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Abstract—Heptacoordinated tin complexes with pentadentate redox-active ligands containing the
diiminopyridine fragment combined with two sterically hindered phenolate coordination centers, LSn-
Cl, and L'SnCl, (L and L are dianions of deprotonated 2,6-bis[2,4-di-fert-butyl-6-(methylidenyl-
amino)phenol]pyridine and 2,6-bis[2,4-di-tert-butyl-6-(ethylidenylamino)phenol]pyridine, respec-
tively), are synthesized. The molecular and electronic structures of the synthesized compounds were
studied by X-ray diffraction analysis (for complex I, CIF file CCDC no. 1557838), a set of spectral meth-
ods, and quantum-chemical calculations. The redox properties of the obtained complexes are character-

ized by cyclic voltammetry.
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INTRODUCTION

Schiff bases belong to one of the most universal
classes of ligands for molecular design in the coordi-
nation chemistry of both transition and non-transition
elements. The metal complexes with iminopyridine
chelating ligands of this type are being studied actively
for several decades [1]. The bi-, tri-, and tetradentate
ligands are studied in most detail. At the same time, an
increase in the denticity of chelating ligands favors the
formation of more stable metal complexes due to pro-
viding a higher steric hindrance in the immediate
vicinity of the central metal atom.

Tin complexes with redox-active ligands, such as
o-quinones and their nitrogen-containing analogs,
attract attention due to the specific structures and
chemical properties of the obtained derivatives.
The organotin derivatives of this type can be involved
in reactions of oxidative addition and reductive
elimination due to the redox-active ligand [2-—7].
Increasing interest in these compounds is also caused
by prospects of their use in various areas. For example,
the o-quinone and o-iminoquinone tin derivatives act
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as chain growth regulators in the radical polymeriza-
tion of the vinyl monomers [8—11]. In addition, the
organotin derivatives are biologically active com-
pounds and can be used as antimicrobial [12, 13], anti-
fungal [14], bactericidal [15, 16], anti-inflammatory
[17—19], and other drugs.

In this work, we studied the possibility of the syn-
thesis of the tin(IV) complexes with the pentadentate
redox-active ligands containing the diiminopyridine
bridge linking two sterically hindered phenolate frag-
ments (Scheme 1). Chelating pentadentate ligands of
this type are poorly studied. The zinc [20, 21], cad-
mium [22], tin [23], manganese [24], rhenium [25],
and cobalt [26] compounds based on these ligands are
known at the moment.

Six various redox states are theoretically possible
for the above indicated pentadentate ligands
(Scheme 1). The dianionic (L?) and tetraanionic (L*)
species are diamagnetic, whereas the mono- (L!), tri-
(L%, and pentaanionic (L%) species are paramagnetic.
The neutral ligand (L°) should be biradical in nature.
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All metal complexes known at the moment contain the
dianionic form of this type of ligands [20—26], and no
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EXPERIMENTAL

IR spectra were recorded on an FSM-1201 FT-IR
spectrometer in a range of 4000—400 cm~' in Nujol
(KBr cells). NMR spectra were detected on a Bruker
Avance III spectrometer (400 MHz) in CDCl; using
Me,Si as an internal standard. Electronic absorption
spectra were recorded on a UV-3600 UV-VIS-NIR
spectrophotometer (SHIMADZU).

Electrochemical potentials of the studied com-
pounds were measured by cyclic voltammetry (CV) in
a three-electrode curve using an IPC-pro potentiostat
in CH,Cl, in an argon atmosphere. A stationary glassy
carbon (GC) electrode with a diameter of 2 mm served
as a working electrode. A platinum wire (S = 18 mm?)
was used as an auxiliary electrode. The reference elec-
trode (Ag/AgCl/KCl) with the water-proof membrane
was used. The concentration of the studied com-
pounds was 0.002—0.003 mol/L. The number of elec-
trons transferred in the course of the electrode process
was estimated relative to the standard (ferrocene). The
potential scan was 0.2 V/s. The supporting electrolyte
was 0.1 M Bu,NCl10, (99%, Acros) doubly recrystal-
lized from aqueous EtOH and dried in vacuo (48 h) at
50°C.

