
INTRODUCTION

The catalytic epoxidation of alkenes is a reaction of great
industrial interest given the numerous applications of epoxides
as precursors in the production of valuable chemicals [1].
Conventionally, the epoxidation of alkenes is carried out by
stoichiometric amount of peracids [2]. However, peracids are
expensive, corrosive, non-selective for the epoxide formation,
lead to the formation of undesirable products, so create a lot
of waste [3]. Therefore, many alternative methodologies using
single oxygen donor reagents such as NaIO4, NaOCl, PhIO,
RCOOOH, KHSO5 and H2O2 have been reported for the epoxi-
dation of alkenes. However, these methods are either expensive
or not environment friendly. Another commercial manufacturing
method of epoxides is the chlorohydrin process, which causes
serious environmental pollution. Hence, from both economic
and environmental viewpoint and to avoid co-products, the epoxi-
dation of alkenes with O2 or naturally cheap air over effective
catalysts is a promising and attractive method.

Metal complexes catalyzed homogeneous epoxidation system
could produce high yield of epoxide in presence of an aldehyde
which acts as a reducing agent for the reductive activation of
oxygen [4]. Many efforts have been made to seek methods of
epoxidation with molecular oxygen or air [5-13]. Among all

Catalytic Efficacy of 2,2′′′′′-Bipyridine Cobalt(II) Complex: Hydrothermal
Synthesis, X-Ray Structure and Aerobic Epoxidation of Alkenes

RAJESH BERA

Department of Chemistry, Dinabandhu Andrews College, Garia, Kolkata-700084, India

Corresponding author: E-mail: berarajesh2010@gmail.com

Received: 17 July 2020; Accepted: 27 August 2020; Published online: 10 December 2020; AJC-20168

A mononuclear cobalt(II) complex, [Co(bpy)2(NO3)](NO3)·3H2O (1) (bpy = 2,2′-bipyridine) has been synthesized hydrothermally and
the crystal structure was characterized by X-ray crystallography. Complex 1 is capable of activating aerobic oxygen at atmospheric
pressure. [Co(bpy)2(NO3)](NO3)·3H2O (1) was used as an active catalyst for the aerobic epoxidaion of various alkenes with isobutyraldehyde
as co-reductant in acetonitrile medium. Complex 1 catalyzes the epoxidaion reaction efficiently, which reflected in high yield of products
with desired selectivity.

Keywords: Cobalt(II), 2,2′′′′′-Bipyridine, Hydrothermal synthesis, X-ray crystallography, Epoxidation, Alkene.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.

these methods, Mukaiyama epoxidation system [8,10-13] uses
metal complexes such as Ni(II), Mn(III), Co(II) or Fe(III) as
the homogeneous catalysts, aldehydes or alcohols as the reduc-
tants is confirmed to be very effective. Subsequently, many metal
catalysts such as manganese complex [14,15],
metalloporphyrins [16-19], cobalt-containing molecular sieves
[20] demonstrated highly catalytic performance for the aerobic
oxidation in the presence of aldehyde.

Cobalt ions and cobalt complexes are used as catalysts
for the selective oxidation of alkanes and alkylbenzenes with
O2 [21]. In the recent past, Budnik and Kochi [22] have used
cobalt complexes for the epoxidation of alkenes with molecular
oxygen . Using a cobalt(II) complex, the catalytic oxidation of
terminal olefins, including styrene, by O2 to the corresponding
2º ketones and 2º alcohols has been reported [23,24]. Cobalt-
salen complexes were reported to show catalytic activity for
epoxidation of styrene with O2, where isobutyraldehyde was
used as a sacrificial co-reductant [25]. Again, one of the major
drawbacks of using metal salens in homogenous solutions is
the formation of µ-oxo dimers and other polymeric species,
which leads to irreversible catalyst deactivation. Iqbal et al.
[26,27] studied various Schiff-base cobalt complexes for the
epoxidation of alkenes including steroids and terpenoids in
the presence of either aliphatic aldehyde or β-ketoester. Saha
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et al. [28] studied the epoxidation of alkenes over a cobalt(III)
Schiff-base complex in the presence of molecular oxygen using
isobutyraldehyde [28]. Co(II) salen derived Jacobsen type
complexes [16] were used as catalysts for aerobic asymmetric
epoxidation [29]. Oxidation of monoterpenes with O2 using
CoCl2 as catalyst has been reported, and it was found that allylic
oxidation takes place predominantly [30]. In the presence of
propionaldehyde diethyl acetal as the reducing agent, bis-
(diketonato)cobalt(II) derivatives, i.e. Co(acac)2 are active in
the aerobic epoxidation of alkenes [31]. Cobalt based hetero-
geneous catalysts for aerobic epoxidation of alkenes are also
reported in recent past [32-40].

