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ARTICLE INFO ABSTRACT

Keywords: Pt nanoparticles supported on N doped titanium dioxide/titanium carbide (MXene) heterojunctions were

Photocatalysis employed as photocatalysts for the tandem reactions between aromatic nitro compounds and carboxylic acids to

One-pot tandem reaction produce amide products. The 3%Pt/N-TiO,/Ti3Cy heterojunction was prepared by in situ grew TiOy on Ti3Csy

leitigl;:;n nanosheets and then N doped TiO; with melamine, Pt nanoparticles with 3.3 nm mean diameter well dispersed

MXene on N-TiOy/TizCa. 3%Pt/N-TiO2/Ti3Cy had excellent amidation activity and chemoselectivity under visible-light
irradiation. The elevated catalytic performance of 3%Pt/N-TiO,/Ti3Cs was owing to the improvement in pho-
togenerated electron and hole separation efficiency through charge short-range directional transmission caused
by the intimate contact between the TiOy and the conductive Ti3Cy. This direct hydrogenation along with
amidation between nitroaromatics and carboxylic acids own actual merits in the amides produce with no harmful
byproducts. In situ DRIFTS spectra verified that the amidation activation with visible light irradiation at 25 °C
was much faster than heating.

Introduction carboxylates. This amidization by using small amount of catalysts pro-

Amides are a standout amongst functional groups in naturally-
occurring molecules or modern organic synthesis, and they are being
widely used by pharmaceutical chemists [1-4]. Conventional methods
of amide synthesis include the dicyclohexylcarbodiimide (DCC)/N,
N’-carbonyldiimidazoles activation, or the reaction of amines with acid
halides, acid anhydrides, esters, acyl azides, etc. [5-7]. Toxic reagents,
sensitivity, poor atomic economy as well as complex purification pro-
cesses are significant disadvantages of these methods. It is well known
that the most preferred method of amide synthesis is direct condensation
amine with carboxylic acid, and amine used herein is usually produced
through nitro compound catalytic hydrogenation. However, because of
the non-reactive ammonium carboxylate intermediate, the direct
condensation process required rather high temperature [8-11]. So,
amide synthesis avoiding poor atom economy was considered as the top
challenge in organic chemistry [12-16]. At present, several methods for
directly synthesizing amides from carboxylic acids and amines without
using coupling agent have been reported. Such as, N-heterocyclic car-
bene catalyzed amidation by means of the formation of activated
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vided a solution to the problem of the formation of recognized
by-products in conventional amide synthesis [17,18]. The boron-based
catalysts were considered to be one of the most outstanding in the
synthesis of amides with a waste-free catalytic manner [19-21]. None-
theless, it is still not easy to separate the product from the homogeneous
catalytic reaction mixture. It is worth highlighting that Gu et al. [22]
used Pt nanowires for the one pot reaction between aromatic nitro
compounds and carboxylic acid to synthesize amide directly under mild
conditions with excellent recyclability and no toxic byproducts.

The pursuit of high efficiency along with minimal waste-generating
new environment-friendly reaction processes has become one of the
most important targets in chemistry [23,24]. One-pot tandem/cascade
reactions, generally require multifunctional catalysts with diverse
catalytically active sites in a site-isolated way to keep their independent
function, allow multiple steps to occur in single pot without the need to
separate the intermediates, providing great advantages and arousing
extensive research interest [25-27]. Utilizing light to drive synthetic
process is rather attractive among one-pot tandem/cascade reactions
[28-31]. MXenes is a rising 2D transition metal carbide and/or
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Fig. 1. XRD patterns of TiO,/TisCs, N-TiO»/TisCs, N’-TiOs/TisCy, 3%Pt/N-
TiO4/TisCa, 3%Pt/N’-TiO/TisCs, N-TiO»@C and 3%Pt/N-TiO,@C.

Intensity

$480Q 10.0kV 8.4mm x100k SE(M)

Molecular Catalysis 504 (2021) 111490

carbonitride with a general formula M, 1 X Ty (n =1, 2, 3; Ty =0H, O, F
group) [32,33]. Owing to the excellent structure and chemical proper-
ties, MXenes have been extensively studied during the past few years
[34-39]. MXene has excellent electron conductivity which makes it
easier to transfer charge from the semiconductor to MXene and improves
the separation efficiency of electron and hole thus achieving directional
charge transmission [40,41]. With above unique nature, MXene is
viewed as one of the most promising photocatalytic material.

