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摘要：以三苯基膦(PPh3)为共配体，合成了 2种新的铜􀃬和铜􀃭与菲啶(Phend)的配合物，其组成为[Cu(κ1‑Phend)2Cl2] (1)和[Cu2(κ1
‑Phend)2(κ1‑PPh3)2(μ‑Cl)2] (2)。这些配合物的结构通过元素分析、摩尔电导率、FT‑IR、UV‑Vis和单晶X射线衍射进行了研究。典

型配合物 1的X射线衍射分析显示，Cu􀃭配位构型为扭曲的平面四方形，而双核配合物 2的Cu􀃬中心为含 μ‑Cl-离子的不规则

四面体构型。FT‑IR谱、元素分析以及UV‑Vis谱证实了它们的成分、几何形状和配体相互作用。2种配合物的结构通过密度泛

函理论(DFT)计算进行了优化，以解释电子光谱特性。

关键词：铜􀃬；铜􀃭；杂合配合物；菲啶；X射线晶体学；密度泛函理论计算

中图分类号：O614.121 文献标识码：A 文章编号：1001‑4861(2021)06‑1106‑07
DOI：10.11862/CJIC.2021.114

Synthesis, Characterization, and X‑ray Crystal Structure Analysis of
Cu􀃬/Cu􀃭 Complexes of Phenanthridine and Triphenylphosphine
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Abstract: Two new complexes of copper􀃬 and copper􀃭 with phenanthridine (Phend) of the following composition:
[Cu(κ1‑Phend)2Cl2] (1) and [Cu2(κ1‑Phend)2(κ1‑PPh3)2(μ‑Cl)2] (2) have been prepared in the presence of triphenylphos‑
phine (PPh3) as a co‑ligand. The structures of these complexes have been investigated by elemental analysis, molar
conductivity, FT‑IR, UV‑Vis, and single‑crystal X‑ray diffraction. X‑ray diffraction analysis of typical complex 1
reveals the distorted square planar geometry around copper􀃭 whereas the binuclear complex 2 was irregular tetra‑
hedral geometry around Cu􀃬 center containing bridge Cl- ion. The FT‑ IR spectra, elemental analysis as well as
UV‑Vis spectra confirmed their components, geometries, and ligand interactions. The structures of both complexes
have been optimized by density ‑ functional theory (DFT) calculations to explain the electronic spectral properties.
CCDC: 1983822, 1; 1983821, 2.
Keywords: copper􀃬; copper􀃭; heteroleptic complex; phenanthridine; X‑ray crystallography; density‑functional theory computation
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0 Introduction

The monovalent and divalent copper complexes
have been widely investigated essentially due to their
applications in photovoltaics for the conversion of solar
energy into electricity, light ‑ emitting diodes, lumines‑
cent probes, and anticancer photoluminescent[1‑3]. The
Cu􀃬/Cu􀃭 complexes with tetrahedral and irregular
square planar coordination geometry are in perpetual
interest due to their low toxicity property, more abun‑
dant resource, and relatively low cost related to third ‑
row transition metal complexes such as rhenium􀃬[4],
iridium􀃮[5], platinum􀃯[6], and gold􀃬[7]. The coordinat‑
ed ligands around Cu􀃬/Cu􀃭 center play an important
role in modifying the physical and chemical characters
of the synthesized complexes and hence accurate
choice of the ligand is of significant importance that
will modify the properties of the resulting complex[8‑9].
Monodentate ligands have shown effective in decreas‑
ing steric interactions in the ligand itself that inhibit
the metal coordination environment[10]. The most com‑
mon N‑heterocyclic compound in drug chemistry is
phenanthridine (Phend) due to its antitumor and antivi‑
ral activities[11]. The pharmacological properties of
Phend and its derivatives come ‑ back to the planarity
and conjugate π‑system of the compound[12]. Triphe‑
nylphosphine (PPh3), generally known as ancillary
ligand that can be used as co‑ligands with most transi‑
tion metal complexes and possibly important since it
can stabilize metal complexes[13]. Research on Phend is
commonly limited in coordination chemistry[12]. As N ‑
donor ligand Phend can be generated a complex of cis‑
[Pt(NH3)2(C13H9N)Cl]NO3, that illustrates a new antitu‑
mor property[14]. [Au(Phend)Cl3] and [Au(Phend)Br3]
complexes have been prepared and exhibit antitumor
activity[15]. Cu 􀃬/Cu 􀃭 ion complexes are potentially
effective in the synthesis of a variety of polymeric
compounds due to their emissive property[16]. In this
article, we report our results in the synthesis of two new
Cu􀃬/Cu􀃭 complexes containing PPh3 and N‑
heterocycle, Phend ligands with general composition:
[Cu(κ1‑Phend)2Cl2] (1) and [Cu2(κ1‑Phend)2(κ1‑PPh3)2( μ‑
Cl)2] (2). The synthesized Cu􀃬/Cu􀃭 complexes were

