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Abstract: Two new complexes of copper(I) and copper(Il) with phenanthridine (Phend) of the following composition:
[Cu(k'-Phend),Cl,] (1) and [Cu,(k'-Phend),(k'-PPh,),(u-Cl),] (2) have been prepared in the presence of triphenylphos-
phine (PPh;) 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(Il) whereas the binuclear complex 2 was irregular tetra-
hedral geometry around Cu(I) 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.
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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!”. The
Cu(I)/Cu(ll) 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 (I)"*,
iridium(”", platinum(V)", and gold(I)". The coordinat-
ed ligands around Cu(I)/Cu(ll) 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™”.
Monodentate ligands have shown effective in decreas-
ing steric interactions in the ligand itself that inhibit
the metal coordination environment"”. The most com-
mon N-heterocyclic compound in drug chemistry is
phenanthridine (Phend) due to its antitumor and antivi-

M. The pharmacological properties of

ral activities
Phend and its derivatives come-back to the planarity
and conjugate 7-system of the compound"”. Triphe-
nylphosphine (PPh,), 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'”. Research on Phend is
commonly limited in coordination chemistry!”. As N-
donor ligand Phend can be generated a complex of cis-
[Pt(NH,),(C,;H,N)CI|NO,, that illustrates a new antitu-
mor property!"’. [Au(Phend)Cl,] and [Au(Phend)Br;]
complexes have been prepared and exhibit antitumor
activity™. Cu (I)/Cu (II) ion complexes are potentially
effective in the synthesis of a variety of polymeric
compounds due to their emissive property'®. In this
article, we report our results in the synthesis of two new
Cu (1)/Cu ()
heterocycle, Phend ligands with general composition:
[Cu(k'-Phend),Cl,] (1) and [Cu,(k'-Phend),(k'-PPh,),( u-
Cl),] (2). The synthesized Cu(I)/Cu(ll) complexes were

complexes containing PPh; and N-

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 (CuClL-2H,0 and CuCl),
Phend, PPh;, 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™ or 600~200 cm ™" were recorded on SHIMADZU
FTIR - 8400S as KBr or Csl 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™" solu-
tions in DMF at 25 °C 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(x'-Phend),CL] (1)

To a solution of CuCl,-2H,0 (0.042 g, 0.25 mmol)
in CH;OH (25 mL), a solution of Phend (0.089 g, 0.5
mmol) in CH,OH (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 °C. Anal. Calcd. for C,sH,;Cl,CuN,(% ): C
63.36, H 3.68, N 5.69; Found(%): C 63.25, H 3.71, N
5.93. Molar conductivity: 5.3 S:em’+mol™. IR (KBr,
em™): 3 061m v(= C—H), 1 608m v(HC =N), 1 591
w, 1 492m »(C=C), 746s v(C—H, oop). IR (Csl,
ecm™): 349w p(Cu—N), 285m »(Cu—Cl). UV-Vis
(DMSO, A, / nm (&/ (dm’+mol™"-em™))): 403(24 813),
344(29 069), 330(30 303), 308(32 467), 292(34 246).
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1.3 Synthesis of [Cu,(x'-Phend),(«c'-PPh,),(u-Cl),]

(2)

A mixture of Phend (0.089 g, 0.5 mmol) and PPh,
(0.131 g, 0.5 mmol) in 25 mLL MeOH was dissolved by
mechanical stirring at 25 “C 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 °C 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 C . Anal. Caled. for Cg,H,Cl,Cu,N,P,(% ): C
68.89, H 4.47, N 2.60; Found(%): C 68.74, H 4.53, N
2.27. Molar conductivity: 3.20 S-em’+mol™. IR (KBr,
em™): 3055m v(= C—H), 1 612m »(HC = N), 1 544w,
1 481m v(C=C), 746s v(C—H, oop), 1 435vs v(P—
C,, PPhy), 692vs »(P—C, PPh,). IR (Csl, cm™): 368w
v(Cu—N), 229m »(Cu—-Cl), 343m »(Cu—P). UV -Vis

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 I diffractometer with graphite monochromatic
Mo Ka radiation (A =0.071 073 nm). The SHELXS -
2014 was used for the solution of the complex struc-

U7 and refined by least - squares procedures using

ture
SHELXL - 2014 with SHELXE as a graphical inter-
face!"®. Non-hydrogen atoms were refined anisotropical-
ly. The positions of hydrogen atoms on carbon were
placed geometrically with C—H hydrogen and refined
isotropically!”. APEX - I and SAINT were used for
data collection, data reduction and cell refinement'’.
Crystallographic data and structure refinement details

of 1 and 2 are summarized in Table 1.

