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alt tetra-2,3-
pyridiniumporphyrazinato with sulfonic acid tags
as an efficient catalyst and its application for the
synthesis of bicyclic ortho-aminocarbonitriles,
cyclohexa-1,3-dienamines and 2-amino-3-
cyanopyridines†
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Cobalt tetra-2,3-pyridiniumporphyrazinato with sulfonic acid tag [Co(TPPASO3H)]Cl was produced and

catalyzed the synthesis of ortho-aminocarbonitriles, cyclohexa-1,3-dienamines and 2-amino-3-

cyanopyridines. The synthesis of 2-amino-3-cyanopyridines by using [Co(TPPASO3H)]Cl proceeded via

a cooperative vinylogous anomeric based oxidation mechanism. [Co(TPPASO3H)]Cl can be recycled and

reused six times with a marginal decreasing of its catalytic activity.
Scheme 1 Cooperative anomeric effect in the reaction of the b-
anomer of cyclic acetal.
Introduction

Tetrapyridinoporphyrazines and phthalocyanines, as high
temperature materials, have various potential applications for
electronic, adhesive and structural uses.1–3 Also, the most
signicant feature which makes these molecules play an excel-
lent role in the area of materials science is their usefulness.4

These compounds metal complexes have been known as cata-
lysts for several chemical reactions5–7 where the metal of the
macro-cyclic complex acts as a redox center.

ortho-Aminocarbonitriles and cyclohexa-1,3-dienamines are
useful precursors for the synthesis of their respective dicya-
noanilines8 which are important for their optical properties.
These compounds are possibly important skeleton in organic
synthesis9,10 and broadly used in the synthesis of several
heterocyclic compounds.11,12 Numerous catalysts or reagents
have been used for the synthesis of these compounds include
DABCO functionalized dicationic ionic liquid,13 borax,14 ortho-
benzenedisulfonimide (OBS) and triethylammonium acetate,15

imidazole16 and DES.17
Scheme 2 Vinylogous anomeric effect (VAE) or allylic effect in glycal.

y of Chemistry, Bu-Ali Sina University,

ol@basu.ac.ir; mzolgol@yahoo.com;

yahoo.com; Fax: +988133493009

ology, School of Pharmacy, Hamedan

Iran

n, University of Nahavand, Nahavand,

.com

(ESI) available: General information,
f FT-IR, 1H NMR and 13C NMR of

27834 This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra02172e&domain=pdf&date_stamp=2020-07-24
http://orcid.org/0000-0002-4970-8646
http://orcid.org/0000-0001-7990-2266
http://orcid.org/0000-0001-9525-0376
http://orcid.org/0000-0002-7129-0776
http://orcid.org/0000-0002-0467-4235
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02172e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010046


Scheme 3 Synthesis of cobalt tetra-2,3-pyridiniumporphyrazinato with sulfonic acid tags [Co(TPPASO3H)]Cl.
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2-Amino-3-cyanopyridines are signicant compounds due to
their biological and pharmaceutical activities include anti-
tumor properties,18 anti-parkinsonism,19 cardiotonic20 and
anti-inammatory.21,22 A wide range of approaches for the
synthesis of these compounds are being reported in the litera-
ture by numerous catalysts such as Fe3O4@niacin,23 Fe3O4/
cellulose nanocomposite24 and Yb(PFO)3.25

On the other hand, the role of negative hyperconjugation in
a classic conformational preference, which has been named
anomeric effect, is a paramount important on the structure and
reactivity of a wide variety of organic functional groups. For
example, cooperative anomeric effect (more than one anomeric
effect acts simultaneously) can explains some unexpected ob-
tained experimental results. This stereo electronic interaction
occurred when more than one donor and an acceptor exist in
a single molecule such as cyclic acetals 1,4-dihydropyridines
and etc. The reaction of ozone with acetals for correlating the
Scheme 4 Synthesis of ortho-aminocarbonitriles (6), cyclohexa-1,3-
dienamines (7) and 2-amino-3-cyanopyridines (8 and 9) using
[Co(TPPASO3H)]Cl.

This journal is © The Royal Society of Chemistry 2020
reactivity with conformation and structure had been investi-
gated.26 The reported results had been showed that the b-
anomer of cyclic acetals reacted with ozone faster than a-
anomer. Exo and endo anomeric effects within the b-anomer of
cyclic acetals cooperatively participate in the course of reaction
via electron donating and supporting with two anomeric effects
(Scheme 1).

