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Abstract
A new bromido-coordinated mononuclear copper(II) complex [Cu(HL1)Br2] (1), and a new mononuclear copper(II) 
complex [CuL2(HL2)]ClO4 · 0.5H2O (2), with the hydrazone ligands 4-tert-butyl-N’-(1-(pyridin-2-yl)ethylidene)benzo-
hydrazide (HL1) and 4-bromo-N’-(pyridin-2-ylmethylene)benzohydrazide (HL2), have been synthesized and structural-
ly characterized by physico-chemical methods and single crystal X-ray determination. X-ray analysis indicates that the 
Cu atom in complex 1 is in distorted square pyramidal coordination, and that in complex 2 is in octahedral coordination. 
The catalytic property for epoxidation of styrene by the complexes was evaluated. 
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1. Introduction
Hydrazone compounds, containing the typical 

-CH=N-NH-C(O)- groups, represent one of the most at-
tractive series of ligands in coordination chemistry. The hy-
drazone ligands are capable of binding various transition 
and rare earth metal atoms to form complexes with versatile 
structures and properties.1 To date, most hydrazone com-
plexes have been reported to have interesting catalytic prop-
erties, such as asymmetric epoxidation, oxidation of sulfides, 
and various type of polymerization.2 Among the complexes, 
those with Cu centers are of particular interest for their cat-
alytic properties.3 To date, a large number of metal complex-
es with the hydrazones derived from salicylaldehyde and its 
analogues are reported. This type of hydrazone ligands usu-
ally act as dianionic form during coordination.4 However, 

the complexes with the hydrazones derived from 
2-acetylpyridine and 2-pyridinecarboxaldehyde, which act 
as mono-anionic form in the complexes are rare.5 Shaabani 
and coworkers have reported copper(II) complexes with the 
ligand pyridine-2-carboxaldehyde 4-hydroxy benzol hydra-
zone, and their interesting antibacterial activities.6 In pur-
suit of new copper(II) complexes with mono-anionic hy-
drazone ligands, we report herein the syntheses, X-ray crys-
tal structures, and catalytic properties of a new bromido-co-
ordinated mononuclear copper(II) complex [Cu(HL1)Br2] 
(1), and a new mononuclear copper(II) complex 
[CuL2(HL2)]ClO4 · 0.5H2O (2), with the hydrazone ligands 
4-tert-butyl-N’-(1-(pyridin-2-yl)ethylidene)benzohydra-
zide (HL1) and 4-bromo-N’- (pyridin-2-ylmethylene)ben-
zohydrazide (HL2) (Scheme 1). 

Scheme 1. The preparation of the hydrazone ligands HL1 and HL2.
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2. Experimental
2. 1. Materials

Copper bromide, copper perchlorate, 2-acetylpyri-
dine, 2-pyridinecarboxaldehyde, 4-tert-butylbenzohydra-
zide, and 4-bromobenzohydrazide were purchased from 
Aldrich. All other reagents with AR grade were used as 
received without further purification. 

Caution: Copper perchlorate is potentially explosive. 
Only small quantities should be used and handled with 
great care. 

2. 2. Physical Measurements
Infrared spectra (4000–400 cm–1) were recorded as 

KBr discs with a FTS-40 BioRad FT-IR spectrophotome-
ter. The electronic spectra were recorded on a Lambda 35 
spectrometer. Microanalyses (C,H,N) of the complex were 
carried out on a Carlo-Erba 1106 elemental analyzer. Solu-
tion electrical conductivity was measured at 298K using a 
DDS-11 conductivity meter. GC analyses were performed 
on a Shimadzu GC-2010 gas chromatograph.