CCDC: 1983822, 1; 1983821, 2.

(DMSO, A

max

/nm (&/ (dm*+mol™"-em™))): 438 (22 831),

Table 1 Crystal data and structure refinement details of complexes 1 and 2

Complex 1 2
Empirical Formula C,6H,5CL,CuN, Cg,HysCLCu,N, P,
Formula weight 492.87 1 080.96
Crystal system Monoclinic Triclinic
Space group P2,/n P1
Crystal size / mm 0.06x0.09%0.87 0.39%0.47%0.69
a/nm 0.465(13) 0.964 81(7)
b/nm 1.439(3) 1.089 15(8)
¢/nm 1.565 6(4) 1.310 6(8)
al(°) 96.548(3)
B 94.569(12) 104.768(3)
v /(%) 106.965(3)
V/nm? 1.044 3(5) 1.247 05(15)
A 2 1
D,/ (g-cm™) 1.567 1.439
Absorption coefficient / mm™ 1.319 1.068
60 ranges for data collection / (°) 1.9~28.4 2.0~28.4
Dataset -6<h<6;-19<k<19;-20<[<20 —12<h<12;-14<k<14;-17<1<17
Total and unique data 22 332 and 2 600 60 352 and 6 208
F(000) 502 556
Number of parameter, restraint 142,0 316,0
Number of reflection [/>207(])] 2189 5513
R, 0.034 0.020
R, wR, 0.036 4, 0.093 0 0.024 8,0.071 0
Largest diff. peak and hole / (e*nm™) -360, 600 -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(I)/Cu(I)*”,

2 Results and discussion

2.1 Synthesis of complexes 1 and 2

PPh; and aromatic N-heterocycle, Phend were

CH,0H

Scheme 1

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(ll) center is tetra - coordinated and coordinated to

two chlorine atoms and two nitrogen atoms of the ligand

Ellipsoid probability: 30%; H atoms are omitted for clarity;

Symmetry codes: ' 1-x, -y, —z

Fig.1 Molecular structure of complex 1

CuCl, PPh,, 3 h

used as ligands for the complexation of Cu(Il) and Cu(I)
ions (Scheme 1). The reaction of equimolar amounts of
CuCl,+2H,0 salt with Phend in methanol as solvent at
25 °C obtained complex 1 as a final product. But, in the
reaction of CuCl salt with a mixture of Phend and PPh,
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.

|
N
O o Q<
X CH,OH u
3 e\ N/ \Cl

I
N /I CuCl, 200,40 | ]

Phend 1

Synthesis of complexes 1 and 2

Phend, leading to the distorted square planar geometry.
The Cul—N1 bond length, 0.201 8(2), is shorter than
Cul—ClI1 bond length, 0.224 39(9) nm, which means
that the attraction between Cu(ll) center and Cl atom is

stronger than that between Cu(ll) center and N (Phend)™",

C49 AP C50

Ellipsoid probability: 30%; H atoms are omitted for clarity;

Symmetry codes: ' 1-x, 1=y, =z

Fig.2 Molecular structure of complex 2
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Table 2 Selected bond lengths (nm) and bond angles (°) for 1 and 2

Cul—Cl1 0.224 39(9) Cul—ClI 0.224 39(9) N1—Cl1 0.129 4(4)
Cc9—C10 0.136 5(4) Cul—N1 0.201 8(2) Cul—NI 0.201 8(2)
N1I—CI13 0.139 3(3) C9—H9 0.93 00

Cl1—Cul—N1 89.66(6) Cl1—Cul—NT1' 90.34(6) N1—Cul—NT1' 180.00

Cul—NI—C1 115.05(18) Cl1—Cul—Cl1' 180.00 Clli—Cul—N1 90.34(6)

Clli—Cul—N1! 89.66(6) Cul—N1—C13 125.83(17) C1—NI1—C13 119.0(2)

NI—C1—C2 124.5(2) CI—NI1—CI13 119.0(2) NI—CI1—C2 124.5(2)
Cul—cCl1 0.242 07(5) Cul—NI1 0.206 15(12) P1—Cl11 0.182 95(14)
P1—C31 0.182 78(16) Cul—P1 0.221(5) Cul—Clli 0.243 14(4)
P1—C21 0.183 4(15) N1—C41 0.140 08(18)

Cl1—Cul—PI 107.31(2) Cl1—Cul—Cl1' 100.36(2) Cl1'—Cul—P1 106.47(2)

Cul—Cl1—Cul! 79.64(1) Cl1—Cul—N1 109.95(4) P1—Cul—N1 128.60(4)

Cl1—Cul—N1 100.29(4) Cul—P1—C11 113.22(4) Cul—NI1—C41 123.10(10)

Cul—N1—C53 119.32(10) Cul—P1—C21 116.26(5) Cul—P1—C31 115.06(5)

Symmetry codes: ' 1=x, 1=y, =z for 1; # 1—x, 1-y, 1=z for 2.

