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An efficient, mild, and environmentally friendly route has been developed for the synthesis of unsymmetrical thiourea
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derivatives in moderate yields from the reaction of tertiary aromatic and aliphatic amines with phenyl-iso-thiocyanate in the

presence of N-ZnO as a photocatalyst under visible-light irradiation. This method provides a pathway to actives the tertiary
aromatic and aliphatic amines via C-N bond cleavage.

Introduction

Sunlight is an unparalleled natural resource. It is a cheap, non-
polluting, numerous, and unlimited renewable source of clean
energy. Since society has become increasingly aware of the harmful
strike of human industry on the surroundings, the booming of ways
to effectively harness the energy of solar irradiation has appeared as
one of the main scientific challenges of the twenty-first century. The
junction between solar energy and environmental sustainability,
however, is a much older idea that dates to the turn of the last
century.!* The observation that light alone could effect unique
chemical changes in organic compounds led early twentieth-century
photochemists to recognize that the sun might represent a stable
source of clean chemical potential. One basic barrier that has finite
the use of photochemical reactions on industrial scales is the
weakness of most organic molecules to absorb visible wavelengths
of light. Normally, the ultraviolet (UV) wavelengths commonly
needed to excite conventional organic compounds during the
photochemical process. As UV irradiation makes divergent pathways
that resulted in unwanted products as well as UV is not abundant in
the solar spectrum, the design and fabrication of photocatalysts with
highly effective solar energy utilization have attracted considerable
attention recently. ¢ Among different kinds of photocatalysts,
semiconductor solids such as TiO,, ZnO, etc. as photocatalysts, have
been extensively studied.” 8 Nowadays in the field of semiconductor
photocatalyst materials, ZnO has appeared as the prominent
candidate and also as an effective and promising candidate in green
photocatalysis processes because of its excellent properties,
including low cost, high redox potential, nontoxicity, and
environmentally friendly features.>! ZnO has a good Electrical and
optical properties, such as a direct band-gap of 3.28 eV and a large
exciton binding energy of 60 meV at room temperature and the n-
type ZnO semiconductor has higher electron mobility, high
breakdown voltages, and higher breakdown field strength.121® The
Mechanism of ZnO photocatalysis pathways is shown in Figure 1.
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Photocatalytic processes in ZnO happen with the absorption of light
irradiation with enough energy (hv) to be the same to or greater than
the ZnO bandgap energy (hv > Eg). Photon absorption causes
excitation and transfer of electrons (e’) from the valence band (VB)
to the conduction band (e cg), which leads to holes (h*) generation in
the valence band (h*yg). The second steps are separation and
migration of charge-carriers (e- and h*) to the ZnO surface. The
extremely reactive electrons and holes at the surface of ZnO
photocatalyst tend to carry out reduction and oxidation reactions to
generate reactive radical species (A, B") The photocatalytic
process continues with the participation of these reactive radical
species to operate the chemical reactions over the oxidation and
reduction.'7-1%

B
Figure 1 The Mechanism of ZnO photocatalysis pathways

Because of the broadband structure of ZnO, (UV) light should be
applied as the photoinitiation source. This is the important limiting
factor in the usage of ZnO photocatalysts because the solar spectrum
makes only a small fraction of UV light (~4%). Accordingly, ZnO
photocatalysts show poor efficiency under solar irradiation. To usage
solar irradiation, it is needed to change the electronic property of
ZnO. Several strategies have been engaged to better the
photocatalytic efficiency of ZnO under visible light. 20-22

Doping with metals and nonmetals is being extensively considered to
develop the absorption wavelength range of ZnO via modifying the
electronic bandgap in the visible-light region.
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Exclusively, because of the commonly smaller atomic size of
nonmetal elements, nonmetal doping into ZnO lattice is usually much
easier to be performed experimentally than metal doping and also
nonmetal elements as a doping agent are cheaper and available than
metal elements. In contrast, metal doping is more likely to induce the
formation of vacancies or defect states that can serve as the
recombination center for photogenerated electrons and holes.