Another kind of anomeric effect is vinylogous anomeric
effect. The anomeric effect can be prolonged through double
bonds which has been named vinylogous anomeric effect (VAE)
or allylic effect (Scheme 2). This effect initially dened by Ferrier
and Sankey as the allylic effect,27 which applied for explanation
of stabilized pseudoaxial orientation of the acyloxy group at C-3
in a glycal. VAE can contend effectively with the gauche effect
but is invalidate when the gauche effect is facilitated by addi-
tional axial alkyl substituents.28 This orbital interaction leads to
C3–O bond lengthening and improves reactivity. It can be
described in term of the stabilizing hyperconjugative interac-
tion between the lone pair of endocyclic oxygen and the C3–O
antibonding orbital, mediated by the relay alkene (the higher
energy combination of lone pair and pC]C).28
Fig. 1 UV-vis spectrum of [Co(TPPASO3H)]Cl.
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Concerning the mentioned points and the authors' research
on the phthalocyanines-based catalysts and multi-component
reactions and applications of novel catalysts,29,30 in this study
cobalt tetra-2,3-pyridiniumporphyrazinato with sulfonic acid
tags [Co(TPPASO3H)]Cl was synthesized (Scheme 3). Then, its
catalytic activity was evaluated by multi-component reaction for
the synthesis of ortho-aminocarbonitriles, (6) cyclohexa-1,3-
dienamines (7) and 2-amino-3-cyanopyridines (8 and 9)
(Scheme 4).
Experimental
General procedure for the synthesis [Co(TPPASO3H)]Cl

Co(TPPA) was synthesized according to the reported proce-
dure.31 To a round-bottomed ask (50 mL) containing a solution
of Co(TPPA) (8.564 mg; according to cobalt content determined
by ICP analysis) in CH2Cl2 (20 mL), ClSO3H (4 mmol; 0.466 mg;
Fig. 2 FT-IR spectrum of [Co(TPPASO3H)]Cl.

Fig. 3 TGA (a) and DTA (b) analysis of [Co(TPPASO3H)]Cl.

27826 | RSC Adv., 2020, 10, 27824–27834
0.266 mL) were added over a period of 30 min whereas stirring
and cooling to keep the temperature at 0–5 �C. Then, the reac-
tion mixture was stirred for a further period of 30 min at room
temperature. The attained green solid [Co(TPPASO3H)]Cl was
washed three times with diethyl ether, dichloromethane and
then dried under vacuum (isolated yield 79%; 0.375 mg)
(Scheme 3).
General procedure for the synthesis of products 6–9

[Co(TPPASO3H)]Cl (1 mg) as a catalyst was added to a mixture of
aldehyde (1 mmol), malononitrile (2 mmol for the synthesis of 6
or 7; 1 mmol for the synthesis of 8 or 9) and cyclohexanone
(1 mmol for the synthesis of 6 or 8) or acetophenone (1 mmol for
the synthesis of 7) or cycloheptanone (1 mmol for the synthesis
of 9) under solvent-free conditions at 90 �C (Table 2). At the end
of reaction which was monitored by TLC (n-hexane/ethyl
acetate: 5/2), the resulting mixture was washed with ethanol
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 EDX analysis (a) and SEM coupled EDX (SEM mapping) (b) of [Co(TPPASO3H)]Cl.

Fig. 5 XRD pattern (a), TEM (b) and SEM (c and d) analysis of [Co(TPPASO3H)]Cl.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27824–27834 | 27827
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Fig. 6 DRS analysis of [Co(TPPASO3H)]Cl.
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and ltered to separate catalyst from other materials (the cata-
lyst was insoluble in ethanol and reaction mixture was soluble).
The solvent was removed and the crude product was puried by
recrystallization from ethanol to yield pure products.