characterized by elemental analysis, UV ‑Vis, FT ‑ IR,
molar conductivity, and X‑ray crystallography analysis.
In addition, density functional theory (DFT) computa‑
tion technique was used to explain the electronic spec‑
tral properties of molecules.
1 Experimental

1.1 Materials and instruments
The copper halides (CuCl2·2H2O and CuCl),

Phend, PPh3, methanol (99.8%), dimethyl sulfoxide
(DMSO, 99.9%), and dimethyl formamide (DMF,
99.8%) were procured from Sigma ‑ Aldrich and used
without further purification.

FT‑IR spectra of the samples in a range of 4 000~
400 cm-1 or 600~200 cm-1 were recorded on SHIMADZU
FTIR ‑ 8400S as KBr or CsI discs, respectively. The
electronic spectra were measured on a Shimadzu dou‑
ble‑beam AE‑UV1609 spectrophotometer after prepar‑
ing the corresponding sample in DMSO and after 24 h
standing at room temperature in a wavelength range of
800~200 nm. C, H, and N microanalysis were per‑
formed on a EURO EA 300 CHNS instrument. Molar
conductivities were measured from 1 mmol·L-1 solu‑
tions in DMF at 25 ℃ using a model CON 700 Bench‑
top conductivity meter. Melting points were recorded
on a Stuart SMP3 melting point apparatus.
1.2 Synthesis of [Cu(κ1‑Phend)2Cl2] (1)

To a solution of CuCl2·2H2O (0.042 g, 0.25 mmol)
in CH3OH (25 mL), a solution of Phend (0.089 g, 0.5
mmol) in CH3OH (25 mL) was added dropwise under
stirring. Thereafter, the mixture was stirred for 4 h at
room temperature with a formation of a green precipi‑
tate, which was then filtered, and the filtrate was evapo‑
rated slowly at room temperature to yield green crystal‑
line products within 4 d. Yield: 0.122 g (93%). m. p.
291~291.4 ℃ . Anal. Calcd. for C26H18Cl2CuN2(% ): C
63.36, H 3.68, N 5.69; Found(%): C 63.25, H 3.71, N
5.93. Molar conductivity: 5.3 S·cm2·mol-1. IR (KBr,
cm-1): 3 061m ν(＝C—H), 1 608m ν(HC＝N), 1 591
w, 1 492m ν(C＝C), 746s ν(C—H, oop). IR (CsI,
cm-1): 349w ν(Cu—N), 285m ν(Cu—Cl). UV‑Vis
(DMSO, λmax / nm (ɛ / (dm3·mol-1·cm-1))): 403(24 813),
344(29 069), 330(30 303), 308(32 467), 292(34 246).
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1.3 Synthesis of [Cu2(κ1‑Phend)2(κ1‑PPh3)2( μ‑Cl)2]

