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Synthesis and electrochemical characterization
of Co'l, Ni'l, and Cu'' complexes with organic N,S,-type ligands
derived from 2-thio-substituted benzaldehydes and aromatic amines
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Transition metal complexes (Nill, Co'l, and Cull) with tetradentate N,S,-type ligands (L),
which are reaction products of 2-thio-substituted benzaldehydes with aromatic amines
(3-aminopyridine or 2-aminothiophenol), were synthesized for the first time. The complexes
have the composition L+ MX, or L-2MX, (X = Cl or ClO4). The electrochemical behavior of
the ligands and complexes was studied by cyclic voltammetry and rotating disk electrode
voltammetry. Depending on the structure of the complexes, the metal atom in the latter is
initially reduced in a one- or two-electron process.
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Transition metal complexes, in particular nickel(1),1
cobalt(11),2 and copper(11) complexes,3 with organic
S,N-containing ligands have attracted attention as models
of metalloenzymes and electroactive catalysts. Thio-sub-
stituted imines are among promising types of organic
ligands. Earlier, we have synthesized a series of acyclic
and macrocyclic S,S-alkylidenethiosalicylimines* and
bis[2-(pyridylmethylideneamino)phenylthio]ethanesS and
studied their electrochemical behavior. Such complexes
were demonstrated to be reversibly reduced and serve as
potential catalysts for electrochemically induced alkyla-
tion reactions.

In continuation of our studies on transition metal com-
plexes with organic N,S,-type ligands, we synthesized
and electrochemically characterized bis-sulfide and dis-
ulfide ligands, which are the reaction products of 2,2 "-di-

thiobenzaldehyde (1), 1,2-bis(2-formylphenylthio)ethane
(2), or 1,3-bis(2-formylphenylthio)propane (3) with aro-
matic amines (3-aminopyridine or 2-aminothiophenol),
and their complexes with Ni!l, Co!l, and Cull.

Results and Discussion

Synthesis of ligands and complexes. N,S,-Type imino-
sulfide and iminodisulfide ligands 4—9 were synthesized
by the reactions of bis-thio-substituted benzaldehydes 1—3
with 3-aminopyridine or 2-aminothiophenol under reflux
in EtOH (Scheme 1).

The structure of ligand 7 was confirmed by X-ray dif-
fraction. Crystallographic data and the X-ray data collec-
tion and refinement statistics for compound 7 are given in
Table 1. Selected bond lengths and bond angles are listed
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Table 1. Crystallographic data and the X-ray data collection and
refinement statistics for compound 7

Table 2. Selected interatomic distances (d), bond angles (),
and dihedral angles (¢) for compound 7

Parameter Characteristics Parameter Value
Molecular formula CyosH NSy Bond d/A
Molecular weight 484.65 S(3)—C(9) 1.795(2)
T/K 120(2) S(3)—S(4) 2.0599(8)
VA 0.71073 S(2)—C(14) 1.738(3)
Color, crystal shape Red prisms S(2)—C(20) 1.761(2)
Crystal dimensions/mm 0.25%0.25%0.20 S(1)—C(1) 1.734(2)
Crystal system Monoclinic S(1)—C(7) 1.762(2)
Space group P2,/n C(7)—N(1) 1.296(3)
a/A 7.6422(4) C(6)—N(1) 1.387(3)
b/A 7.7283(4) N(2)—C(20) 1.294(3)
c/A 36.558(2) N(2)—C(19) 1.392(3)
(x/deg 90.00 Angle w/deg
p/deg 91.336(5) C(9)—S(3)—S(4) 104.35(8)
v/deg 90.00 C(22)—S(#)—S(3) 103.74(8)
V/AS 2158.58(19) C(14)—S(2)—C(20) 88.84(11)
Z 4 C(1)—S(1)—C(7) 89.29(11)
deqic/g cm™ 1.491 N(1)—C(7)—S(1) 115.12(17)
p/mm=! 0.459
F(000) 1000 Angle ¢/deg
C(9)—S(3)—S(4)—C(22) 88.02(10)
6 Scan range/deg 3.0—30.0
Ranges of indices —10<h<10,—-10<k <10 C(N—=S()—C(1)—C(2) 179.5Q2)
- —_48 ; ls4; - C(7)—S(1)—C(1)—C(6) 0.35(16)
Number of measured 5194/3880 S()—C(7)—C(8)—C(13) 11.9(3)
: . a S(3)—S(4)—C(22)—C(23) 13.9(2)
/independent reflections (Rjne = 0.0489) S(4)—S(3)—C(9)—C(10) $.6(2)
Number of variables 289 ’
in the refinement
Goodness-of-fit on F2 1.000 is ~88°. Both benzothiazole fragments are planar. These