Herein, we report Pt nanoparticles supported on N doped titanium
dioxide/titanium carbide (MXene) (3%Pt/N-TiO5/Ti3Cy) hetero-
junctions as photocatalysts for the tandem reactions between aromatic
nitro compounds and carboxylic acids to produce amide products. The
3%Pt/N-TiO2/Ti3Co heterojunctions was formed by in situ grew TiO, on
Ti3Cy nanosheets and then N doped TiOp with melamine; Pt nano-
particles with small diameter were well separated on N-TiO/Ti3Cy
subsequently. 3%Pt/N-TiO2/Ti3Cy exhibited excellent amidation activ-
ity and chemoselectivity under visible-light irradiation. In comparison,
Pt nanoparticles on N doped titanium dioxide prepared from titanium
carbide (3%Pt/N-TiO,@C) had apparently decreased activity and che-
moselectivity to amides. The improved catalytic property of 3%Pt/N-
TiO2/Ti3Cy should be ascribed to the improvement in photogenerated

Fig. 2. SEM images of a) Ti3Cyp; b) N-TiO/Ti3Cyp; ¢) 3%Pt/N-TiO,/Ti3C,. EDS spectrum d) and mapping images e) of 3%Pt/N-TiO,/Ti3Cs.
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Fig. 3. TEM image a), HRTEM image b) and TEM image after three consecutive recycles d) of 3%Pt/N-TiO/Ti3Cs.

electron and hole separation efficiency through charge short-range
directional transmission caused by the intimate contact between the
TiO and the conductive Ti3Csy. The waste-free catalytic manner to direct
hydrogenation along with amidation between nitroaromatics and car-
boxylic acids own actual merits in the amides production, furthermore,
sheds light on the possibility for development multifunctional catalysis
in a broad range of visible-light prompted organic synthesis.

Results and discussion

The XRD patterns of all prepared catalytic materials were employed
to characterize the crystal phase and phase purity in Fig. 1. Consistent
with the literature [42,43], the layered TiO2/Ti3Cs heterojunction was
successfully prepared on the layered TizCy nanosheets by hydrothermal
oxidation. The coexistence of the peak of anatase TiO3 and the peak of
Ti3Cy indicated successfully partial oxidation of Ti3Co nanosheets [42,
43]. After TiOy/TizCy was N doped with melamine or urea (N-TiOg/-
Ti3Cy or N'-TiO2/Ti3Cy), the peak intensity of Ti3Cq in N-TiO2/Ti3Cy or
N’-TiO2/TisCy was further declined in comparison with TiO2/Ti3Cy, and
the (002) diffraction peak of TizC, shifted to lower angle, indicating that
two-dimensional material structural expansion happened during the N
doping [36]. The melamine or urea doping did not change the lattice
morphology of anatase TiO,. There had no other impurity phase except
the diffraction peak of TiO,. This indicated that N dopant atoms were
directly incorporated into the crystal lattice of TiO3 and did not form
related compounds or other precipitation phase [44-46]. Meanwhile, no
diffraction peak of melamine was observed, indicating that melamine or
urea had been completely decomposed. Further loading of the metal Pt,

no significant TisCy peak shift was detected, indicating that the loading
of the Pt NPs did not change the structure of N-TiOp/TizCy or
N’-TiO2/Ti3Cy. The XRD spectrum of 3%Pt/N-TiOy/Ti3Cy or 3%
Pt/N’-TiO2/Ti3Cy had no obvious diffraction peak of Pt, indicating the
small Pt NPs were well dispersed on N-TiO2/Ti3Cg or N’-TiO2/Ti3Cs. For
comparison, no characteristic peak of Ti3Cy was detected in N-TiO,@C.
Similar to the case in the 3%Pt/N-TiOy/Ti3Cy catalyst, the melamine
doping did not change the lattice morphology of anatase TiO; in
N-TiO2@C and small Pt NPs were well dispersed on N-TiO,@C.

In the FTIR spectrum (Fig. S2 in supporting information), all TizCaTx
derived TiOZ/Ti3C2, N-TiOZ/Ti:,'Cz, 3%Pt/N-Ti02/Ti3C2, N-TiOZ@C and
3%Pt/N-TiO,@C showed a broad band in 400—800 cm ™!, which should
be owing to the characteristic of Ti-O-Ti. With the N doping of TiO2/
Ti3Cq, the Ti-O-Ti vibration was enhanced due to the Ti3Cy further
oxidation [47]. Another absorption at around 1635 cm™! was the hy-
droxyl group bending vibrations, and the intensity of the hydroxyl group
bending vibrations peak became reinforced from TiO,/Ti3Cy to
N-TiO2/Ti3Cs. This indicated the N doping could construct more hy-
droxyl groups on the surface of the catalytic material. After Pt NPs
loading, the hydroxyl group bending vibrations red shift was observed,
which indicated the coordination between the hydroxyl group and Pt
NPs.