2. 3. X-ray Crystallography
Crystallographic data of the complexes were col-

lected on a Bruker SMART CCD area diffractometer with 
graphite monochromated Mo-Kα radiation (λ = 0.71073 
Å) at 298(2) K. Absorption corrections were applied by 
using the multi-scan program.7 The structures of the 

complexes were solved by direct methods and successive 
Fourier difference syntheses (SHELXS-97), and anisotro-
pic thermal parameters for all nonhydrogen atoms were 
refined by full-matrix least-squares procedure against F2 
(SHELXL-97).8 All non-hydrogen atoms were refined 
anisotropically. The hydrogen atoms were located at cal-
culated positions, and refined isotropically with Uiso(H) 
values constrained to 1.2 Uiso(C) and 1.5 Uiso(O and 
methyl C). The perchlorate anion of complex 2 is disor-
dered over two sites, with occupancies of 0.565(3) and 
0.435(3), respectively. The Cl-O and O···O distances are 
restrained to 1.40(1) and 2.30(2) Å, respectively. The at-
oms of the disordered perchlorate anion are refined as 
isotropic behavior. The resolution and bond precision of 
complex 2 are low, which is due to the poor quality of the 
crystal. There is a large solvent accessible void in the 
structure of complex 2, which might indicate the pres-
ence of solvent molecules. The crystallographic data and 
experimental details for the structural analysis are sum-
marized in Table 1, and the selected bond lengths and 
angles are listed in Table 2. 

2. 4. Synthesis of [Cu(HL1)Br2] (1)
2-Acetylpyridine (1.0 mmol, 0.12 g) and 4-tert-but-

ylbenzohydrazide (1.0 mmol, 0.19 g) were mixed and 
stirred in methanol (20 mL) for 30 min. Then, copper 
bromide (1.0 mmol, 0.22 g) was added to the mixture, 
and the final mixture was further stirred at room tem-
perature for 30 min. The deep blue reaction solution was 

Table 1. Crystallographic data for the single crystal of the complexes

	 1	 2

Empirical formula	 C72H84Br8Cu4N12O4	 C52H40Br4Cl2Cu2N12O13
Formula weight	 2074.95	 1558.58
Temperature (K)	 298(2)	 298(2)
Crystal system	 Monoclinic	 Triclinic
Space group	 P21/c	 P1̄
a (Å)	 8.0883(11)	 10.0284(10)
b (Å)	 13.2359(13)	 12.0977(11)
c (Å)	 18.8467(12)	 13.9005(15)
α (º)	 90	 83.955(2)
β (º)	 101.400(2)	 77.755(2)
γ (º)	 90	 89.579(2)
V (Å3)	 1977.8(4)	 1638.7(3)
Z	 1	 1
F(000)	 1028	 772
Collected data	 11413	 9964
Unique data	 3651	 4390
Observed data [I > 2σ(I)]	 2553	 1551
Restraints	 0	 80
Parameters	 230	 431
Goodness-of-fit on F2	 1.022	 0.903
R1, wR2 [I > 2σ(I)]	 0.0456, 0.1013	 0.0859, 0.1502
R1, wR2 (all data)	 0.0773, 0.1142	 0.1806, 0.2141
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evaporated to remove three quarters of the solvents under 
reduced pressure, yielding blue solid of the complex. 
Yield: 45%. Well-shaped single crystals suitable for X-ray 
diffraction were obtained by recrystallization of the solid 
from methanol. Elemental analysis found: C, 41.15; H, 
4.23; N, 7.92%. C72H84Br8Cu4N12O4 calcd: C, 41.68; H, 
4.08; N, 8.10%. IR data (KBr, cm–1): 3453 (w, OH), 3183 
(w, NH), 1635 (s, C=O), 1603 (s, CH=N), 1502, 1461, 
1346, 1165, 1073, 963, 860, 637, 540, 515, 446. UV-Vis 
data (λmax, nm): 276, 320, 375, 515, 681. 

2. 5.� Synthesis of [CuL2(HL2)] 
ClO4  · 0.5H2O (2)
2-Pyridinecarboxaldehyde (1.0 mmol, 0.11 g) and 

4-bromobenzohydrazide (1.0 mmol, 0.21 g) were mixed 
and stirred in methanol (20 mL) for 30 min. Then, copper 
perchlorate hexahydrate (1.0 mmol, 0.37 g) was added to 
the mixture, and the final mixture was further stirred at 
room temperature for 30 min. The deep blue reaction solu-
tion was evaporated to remove three quarters of the sol-
vents under reduced pressure, yielding blue solid of the 
complex. Yield: 37%. Well-shaped single crystals suitable 
for X-ray diffraction were obtained by recrystallization of 
the solid from methanol. Elemental analysis found: C, 
40.23; H, 2.68; N, 10.71%. C52H40Br4Cl2Cu2N12O13 calcd: 
C, 40.07; H, 2.59; N, 10.78%. IR data (KBr, cm–1): 3482 (w, 
OH), 3197 (w, NH), 1638 (s, C=O), 1592 (s, CH=N), 1565, 
1487, 1445, 1367, 1306, 1293, 1222, 1150, 1107, 1066, 1010, 
919, 845, 777, 751, 671, 623, 580, 523, 476. UV-Vis data 
(λmax, nm): 293, 378, 656. 