R factors (1 > 26([1))
R factors based on all reflections

R, =0.0465, wRy = 0.1079
R, =0.0619, wRy = 0.1182

in Table 2. The molecular structure of compound 7 is
shown in Fig. 1. The donor atoms of the N,S, system are
not in a single plane; the C—S—S—C dihedral angle

fragments are noncoplanar with the adjacent benzene
rings. The angle between the planes of the benzene and
benzothiazole fragments is ~12°.

The complexes with metal chlorides were synthesized
by two methods: by refluxing the ligand and the corre-
sponding metal salt in EtOH (method A) and by the slow

Fig. 1. Molecular structure of compound 7. The displacement ellipsoids are drawn at the 50% probability level.
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Table 3. Compositions and properties of the of Co!!, Ni!l, and Cu!! chloride complexes and perchlorates with ligands 4—9

Ligand Salt Complex Composition M.p./°C Color

4 CuCl,-2H,0 10 4-2CuCl,- EtOH 202—208 (decomp.) Pale-brown

5 Ni(ClOy),+6H,0 11 5-Ni(ClOy),+4H,0 195—197 (decomp.) Greenish-brown
NiCl,+-6H,0 12 5-2NiCl, - EtOH 195—197 (decomp.) Gray
Co(Cl0Oy),+6H,0 13 5.Co(Cl0y4),-4H,0 130 (decomp.) Gray-brown
CoCl,-6H,0 14 5-CoCl,-2H,0 110 (decomp.) Pale-blue

6 Cu(Cl0Oy),+6H,0 15 6-Cu(ClOy), 263 Gray-brown
CuCl,-2H,0 16 6-2CuCl, - EtOH 133—137 Yellow-brown

9 CuCl,-2H,0 17 9.CuCl, 125 Brown
Cu(ClOy),+6H,0 18 9 Cu(Cl0y), 203 Brown

diffusion of a solution of the ligand in CHCl; into an
ethanolic solution of the salt MX,-nH,0 (M = Ni, Co,
or Cu; X = CI or ClO4) (method B). As a result, we
obtained powdered complexes 10—18 of the composition
L-aMX, (n =1 or 2) (Scheme 2), some of which contain
additional H,O or EtOH molecules. Complexes 10—18
were characterized by elemental analysis, IR spectroscopy,
and electronic spectroscopy. The compositions and the
melting points of the complexes based on ligands 4—6
and 9 are given in Table 3. In other cases, attempts to
isolate crystalline complexes failed.

Scheme 2
— L+ MX,
L + MX,'nH,0O — 11, 13—15, 17, 18
4-6,9 L L (MXy),
10, 12, 16

M = Ni, Co, Cu; X=Cl,ClO4; n=1,2

Sulfides 5, 6, 8, and 9 serve as tetradentate ligands and
can be coordinated to metal ions involving the N,S, sys-
tem to form three metallacycles analogously to the com-
plexes described earlier.%5 In addition, ligands 4—6 can
be coordinated through the pyridine nitrogen atoms. The
reactions of these ligands with metal chlorides can lead to
the coordination of chloride anions. In the case of salts
containing the non-nucleophilic counterion (perchlorate),
the latter will be more likely located in the outer sphere of
the complexes. The structures of the complexes were de-
termined based on IR and electronic spectroscopic data
and the data on structurally similar complexes published
in the literature.

In the IR spectra (Table 4), the absorption band of the
C=N group for coordination compounds 10—18 is shifted
compared to that for ligands 4—8 (1630—1680 cm™!),
which confirms the involvement of the C=N group in the
coordination to the metal cation.