The following commercial reagents were used: pyr-
idine-2,6-dimethanol, 2,6-diacetylpyridine, and

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

tin(IV) chloride. Pyridine-2,6-dicarboxaldehyde [27]
and 2-amino-4,6-di-fert-butylphenol [28] were syn-
thesized according to known procedures.

All procedures on the synthesis of the tin com-
plexes were carried out under aerobic conditions. The
solvents used (reagent grade and analytical grade)
were dried according to standard procedures [29].

The quantum-chemical calculations for the LSn-
Cl, complex (L is dianion of deprotonated 2,6-bis|2,4-
di-fert-butyl-6-(methylidenylamino)phenol]pyridine (I)
were performed using the Gaussian 09 program [30]
by the density functional theory (DFT) in terms of the
B3LYP functional [31] with the full-electron
DGDZVP basis set for all atoms. The absence of
imaginary frequencies indicates that the optimized
molecule is at the potential energy minimum.

Synthesis of complex I. Pyridine-2,6-dicarboxalde-
hyde (I mmol, 0.135 g), 2-amino-4,6-di-tert-butyl-
phenol (2 mmol, 0.442 g), and SnCl, (I mmol,
0.261 g) were mixed in a solution of methanol (20
mL). The subsequent heating of the reaction mixture
to boiling was accompanied by the appearance of an
intense violet color and the precipitation of dark violet
complex I. The precipitate was collected on the Schott
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filter and washed with methanol (5 mL). The yield was
0.525g(72%).

For C;35H,5N;0,CL,Sn

Anal. caled., %  C,57.64  H,622  N,5.76
CL,9.72  Sn, 16.28

Found, % C, 57.66 H,617  N,5.80
Cl,9.74  Sn, 16.24

IR (Nujol), v, cm™': 1604 s, 1516 s, 1471 s, 1361 s,
1263's, 1201 s, 1167 s, 857 s, 830 s, 772 s.

'H NMR (CDCl,, 293 K), &, ppm: 1.31 (s, 18 H,
#-Bu), 1.52 (s, 18 H, +-Bu), 7.23 (s, 2 H, H,..), 7.42 (s,
2 H, H,,), 7.68 (d, 2 H, J = 7.3 Hz, Hy,), 8.09 (t,
1 H, J=7.3 Hz, Hp), 8.50 (s, 2 H, J ("Sn—'H) =
72.9 Hz, CH). C NMR (CDCl,), 8, ppm: 29.14,
31.17 (CH;(#-Bu)), 34.48, 35.58 (C(#-Bu)), 109.90,
124.39, 125.97, 130.34, 132.19, 139.19, 141.11, 142.50,
143.77 (C,yp), 159.32 (C=N, J ("Sn—BC) =
72.9 Hz). ""Sn NMR (CDCl;, 293 K), 6, ppm:
—673.48.

The crystals of complex I for X-ray diffraction
analysis were obtained by slow crystallization from a
CH,Cl,—toluene (1 : 1) solution.

Synthesis of complex L'SnCl, (L' is dianion of
deprotonated  2,6-bis[2,4-di-fert-butyl-6-(ethylide-
nylamino)phenol]pyridine (II). 2,6-Diacetylpyridine
(1 mmol, 0.163 g), 2-amino-4,6-di-fert-butylphenol
(2 mmol, 0.442 g), and SnCl, (1 mmol, 0.261 g) were
mixed in a solution of methanol (20 mL) at 65°C. The
reaction mixture was stirred for 30 min to the forma-
tion of a dark violet precipitate. The obtained product
was collected on the Schott filter and washed with
methanol (5 mL). The yield was 0.515 g (68%).

For C3;H,49N30,Cl,Sn

Anal. calcd., % C, 58.67 H, 6.52 N, 5.55
Cl, 9.36 Sn, 15.67

Found, % C, 58.68 H, 6.48 N, 5.57
Cl, 9.40 Sn, 15.69

IR (Nujol), v, cm™!: 1596 s, 1522 s, 1443 s, 1361 s,
1264 s, 1204 s, 1174 s, 842 s, 828 s, 777 s.

