, either by competing for
reactive sites (e.g., water, some alcohols-except i-PrOH) or by
limiting the dispersion of the catalyst and substrate. (e) The
addition of bases can improve the selectivity and, in some cases,
the conversion; Cs,CO; in particular might better promote the
deprotonation of intermediates and facilitate product release
from the surface, while also stabilising charged species, possibly
minimising overoxidation. (f) As regards the nature of the metal
supported on TiO,, CuNPs outperform other transition metal
nanoparticles, probably due to the favourable band alignment of
Cu,O with TiO,, promoting effective charge separation and effi-
cient generation of reactive oxygen species. The structural and
electronic synergy can be further enhanced in CuNPs/TiO,-P25,
which combines the mixed-phase anatase/rutile interface (facili-
tating electron-hole separation) with the p-n heterojunction

© 2026 The Author(s). Published by the Royal Society of Chemistry

formed between TiO, and Cu,O. (g) Additionally, the particle size
and surface properties of the TiO, support modulate perfor-
mance: smaller nanoparticles and the P25 formulation offer
a higher surface area and more accessible active sites, as well as
beneficial light-harvesting properties.

In summary, the data in Tables 2-4 show that the
conversion-selectivity balance in the oxidative dehydrogenation
of THIQ (1) depends strongly on the photocatalyst, the reaction
atmosphere, and the irradiation time. Under an oxygen atmo-
sphere, TiO,-P25 enables rapid attainment of high conversion,
with a moderate decrease in selectivity as conversion increases.
In contrast, in air, the TiO,-P25/Cs,CO; system provides
a favourable compromise between conversion and selectivity
without the need for pure oxygen. Finally, CuNPs/TiO,-P25
under oxygen combines high selectivity with high conversion
and, under extended irradiation at higher catalyst loading,
approaches near-quantitative values for both parameters.

Given the particularly high performance of CuNPs/TiO,-P25
among the supported photocatalysts, and considering its
combination of high conversion and selectivity under oxygen,
a detailed characterisation of this material was undertaken to
gain further insight into its structural and electronic features.

Characterisation of CuNPs/TiO,-P25

The catalyst CuNPs/TiO,-P25 was characterised by different
analytical and spectroscopic techniques, such as ICP-OES, EDX,
XRD, XPS, FE-SEM and TEM. The copper loading on
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CuNPs/TiO,-P25 was determined to be 3.0 wt%, as analysed by
Inductively-Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES). The obtained adsorption isotherm (N, at 77 K) shows
that CuNPs/TiO,-P25 is a material with low adsorption capacity
(Fig. 1). The isotherm can be classified as a type 1III, typical of
macroporous or non-porous materials, where the adsorbent-
adsorbate interactions are relatively weak. The type-H3 hyster-
esis loop is usually linked with the non-rigid nature of the
adsorbent.* In agreement with the low adsorption capacity of
CuNPs/TiO,-P25, the calculated BET(N,) (Brunauer-Emmett-
Teller) surface area is 50.3 m* g, which is within some of the
ranges reported for TiO,-P25 alone,” but lower than that
determined by us for TiO,-P25 alone (82.0 m® g~ '). A pore
volume of 0.998 cm® g~' has been estimated by applying the
BJH model to the desorption branch data, with an average size
of 2.7 nm.* Energy-Dispersive X-ray (EDX) analysis on various
regions confirmed the presence of copper on TiO,, with energy
bands of 8.04, 8.90 keV (K lines) and 0.93 keV (L line) (Fig. 2); the
presence of carbon is due to the use of a carbon support during
the analysis. The estimated superficial atomic distribution by
EDX gives a 3.2 wt% Cu, close to the copper content determined
by ICP-OES. The examination of CuNPs/TiO,-P25 by powder X-
ray diffraction (XRD) (Fig. 3) showed diffraction peaks mainly
corresponding to anatase and rutile; no significant peak for
copper was observed due to the small crystal domains, low
copper loading and/or high dispersion. Similarly, the Raman
spectrum mainly shows the characteristic peaks of TiO,-P25 at
146,198, 398, 518 and 639 cm ™ '.*? Peaks corresponding to Cu,O
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Fig. 1 Adsorption nitrogen isotherm on CuNPs/TiO,-P25.
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Fig. 3 XRD spectrum of CuNPs/TiO,-P25 (m TiO, anatase; m TiO,
rutile).

(201, 300, 406, 489 and 638 cm ') and CuO (274, 328 and
627 cm~ ") are of low intensity and/or with shifts very close to
those of TiO,-P25 (Fig. 4). Nevertheless, it is known that both
XRD and Raman techniques have low sensitivity towards Cu,O,
particularly, when the copper loading is low.*

The oxidation state of copper was studied by X-ray Photoelec-
tron Spectroscopy (XPS) at the Cu 2ps), level (Fig. 5). The peaks at
932.1 (Cu') and 933.6 (Cu") eV, together with the satellite peaks at
940.5 and 943.1 eV, which are a typical feature of Cu™ species,*
suggest that the catalyst is mainly composed of Cu,O and a minor
amount of CuO. According to our previous experience, the
presence of some superficial Cu® can be practically disregarded as
the catalyst has been handled in air. Auger spectroscopy on
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Fig. 4 Raman spectrum of CuNPs/TiO,-P25.
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Fig. 2 EDX spectrum of CuNPs/TiO,-P25.
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CuNPs/TiO,-P25 (Cu LMM lines) was inconclusive in this case
because the 2 s transition of Ti interferes with that of Cu, being the
former much stronger and making the latter difficult to interpret.