The deviation from 90° for the ideal square planar
geometry is observed for the angles about the Cu (Il)
center; Cl1—Cul—N1, Cl1—Cul—N1', Cl11'—Cul—
N1 and CII'—Cul—NI' are 89.66(6)° , 90.34(6)° ,
90.34(6)°, and 89.66(6)°, respectively™.

X-ray data reveals that complex 2 crystallize in tri-
clinic space group and exhibits a distorted tetrahedral
geometry around each Cu(I) with [PNCuCl,] coordina-
tion. The coordination geometry of Cu(I) center is com-
pleted by one N atom of the ligand Phend, P atom of
the ligand PPh, 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 Cl11—Cul—P1 is less than 109.5°, being
107.31(2)°. However, the P1—Cu1—N1 s 128.60(4)°.
The average Cul—Cll, Cul—PI1, Cul—NI1, and
Cul—Cl1" bond lengths are 0.242 07(5), 0.221(5),
0.206 15(12), and 0.243 14(4) nm, respectively™.

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 €V,
respectively. The HOMO -LUMO energy gap of Phend
and 1 were 5.232 and 3.794 €V, 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

9

LUMO (E = -1.560 eV) HOMO (E = -6.792 eV)

Phend
9

el
/‘

v’
23 ,

HOMO (E = -6.019 eV)

LUMO (E = -2.225 eV)

Complex 1

Fig.3  Surface plots of HOMO and LUMO of ligand
Phend and complex 1
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LUMO (£ = -3.218 eV) HOMO (E = -4.158 eV)

Complex 2

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

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(ll) cen-
ter in a tetracoordinate fashion™. 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™.
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™) at room tempera-

1.8

292

Q)

Absorbance
e - o= =
o ® [T N
) P

041

300 350 400 450

Wavelength / nm

500

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 7-7* and n-7* transition
respectively” ™, 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 PPh; exhibited a broad band at 274 nm,
which may be assigned to the 7-7* transition™. Com-
plex 1 exhibited a low energy band at 403 nm (24 813
cm™), which corresponds to charge transfer transition
from the HOMO of nitrogen (pm -orbital) to the LUMO
of Cu(ll) (d7r-orbital)*.

A broad band was observed for complex 2 at 438
nm (22 831 c¢m™), which is related to metal-to-ligand
charge transfer d'° Cu(I) (HOMO) to (LUMO) 7% orbit-
al of ligand Phend (MLCT) transition”". The molar con-
ductivity values of complexes 1 and 2 were found to be

very low suggesting that they are non-ionic in nature™.

35

3 4 278 == Complex 2

294
—— PPh,

Phend

Absorbance

450 500

0 -
200

300 350 400

Wavelength / nm

250

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

2.5 IR study

FT-1IR 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-1IR spectra of complexes 1 and 2, significant
peaks were observed above 3 000 c¢cm™ and in the
region of 1 400~1 600 c¢m™, indicating the aromatic
C—H and C==C stretching vibrations respective-
[33-34]

Iy**“*. The infrared spectra of complexes 1 and 2

revealed medium intense bands at 1 608 and 1 612

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

are assigned to Cu—N stretching in 1 and 2, respec-

tively. In this IR region, the bands at 285 and 343 cm™
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are attributed to »(Cu—=Cl) in 1 and 2, respectively””.
In addition, the IR spectrum of complex 2 displayed a
strong-intense band at 692 c¢m™ corresponding to

»(Cu—P)™.
3 Conclusions

In the current study, we have reported two new
homoleptic and heteroleptic Cu (I)/Cu (Il) halide com-
plexes [Cu(k'-Phend),Cl,] (1) and [Cu,(k'-Phend),(x" -
PPh,),(-Cl),] (2) bearing a monodentate Phend ligand
and PPh; 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(ll) center
while the complex 2 is distorted tetrahedral arrange-
ment around Cu(I) ion. The UV-Vis spectra of 1 and 2
displayed bands at 403 nm (24 813 cm™) and 438 nm
(22 831 em™), respectively, which are corresponding to
LMCT and MLCT transitions respectively. The energy

of molecular levels is supported by DFT computations.
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