Fig. 2a was scanning electron microscope (SEM) image of stacked
layer Ti3Cs [36]. Fig. 2b was SEM image of melamine doped TiO2/Ti3zCa
(N-TiO4/Ti3Cp) with characteristic of uniformly grown melamine doped
TiO5 on the surface and the interlayer of the Ti3Cy MXene layer. The
surface of the N-TiO,/Ti3Cy; became rougher and the stacked layers
became thicker in comparison with Ti3C,, indicating that 2D Ti3Cs was
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Fig. 4. XPS spectra of 3%Pt/N-TiO,/Ti3Cy: a) full scan, b) Pt 4f, ¢) Ti 2p, d) O 1se) C 1s and f) N 1s.

effectively encapsulated by N-TiO,. After Pt loading and reduction to
nanoparticles (Fig. 2c and Fig. S1a), 3%Pt/N-TiO,/Ti3Cy almost main-
tained the feature as observed in N-TiO,/Ti3Cy because of the Ti3Cy
support. On the other hand, without Ti3Cy support, no evident stacked
layers were observed in 3%Pt/N-TiO,@C (Fig. S1b). Energy dispersive
X-ray spectroscopy spectra (EDS) and corresponding mapping of 3%
Pt/N-TiO,/Ti3Co were illustrated in Fig. 2d and e. O, Ti, Pt and N could
be evidently observed, and these elements coexisted uniformly in the
sample proving the successful doping of N to TiO,.

Transmission electron microscopy (TEM) was employed to charac-
terize detailed information about metal Pt NPs on N-TiO5/Ti3Cs. The
TEM image of 3%Pt/D-TiOy/Ti3Cy (Fig. 3a) clearly appeared that Pt
nanoparticles with the average diameter of 3.3 nm were uniformly
distributed on N-TiOy/Ti3Cy. Although after in-situ growth of TiO,,
doping and Pt metal NPs support process, N-TiO2 and Pt metal NPs
covered most of the Ti3Cs surface, but the lattice fringes of Pt NPs (0.23
nm), N-TiO; (0.27 nm) along with TizCy (0.35 nm) [36] were simulta-
neously observed in high-resolution transmission electron micrographs
(Fig. 3b), which guaranteed that Pt NPs, N-TiO5 nanocrystals as well as
Ti3Cy could be adequately contacted with the reactants and played the
role of active centers in the photocatalytic reaction.

The XPS analysis was employed to elucidate the nature of 3%Pt/N-
TiOo/TizCo. XPS characterization showed the presence of platinum,

titanium, oxygen, carbon and nitrogen (Fig. 4a), which signified the
successfully preparation of heterojunction. Pt 4f were deconvoluted into
two species, binding energies 70.9 and 74.3 eV were the 4f7/2 and 4f5/2
peaks of metallic Pt; 72.6 and 75.8 eV were the 4f7/2 and 4f5/2 peaks of
Pt(II) (Fig. 4b) [48,49]. This suggested that metallic Pt was the main
species along with the existence of a small amount of Pt(I) [49,50]. The
spectrum of Ti 2p region of 3%Pt/N-TiO,/Ti3Cy catalyst was presented
in Fig. 4c. In comparison with TiO», Ti2p (458.8 and 464.3 eV) in the 3%
Pt/N-TiOy/Ti3Cy shifted negatively. The peak shifted to lower binding
energy might be owing to the doping resulted in the formation of O-Ti-N
band in the lattice [51]. XPS spectrum of O 1s (Fig. 4d) could be
deconvoluted into two oxygen components at 530.1 eV (Ti—O—Ti) and
531.7 eV (Ti—OH) [44]. C 1s in Fig. 4e could be fitted to three peaks at
284.7 eV (C—C bond); 286.4 eV, which was assigned to C—O bond [52];
and 288.2 eV, which was assigned to Ti—O—C because of substitution of
carbon atoms into titanium lattice and was also detected in some other
Ti3AlCy derivative materials [53,54]. XPS spectra of N 1s in Fig. 4f had
two peaks at 399.2 and 404.5 eV. 399.2 eV should be ascribed to the
existence of lattice oxygen replaced by N atom (O—Ti—N) [51].