Till now, among all non-metal dopants, nitrogen has attracted the
most attention. This is due to its advantages, including the similarity
of nitrogen and oxygen ionic radii, N 2p and O 2p energy states, high
solubility, and also low formation energy. Hybridization of N 2p and
O 2p states raises the valence band upper edge and thus, bandgap
narrowing occurs.

So far, visible light photocatalysis processes of N-ZnO such as water
treatment and air purification are extensively investigated for the
removal of pollutants. However, no usage for this photocatalyst in
visible-light-driven organic synthesis, selective oxidation, and
reduction process has been reported in recent years.

Thiourea comprising compounds have been offered to have a
plethora of biological virtues such as molecules anti-bacterial, anti-
fungal, anti-inflammatory and anti-cancer.?>26 Moreover, they are
applied as supramolecular assemblies, and anion sensing.?-20n the
other hand, the field of organocatalysts has been prevailed by the
cinchona-thiourea based catalysts for a variety of organocatalytic
transformations.3® These inherent qualities of thioureas, in
combination with the widespread research on their application in the
synthesis of diverse heterocyclic compounds, make them prominent
building blocks for synthetic chemists.31-3¢ consequently, a great deal
of effort has been focused on the development of newer synthetic
strategies for this important building block. Up to now, one of the
most common methods for the synthesis of thiourea has been the
reaction of primary or secondary amines with isothiocyanates.3745
These reported methods have their disadvantages including the use
of toxic reagents (thiophosgene & hydrogen sulfide), harsh reaction
conditions, and/or are limited to the synthesis of symmetrical
thiourea derivatives. So far, no procedure has been reported to use
inactive tertiary amines for the synthesis of thiourea. In this work,
the tertiary amines as a precursor were activated in an optical
pathway, and then by a nucleophilic attack to the highly electrophilic
carbon of the isothiocyanate resulted in the formation of
unsymmetrical thiourea (Scheme 1).

Results and Discussion

The first step in this study was the selection of a method for the
preparation of ZnO NRs. The ZnO NRs were achieved by a
hydrothermal method.*¢ After that, nitrogen-doped ZnO NRs were
prepared by heating mixture a ZnO NRs and urea as nitrogen source
at 600 °C for 4 h.*” The pink-colored product was then obtained and
denoted as N-ZnO NRs. As can be seen, the color of the ZnO changed
after the doping process, and this change in color confirms the
doping process. Corresponding colors of undoped ZnO and nitrogen-
doped ZnO are presented in (Figure 2). We also decided to evaluate
the effect of the weight of urea as a source of nitrogen on visible-
light responsive of N-ZnO NRs. Therefore, we prepared a series of
catalysts by heating 0.5 g ZnO with different amounts of urea (2, 4
and 8g). The color change was observed from white to pink every
time after the doping process (Figure 2)
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Scheme 1 Synthesis of thiourea
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Figure 2 (a) Undoped ZnO, (b) 0.30%, (c) 0.32%, (d) 0.38%, (e) 0.45% N-
ZnO NRs

To evaluate the nitrogen content, each of the synthesized catalysts
was analyzed by CHNS analysis. The data obtained by CHNS analysis
of nano N-ZnO powder are given in Table 1. To describe the
reproducibility of the CHNS analysis for the percentages of N
incorporated in ZnO, this analysis was replicated three times.

Table 1. CHNS analysis of nano N-ZnO NRs

Catalyst ZnO/urea g ( weight ratio) ~ Percentage % of nitrogen

0.5/1 0.30
0.5/2 0.32
0.5/4 0.38
0.5/8 0.45

This journal is © The Royal Society of Chemistry 20xx
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The UV-vis diffuse reflectance spectra of five samples are displayed
in Figure 3. All prepared N-ZnO NRs could be excited by visible light,
whereas undoped ZnO exhibited the absorption at the ultraviolet
light range. As can be seen, from figure 3 three types of N-ZnO NRs
(0.30%, 0.32%, 0.38%), does not show any significant difference in
the absorption intensity in the visible region. However, the catalyst
containing 0.45% doped nitrogen has the highest absorption
intensity in the visible region. So, this N-ZnO NRs were chosen for
more characterizations.

undopedZnO @
(0.30%) N-znO @

1.5
(0.32%) N-znO 0
(0.38%) N-zno 0
K491nm(o.45%) N-znO 0

Absorbance
=

0.5

0

210 1210
Wavelenght (nm)

Figure 3 UV-vis diffuse reflection absorption spectra of five type synthesized
samples.

