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ABSTRACT: In this article, the visible-light-assisted photo-
catalytic activity of TiO, nanoparticles functionalized with Cu(II)
g—C;N,—imine was exploited for aerobic oxidation of alcohols to
aldehydes followed by condensation with indoles in the presence of
2,2,6,6-tetramethylpiperidinyloxy to present a one-pot tandem
strategy for the synthesis of bis(indolyl)methanes (BIMs) under
solvent-free conditions. The synergistic effect between the
components to improve the photocatalytic activity of the as-
prepared Cu-g-C;N,—imine/TiO, nanoparticles resulting from
electron—hole separation was approved by PL spectroscopy.
Moreover, action spectra showed a light-dependent photocatalysis
with effective visible-light responsivity of the photocatalyst. The
present method includes different aspects of green chemistry: one-
pot tandem synthesis of a variety of BIMs using alcohols that are less toxic, more available, more economical, and more stable than
aldehydes; removing the byproducts resulting from overoxidation of alcohols and polymerization of aldehydes and indoles; the use
of air as a safe oxidant; visible light as a safe energy source; and solvent-free conditions. A reusability test demonstrated that the
catalyst retained its efficiency even after five runs.

B INTRODUCTION star in the photocatalytic field. It is a stable metal-free
photocatalyst that respondss to visible light.”*>°

Just recently, we discovered visible-light-driven photo-
catalytic systems consisting of palladium® and cobalt,*
incorporated in the g-C;N,—imine/TiO, nanohybrid. In the
former, several types of transformations in a sequential one-pot
strategy were promoted, including synchronous photocatalytic
production of hydrogen and acceptorless synthesis of
benzimidazoles, followed by photocatalytic olefin hydro-
genation under mild reaction conditions.” The latter catalytic
system showed a high photoefficiency toward aerobic oxidation
of benzylic alcohols to aldehydes, followed by coupling with
aromatic diamines to produce benzimidazoles under environ-
mentally benign conditions.”” Induced by the promising results
of our previous works on g-C;N,—imine functionalized TiO,
nanoparticles, herein we wish to present a new copper-
containing photocatalyst that catalyzes one-pot tandem aerobic
photooxidation of alcohols to aldehydes followed by

The development of alternative strategies for efficient organic
transformations based on the concept of “green sustainable
chemistry” is greatly desired.~* In this regard, photocatalytic
or photoactivated reactions have rapidly developed in
numerous areas of chemistry, such as organic synthesis. The
mild reaction environment and renewable resources are
advantages of this catalytic process, which make it a potential
candidate for addressing many of the challenges of green
chemistry.”~® Semiconductor-based photocatalytic materials
have emerged as efficient and cost-effective materials for
photocatalytic reactions. In this context, TiO, and its
composites receive wide attention compared to other metal
oxides because of their low cost, good stability, nontoxicity,
chemical stability, and longer lifetime.”'® TiO, photocatalytic
technology can only effectively utilize less than 6% of the
energy derived from the sunlight incident to the earth’s surface,
which suggests its low potential for sustainable development in
photocatalysis."'~'* To address this problem, many modifica-
tions have been done on TiO, such as nonmetal and metal
doping semiconductor compound modification and organic
photosensitization.”>™*°  Coupling of semiconductors or
composites is an appropriate method to make 2photocatalysts
effective in visible light for different applications.”' ~** In recent
years, graphitic carbon nitride (g-C;N,) has become a rising
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Scheme 1. Cu(II)-g-C;N,—Imine/TiO, Nanohybrid-Catalyzed Aerobic Photooxidation of Benzylic Alcohols and Tandem

Synthesis of Bis(indolyl)methanes Derivatives
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condensation with indoles in the presence of 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO) (Scheme 1) to produce
bis(indolyl)methanes (BIMs) under solvent-free conditions.
Among the catalytically important metals, copper has attracted
great attention in organic reactions owing to its cheapness,
abundance, and notable physical and chemical properties.’
Copper compounds, combined with TEMPO, have long been
known as highly effective catalysts for aerobic alcohol
%35 Nevertheless, their photocatalytic activity in
the synthesis of N-heterocycles from alcohols has received less
attention.

