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Abstract—Complexes of Mn(II) with 2-(7-bromo-2-oxo-5-phenyl-2,3-dihydro-1Н-1,4-benzodiazepin-1-yl)-
acetohydrazide and product of its condensation with salicylic aldehyde have been prepared and characterized 
by elemental analysis, IR spectroscopy, electrical conductivity, and magnetic susceptibility. Thermal stability 
of the complexes has been characterized. Structure of the coordination node of the complexes has been 
determined by X-ray absorption spectroscopy. 
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Study of the features of the interaction of organic 
drugs with metal ions and development of more 
efficient pharmaceutically active compounds is among 
the major tasks of modern bioinorganic chemistry. 

We have earlier used 2-(7-bromo-2-oxo-5-phenyl-2,3-
dihydro-1Н-1,4-benzodiazepin-1-yl)acetohydrazide 
(Hydr) known as Hydazepam [1] as a ligand to prepare 
the corresponding coordination complexes of Co2+ and 
Ni2+ [2, 3]. We have also studied the interaction of 
MnCl2 with Hydr and the product of condensation of 
the latter with pyrotartaric acid (HPv). Structures of 
the prepared coordination compounds [Mn(Hydr)2Cl2] 
and [Mn(HydrНPv)2Cl2] have been confirmed by ESR 
and IR spectroscopy as well as electrical conductivity 
and magnetic susceptibility measurements [4]. 

Extending these studies, herein we report on 
preparation of coordination compounds via self-
assembly in the MnX2–Hydr–HSal systems (Х = Cl–, 
CH3COO–, or salicylic aldehyde HSal; ethanol–isopro-
panol mixture was used as solvent).  

The [Mn(HydrSal)2] (I) and [Mn(HydrSal)· 
CH3COO(С2Н5ОН)2] (II) complexes (Table 1) were 
isolated from the MnХ2–Hydr–HSal–С2Н5ОН systems, 
with the ligand being the product Hydr condensation 
with salicylic aldehyde. 

Complexes I and II were fine-crystalline com-
pounds insoluble in methanol, ethanol, isopropanol, 
chloroform, and acetonitrile but soluble in DMSO and 
DMF. Their effective magnetic moments (Table 1) 
corresponded to octahedral coordination of Mn(II) [5]. 

According to the electrical conductivity of 1 ×      
10–3 M. of the solutions in DMSO (Table 1), 
complexes I and II were non-electrolytes [6]. 

TGA studies of the complexes I, II, and [Mn(Hydr)2Cl2] 
(III) (Table 2) revealed that their thermal decom-
position was a stepwise process. Compound III was 
stable up to 290°C, its decomposition being accom-
panied with endothermic effect of dehydrochlorination, 
followed by two exothermic effects assigned to the 
oxidative thermal decomposition. Thermolysis of com-
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plex I occurred as three overlapping exothermic effects 
of oxidation of the organic part of the molecule and 
deep decomposition. A special feature of thermal 
decomposition of complex II was the observed low-
temperature endothermic effect assigned to elimination 
of one ethanol molecule. The following three stages 
were accompanied with exothermic effects and the 
steady mass loss. The high-temperature thermolysis 
product of the studied complexes was MnO. 

Coordination type of the ligands was elucidated by 
means of IR spectroscopy by comparing the charac-
teristic vibration frequencies of the free ligands and the 
corresponding bands in the spectra of complexes I–III. 
In particular, the spectra of complexes I and II 
contained no bands assigned to the amino group; 
however, a new band due to the ν(С=N) vibration 
appeared at 1621 (I) or 1613 (II) cm–1. The ν(С=N) 
band position pointed out that the ligand present in the 
complexes was a product of condensation of the 
hydrazide amino group and the carbonyl group of 
salicylic aldehyde; hence, the ligand was a hydrazone. 
The hydrazide stretching band was shifted towards 

lower frequencies in the course of the complex 
formation [1678 (Hydr), 1666 (I), and 1644 (II) cm–1], 
evidencing about coordination of that group with 
Mn2+. Similar shift was observed in the case of the 
salicylic aldehyde phenol ν(С–О) band: 1200 (НSal), 
1154 (I), and 1156 (II) cm–1, typical of the OH group 
coordinated in the deprotonated form. 

IR spectrum of complex II contained the absorption 
band of acetate ion ν(CO2

–) at 1645 cm–1 [7]. Note-
worthily, the spectra of complexes I and II contained 
new bands at 514 and 446 cm–1 (I) and 510 and                
450 cm–1 (II), assigned to the ν(Мn–О) and ν(Mn–N) 
vibrations, respectively. 

Effective magnetic moments of the complexes of 
5.94 µB (I) and 6.00 µB (II) at 292 K (Table 1) were 
practically independent of temperature, being close to 
the purely spin μeff value and typical of the 
mononuclear octahedral Mn(II) complexes. 

