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A series of copper(II) binuclear metallochelates with glyoxylic acid aroylhydrazones have been
synthesized. The composition and structure were established with infrared, UV-Vis, 1H NMR,
extended X-ray adsorption fine structure spectroscopy as well as magnetochemical studies and
potentiometry. The proton-donor and proton-acceptor features of the ligand systems play a key
role in the formation of the complexes.

Keywords: Coordination compounds; Hydrazones; Magnetochemistry; Exchange interaction;
EXAFS

1. Introduction

Glyoxalic acid and its derivatives play important roles in natural processes, partici-
pating in the glyoxylate cycle which functions in plants and in some microorganisms [1].
The presence of aldehyde in the glyoxylic acid allows numerous acyclic derivatives
containing C¼N bond – azomethines and hydrazones. Interest in hydrazone derivatives
is caused by their biological activity [2–7], as well as complexation ability [8–12].
Hydrazones also have valuable analytical [13, 14], photochemical [15–17], and
electrochemical properties [18–21]. Structural data on metallocomplexes of glyoxylic
acid acylhydrazones [22–35] and thiosemicarbazones [36–54] are available in the

literature. However, almost all complexes exhibit mononuclear structures; examples of
binuclear are very few [55]. The aim of this work is to synthesize and study a series of
principally binuclear transition metal complexes based on glyoxylic acid substituted
acylhydrazones.
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2. Experimental

2.1. Materials and methods

All chemicals used for preparative work were reagent grade. The solvents were dried
and distilled before use according to standard procedures. The benzoylhydrazine para-
substituted derivatives and glyoxylic acid were purchased from Aldrich and used
without purification. Copper(II) acetate Cu(CH3COO)2 �H2O was used for synthesis.

2.2. Ligand synthesis

The ligand systems of type 1 have been synthesized by the condensation reaction of
glyoxylic acid with benzoylhydrazine para-substituted derivatives as follows (scheme 1).

To a hot solution of corresponding hydrazide (5mmol) in 5mL of ethanol a hot
solution of glyoxylic acid (5mmol) in 2mL of ethanol was added. The solution was
refluxed for 3.5 h. Upon cooling a precipitate formed, was filtered off and recrystallized
from a mixture of DMFA: ethanol (1 : 4 v/v ratio, when R¼NO2, Br) or from ethanol
(R¼OCH3, N(CH3)2).

2.3. Synthesis of complexes

The type 2 complexes (figure 1) have been synthesized as follows. To a hot solution of
hydrazone (1mmol) in 5mL of methanol a hot solution of copper(II) acetate (1.1mmol)
in 5mL of methanol was added. The precipitate immediately formed was boiled for
10–15min, filtered off, washed with hot methanol, and dried in vacuum.

The melting points, color, and yield as well as elemental analyses are listed in table 1.
Conductivity measurements of 0.001mol L�1 DMF solutions of complexes show their
non-electrolyte nature.

O

HN

N

OH

O

O

OH

O

O

HN

H2N

R

R

1a-dR = Br (1a)

R = OCH3 (1b)

R = NO2 (1c)

R = N(CH3)2 (1d)

Scheme 1. Synthesis of 1a-d.
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2.4. Analysis and physical measurements

Microanalyses (C, H, and N) were performed on a Perkin-Elmer 240C Analyzer.

Infrared (IR) spectra were recorded on a Varian Scimitar 1000 IR spectrophotometer

from 4000 to 400 cm�1. 1H NMR spectra were recorded on a Varian ‘‘Unity-300’’

spectrometer using TMS as internal standard and DMSO-d6 as solvent. UV-Vis spectra

were recorded on a Varian Cary 5000 spectrophotometer. Three series of type 1a ligand

solutions according to three ionization constants have been prepared with the following

pH values:

The first – 1.09; 1.40; 2.07; 2.50; 3.15; 3.46.
The second – 3.99; 4.15; 4.48; 5.15; 5.51; 6.24.
The third – 10.70; 11.02; 11.37; 11.72; 12.04.

The potentiometric titrations were carried out on an ‘‘Ekotest-2000-oH/ARS’’ pH

meter.
The Harvey–Manning spectrophotometric method has been used for the determina-

tion of the composition of coordination compounds in accord with the conditions of

applicability and taking into consideration the excess of one reagent.