Fig. 6 (a) FE-SEM micrograph and (b) EDS elemental mapping of
CuNPs/TiO,-P25.

50 nm

Fig. 7 HR-TEM micrograph of CuNPs/TiO,-P25.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The morphology of the catalyst was examined by FE-SEM
(Field Emission Scanning Electron Microscopy), with the EDS
(Energy Dispersive Spectroscopy) elemental mapping showing
a homogeneous distribution of Cu over the TiO, surface (Fig. 6).
HR-TEM (High Resolution Transmission Electron Microscopy)
further revealed discrete, well-dispersed particles decorating
the support (mostly in the range 2-3 nm), which could be
assigned to Cu-based nanoparticles (Fig. 7).

Having established the composition and morphology of
CuNPs/TiO,-P25, we next explored the catalytic performance
across a broader range of substrates.

Substrate scope

Rather than aiming at an extensive exploration of the substrate
scope, this study was designed primarily to compare the cata-
Iytic behaviour of TiO,-P25 and CuNPs/TiO,-P25. The system
TiO,-P25-Cs,CO; (air), although also efficient, was not included
in this comparative study in order to simplify the catalytic
conditions and focus the analysis on the intrinsic effect of
copper on titania. To this end, a representative panel of amines
was examined under our standard conditions (Chart 2). As
a baseline, the oxidation of 1,2,3,4-tetrahydroisoquinoline
(THIQ) to dihydroisoquinoline (2) reveals very similar behaviour
for both photocatalysts, indicating that this particularly acti-
vated benzylic substrate is efficiently transformed even in the
absence of copper. This similarity extends to another unfunc-
tionalised THIQ precursor leading to product 5, whereas a clear
divergence emerges for the methoxy-substituted THIQ that
furnishes product 4: in this case, CuNPs/TiO,-P25 delivers
a substantially higher efficiency than bare TiO,-P25. A closely

©i> -
N
2 4 5 Ph

82% 2% 55%

(81%) (16%) (50%)
= “~ J<
N
6 7 8
70%2 60% 55%
(15%)@ (40%) (33%)
" Co
N
MeO
9 10°

58%
(32%)

60%
(37%)

Chart2 Photocatalysed oxidative dehydrogenation of various amines
using CuNPs/TiO,-P25 and TiO,-P25: amine (0.5 mmol), CuNPs/
TiO,-P25 or TiO,-P25 (10 mg), MeCN (2 mL), LED 369 nm (0.14 W
cm™2), O, (balloon), 24 h. Yields of the isolated products* are reported
for CuNPs/TiO,-P25; yields obtained with TiO,-P25 are shown in
parentheses. “Conversion to compound 6 determined by GLC.
PProduct obtained from indoline.
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related scaffold, 2-methyltetrahydroquinoline (precursor of 6),
further exemplifies the different behaviour of the two materials,
with CuNPs/TiO,-P25 clearly outperforming TiO,-P25 in this
case. The same qualitative picture holds for the two acyclic
secondary amines (precursors of 7 and 8): CuNPs/TiO,-P25
consistently affords substantially higher yields than TiO,-P25.
For the benzylic primary amine (precursor of 9), the reaction
delivers the primary imine selectively; notably, no secondary
imine arising from self-condensation of two primary amine
units was detected under our conditions. Once again, CuNPs/
TiO,-P25 shows a clear efficiency advantage over TiO,-P25.
Finally, the transformation of indoline to indole (10) is less
informative from a selectivity standpoint but remains a useful
activity probe: CuNPs/TiO,-P25 achieves a distinctly higher level
of dehydrogenation than TiO,-P25, in line with the broader
trend observed for the more challenging substrates above.
Overall, the general enhanced performance of CuNPs/TiO,-P25
might be attributed to a more efficient copper-assisted interfa-
cial electron transfer.

Catalyst reuse

We examined the reusability of the most active photocatalysts
under the optimised conditions. Preliminary attempts to reuse
the three best catalytic systems identified above—TiO,-P25 in
O, (Table 2, entry 2), TiO,-P25-Cs,COs in air (Table 3, entry 22)
and CuNPs/TiO,-P25 in O, (Table 4, entry 1)—were carried out
under the standard conditions (10 mg of catalyst, 3 h) over three
consecutive cycles, with catalyst recovery by centrifugation and
drying in air. Under these conditions, TiO,-P25 in O, displayed
a pronounced loss of activity, with conversion decreasing from
95% to 50% over the three cycles, while the selectivity remained
approximately constant (ca. 82%) (Table S1, entry 1). Likewise,
TiO,-P25-Cs,CO; in air showed a progressive decrease in
conversion (92% to 48%) accompanied by a moderate erosion in
selectivity (91% to 80%) (Table S1, entry 2). In contrast, CuNPs/
TiO,-P25 in O, maintained essentially unchanged performance
over the three cycles (90-91% conversion and 91-93% selec-
tivity), indicating a markedly more stable catalytic behaviour
under the standard conditions (Table S1, entry 3).