The band gaps can be determined by UV-vis diffuse reflectance
spectroscopy.*® Figure 3 shows the UV-vis diffuse reflectance
spectra of the pure and 0.45% N-ZnO NRs. The pure ZnO had no
absorption above the wavelength of 400 nm. But, the nitrogen-
doped ZnO showed the absorption in the visible region, indicating
that the bandgap was greatly narrowed owing to the impurity N 2p
states isolated above the valence-band of Zn0.#°

The optical bandgap of the semiconductors can be calculated by
using the absorption spectrum and the following equation to draw
the Tauc plot. 50-51

Eq.1: (ahv)Vn=A(hv-Eg)

h: Planck's constant, v: frequency of vibration, a: absorption
(extinction ) coefficient, Eg: bandgap, A: proportionality constant, n:
the value of the exponent n denotes the nature of the transition. In
this study, this method was applied to estimate the band gap energy
value of the photocatalyst which obtained from UV-Vis spectra of
the corresponding semiconductors®? 33, Fig. 4 depicts the plot of
band-gap energy for 0.45% N-ZnO NRs, obtained by Tauc's equation
(1).54

Eq.2: [ahv]Y2 = A(hv-Eg)

The calculated band-gap energy found to be 2.5 eV for 0.45% N-ZnO
NRs. Noticeably, by treatment of nitrogen with ZnO, the band-gap of
0.45% N-ZnO was significantly reduced.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 The plot for the bandgap calculation of 0.45% N-ZnO NRs.
XRD

The diffractogram of the pure ZnO and 0.45% N-ZnO NRs are shown
in Figure 5. It is observed that ZnO is having the wurtzite phase
(JCPDF: 891397) in both samples. No significant peak for nitrogen is
observed in N-ZnO NRs which suggests the possibility of introduction
of nitrogen into the ZnO lattice without affecting the ZnO crystal
structure. Hence the lattice parameter (a=3.15 f\, ¢=5.05 ,&)
decreases in comparison to the pristine Zn0O
(a=3.17 /&, ¢=5.08 A). Oxygen and nitrogen have similar atomic radii
and the introduction of nitrogen into the ZnO lattice does not make
too much difference in the XRD pattern. However, it has been
reported that the bond length of Zn—N is smaller than Zn—0 in O-Zn—
N after N doping in the ZnO lattice which is the main reason for the
shifting of XRD peak (higher € values) and lattice parameter in N-
Zn0.>> The particle size of N-ZnO as evaluated by the Scherrer
formula is 48.63 nm while that of the pure ZnO is 49.5 nm. The
reduction of particle size may be attributed to the incorporation of
nitrogen in ZnO.

a) 0.45% N-ZnO NRs

400+

100 4

900 4 Pure ZnO

400 -

100 4

--------- BARRARREAN RARRARARRS RARERARAES LSRR RELASRLEL
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Figure 5 a) The XRD pattern of the pure ZnO and 0.45% N-ZnO NRs,b) Peak
shift and peak broadening are depicted through the enlarged view of (101)
peaks for undoped and 0.45% N-ZnO NRs

FT-IR

The FT-IR Spectrum of the catalyst in the region of 400-4000 cm is
shown in Figure. 6.5 There is a broad band at 3410 cm ! indicates
the presence of —OH groups of absorbed water during the
preparation process. The band arising from the bonding between
ZnO (473 cm, 532 cm?) is clearly represented. FT-IR spectrum
reveals the presence of stretching vibrational bond C-0 (1650 cm-1),
C—H (1381 cm™).

100
80 —~
S
60 8
8
40 g
2
Undoped ZnO = 4 20 S
0.45% N-ZnO NRs m— b 0
3600 2800 2000 1200 400

Wavelength (cm™)

Figure 6 FT-IR spectrum of undoped ZnO (a) and 0.45% N-ZnO NRs
(b).