Figure 1. Proposed structures of binuclear Cu(II) complexes R¼Br (‘), OCH3 (b), NO2 (c), N(CH3)2 (d).

Table 1. Yield, analytical data, color, and m.p. for ligands and complexes.

Compound
Empirical
formula

Color
(yield %) m.p. (�)

Found (Calcd) (%)

C H N M

1‘ C9H7N2O3Br White (70) 230 39.88/40.0 2.60/2.51 10.33/10.4 –
1b C10H10N2O4 White (75) 205 54.05/54.1 4.54/4.5 12.61/12.6 –
1c C9H7N3O5 White (72) 230 45.58/45.66 2.98/2.86 17.72/17.8 –
1d C11H13N3O3 Yellow (78) 180 56.16/56.24 5.57/5.43 17.86/18.0 –
2‘ C9H5N2O3BrCu Dark-green (58) 4250 32.5/32.58 1.52/1.5 8.42/8.36 19.11/19.2
2b C10H8N2O4Cu Dark-green (56.5) 4250 42.33/42.45 2.84/2.76 9.87/9.94 22.4/22.55
2c C9H5N3O5Cu Green (55.8) 4250 36.19/36.07 1.68/1.82 14.07/14.0 21.27/21.11
2d C11H11N3O3Cu Light-green (59.3) 4250 44.52/44.63 3.74/3.6 14.16/14.08 21.41/21.3

Glyoxalic acid aroylhydrazones 1965
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The magnetic susceptibility of powder samples of the complexes was measured from

300 to 77.4K using a Faraday magnetometer employing magnetic field strength 0.9 T.

Corrections were made for diamagnetic contributions of the samples according to

Pascal’s constants [56]. The values of 2 J exchange parameters were calculated in the

HDVV model [57].
Cu K-edge X-ray adsorption spectra of 2a (R¼Br) and 2b (R¼OCH3) were recorded

in the transmission mode on an extended X-ray adsorption fine structure (EXAFS)

spectrometer, based on X-ray powder diffractometer DRON-3 [58]. X-ray beam was

generated by BCW-21-Lm X-ray tube (U¼ 17 kV, I¼ 32mA). Quartz crystal (1340) was

used as monochromator.
Powder samples of complexes were thoroughly mixed with apiezon and placed

between thin lavsan films. The thickness of the samples was chosen such that the

intensity of the transmitted X-ray beam decreases 2.5–3 times.
After standard procedures of background removal, K-edge-step normalization and

atomic adsorption �0 extraction [59], the experimental EXAFS (�)-spectra were

obtained. The structural parameters, including interatomic distances (R), coordination

numbers (CNs), and the distance mean-square deviation Debye–Waller factors (�2),
were found by non-linear fit of theoretical spectra in equation (1) to experimental:

�ðkÞ ¼
X
j

NjS
2
0

kR2
j

fj ðk,�Þ
�� �� exp �2Rj

�ðkÞ

� �
exp �2�2j k

2
� �

sin 2kRj þ �j ðkÞ
� �

, ð1Þ

where Rj is the radius of coordination sphere number j; Nj is the CN of coordination

sphere number j; S2
0 is the amplitude reduction factor; j fj(k,�)j is the absolute back

scattering amplitude of atom number j for electron with wavevector k; �j(k) are phase

shifts of electrons moving in the potential of the absorbing atom; �(k) is mean free path

of the photoelectron; �2 is mean square root deviation of interatomic distance from its

mean value (Debye–Waller factor).
The threshold energy F0 was chosen as the first peak of the first derivative of K-edge

�(E) and was further varied in fitting procedure as well as the amplitude reduction

factor, S2
0.

Experimental EXAFS (�)-spectra were Fourier transformed in the range of

wavevector k from 3.0 to 12 Å�1 with weighting function k2 to give the radial pair

distribution around Cu. The position of the peaks on Fourier transform (FT) (r, Å) are

determined by coordination spheres radius (R, Å) according to the formula r¼R� �,
where � is the value of the linear phase shift (typical values 0.3–0.5 Å).