2. 6. Styrene Epoxidation

The epoxidation reaction was carried out at room 
temperature in acetonitrile under N2 atmosphere with 
constant stirring. The composition of the reaction mixture 
was 2.00 mmol of styrene, 2.00 mmol of chlorobenzene 
(internal standard), 0.10 mmol of the complex (catalyst) 
and 2.00 mmol iodosylbenzene or sodium hypochlorite 
(oxidant) in 5.00 mL freshly distilled acetonitrile. When 
the oxidant was sodium hypochlorite, the solution was 
buffered to pH 11.2 with NaH2PO4 and NaOH. The com-
position of reaction medium was determined by GC with 
styrene and styrene epoxide quantified by the internal 
standard method (chlorobenzene). All other products de-
tected by GC were mentioned as others. For each complex 
the reaction time for maximum epoxide yield was deter-
mined by withdrawing periodically 0.1 mL aliquots from 
the reaction mixture and this time was used to monitor the 
efficiency of the catalyst on performing at least two inde-
pendent experiments. Blank experiments with each oxi-
dant and using the same experimental conditions except 
catalyst were also performed. 

3. Results and Discussion
3. 1. Chemistry

The hydrazones were readily prepared by conden-
sation reaction of 2-acetylpyridine with 4-tert-butylben-
zohydrazide, and 2-pyridinecarboxaldehyde with 4-bro-
mobenzohydrazide, respectively, in methanol. The com-

Table 2. Selected bond distances (Å) and bond angles (º) for the complexes

Bond	       d, Å	             Bond	        d, Å

1
Cu(1)–N(1)	     2.010(4)	 Cu(1)–N(2)	     1.978(4)
Cu(1)–O(1)	     2.037(3)	 Cu(1)–Br(1)	     2.5519(9)
Cu(1)–Br(2)	     2.3801(9)		
N(2)–Cu(1)–N(1)	   78.95(17)	 N(2)–Cu(1)–O(1)	   78.10(15)
N(1)–Cu(1)–O(1)	 156.59(17)	 N(2)–Cu(1)–Br(2)	 145.42(13)
N(1)–Cu(1)–Br(2)	   99.22(13)	 O(1)–Cu(1)–Br(2)	   97.01(11)
N(2)–Cu(1)–Br(1)	 107.43(13)	 N(1)–Cu(1)–Br(1)	   97.18(13)
O(1)–Cu(1)–Br(1)	   94.04(12)	 Br(2)–Cu(1)–Br(1)	 107.05(3)
2
Cu(1)–N(1)	     2.292(10)	 Cu(1)–N(2)	     2.005(10)
Cu(1)–N(4)	     2.094(12)	 Cu(1)–N(5)	     1.849(13)
Cu(1)–O(1)	     2.379(8)	 Cu(1)–O(2)	     2.048(9)
N(5)–Cu(1)–N(2)	 177.6(5)	 N(5)–Cu(1)–O(2)	   78.4(5)
N(2)–Cu(1)–O(2)	   99.3(4)	 N(5)–Cu(1)–N(4)	   79.2(5)
N(2)–Cu(1)–N(4)	 103.1(5)	 O(2)–Cu(1)–N(4)	 157.3(4)
N(5)–Cu(1)–N(1)	 105.4(5)	 N(2)–Cu(1)–N(1)	   74.2(4)
O(2)–Cu(1)–N(1)	 100.2(3)	 N(4)–Cu(1)–N(1)	   89.5(4)
N(5)–Cu(1)–O(1)	 108.7(4)	 N(2)–Cu(1)–O(1)	   71.7(4)
O(2)–Cu(1)–O(1)	   86.1(3)	 N(4)–Cu(1)–O(1)	   97.4(4)
N(1)–Cu(1)–O(1)	 145.9(3)		
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plexes 1 and 2 were prepared by the reaction of the hy-
drazones with copper bromide (for 1) and copper per-
chlorate hexahydrate (for 2) in methanol (Scheme 2). 
The reaction progresses are accompanied by an immedi-
ate color change of the solution from colorless to deep 
blue. The molar conductivities (ΛM = 28 Ω–1 cm2 mol–1 
for 1 and 153 Ω–1 cm2 mol–1 for 2) are consistent with  
the values expected for non-electrolyte and 1:1 electro- 
lyte.9 