Heteroaromatic compounds have attracted a great deal of
interest since more than half of the biologically active
compounds produced by nature contain a heterocyclic moiety
as a fundamental unit in their structure.**” Particularly, indole
derivatives are considered to be among the most important
heterocyclic scaffolds due to their interesting biological and
optical properties.”®”” Among various indole derivatives,
indole alkaloids substituted at C3, such as BIMs, received
significant importance in the field of synthetic chemistry owing
to their multiple biological relevance.*”*" Antitumor,” anti-

oxidation.

inflammatory,” and antihyperlipidemic activities are some of
the therapeutic properties of these compounds.44 Thus, the
synthesis and functionalization of bis(indolyl)alkane deriva-
tives have attracted significant attention, which led to many
synthetic protocols. Although these strategies are useful, they
are limited to specific classes of coupling partners in the
presence of toxic metal salts, longer reaction times, low yields
of products, high catalyst loadings, and high temperatures.**~*’
Alternatively, direct access to bis(indolyl)alkane derivatives
from simple precursors such as alcohols would prove useful
since they can be easily converted into aldehydes through
oxidation reactions.

B EXPERIMENTAL SECTION

Synthesis of Catalyst. The step-by-step preparation of the
Cu-g-C;N,—imine/TiO, nanohybrid and experimental proce-
dures are given in Supporting Information.
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Bl RESULTS AND DISCUSSION

Catalyst Fabrication and Structural Analysis. The
synthesis of a TiO, immobilized Cu(II) Schiff base complex
(Cu-g-C;N,—imine/TiO,) is outlined in Scheme S1. The bulk
g-C;N, and TiO, nanoparticles were synthesized using
hydrothermal methods.”’ The functionalized g-C;N, (g-
C;N,/imine) was prepared by the condensation of the
—NH, group of g-C;N, with organosilicon aldehyde in
ethanol.” Then, the g-C;N,/imine compound attached to
TiO,, which gave the g-C;N,—imine/TiO, nanostructure.
Finally, the desired complex, Cu-g-C;N,—imine/TiO,, was
synthesized by the reaction of g-C;N,—imine/TiO, and
Cu(OAc), H,O in refluxing ethanol (Scheme S1, for
experimental details, see the Supporting Information). The
as-synthesized Cu-g-C;N,—imine/TiO, complex was charac-
terized by XRD, FT-IR, FESEM, EDX, and elemental mapping.

The XRD patterns of TiO,, g-C;N,, and Cu-g-C;N,—imine/
TiO, are shown in Figure 1A. The diffraction peaks centered at
20 = 25.4, 37.7, 48.2, and 54.1° correspond to the (101),
(004), (200), and (10S) crystal planes of anatase TiO,,
respectively (JCPDS no. 21-1272).”° For g-C;N,, the peak at
~13° with the plane (100) reveals the intraplanar structural
packing of the aromatic system of g-C;N,, while the peak at
27.4° presents the stacking of the conjugated 7—7 system that
matches the (002) diffraction plane (JCPDS no. 87-1526).>"
The presence of peaks related to both components, g-C;N,
and TiO,, in the XRD pattern of Cu-g-C;N,—imine/TiO,
confirmed the successful fabrication of the title heterojunction
composite. The peak at 13° to the (100) phase of g-C;N, fades
during the synthesis process due to the decreased planar size
and structural defects.”> Moreover, the broad peak at 22.5° is
ascribed to SiO, in the heterostructure.