Non-linear fitting was performed in R-space with the window of Kaizer�Bessel type

with the help of computer program IFFEFIT-1.2.11 [60]. Phases �j(k) and backscat-

tering amplitudes fj(k,�) of the photoelectron wave required for the simulation of

theoretical EXAFS spectra were calculated by FEFF7 computer program [61].

As model compounds, copper complexes with similar atomic structure determined by

X-ray single-crystal diffraction were used [62].
The quality of the fits was estimated using a least-squares fitting parameter Q,

calculated according to equation (2):

Q %ð Þ ¼

P
k�exp kð Þ � k�th kð Þ
	 
2
P

k�exp kð Þ
	 
2 � 100%: ð2Þ
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3. Results and discussion

The well-known keto–enol tautomeric equilibrium for acylhydrazone solutions [63]
indicates that type 1 compounds can act as tridentate mono-basic and di-basic ligands
(scheme 2).

The ambient coordination of type 1 ligands implies the possibility of the formation of
mononuclear as well as binuclear metallochelates. The latter complexes have been
obtained with the metal salt-to-ligand ratio being 1 : 1. The composition and structure
of both ligands and complexes have been established by elemental analysis (table 1), IR
(table 2), UV-Vis, 1H NMR spectroscopy, EXAFS spectroscopy (table 3), and magnetic
measurements (table 4).

3.1. 1H NMR spectroscopy

The aromatic protons of all type 1 hydrazones with para-substituents have been
registered as two doublets, each corresponding to two protons at 6.4–8.4 ppm with spin
coupling of 7.8–9.0Hz. Aromatic protons of the unsubstituted hydrazone are
complicated multiplets corresponding to five protons at 7.5–7.9 ppm. The azomethine
proton HC¼N are one proton singlets at 7.69–7.77 ppm. The protons of carboxylic
group as well as NH are singlets at 11.80–12.38 ppm; the former has reduced intensity
due to chemical exchange with the water in DMSO. The hydrazones under discussion
exist predominantly in DMSO as the trans-isomer. The influence of the electronic
nature of the substituent can be illustrated by the introduction of acceptor substituent
(–NO2) in the para-position leading to downfield shift (�12.38 ppm) of acidic OHþNH
proton signals, while introduction of donor substituent (–N(CH3)2) – shifts upfield
(�11.80 ppm).

3.2. Potentiometric titration of ligands

The protolytic equilibria in solutions of di-basic glyoxylic acid aroylhydrazones
possessing azomethine nitrogen capable of protonation are quantitatively characterized
by K

‘1, K‘2, and K
‘3 ionization constants:

H3R
þ �! �H2RþHþ K1 ¼

H2R½ � Hþ
	 


H3R
þ

	 
 ,

1 (keto-form)   1' (enol-form) 

OH

HN

N

OH

OHO
OO

R R

N

N

Scheme 2. Tautomeric forms of 1.
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H2R �! �HR� þHþ K2 ¼
HR�½ � Hþ

	 

H2R½ �

,

HR� �! �R2� þHþ K3 ¼
R2�
	 


Hþ
	 


HR�½ �
:

Apparently, the azomethine nitrogen is protonated first in acidic medium due to its

most negative effective charge and electron pair density. Most likely, ligand ionization

Table 4. Magnetic properties of 2.

Type of compound R R (K) �eff (B.M.)a 2Jb (pm�1)

2a Br 294 1.75 �62
77.4 1.47

2b OCH3 293 1.67 �60
77.4 1.41

2c NO2 295 1.76 �53
77.4 1.53

2d N(CH3)2 295 1.67 �50
77.4 1.47

aThe values of �eff were calculated per one metal ion.
b2J – the value of exchange parameter.

Table 3. Structural parameters of the nearest environment of copper ions in 2‘ and 2b metallochelates
from best fit EXAFS data analysis.

Compound Na Rb (Å) �2c (Å2) Atom Qd (%)

2‘ 4 1.90 0.0035 O/N 0.5
2 2.49 0.0035 C/N
1 2.70 0.0042 Cu

2b 4 1.92 0.0034 O/N 2.5
2 2.53 0.0047 C/N
1 2.79 0.0055 Cu

aN – coordination number.
bR – interatomic distances.
c�2 – Debye–Waller factors.
dQ – goodness-of-fit.