To gain insight into the origin of the activity loss observed for
TiO,-P25 upon reuse, we recorded XPS spectra of the photo-
catalyst recovered after the third cycle under the standard
conditions (10 mg, 3 h) (Fig. S5a). Comparison with reference
materials obtained by impregnation of TiO,-P25 with THIQ (1),
DHIQ (2) and IQ (3) indicates that the N 1s region of the recycled
catalyst is more consistent with that of TiO,-P25/DHIQ (2)
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(Fig. S7a), whereas the spectra of TiO,-P25/THIQ (1) and TiO,-
P25/1Q (3) are markedly different. Although a definitive
assignment is not possible based on the N 1s signal alone, these
data are consistent with the presence of adsorbed DHIQ (2) or
DHIQ-derived nitrogen-containing species on the TiO,-P25
surface after recycling. Such adsorption/passivation could
reduce the number of accessible active sites and thereby
contribute to the decrease in conversion upon reuse, while
having a comparatively limited impact on selectivity.

To compensate for small handling losses between cycles,
recycling experiments were subsequently performed with 20 mg
of catalyst (extended irradiation, 16 h). The three best catalytic
systems above were tested, with the copper-modified material
showing the most robust performance (Tables 5, S1 and Fig. S4).
Thus, CuNPs/TiO,-P25 converted THIQ (1) almost quantitatively
over the first four cycles with sustained high selectivity to DHIQ
(2) (conversions 97-96%, 2/3 97:3-96:4) (Table 5, entry 3; Fig. 8
and S4c); only a drop in conversion was observed in the fifth run
(75%, the corresponding lactam was detected), though main-
taining high 2/3 selectivity (95%). In contrast, TiO,-P25 (O,) and
Ti0,-P25-Cs,CO; (air) displayed progressive losses of activity
(99-85% and 91-70%, respectively) and, more markedly, of
selectivity (84:16-39:61 and 82:18-50:50, respectively), over
three cycles (Table 5, entries 1 and 2; Table S1, Fig. S4a and b).
These trends are consistent with the time-dependent over-
oxidation observed for TiO,-P25 under O,, whereby DHIQ (2)
is progressively converted into IQ (3) upon prolonged irradia-
tion. Together with the XPS evidence suggesting retention of
DHIQ-derived species on recycled TiO,-P25, this is compatible
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Fig. 8 Reuse of CuNPs/TiO,-P25 in the photocatalysed oxidative
dehydrogenation of THIQ (1): 1 (0.5 mmol), CuNPs/TiO,-P25 (20 mg),
MeCN (2 mL), LED 369 nm (0.14 W cm™2), in O, (balloon). The
conversion of THIQ (1) into DHIQ (2) and 1Q (3) was determined by
GLC after 16 h.

Table 5 Reuse of the three best photocatalysts in the oxidative dehydrogenation of THIQ (1)*

Entry Catalyst Base-atmosphere Conversion® (%) Selectivity 2/3 ? (%)
1 TiO,-P25 0, >99, 95, 85 84, 79, 39

2 TiO,-P25 Cs,CO;-air 91, 88, 70 82, 77, 50

3 CuNPs/TiO,-P25 0, 97, 97, 95, 96, 75 97, 97, 97, 96, 95

“ Reaction conditions: 1 (0.5 mmol), catalyst (20 mg), base (1 equiv.), MeCN

(2 mL), LED 369 nm (0.14 W cm ™). ” Conversions of THIQ (1) into DHIQ

(2) and IQ (3), and selectivities for 3-5 consecutive cycles were determined by GLC after 16 h.
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with partial surface passivation and a diminished ability to
preserve chemoselectivity upon reuse, in contrast to the more
stable behaviour of CuNPs/TiO,-P25.

Overall, although all three materials are recyclable, CuNPs/
TiO,-P25 best preserves both conversion and chemoselectivity
upon reuse, showing consistent behaviour under both standard
(10 mg, 3 h) and extended (20 mg, 16 h) conditions.

A series of experiments, in the presence and absence of THIQ
(1), were conducted to assess the potential copper leaching in
CuNPs/TiO,-P25 (Scheme 4). Practically no leaching was detec-
ted under dark conditions (Scheme 4a and c), and only a very
small amount of copper (0.006%) was released upon irradiation
in the absence of the substrate (Scheme 4d). A higher value
(0.10%) was measured when both THIQ (1) and light were
present, which we ascribe to substrate-CuNPs interactions
under photoexcitation (Scheme 4b). The minor extraction
observed under catalytic conditions might contribute to the
decrease in performance observed after the fifth reuse cycle
(Fig. 8).

We also explored the possibility of nitrogen species
remaining attached to the photocatalyst surface upon reuse. In
this respect, XPS analysis at the N 1s level of CuNPs/TiO,-P25
after the first (397.8, 399.5 and 401.4 eV) and fifth (398.1, 399.7
and 401.4 eV) runs shows peaks in close proximity (Fig. S5).
These peaks are similar to those recorded for TiO,-P25 (399.4
and 401.2 eV) and CuNPs/TiO,-P25 (398.5 and 399.8 €V)
impregnated with DHIQ (2) (Fig. S7). Therefore, the Cu leaching
observed, together with a partial passivation of the surface by
nitrogen species (mainly DHIQ), might account for the decrease
in catalytic activity observed after four cycles.