The data from electronic spectroscopy in the visible
region (see Table 4) for the complexes are consistent with

Table 4. Electronic and IR spectra of compounds 4—18

Com- Electronic spectrum, A/nm IR,
pound (e+10~%/L mol~! cm™1) v/cm™!
4 285 (2.27), 332 (1.45) 1630, 1590, 1580,
1445, 1425
5 277 (2.02), 340 (0.89) 1680, 1620, 1590,
1485, 1445, 1420
6 277 (1.40), 344 (0.66) 1680, 1620, 1590,
1580, 1445, 1420
7 — 1645, 1620, 1600, 1420
8 — 1660, 1620, 1600, 1470
10 288 (4.46), 322 (3.27), 3400 (br), 1690, 1625,
833 (0.02) 1560
11 306 (4.72), 341 (3.49) 3400 (br), 1675, 1640,
1590, 1560
12 313 (3.45), 344 (3.07) 3400 (br), 1675, 1565
13 314 (5.32), 347 (5.12), 3400 (br), 1680, 1650,
442 (0.07) 1590, 1560
14 307 (2.10), 336 (2.02), 3400 (br), 1675, 1625,
606 (0.04), 629 (0.05), 1590
667 (0.06)
15 310 (5.60), 347 (3.22) 1670, 1620, 1590
16 310 (5.02), 350 (3.75), 3400 (br), 1670, 1660,
833 (0.10) 1590
17 297 (1.15), 336 (0.70), 1655, 1585, 1565
707 (0.01)
18 297 (1.50), 333 (1.18), 1655, 1590, 1558
571 (0.02)

Note. The IR spectra of compounds 4—8 were recorded in films;
of compounds 10—18, in Nujol mulls.

the octahedral structure of nickel and cobalt complexes
11—13 and the tetrahedral structure of copper and cobalt
complexes 10, 14, and 16. Thus, no absorption bands of
high intensity are observed in the visible region of the
electronic spectra of nickel complexes 11 and 12, which is
evidence of the octahedral or nearly octahedral ligand
environment.%” The electronic spectra of complexes 10,
14, and 16 show ecither several bands or one band of
irregular shape, which is a superposition of two absorp-
tion bands, in the visible region at 600—835 nm. These
spectral patterns and the observed extinction coefficients
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are characteristic of coordination compounds containing
the central M2" ion in the tetrahedral ligand environ-
ment.39 The structures of copper-containing complexes
15, 17, and 18 cannot be unambiguously assigned based
on the electronic spectroscopic data.

Complexes with N,S,-type disulfide ligands, such as
ligands 4 and 7, in which the same metal atom is coordi-
nated by both sulfur atoms of the disulfide fragment, are
unknown. The characterized complexes with these ligands
can be divided according to their structures into three
types: 1) complexes, in which disulfide is coordinated to
the metal atom as a tridentate ligand, i.e., through two
nitrogen atoms and one sulfur atom (see, for example,
Ref. 10); 2) dinuclear bis-disulfide complexes, in which
the adjacent sulfur atoms of disulfide are involved in the
coordination to two different metal atoms (see, for ex-
ample, Refs 11 and 12); 3) complexes, in which the disul-
fide ligand is coordinated through the nitrogen atoms (the
sulfur atom is not involved in the coordination).13.14

The known tetradentate N,S,-type ligands, which can
give complexes with the metal : ligand compositions of
both 1 : 1 and 2 : 1, generally form a coordination bond
with the first metal cation through four donor atoms of
the tetradentate system and with the second metal cation
through two additional donor atoms (see, for example,
Ref. 15).

Ligands containing the benzothiazole fragment are
usually coordinated to transition metal ions through the
nitrogen atom of the five-membered ring (see Ref. 16 and
references therein).

Based on the spectroscopic data, the data published in
the literature, and the results of electrochemical studies
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(see below), the following structures of the resulting com-
plexes can be suggested:

Electrochemical study. Ligands 4—8 and complexes
10—18 were studied by cyclic voltammetry (CV) and ro-
tating disk electrode (RDE) voltammetry at glassy-car-
bon (GC), Pt, and Au electrodes in anhydrous DMF in
the presence of Buy;NCIO,4 (0.05 mol L-!) in DMF.
The electrochemical oxidation and reduction potentials
measured relative to Ag/AgCl/KCl(satur.) are given in
Table 5. The cyclic voltammograms (CV curves) are shown
in Fig. 2.