To determine the composition and chemical bonding of Cu-
g-C3N,—imine/TiO,, FT-IR spectra were tracked, as shown in
Figure 1B. The typical band of TiO, at 450—750 cm™ is
related to the stretching vibrations of Ti—O groups [Figure
1B(a—c)].>® In addition, the broad peaks attributed to the O—
H bands and surface adsorbed water appeared at 1627 and
3400 cm™". For g-C;N, [Figure 1B(b)], the sharp peak at 807
cm™" shows the typical breathing mode of the triazine ring
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Figure 1. (A) XRD pattern of (a) TiO,, (b) g-C;N,, and (c) Cu-g-
C3N4—imine/TiO, nanohybrid. (B) FT-IR spectra of (a) nanostruc-
ture TiO,, (b) g-C3N,, (c) g-C3N,—imine/TiO,, and (d) Cu-g-
C;N,—imine/TiO, nanohybrid.

system, and bands for stretching vibrations of C—N and C=N
bonds in heterocycle rings appeared at 1232—1635 cm™'
region.” As depicted in Figure 1B(c), intense bands at
1061—1158 cm™' rationalized stretching of Si—O bonds. In
addition, the FT-IR patterns of g-C;N, and TiO, appeared in
Figure 1B(c,d), confirming their presence in the as-prepared
composite.

The morphology of the as-prepared catalyst was identified
by field-emission scanning electron microscopy (FE-SEM).
The image depicted in Figure S1 showed uniform spherical
nanoparticles with some aggregation and an average size of
19—-22 nm.

EDX spectra and elemental mapping (Figure S1) confirmed
the presence of Ti, O, Si, N, C, and Cu in the fabricated hybrid
Cu-g-C;N,—imine/TiO, as well as the uniform distribution on
the surface of TiO,. The copper content in the catalyst was
found to be 0.1 mmol ¢! based on inductively coupled plasma
atomic emission spectroscopy.

TGA analysis was carried out to investigate the thermal
behavior of the catalyst. The TGA thermogram of Cu-g-C;N,—
imine/TiO, showed three stages of weight loss. The first stage
ending at 250 °C is caused by losing the surface adsorbed
water molecules. The stages ranging from 250 to 470 and
470—700 are attributed to the thermal decomposition of the

organosilicon phase and g-C;N,, respectively. The TGA profile
of Cu-g-C;N,—imine/TiO, showed that the catalyst is stable
up to 300 °C (Figure S2).

Optical properties of TiO,, g-C;N,, g-C;N,—imine, g-
C;N,—imine/TiO,, and Cu-g-C;N,—imine/TiO, composites
were studied by UV—visible diffuse reflectance spectroscopy
(Figure S3) and photoluminescence technique (PL)>>¢
(Figure 2). The band gap values determined by Tauc plots
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Figure 2. PL analysis of TiO,, g-C;N,, g-C;N,—imine/TiO,, and Cu-
g-C3N,—imine/TiO,.

(Figure S3) resulted in ~3.15, 2.7, 2.9, 3, and 2.8 eV for TiO,,
g-C3Ny, g-C3N,—imine, g-C3N,—imine/TiO, and Cu-g-
C;N,—imine/TiO,, respectively.

The results revealed that the as-prepared Cu-g-C;N,—
imine/TiO, has the desired visible-light responsivity to boost
the photocatalytic performance of Cu-g-C;N,—imine/TiO,
(Figure S3). Moreover, the lower PL intensity of Cu-g-
C;N,—imine/TiO, than those of its components, g-C3N, and
TiO, (Figure 2) revealed well that the decoration of TiO, with
the g-C;N,—imine and Cu(II) reduces the electron—hole
recombination, enhancing its photocatalytic activity.