SEM and TEM

SEM and TEM of the synthesized 0.45% N-ZnO NRs are
represented in Figure 7. The SEM images of catalyst show that the
surface morphologies are in the form of a nano-rod, with a wide
range of sizes. The size is approximately 46.8 nm in TEM, and also
after the doping process, despite the changes occurring at the
surface, the nano-rod is confirmed. The TEM image of the catalyst
shows that the catalyst has a nano-rod-shaped morphology.

BET

The data obtained by BET measurements of nano 0.45% N-ZnO NRs
have been given in Table 2. The BET surface area was found to be
7.823 m?/g, whereas the BJH adsorption surface area of pores was
9.554 m?/g. The single point total pore volume was found to be 0.072
cc/g and pore diameter was 1.29 nm.

a) b)

4 | J. Name., 2020, 00, 1-3
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Figure 7 SEM (a and b), and TEM (c,d) images of 0.45% N-ZnQ NRs:
DOI: 10.1039/DONJ02197K

26 KV 40.0 KX 1um KYKY-EM3200 SN:0753 26 KV 40.0 KX 1 um

KYKY-EM3200  SN:0753

400 nm

Table 2 Results of BET surface area measurements for 0.45% N-ZnO
NRs

BJH adsorption summary

Surface area 9.554 m?/g

Pore volume 0.072 cc/g

Pore Diameter Dv(d) 1.29 nm
BET summary

Surface Area 7.823 m?/g

Synthesis of thiourea derivatives using N-ZnO NRs as visible light
photocatalyst

In our effort to exploit the photocatalytic activity of N-ZnO NRs,
herein we report the simple, and efficient synthesis of thiourea
derivatives at room temperature from N,N-dimethylaniline and
pheny-iso-thiocyanate under visible light irradiation. Various
parameters including the solvent, light, atmosphere, and the kind of
catalyst were investigated for the reaction of N,N-dimethyl-p-
toluidine 1a, and phenyl-iso-thiocyanate 2a as the model substrates

(Scheme 2).
visible light
/I!l . @NCS N-ZnO NRs @L i O/
\©\ solvgnt H ’}‘
open to air, 24 h
1a 2a 3a

Scheme 2 A model reaction for the synthesis of thiourea 3a.

At first, different types of solvents were examined. As shown in Table
3, among all tested solvents, EtOH gave the best result in terms of
the yield (entry 1), as ethanol is a polar protic solvent and according
to the proposed mechanism (Figure 8), we hypothesize intermediate
B (iminium ion) is solvated by ethanol so makes B more stable,

This journal is © The Royal Society of Chemistry 20xx
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consequently results in an acceleration in the reaction process. So,
was chosen EtOH as a standard solvent to optimize the other
reaction parameters.

Table 3 Optimization of solvent.

Entry Solvent (2mL) Yield of 3a (%)
1 EtOH 81
2 DMSO 61
3 CH;CN 51
4 DMF 49
5 CHCl, 48
6 CH,Cl, 43
7 Acetone 39

8 EtOAc 28
9 THF 10
10 None 0

Reaction conditions: (0.5 mmol) of 2a and (1.5 mmol) of 1ain the presence
of 0.005 g N-ZnO NRs (0.45%) at room temperature, 24 h, and CFL White
(15 W) under air.

In the following, the optimization of the catalyst was evaluated.
Consequently, 0.003 g of the catalyst was found to be the best
amount. The results are summarized in Table 4. By using undoped

Zn0, the desired product was generated in only a 32% yield (entry 5).

Next, the effect of light was investigated. According to data
Table 4. Optimization of catalyst.