'H NMR (CDCls, 293 K), 8, ppm: 1.32 (s, 18H,
1-Bu), 1.57 (s, 18H, #-Bu), 2.92 (s, 6 H, J (®Sn—'H) =
130.1 Hz, CHy), 7.27 (d, 2 H, J = 1.8 Hz, H,..), 7.43
(d, 2 H, J = 1.8 Hz, Hyop), 7.95—8.00 (m, 2 H, Hpy),
8.19 (t, 1 H, J= 7.8 Hz, Hy,). ®C NMR (CDCL,), 8,
ppm: 18.4 (CH5, J (""Sn—1BC) = 17.6 Hz), 29.47, 31.42
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(CH;(#-Bu)), 34.38, 35.66 (C(z-Bu)), 116.1 (J (*Sn—
BC) = 29.9 Hz), 123.8 (J ("*Sn—"C) = 10.2 Hz),
125.8 (J ("Sn—"BC) = 105.85 Hz), 128.1, 137.5,
139.7 (J (""Sn—3C) = 56.9 Hz), 143.2, 1456 (J
(19Sn—13C) = 44.8 Hz), 146.4 (J (°Sn—BC) =
27.2 Hz) (C,yo.), 158.6 (C=N, J (°Sn—13C) = 32.4 Hz).
Sn NMR (CDCl;, 293 K), 8, ppm: —667.11.

The X-ray diffraction analysis of complex I was car-
ried out on a Bruker D8 Quest diffractometer at 100 K
(MMoK,) = 0.71073 A). The structure of the com-
pound were solved by direct methods and refined by
least squares for F? in the full-matrix anisotropic
approximation for all non-hydrogen atoms
(SHELXTL) [32]. An absorption correction was
applied by the SADABS program [33].

The total number of measured reflections was 43240
of which 8698 (R, = 0.0271) were independent with />
26(1). The crystals were orthorhombic, at 100(2) K: a =
12.2616(8), b = 17.9749(12), ¢ = 18.1890(12) A, space
group P222, Z = 4, V = 4008.9(5) A3, popc =
1.361 g/cm?, 1 = 0.809 mm~', 2.51° < 6 < 27.00°, R, =
0.0268, wR, = 0.0715 (I > 206(1)), R, = 0.0286, wR, =
0.0727 (for all data), S(F?) = 0.998.

The crystallographic data were deposited with the
Cambridge Crystallographic Data Centre (CIF file
CCDC no. 1557838; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

The first attempts to synthesize a cobalt complex
based on the pentadentate ligand (L) (R = H) were
made in [26]. The reaction of the doubly protonated
form L?H, with cobalt(Il) acetate in acetonitrile
affords an unstable metal complex in a yield of ~40%,
and the composition of the complex corresponds to
the formula [L2Co(H,0),]. The compound obtained
decomposes rapidly in a solution accompanied by the
oxidative cyclization of ligand L [26]. We applied
another approach to the synthesis of tin complexes of
a similar type. The heptacoordinated tin(IV) com-
plexes with the pentadentate redox-active ligands were
obtained by template synthesis with the simultaneous
heating of pyridine-2,6-dicarboxaldehyde (2,6-dia-
cetylpyridine), 2-amino-4,6-di-tert-butylphenol, and
tin(IV) chloride in a methanol solution (Scheme 2).
The reaction mixture instantly turned intensely violet
in the course of the reaction. The reaction ceases
within 30 min, and complexes I and Il formed are iso-
lated in the analytically pure form as finely crystalline
dark violet precipitates. The synthesized compounds
are resistant to air oxygen and moisture in both the
crystalline state and solution.
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The compositions and structures of the synthesized
compounds were determined by IR spectroscopy,
NMR spectroscopy, electronic absorption spectros-
copy, and elemental analysis. The X-ray diffraction
analysis was carried out for complex 1.

The IR spectra of complexes I and II exhibit
intense absorption bands in ranges of 1700—1500 and
1300—1000 cm~! characteristic of double C=N [29]
and ordinary C—N and C—O [29] bonds, respectively.