B CATALYTIC ACTIVITY ASSESSMENT

Aerobic Photooxidation of Benzylic Alcohols. The
catalytic performance of the Cu-g-C;N,—imine/TiO, catalyst
was investigated in the photo-oxidation of 4-chlorobenzyl
alcohol (0.125 mmol) under visible light (CFL lamp) for the
optimization of the reaction conditions. The results of the
solvent effects, temperature, catalyst amount, nature of the
radical producer, and oxidants on the oxidation of 4-
chlorobenzyl alcohol (0.125 mmol) in the reaction vessel are
given in Table S1. According to the experimental results, we
found that solvent-free conditions were better for the reaction.
Various solvents, including ethyl acetate, acetonitrile, ethanol,
and water, produced low yields. The influence of temperature
was studied in the photooxidation of 4-chlorobenzyl alcohol.
With an increase in temperature from 25 to 70 °C, the yield of
the product increased. According to Table S1 (entries 3, 10—
12), the presence of a catalyst was inevitable for the reaction,
and beyond the 2 mg of the catalyst, the catalytic performance
decreased. The screening of the nature of the radical generator
revealed a strong influence of TEMPO on the catalytic
performance (Table S1, entries 3, 22—24). With only 0.01
mmol of TEMPO, the reaction was much faster, and the
desired product was formed with an excellent yield of 98%
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(Table S1, entry 3). The model reaction was also subjected to
various oxidants such as TBHP, TBAOX, Oxone, UHP, H,0,,
O,, and air. The highest efficiency was obtained under the air
itself as an oxidant (Table S1, entries 3, 16—21) at 70 °C when
2 mg of Cu—C;N,—imine/TiO, and 0.01 mmol of TEMPO
under solvent-free and visible light (CFL lamp) conditions
were used.

These optimized conditions were next applied to the aerobic
oxidation of a variety of benzylic alcohols, and the results are
summarized in Table 1. The different benzyl alcohols showed a
relatively high tendency to aerobic oxidation in the presence of
the title visible-light-responsive photocatalyst. However, the
reaction performance is affected by the electronic demands of
substrates. The unsubstituted benzyl alcohols or those
substituted with electron-donating groups (Table 1, entries
1-8) were more reactive than those bearing electron-
withdrawing groups (entry 9).

No ester and carboxylic acid products were detected,
excluding any overoxidation of secondary and primary benzylic
alcohols, respectively. The chemoselectivity of the method was
notable. The primary benzylic alcohol-containing sulfide group
(1f, entry 6), as well as cinnamyl alcohol as an allylic alcohol
(1o, entry 15), oxidized selectively to the corresponding
aldehydes, while sulfide and C=C moieties survived
completely. Secondary benzyl alcohols (entries 10—14) were
generally less reactive than primary ones (entries 1—9), most
likely due to steric hindrance. Meanwhile, the aliphatic
secondary alcohol adamantanol (entry 12) showed the least
activity and acquired a low conversion of 32% after 240 min.

Photo-Induced Aerobic Tandem Synthesis of BIMs.
To extend the scope of the present catalytic system, the
catalytic potential of Cu-g-C;N,—imine/TiO, nanocomposite
was exploited for the one-pot synthesis of various biologically
important BIMs**~** from benzyl alcohols. The reaction of
indole (0.26 mmol) with a variety of benzylic alcohols (0.125
mmol) in the presence of the Cu-g-C;N,—imine/TiO,
nanocomposite and under the same reaction conditions used
for oxidation of benzylic alcohols (vide supra) led to the
formation of different C-3 alkylated bisindoles (Table 2).
Inspection of the results in Table 2 revealed that the reaction
rate was affected by the electronic demands of the substrates.
Benzyl alcohols bearing electron-donating groups (such as —
OMe, Me, and t-Butyl) accelerated the reaction, and pertinent
bis(indolyl)methanes were produced in high yields within 4 h
(Table 2, parts b,d4e). Nevertheless, a strong electron-
withdrawing nitro group on the phenyl ring of alcohol
significantly retarded the reaction so that the product yield
decreased to 52%, while a longer time of 6 h was applied
(Table 2, 4i).