Herein, the synthesis, characterization, X-ray single crystal
structure of a new mononuclear cobalt(II) complex and its catalytic
efficacy towards aerobic epoxidation of olefins in presence of
isobutyraldehyde as co-reductant are reported.

EXPERIMENTAL

The chemicals viz. Co(NO3)2·6H2O, styrene, cyclooctene,
cyclohexene, 1-hexene, 1-octene, limonene, 2,2′-bipyridine
were purchased from Aldrich and used as received. The solvents
were purchased from Merck (India) and distilled before use.

Synthesis of [Co(bpy)2(NO3)](NO3)·3H2O (1): Complex
[Co(bpy)2(NO3)](NO3)·3H2O (1) was synthesized hydrothermally.
Compound 1 was grown as red block crystals in a Teflon-lined
Parr acid digestion bomb. For digestion, cobalt(II) nitrate, 2,2′-
bpy and aspartic acid were added in the molar ratio of 1:1:1 in
10 mL of distilled water and kept at 160 ºC for 3 days followed
by slow cooling at the rate of 5 ºC/h to room temperature. The
crystals thus formed were filtered off, washed first with water
and then with a small amount of ethyl alcohol and dried in air
(yield 75 %, based on cobalt). Anal. calcd. (found) % for
C20H22N6O9Co: C, 50.97 (50.50); H, 4.00 (4.20); N, 15.29
(15.50); Co, 10.72 (10.51). The crystal structure of [Co(2,2′-
bpy)2(NO3)]NO3·5H2O has been reported previously [41],
however, the synthetic procedure was different.

X-ray single crystal structure determination of 1: X-
Ray diffraction data of complex 1 was collected at 293(2) K
on a Bruker SMART APEX CCD X-ray diffractometer using
graphite-monochromated MoKα radiation (λ = 0.71073 Å).
Determination of integrated intensities and cell refinement
were performed with the SAINT [42] software package using
a narrow-frame integration algorithm. An empirical absorption
correction (SADABS) [43] was applied. The structure was solved
by direct method and refined using full-matrix least-squares
technique against F2 with anisotropic displacement parameters
for non-hydrogen atoms with the programs SHELXS-97 and
SHELXL-97 [44]. All hydrogen atoms were located from differ-
ence Fourier map and treated as a suitable riding models with
isotropic displacement parameters derived from their carrier
atoms and were refined with isotropic thermal parameters
(except for the hydrogen atoms of water molecules). A summary
of crystal data and relevant refinement parameters for complex 1
is collated in Table-1. The molecular graphics softwares used
were ORTEP III [45] and MERCURY 1.2.1 [46].

Catalytic epoxidation reaction: The catalytic epoxidation
reactions were carried out under air in a batch reactor at 60 ºC.