The heptacoordinated environment of tin is char-
acterized by the upfield shift of the signal in the *Sn
NMR spectrum, which is consistent with the previous
studies [34, 35]. The resonance is observed at —673
and —667 ppm for compounds I and II, respectively. It
is interesting that the ”Sn NMR spectra of the tin
compounds with pentadentate ligands of similar
structure and containing alkyl (aryl) substituents at the
metal atom exhibit a signal in the range from —370 to
—404 ppm [22]. This difference in the peak positions
for the heptacoordinated tin complexes is explained by
the influence of the electronegativity of the substitu-
ents on the electron density distribution around the
metal atom. The signal in the ""Sn NMR spectrum
undergoes an upfield shift under the action of the elec-
tron-withdrawing substituents (Cl) in complexes I and
II, whereas the shift is downfield in the case of the
electron-donating hydrocarbon substituents [22].

The molecular structure of complex I is shown in
Fig. 1. The values of selected bond lengths and bond
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angles are given in Table 1. The crystalline cell con-
tains one solvate molecule of toluene based on one
molecule of the complex. The tin atom is coordinated
at the vertices of a distorted pentagonal bipyramid.
The equatorial plane is formed by the chelating atoms
of the organic ligand O(1), O(2), N(1), N(2), and
N(3), and the apical positions are occupied by the
CI(1) and CI(2) atoms (the CISnCl angle is
168.97(2)°). The values of the Sn(1)—O(1) and Sn(1)—
O(2) bond lengths (2.049(2) and 2.0640(19) A) are
smaller than the sum of the covalent radii of Sn and O
(2.11 A) [36]. The Sn(1)—N(1), Sn(1)—N(2), and
Sn(1)—N(3) distances (2.292(2), 2.294(2), and
2.316(2) A) substantially exceed the sum of the cova-
lent radii of the metal and nitrogen (2.12 A) [36] but
are smaller then the sum of the van der Waals radii of
the corresponding elements (3.8 A) [36], which corre-
sponds to coordination bonding. The bond length dis-
tribution in the phenolate fragments of the organic
ligand differs substantially from that in the known
amido- and aminophenolate ligands [37]. A distortion
of the quinoid type is observed in the C(1)—C(6) and
C(14)—C(19) aromatic rings. The C(3)—C(4) and
C(5)—C(6) bonds are appreciably shorter than C(1)—
C(2), C(2)—C(3), C(4)—C(5), and C(1)—C(6). The
O(1)—C(2) and O(2)—C(15) bond lengths (1.315(3)
and 1.313(3) A) are also more close to the values
observed in the o-semiquinone [38, 39] and o-imino-
semiquinone [4, 40] tin complexes that those in the
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Fig. 1. Molecular structure in complex I. Thermal ellipsoids are presented with 50% probability. Hydrogen atoms are omitted for

clarity.

amidophenolate and catecholate tin complexes [2—6].
A similar bond length distribution has been observed
previously in the tin(IV) complexes based on the tetra-
dentate ligand containing two similar phenolate frag-
ments linked by the diimine bridge [41]. The intra-
ligand charge transfer from the anionic phenolate
groups to the diiminopyridine fragment resulted in the
above described change in the bond lengths and is
accompanied by the appearance of an intense absorp-
tion in the long-wavelength range of the electronic
absorption spectra of compounds I and II (Fig. 2).

The electronic structure of compound I was stud-
ied by the DFT quantum-chemical calculations,
according to which the frontier orbitals responsible for
the redox behavior of the complex have the pro-
nounced ligand nature. In complex I, the highest
occupied molecular orbital (HOMO, —5.57 eV) is
localized on the donor phenolate fragments of the
organic ligand, whereas the lowest unoccupied molec-
ular orbital (LUMO, —3.29 ¢eV) is localized on the
acceptor diiminopyridine fragment (Fig. 3). The
energy gap width between the frontier orbital
(LUMO—-HOMO) in compound I determines the
position of the long-wavelength peak in the electronic
absorption spectrum and is equal to 2.28 eV. The
obtained value is consistent with the data of electronic
absorption spectroscopy: AE = 2.08 €V (AL = 598 nm).
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The electrochemical properties of complexes I and
IT were studied by the CV method in a dichlorometh-
ane solution at the GC electrode. The electrochemical
reduction of complex I proceeds in three consecutive
steps. The first one-electron redox transition is irre-
versible, and the subsequent two cathodic steps are
quasi-reversible (Fig. 4a). The irreversible character of
the first step indicates that the fast chemical reaction
occurs in the solution. For the formed primary inter-
mediate, the iminopyridine fragment is also involved
in the electron density delocalization, and the proton-
ation of this fragment can results in the loss of revers-
ibility of the first redox transition (Scheme 3).