Acetonitrile has been ranked in different studies as a prob-
lematic solvent, within a scale of recommended, problematic,
hazardous and highly hazardous solvents.*” Although a small
amount of MeCN was used in the experiments (2 mL), we
demonstrated that 80% of the pure solvent could be easily
recovered by microdistillation. Taking into account the mass of
waste generated in five runs (5 x 0.4 mL MeCN + 20 mg CuNPs/
TiO,), and the mass of product in five reaction crudes (306 mg),
an E-factor of 5.2 was obtained for the first four cycles. Although
the E-factor was originally conceived for the chemical industry,
it can also be applied at the laboratory scale as a metric of
overall reaction performance. The calculated E-factor is satis-
factory, since an ideal value should approach 0.**

MeCN 1
| 3.87-105% |
THIQ(1) (a) | h
(b) ! !
MeCN, LED 369 nm_ | o o, X
1 1
CuNPs/TiO >P25 | 1
MeCN 1 5o, !
| 3.70:105% |
(©) ! ,
()| MeCN, LED 369 nm_ ! :
———————— 1 0.006%
|
Cu leaching

Scheme 4 Cu leaching in CuNPs/TiO,-P25 under different condi-
tions. All experiments were conducted under an O, atmosphere for
23 h.
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Reaction mechanism

The differences in activity and selectivity observed between
TiO,-P25 and CuNPs/TiO,-P25 prompted a series of mechanistic
experiments to gain further insight into their catalytic behav-
iour. First, any possible interaction between TiO,-P25 and the
starting THIQ (1) was assessed. For this purpose, TiO,-P25 was
impregnated with THIQ (1) and analysed by Diffuse Reflectance
Spectroscopy (DRS). The F(R) vs. the wavelength function of the
impregnated TiO,-P25 was shifted to higher wavelength than
that of TiO,-P25, into the visible region of the spectrum
(Fig. S9). The bandgap energy (A = 502 nm, E, = 2.53 eV) is
smaller than those of TiO, and CuNPs/TiO,-P25 (E; = 2.88 eV).
Due to the dissociative character of the N-H bond in amines,
they might associate with the TiO, surface, facilitating their
oxidation via single-electron transfer and generating an elec-
tron charge-transfer complex. This type of interaction was
previously reported by some of us in the case of TiO, impreg-
nated with indole.*

Attenuated Total Reflectance Fourier-Transform Infrared
Spectroscopy (ATR-FTIR) experiments were also conducted on
THIQ, TiO,-P25 and THIQ/TiO,-P25. The region around
3300 cm™ ' shows the practical disappearance of the signals
related to the NH bond of THIQ (1) (compare the red and purple
lines, Fig. 9) and the broad OH signal of TiO,-P25 (compare the
orange and purple lines, Fig. 9). The peak around 1650 cm ,
attributable to the N-H bond bending of THIQ, has experienced
a notable decrease in THIQ/TiO,-P25. These results support an
interaction between the NH bond of THIQ (1) and the OH
groups on the TiO,-P25 surface, and point to THIQ (1) being
attached to the surface of TiO,-P25.

The presence of CuNPs on TiO,-P25 altered the surface of the
latter and its interaction with the substrate, which was assessed
by XPS. Analysis of the XPS spectra of THIQ/TiO,-P25 and THIQ/
CuNPs/TiO,-P25 at the N 1s level showed a pronounced shift to
higher binding energy for one of the THIQ peaks, from 401.1 to
406.9 eV, respectively (Fig. 10 and S6). These results are
consistent with an enhanced interaction between THIQ (1) and
the surface in CuNPs/TiO,-P25. Interestingly, when both TiO,-
P25 and CuNPs/TiO,-P25 were impregnated with DHIQ (2), the
opposite trend was observed: the aforementioned band
remained at essentially the same binding energy in TiO,-P25
(401.2 eV), but decreased in CuNPs/TiO,-P25 (398.6 eV), shifting
below that in TiO,-P25. The weaker interaction between DHIQ
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Fig. 9 ATR-FTIR spectra of THIQ (1),
impregnated with 1.

TiO,-P25 and TiO,-P25
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(2) and CuNPs/TiO,-P25 could facilitate desorption of the
product from the surface, limiting its further oxidation to IQ
and resulting in higher selectivity. This view is supported by the
XPS data obtained after recycling TiO,-P25, which are in line
with retention of DHIQ-derived species on the surface (stronger
interaction) and may contribute to catalyst passivation and,
under extended reaction conditions, to a reduced ability to
preserve chemoselectivity.

We also explored the effect of different scavengers in the
oxidation of THIQ (1) photocatalysed by TiO,-P25 and CuNPs/
TiO,-P25 (Table 6). The addition of NaN; and B-carotene, which
are 'O, scavengers, substantially decreased the conversion,
suggesting the participation of singlet oxygen both under TiO,-
P25 or CuNPs/TiO,-P25 catalysis (entries 1-4). A similar
depleting effect was noticed after the addition of p-quinone,
a superoxide anion-radical scavenger, supporting an essential
role of O, ~ species in the process (entries 5 and 6). In contrast,
the presence of i-PrOH as a HO scavenger did not alter so much
the conversion, especially, in the case of TiO,-P25 (entry 7); in
the case of CuNPs/TiO,-P25, we must take into account that
isopropanol can be oxidised to acetone, competing with THIQ
(1) as a substrate, a side reaction that could be enhanced in the
presence of CuNPs and which could alter the properties of the
latter (entry 8). Nevertheless, both results point to the fact that
the hydroxy radical is not formed in large amount or is not
crucial in the reaction. The role of AgNO; as an electron
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Fig. 10 XPS spectra at the N 1s level of (a) TiO,-P25 and (b) CuNPs/
TiO,-P25, both impregnated with THIQ (1).
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Table 6 Photocatalysed oxidative dehydrogenation of THIQ (1) in the
presence of different scavengers®