To confirm the superiority of the title photocatalyst, the
catalytic activity of the parent and precursor materials was
assessed in the aerobic oxidation of benzyl alcohols and the
tandem synthesis of BIMs under the same conditions (Figure
S4). Bare TiO,, g-C;N,, g-C;N,—imine, g-C;N,—imine/TiO,,
Cu-g-C3N,, Cu-g-C;N,—imine, Cu(OAc),, and even the
mixture of Cu(OAc), and g-C3N,—imine/TiO, were inferior
or quite ineffective. These results highlighted the synergistic
effects of the catalyst precursors in the constructed photo-
catalyst for enhanced photocatalytic activity.

The recyclability of the catalyst was also studied for the
oxidation of benzylic alcohols and the synthesis of BIMs under
optimized conditions. After the completion of the reactions,
the residual catalyst was removed by adding 2 mL of ethanol,
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Table 1. Aerobic Oxidation of Benzylic Alcohols using the

Cu-g-C;N,—imine/TiO,/TEMPO System®
e
R

(2a-0)

OH Cu-g-C3Ny-Imine/TiO,

R

S.F, TEMPO, Air
70 °C, CFL lamp

‘

(la-0)

Conversion °

Entry Benzyl alcohols Product (Isolated Time(min)
Yield%)
OH No
1 90 (84) 75
(la) (2a)
OH o
2 95 (88) 90
MeO MecO
(1b) (2b)
oH o
3 98 (93) 75
a cl
() o)
OH o
4 96 (87) 80
(1) d)
OH o
5 97 (90) 120
(le) (2¢)
oH o
6 85 (78) 180
s s
(1) (26
OH o
7 95 (89) 90
(lg) (2g)
8 OH o
98 (93) 90
cl cl
(1h) (2h)
OH No
9 75 (68) 180
O,N O,N
(i) (2i)
10 ©)\OH ©/£0 95 (88) 75
aj ()]
OH o
11 : i : ﬁ 70 (59) 240
(1K) (2k)
OH o
12 g g 32 240
(11 @
OH [
13 II B\ II l JL l 79 (70) 240
(1m) (2m)
OH o
14 82 (75) 180
O o O ©
(I (@n)
15 N OH ) o
52 (43) 240

(lo) (20)
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Table 1. continued

“An aerobic solvent-free condition was used for running the reactions
at 70 °C using the substrate (0.125 mmol), TEMPO (0.01 mmol),
and catalyst (2 mg) under CFL lamp as an energy source. “The
products were identified by NMR spectra. “GC yield. The selectivity
of products was >99% based on GC analysis.

followed by centrifugation, and then dried under a vacuum to
be used for the next run. The catalyst was reusable for five runs
with no noticeable loss of activity (Figure SS). Moreover, a
comparison of the FT-IR spectra of the fresh and reused
catalyst revealed that Cu-g-C;N,—imine/TiO, preserved its
structure during the oxidation reaction and synthesis of BIM
(Figure S6).

Photocatalytic Assessment. To better understand the
enhancement of the catalytic performance that occurs through
light irradiation of Cu-g-C3;N,—imine/TiO,, wavelength

screening was carried out using different light sources (Figure
3). For this purpose, the contribution of light in the oxidation
of 4-chlorobenzyl and tandem synthesis of BIMs by different
light sources (Supporting Information) was investigated
(Figure 3). As can be seen in Figure 3a, in both reactions,
CFL light rendered the greater irradiation contribution to the
overall conversion rate, and thus, the visible light dependence
of the reaction was proved. The proposed mechanism depicted
in Scheme S2 (Supporting Information) shows the photo-
catalytic effects of the TiO, core and g-C;N, on the efficiency
of Cu-g-C;N,—imine/TiO, in this reaction system. It should
be noted that in the dark, the reaction proceeded by only 20%,
indicating a thermal contribution.