Results and discussion
Characterization of cobalt tetra-2,3-
pyridiniumporphyrazinato with sulfonic acid tag
[Co(TPPASO3H)]Cl

Co(TPPA)31 was synthesized using treat between urea, 2,3-
pyridine-dicarboxylic acid, (NH4)6Mo7O24$4H2O and
Table 1 The effect of solvent, temperature and catalyst loading for the

Entry Solvent
Catalyst loading
(mg)

1 — —
2 — 0.5
3 — 1
4 — 1.5
5 — 2
6 — 1
7 — 1
8 — 1
9 — 1
10 H2O 1
11 CH3OH 1
12 CH3CN 1
13 CH2Cl2 1
14 EtOAc 1
15 n-Hexane 1
16 CHCl3 1

a Reaction conditions: benzaldehyde (1 mmol; 0.106 g; 0.102 mL), malon
b Isolated yield.

27828 | RSC Adv., 2020, 10, 27824–27834
CoSO4$7H2O. Then [Co(TPPASO3H)]Cl was produced by reac-
tion between Co(TPPA) and ClSO3H in CH2Cl2. Characterization
of [Co(TPPASO3H)]Cl was investigated by ICP, UV-vis, FT-IR,
TGA, DTA, EDX, SEM coupled EDX (SEM mapping), XRD, FE-
SEM, TEM and DRS.

ICP analysis. ICP analysis of [Co(TPPASO3H)]Cl and
Co(TPPA)26 was studied for the determination of cobalt content,
which presented values of 6.388 mg L�1 and 8.564 mg L�1,
respectively.

UV-vis analysis. The structure of Co(TPPA) and
[Co(TPPASO3H)]Cl was investigated by UV-vis spectroscopy in
ethanol solvent (Fig. 1). UV-vis analysis of [Co(TPPASO3H)]Cl
was showed three absorption peaks at 626 nm (related to Q
band or blue-shied), 565 nm (linked to charge transfer tran-
sitions between Q and B band) and 365 nm (connected to B or
Soret band). Also the related absorbance is decreased. The
optical band-gap energy (Ebg¼ 1240/lmax) for [Co(TPPASO3H)]Cl
was calculated, which resulted value of 1.98 eV. The lmax and
absorbance changes of [Co(TPPASO3H)]Cl in comparison with
Co(TPPA)26 presented synthesis of [Co(TPPASO3H)]Cl.

FT-IR analysis. The structure of [Co(TPPASO3H)]Cl was
investigated by FT-IR spectroscopy. The absorption bands at
1618 cm�1 and 1480 cm�1 connected to C]N and C]C
stretching. Additionally, the absorption band at 3307 cm�1

related to –OH stretching in sulfonic acid tag. Also, the
absorption bands at 1284 cm�1 and 1176 cm�1 linked to S]O
stretching in sulfonic acid tag. The absorption band at
1069 cm�1 connected to S–O vibrational modes of sulfonic acid
synthesis of 6aa

Temperature
(�C) Time (min) Yieldb (%)

90 180 —
90 45 63
90 10 95
90 10 88
90 15 88
110 10 90
75 30 73
50 40 60
25 90 —
Reux 10 85
Reux 20 69
Reux 30 55
Reux 120 —
Reux 25 35
Reux 120 —
Reux 120 —

onitrile (2 mmol; 0.132 g), cyclohexanone (1 mmol; 0.098 g; 0.104 mL).

This journal is © The Royal Society of Chemistry 2020
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Table 2 Synthesis of 6–9 in the presence of [Co(TPPASO3H)]Cl (1 mg) under solvent-free conditions at 90 �Ca,b,c

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 27824–27834 | 27829
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Table 2 (Contd. )

a Reaction conditions: aldehyde (1 mmol), malononitrile (2 mmol; 0.132 g), cyclohexanone (for the synthesis of 6) (1 mmol; 0.098 g; 0.104 mL) or
acetophenone (for the synthesis of 7) (1 mmol; 0.120 g; 0.117 mL). b Reaction conditions: aldehyde (1 mmol), malononitrile (1 mmol; 0.066 g),
cyclohexanone (for the synthesis of 8) (1 mmol; 0.098 g; 0.104 mL) or cycloheptanone (for the synthesis of 9) (1 mmol; 0.112 g; 0.118 mL).
c Isolated yield.
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tag. Moreover, the absorption band at 575 cm�1 related to the
cobalt-ligand stretching vibrational modes. The wavelength
changes of [Co(TPPASO3H)]Cl in comparison with Co(TPPA)
and other substrates26 showed synthesis of [Co(TPPASO3H)]Cl
(Fig. 2).