Entry Catalyst’ Additive ~ Conversion® (%) Selectivity 2/3 © (%)
1 TiO, NaNj; 35 86

2 CuNPs/TiO, NaNj; 16 81

3 TiO, B-carotene 33 88

4 CuNPs/TiO, p-carotene 23 61

5 TiO, p-quinone 14 86

6 CuNPs/TiO, p-quinone 20 80

7 TiO, i-PrOH 88 85

8 CuNPs/TiO, i-PrOH 57 89

9 TiO, AgNO;, 49 (78)¢ 89 (<0.01)¢
10  CuNPs/TiO, AgNO; 71 (80)7 91 (<0.01)?
11 TiO, Et;N?¢ 0 —

12 CuNPs/TiO, Et;N¢ 0 —

%1 (0.5 mmol), catalyst (10 mg), scavenger (1.2 equiv.), MeCN (2 mL),
LED 369 nm (0.14 W cm™2), O, (balloon), 23 h. ” TiO,-P25 (Degussa-
Evonik). © Conversion of 1 into 2 and 3 determined by GLC. ¢ 3.0
equiv. of the additive.

scavenger was less reliable in this reaction because of its
capacity to directly oxidise the substrate (entries 9 and 10); in
fact, IQ (3) was the major product formed when 3 equiv. of
AgNO; were added (entries 9 and 10, footnote d). The addition
of E;N, a hole scavenger, totally inhibited the reaction both
with TiO,-P25 and with CuNPs/TiO,-P25 (entries 11 and 12). The
selectivity was not much affected by the presence of the scav-
engers, with the exception of AgNO;, being in most cases >85%.

The analytical iodometry method was applied to the stan-
dard reactions under O, catalysed by TiO,-P25 and CuNPs/TiO,-
P25: KI was added to both reactions showing a colour change
from pale yellow in THIQ (1) to brown shades, typical of the I3~
species formed upon oxidation of I" by H,O, (Fig. 11a). The in
situ formation of H,0, was additionally confirmed by using test
strips specific for peroxide detection (Fig. 11b). The fact that the
colour observed was lighter brown in the case of CuNPs/TiO,-
P25 could be due to this catalyst partially decomposing H,0,
through a Fenton-like reaction.*

Light-dark experiments were conducted under the standard
conditions with the catalyst of choice for the title reaction:
CuNPs/TiO,-P25 (Fig. 12). The progress of the reaction depicted
supports that constant irradiation is necessary for the process
being productive, something that correlates with quite short or
absence of radical-chain events.”* The small increase in the
conversion observed during the dark periods of time might be
due to a background reaction involving the action of only CuNPs.
This secondary catalytic activity, albeit of low magnitude, cannot
be ruled out, as we previously described the oxidation of primary
amines to imines catalysed by Cu,ONPs/Sg.*>

TiO, is a n-type semiconductor, with bandgaps of 3.2 eV
(anatase) and 3.0 eV (rutile). TiO,-P25 is a 75/25 mixture of
anatase and rutile phases, which electron-acceptor character of
the latter favours electron (e”) and hole (h*) separation,
hampering their recombination.®® In contrast, Cu,O is
a common p-type semiconductor with a narrower bandgap of
approximately 2.2 eV. When combined with TiO,, they can form
a p-n heterojunction. This heterojunction, which has been

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Light-dark experiments in the transformation of 1 into 2

photocatalysed by CuNPs/TiO,-P25. The blue areas correspond to
light irradiation.

studied in detail by the group of Marotta for photocatalytic
hydrogen production,® has two key benefits: it can decrease the
bandgap energy, absorbing solar radiation more effectively and

NH
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it can enhance the separation of the photogenerated charge
carriers, leading to improved photocatalytic efficiency.

Taking into account the above studies and the results ob-
tained, a reaction mechanism has been proposed (Scheme 5);
only the anatase form of TiO, is represented to simplify the
drawing and avoid uncertainty in the band alignments between
rutile and anatase.*® First, it is expected that both Cu,O and
TiO, are excited under the near-UV light irradiation. Then,
electrons can migrate from the CB of Cu,O to that of TiO,, and
holes can migrate from the VB of TiO, to that of Cu,0.*® These
charge-carrier transfers are thermodynamically favoured
because both the VB and CB of TiO, are low-lying with respect to
those of Cu,O. The fact that in our case the Cu,O particles in
CuNPs/Ti0,-P25 are small, can make their contact surface with
the TiO, particles larger, with a concomitant increase of the
lifetime of the excited electrons and holes, resulting in higher
quantum efficiency.* Given that the photocatalyst CUNPs/TiO,-
P25 is primarily composed of TiO, (97.0 wt%), electron transfer
to molecular oxygen is expected to mostly occur from the CB of
TiO,, generating the superoxide radical anion (O, ™). THIQ (1)
would undergo SET to the holes at the VB of TiO, to form the
corresponding radical cation; this event is perfectly plausible to
occur simultaneously at the VB of Cu,O, considering the above
demonstrated and accentuated interaction between THIQ (1)
and the catalyst in the presence of CuNPs. Hydrogen-atom
abstraction from the THIQ radical cation by O, ~ would form
the THIQ iminium ion and hydroperoxide anion (HO, ), which
would react each other to produce DHIQ (2) by deprotonation
and hydrogen peroxide as a by-product.