Entry Catalyst (g) Yield of 3a
(%)

1 (0.45%) N-ZnO (0.005g) 81

2 (0.38%) N-ZnO (0.005g) 72

3 (0.32%) N-ZnO (0.005g) 71

4 (0.30%) N-ZnO (0.005g) 63

5 Zn0O (0.005g) 32

6 (0.45%) N-ZnO (0.010g) 82

7 (0.45%) N-ZnO (0.005g) 81

8 (0.45%) N-ZnO (0.003g) 83

9 (0.45%) N-ZnO (0.001g) 59
10 None trace

Reaction conditions: (0.5 mmol) of 2a and (1.5 mmol) of 1a in EtOH (2 mL),
under CFL White (15 W), 24 h, in air.

represented in Table 5, CFL white 15 W power was shown the best
results. The reaction afforded no product in a dark condition which

this result might support the photo-induced electron transfer
pathway. Also, under natural sunlight, the desired product was
obtained in good yield (61%) (entry 6). This observation shows that
the N-ZnO NRs can efficiently absorb solar irradiation to handle this
organic synthesis. As the reaction was performed in the balcony of
Shiraz University (December. 18-19, 2019, 29°59’ north latitude and
52°58' east longitude, 1500 m above the sea level), we supposed the
light intensity and light angle of sunlight was not suitable enough to
accelerate reaction as much as LED lamps.

This journal is © The Royal Society of Chemistry 20xx
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Table 5 The optimization of light in the synthesis, of i oniine

thiourea. DOI: 10.1039/DONJ02197K
Entry Light Yield of 3a (%)
1 CFL 15W White m 83
Blue LED 12w
3 Green LED 12w
4 Red LED 12w
5 Dark
6 Sunlight

Reaction conditions: (0.5 mmol) of 2a and (1.5 mmol) of 1a, in the
presence of N-ZnO NRs (0.45%, 0.003 g) in EtOH (2mL), 24 h, in
air. CFL 15W White (0.9 W ¢cm 2, 400-700 nm), Blue LED 12w (0.7
W cm 2, 450-460 nm), Green LED 12w (0.7 W c¢cm 2, 535-545 nm),
Blue LED 12w (0.7 W cm 2, 640-650 nm).

According to observations (Table 6), the desired product was found
in lower vyield under argon atmosphere rather than the air
atmosphere. So, this indicates that the presence of O, is necessary
for the reaction.

Table 6. The optimization of the atmosphere.

Entry Atmosphere Yield of 3a (%)
1 0, Air 83
2 0, balloon 83
3 Argone 29

Reaction conditions: (0.5 mmol) of 2a and (1.5 mmol) of 1a, in the
presence of N-ZnO NRs (0.45% , 0.003 g) in EtOH (2ml), under CFL white
15w, 24 h, under open air condition.

The N-ZnO NRs photocatalyst could be also separated and recovered
conveniently by centrifugation from the reaction mixture and reused
in the next runs. Accordingly, the catalyst was recycled and reused
effectively four times without a significant decrease in photocatalytic
activities. Besides, the XRD pattern and FT-IR spectrum of the
recovered catalyst after the last cycle were compared to the fresh
catalyst and revealed no significant changes (Figure 8).

J. Name., 2020, 00, 1-3 | 5
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Figure. 8 (a) Recyclability of recovered N-ZnO NRs for thiourea synthesis,
(b) FT-IR spectrum, (c) XRD pattern of the N-ZnO NRs after four-cycle.

Finally to show the scope and generality of the N-ZnO NRs, a variety
of structurally diverse of tertiary aromatic and aliphatic amines were
employed as the reaction substrates. The results are summarized in
Table 7. The results indicated that either tertiary aromatic or aliphatic
amines with phenyl-iso-thiocyanate were transformed to the
corresponding thiourea in moderate yields.

The proposed mechanism is shown in Figure 9. Under visible light
irradiation, electron and hole pairs are generated between N 2p
states and conduction band of Zn 3d. The excited electrons e g in the
conduction band will move to the surface and further transfer to
surface-adsorb oxygen-producing O,~ superoxide anion. A single
electron transfer between N,N-dimethyl-para-toluidine 1a and hole
affords an amine radical cation A. O,~ superoxide anion abstracts a
hydrogen atom from A to form HO,*~ and iminium ion B. Because
intermediate B is unstable, it is easily hydrolyzed to give a secondary
amine Cin O, and water. Then the secondary amine C, nucleophilic
attacks phenyl-iso-thiocyanate 2a to afford target product 3a.