TABLE-1 
CRYSTALLOGRAPHIC DATA AND STRUCTURE  
REFINEMENT PARAMETERS FOR COMPLEX 1 

Parameters  
Chemical formula sum C20H22N6O9Co 
Chemical formula weight  549.36 
Crystal system  Monoclinic 
Space group  C2/c 
Cell dimensions  a =10.9317(3) Å; b = 16.0118(3) Å; 

c = 14.4587(5) Å 
β (º)  102.017(2) 
V (Å3)  2475.33(12) 
Z  8 
Temperature (K)  293(2) 
Dc (g cm-3)  1.571 
µ (mm-1)  0.765 
F(000)  1212 
Intervals of reflection indices -14≤h≥14, -20≤k≥20, -18≤l≥18 
Reflections with [I>2σ(I)]  2863 
Independent reflections  2504 
Final R indices [I>2σ(I)]  R1=0.0481, wR2= 0.1366 
R indices (all data)  R1=0.0545, wR2= 0.1426 
∆ρmax (e Å-3)  0.382 

∆ρmin (e Å-3)  -0.617 
Goodness-of-fit on F2  1.076 

R1 = Σ ||Fo| – |Fc||/Σ|Fo, wR2 = [Σw(|Fo| – |Fc|)2] / Σ[w(Fo2)]½ 

 
Typically, a 50 mL three-neck round-bottomed flask equipped
with a water condenser containing 1 g alkene in 10 mL dry
acetonitrile and 2 mg of catalyst is kept in a preheated oil bath.
Air was bubbled through the reaction mixture at atmospheric
pressure at a flow rate of ca. 3.0 cm3 min-1. The reaction mixture
was magnetically stirred continuously for 8 h. The products
of the epoxidation reactions were collected at different time
intervals and were identified and quantified by Varian CP 3800
gas chromatograph equipped with an FID detector and a CP-
Sil 8 CB capillary column.

RESULTS AND DISCUSSION

X-ray structure of [Co(bpy)2(NO3)](NO3)·3H2O (1): The
complex shows a cationic monomeric unit [Co(bpy)2(NO3)]
along with three water molecules of crystallization and a discrete
nitrate anion. The unique metal center (Co1) is surrounded by
two bipyridyl ligand and one bidentate NO3

− ion forming a
distorted octahedron. An ORTEP view with atom numbering
scheme of complex 1 is shown in Fig. 1. Selected bond lengths
and angles of complex 1 are given in Table-2. The basal plane
of Co1 center is formed by the two nitrate oxygen atoms O2,
O2* and two bipyridine nitrogen atoms N1, N1*; the axial
positions are occupied by the two bipyridine nitrogen atoms
N2 and N2* [where * = -x, y, ½-z]. Among the two nitrate ions,
one is chelated with the Co1 center and other nitrate ion is
present outside of coordination sphere, thereby balancing the
charge of the Co1 center. Three water molecules are also present
in the lattice without offering any hydrogen bonding. The bond
lengths and bond angles are well in agreement with the reported
cobalt(II) complexes [46,47].

Epoxidation reaction: Catalytic activity of the complex
was investigated in the epoxidation of both cyclic and straight
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Fig. 1. ORTEP diagram of complex 1 with the atom-numbering scheme

TABLE-2 
SELECTED BOND LENGTHS (Å)  

AND ANGLES (°) FOR COMPLEX 1 

Bond lengths (Å) Bond angles (°) 
Co(1)-O(2) 1.8887(19) O(2)-Co(1)-O(2) 70.14(13) 
Co(1)-N(2) 1.922(2) O(2)-Co(1)-N(2)* 88.31(9) 
Co(1)-N(1) 1.932(2) O(2)-Co(1)-N(2) 88.31(9) 
Co(1)-N(3) 2.286(4) N(2)-Co(1)-N(2) 179.42(12) 
N(2)-C(10) 1.341(4) O(2)-Co(1)-N(1) 98.38(9) 
N(1)-C(1) 1.337(3) O(2)-Co(1)-N(1)* 167.82(9) 
O(2)-N(3) 1.314(3) N(2)-Co(1)-N(1) 96.37(9) 
N(3)-O(9) 1.230(5) N(1)-Co(1)-N(1) 93.35(12) 
N(3)-O(2) 1.314(3)   