TGA and DTA analysis. TGA and DTA analysis of
[Co(TPPASO3H)]Cl were studied, which showed important
decrease in three steps, and decomposed above 378 �C (Fig. 3).
The weight loss (about 12.25%) around 25–100 �C linked to the
removal of surface-adsorbed solvent in the course of the
synthesis of this compound. The next weight loss about
(13.28%) up to 294 �C was may be owing to decomposition of
sulfonic acid tag. The last weight loss (about 22.31%) up to
378 �C is related to the decomposition of [Co(TPPASO3H)]Cl.
TGA and DTA analysis shows that this compound is stable up to
Fig. 7 Recyclability study of [Co(TPPASO3H)]Cl in the course of synthes

27830 | RSC Adv., 2020, 10, 27824–27834
378 �C. The DTA analysis diagram shows a negative downward
slope. Furthermore, decomposition of [Co(TPPASO3H)]Cl was
exothermic. Thermal analysis changes of [Co(TPPASO3H)]Cl in
comparison with Co(TPPA)26 conrmed its synthesis.

EDX analysis and SEM mapping. EDX analysis of
[Co(TPPASO3H)]Cl and Co(TPPA) were investigated, which
clearly represents the appearance of C (38.6%), S (23.0%), N
(16.3%), O (11.7%), Co (10.3%) and Cl (0.1%) signals in the
structure of [Co(TPPASO3H)]Cl (Fig. 4). No extra impurity peaks
were known in the SEM coupled EDX. The SEM coupled EDX
analysis changes of [Co(TPPASO3H)]Cl in comparison with
Co(TPPA)26 presented formation of its.

XRD, FE-SEM and TEM analysis. The structure of
[Co(TPPASO3H)]Cl was studied by FE-SEM, TEM and XRD
analysis (Fig. 5). By using these analyses the particle size,
is of 6a after 10 min.

This journal is © The Royal Society of Chemistry 2020
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morphology and shape of [Co(TPPASO3H)]Cl were studied.
According to FE-SEM and TEM images of [Co(TPPASO3H)]Cl,
the morphology of this compound is brillar and its was
synthesized with suitable monodispersity. The TEMmicrograph
of [Co(TPPASO3H)]Cl afforded its distribution and morphology.
XRD analysis of [Co(TPPASO3H)]Cl was approved in solid state
form with four intense peaks in 2q values at 9.38�, 10.78�, 18.40�

and 25.39�. The prolonged peak shows the its crystallite struc-
ture. The XRD pattern changes of [Co(TPPASO3H)]Cl in
comparison with Co(TPPA)26 displayed synthesis of its. The
results of XRD, FE-SEM and TEM analysis of [Co(TPPASO3H)]Cl
displays that particle size of its above 100 nm. Additionally, the
XRD pattern changes of [Co(TPPASO3H)]Cl in comparison with
Co(TPPA)26 conrmed its synthesis.

DRS analysis. The optical properties of [Co(TPPASO3H)]Cl
was investigated by DRS analysis. The broad band at around
732 nm is attributed to the electronic ligand-eld transition of
Co2+ in tetrahedral coordination. The band at 223 nm is
ascribed to Co2+ interacting with oxygen atoms in the SO4

2� and
H2O structure and the band between 370 nm and 575 nm to be
attributed Co2+ in octahedral coordination (Fig. 6).32
Catalytic application of [Co(TPPASO3H)]Cl in the synthesis of
target molecules

To investigation the catalytic activity of [Co(TPPASO3H)]Cl and
to determine the possibility of the transformation, reaction
between benzaldehyde, cyclohexanone and malononitrile for
the synthesis of 6a (molar ratio: 1 : 1 : 2) was chosen as a model
to optimize the reaction conditions (Table 1). Initially, we per-
formed reaction at 90 �C under catalyst-free and solvent-free
conditions, but aer a prolonged time for 180 min no
synthesis of 6a was detected (Table 1, entry 1). The reaction
completed effectively with an appropriate yield of 95% by using
1 mg of catalyst under solvent-free conditions (Table 1, entry 3).
Increasing the amount of [Co(TPPASO3H)]Cl to 2 mg (Table 1,
entry 5) displayed no signicant progress in the yield, while the
Fig. 8 FT-IR (a) and EDX (b) of [Co(TPPASO3H)]Cl after six run.