Table 2. IR data of 1 and 2.

Type of
compound R M

	(OH)
(cm�1)

	(C¼O)carboxyl
(cm�1)

	(C¼O)hydrazone
(cm�1)

	(C¼N)
(cm�1)

1a Br – 3447 1705 1670 1590
1b OCH3 – 3440 1695 1660 1607
1c NO2 – 3418 1695 1671 1602
1d N(CH3)2 – 3447 1706 1640 1605
2a Br Cu – 1660 – 1588
2b OCH3 Cu – 1670 – 1604
2c NO2 Cu – 1657 – 1598
2d N(CH3)2 Cu – 1665 – 1590

1968 A.V. Mishchenko et al.
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starts with the elimination of carboxyl proton and, as a result, monodeprotonated
ligand is generated. Then the elimination of enol proton of hydrazide occurs. The first

two stages of ionization have constants of acidic–basic titration rather close.
Elimination of the hydrazine proton is possible in strong basic medium.

Potentiometric curves for all ligand systems are similar; we show a curve of titration

for glyoxylic acid para-methoxybenzoylhydrazone (1b) (figure 2). The ionization
constant calculation was carried out using formula (3) obtained by the joint solution of

the equations of material balance and electroneutrality [64]:

pKai ¼ pHþ lg
ði� aÞCR � ½H

þ� þ ½OH��

a� iþ 1ð ÞCR þ ½H
þ� þ ½OH��

, ð3Þ

where K
‘i is the i-th constant of ionization, ‘ is a degree of neutralization, and CR is

ligand concentration. The acid–base equilibrium constants obtained from potentio-

metric titration are listed in table 5. The pKa3 values should be considered as rough
estimates due to the restrictions of potentiometric method of oH determination at

oH4 11.

3.3. UV-Vis spectra

Glyoxalic acid p-bromo-benzoylhydrazone (1‘) absorption spectra have been studied at
pH 1.09–12.04. Using the experimental data (figure 3) the ionization constants have

been determined with equation (4) (negative for first and third series of solutions,
positive for second series of solutions):

pKai ¼ pH� lg
ðAmax � AiÞ

ðAi � AminÞ
: ð4Þ

The wavelengths, values of absorption maxima, and calculated oKa values for all (1‘)
forms are listed in table 6. These oKa values match well to similar values obtained by the

potentiometric method (table 5).

Figure 2. The curve of 1b (2� 10�3mol L�1) potentiometric titration.

Glyoxalic acid aroylhydrazones 1969
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3.4. IR spectra

The 	C¼O (COOH) and 	C¼O (hydrazide) are 1695–1671 and 1640–1671 cm�1 for 1a–d
(table 2). The bond stretch of middle intensity attributed to 	OH of carboxylic group is
3418–3447 cm�1. The 	C¼N (middle intensity) was at 1590–1607 cm�1. Disappearance of

Figure 3. Electronic absorption spectra of 0.001% ethanolic solution of 1‘ at oH¼ 1.4 (1, solid line,
�max¼ 245 nm), oH¼ 6.24 (2, short dash, �max¼ 265 nm), and oH¼ 11.37 (3, long dash, �max¼ 255 nm).

Table 6. UV-Vis data and calculated values of protonation constant for 1‘.

�max, nm (Amax; Amin)

Mono-cationa Neutral formb Mono-anionc pKa1 pKa2 pKa3

245 (0.546; 0.471) 265 (0.658; 0.481) 255 (0.828; 0.644) 2.01 4.01 11.95

‘First series.
bSecond series.
cThird series (see Section 2).

Table 5. The values of hydrazone (1a–d) ionization constants obtained by
potentiometric method.

Compound pKa1 pKa2 pKa3

1‘ 1.95� 0.10 3.91� 0.08 11.92� 0.04
1b 2.20� 0.11 4.08� 0.07 11.54� 0.12
1c 1.91� 0.10 3.85� 0.15 10.84� 0.22
1d 2.00� 0.04 4.10� 0.03 10.65� 0.26

1970 A.V. Mishchenko et al.
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	OH and 	C¼O (hydrazide) was observed upon complexation with copper (type 2

complexes); the bands attributed to 	C¼N and 	C¼O (COOH) shift to low frequencies by

25–45 and 2–15 cm�1 (table 2), supporting the idea that ligands coordinate through the

deprotonated oxygen of carboxylate, oxygen of hydrazide carbonyl, and azomethine

nitrogen.

