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Abstract—1,10-Phenanthroline (Phen) adducts [M(L)Phen] in copper(II), cobalt(II), and zinc(II) chelates
based on N,N,O-tridentate tosylamino-functionalized pyrazole-containing Schiff base (H2L), resulting from
condensation of 2-tosylaminoaniline with 3-methyl-1-phenyl-4-formylpyrazol-5-ol, were obtained by elec-
trosynthesis. The composition and structure of the mixed-ligand complexes were confirmed by elemental
analysis, IR spectroscopy, and magnetochemical measurements. The structures of azomethine H2L and
mixed-ligand copper(II) complex were determined by X-ray diffraction.
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INTRODUCTION
1,10-Phenanthroline (Phen) and its derivatives

are common bidentate N,N-heterocyclic bases that
chelate metal ions, which accounts for the per-
sistent interest in these compounds as diverse pre-
cursors for organic, coordination, inorganic, and
supramolecular chemistry [1–3]. Owing to the
structural and chemical (hydrophobicity, planarity,
electron deficiency) features of phenanthroline, its
metal complexes exhibit catalytic, redox, and pho-
tochemical properties [4, 5]. Furthermore, the use
of phenanthroline ad its derivatives as ligands may
serve for targeted design of luminescent compounds
and photoswitchable molecular systems [6]. Com-
plexes based on functionalized Phen compounds
have been found to exhibit sensing properties. They
can be used as model compounds to study protein
binding/cleavage in natural objects [3].

The present study is devoted to electrosynthesis,
physicochemical properties, and structure of 1,10-
phenanthroline adducts of copper(II) (I),
cobalt(II) (II), and nickel(II) (III) chelates based
on tridentate N,N,O-sulfonamide pyrazole-con-
taining Schiff base.

EXPERIMENTAL
Commercially available (Alfa Aesar) solvents

and metal plates (2 × 2 cm) were used. N-(2-{[3-
methyl-5-oxo-1-phenyl-1,5-dihydro-4H-pyrazol-
4-ylidene)methyl]amino}phenyl-4-methylbenzene-
sulfonamide (H2L) and 2-tosylaminoaniline
were synthesized by previously described proce-
dures [7, 8].

Electrosynthesis was performed by a standard com-
mon procedure [9] using a EG&GPAR/173 potentio-
stat in a methanol–acetonitrile (1 : 1) mixture with a† Deceased.
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platinum cathode and a metal (Cu, Co, Ni) plate as an
anode. The working solution (25 mL) contained H2L
(0.223 g, 0.5 mmol), Phen (0.090 g, 0.5 mmol),
and Et4NClO4 (0.020 g) as the electrolyte. The elec-
trolysis was carried out in a undivided U-shaped glass
cell at 19 mA and initial voltage of 10 V for 1.3 h. After
the electrolysis, the precipitates of the complexes were
filtered off, washed with hot isopropanol, and dried in
vacuo.

Complex I: green crystals. Yield 0.254 g (74%).
Tm = 182–184°C.

IR (KBr; ν, cm–1): 1620 s ν(C=N), 1608 s ν(C=N),
1331 s νas(SO2), 1137 s νs(SO2).

The single crystals of complex I suitable for X-ray
diffraction were obtained by slow evaporation of the
methanol–acetonitrile solution (1 : 1).

Complex II: brown crystals. Yield 0.189 g (55%).
Tm = 191–193°C (dec.).

IR (KBr; ν, cm–1): 1617 s ν(C=N), 1605 s ν(C=N),
1351 s νas(SO2), 1146 s νs(SO2).

Complex III: brown crystals. Yield 0.236 g (69%),
Tm = 174–177°C (dec.).

IR (KBr; ν, cm–1): 1619 s ν(C=N), 1607 s ν(C=N),
1344 s νas(SO2), 1162 s νs(SO2).

Elemental analysis (C,H,N) was performed on a
TCM 480 Carlo Erba instrument. The IR spectra for
samples as KBr pellets were measured on a Nicolet
Impact-400 instrument in the 4000–400 cm–1 range.
Melting points were measured on a Kofler stage. The
specific magnetic susceptibility was determined by the
relative Faraday method at room temperature;
Hg[Co(CNS)4] was used as the reference for calibra-
tion.