(2)
A mixture of Phend (0.089 g, 0.5 mmol) and PPh3

(0.131 g, 0.5 mmol) in 25 mL MeOH was dissolved by
mechanical stirring at 25 ℃ for 10 min. The reaction
mixture was further treated with cuprous chloride
(0.049 g, 0.5 mmol) in 25 mL of MeOH solution. The
solution mixture was stirred for 3 h at 25 ℃ with a for‑
mation of a yellow‑green precipitate. The resultant mix‑
ture was filtered and the filtrate was kept to evaporate
slowly at room temperature, yellow‑colored crystals
appeared after 10 d. Yield: 0.253 g (94%). m.p. 135~
135.3 ℃ . Anal. Calcd. for C62H48Cl2Cu2N2P2(% ): C
68.89, H 4.47, N 2.60; Found(%): C 68.74, H 4.53, N
2.27. Molar conductivity: 3.20 S·cm2·mol-1. IR (KBr,
cm-1): 3 055m ν(＝C—H), 1 612m ν(HC＝N), 1 544w,
1 481m ν(C＝C), 746s ν(C—H, oop), 1 435vs ν(P—
CAr, PPh3), 692vs ν(P—C, PPh3). IR (CsI, cm-1): 368w
ν(Cu—N), 229m ν(Cu—Cl), 343m ν(Cu—P). UV ‑Vis
(DMSO, λmax / nm (ɛ / (dm3·mol-1·cm-1))): 438 (22 831),

346 (28 901), 330 (30 303), 308 (32 467), 294 (34 013),
278 (35 971).
1.4 X‑ray crystal structure determination

Green and green‑yellow single crystals with a suit‑
able quality of 1 and 2 were grown by slow evaporation
of the methanol solution. X‑ray diffraction studies of 1
and 2 were performed at 296 K on a Burker Kappa
Apex Ⅱ diffractometer with graphite monochromatic
Mo Kα radiation (λ =0.071 073 nm). The SHELXS ‑
2014 was used for the solution of the complex struc‑
ture[17] and refined by least ‑ squares procedures using
SHELXL ‑ 2014 with SHELXE as a graphical inter‑
face[18]. Non‑hydrogen atoms were refined anisotropical‑
ly. The positions of hydrogen atoms on carbon were
placed geometrically with C—H hydrogen and refined
isotropically[17]. APEX ‑ Ⅱ and SAINT were used for
data collection, data reduction and cell refinement[19].
Crystallographic data and structure refinement details
of 1 and 2 are summarized in Table 1.

CCDC: 1983822, 1; 1983821, 2.
Table 1 Crystal data and structure refinement details of complexes 1 and 2

Complex
Empirical Formula
Formula weight
Crystal system
Space group
Crystal size / mm
a / nm
b / nm
c / nm
α / (°)
β / (°)
γ / (°)
V / nm3
Z

Dc / (g·cm-3)
Absorption coefficient / mm-1
θ ranges for data collection / (°)
Dataset
Total and unique data
F(000)
Number of parameter, restraint
Number of reflection [I>2σ(I)]
Rint
R1, wR2
Largest diff. peak and hole / (e·nm-3)

1

C26H18Cl2CuN2
492.87
Monoclinic
P21/n
0.06×0.09×0.87
0.465(13)
1.439(3)
1.565 6(4)

94.569(12)

1.044 3(5)
2
1.567
1.319
1.9~28.4
-6 ≤ h ≤ 6; -19 ≤ k ≤ 19; -20 ≤ l ≤ 20
22 332 and 2 600
502
142, 0
2 189
0.034
0.036 4, 0.093 0
-360, 600

2

C62H48Cl2Cu2N2P2
1 080.96
Triclinic
P1
0.39×0.47×0.69
0.964 81(7)
1.089 15(8)
1.310 6(8)
96.548(3)
104.768(3)
106.965(3)
1.247 05(15)
1
1.439
1.068
2.0~28.4
-12 ≤ h ≤ 12; -14 ≤ k ≤ 14; -17 ≤ l ≤ 17
60 352 and 6 208
556
316, 0
5 513
0.020
0.024 8, 0.071 0
-440, 260
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1.5 DFT studies

The molecular geometries were optimized using the
density functional theory (DFT) method at the B3LYP
level for the Phend ligand and both complexes with the
Gaussian 09 program package. The 6 ‑311G++ basis set
was for C, H, N, and P, while the LANL2DZ basis set
was employed for the heavy metals Cu􀃬/Cu􀃭[20].
2 Results and discussion