The oxidation of compounds 4—6 is a one-step pro-
cess. The oxidation of compounds 7 and 8 proceeds in
two steps. The reduction proceeds in three steps, the first
step being a two-electron process (see Fig. 2, a and
Table 5). The first step of electrochemical reduction of
compounds 4 and 7 proceeds at less negative potentials
compared to that of compounds 5, 6, and 8 containing
the sulfide fragments instead of the disulfide fragment.

The semiempirical calculations by the PM3 method
showed that the orbitals of the imine fragments make the
major contribution to LUMO of ligands 5, 6, 8, and 9,
and HOMO are located primarily on the sulfur atoms.
By contrast, both HOMO and LUMO are located on the
sulfur atoms of the disulfide fragment in ligands 4 and 7
(Fig. 3). The calculations demonstrated that the second
electron should bind to the disulfide fragment in ligands 4
and 7 and to the imine fragment in ligands 5, 6, and 8. In
addition, according to the calculated data, the electro-
reduction of disulfide ligands 4 and 7 should proceed
more readily than that of bis-sulfide ligands 5 and 8,
which is consistent with the experimental data. There-
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0
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Table 5. Electrochemical reduction potentials (ER®d) and oxida-
tion potentials (E9¥) of compounds 4—18 measured by the
CV method (Ep is the peak potential) and the RDE method
(E1/2 is the half-wave potential) at a glassy carbon elec-
trode (DMF, 0.05 M BuyNClO, solution) relative to
Ag/AgCl/KCl(satur.)

Com- EpRed El/2Red EpOx El/2OX
pound v
4 —1.10, —1.63,9 —1.06 (2), —1.78, 1.08, 1.13(2),
-2.16 —2.30 (2) 1.33 1.40
5 —1.64, —=2.12, —1.62 (2), —2.20, 1.35, 1.20 (2),
—2.45 -2.76 1.54 1.48 (2)
6  —1.63,-2.01, —1.59(2), —2.07 (2), 1.34, 1.20(2)
—2.58 —2.63 1.45 1.50 (2)
7 —1.09/0.06, —1.07 (2), 1.39, 1.43(2)
—1.70,4 =2.50 -2.52 1.52
8 —1.82, —1.81 (2), 1.47  1.61 (2)
~2.37/-0.16, ~2.54 (4)
-2.56
10 0.42/0.52, 0.46 (2),b .16 1.40 (2)
—0.52,¢ —1.25, —0.36 (1),
-1.70, -1.90, —1.07 (2), —1.43,
—2.13, =2.51 —1.96 (2), —2.22
11 —1.34/0.47, 1354 113 1.10 (2)
—1.63, =2.50 —1.73
12 —1.34/-0.06, — 1.24 —
-2.28 1.42
13 —1.25/-0.02, —1.17 (2), .13 1.12(2)
—1.61, —2.43 —-2.27 (2)
14 —1.23,-1.60, —1.23,-1.70, 112, 1.15(2),
—2.48 -2.39 1.46, 1.68 (2)
—-2.39
15 0.08,/0.30,% 0.10 (1), 1.12, 1.10 (2),
—0.92/0.07, —0.65 (1), 1.32 1.32(2)
—1.66 —1.834
16 0.38/0.56,0 0.32 (1),0 122 1.18 (2),
0.04, —0.41,¢ 0.07 (1), 1.48
~1.62, -2.07,¢ ~0.80,
—2.68 —1.62
17 0.44/0.56,% 0.58 (1), 1.04, 1.14 (2),
—1.83, —0.66 (1), 1.32  1.46 (2)
~2.31/-1.07 ~1.834
18 0.11/0.40,0 0.12 (1),t 1.04,  1.05(2)
~1.41,4 -1.93 ~0.68 (1), 1.26,
—1.864 1.48

Note. The peak potentials on the reverse scan of the CV curves
are given after the slash; the number of electrons transferred in
this step is given in parentheses.

9 The low-intensity peak.

b The initial scan potential was 0.7 V.

¢The peak is weakly pronounced and is not always re-
producible.