A
2+ I

IT

0 1

300 500 700 A, nm

Fig. 2. Absorption spectra of complexes I and II in THF
(T=295K,c=1x% 10"*mol/L, L =1 cm). Complex I
(A, nm (g, L em™! mol™1)): 368 (19569), 498 (15037), 598
(8195); complex IT (A, nm (g, lecm™ " mol™')): 361 (10207),
484 (8009).
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Table 1. Selected bond lengths and bond angles in complex I
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Bond d, A Bond d, A
Sn(1)—0(1) 2.049(2) C(2)—C(3) 1.421(4)
Sn(1)—0(2) 2.0640(19) C(3)—-C4) 1.376(4)
Sn(1)—N(2) 2.292(2) C4)—C(5) 1.413(4)
Sn(1)—N(3) 2.294(2) C(5)—C(6) 1.369(4)
Sn(1)—N(1) 2.316(2) C(7)—C(8) 1.455(4)
Sn(1)—CI(2) 2.3884(7) C(8)—C(9) 1.395(4)
Sn(1)—CI(1) 2.4090(7) C(9)—C(10) 1.382(4)
Oo(1)—C(2) 1.315(3) C(10)—C(11) 1.383(4)
0(2)—C(15) 1.313(3) C(11)—C(12) 1.390(4)
N(1)—C(7) 1.285(4) C(12)—C(13) 1.458(4)
N(1)—C(1) 1.382(4) C(14)—C(15) 1.406(4)
N(2)—C(13) 1.286(4) C(14)—C(19) 1.414(4)
N(Q2)—C(14) 1.383(4) C(15)—C(16) 1.429(4)
N(3)—C(12) 1.333(4) C(16)—C(17) 1.385(4)
N(3)—C(8) 1.336(4) C(17)—C(18) 1.405(4)
C(1)—C(6) 1.396(4) C(18)—C(19) 1.374(4)
C(H)—C(2) 1.410(4)

Angle o, deg Angle , deg
O(1)Sn(1)0O(2) 76.01(8) N(2)Sn(1)Cl1(2) 91.20(6)
O(1)Sn(1)N(2) 148.83(8) N(3)Sn(1)CI(2) 86.01(6)
O2)Sn(1)N(2) 73.61(8) N(1)Sn(1)CI1(2) 86.11(6)
O(1)Sn(1)N(3) 141.28(8) O(1)Sn(1)CI(1) 91.30(6)
O(2)Sn(1)N(3) 142.64(8) O(2)Sn(1)CI(1) 96.83(6)
N(2)Sn(1)N(3) 69.12(9) N(2)Sn(1)CI(1) 85.55(6)
O(1)Sn(1)N(1) 73.12(8) N(@3)Sn(1)CI(1) 82.98(6)
O2)Sn(1)N(1) 148.66(8) N(1)Sn(1)CI(1) 89.20(6)
O(1)Sn(1)CI1(2) 96.87(6) C1(2)Sn(1)CI(1) 168.97(2)
O(2)Sn(1)Cl1(2) 92.35(6)
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Fig. 4. Cyclic voltammetry of the reduction of complexes
(a) Iand (b) IT (CH,Cl,, GC anode, Ag/AgCl/KCI, 0.1 M

NBuyClOy4, c =3 X 1073 mol/L, argon).
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Fig. 3. Frontier orbitals of the (a) HOMO and (b) LUMO for complex I.