2.1 Synthesis of complexes 1 and 2
PPh3 and aromatic N‑heterocycle, Phend were

used as ligands for the complexation of Cu􀃭 and Cu􀃬
ions (Scheme 1). The reaction of equimolar amounts of
CuCl2·2H2O salt with Phend in methanol as solvent at
25 ℃ obtained complex 1 as a final product. But, in the
reaction of CuCl salt with a mixture of Phend and PPh3
under similar experimental conditions, complex 2 was
achieved as a pure product. The composition and iden‑
tity of each complex have been deduced from agreeable
elemental analysis, UV‑Vis, FT‑IR, molar conductivity,
and single‑crystal X‑ray crystallography study.

Scheme 1 Synthesis of complexes 1 and 2
2.2 X‑ray crystal structures description

The crystals of 1 and 2 were grown by slow evapo‑
ration of methanol solution and their structure were
determined by single ‑ crystal X ‑ ray crystallography.
The crystal structure of complexes 1 and 2 along with
the atom numbering scheme is demonstrated in Fig. 1
and 2, respectively, and selected bond angles and bond
distances are collected in Table 2. In complex 1 the
Cu􀃭 center is tetra ‑ coordinated and coordinated to
two chlorine atoms and two nitrogen atoms of the ligand

Phend, leading to the distorted square planar geometry.
The Cu1—N1 bond length, 0.201 8(2), is shorter than
Cu1—Cl1 bond length, 0.224 39(9) nm, which means
that the attraction between Cu􀃭 center and Cl atom is
stronger than that between Cu􀃭 center and N (Phend)[21].

Ellipsoid probability: 30%; H atoms are omitted for clarity;
Symmetry codes: i 1-x, 1-y, -z

Fig.1 Molecular structure of complex 1

Ellipsoid probability: 30%; H atoms are omitted for clarity;
Symmetry codes: i 1-x, 1-y, -z

Fig.2 Molecular structure of complex 2
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The deviation from 90° for the ideal square planar
geometry is observed for the angles about the Cu 􀃭
center; Cl1—Cu1—N1, Cl1—Cu1—N1i, Cl1i—Cu1—
N1 and Cl1i—Cu1—N1i are 89.66(6)° , 90.34(6)° ,
90.34(6)°, and 89.66(6)°, respectively[22].

X‑ray data reveals that complex 2 crystallize in tri‑
clinic space group and exhibits a distorted tetrahedral
geometry around each Cu􀃬 with [PNCuCl2] coordina‑
tion. The coordination geometry of Cu􀃬 center is com‑
pleted by one N atom of the ligand Phend, P atom of
the ligand PPh3 and two bridge chlorine atoms. The sig‑
nificant deviation from the ideal tetrahedral geometry
arises from the steric effect of the bulky ligands. The
bond angle of Cl1—Cu1—P1 is less than 109.5°, being
107.31(2)°[23]. However, the P1—Cu1—N1 is 128.60(4)° .
The average Cu1—Cl1, Cu1—P1, Cu1—N1, and
Cu1—Cl1i bond lengths are 0.242 07(5), 0.221(5),
0.206 15(12), and 0.243 14(4) nm, respectively[24].
2.3 Theoretical investigations

B3LYP correlation function by the Gaussian 09
package using density functional theory (DFT) compu‑
tation technique has been performed to better under‑
stand the electronic structure of ligand Phend and both
complexes. The optimized structure of ligand Phend

and complex 1 are displayed in Fig.3; while that of the
complex 2 is shown in Fig.4. The HOMO energy levels
of Phend and 1 were -6.792 and -6.019 eV while the
LUMO energy levels were -1.560 and -2.225 eV,
respectively. The HOMO‑LUMO energy gap of Phend
and 1 were 5.232 and 3.794 eV, respectively. The
HOMO energy level of 2 was -4.158 eV while the
LUMO energy level of 2 was -3.218 eV. The energy
gap between HOMO ‑ LUMO of 2 was 0.943 eV. The
calculated HOMO and LUMO band gap energy (3.794