The X-ray diffraction study of H2L and I was car-
ried out on a Bruker SMART APEX2 CCD diffrac-
tometer (MoKα, λ = 0.71073 Å, graphite monochro-
mator, ω-scan mode). The initial array of measured

For C36H28N6O3SCu
Anal. cacld., % C, 62.79 H, 4.07 N, 12.21
Found, % C, 62.19 H, 4.12 N, 12.14

For C36H28N6O3SCo
Anal. cacld., % C, 63.85 H, 4.10 N, 12.29
Found, % C, 63.26 H, 4.37 N, 12.36

For C36H28N6O3SNi
Anal. cacld., % C, 63.91 H, 4.12 N, 12.31
Found, % C, 63.60 H, 4.36 N, 12.42
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intensities was processed using the SAINT and
SADABS programs included in the APEX2 package
[10, 11]. The structure of H2L was determined by a
combination of direct methods and Fourier synthe-
ses. The hydrogen atoms at the N atoms were
located objectively from difference Fourier synthe-
ses; the positions of H atoms at C atoms were calcu-
lated geometrically. The structure of complex I was
solved by direct methods and refined by full-matrix
least-squares calculations in the anisotropic

approximation for non-hydrogen atoms on .
The hydrogen atoms were placed into geometrically
calculated positions.

The structure solution and refinement were per-
formed using the SHELXTL program package [12].
The X-ray experiment details and crystallographic
data for H2L and I are summarized in Table 1 and
selected interatomic distances and bond angles are
presented in Table 2. The structures of compounds
were analyzed using the PLATON program [13].

The atom coordinates and thermal factors for H2L
and I are deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC nos. 1811271 and
1811269, respectively; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Taking into account our previous results [14–16]
dealing with the coordination ability of tridentate
tosylamino-functionalized pyrazole-containing Schiff
bases with different sets of N,N,O- or N,N,S-donor
centers in the presence of adduct-forming aminohet-
erocyclic compounds during electrooxidation of vari-
ous 3d metals, we accomplished electrosynthesis of a
series of adducts of copper(I), cobalt(II), and
nickel(III) chelates with 1,10-phenanthroline acting as
the co-ligand.

Azomethine derivatives of 4-formyl-3-methyl-1-
phenylpyrazol-5-ol are known to exist as several tautom-
ers [17–21]. To compare their relative stability, we calcu-
lated the total energy of tautomers A–D (Scheme 1) in
the gas phase by quantum chemical methods using the
Gaussian-03 program [22], the Becke–Lee–Yang–Parr
(B3LYP) hybrid functional [23, 24] and the standard
6-31G(d,p) basis set (Table 3).

2
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Table 1. Crystal data and X-ray experiment and structure refinement details for H2L and complex I

Parameter
Value

H2L I

Molecular formula C24H22N4O3S C37H29.50N6.50O3SCu

M 446.51 708.77

Crystal size, mm 0.40 × 0.34 × 0.15 0.24 × 0.16 × 0.14

Temperature, K 120 123

System Monoclinic Monoclinic

Space group P21/c P21/n

a, Å 14.2324(7) 14.4880(6)

b, Å 8.9157(4) 13.6926(6)

c, Å 17.11329(9) 15.9925(7)

β, deg 92.1412(10) 90.2407(7)

V, Å3 2172.51(18) 3172.5(2)

Z 4 4

ρ(calcd.), g/cm3 1.365 1.484

μ, mm–1 0.184 0.807

F(000) 936 1464

Scanning range in θ, deg 3.0–28.2 2.4–29.1

Number of measured reflections 25610 25490

Number of unique reflections 5774 8448

Number of ref lections with I > 2σ(I) 4786 7347

Ranges of reflection indices –19 < h < 19,
–12 < k < 12,
–23 < l < 23

–19 < h < 19,
–17 < k < 18,
–21 < l < 21

Number of refined parameters 300 437

R1 (I > 2σ(I)) 0.0374 0.033

wR2 (all reflections) 0.1021 0.111

GOOF (all reflections) 1.005 1.000

Δρmax/Δρmin, e Å–3 0.368/–0.497 0.48/–0.43
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Table 2. Selected interatomic distances (d) and bond angles (ω) in the molecules of H2L and I

Bond d, Å Bond d, Å

H2L

S(1)–O(2) 1.4340(11) N(2)–N(2) 1.4095(15)