To clarify the intrinsic reason for the excellent performance of 3%Pt/
N-TiOy/Ti3Cy, light-harvesting capability was carried out. The light
absorption ability of N-TiO3/Ti3Cy, N-TiO2@C, 3%Pt/N-TiO2/Ti3Cy
along with 3%Pt/N-TiO,@C samples were characterized by UV-vis
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Fig. 5. UV-vis absorption spectra of N-TiO2/Ti3Cy, N-TiO,@C, 3%Pt/N-TiOy/
TisC, and 3%Pt/N-TiO,@C.

absorption spectroscopy (Fig. 5). Generally, the light absorption by N-
TiO,@C and 3%Pt/N-TiO,@C was lower than that of N-TiO5/Ti3Cy and
3%Pt/N-TiO2/Ti3Co. The absorption of 3%Pt/N-TiO,/Ti3C, after Pt NPs
loading was increased compared to material N-TiOy/Ti3Cg, however, in
contrast with N-TiO,@C, the 3%Pt/N-TiO,@C light absorption was
declined.

Photocurrent generation and electrochemical impedance spectros-
copy were carried out to evaluate the charge separation and transfer
efficiency between N-TiOy/TizCy, 3%Pt/N-TiOy/TizC; and 3%Pt/N-
TiO,@C [55]. Fig. 6a was a transient photocurrent graph of photo-
catalysts on ITO electrode with visible light illumination. The photo-
current response of the N-TiO5/Ti3Cyp, 3%Pt/N-TiO2/Ti3Cy as well as 3%
Pt/N-TiO2@C electrodes was rapid, stable and repeatable during light-
ing on/off cycles. The photocurrent of 3%Pt/N-TiO2/Ti3Cz was higher
than that of N-TiO,/Ti3Cy, which indicated that the introduction of
strong electron accepting Pt NPs to N-TiO,/Ti3Cy could enhance the
separation of photogenerated electrons and holes. On the other hand,
3%Pt/N-TiOy/Ti3Cq with visible light exhibited superior photocurrent
than 3%Pt/N-TiO2@C, suggesting the undoubted synergy between
N-TiO3 and TizCy. TizCy acting as the transporter for electrons signifi-
cantly improved the separation ability of photogenerated charge carriers
[43]. The smaller radius of the arc in the electrochemical impedance
spectrum represented smaller electron transfer resistance on the surface
of photoelectrode, which as a rule brought about more efficient sepa-
ration of photoelectron-hole pairs as well as speedier interfacial charge
transfer. In Fig. 7b, the circular segment span of the EIS Nyquist curve
was 3%Pt/N-TiOy/TizCy < 3%Pt/N-TiOo@C < N-TiO3/Ti3Co, which
represented that the resistance of the interface charge transfer from the
electrode to the electrolyte molecule. The results of the electrochemical
impedance spectroscopy echo the law of photocurrent test.

a ) —N-TiOfTi,C,
——3% PUN-TIOTi,C,

e 2.4 3% PUn-TIO,@C
g

2

7]

S 2.14

©

-

c

E

3

O 1.8+

0 5 10 15 20 25 30
Time /s

Molecular Catalysis 504 (2021) 111490

100- 100
(= —_—
é 80 n|trobenzene (80 O
: '
O 60- 60 2
0 >
© 40- L40 5
S 20- \ 120 G
(&) n
0- ~Ei L0
0 4 8 12 16 20 24
Time (h)

Fig. 7. Time-dependent catalytic performance in visible light promoted one-
pot hydrogenation and amidation of nitrobenzene with acetic acid over 3%
Pt/N-TiOy/TizC. The reaction conditions are the same as in Table 1 entry 3.

Table 1
Visible light promoted one-pot hydrogenation and amidation of nitrobenzene
with acetic acid over Pt NPs on N doped TiO,/MXene Ti3C, heterojunctions.*

o) o o
HNJ\ )LNJI\ NH,

NO, visible light
@ 3%Pt/N-TiO/TisCs
_ + +
acetic acid
A1 B1 ¢

H, (1 atm)