This journal is © The Royal Society of Chemistry 2020
yield decreased via decreasing the amount of the catalyst to
0.5 mg (Table 1, entry 2). It was found that the reaction could
not progress efficiently in organic solvent and water except by
using [Co(TPPASO3H)]Cl (Table 1, entries 10–16). We observed
that, the 6a was not synthesized in CHCl3 and CH2Cl2 as low
polar solvents and n-hexane as non-polar solvent. In ethanol
and acetonitrile as medium polar solvents (Table 1, entries 11
and 12) and water as high polar solvent, the reaction can be
performed, but the yields of 6a were lower than that under
solvent-free conditions (Table 1, entry 3). Also, elevating the
temperature did not improve the yields of 6a (Table 1, entry 6).

Having conrmed the best reaction conditions, the overview
of current approach was investigated with a range of aldehydes
and ketones (Table 2). It is obvious that aldehydes with electron
withdrawing groups usually gave the products 6–9 in shorter
reaction time and higher yields in comparison with electron-
releasing groups.

The reusability of [Co(TPPASO3H)]Cl was studied in
a described model reaction. At the end of reaction, the catalyst
was recovered and could be reused six times without any
signicant decrease in the yield of 6a. Aer each run, the
catalyst was ltered, carefully washed with ethanol (6a is soluble
in ethanol but the catalyst is insoluble) and lastly dried for
reused in the next run without further purication (Fig. 7). FT-
IR and EDX of [Co(TPPASO3H)]Cl aer six run, conrmed the
stability of its structure during the recycling process (Fig. 8). The
reaction was scaled up to 10 mmol of benzaldehyde, cyclohex-
anone and malononitrile for the synthesis of 6a in the presence
of 10 mg of [Co(TPPASO3H)]Cl under solvent-free condition at
90 �C. The isolated yield of the reaction was 95% aer 10
minutes and 88% aer the sixth run.

According to the previously proposed mechanism for the
synthesis of products 8 or 9, reaction were proceeded by aerobic
auto oxidation of 130 to products 8 or 9 (Scheme 5).23–25 In
contrast to our expected products 130, we observed that 130 was
converted to 2-amino-3-cyanopyridines (8 and 9) via a hydride
transfer which was named anomeric based oxidation (ABO) as
RSC Adv., 2020, 10, 27824–27834 | 27831
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well as Cannizzaro reaction (Scheme S1†), H2 releasing from
tricyclic orthoamide (Scheme S2†) and etc.34–38 For this reason,
reaction was performed without any molecular oxygen under
nitrogen and argon atmospheres. It was known that, the reac-
tion proceeded under these conditions as well as normal reac-
tion conditions presence of oxygen. According to this evidence,
conversion of 130 to products 8 or 9 might be occurred by
unexpected hydride transfer and releasing of molecular
hydrogen (H2). Electron donation from the nitrogen lone pairs
into the anti-bonding of C–H (s*C–H orbital) leads to the C–H
bond weakened which it can be broken using reaction with
a proton to provide molecular hydrogen.

A possible mechanism for the synthesis of 8 or 9 is described
in Scheme 5.23–25 Firstly, [Co(TPPASO3H)]Cl activates the alde-
hyde 1 and malononitrile 2 to provide intermediate 10 and 20,
respectively. The Knoevenagel condensation between 10 and 20
Scheme 5 Possible mechanism for the synthesis of 2-amino-3-cyanopy
(ABO) using [Co(TPPASO3H)]Cl as a catalyst.

27832 | RSC Adv., 2020, 10, 27824–27834
was happened to produce the arylidenemalononitrile 10. Then,
the reaction between ammonium acetate and 3 or 5 was
occurred to form the intermediate 11. In the next step, 11 tau-
tomerized to 110. The reaction between arylidenemalononitrile
10 and intermediate 110 leads to the intermediate 12 which was
cyclized to 13. Then, 13 tautomerized to 130 as an appropriate
structure for supporting by cooperative vinylogous anomeric
based oxidation. Finally, driving force of aromatization which
was supported by anomeric effect in 130 leads to hydride
transfer and to afford the 2-amino-3-cyanopyridines 8 or 9.