Table 2 Selected bond lengths (nm) and bond angles (°) for 1 and 2

1

Cu1—Cl1
C9—C10
N1—C13

Cl1—Cu1—N1
Cu1—N1—C1
Cl1i—Cu1—N1i
N1—C1—C2

2

Cu1—Cl1
P1—C31
P1—C21

Cl1—Cu1—P1
Cu1—Cl1—Cu1i
Cl1i—Cu1—N1
Cu1—N1—C53

0.224 39(9)
0.136 5(4)
0.139 3(3)

89.66(6)
115.05(18)
89.66(6)
124.5(2)

0.242 07(5)
0.182 78(16)
0.183 4(15)

107.31(2)
79.64(1)
100.29(4)
119.32(10)

Cu1—Cl1i
Cu1—N1
C9—H9

Cl1—Cu1—N1i
Cl1—Cu1—Cl1i
Cu1—N1—C13
C1—N1—C13

Cu1—N1
Cu1—P1
N1—C41

Cl1—Cu1—Cl1i
Cl1—Cu1—N1
Cu1—P1—C11
Cu1—P1—C21

0.224 39(9)
0.201 8(2)
0.93 00

90.34(6)
180.00
125.83(17)
119.0(2)

0.206 15(12)
0.221(5)
0.140 08(18)

100.36(2)
109.95(4)
113.22(4)
116.26(5)

N1—C1
Cu1—N1i

N1—Cu1—N1i
Cl1i—Cu1—N1
C1—N1—C13
N1—C1—C2

P1—C11
Cu1—Cl1i

Cl1i—Cu1—P1
P1—Cu1—N1
Cu1—N1—C41
Cu1—P1—C31

0.129 4(4)
0.201 8(2)

180.00
90.34(6)
119.0(2)
124.5(2)

0.182 95(14)
0.243 14(4)

106.47(2)
128.60(4)
123.10(10)
115.06(5)

Symmetry codes: i 1-x, 1-y, -z for 1; ii 1-x, 1-y, 1-z for 2.

Fig.3 Surface plots of HOMO and LUMO of ligand
Phend and complex 1
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eV) for the copper complex 1 was found to be lower
than that of free ligand Phend (5.232 eV), which justi‑
fies the coordinating of Phend ligand to the Cu􀃭 cen‑
ter in a tetracoordinate fashion[25]. The surface plot of
the highest occupied molecular orbitals (HOMOs) of 2
reveals that the HOMOs are delocalized and reside
mainly on the orbitals of Cu+ ion[26].
2.4 UV‑Vis spectral and conductivity study

The electronic absorption spectra of the ligands
and the corresponding complexes 1 and 2 were record‑
ed in DMSO solution (1 mmol·L-1) at room tempera‑

ture. In the solution spectra of free ligand Phend,
bands were observed at 274, 290 nm and 334, 342 nm,
which may be attributed to π ‑π* and n ‑π* transition
respectively[27‑28]. In the absorption spectra of complexes
1 and 2 these bands were observed at 292, 308, 330,
344 nm and 278, 294, 330, 346 nm, respectively
(Fig. 5). Free PPh3 exhibited a broad band at 274 nm,
which may be assigned to the π‑π* transition[29]. Com‑
plex 1 exhibited a low energy band at 403 nm (24 813
cm-1), which corresponds to charge transfer transition
from the HOMO of nitrogen (pπ ‑orbital) to the LUMO
of Cu􀃭 (dπ‑orbital)[30].

A broad band was observed for complex 2 at 438
nm (22 831 cm-1), which is related to metal ‑ to ‑ ligand
charge transfer d10 Cu􀃬 (HOMO) to (LUMO) π* orbit‑
al of ligand Phend (MLCT) transition[31]. The molar con‑
ductivity values of complexes 1 and 2 were found to be
very low suggesting that they are non‑ionic in nature[32].