6 | J. Name., 2020, 00, 1-3

Journal Name

Table 7. Scope of thiourea derivatives. View Article Online

DOI: 10.1039/DONJ02197K

NCS  N-znO NRs ©\ JJ\ /©/
N N
solvent H |

open to air, 24 h

visible light

1a 2a 3a
Entry la 2a Product
\ NCS \©\ s /@
~
1
/©/ ©/ NJ\N
| H
| 3a, 83%
N
o 0.0
2 L
N N
| H
3b, 73%

aON\g 0,0
fo8 @miNO

Q9 .
@ Q
B
o

3f, 63%

Reaction conditions: (0.5 mmol) of 2a and (1.5 mmol) of 1a, in the
presence of 0.45% N-ZnO NRs (0.003 g) in EtOH (2mL), under CFL white
15w, 24 h, in air.

This journal is © The Royal Society of Chemistry 20xx
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O (air)

Figure 9 Proposed mechanism of synthesis of thiourea

To clarify this proposed mechanism of the reaction we set a series of
control experiments (Scheme 3). When the radical-trapping agent
TEMPO (2 equiv.) was added to reaction mixtures of 1a and 2a under
the relevant standard conditions for the formation of 3a, product 7a
was not observed in the presence of TEMPO (Scheme 3, eq. 1). Under
the optimized conditions, we also investigated the effect of
triethanolamine (TEA) as a scavenger to trap the holes. According to
observation, we found that the reaction afforded no desired product
in the presence of TEA (scheme 3, eq. 2). These results suggested that
our reaction is likely to involve a radical process.

To prove the nucleophilic attacks between secondary amine C and
phenyl-iso-thiocyanate, we surveyed three conditions in a model
reaction using N-methyl aniline 4 and phenyl-iso-thiocyanate 2a
(Scheme 3, eq. 3-5). According to this, we found that in each every
three conditions the same product 5 was formed. To prove the
structure of desired product 5, we characterized the product with H-
NMR analysis (See Sl).

To confirm that secondary amine C, is produced in an optical
pathway, we synthesized N-methyl aniline 7 from N,N-
dimethylaniline 6, in the presence (0.45%) N-ZnO in EtOH, under
visible-light irradiation (Scheme 3, eq. 6). To prove the structure of
desired product 7, we characterized the product with *H-NMR
analysis (See SI).
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Conclusions

In conclusion, we report the preparation of visible-light to activate N-
doped ZnO nanostructure using the combustion reaction method
then we have shown that the nitrogen as a non-metal dopant has a
positive effect on the N-ZnO as a visible-light-driven photocatalyst.
For the first time, we successfully introduced a new procedure for
the synthesis of unsymmetrical thiourea derivatives through a
reaction between tertiary aliphatic and aromatic amines and phenyl-
iso-thiocyanate as precursors over N-ZnO as an activated
photocatalyst in the visible-light region. The method proceeds via
straightforward formation of N-C bond through the nucleophilic
attack of amine to highly electrophilic carbon of phenyl-iso-
thiocyanate to generate thiourea in EtOH as a green solvent.

Acknowledgments

We gratefully thank the support of this work by the Shiraz University
Research Council.

Notes and references

1. O.Morton, Nature Publishing Group, 2006.

2. D.G. Nocera, Daedalus, 2006, 135, 112-115.

3. N.S. Lewis, Science, 2007, 315, 798-801.

4. N.S. Lewis and D. G. Nocera, Proc. Nati. Acad. Sci., 2006, 103,
15729-15735.

5. V. Balzani, A. Credi and M. Venturi, ChemSusChem: Chem. Sus.
Energy . Mat., 2008, 1, 26-58.

6. T.P.Yoon, M. A. Ischay and J. Du, Nat. chem., 2010, 2, 527.

7. K.M.Lee, C. W. Lai, K. S. Ngai and J. C. Juan, Water Res. 2016, 88,
428-448.

8. T.Cun, C. Dong and Q. Huang, Appl. Sur. Sci., 2016, 384, 73-82.

J. Name., 2020, 00, 1-3 | 7

Please do not adjust margins



https://doi.org/10.1039/d0nj02197k

oNOYTULT D WN =

7

o] ()

y

ishedgn
N o

()

New Journal of Chemistry

9. K.N.Abbasand N. Bidin, Applied Surface Science, 2017, 394, 498-

508.