In this research, we synthesized a novel cobalt tetra-2,3-
pyridiniumporphyrazinato with sulfonic acid tag
[Co(TPPASO3H)]Cl. Then, the catalytic activity of this catalyst
was investigated for the synthesis of four target molecules with
more than 30 derivatives. The reaction times for the synthesis of
these compounds were decreased and the isolated yields of
ridines (8 and 9) via a cooperative vinylogous anomeric based oxidation

This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison of the efficiency of [Co(TPPASO3H)]Cl in the synthesis of 6e with other reported approachesa

Entry Reaction condition Time (min) Yieldb (%) Ref.

1 [Co(TPPASO3H)]Cl (1 mg), solvent-free, 90 �C 10 93 This work
2 Borax (10 mol%), C2H5OH, reux 60 89 14
3 Borax (0.25 mmol), C2H5OH, reux 300 90 15
4 Borax (0.1 mL), solvent-free, 80 �C 240 88 15
5 Urea : choline chloride (2 : 1; 0.5 mL), DES, 50 �C 50 86 17
6 Biodegradable IL (20 mol%), C2H5OH : H2O (1 : 1), 60 �C 180 86 33a
7 [BPy]BF4 (2 mL), 60 �C 240 89 33b
8 ZnTiO3 (0.2 mmol), H2O, rt 180 94 33c
9 DABCO (20 mol%), C2H5OH : H2O (70 : 30), reux 60 94 33d
10 [Bmim-G]+[Br]� (10 mol%), solvent-free, rt 240 89 33e

a Reaction conditions: 4-chlorobenzaldehyde (1 mmol; 0.140 g), malononitrile (2 mmol; 0.132 g), cyclohexanone (1 mmol; 0.098 g; 0.104 mL).
b Isolated yield.
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produced compounds were increased. Also, the mechanistic
route of compounds 8 and 9 were investigated via a cooperative
vinylogous anomeric based oxidation. This mechanistic route is
reported for the rst time. To illustration the signicance of the
present study in comparison with the reported results in the
literature, we summarized some of the results for the synthesis
of 6e in Table 3, which shows that [Co(TPPASO3H)]Cl can act as
appropriate catalyst in respect of the reaction time, temperature
and displays varied applicability in terms of yield.
Conclusion

In summary, we have synthesized cobalt tetra-2,3-
pyridiniumporphyrazinato with sulfonic acid tags
[Co(TPPASO3H)]Cl and its was used for the synthesis of ortho-
aminocarbonitriles (6), cyclohexa-1,3-dienamines (7) and 2-
amino-3-cyanopyridines (8 and 9). This method has major
advantages such as suitable yields, wide scope of substrates,
avoidance of column chromatography, operational simplicity,
simple workup, ready accessible, thermally stable catalyst,
minimization of cost and waste generation due to the recycling
of the catalyst. The possible mechanism for the synthesis of 2-
amino-3-cyanopyridines (8 and 9) was proposed by cooperative
vinylogous anomeric based oxidation. More development of
this reaction containing investigation on the reaction mecha-
nism and scopes is being followed and will be described in due
sequence.
Conflicts of interest

The authors declare no conict of interest.
This journal is © The Royal Society of Chemistry 2020
Acknowledgements

We thank Bu-Ali Sina University, Iran National Science Foun-
dation (INSF) (Grant Number: 98001912) for nancial support
to our research group.
References

1 S. B. Sastri, J. P. Armistead and T. M. Keller, Polym. Compos.,
1996, 17, 816.

2 T. R. Walton, J. R. Griffith and J. Reardon, J. Appl. Polym. Sci.,
1985, 30, 2921.

3 D. D. Dominguez, H. N. Jones and T. M. Keller, Polym.
Compos., 2004, 25, 554.

4 G. Torre, T. Torres and C. G. Claessens, Chem. Commun.,
2007, 2000.

5 J. H. Zagal, Coord. Chem. Rev., 1992, 119, 89.
6 S. Zecevic, B. S. Glavaski, E. Yeager, A. B. P. Lever and
P. C. Minor, J. Electroanal. Chem., 1985, 196, 339.

7 A. B. P. Lever, Adv. Inorg. Chem. Radiochem., 1965, 7, 27.
8 B. Jiang, X. Wang, F. Shi, S. J. Tu and G. Li, Org. Biomol.
Chem., 2011, 9, 4025.