41n the RDE experiments, the electrode processes are compli-
cated by the adsorption of the starting complex, resulting in the
surface modification, which is manifested in a decrease in the
current. Because of this, it was impossible to determine the
number of transferred electrons.

fore, the following mechanism of electrooxidation
and electroreduction of ligands 4—9 can be suggested
(Scheme 3).
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Reoxidation peaks are observed on the reverse scan of
the CV curves of ligands 4 and 7 in solution after the first
cathodic peaks at nearly zero potentials (see Table 5 and
Fig. 2, b). This corresponds to the oxidation potentials of
the thiolate ion. This fact additionally confirms the pro-
posed mechanism of two-electron electroreduction, the
first step of which proceeds, apparently, at the sulfur
atoms.

The further reduction of ligands 4 and 7 at the imine
fragment proceeds at more negative potentials compared
to the first cathodic potentials of ligands 5, 6, and 8 (based
on our earlier data,’ these ligands should be initially re-
duced at the imine fragment). The shift of the electro-
reduction potentials to the cathodic region can be attrib-
uted to the fact that the first step affords thiolate ions, in
which the negatively charged sulfur atoms are conjugated
with the imine fragments hindering the reduction.

In the case of ligands 5, 6, and 8, the dianion that is
formed as a result of the addition of two electrons to two
imine fragments, apparently, undergoes protonation with
the solvent to form a product containing the amino group.
The formation of amine is confirmed by the appearance
of the anodic peak at +1.12 V on the reverse scan of the
voltammograms after the first cathodic peak of electro-
reduction of the ligands.5
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Fig. 2. Cyclic voltammograms of compounds 6 (a), 4 (b, ¢), 14 (d), 13 (e), 15 (f), and 10 (g) at a glassy-carbon electrode (a, b, d—g)
and an Au electrode (¢) (DMF, C=10=3 mol L~!, 0.1 M BuyNCIlOj solution).

As compared to the processes at glassy-carbon and
Pt electrodes, the redox processes at an Au electrode for
ligands 4 and 7 are characterized by the appearance of an
additional cathodic peak already on the first scan at £, =
—0.9 V, which corresponds to the reduction of the Au'—S
bond that is formed as a result of chemosorption of the
disulfide groups of the substrates on the electrode sur-
face.1’=19 To confirm this fact, the Au electrode was kept
in a solution of ligand 4 or 7 (C = 10~3 mol L~!) for 20 h,
washed with acetone, and dried. After this treatment, the
electrode was placed in the pure supporting electrolyte.

For ligands 4 and 7, the electroreduction peak of the
Au'—S bond (E,. = —0.9 V) was observed on the
CV curves, whereas the reduction peak of the disulfide
bond (£, . = 1.10 V) was completely absent. During the
reverse potential scan, the reoxidation peak of the thiolate
anion at E, , = —0.03 V was observed after the reduction
peak of the Au'—S bond (see Table 5 and Fig. 2, c).

Aul—S—R +e=Au’+-S—R (Epc=-0.9V)

R—S -e=R—S" (Epa=-0.03V)
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E=-1.22

Fig. 3. Frontier orbitals of compounds 4 (a, ), 5 (¢, d), 7 (e, f), and 8 (g, &) calculated by the PM3 method: LUMO (a, c, e, g) and

HOMO (b, d, f, h). The figure also gives the energies of LUMO/eV.

The absence of the peak at ~1.10 V on the volt-
ammogram, and the presence of this peak in the case of
reduction of ligands 4 and 7 in solution confirm that this
peak corresponds to the reduction of the S—S bond.

As compared to the electroreduction of the free ligand,
the CV curve of a solution of cobalt-containing com-
plex 14 shows an additional peak in the cathodic region at

E,Red = _1.23 V (see Table 5 and Fig. 2, d). This peak,
apparently, corresponds to the M!T — M! transition. On
the reverse scan of the voltammogram for this chlorine-
containing complex, a peak of oxidative desorption of
cobalt metal from the electrode surface was not observed
even after performing the electrolysis for 1 min. Reduced
Co! is evidently held by the tetradentate ligand, as
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was described for cyclam,?® pyridyl-substituted benzo-
thiazoles, 16 and iminosulfide® complexes.

In mononuclear Nill (11) and Co!! (13) complexes
containing perchlorate ions, the metal atom is also, ap-
parently, reduced; however, as opposed to complex 14,
the redox reaction of these complexes is a two-electron
process, resulting in the decomposition of the complexes
to form zero-valent metal (this is confirmed by the ap-
pearance of the peak of oxidative desorption of metal
from the electrode surface on the CV curve during the
reverse potential scan; see Table 5 and Fig. 2, e). Two
subsequent cathodic peaks on the CV curves are associ-
ated with the reduction of the ligands.