3. 2. �Crystal Structure Description  
of Complex 1
Single-crystal X-ray analysis reveals that compound 

1 is a bromido-coordinated mononuclear copper(II) 
complex. The ORTEP plot of the complex is shown in Fig. 
1. The copper atom is in a distorted square pyramidal ge-
ometry, which is coordinated by the N2O donor atoms of 
the hydrazone ligand and one Br atom in the basal plane, 
and one Br atom at the apical position. The distortion of 
the square pyramidal coordination of the structure can be 
observed from the bond angles (Table 2) related to the Cu 
atom. The cis- and trans- angles related to the Cu atom at 
the basal plane are in the range of 78.10(15)–99.22(13)º 
and 145.42(13)–156.59(17)º, respectively. The bond an-
gles among the apical and basal donor atoms are in the 
range of 94.04(12)–107.43(13)º. The bond lengths of 
Cu–O and Cu–N (Table 2) are close to those in other Cu 
complexes with Schiff base ligands.9 The question arises 
as to whether the coordination polyhedron around the 
five-coordinated metal ion can be described as a distorted 
square pyramid or a distorted trigonal bipyramid. Fur-
ther information can be obtained by determining the 
structural index τ which represents the relative amount of 
trigonality (square pyramid, τ = 0; trigonal bipyramid, τ = 
1); τ = (β – α)/60°, α and β being the two largest angles 

Scheme 2. The preparation of the complexes.

Fig. 1. ORTEP diagram of complex 1 with 30% thermal ellipsoid. 

Fig. 2. Molecular packing structure of complex 1 linked by hydro-
gen bonds. 
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around the central atom.10 The value of τ is 0.366. Thus, 
the coordination geometry of the copper atom is approx-
imately described as a severely distorted square pyramid. 
The hydrazone ligand coordinates to the Cu atom through 
neutral state. The molecules are linked through N‒H···Br 
hydrogen bonds (Table 3), to generate chains along the y 
axis (Fig. 2). 

3. 3. �Crystal Structure Description  
of Complex 2
Single-crystal X-ray analysis reveals that compound 

2 is a mononuclear copper(II) complex. The ORTEP plot 
of the complex is shown in Fig. 3. The compound con-
tains a [CuL2(HL2)] cation, a perchlorate anion and half 
water molecule of crystallization. The ORTEP plot of the 
complex is shown in Fig. 1b. The copper atom is in a dis-
torted octahedral geometry, which is coordinated by the 
N2O donor atoms of one neutral hydrazone ligand and 
one mono-anionic hydrazone ligand. The distortion of 
the octahedral coordination of the structure can be ob-
served from the bond angles (Table 2) related to the Cu 
atom. The cis- and trans- angles related to the Cu atom 
are in the range of 74.2(4)–108.7(4)º and 145.9(3)–
177.6(5)º, respectively. The bond lengths of Cu–O and 
Cu–N (Table 2) are close to those in other Cu complexes 
with Schiff base ligands.9 The perchlorate anions are 

linked to the complex cations through N‒H···O hydrogen 
bonds (Table 3; Fig. 4). 

3. 4. IR and UV-vis Spectra of the Complexes
The weak and broad absorptions in the region 3350–

3500 cm–1 are attributed to the O-H bonds of the water 
molecules. The weak absorptions at 3180–3200 cm–1 are 
assigned to the stretching vibration of the N–H groups. 
The intense bands at 1635 cm–1 for 1 and 1638 cm–1 for 2 
are assigned to the vibration of the C=O groups. The typi-
cal bands for the azomethine groups, ν(C=N), are ob-
served at 1595–1603 cm–1 for both complexes.11 The in-Fig. 3. ORTEP diagram of complex 2 with 30% thermal ellipsoid. 