* -x, y, ½-z 

 
chain alkenes with air. The resultant conversions, selectivities
and turnover number (TONs) are given in Table-3. The reaction
profile of the epoxidation of alkenes is shown in Fig. 2. The
epoxidation of styrene gives styrene oxide in 76% yield (conv-
ersion 88%, selectivity 67%); along with this, benzaldehyde
(yield 12%) was also detected. Turnover number of ~2347
has been attained for the epoxide production. Epoxidation of
styrene with molecular oxygen over a variety of cobalt catalysts
under homogeneous condition has been studied in the recent
past. Kureshy et al. [29] studied epoxidation of styrene over
Co(II) chiral Schiff-base complexes in presence of molecular
oxygen using isobutyraldehyde which shows up to 45% conv-
ersion. Cobalt(II) calix[4]pyrrole complexes afforded a maximum
of 68% yield of styrene oxide in presence 2-ethylbutyr-
aldehyde/O2 in 24h [48]. Opre et al. [49] reported that DMF
interacts with oxygen, styrene and cobalt containing catalyst
according to a complex reaction network, resulting in the
formation of 49% styrene oxide with various co-products, such
as N-formyl-N-methylformamide, CO2 and dimethylamine [49].
They concluded that DMF should be considered as a “sacri-
ficial” solvent that functions as a co-reductant in the epoxidation

TABLE-3 
HOMOGENEOUS ALKENE EPOXIDATION  

CATALYZED BY COMPLEX 1a 

Yield of product 
(%) Substrate Conversion 

(%) 
Epoxide Others 

TONf 

 

88 76 16b 2347 

 
92 80 12c 3111 

 

99 99 – 2495 

 67 67 – 2211 

 55 48 7d 1361 

 

52 52e – 1060 

aReaction conditions: alkenes (1 g); catalyst (2 mg); flow rate of air, 
3.0 cm3min-1 ; CH3CN (10 mL); Temperature (60°C). bBenzaldehyde. 
c2-Cyclohexen-1-ol and 2-Cyclohexen-1-one. dOther unidentified 
product. eLimonene epoxide. fTurn Over Number = moles converted / 
moles of active site. The products of the epoxidation reactions were 
collected at different time intervals and were identified and quantified 
by Varian CP3800 gas chromatograph equipped with an FID detector 
and a CP-Sil 8 CB capillary column. 
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Fig. 2. Reaction profile for the aerobic epoxidation of alkenes over
complex 1

reaction. In present study, the reaction in DMF under this condi-
tion was performed but no conversion of styrene was observed.
O’Neill et al. [50] obtained a yield of 74% styrene epoxide
using bis(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(II),
[Co(thd)2] under aerobic condition using pivaldehyde as sacri-
ficial reductant.
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The epoxidation of endocyclic alkene such as cyclohexene
showing a conversion (92%) with 80% epoxide selectivity.
Along with the epoxide, a small amount of allylic oxidation
products i.e. 2-cyclohexen-1-ol and 2-cyclohexen-1-one are
also detected. The epoxidation of cyclooctene goes smoothly,
showing an excellent conversion of 99% with 100% epoxide
selectivity. The linear aliphatic olefins such as 1-hexene and
1-octene converted to the corresponding 1, 2-epoxy alkanes.
As shown in Table-3, the conversion of 1-hexene is 67% where
epoxide was the sole product. Conversion of 1-octene was 55%,
where epoxide selectivity was 87%. Along with 1,2-epoxy
alkane, a small amount (7%) of other undetected side product
was also obtained. It shows that the catalytic activity decreases
along with length of olefin. This may due to the larger hexyl
group of 1-octene connected to double bond sterically hinders
it in approaching to the catalyst metal center with respect to 1-
hexene which its double bond carries a smaller butyl group.
Limonene undergoes a relatively slow conversion and after 8 h
of reaction only 52% conversion is noticed. At that time, limo-
nene oxide is the exclusive product. da Silva et al. [30] studied
the oxidation of limonene with dioxygen in acetonitrile medium
over CoCl2 where the molar ratio of allyl oxidation and epoxi-
dation products was nearly 1:1. However, no allylic oxidation
product is noticed in epoxidation reaction catalyzed by complex
1.