main product

Entry Catalyst Conv. / % Al sel. / % Clsel. / %
1 — — — —

2P 3%Pt/N-TiO2/TisC 100.0 64.0 36.0

3 3%Pt/N-TiOy/Ti3C 100.0 100.0 -

4°¢ 3%Pt/N-TiO,/TizC 99.0 95.0 5.0

54 3%Pt/N-TiO,/TizC 100.0 100.0 -

6° 3%Pt/N-TiOy/Ti3C 31.0 29.0 71.0

7t 3%Pt/N-TiO,/TisC - - -

88 3%Pt/N’-TiO4/TisC 54.0 81.9 18.1

oh 3%Pt/N-TiO,@C 67.6 86.7 13.3

@ Reaction conditions: nitrobenzene (1 mmol) K3PO,4 (1 mmol) and solvent (3
mL) were stirred magnetically under 1 atm H; in a reaction tube in the presence
of Pt NPs on N doped TiO,/Ti3C, heterojunction catalysts with sbustrate:Pt =
600 for 24 h, melamine:TiO5/Ti3Cyp = 0.5:1 during the doping, 0.75 W cm 2 blue
LED, no B1 was detected in Table 1, “-” = no product or negligible product. b no
K3POy4. ¢ melamine:TiO5/TigCy = 0.25:1 during the doping. d melamine:TiOy/
TizCy = 1:1 during the doping. e 0.15 W cm ™2 blue LED instead. f without visible
light irradiation. g urea instead of melamine during the doping. h N-TiO,@C
instead of N-TiO,/Ti3C.
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Fig. 6. Transient photocurrent responses a) and electrochemical impedance spectroscopy b) of N-TiO,/TizCp, 3%Pt/N-TiO5/TisC; and 3%Pt/N-TiO,@C.
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Fig. 8. Cycling visible light promoted one-pot hydrogenation and amidation of
nitrobenzene with acetic acid over 3%Pt/N-TiO,/Ti3C. The reaction conditions
are the same as in Table 1 entry 3.

The as-prepared 3%Pt/N-TiOy/TisC catalyst was used for one-pot
hydrogenation and amidation of nitro compounds with carboxylic
acids under visible light irradiation. Nitrobenzene and acetic acid was
chosen to test the catalytic performance (Table 1). No product was
detected without catalyst (Table 1, entry 1). Without alkaline additive
K3POy4, one-pot hydrogenation and amidation of nitrobenzene was
absolutely converted but just with 64.0 % chemoselectivity to acetani-
lide (A1) (Table 1, entry 2), which suggested that the base was required
for the deprotonation of amine [56]. The decreased conversion in the
absence of base should be owing to aniline (a primary amine) itself could
assist the progress of reaction by acting as a base. In the presence of
K3PO, additive, hydrogenation and amidation reaction could reach 100
% conversion with 100 % chemoselectivity to Al (Table 1, entry 3). The
amount of melamine used during TiO,/TisC doping was further opti-
mized (Table 1, entries 3-5). When the melamine:TiOy/Ti3Cy increased
from 0.25:1 to 0.5:1 during the doping, slightly increase in activity and
chemoselectivity was observed. Further increase the melamine:TiOy/-
Ti3Cy ratio had no obvious influence on the catalytic performance.
Above results indicated that N doping (N 2p generate new energy levels
by hybridizing with O 2p, thus reducing the apparent band gap) with
appropriate amount of melamine could effectively form hybrid energy
levels in the TiO, band gap [57]. To gain deep insight into the role of
light on the reaction, we investigated the hydrogenation and amidation
reaction with 0.15 W cm ™2 blue LED, just 31.0 % conversion with 29.0 %
chemoselectivity to A1 was achieved (Table 1, entry 6). The one-pot
hydrogenation and amidation reaction could not be carried out

Table 2
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without visible light irradiation (Table 1, entry 7). For comparison, urea
doped TiO/TizCy was also tested as the carrier, poor activity and
moderate chemoselectivity to acetanilide was attained (Table 1, entry
8). In comparison with 3%Pt/N-TiO2/TisC, 3%Pt/N-TiO2@C reached
67.6 % conversion and 86.7 % chemoselectivity to Al. This result
indicated that the combination of Ti3C, TiO2 and Pt NPs together with
the formation of heterojunction, with Ti3C acting as a transporter for
electrons to inhibit the backward diffusion of electrons, significantly
improved one-pot nitrobenzene hydrogenation as well as amidation
with acetic acid. We further monitored the reaction between nitroben-
zene and acetic acid with 1 atm hydrogen over visible light promoted
photocatalysis (Fig. 7). Nitrobenzene was firstly reduced to aniline in-
termediate followed closely with amidation. No other byproduct was
detected. The 3%Pt/N-TiO2/Ti3C could be reused by straightforward
centrifugation followed by vacuum drying. Catalyst could be recycled 5
times with no obvious activity and chemoselectivity decrease (Fig. 8).
No obvious Pt loss was detected by ICP-OES in the reaction solution.