The cathodic branch of the CV curve of dinuclear
complex 12 in solution has, in addition to peaks corre-
sponding to the reduction of the ligand, two closely spaced
cathodic peaks belonging, apparently, to the reduction of

Scheme 4
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two nickel atoms. On the reverse scan of the CV curve, an
intense peak of oxidative desorption of Ni® was observed
after the first of these peaks; however, after the potential
of the second peak, the intensity of the desorption peak

unexpectedly sharply decreased and remained low even
after performing the electrolysis for 1 min. This fact con-

firms the suggestion that two nickel atoms in complex 12

are in the different ligand environment. Apparently, the
electroreduction of complex 12 involves the two-electron
reduction of the nickel ion coordinated by the pyridine
nitrogen atoms followed by elimination of nickel. On the
contrary, the electroreduction of another nickel ion coor-
dinated to four donor atoms of the ligand occurs without
a loss of metal by analogy with compound 14 (Scheme 4).

The electroreduction of the copper ion in copper-con-
taining mononuclear complexes 15, 17, and 18 proceeds
in two successive one-electron steps: Cull » Cul - Cu®
(see Table 5 and Fig. 2, f). The desorption peak indicative
of the decomposition of the complex is observed only
after the second redox transition Cu! — Cu®. It should be
noted that mononuclear copper complexes containing

c|:1
(CHy)»
s7 | s
=K | N=
78\ \_
—N 7

chloride ions as counterions are reduced ~300 mV easier
than their perchlorate-containing analogs.

The electrochemical reduction of Cu! in these com-
plexes at Pt and Au electrodes also involves two steps, but
the second cathodic peak is less intense compared to the
first peak. This fact can be attributed to the faster dispro-
portionation of Cu! in the complex that is formed in the
first step of electroreduction at metal electrodes com-
pared to the process at a glassy-carbon electrode. The
disproportionation of Cul at Pt and Au electrodes is con-
firmed by the presence of a desorption peak on the reverse
scan of the voltammogram after the potential of the first
cathodic peak.> Apparently, the Cu' compound that is
formed in the first step of electroreduction is stable under
experimental conditions at a glassy-carbon electrode,
whereas this compound is decomposed in experiments at
metal electrodes to give copper metal (Scheme 5).

Scheme 5

LCly~ — 1/2[X+ CuP+ L+ 2CI]
X=15,17,18;L=6,9

The CV curves of dinuclear copper complexes 10 and
16 in solution show only one quasireversible transition
at ~0.4 V corresponding to the Cu!! - Cu! transition. The
observed two-electron transfer in this step suggests the
simultaneous one-electron reduction of both metal cen-
ters. The resulting intermediate containing two Cu! ions
is, apparently, poorly soluble, due to which the intensity
of its reduction peak is low; however, the desorption peak
of Cu® is observed on the reverse scan after the potential
of this peak (see Table 5 and Fig. 2, g). Evidently, these
complexes have a symmetrical structure and contain cop-
per ions in the identical ligand environment, such that
interactions between the copper ions are impossible be-
cause of the absence of conjugation between two coordi-
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nating NS-type fragments. As a result, the redox pro-
cesses proceed independently and simultaneously with
the involvement of two copper atoms at the same po-
tential.

From all the aforesaid, it can be concluded that in the
first step, the mononuclear Co!! and Ni'l complexes with
chloride ions undergo one-electron reduction to give stable
MI-containing intermediates. Analogous complexes with
perchlorate ions undergo two-electron reduction accom-
panied by decomposition of the complexes to give free
ligands and metal. This difference in the electrochemical
behavior of complexes with CI~ and ClO,~ ions can be
attributed to the difference in the structure of the com-
plexes. The nucleophilic chloride anion is, apparently,
coordinated to the metal ions, thus stabilizing the initial
electroreduction product, whereas the non-nucleophilic
perchlorate anion is not coordinated directly to the metal
ion and the resulting initial reduction product is unstable
and immediately undergoes further reduction. Dinuclear
chloride-containing complex 12 with two non-identical
Ni!l ions undergoes two-electron reduction accompanied
by elimination of one of the nickel atoms as Ni’. The
further reduction proceeds analogously to that of the cor-
responding mononuclear complexes (11, 13, and 14). All
mononuclear copper-containing complexes (15, 17,
and 18) are successively reduced in two one-electron steps.
After the second redox transition, the complexes are de-
composed to give Cu® and the free ligand. In dinuclear
copper-containing complexes 10 and 16, the electro-
reduction of two metal centers proceeds independently at
the same potential.