Conclusion

A new mononuclear cobalt(II) complex was hydrother-
mally synthesized and characterized by X-ray crystallography.
The complex has shown excellent catalytic efficacy towards the
aerobic epoxidation of alkenes in presence of isobutyraldehyde
as co-reductant. The complex 1 is new example of cobalt based
catalyst that can oxidize olefinic substrates only by bubbling
air.

Supplementary material

Crystal data are available from The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-336-
033; www: http://www.ccdc.cam.ac.uk or E-mail: deposit@
ccdc.cam.ac.uk) upon request, quoting the deposition number
CCDC 808604.

ACKNOWLEDGEMENTS

The author gratefully acknowledge Prof. Subratanath
Koner, Jadavpur University, Kolkata, India for his immense
support for this work. Thanks are also due to Dr. Rupam Sen,
Department of Chemistry, Adamas University, Kolkata, India
for his valuable suggestions. The X-ray facility procured under
DST-FIST programme is gratefully acknowledged.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. W. Gerhartz, Y.S. Yamamoto, L. Kandy, J.F. Rounsaville and G. Schulz,
Ullmann’s Encyclopedia of Industrial Chemistry, Verlag Chemie;
Weinheim, Germany, edn 5, vol. A9, p. 531 (1987).

2. D. Swern, Organic Peroxide, Wiley-Interscience; New York, vol. 2 (1971).
3. G.A. Barf and R.A. Sheldon, J. Mol. Catal. A Chem., 102, 23 (1995);

https://doi.org/10.1016/1381-1169(95)00089-5
4. M. Hamamoto, K. Nakayama, Y. Nishiyama and Y. Ishii, J. Org. Chem.,

58, 6421 (1993);
https://doi.org/10.1021/jo00075a043

5. I. Tabushi and N. Koga, J. Am. Chem. Soc., 101, 6456 (1979);
https://doi.org/10.1021/ja00515a063

6. D. Mansuy, M. Fontecave and J.-F. Bartoli, J. Chem. Soc. Chem.
Commun., 253 (1983);
https://doi.org/10.1039/C39830000253

7. T. Yamada, K. Imagawa and T. Mukaiyama, Chem. Lett., 21, 2109
(1992);
https://doi.org/10.1246/cl.1992.2109

8. T. Mukaiyama and T. Yamada, Bull. Chem. Soc. Jpn., 68, 17 (1995);
https://doi.org/10.1246/bcsj.68.17

9. Z. Xi, H. Wang, Y. Sun, N. Zhou, G. Cao and M. Li, J. Mol. Catal. A
Chem., 168, 299 (2001);
https://doi.org/10.1016/S1381-1169(00)00189-8

10. T. Yamada, T. Takai, O. Rhode and T. Mukaiyama, Chem. Lett., 20, 1
(1991);
https://doi.org/10.1246/cl.1991.1

11. T. Mukaiyama, T. Yamada, T. Nagata and K. Imagawa, Chem. Lett.,
22, 327 (1993);
https://doi.org/10.1246/cl.1993.327

12. T. Yamada, T. Takai, O. Rhode and T. Mukaiyama, Bull. Chem. Soc.
Jpn., 64, 2109 (1991);
https://doi.org/10.1246/bcsj.64.2109

13. T. Nagata, K. Imagawa, T. Yamada and T. Mukaiyama, Chem. Lett.,
23, 1259 (1994);
https://doi.org/10.1246/cl.1994.1259

14. J.Y. Qi, Y.M. Li, Z.Y. Zhou, C.M. Che, C.H. Yeung and A.S.C. Chan,
Adv. Synth. Catal., 347, 45 (2005);
https://doi.org/10.1002/adsc.200404224