In the visible light induced 3%Pt/N-TiO/TisC catalytic system,
nitrobenzene one-pot hydrogenation and amidation with carboxylic
acids could also be extended to various carboxylic acids (Table 2). 3%
Pt/N-TiOy/Ti3C showed excellent activity and chemoselectivity to cor-
responding amides (>90 %) with acetic acid, propanoic acid, butyric
acid, valeric acid as well as isobutyric acid (Table 2, entries 1, 3-6).
However, formic acid, with lower pKa value of 3.77, gave lower che-
moselectivity to the corresponding amide (Table 2, entry 2); meanwhile,
octanoic acid gave a chemoselectivity of 27.9 % and aniline was the
byproduct (Table 2, entry 7). Either the chemoselectivity decrease for
formic acid or the photocatalytic decline for octanoic acid should be
ascribed to the steric hindrance.

To further extend the scope of the use of aromatic nitro compounds
in the one-pot hydrogenation and amidation with atmosphere Hy upon
visible light irradiated 3%Pt/N-TiO/TisC, other aromatic nitro com-
pounds having different substituents were chosen as substrates
(Table 3), good to excellent activity and chemoselectivity were ach-
ieved. When the aromatic nitro compounds all had methyl substituent
(Table 3, entries 2-4), the chemoselectivity order, o-nitrotoluene < m-
nitrotoluene < p-nitrotoluene, should be ascribe to the steric hindrance
effect. As for stronger electron-donating methoxy substituent substrates,
o-nitroanisole showed 99.8 % chemoselectivity to corresponding amide
(Table 3, entry 5). However, only 85.3 % chemoselectivity was obtained
with p-nitroanisole (Table 3, entry 6), this should be explained that both
electron donating as well as steric hindrance effect were favorable for
the p-nitroanisole conversion, and the monoamidation product was
further converted into bisamidation product (Table 3, entry 6). For the
electron withdrawing group substituted nitrobenzenes, the slightly
chemoselectivity decrease to corresponding amides should be owing to
the electronic effect (Table 3, entries 7-9). Additionally, m-

Visible light promoted one-pot hydrogenation and amidation of nitrobenzene with carboxylic acids over 3%Pt/N-TiO,/TisC."

A,
NO, visible light HN”TR' R NTCR! NH,
j\ 3%PN-TiO,/TisC,
+ R!” “OH -_— + +
H; (1 atm)
A B Cc
main product

Entry Substrate Conv. / % Asel. / % Bsel. / % Csel. / %
1 acetic acid 100.0 100.0 - -
2 formic acid 100.0 85.8 14.2 -
3 propionic acid 99.8 91.9 - 8.1
4 butyric acid 100.0 96.1 - 3.9
5 valeric acid 95.2 93.6 - 6.4
6 isobutyric acid 100.0 90.8 - 9.2
7 octanoic acid 95.4 27.9 - 72.1

? The reaction conditions were the same as in Table 1 (entry 3) except the carboxylic acids.
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Table 3
Visible light promoted one-pot hydrogenation and amidation of nitroaromatics with
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acetic acid over 3%Pt/N-TiO,/TisC."

Hka FIN

visible light NH,
0,
3%Pt/N TIOQITI3C2 N - B Nt DS
R— + R2— + R T
Hz (1 atm) “
B C
main product
Entry Substrate Conv. A sel. B sel. C sel.
/% / % / % /%
1 NO, 100.0 100.0 - -
2 Nf O, 96.4 95.8 - 0.6
3 NO, 100.0 99.7 - 0.3
4 NO, 100.0 100.0 - -
5 NO, 100.0 99.8 - 0.2
@,OMe
6 NO, 100.0 85.3 14.7 -
OMe
7 NO, 99.0 91.5 - 8.5
o
8 NO, 100.0 94.3 - 5.7
cl
9 NO, 100.0 90.6 - 9.4
F
10 NO, 100.0 89.5 - 10.5
@\fo
11 NO, 100.0 98.5 - 1.5
CHO

@ The reaction conditions were the same as in Table 1 (entry 3) except the nitroaromatics.

nitroacetophenone and p-nitrobenzaldehyde could be converted to
corresponding amides with 89.5 % and 98.5 % chemoselectivity
respectively (Table 3, entries 10-11).