Then, screening of different irradiation wavelengths for the
oxidation of 4-chlorobenzyl alcohol, as well as the synthesis of
the related BIMs, was carried out under a 40 W CFL bulb
equipped with cutoff filters to exclude any radiation below 400

Table 2. Substrate Scope for C-3 Alkylation of Indole with Alcohols®

\
N
H

X-Ph
H + ®/\OH Cu(II)-g-C3Ny- Imme/TlOz W

S.F, TEMPO, Air
70 °C, CFL Lamp

4 a-i
Isolated Yield%, Time

O OMe

4a, 85%, 4 h

4b, 92%, 4 h

>

4d,87%,4 h

49, 75%,5h

4e, 80%, 4 h

| | | |

4h,72%, 5 h

®

4c, 90%, 4 h

(C

4f,63%,5h

-

4i,52%, 6 h

“Reaction condition: indole (0.26 mmol) and benzyl alcohol (0.125 mmol) by Cu-g-C;N,—imine/TiO, alcohol (2 mg) using TEMPO (2 mg) at

70 °C under air and visible light (CFL lamp).
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Figure 3. Dependence of the catalytic activity of Cu-g-CsN,—imine/TiO, for (a) oxidation of benzylic alcohols and synthesis of BIMs on the
irradiation wavelength under different light sources. Dependence of the catalytic activity of Cu-g-C;N,—imine/TiO, for (b,b") oxidation of benzylic

alcohols and (c,c’) synthesis of BIMs on irradiation wavelength.

nm to ensure that only visible light irradiates the reaction
(Figure 3b,b’,c,c). Without a filter, 4-chlorobenzyl alcohol
conversion can reach 98%. Employing a 450—800 nm filter, the
conversion decreased to 67%. Similarly, the light with a
wavelength range of 550—800 and 600—800 nm filters gave 4-
chlorobenzyl alcohol conversions of 53 and 38%, respectively.
By deducting the contribution of the thermal reaction, we can
get the contribution of irradiation that is 39, 17, 19, and 23%
for 400—450, 450—550, 550—600, and 600—800 nm,
respectively (Figure 3b). Moreover, a similar trend was
obtained for the synthesis of BIMs from 4-chlorobenzyl
alcohol with 90, 69, 58, and 40% yield relative to the above-
mentioned wavelength ranges, and the contributions of
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irradiation in these cases are 30, 15, 25, and 28%, respectively
(Figure 3c).

These results agree well with the UV-—vis absorption
spectrum of the Cu-g-C;N,—imine/TiO, catalyst (Figure
S3). Finally, to confirm the light dependency of the as-
prepared catalyst, an action spectrum was also screened. In this
regard, the reaction rate of the oxidation of 4-chlorobenzyl
alcohol, as well as the formation of the pertinent BIM using
Cu-g-C3N,—imine/TiO, under irradiation with different
wavelengths, was investigated. As shown in Figure 4, a good
correlation is observed between apparent quantum yields®” and
the diffuse reflectance spectrum of the nanocatalyst, which
confirms that the reactions are taking place photocatalytically.
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B CONCLUSIONS

In conclusion, the band gap of TiO, nanoparticles modified by
Cu-g-C;N,—imine induced outstanding photocatalytic activity
in aerobic oxidation of benzylic alcohols and tandem synthesis
of BIMs under visible light. An unexpected result of this
aerobic method is that a variety of BIMs can be prepared in the
presence of visible light without any byproducts such as
overoxidation alcohols or polymerization of aldehydes and
indoles. The light-dependent photocatalysis and effective
visible-light responsivity of the photocatalyst were approved
by action spectra. PL spectra revealed the effective separation
of carriers in the fabricated catalyst, promoting its photo-
catalytic activity. The developed synthesis protocol proceeds
with the merits of mild conditions, broad substrate scope,
operational simplicity, and high atom efficiency, with an eco-
energy source under solvent-free conditions and air as an ideal
oxidant. Also, the reusability and durability of the title active
catalyst that uses a low catalyst loading are the strengths of the
presented work.
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