3.5. Determination of copper(II) complex composition by the method of inclination
ratio of Harvey–Manning

The coordination activity of ligands has been confirmed with the study of complex

formation in methanol solution by the method of inclination ratio of Harvey–Manning

[65]. This method allows the determination of the ligand-to-metal ratio in polynuclear

complex formation:

mMþ nR ¼MmRn

applicable when stepwise complex formation does not occur.
Two series of measurements were carried out. The first one was performed

when metal concentration is much higher than ligand: CM	CR, CM¼ const. The

stoichiometric coefficient n has been determined from equation (5) using the UV-Vis

absorption data of solutions with constant copper(II) concentration and variable

concentration of ligands,

A ¼ " � l � MmRn½ � ¼ " � l �
CR

n

� �
, ð5Þ

where l is the thickness of absorption layer in cm, " is the extinction coefficient in

L(mol L�1)�1 cm�1, and CR is the total ligand concentration in mol L�1.
Data for the determination of stoichiometric coefficient n for Cu2þ with 1b

(R¼OCH3) and 1‘ (R¼Br) in methanol are presented in table 7. The ‘‘b’’ value, where

b^ � � l/n, was obtained by least-squares using the data of D¼ f (CR) dependence. The

second series of measurements was carried out in conditions when CR	CM,

CR¼ const. The stoichiometric coefficient m has been determined from equation (6)

using data for the absorption of solutions with constant ligand concentration and

variable copper(II) concentration,

A ¼ " � l � MmRn½ � ¼ " � l �
CM

m

� �
, ð6Þ

where CM is the total concentration of copper(II). Data for the determination of m for

Cu2þ with 1b and 1‘ in methanol are listed in table 8. The ‘‘a’’ value, where a^ e � l/m,

was obtained by least-squares using the data of D¼ f (CM).
Thus, having calculated the ratio for the complexes under study and using a/b^ n/m

one can conclude that compounds with 1 : 2 (metal : ligand) composition are formed in

solutions. The obtained results support the idea that type 1 ligands exist predominantly

in keto-form in water–methanol solutions at equilibrium pH values.

Glyoxalic acid aroylhydrazones 1971
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3.6. EXAFS of copper complexes

It is reasonable to suppose that in binuclear metallocomplexes, type 1 ligands are
tridentate with deprotonated oxygens of carboxylate and hydrazide and the nitrogen of
hydrazone ¼C¼N–N¼ as donors. Two isomeric structures type 2 and 29 (figure 1) are
possible in this case.

The local structure of copper in 2‘ and 2b was probed with EXAFS spectroscopy. In
figure 4, phase shift uncorrected Fourier transforms (FTs) of EXAFS Cu-K-edge
adsorption spectra of 2‘ and 2b are shown. Both samples are similar with the most
intense peak at r� 1.50 Å and two peaks of lower amplitude at r� 2.00 and r� 2.40 Å.
The first peak is formed due to photoelectronic wave scattering on the nearest-neighbor
coordinated nitrogen and oxygen. First coordination sphere parameters determined by
non-linear fitting are shown in table 3. The best fit parameters with minimal Q value
correspond to the first coordination sphere with radius R¼ 1.90–1.92 Å, which includes
four oxygens and nitrogens, common for the studied copper complexes. The second
peak on FTs of the complexes can be attributed to the scattering on the light atoms
(C/N) of the chelate cycles. The third peak on FTs can be attributed to Cu � � �Cu
scattering; its position (r¼ 2.4 Å) is typical for dimeric copper complexes with oxygen
bridging atoms. Further evidence that the third peak is due to copper–copper scattering
can be obtained by varying the integration limits of �-spectra when performing Fourier
transformation of EXAFS data. Increasing the lower integration limit during Fourier

Table 7. Determination of stoichiometric coefficient n for Cu2þ with 1‘ (R¼Br)
and 1b (R¼OCH3) by the Harvey–Manning method, CCu¼ 4.0� 10�5molL�1

(l¼ 1 cm).