15. K.S. Ravikumar, F. Barbier, J.-P. Bégué and D. Bonnet-Delpon,
Tetrahedron, 54, 7457 (1998);
https://doi.org/10.1016/S0040-4020(98)00396-2

16. J. Haber, T. Mlodnicka and J. Poltowicz, J. Mol. Catal., 54, 451 (1989);
https://doi.org/10.1016/0304-5102(89)80160-9

17. A.K. Mandal and J. Iqbal, Tetrahedron, 53, 7641 (1997);
https://doi.org/10.1016/S0040-4020(97)00431-6

18. S. Ellis and I.V. Kozhevnikov, J. Mol. Catal. Chem., 187, 227 (2002);
https://doi.org/10.1016/S1381-1169(02)00274-1

19. X.-T. Zhou, Q.-H. Tang and H.-B. Ji, Tetrahedron Lett., 50, 6601 (2009);
https://doi.org/10.1016/j.tetlet.2009.09.061

20. R. Raja, G. Sankar and J.M. Thomas, Chem. Commun., 829 (1999);
https://doi.org/10.1039/a901127g

21. R.A. Sheldon and J.K. Kochi, Metal-Catalyzed Oxidation of Organic
Compounds, Academic Press: New York (1981).

22. R.A. Budnik and J.K. Kochi, J. Org. Chem., 41, 1384 (1976);
https://doi.org/10.1021/jo00870a020

23. A. Zombeck, D.E. Hamilton and R.S. Drago, J. Am. Chem. Soc., 104,
6782 (1982);
https://doi.org/10.1021/ja00388a051

24. D.E. Hamilton, R.S. Drago and A. Zombeck, J. Am. Chem. Soc., 109,
374 (1987);
https://doi.org/10.1021/ja00236a014

25. B. Rhodes, S. Rowling, P. Tidswell, S. Woodward and S.M. Brown, J.
Mol. Catal. Chem., 116, 375 (1997);
https://doi.org/10.1016/S1381-1169(96)00360-3

26. T. Punniyamurthy, B. Bhatia and J. Iqbal, J. Org. Chem., 59, 850 (1994);
https://doi.org/10.1021/jo00083a029

27. T. Punniyamurthy, S. Velusamy and J. Iqbal, Chem. Rev., 105, 2329
(2005);
https://doi.org/10.1021/cr050523v

28. D. Saha, T. Maity, R. Bera and S. Koner, Polyhedron, 56, 230 (2013);
https://doi.org/10.1016/j.poly.2013.03.050

29. R.I. Kureshy, N.H. Khan, S.H.R. Abdi, A.K. Bhatt and P. Iyer, J. Mol.
Catal. Chem., 121, 25 (1997);
https://doi.org/10.1016/S1381-1169(96)00452-9

Vol. 33, No. 1 (2021) Catalytic Efficacy of 2,2′-Bipyridine Cobalt(II) Complex  13

https://doi.org/10.1016/1381-1169(95)00089-5
https://doi.org/10.1016/S1381-1169(00)00189-8
https://doi.org/10.1016/S0040-4020(98)00396-2
https://doi.org/10.1016/0304-5102(89)80160-9
https://doi.org/10.1016/S0040-4020(97)00431-6
https://doi.org/10.1016/S1381-1169(02)00274-1
https://doi.org/10.1016/S1381-1169(96)00360-3
https://doi.org/10.1016/S1381-1169(96)00452-9


30. M.J. da Silva, P. Robles-Dutenhefner, L. Menini and E.V. Gusevskaya,
J. Mol. Catal. Chem., 201, 71 (2003);
https://doi.org/10.1016/S1381-1169(03)00180-8

31. T. Mukaiyama, K. Yorozu, Y. Takai and T. Yamada, Chem. Lett., 22,
439 (1993);
https://doi.org/10.1246/cl.1993.439

32. S. Bhunia, S. Jana, D. Saha, B. Dutta and S. Koner, Catal. Sci. Technol.,
4, 1820 (2014);
https://doi.org/10.1039/C4CY00084F