Some experiments were carried out to explore the photocatalytic
one-pot hydrogenation and amidation reaction mechanism (Table 4).
Rather low photocatalytic activity and chemoselectivity to Al were
achieved with 3%Pt/Ti3Cy (Table 4, entry 2), which indicated that the
introduction of doped TiO in the catalytic system was necessary for the
efficient light utilization. In comparison with 3%Pt/N-TiO5/Ti3Co, 3%
Pt/N-TiO2@C exhibited lower activity and chemoselectivity to Al
(Table 4, entry 3 vs 1), which should be explained that Ti3C, acted as a
transporter for electrons to accelerate the nitrobenzene one-pot hydro-
genation and amidation with acetic acid. When e~ scavenger KBrO3 was
introduced to the catalytic system, photocatalytic activity was obviously
decreased (Table 4, entry 4), and nitrobenzene reduction should be
accelerated by photogenerated electrons. On the other hand, when h™*
scavenger TEOA was introduced to the -catalytic system,

chemoselectivity to Al was decreased (Table 4, entry 5), therefore,
amidation step should be promoted by photogenerated holes in some
degree. When acetic acid and HyO were used as the reaction solvent,
amidation step was obviously inhibited (Table 4, entry 6), which evi-
denced that photocatalytic amidation step went through a dehydration
process. Considering the reaction temperature might have decisive in-
fluence on the chemoselectivity in the hydrogenation and amidation
catalytic reaction [22], we further tested the thermal catalytic perfor-
mance of 3%Pt/D-TiO,/Ti3Cy at 60 °C or 80 °C (Table 4, entries 7-8).
Rather low activity with complete chemoselectivity to aniline was ob-
tained at 60 °C; and just 12.6 % conversion and 47.6 % chemoselectivity
to amidation product was attained at 80 °C. Considering the actual
photocatalytic system temperature was lower than 60 °C with the LED
irradiation, the excellent photocatalytic one-pot hydrogenation and
amidation performance should reasonably be attributed to the improved
catalytic system activation efficiency with visible light.

To gain insight view about how the catalytic system achieved highly
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Table 4
Experimental probes on one-pot hydrogenation and amidation reaction
mechanism.”
(o)
NO, visible light HNJI\ NH,
catalyst, additive
—_—_—
. - +
acetic acid
H, (1 atm
2( ) A1 c1

Entry  Condition changes Conv./% Alsel. /% Clsel./%

1 No 100.0 100.0 -

2 3%Pt/Ti3C, as catalyst 4.7 57.0 43.0

3 3%Pt/D-TiO,@C as catalyst 60.6 81.0 19.0

4 100 pM KBrO3 as e scavenger  27.0 89.5 10.5

5 100 uM TEOA as h' scavenger  90.0 80.8 19.2

6 Solvent: acetic acid:H,0 = 1:1 100.0 6.3 93.7

7 Dark, 60 °C 5.7 - 100.0

8 Dark, 80 °C 12.6 47.6 52.4

@ The reaction conditions were the same as in Table 1 entry 3.

Baseline

I I | 1
T T 1
I | | 1

)
| 1 3.2

3% Pt/D-TiOlei C., dark, 50°C, 4min
w

ZoPt/D-TiO,/Ti,C,, dar|

32}

, 50°C, 20min

ht,25°C, 4min

Absorbance (a. u.)

3%Pt/D-TiO,@C, light, 25°C, 4min

1500 3300 3600 3900

Wavenumbers (cm'1)

1000

Fig. 9. In situ DRIFTS spectra for one-pot hydrogenation and amidation of
aniline with acetic acid over 3%Pt/N-TiO,/TizCs and 3%Pt/N-TiO,@C under
visible light irradiation or heating.

efficient activation under the visible light irradiation, we used the in situ
diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) to
dynamically observe along with analyze the primary difference in
amidation activation of the catalytic system over 3%Pt/N-TiO2/Ti3Cy
and 3%Pt/N-TiO,@C under visible light irradiation or heating (Fig. 9).
The baseline spectrum was tested before light irradiation or heating. The
following characteristic peaks decrease was primary observed in the in
situ DRIFTS with light irradiation or heating. The absorption peak
around 850 cm ™! was the out-of-plane deformation vibration of N—H
bond in substrate aniline; the absorption at about 1100 cm™! was the
hydroxyl group deformation vibration in carboxylic acid; the absorption
at about 1570 cm™! was the in-plane deformation vibration of N—H;
1700 cm™! was the telescopic vibration of C=0 in carboxylic acid and
the absorption peak between 3500 cm ' and 3900 cm ™' was N—H
telescopic vibration [58,59]. In the presence of 3%Pt/N-TiO,/Ti3Cy
catalyst at 50 °C, hydroxyl group deformation vibration, N—H in-plane
deformation vibration, C=0 telescopic vibration as well as N—H tele-
scopic vibration, which were related to the amidation catalytic activa-
tion, gradually weakened with the increase of heating time. On the other
side, the decrease in deformation vibration of hydroxyl group, in-plane
deformation vibration of N—H bond, telescopic vibration of C=0 as
well as telescopic vibration of N—H under visible light irradiation at 25
°C was much faster than heating. In addition, the decrease in
out-of-plane deformation vibration of N—H bond in substrate aniline
was also observed under visible light irradiation. The comparison of