1a 1b

CR (mol L�1) D CR (mol L�1) D

1.0� 10�5 0.110 1.0� 10�5 0.134
1.2� 10�5 0.145 1.4� 10�5 0.185
1.6� 10�5 0.185 1.6� 10�5 0.214
1.8� 10�5 0.210 1.8� 10�5 0.240
2.0� 10�5 0.195 2.0� 10�5 0.270

b¼ 11,013 b¼ 13,381

Table 8. Determination of stoichiometric coefficient m for Cu2þwith 1‘ and 1b

by the Harvey–Manning method CR¼ 4.0� 10�5 (l¼ 1 cm).

1a 1b

CCu (mol L�1) D CCu (mol L�1) D

1.0� 10�5 0.24 1.0� 10�5 0.31
1.4� 10�5 0.29 1.4� 10�5 0.35
1.6� 10�5 0.33 1.6� 10�5 0.43
1.8� 10�5 0.38 1.8� 10�5 0.48
2.0� 10�5 0.44 2.0� 10�5 0.50

a¼ 21,505 a¼ 26,085
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transformation results in the increase in the contribution of heavier (copper) atoms
scattering paths and decrease in the contribution of light atoms (nitrogen, oxygen)
scattering paths, because of the differences in amplitude-scattering function of these
atoms. When Fourier transformation of � – spectra is performed in the wavevector k
range of 5.0–12 Å�1, amplitude of the third peak increases relative to other peaks for
both complexes, demonstrating that it is due to copper scattering, not light atoms. The
interatomic distances Cu � � �Cu obtained by fitting procedure R¼ 2.70 Å (2‘) and
2.79 Å (2b) support the dimeric structure of the complexes with the formation of the
four-membered exchange fragment with bridging oxygen.

3.7. Magnetic properties

The binuclear structure of type 2 complexes has been confirmed by magnetic
measurements. The type 2 complexes are characterized by antiferromagnetic exchange
interaction with values of 2 J exchange parameters calculated from HDVV theory in the
range of �50 to �62 cm�1 (table 4). The peculiarities of ligand structure imply binuclear
complexes through bridging oxygens of carboxylate (type 2) or through oxygens of
hydrazide (type 29).

Irrespective of the way dimerization occurs the antiferromagnetic exchange interac-
tion will not be strongly changed due to the bending of the exchange fragment

Cu
O

Cu
O

along the bridging oxygens. The latter takes place because of sp3-hybrid-

ization of these atoms [66]. Indeed all type 2 copper(II) complexes exhibit rather small

Figure 4. Phase shift uncorrected FTs of the CuK-edge EXAFS spectra for 2‘ and 2b: experiment (solid
lines) and best-fits (open circles).
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values of 2 J (table 4). The substituents of ‘‘R’’ have insignificant influence on the
magnetic properties of the complexes. This is an indirect confirmation of dimerization
through the bridging carboxylate since bridging through oxygen of hydrazide (type 29)
should have more pronounced influence of these substituents on the magnetic
properties.

4. Conclusion

The aim of this work was to synthesize and study a series of binuclear exchange-coupled
copper(II) complexes based on glyoxylic acid substituted acylhydrazones. The results
obtained represent rather unique examples of utilization of both typically analytical and
physical chemical research methods. The data of IR, EXAFS spectroscopy, and
magnetochemical measurements indicate binuclear complex in the solid state. The
magnetochemical data were interpreted in terms of the theoretical model elaborated by
our research group. In solution the aroylhydrazone ligands exhibit different coordi-
nation activity due to keto–enol tautomerism and proton-donor and proton-acceptor
features of the ligand systems themselves. The acid–base equilibrium constants obtained
by potentiometric method match well to the similar values deduced from absorption
spectra of the ligands. The results for the coordination of ligands have been confirmed
with the study of copper(II) complex formation in methanol solution by the method of
inclination ratio of Harvey–Manning. The obtained results support type 1 ligand
systems existing predominantly in keto-form in water–methanol solutions in the
absence of added acid or alkali.
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