The further reduction of all complexes proceeds at the
ligand fragment.

Therefore, of all the compounds under consideration,
complexes 11, 13, and 14 containing Co!! or Ni!l ions and
chloride anions are most promising for further investiga-
tions as catalysts for electrochemically induced alkylation
reactions. These compounds undergo one-electron re-
duction to give M!-containing stable intermediates, which
can react with AlkX to give M/ compounds followed by
the transfer of the alkyl groups to different types of sub-
strates.?!

Experimental

The 'H NMR spectra were recorded on a Varian-XR-400
instrument (400 MHz) in CDCl;. The IR spectra were mea-
sured on an UR-20 instrument in films or Nujol mulls. The
EI mass spectra were obtained on a JMS-D300 mass spectrom-
eter (direct inlet, the ion source temperature was 150 °C, the
ionizing electron energy was 70 eV, the accelerating voltage
was 3 kV).

Quantum chemical calculations were carried out by the
semiempirical SCF PM3 method,?2 which was extended by in-
cluding the parameters for all first-row transition metals and
selected second- and third-row metals. The geometry optimiza-

tion of the molecules was performed with a specified conver-
gence gradient of at most 10 kal A~! mol~!.

Electrochemical studies were carried out on a PI-50-1.1
potentiostat equipped with a PR-8 programmer. Glassy-carbon
(d=2 mm), platinum (¢ = 3 mm), or gold (d = 2 mm) disks were
used as the working electrodes; a 0.05 M BuyNClO, solution in
DMEF served as the supporting electrolyte; Ag/AgCl/KCl(satur.)
was used as the reference electrode; a Pt plate was used as an
auxiliary electrode. The potentials are given taking into ac-
count the iR compensation. The potential scan rates were 200
(CV method) and 20 mV s~! (RDE method). The numbers of
electrons transferred in redox processes were determined by com-
paring the limiting wave current in experiments at an RDE with
the current of one-electron oxidation of ferrocene at an equal
concentration.

All measurements were carried out under dry argon. The
samples were dissolved in a pre-deaerated solvent. Dimethyl-
formamide (high-purity grade) was purified by stirring over
freshly calcined K,CO; for four days followed by vacuum distil-
lation successively over P,O5 and CuSOy,.

2,2"-Dithiobenzaldehyde (1). o-(fert-Butylthio)benzaldehyde
(which was synthesized according to a known procedure?3)
(7.26 g, 37 mmol), glacial acetic acid (20 mL), and concen-
trated HBr (20 mL) were placed in a round-bottom flask. Then
DMSO (2.63 mL, 2.89 g, 37 mmol) was added dropwise with
stirring, the reaction mixture was stirred for 5 h, and cold water
(50 mL) was added. The precipitate that formed was filtered off
and recrystallized from MeOH. Compound 1 was obtained in a
yield of 3.55 g (70%) as pale-yellow crystals, m.p. 148 °C (cf. lit.
data?%: m.p. 145 °C). 'H NMR (CDCl;), &: 10.24 (s, 2 H); 7.89
(d,2H,J=6.6Hz);7.79(d,2 H,/=8.1Hz); 7.51 (t,2H,J=
7.1 Hz); 7.40 (t,2 H, J = 7.3 Hz).

1,2-Bis(2-formylphenylthio)ethane (2). o-Nitrobenzaldehyde
(9.06 g, 60 mmol) and ethane-1,2-dithiol (2.51 mL, 2.82 g,
30 mmol) were dissolved with stirring in DMF (75 mL). Finely
dispersed potassium carbonate (9 g) was added, and the reaction
mixture was stirred at 60 °C for 27 h. The hot solution was
filtered and cooled. Then EtOH (60 mL) was added. The pre-
cipitate that formed was filtered off and recrystallized from
EtOH. Compound 2 was obtained in a yield of 5.83 g (64%),
m.p. 134 °C (¢f. lit. data?5: m.p. 133 °C). 'H NMR (CDCl,), &:
10.40 (s, 2 H); 7.87 (d, 2 H, J = 7.8 Hz); 7.53 (t, 2 H, J =
7.6 Hz); 7.37 (m, 4 H, /= 5.1 Hz); 3.21 (s, 4 H).