Unlike compound I, complex II is characterized by
the reversible one-electron transfer in the first step of
reduction (Fig. 4b). According to Scheme 1, the ligand
in the L? form is transformed into the radical form L3
due to the transfer of one electron. In the case of com-
plex II, the shielding methyl group in this fragment of
the ligand favors the stabilization of the reduced form
and prevents the protonation by moisture traces in the
solvent, which results, correspondingly, in the fixation
of the reversible redox transition.

The subsequent electrochemical reduction
(Scheme 3) of complex I leads to the generation of the
poorly stable mono- and dianions, which confirms a
low reversibility coefficient of the second cathodic
process (Table 2) and a decrease in the number of
transferred electrons (# < 1) involved in the third step.
Similar changes can be due to the decoordination of
the halide ligands bound to the tin(IV) atom.

The introduction of methyl groups into the imino-
pyridine fragment of the ligand shifts the reduction
potentials of complex II to the cathodic region com-
pared to compound I. The second cathodic process is
also quasi-reversible, but the number of electrons
involved in the electrode reaction exceeds the one-
electron level. Two reduction steps are joined into one
cathodic process. In the region of higher cathodic
potentials, an additional redox process is observed at a
peak potential of —1.89 V, which characterizes the fur-
ther reduction of the redox-active ligand.

The electrooxidation of complexes I and II pro-
ceeds identically (Fig. 5). The first one-electron redox
transition is quasi-reversible and characterizes the for-
mation of the radical cation intermediate containing
the ligand in the L! form and stable within the time of
the CV experiment. Two electrons are transferred in
the second quasi-reversible anodic step, which is

No.2 2018



TEMPLATE ASSEMBLING OF THE PENTADENTATE REDOX-ACTIVE LIGAND 145

Table 2. Electrochemical parameters of complexes I and II (¢ = 3 % 10~ mol/L, argon, 0.1 M NBu,ClO,, V=10.2 V/s, vs.

Ag/AgCl (sat.)*

Compound Elr/egl, \Y I/1. Elr;gz, \Y L/1, Elr/e§3, \Y% Ef'/le ,V L/1, Elo/xzz, v
I —0.76** —1.13 0.4 —1.45 1.19 0.8 1.49
II —0.87 0.8 —1.28 0.6 —1.89* 1.17 1.0 1.49

% pred

1/2 is the half-wave potential of the cathodic process, Elo/"2 is the half-wave potential of the anodic process, 1,/1 is the ratio of peak

currents of the direct and reverse potential scans (reversibility coefficient).

** Potential of the irreversible cathodic peak (EDC] ).

related to the close oxidation potentials of the pheno-
late fragment and imino group in o-iminobenzoqui-
nones [42]. The oxidation of two redox-active moi-
eties of the molecule results in further chemical trans-
formations in the solution accompanied by the
formation of the reaction products detected at the
reverse branch of the CV curve at the potential scan to
1.80 V (Fig. 6, I). The values of reversibility coeffi-
cients (Table 2) indicate that the oxidized monoca-
tionic form of complex II is more stable than a similar
species for compound I. The values obtained for redox
potentials of the studied complexes also make it possi-
ble to calculate the energy gap width between the fron-
tier redox orbitals: 2.04 eV for compound II and 2.00
eV for compound I. The obtained values are consistent
with the results of electronic absorption spectroscopy.

Thus, a prospect for using the template assembling
method was demonstrated for the targeted design of
the metal complexes with the Schiff bases containing
the diiminopyridine fragment. The new heptacoordi-
nated tin(IV) complexes based on the pentadentate
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Fig. 5. Cyclic voltammetry of the oxidation of complex II
at the potential scan (/) from —0.48 to 1.80 V and (2) from
—0.48 to 1.40 V; CH,Cl,, GC anode, Ag/AgCI/KCl, 0.1 M
NBu,ClOy , ¢ =3 X 103 mol/L, argon).
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redox-active ligands were obtained by the one-pot
synthesis. The redox properties of the synthesized
compounds were studied using cyclic voltammetry.
The introduction of methyl substituents to the imine
carbon atoms significantly increases the stability of the
one-electron oxidation and reduction products.
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