S(1)–O(3) 1.4330(11) N(2)–C(1) 1.3895(16)

S(1)–N(4) 1.6429(11) N(2)–C(4) 1.4124(17)

S(1)–C(17) 1.6429(11) N(3)–C(10) 1.3274(16)

O(1)–C(1) 1.2475(15) N(3)–C(11) 1.4063(16)

N(1)–C(3) 1.3057(18) N(4)–C(12) 1.4361(16)

I

Cu(1)–N(2) 1.9537(11) Cu(1)–N(1) 2.0259(12)

Cu(1)–O(1) 1.9779(11) Cu(1)–N(6) 2.2887(12)

Cu(1)–N(5) 2.0079(11)

Angle α, deg Angle α, deg

H2L

C(3)N(1)N(2) 106.40(10) O(2)S(1)O(3) 120.69(7)

C(1)N(2)N(1) 111.91(11) O(2)S(1)N(4) 104.72(6)

C(1)N(2)C(4) 129.98(11) O(3)S(1)N(4) 106.86(6)

N(1)N(2)C(4) 118.08(10) O(2)S(1)C(17) 107.81(6)

C(10)N(3)C(11) 127.12(12) O(3)S(1)C(17) 109.04(6)

O(1)C(1)N(2) 127.18(12) N(4)S(1)C(17) 106.92(6)

O(1)C(1)C(2) 128.84(12) C(12)N(4)S(1) 120.69(9)

I

N(2)Cu(1)O(1) 94.33(4) N(5)Cu(1)N(1) 101.95(4)

N(2)Cu(1)N(5) 177.10(4) N(2)Cu(1)N(6) 101.58(5)

O(1)Cu(1)N(5) 82.94(4) O(1)Cu(1)N(6) 104.20(5)

N(2)Cu(1)N(1) 80.94(4) N(5)Cu(1)N(6) 78.20(5)

O(1)Cu(1)N(1) 163.62(5) N(1)Cu(1)N(6) 92.14(5)
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Scheme 1.

The keto-enamine form B was found to be most
stable, as was shown previously in experiments (IR
and 1H NMR spectra) [15].

The anodic dissolution of copper, cobalt, and nickel
during electrolysis in a methanol–acetonitrile (1 : 1)
solution containing an N,N,O-tridentate Schiff base
H2L and an equimolar amount of Phen results in the for-
mation of mononuclear mixed-ligand complexes
[M(L)Phen] (M = Cu(I), Co(II), and Ni(III)) in which
L2– is the dianion of the H2L ligand (Scheme 2).

The overall process occurring in the electrolytic
cell can be represented as follows:

(–)Pt/CH3OH/CH3CN + H2L + Phen /M(+),
M = Cu, Co, Ni;

Electrosynthesis of the complexes:

Cathode: H2L + 2e → L2– + H2.

Anode: M(Cu, Co, Ni) + L2– + Phen →
[M(L)Phen] + 2e.

Scheme 2.

The IR spectra of complexes I–III, in comparison
with the IR spectrum  of the free azomethine H2L, do
not contain ν(N–H) stretching bands of the tosylated

amino group at 3215 cm–1 and ν(C=O) stretching
bands for the vinylogous oxoamide group in the
C(=O)–CH=CHN moiety at at 1655 cm–1 [15];

N
N

CH3 N

OH

NHTs

N
N

CH3 N
H

O

NHTs

N
NH

CH3 N

O

NHTs

N
N

CH3 N

O

H

NHTs

A

(1)

B

C D

N
N

CH3

O

C
H

N
H

N
H

N N N
N

CH3

O

N N

M

N

N

Ts = −SO2C6H4−CH3-п 

M0, CH3CN/CH3OH

Ts

H2L

Ts

M = Cu(I), Co(II), Ni(III)

(2)+
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44  No. 10  2018



ELECTROCHEMICAL SYNTHESIS, PROPERTIES, AND STRUCTURE 601

Fig. 1. Molecular structure of H2L with atoms being represented by thermal ellipsoids at 50% probability.
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instead, ν(C=N) stretching bands appear at 1620 (I),
1617 (II), and 1619 (III). The IR spectral data suggest
that H2L is involved in complex formation as doubly
deprotonated (L2–) enol imine form. The coordina-
tion bonds are localized on the tosylated amino group
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Table 4. Geometric parameters of hydrogen bonds in the sing

* Symmetry codes: i 1 – x, 1 – y, 1 – z.