Comparison with other catalysts

Finally, the photocatalytic activity of CuNPs/TiO,-P25 in the
oxidation of THIQ (1) to DHIQ (2) was compared with that of
previously reported photocatalytic systems (Table S2). Yields of
DHIQ (2) >97% were reported for rather sophisticated catalysts,
such as a porphyrinic Zr-MOF (entry 1), a tetraphenylporphyrin
(entry 2), a porous N-carbazolyl-9-fluorenone polymer (entry 6),

H0,

o+ /+ 2

H 2
HO,

Scheme 5 Reaction mechanism proposed for the oxidative dehydrogenation of THIQ (1) to DHIQ (2) photocatalysed by CuNPs/TiO,-P25. Only

the anatase phase of TiO,-P25 is shown for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Cy, (entry 8), typically using powerful lamps and, in the case
of C,o, with chloroform as a solvent. Good conversions/yields
and selectivities around 90% were attained with a Zn(u)
chlorin complex (entry 4), a chromophore-cobaloxime (entry 5),
CO,-eosin Y (entry 9), mpg-C;N, (entry 11), Bi,0,CO; (entry 13),
Nb,Os (entry 17), and MoS,/ZnIn,S, (entry 18). Some of these
catalytic systems involve a rigorous inert atmosphere (entries 5
and 18), CO, instead of aerobic conditions (entry 9), pressure
(entries 11 and 13), or benzene as a solvent (entry 17). Within
the titania-based catalytic systems, neither TiO, anatase nor
different metal-supported (Pt, Ni and Rh) titania photocatalysts
were efficient, giving modest yields and/or selectivities (entries
19-22). In our hands, TiO,-P25 under O, delivered quantitative
conversion after extended irradiation, although the selectivity to
DHIQ (2) remained moderate (entry 23). In contrast, CuNPs/
TiO,-P25 afforded substantially higher selectivity towards DHIQ
(2) (97%), while maintaining excellent conversion (entry 24).
In order to better assess the advantages of a new method
with respect to those previously published, it is highly recom-
mended to examine their potential impact from the green
chemistry point of view.”® For that purpose, a series of factors
were considered in both the photocatalytic procedures and in
the preparation of the best-performing photocatalysts (Tables
S3 and S4, respectively). In regard to the photocatalytic process,
bio-accumulation, ecotoxicity, energy usage, global warming,
eutrophication, flammability, human carcinogenicity, persis-
tence, water consumption and the E-factor were analysed.
Apparently, only the CO,-eosin Y photocatalytic system can
contribute to the bio-accumulation risk factor; eosin Y has
a high potential to bio-concentrate and it would likely be mobile
in the environment (e.g., water systems) because of its water
solubility (Table S3, entry 6, bio-accumulation column). Fortu-
nately, all methods, with the exception of that involving Nb,Os
as photocatalyst, are free from ecotoxic issues; in this case,
benzene is used as solvent, which is considered a highly toxic
chemical to aquatic life, even at relatively low concentrations
(Table S3, entry 9, ecotoxicity column). The catalysts we studied
are composed of titania or copper and titania; copper is toxic to
fish and Daphnia,*® whereas titania is classified as a non-
hazardous substance.”” However, the amount of copper in the
catalyst is small (3.0 wt%), and it is quite stabilised on the
surface of the support which, in addition, is insoluble in water.
Furthermore, we found out that CuNPs/TiO, increased ovarian
cells viability;**? therefore, we can conclude that the potential
ecotoxicity of this catalyst is negligible in any case (Table S3,
entry 12). The comparison of energy usage among the photo-
catalytic procedures (Table S3) reveals three distinct categories:
low-efficiency systems with relatively high energy consumption
(>1 kWh, entries 2, 8, and 9), intermediate systems with
moderate consumption (>0.3 and <1 kWh, entries 1, 3-7, and
10), and high-efficiency systems with low energy demand (<0.3
kWh, entries 11 and 12). Notably, the TiO,-P25 and CuNPs/TiO,-
P25 systems exhibit the lowest energy consumption among all
evaluated procedures (0.048 kWh, entries 11 and 12), high-
lighting their excellent energy efficiency and alignment with the
principles of green chemistry. Only the method using C;, as
photocatalyst might have a contribution to the global warming
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factor, because chloroform is utilised as solvent in the photo-
catalytic reaction and in the reaction work-up (Table S3, entry 5,
global-warming column); although its direct warming effect
may be limited, chloroform can contribute to global warming
indirectly (e.g., by ozone depletion). Nitrogenated compounds
have a medium-risk contribution to eutrophication, which is
decreased if they are volatile; six of the photocatalytic proce-
dures involve non-volatile nitrogen-containing compounds
(Table S3, entries 1-4, 6 and 7; eutrophication column). The
flammability risk factor can be object of concern when
compounds have flash points close or below the operating
temperature; in this sense, mpg-C;N, is applied at 80 °C in
MeCN, with the latter having a flash point of 6 °C (Table S3,
entry 7, flammability column). THF, chloroform and benzene
are suspect of causing cancer; THF is used as a solvent in the
chromophore-cobaloxime photocatalytic experiment, whereas
chloroform and benzene are used not only in the photocatalytic
experiments but in the work-up and reuse of C;, and Nb,Os
(Table S3, entries 3, 5 and 9, respectively; human-
carcinogenicity column). Compounds with high molecular
weight (e.g., polymers) are persistent, and are involved in four
procedures (Table S3, entries 1, 3, 4 and 7; persistence column).
Water is consumed as co-solvent in one method and in the
work-up of two methods; nonetheless, the amount of water used
in the experiments is relatively small (Table S3, entries 6, 8 and
10; water-consumption column). Finally, the E-factor has been
estimated taking into account the amount of catalyst, solvent,
additives and the amount of product; unfortunately, the work-
up has been excluded from the calculation because the
amount of water or solvents used was not specified in all the
procedures. The lowest E-factors were obtained for the protocols
with tetraphenylporphyrin, Nb,Os5, TiO,-P25, and CuNPs/TiO,-
P25 (Table S3, entries 2, 9, 11 and 12, respectively; E-factor
column).