Fig. 4. Molecular packing structure of complex 2 linked by hydro-
gen bonds.

Table 3. Hydrogen bond distances (Å) and bond angles (deg) for the complexes 

D–H∙∙∙A	 d(D–H)	 d(H∙∙∙A)	 d(D∙∙∙A)	 Angle (D–H∙∙∙A)

1
N3–H3∙∙∙Br2#1	 0.86	 3.05	 3.910(4)	 178(5)
2
N3–H3A∙∙∙O4#2	 0.86	 2.45	 3.036(19)	 126(5)

Symmetry codes: #1: 1 – x, –y, 1 – z; #2: x, –1 + y, z.



49Acta Chim. Slov. 2021, 68, 44–50

Tan and Lei:   Synthesis, Crystal Structures, Characterization   ...

tense bands in the range of 1060–1110 cm–1 for the spec-
trum of complex 2 are due to the vibration of the perchlo-
rate anion.12 The weak bands in the range of 400–650 cm–1 
are assigned to the vibrations of the Cu–O and Cu–N 
bonds. 

In the UV-Vis spectra of the complexes, the bands at 
375 nm for 1 and 378 nm for 2 are attributed to the azome-
thine chromophore π-π* transition. The bands at higher 
energy (276 and 320 nm for 1 and 293 nm for 2) are asso-
ciated with the benzene π-π* transition.13 The weak and 
less well-defined bands at 681 nm for 1 and 656 nm for 2 
are assigned to the d–d transitions. 

3. 5. Catalytic Properties of the Complexes
The percentage of conversion of styrene, selectivity 

for styrene oxide, yield of styrene oxide and reaction time 
to obtain maximum yield using both the oxidants are giv-
en in Table 4. The data reveals that the complexes as cata-
lysts convert styrene most efficiently in the presence of 
both oxidants. Nevertheless, the catalysts are selective to-
wards the formation of styrene epoxides despite of the for-
mation of by-products which have been identified by GC-
MS as benzaldehyde, phenylacetaldehyde, styrene epox-
ides derivative, alcohols etc. From the data it is also clear 
that the complexes exhibit excellent efficiency for styrene 
epoxide yield. When the reactions are carried out with 
PhIO and NaOCl, styrene conversions of complexes 1 and 
2 were about 87% and 75%, and 79% and 73%, respective-
ly. It is evident that between PhIO and NaOCl, the former 
acts as a better oxidant with respect to both styrene con-
version and styrene epoxide selectivity. The epoxide yields 
for the complexes 1 and 2 using PhIO and NaOCl as oxi-
dants are 79% and 72%, and 70% and 65%, respectively. 

4. Conclusion
Two new mononuclear copper(II) complexes de-

rived from hydrazone ligands were prepared and charac-
terized. Single crystal X-ray analysis indicates that the Cu 
atom in complex 1 is in distorted square pyramidal coordi-
nation, and that in complex 2 is in octahedral coordina-
tion. The complexes have effective catalytic property for 
the epoxidation of styrene, with conversions over 70% and 
selectivities over 90%. 

Supplementary Material
CCDC 1858019 for 1 and 1858021 for 2 contain the 

supplementary crystallographic data for this paper. These 
data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk. 
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Povzetek
Sintetizirali smo nov z bromidom koordiniran enojedrni bakrov(II) kompleks [Cu(HL1)Br2] (1) in nov enojedrni bak-
rov(II) kompleks [CuL2(HL2)]ClO4 · 0.5H2O (2) s hidrazonskim ligandom 4-t-butil-N’-(1-(piridin-2-il)etiliden)ben-
zohidrazidom (HL1) in 4-bromo-N’-(piridin-2-ilmetilen)benzohidrazidom (HL2). Kompleksa smo okarakterizirali s 
fiziko-kemijskimi metodami in monokristalno rentgensko difrakcijo. Strukturna analiza je razkrila, da ima Cu atom v 
kompleksu 1 popačeno kvadratno piramidalno geometrijo, v kompleksu 2 pa oktaedrično geometrijo. Določili smo tudi 
katalitične aktivnosti za epoksidacijo stirena.
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