Structure of the coordination node in complexes I–
III was studied by means of XANES spectroscopy. 
The normalized XANES curves of MnK absorption 

Found, % 
Formula 

Calculated, % Molar  
conductivity,  
Ω–1 cm2 mol–1 

µeff, µB 
(292 K) C H N Br Mn C H N Br Mn 

I 55.58 3.31 10.75 15.27 5.16 [Mn(C24H20BrN4O3)2] 55.65 3.48 10.82 15.46 5.31 16.3 5.94 

II 55.67 4.68   8.11 11.30 7.82 [Mn(C30H33BrN4O7)] 51.72 4.74   8.05 11.49 7.90 10.3 6.00 

Comp. 
no. 

Comp. no. Temperature range ΔТ 
(tmax, °C)↑↓ Δm (TG), % Δmtheor, % 

mtheor, % mexp, % 

I 290–390 (340)↑ 
390–730 (620)↑ 
730–920 (800)↑ 

12.5 
37.5 
72.5 

Oxidative thermal decomposition   6.85   6.50 

II 100–230 (130)↓ 
230–360 (340)↑ 
360–460 (380)↑ 
460–690 (620)↑ 

  6.8 
15.2 
20.0 
49.0 

6.61 (–C2H5OH), oxidative thermal  
decomposition 

10.17 10.00 

III 290–310 (300)↓ 
310–650 (570)↑ 
650–920 (900)↑ 

  7.5 
22.0 
40.0 

7.89 (–2HCl), oxidative thermal  
decomposition 

  7.89 
 

  8.01 

Thermal decomposition  
product (MnO) 

Table 1. Elemental analysis data, molar conductivity, and magnetic susceptibility of complexes I and II 

Table 2. Thermal gravimetry analysis of complexes I–III 
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edges and their first derivatives are shown in Figs. 1 
and 2; the inserts display the enlarged representation of 
the pre-edge structure of the X-ray absorption spectra. 
As seen from Fig. 1, the shape and parameters of 
XANES spectra of compounds I and III were close; 
however, the first derivatives of the XANES curves 
were different in the degree of splitting of the major 
maximum. The pre-edge XANES curves of the both 
samples were strong; the peaks maximums and the 
integral intensities were practically identical. The 
origin of the pre-edge structure was due to the 1s → 3d 
electronic transitions, dipole-forbidden for the K-edges 
of 3d metals. However, the 4p–3d hybridization of the 
metal atomic orbitals occurred in the absence of the 
inversion center of the coordination node, and the 
intensity of the pre-edge structure was sharply 
increased (the hybridization is strictly forbidden for the 
centrally symmetrical coordination polyhedrons, in 
particular, for octahedron; in such cases the pre-edge 
peak intensity is predominantly determined by the            
1s → 3d quadrupole transitions, their contribution being 
two orders of magnitude lower than that of the dipole 
transitions). Hence, the manganese atom surrounding 
in the complexes I and III was low-symmetrical. 

XANES spectra of complex II (Fig. 2) contained a 
large-amplitude pre-edge peak А, and the first deriva-

tive of the edge was split, pointing at the more dis-
torted surrounding of manganese ion in that compound.  

Quantitative parameters of local atomic surround-
ing of Mn2+ ion in the complexes I–III were deter-
mined from analysis of EXAFS of MnK edges of the 
X-ray absorption spectra. Fourier transform magni-
tudes (FTM) of the EXAFS MnK edges of the 
complexes I–III are shown in Fig. 3. It is to be seen 
that FTM of the complexes I and III EXAFS consisted 
of the basic peaks at different distances r [1.76 Å (the 
amplitude of 5.5 a. u.) (I) and 1.88 Å (6.7 a. u.) (III)], 
unambiguously corresponding to the scattering at the 
nearest coordination spheres. The weak peaks at r > 
2.0 Å were assigned to the farther coordination 
spheres. In the case of the complex II, the FTM 
consisted of the major peak at r = 1.67 Å (6.3 a. u.). 

Taking into account the suggested structures of 
complexes I–III and the possible ligands coordination, 
we selected a set of models of manganese complexes 
from the Cambridge Structural database, used for 
simulation of theoretical ЕХАFS MnK edges. 

The results of simulation of the local atomic 
surrounding parameters of complexes I–III with the 
appropriate choice of the structural models are col-
lected in Table 3. 
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Fig. 1. Normalized XANES spectra of MnK edges of absorption (a) for complexes III (1) and I (2), pre-edge region (b), and the 
corresponding first derivatives of the edges (c). 
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In the case of complex III, the best model (leading to 
the lowest Q value) corresponded to the two axial chlo-
rine atoms with the average Mn···Cl distance of 2.46 Å 
and the four Mn···O/N distances of 2.28 Å (Table 3). 
The similar distances were typical of a large set of model 
complexes from the Cambridge Structural Database. 