10. M. Khademalrasool and M. Farbod, J. Alloys and Compd., 2016,
664, 707-714.

11. M. Gancheva, M. Markova-Velichkova, G. Atanasova, D.

Kovacheva, |. Uzunov and R. Cukeva, Appl. Sur. Sci., 2016,
368, 258-266.

12.J. Lu, Z. Ye, J. Huang, L. Zhu, B. Zhao, Z. Wang and S. Fujita, Appl.
phys. lett., 2006, 88, 063110-063113.

13.S. T. Tan, B. Chen, X. Sun, W. Fan, H. Kwok, X. Zhang and S. Chua,
J. Appl. Phys., 2005, 98, 013505-013508.

14. P. Rodnyi and I. Khodyuk, Opti.Spec., 2011, 111, 776-785.

15. K. Liu, M. Sakurai and M. Aono, Sensors, 2010, 10, 8604-8634.

16. A. Umar, Nanoscale Res.Lett., 2009, 4, 1004-1008.

17. A. Mclaren, T. Valdes-Solis, G. Li and S. C. Tsang, J. Am. Chem.|
Soc., 2009, 131, 12540-12541.

18.Y. Zheng, C. Chen, Y. Zhan, X. Lin, Q. Zheng, K. Wei, J. Zhu and Y.
Zhu, Inorg. Chemistry, 2007, 46, 6675-6682.

19. S.-M. Lam, J.-C. Sin, A. Z. Abdullah and A. R. Mohamed, Desalin. .
Water Treat., 2012, 41, 131-169.

20. Z. Wang, Y. Liu, B. Huang, Y. Dai, Z. Lou, G. Wang, X. Zhang and X.
Qin, Phys. Chem. Chem. Phys., 2014, 16, 2758-2774.

21.S. Rehman, R. Ullah, A. Butt and N. Gohar, J. Hazard. Mat., 2009,
170, 560-569.

22. H. Kisch, Angew. Chem.Inter. Ed., 2013, 52, 812-847.

23. G. Crank, M. Neville and R. Ryden, J. Med.Chem., 1973, 16, 1402-

1405.

Madabhushi, K. K. R. Mallu, V. S. Vangipuram, S. Kurva, Y.
Poornachandra and C. G. Kumar, Bioorg. Med. Chem. Lett.,
2014, 24, 4822-4825.

25. G. Hallur, A. Jimeno, S. Dalrymple, T. Zhu, M. K. Jung, M. Hidalgo,
J. T. Isaacs, S. Sukumar, E. Hamel and S. R. Khan, J.
Med.Chem., 2006, 49, 2357-2360.

26. S. K. Sharma, Y. Wu, N. Steinbergs, M. L. Crowley, A. S. Hanson,
R. A. Casero Jr and P. M. Woster, J. Med.Chem., 2010, 53,
5197-5212.

27. P. A. Gale, Accounts of chemical research, 2011, 44, 216-226.

28. M. 0. Odago, D. M. Colabello and A. J. Lees, Tetrahedron, 2010,
66, 7465-7471.

29. C. Caltagirone and P. A. Gale, Chem. Soc. Re., 2009, 38, 520-563.

30. 0. V. Serdyuk, C. M. Heckel and S. B. Tsogoeva, Org. Biom. Chem.,
2013, 11, 7051-7071.

31. P.C. Kearney, M. Fernandez and J. A. Flygare, J. Org. Chem., 1998,
63, 196-200.

32. D. G. Patil and M. R. Chedekel, J. Org. Chem., 1984, 49, 997-1000.

33.S. Kasmi, J. Hamelin and H. Benhaoua, Tetrahedron Lett., 1998,
39, 8093-8096.