Concerning the preparation of the photocatalysts, five are
commercially available: tetraphenylporphyrin, C,,, eosin Y,
Nb,Os5 and the TiO,-P25 (this work) (Table S4, entries 2, 5, 6, 9,
and 11); among these, with the exception of Nb,Os and TiO,-
P25, the remaining materials are relatively expensive (see foot-
notes 7, [ — n). The other photocatalysts were laboratory-made
and, though all the procedures involve some risk factors, they
are free from bio-accumulation and persistence concerns.
Although six methods use water-soluble substances, which can
be classified as ecotoxic, in four of them these substances are
moderately soluble in water and are used in small amounts
(Table S4, entries 7, 8, 10 and 12; ecotoxicity column); only in
the preparation of porphyrinic Zr-MOF and chromophore-
cobaloxime, highly water-miscible and ecotoxic DMF is used
as solvent in relatively large amounts (Table S4, entries 1 and 3;
ecotoxicity column). Five methods have an important contri-
bution to the energy-usage factor, because they require pro-
longed heating at different temperatures, in one case in
combination with high-power lamp irradiation (Table S4,
entries 1, 3, 4, 7 and 10; energy-usage column); in contrast, the
preparation of Bi,0,CO; and CuNPs/TiO,-P25 takes place at
room temperature, with the former needing mild warming in
the drying step (Table S4, entries 8 and 12; energy-usage

© 2026 The Author(s). Published by the Royal Society of Chemistry
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column). All procedures, excluding that for CuNPs/TiO,-P25
(Table S4, entry 12, eutrophication column), have a medium-
risk contribution to eutrophication, because they involve
nitrogen-containing compounds. Fortunately, the flammability
risk factor is underrepresented, only affecting porphyrinic Zr-
MOF, in which the starting material pyrrole has a flash point
(36 °C) much lower than the operating temperature (140 °C)
(Table S4, entry 1, flammability column). All protocols,
excluding that for Bi,0,CO; (Table S4, entry 8, human carci-
nogenicity column) use some cancer suspect agents, while only
those for the porous organic polymer and CuNPs/TiO,-P25 are
free from water consumption (Table S4, entries 4 and 12; water-
consumption column). Another important aspect to take into
account when preparing a catalyst is the number of synthetic
steps, understood as those leading to a different compound, as
well as the number of operations, such as filtration, washing,
drying, extraction, etc. In general, straightforward procedures
lead to lower amounts of waste, being more attractive and more
probable to be implemented by other research groups. In this
regard, CuNPs/TiO,-P25, Bi,0,CO; and mpg-C;N, were
prepared in one step with two, three and four operations,
respectively (Table S4, entries 7, 8 and 12; synthetic-steps
column); the rest of the photocatalysts required 2-4 synthetic
steps and 4-12 operations (Table S4, entries 1, 3, 4 and 10;
synthetic-steps column). Finally, it is generally accepted that
catalyst recycling is crucial to move towards a more sustainable
and resource-efficient chemical production, with the heteroge-
neous catalysts being advantageous compared to the homoge-
neous counterparts because of the higher stability and easier
separation from the reaction medium of the former. Tetra-
phenylporphyrin, the chromophore-cobaloxime and eosin Y
photocatalysts were not reused at all (Table S4, entries 2, 3 and
6; catalyst-reuse column). The recycling capability of the rest of
the photocatalysts is not easy to compare because some of them
were reused in the oxidation of benzylamines (porphyrinic Zr-
MOF, mpg-C;N, and Nb,Os) or thioanisole (porous organic
polymer) to the corresponding imines or sulfoxide, respectively
(Table S4, entries 1, 4, 7 and 9; catalyst-reuse column); these
substrates are less prone to over-oxidation than THIQ (1). Co,
Bi,0,CO3;, M0S,/ZnIn,S, and CuNPs/TiO,-P25 were efficiently
reused in the oxidation of THIQ (1) to DHIQ (2), showing a good
performance in 3-5 cycles (Table S4, entries 5, 8, 10 and 12;
catalyst-reuse column).