The best model of complex I was a strongly 
distorted tetrahedron with the average Mn···O/N 
distances of 2.23 and 2.28 Å. The distances dispersion 
could be much larger in practice, as evidenced by a 
high Debye–Waller factor for those coordination 
spheres. 
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Fig. 2. XANES spectra of MnK edges of absorption (a) for 
complex II, pre-edge region (b), and the corresponding first 
derivatives of the edges (c). 

Fig. 3. Fourier transform magnitudes of the EXAFS MnK 
absorption edges of complexes I–III. 
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Several models were built for complex II, including 
hexa- as well as pentacoordinated Mn2+ nodes. The set 
of magnetochemical and X-ray absorption spectro-
scopy data pointed at the distorted octahedral sur-
rounding of the coordination node as the best model, 
the parameters of the nearest coordination spheres 
being as shown in Table 3. 

In summary, the following structures of complexes 
I–III were suggested basing on the results obtained via 
the independent physico-chemical methods (Scheme 1). 

EXPERIMENTAL 

Thermogravimetric analysis was performed using a 
Q-derivatograph of the Paulik–Paulik–Erdey system. 
The specimens were heated in air from 20 to 1000°С at 
the rate of 10 deg/min (the specimen mass of 60–               
80 mg, open platinum crucible as the specimen holder, 
and calcined alumina as reference). 

Molar conductivity of the 1 × 10–3 mol/L solutions 
of complexes I–III in DMSO was measured using an 
Ekonomiks-ekspert digital instrument, the electrolyte 
type was determined according to the reference tables 

Comp. no. N  R, Å σ2, Å2 Atom Q, % 

I 4 
2 

2.23 
2.28 

0.0050 
0.0050 

O/N 
O/N 

2.2 

II 3 
1 
2 

2.10 
2.22 
2.25 

0.0035 
0.0035 
0.0035 

O/N 
O/N 
O/N 

0.6 

III 4 
2 

2.28 
2.46 

0.0050 
0.0060 

O/N 
Cl 

0.5 

Table 3. Structural parameters of the nearest surrounding of 
manganese atoms in compounds I–III from EXAFS data 
fittinga 

a R, interatomic distance; N, coordination number; σ2, the Debye–
 Waller factor; Q, goodness of fit.  
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determined via nonlinear fitting of the coordination 
spheres parameters aided by comparing the simulated 
EXAFS signal and that having been extracted from the 
full EXAFS spectrum by Fourier filtration of FTMs. 
The nonlinear fit was performed using IFFEFIT-1.2.11 
software package [10]. The phases and amplitudes of 
scattering of the photoelectron wave required to 
simulate the model spectrum were computed using 
FEFF7 [11] software utilizing atomic coordinates of 
the structurally similar compounds. 

The number of the multi-sphere fitting parameters 
never exceeded the number of independent parameters 
Nind that could be in turn reliably determined from the 
given EXAFS spectrum in the Δk and Δr ranges: 

Nind = (2ΔrΔk/π) + 1,                            (2) 

with Δk, analyzed range of the EXAFS spectrum in the 
space of photoelectron wave vector; Δr, the region of 
R-space over which the Fourier filtration was 
performed.  

The goodness of fit function Q (the minimized 
fitting target parameter) was calculated as follows. 

Q(%) = [Σ(kχexpk – kχthk)2/Σ(kχexpk)2] × 100%.     (3) 

Elemental analysis of compounds I and II was 
performed as follows: content of carbon, hydrogen, 
and nitrogen was determined using a C,H,N-analyzer, 
bromine was determined by mercurimetry [12], 
manganese was determined by atomic emission 
spectro-scopy with inductively coupled plasma using 
an Optima–2100 DV device (Perkin–Elmer). 

Complex III was prepared as described elsewhere 
[4]. 

Complexes I and II. 0.002 mol of salicylic 
aldehyde and ethanolic solution of MnCl2 or MnAc2 
crystal hydrates (0.001 mol in 10 mL) were added to a 
solution of 0.002 mol of 2-(7-bromo-2-oxo-5-phenyl-
2,3-dihydro-1Н-1,4-benzodiazepin-1-yl)acetohydrazide 
in 20 mL of isopropanol. The reaction mixture was 
boiled on a water bath during 0.5 h. The precipitate 
formed after cooling the mixture was separated off, 
washed with isopropanol, with ethanol, and dried at 
80°С to constant mass. 
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2)[Fi(k)/k]e–2R /λe–2σ k sin(2kRi + Ψ),    (1) 

                       i=1 
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Debye–Waller factor; Fi(k), back scattering amplitude; 
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Exact structural parameters of the nearest sur-
rounding of manganese atoms in complexes I–III were 
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