9 D. Enders, M. R. Huettl, C. Grondal and G. Raabe, Nature,
2006, 441, 861.

10 A. Padwa, Chem. Soc. Rev., 2009, 38, 3072.
11 M. Takumi, O. Noriaki, I. Takatoshi and M. Toshiyuki,

Tetrahedron Lett., 2000, 41, 1051.
12 M. Takumi and I. Yoshio, Tetrahedron, 2002, 58, 3155.
13 T. Lohar, A. Kumbhar, M. Barge and R. Salunkhe, J. Mol. Liq.,

2016, 224, 1102.
14 A. Molla and S. Hussain, RSC Adv., 2014, 4, 29750.
RSC Adv., 2020, 10, 27824–27834 | 27833

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02172e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 1
1:

16
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
15 B. Maleki, R. Rooky, E. R. Seresht and R. Tayebee, Org. Prep.
Proced. Int., 2017, 49, 557.

16 M. N. Khan, S. Pal, S. Karamthulla and L. H. C. Udhury, RSC
Adv., 2014, 4, 3732.

17 N. Azizi, T. S. Ahooie and M. M. Hashemi, J. Mol. Liq., 2017,
246, 221.

18 F. Zhang, Y. Zhao, L. Sun, L. Ding, Y. Gu and P. Gong, Eur. J.
Med. Chem., 2011, 46, 3149.

19 M. Mantri, O. de Graaf, J. Van Veldhoven, A. Goblyos,
J. K. Von Frijtag Drabbe Kunzel, T. Mulder-Krieger,
R. Link, H. De Vries, M. W. Beukers, J. Brussee and
A. P. Ijzerman, J. Med. Chem., 2008, 51, 4449.

20 A. A. Bekhit and A. M. Baraka, J. Med. Chem., 2005, 40, 1405.
21 T. Murata, M. Shimada, S. Sakakibara, T. Yoshino,

H. Kadono, T. Masuda, M. Shimazaki, T. Shintani,
K. Fuchikami, K. Sakai, H. Inbe, K. Takeshita, T. Niki,
M. Umeda, K. B. Bacon, K. B. Ziegelbauer and
T. B. Lowinger, Bioorg. Med. Chem. Lett., 2003, 13, 913.

22 N. Kumar, A. Chauhan and S. Drabu, Biomed. Pharmacother.,
2011, 65, 375.

23 M. Afradi, S. Abbasi Pour, M. Dolat and A. Yazdani-Elah-
Abadi, Appl. Organomet. Chem., 2018, 32(2), e4103.

24 A. Maleki, A. A. Jafari, S. Youse and V. Eskandarpour, C. R.
Chim., 2015, 18, 1307.

25 J. Tang, L. Wang, Y. Yao, L. Zhang andW. Wang, Tetrahedron
Lett., 2011, 52, 509.

26 V. G. A. Box, J. Mol. Struct., 2001, 569, 167.
27 R. J. Ferrier and G. H. Sankey, J. Chem. Soc. C, 1966, 2345.
28 (a) I. V. Alabugin, Stereoelectronic Effects: A Bridge Between

Structure and Reactivity, John Wiley & Sons, Chichester, UK,
Hoboken, NJ, 2016, pp. 141–142; (b) N. N. Milani, R. Ghiasi
and A. Forghaniha, J. Sulfur Chem., 2018, 39, 665.

29 (a) M. Dashteh, M. Safaiee, S. Baghery and M. A. Zolgol,
Appl. Organomet. Chem., 2019, 33(4), e4690; (b) S. Baghery,
M. A. Zolgol, M. Safaiee, D. A. Alonso and A. Khoshnood,
Appl. Organomet. Chem., 2017, 31(11), e3775.

30 (a) M. Safaiee, M. A. Zolgol, F. Afsharnadery and S. Baghery,
RSC Adv., 2015, 5, 102340; (b) M. A. Zolgol, M. Safaiee and
N. Bahrami-Nejad, New J. Chem., 2016, 40, 5071; (c)
M. A. Zolgol, M. Safaiee and N. Bahrami-Nejad, New J.
Chem., 2016, 40, 8158; (d) M. Safaiee, M. Moeinimehr and
M. A. Zolgol, Polyhedron, 2019, 170, 138.

31 M. Yokote, F. Shibamiya and S. Tokairin, Kogyo Kagaku
Zasshi, 1964, 67, 166; Chem. Abstr., 1964, 61, 3235f.

32 (a) L. Martins, R. P. S. Peguine and E. A. Urquieta-González,
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