The information described above in Tables S3 and S4 has
been condensed in Table 7. Tetraphenylporphyrin and C-, are
among the photocatalysts with the lowest number of risk factors
(entries 2 and 5); however, the risk factors associated with their
preparation were not considered here because they are
commercially available, albeit at high cost. In addition, tetra-
phenylporphyrin cannot be reused, and C,, requires carcino-
genic chloroform in the photocatalytic reaction, leading to an E-
factor >100. TiO,-P25 (this work, entry 11) displays the most
favourable hazard profile (RF, = 0) together with a low E-factor
(<30); nevertheless, its reuse was not efficient due to a marked
loss of selectivity. Although the use of THF remains a drawback
in the preparation of CuNPs/TiO,-P25 (this work, entry 12), it
can be replaced by greener alternatives such as 2-methylTHF.*”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of the efficiency and sustainability of the
photocatalysts”

Entry  Photocatalyst RF,, RF,, RF; E R
1 Porphyrinic Zr-MOF 2 6 8 >100 Y
2 Tetraphenylporphyrin 2 n/a 2 <30 N
3 Chromophore-cobaloxime 3 5 8 >100 N
4 Porous organic polymer 2 3 5 60-100 Y
5 Cyo 2 n/a 2 >100 Y
6 CO,, eosin Y 3 n/a 3 >100 N
7 mpg-C;N, 3 4 7 60-100 Y
8 Bi,0,CO; 2 2 4 60-100 Y
9 Nb,Os 3 nfa 3 <30 Y
10 MoS,/ZnIn,S, 1 4 5 >100 Y
118 TiO,-P25 0 na 0 <30 ¢

127 CuNPs/TiO,-P25 0 1 1 <10 Y

“ For detailed information, see Tables S3 and S4. RF,,: number of risk
factors in the photocatalytic reaction. RFp,,: number of risk factors in
the photocatalyst preparation. RF: total number of risk factors. E: E-
factor range in the photocatalytic reaction. R: catalyst reusability; Y
(yes), N (no). ? This work.  Catalyst reuse was not efficient because of
the important loss of selectivity.

Overall, when risk factors, waste generation and recyclability are
considered together, CuNPs/TiO,-P25 provides the most
balanced profile among the twelve photocatalytic systems
evaluated.

Conclusions

The challenging transformation of 1,2,3,4-tetra-
hydroisoquinoline (THIQ) into 3,4-dihydroisoquinoline (DHIQ)
has been thoroughly studied under heterogeneous photo-
catalytic conditions using a range of titania-based photo-
catalysts and oxygen as a terminal oxidant. Among them, TiO,-
P25 (0,), TiO,-P25-Cs,CO; (air), and CuNPs/TiO,-P25 (O,) in
acetonitrile can be regarded as the most efficient systems in
terms of conversion and selectivity. While TiO,-P25 (O,) and
TiO,-P25-Cs,CO; (air) offer simple and metal-free protocols
achieving high conversions and good selectivities under mild
aerobic conditions, CuNPs/TiO,-P25 (mainly composed of Cu,O
nanoparticles on TiO,-P25) displayed the most robust behav-
iour upon reuse, maintaining high conversions (97-96%) and
selectivities (97:3-96:4) over the first four cycles. We have
demonstrated that minor copper leaching occurs under the
combined action of THIQ (1) and irradiation, which, together
with partial surface passivation by nitrogen species, could
account for the decline in activity observed from the fifth cycle
onward. Moreover, CuNPs/TiO,-P25 proved to be superior to
TiO,-P25 in the oxidative dehydrogenation of a variety of amines
beyond THIQ, highlighting its broader applicability.

The application of different analytical techniques and
mechanistic experiments supports that (a) there is a marked
interaction between THIQ (1) and the surface of the photo-
catalysts, which is stronger in CuNPs/TiO,-P25 than in TiO,-
P25; (b) the opposite trend observed for DHIQ (2) could be
related to the higher selectivity recorded with CuNPs/TiO,-P25,
compared with TiO,-P25; (c) 'O, 0, ~, h', and H,0, species are

RSC Sustainability, 2026, 4, 2232-2249 | 2245


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00169f

Open Access Article. Published on 09 April 2026. Downloaded on 6/13/2026 10:59:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

involved in the reaction; and (d) radical-chain processes are not
predominant in this transformation. Accordingly, a reaction
mechanism has been proposed.

In addition, the -catalytic activity of CuNPs/TiO,-P25
compares very favourably with that of most photocatalysts re-
ported to date and stands at the level of the best-performing
systems. A comprehensive analysis of sustainability-related
factors in the catalyst preparation and photocatalytic proce-
dures, including E-factor estimation and reusability, provides
a more nuanced picture: while TiO,-P25 exhibits the most
favourable risk-factor score, its performance upon reuse is
condition-dependent (a pronounced loss of conversion under
standard conditions and a substantial loss of selectivity under
extended conditions), whereas CuNPs/TiO,-P25 offers a more
balanced overall sustainability profile when risk factors, waste
generation and catalyst reuse are considered together. Alto-
gether, this work represents a meaningful advance over
previous methodologies, combining high photocatalytic
performance with operational simplicity, while highlighting
how catalyst design can improve selectivity retention upon
reuse in aerobic photocatalytic oxidations. These results may
also open new avenues for research in heterogeneous photo-
catalysis applied to organic transformations, particularly those
based on simple, inexpensive, stable and non-toxic titania.
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