33. M.J. Beier, W. Kleist, M.T. Wharmby, R. Kissner, B. Kimmerle, P.A.
Wright, J. Grunwaldt and A. Baiker, Chem. Eur. J., 18, 887 (2012);
https://doi.org/10.1002/chem.201101223

34. M. Jafarpour, H. Kargar and A. Rezaeifard, RSC Adv., 6, 79085 (2016);
https://doi.org/10.1039/C6RA16167G

35. M. Kazemnejadi, A. Shakeri, M. Nikookar, M. Mohammadi and M.
Esmaeilpour, Res. Chem. Intermed., 43, 6889 (2017);
https://doi.org/10.1007/s11164-017-3027-z

36. Z. Li, S. Wu, H. Ding, D. Zheng, J. Hu, X. Wang, Q. Huo, J. Guan and
Q. Kan, New J. Chem., 37, 1561 (2013);
https://doi.org/10.1039/c3nj00099k

37. B. Qi, X.-H. Lu, S.-Y. Fang, J. Lei, Y.-L. Dong, D. Zhou and Q.-H.
Xia, J. Mol. Catal. Chem., 334, 44 (2011);
https://doi.org/10.1016/j.molcata.2010.10.021

38. P. Shringarpure and A. Patel, J. Mol. Catal. Chem., 321, 22 (2010);
https://doi.org/10.1016/j.molcata.2010.01.014

39. J. Sun, G. Yu, L. Liu, Z. Li, Q. Kan, Q. Huo and J. Guan, Catal. Sci.
Technol., 4, 1246 (2014);
https://doi.org/10.1039/c4cy00017j

40. G. Yu, J. Sun, F. Muhammad, P. Wang and G. Zhu, RSC Adv., 4, 38804
(2014);
https://doi.org/10.1039/C4RA03746D

41. Y.-Q. Zheng and J.-L. Lin, Z. Kristallogr. NCS, 217, 331 (2002);
https://doi.org/10.1524/ncrs.2002.217.1.331

42. Bruker. APEX 2, SAINT, XPREP, Bruker AXS Inc., Madison, Wisconsin,
USA (2007).

43. Bruker. SADABS. Bruker AXS Inc., Madison, Wisconsin, USA (2001).
44. G.M. Sheldrick, SHELXS97 and SHELXL97, Programs for Crystal

Structure Solution and Refinement, University of Göttingen, Germany
(1997).

45. M.N. Burnett and C.K. Jonnson, ORTEP III, Report ORNL-6895, Oak
Ridge National Laboratory, Tennessee, USA (1996).

46. I.J. Bruno, J.C. Cole, P.R. Edgington, M. Kessler, C.F. Macrae, P.
McCabe, J. Pearson and R. Taylor, Acta Crystallogr. B, 58, 389 (2002);
https://doi.org/10.1107/S0108768102003324

47. R. Sen, A. Bhattacharjee, P. Gütlich, Y. Miyashita, K. Okamoto and S.
Koner, Inorg. Chim. Acta, 362, 4663 (2009);
https://doi.org/10.1016/j.ica.2009.06.036

48. P. Buranaprasertsuk, Y. Tangsakol and W. Chavasiri, Catal. Commun.,
8, 310 (2007);
https://doi.org/10.1016/j.catcom.2006.06.022

49. Z. Opre, T. Mallat and A. Baiker, J. Catal., 245, 482 (2007);
https://doi.org/10.1016/j.jcat.2006.11.018

50. P.M. O’Neill, S. Hindley, M.D. Pugh, J. Davies, P.G. Bray, B.K. Park,
D.S. Kapu, S.A. Ward and P.A. Stocks, Tetrahedron Lett., 44, 8135
(2003);
https://doi.org/10.1016/j.tetlet.2003.09.033

14  Bera Asian J. Chem.

https://doi.org/10.1016/S1381-1169(03)00180-8