D–H···A
Distan

D–H H·

N(3)–H(3N)···O(1) 0.836(18) 2.206
N(3)–H(3N)···N(4) 0.836(18) 2.348

N(4)–H(4N)···O(1)i 0.837(19) 2.255

Table 3. Relative energies of tautomers of H2L

Tautomer Relative energy,
kcal/mol (gas phase)

A 6.99

B 0

C 21.83

D 21.59
nitrogen, imine nitrogen, and deprotonated hydroxy
group oxygen, thus forming the {MN2O} coordination
unit.

The mononuclear structure of the adducts was
confirmed by magnetochemical measurements per-
formed at 293 K (µeff = 1.95, 4.19, and 3.26 µB for I–
III, respectively). The final conclusion about the
structure of the heteroaromatic Schiff base H2L and
complex I was derived from X-ray diffraction data.

The molecular structure of H2L is shown in Fig. 1.
The phenyl substituent at the N(2) atom is somewhat
rotated relative to the pyrazole ring plane; the C(9)–
C(4)–N(2)–N(1) torsion angle is 8.25°. The N(3)–
C(10) bond lies virtually in the pyrazole ring plane.
The dihedral angle between the mean planes of the
pyrazole and C(11)C(12)C(13)C(14)C(15)C(16) rings
is 15.9°.
  Vol. 44  No. 10  2018

le crystal of H2L*

ce, Å
DHA angle, deg

··A D···A

(18) 2.8630(15) 135.6(15)
(17) 2.7466(16) 109.9(14)
(19) 3.0599(16) 161.5(17)
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Fig. 2. Centrosymmetric hydrogen-bonded dimers of H2L.

Fig. 3. Molecular structure of complex I with atoms being represented by thermal ellipsoids at 30% probability; acetonitrile mol-
ecule is not shown.
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In the H2L molecule, there are two intramolecular
hydrogen bonds (HBs): the relatively strong N(3)–
H(3N)···O(1) bond and weaker N(3)–H(3N)···N(4)
bond (Table 4). Also, the intermolecular N(4)–
H(4N)···O(1)i hydrogen bond is present in the single
crystal, thus giving rise to hydrogen-bonded cen-
trosymmetric dimers (Fig. 2).

The structure of complex I molecule [Cu(L)Phen]
is depicted in Fig. 3. The coordination polyhedron of
the copper ion can be defined as an extended square
pyramid. The equatorial positions are occupied by the
N(1) and N(2) amine atoms, the O(1) atom of the
oxopyrazole moiety, and the N(5) atom of the coordi-
nated Phen molecule. The O(1) atom is markedly (by
0.544 Å) deviated from the plane through the other
donor atoms. The apical position is occupied by the
phenanthroline N(6) atom. The structure of the com-
plex includes also 0.5 acetonitrile molecules, which
occupy voids in the crystal cell.

The five-membered metallacycles Cu(1)N(1)-
C(1)C(6)N(2) and Cu(1)N(5)C(36)C(35)N(6) have
an envelope conformation, with the f lap being formed
by the Cu(1) atom deviating from the mean planes of
the other ring atoms by 0.674 and 0.199 Å, respectively.
The six-membered chelate ring is in the half-boat
conformation, with the Cu(1) atom deviating from the
mean plane through the other atoms by 0.216 Å.

The benzene ring of the tosylamine moiety and the
Phen molecule are involved in π-stacking interaction;
the dihedral angle between the mean planes is
5.74° and the shortest inter-centroid distance is
3.521 Å. π-Stacking interaction occurs also between
the Phen ligands of the neighboring complex mole-
cules; the dihedral angle between the mean planes of
the interacting rings is 3.54° and the shortest inter-
centroid distance is 3.669 Å.

 1,10-Phenanthroline adducts of copper, cobalt,
and nickel chelates based on the N,N,O-tridentate
pyrazole-containing Schiff base were prepared by
electrooxidation of copper, cobalt, and nickel. The
structure and composition of the complexes were con-
firmed by combination of IR spectral, magnetochem-
ical, and X-ray diffraction data (azomethine H2L and
copper complex I).
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