Fig.5 UV‑Vis absorption spectra of the ligands and complexes 1 and 2

Fig.4 Surface plots of HOMO and LUMO of complex 2

2.5 IR study
FT ‑ IR spectra of the studied compounds are in

good agreement with the X‑ray crystallography data
with respect to the monodentate nitrogen and phospho‑
rus donating character of the ligands investigated. In
the FT ‑ IR spectra of complexes 1 and 2, significant
peaks were observed above 3 000 cm-1 and in the
region of 1 400~1 600 cm-1, indicating the aromatic
C—H and C＝C stretching vibrations respective‑
ly[33‑34]. The infrared spectra of complexes 1 and 2
revealed medium intense bands at 1 608 and 1 612

cm-1, which are attributed to ν(C＝N), respectively.
These two bands were shifted to a lower‑frequency than
that in the free Phend which appeared at 1 618 cm-1.
This low frequency shift of ν(C＝N) demonstrates that
ligand Phend is coordinated to the metal ion through
the nitrogen atom[35]. The IR spectrum of Cu􀃬 complex
exhibited an expected band due to the PPh3 ligand at
1 456, 1 435, 692, and 540 cm-1 [36]. In a range of 400~
200 cm-1 the weak‑intense bands at 349 and 368 cm-1

are assigned to Cu—N stretching in 1 and 2, respec‑
tively. In this IR region, the bands at 285 and 343 cm-1

Hikmat Ali Mohamad等：菲啶和三苯基膦的Cu􀃬/Cu􀃭配合物的合成、
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are attributed to ν(Cu—Cl) in 1 and 2, respectively[37].
In addition, the IR spectrum of complex 2 displayed a
strong‑intense band at 692 cm-1 corresponding to
ν(Cu—P)[38].
3 Conclusions

In the current study, we have reported two new
homoleptic and heteroleptic Cu 􀃬/Cu􀃭 halide com‑
plexes [Cu(κ1 ‑ Phend)2Cl2] (1) and [Cu2(κ1 ‑ Phend)2(κ1 ‑
PPh3)2(μ ‑Cl)2] (2) bearing a monodentate Phend ligand
and PPh3 co‑ligand. From the single‑crystal X‑ray anal‑
ysis, it has been exhibited that the complex 1 is distort‑
ed square planar arrangement around the Cu􀃭 center
while the complex 2 is distorted tetrahedral arrange‑
ment around Cu􀃬 ion. The UV‑Vis spectra of 1 and 2
displayed bands at 403 nm (24 813 cm-1) and 438 nm
(22 831 cm-1), respectively, which are corresponding to
LMCT and MLCT transitions respectively. The energy
of molecular levels is supported by DFT computations.

Acknowledgments: We wish to thank the university of
Salahaddin and university of Halabja for limited support of this
work. We acknowledge Mr. Mzgin Ayoob and Ms. Aveen Jalal
for help in the FT‑IR and UV‑Vis measurements.

Supporting information is available at http://www.wjhxxb.cn

References:

[1] Sandroni M, Pellegrin Y, Odobel F. C. R. Chim., 2016,19(1/2):79‑93
[2] Chen J L, Wu Y H, He L H, Wen H R, Liao J S, Hong R J.
Organometallics, 2010,29(13):2882‑2891

[3] Santini C, Pellei M, Gandin V, Porchia M, Tisato F, Marzano C.
Chem. Rev., 2014,114(1):815‑862

[4] Chen Z N, Fan Y, Ni J. Dalton Trans., 2008(5):573‑581
[5] Atesin A C, Zhang J, Vaidya T, Brennessel W W, Frontier A J,
Eisenberg R. Inorg. Chem., 2010,49(9):4331‑4342

[6] Ni J, Zhang X, Wu Y H, Chen Z N. Chem. Eur. J., 2011,17(4):1171‑
1183

[7] Li X L, Zhang K J, Li J J, Cheng X X, Chen Z N. Eur. J. Inorg.
Chem., 2010(22):3449‑3457

[8] Benzekri A, Cartier C, Latour J M, Limosin D, Rey P, Verdaguer M.
Inorg. Chim. Acta, 1996,252(1/2):413‑420

[9] Liu R, Huang M M, Yao X X, Li H H, Yang F L, Li X L. Inorg. Chim.
Acta, 2015,434:172‑180

[10]Espinoza S, Arce P, San‑Martín E, Lemus L, Costamagna J, Farias L,
Rossi M, Caruso F, Guerrero J. Polyhedron, 2015,85:405‑411

[11]Sathiyanarayanan K I, Karthikeyan N S, Aravindan P G, Shanthi S,

Rathore R S, Lee C W. J. Heterocycl. Chem., 2009,46(6):1142‑1144
[12]Li D J, Zhao B P, Sim S P, Li T K, Liu A, Liu L F, LaVoie, E J.