Molecular Catalysis 504 (2021) 111490

".,
@

Y Ti,C, H

N-TiO,
[©) e CB e

o,

(:ﬂ A |d @
® S

&

®
4
T %

20BLIdU|

B T ®
\' H""‘

oy
® @ HH(?_ ' Pt

Scheme 1. Proposed mechanism for visible light promoted one-pot hydroge-
nation and amidation of nitrobenzene with acetic acid over 3%Pt/N-TiO5/Ti3C.

visible light illumination and heating in catalytic system indicated that
the visible light irradiation promoted catalytic activation efficiency of
both aniline and carboxylic acid, which should be the basic reason for
the evident selective amidation catalytic efficiency improvement under
visible light irradiation. 3%Pt/N-TiO,@C catalyst was also tested under
similar conditions. Without the Ti3Cs electron transporter, the decrease
in in-plane deformation vibration of N—H bond, telescopic vibration of
C=0O0 in carboxylic acid as well as telescopic vibration of N—H became
not that obvious, indicating the decrease in the amino and carboxyl
group activation and leading to lower amidation catalytic efficiency.
Based on above discussion, visible light promoted hydrogenation and
amidation of nitrobenzene with acetic acid over 3%Pt/N-TiO5/Ti3Co
was given (Scheme 1). Electrons and holes could be generated with
visible light irradiation of N-TiO,/Ti3C,. Short-range charge directional
transmission construction with electron transporter TizC and metal NPs
supported on N-TiO,/Ti3C; could lead to efficient electron transfer from
excited N-TiOy/Ti3Cy to metal NPs [43,60]. Electron-rich Pt specie was
formed by the transfer of photogenerated electrons to Pt nanoparticles
with visible-light irradiation of 3%Pt/N-TiO,/Ti3Cy (®); Hydrogen
from H—H bond cleavage (@) was transferred to electron-rich Pt to
form Pt hydride, and then the selective hydrogenation of nitro was
conducted (®). Considering the N—H, C=0 as well as O—H activation
observed with in situ DRIFTS spectra, the amidation activation model
was proposed on Pt NPs (®): Absorbed aniline could be activated by
photoinduced holes on the valance band [61]; and holes left on the 3%
Pt/N-TiO2/Ti3Cy support could also assist the cleavage of the C—OH
bond in carboxyl group [62]. With the synergy action of visible light, Pt
NPs as well as holes generated with visible light irradiation, the inter-
mediate removed water to realize the amidation conversion (®).

Conclusion

Pt nanoparticles supported on N doped titanium dioxide/titanium
carbide (MXene) (3%Pt/N-TiO,/Ti3Cz) heterojunctions, formed by in
situ grew TiO on Ti3Cy nanosheets, N doped TiO, with melamine, and
then Pt nanoparticles with small diameter well dispersed on N-TiOy/
TizCy, were employed as photocatalysts for the tandem reactions be-
tween aromatic nitro compounds and carboxylic acids to produce amide
products. In comparison with the excellent amidation activity and che-
moselectivity over 3%Pt/N-TiO,/TizCy, Pt nanoparticles on N doped
titanium dioxide prepared from titanium carbide (3%Pt/N-TiO,@C) had
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apparently decreased activity and chemoselectivity to amides. The
improved catalytic performance over 3%Pt/N-TiO2/Ti3Cy was ascribed
to the improvement in photogenerated electron and hole separation
efficiency through charge short-range directional transmission caused
by the intimate contact between the TiO; and the conductive Ti3Cy. The
waste-free catalytic manner to direct hydrogenation along with amida-
tion between nitroaromatics and carboxylic acids was achieved via a
successful coupling of the 2D transition metal carbide/carbonitride
based photocatalysis, TizCy based short-range directional charge trans-
mission as well as Pt NPs based hydrogenation along with amidation
under rather mild conditions. In situ DRIFTS spectra further verified that
the amidation activation with visible light irradiation at 25 °C was much
faster than heating. This work also shed light on the infinite possibilities
for development multifunctional catalysis for a broad range of visible-
light promoted organic transformations.
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