34. M. Kidwai, R. Venkataramanan and B. Dave, Green Chem., 2001,
3,278-279.

35. S. Paul, M. Gupta, R. Gupta and A. Loupy, Synthesis, 2002, 2002,
75-78.

36. U. Heinelt, D. Schultheis, S. Jager, M. Lindenmaier, A. Pollex and
H. S. Beckmann, Tetrahedron, 2004, 60, 9883-9888.

37. V. Strukil, M. D. Igrc, L. Fabian, M. Eckert-Maksi¢, S. L. Childs, D.
G. Reid, M. J. Duer, |. Halasz, C. Mottillo and T. Frisci¢, Green
Chem., 2012, 14, 2462-2473.

38.J.-P. Li, Y.-L. Wang, H. Wang, Q.-F. Luo and X.-Y. Wang, Synth.
Commun., 2001, 31, 781-785.

39. G. Kaupp, J. Schmeyers and J. Boy, Tetrahedron, 2000, 56, 6899-
6911.

40. C.-M. Chau, T.-J. Chuan and K.-M. Liu, RSC Adv., 2014, 4, 1276-
1282.

24.S.

8 | J. Name., 2020, 00, 1-3

41

42

43

44

45

46

47

48

49.

50

51
52

53

54
55

56

. M. Anary-Abbasinejad, N. Karimi, H. Mehrabi aWeWRArtﬁ?e%Qﬁ‘Jé
Karimi, J. Sulfur Chem., 2012, 33, 658%6590.1039/DONJ02197K

. N. Azizi, A. Khajeh-Amiri, H. Ghafuri and M. Bolourtchian, Mol.
Diver., 2011, 15, 157-161.

. M. Ballabeni, R. Ballini, F. Bigi, R. Maggi, M. Parrini, G. Predieri
and G. Sartori, J. Org. Chem., 1999, 64, 1029-1032.

. K. Singh and S. Sharma, Tetrahedron Lett., 2017, 58, 197-201.

. C. Zhao and D. Seidel, J. Am. Chem. Soc., 2015, 137, 4650-4653.

. M. Hosseini-Sarvari and M. Tavakolian, Appl. Catal. A: General,
2012, 441, 65-71.

.Y. Qiu, M. Yang, H. Fan, Y. Xu, Y. Shao, X. Yang and S. Yang, Mat.
Lett., 2013, 99, 105-107.

. Y. Qiy, H. Fan, G. Tan, M. Yang, X. Yang and S. Yang, Mat. Lett.,

2014, 131, 64-66.
H. Irie, S. Washizuka, N. Yoshino and K. Hashimoto, Chem.
Comm., 2003, 1298-1299.

. A. S. Hassanien and A. A. Akl, Superlattices Microst., 2016, 89,
153-169.

. S. A. Ansari and M. H. Cho, Sci. Reports, 2016, 6, 25405.

. R. Lépez and R. Gémez, Journal of sol-gel science and technology,
2012, 61, 1-7.

.J. Tauc, R. Grigorovici and A. Vancu, phy. Status Soli. (b), 1966, 15,
627-637.

. M. Butler, J. Appl. Phys., 1977, 48, 1914-1920.

. T. Minami, H. Sato, H. Nanto and S. Takata, Japanese J. Appl.
Phys., 1986, 25, L776.

. B. M. Rajbongshi, A. Ramchiary and S. Samdarshi, Mat. Lett.,
2014, 134, 111-114.

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 9


https://doi.org/10.1039/d0nj02197k

Page 9 of 9

oNOYTULT D WN =

7

0;

New Journal of Chemistry

View Article Online
DOI: 10.1039/DONJ02197K

Photocatalytic synthesis of unsymmetrical thiourea derivatives via
visible-light irradiation using nitrogen-doped ZnO nanorods

Mehdi Koohgard?, Abdollah Masoudi Sarvestani?, and Mona Hosseini-Sarvari*@

N-ZnO as a photocatalyst under visible-light irradiation promoted for environmentally friendly route for
the synthesis of unsymmetrical thiourea derivatives


https://doi.org/10.1039/d0nj02197k