Bioorg. Med. Chem., 2003,11(17):3795‑3805
[13]Araki H, Tsuge K, Sasaki Y, Ishizaka S, Kitamura N. Inorg. Chem.,

2005,44(26):9667‑9675
[14]Park G Y, Wilson J J, Song Y, Lippard S J. Proc. Natl. Acad. Sci.

U.S.A., 2012,109(30):11987‑11992
[15]Alizadeh R, Hafezeffati S, Amani V, Khavasi H R, Harms K.

Monatsh. Chem., 2015,146(4):581‑589
[16]Chandra R, Dutta A, Manna A K, Rout K, Mondal J, Patra G K.

Inorg. Chim. Acta, 2019,496:119042‑119052
[17]Sheldrick G M. Acta Crystallogr. Sect. C, 2015,C71:3‑8
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Klopper W, Monkowius U, Hofbeck T, Yersin H B. Inorg. Chem.,
2013,52(5):2292‑2305

[24]Kondo M, Shibuya Y, Nabari K, Miyazawa M, Yasue S, Maeda K,
Uchida F. Inorg. Chem. Commun., 2007,10(11):1311‑1314

[25]Kumar M, Kishor S, Kumar A, Bhagi A K, John R P. J. Mol. Struct.,
2020,1199:126996‑127006

[26]Mondal J, Pal P K, Mukherjee A, Patra G K. Inorg. Chim. Acta,
2017,466:274‑284

[27]Khalaji A D, Shahsavani E, Dusek M, Kucerakova M. J. Iran. Chem.
Soc., 2019,16(6):1179‑1187

[28]Dixit N, Koiri R K, Maurya B K, Trigun S K, Höbartner C, Mishra L.
J. Inorg. Biochem., 2011,105(2):256‑267

[29]Lazarou K, Bednarz B, Kubicki M, Verginadis I I, Charalabopoulos
K, Kourkoumelis N, Hadjikakou S K. Inorg. Chim. Acta, 2010,363
(4):763‑772

[30]Piri Z, Moradi ‑Shoeili Z, Assoud A. Inorg. Chem. Commun., 2017,
84:122‑126

[31]Escobar M A, Jara D H, Tapia R A, Lemus L, Fröhlich R, Guerrero
J, Rojas R S. Polyhedron, 2013,62:66‑74

[32]Ghosh K, Kumar P, Mohan V, Singh U P. Inorg. Chem. Commun.,
2012,15:56‑60

[33]吴庆安,陈浩,黄道臣,夏良敏,王肖璟,娄文雅,吴晓峰,罗书平 .
无机化学学报, 2018,34(2):270‑276
WU Q A, CHEN H, HUANG D C, XIA L M, WANG X J, LOU W Y,
WU X F, LUO S P. Chinese J. Inorg. Chem., 2018,34(2):270‑276

[34]Amani V, Safari N, Khavasi H R.Polyhedron, 2007,26(15):4257‑4262
[35]Ali K O, Ali H M, Gerber T, Hosten E. Orient. J. Chem., 2017,33(2):

584‑592
[36]Devkule S S, Chavan S S. Inorg. Chim. Acta, 2017,466:122‑129
[37]Hameed A A, Alheety M A, Mahmood A R, Al‑Jibori S A, Karadag

A. Inorg. Chem. Commun., 2019,106:11‑17
[38]Al‑Jibori S A, Al‑Jibori M H, Hogarth G. Inorg. Chim. Acta, 2013,

398:117‑123

1112