1,3-Bis(2-formylphenylthio)propane (3). o-Nitrobenzalde-
hyde (12.08 g, 80 mmol) and propane-1,3-dithiol (4.04 mL,
4.32 g, 40 mmol) were dissolved with stirring in DMF (100 mL).
Finely dispersed potassium carbonate (12 g) was added, and the
reaction mixture was stirred at 60 °C for 27 h. The hot solution
was filtered and cooled. Then EtOH (60 mL) was added. The
precipitate that formed was filtered off and recrystallized from
EtOH. Compound 3 was obtained in a yield of 9.19 g (73%),
m.p. 51—53 °C (¢f. lit. data®: m.p. 54—56 °C). 'H NMR
(CDCly), &: 10.38 (s, 2 H); 7.86 (d, 2 H, J = 7.6 Hz); 7.53 (dt,
2H,/J=72Hz,J=75Hz);7.43(d,2 H,J="7.8 Hz); 7.34 (1,
2 H,J=74Hz); 315, 4 H, J =70 Hz); 2.12 (q, 2 H,
J=17.0 Hz).

Bis[2-(3-pyridyliminomethyl)phenyl] disulfide (4). 2,2"-Di-
thiobenzaldehyde (1) (274 mg, 1 mmol) and 3-aminopyridine
(188 mg, 2 mmol) were dissolved in EtOH (15 mL). The reac-
tion mixture was refluxed for 15 h and filtered. The solvent was
distilled off. A brown oil was obtained in a yield of 347 mg (81%).



2198 Russ.Chem.Bull., Int.Ed., Vol. 56, No. 11, November, 2007

Beloglazkina et al.

'H NMR (CDCly), 8: 8.77 (s, 2 H); 8.47 (m, 4 H); 7.92 (d, 2 H,
J=7.3Hz);7.78 (d,2H,J=7.6 Hz);7.50 (d,2 H, J= 8.1 Hz);
7.35 (m, 6 H).

2,2’ -[Ethane-1,2-diylbis(thio)]bis[ V- (3-pyridyl)benzald-
imine] (5). Compound 2 (906 mg, 3 mmol) and 3-aminopyridine
(564 mg, 6 mmol) were dissolved in EtOH (15 mL). The reac-
tion mixture was refluxed for 15 h and filtered. The solvent was
distilled off. A brown oil was obtained in a yield of 1 g (73%).
'H NMR (CDCls), 5: 8.99 and 9.00 (both s, 2 H); 8.46 (m, 4 H);
8.12 (d, 2 H, J = 7.7 Hz); 7.47 (d, 2 H, J = 7.9 Hz); 7.30
(m, 8 H); 3.07 and 3.03 (both d, 4 H, J = 2.5 Hz).

2,2”-[Propane-1,3-diylbis(thio)]bis[ N-(3-pyridyl)benzald-
imine] (6). Compound 3 (948 mg, 3 mmol) and 3-aminopyridine
(564 mg, 6 mmol) were dissolved in EtOH (15 mL). The reac-
tion mixture was refluxed for 15 h and filtered. The solvent was
distilled off. A brown oil was obtained in a yield of 980 mg
(70%). '"H NMR (CDCls), &: 9.02 and 9.01 (both s, 2 H); 8.49
(m, 4 H); 8.12 and 7.50 (both m, 2 H each); 7.34 (m, 8 H); 3.03
and 3.02 (both t, 4 H, J = 7.0 Hz); 1.93 (m, 2 H). MS,
m/z7 (I (%)): 467 [M — H]™ (2.5), 161 (57.0), 149 (43.0), 137
(100.0), 109 (79.7).

Bis[2-(2-benzothiazolyl)phenyl] disulfide (7). A mixture of
2,2 -dithiobenzaldehyde (1) (274 mg, 1 mmol) and 2-amino-
thiophenol (0.216 mL, 250 mg, 2 mmol) was refluxed in EtOH
(15 mL) in the presence of glacial acetic acid (0.5 mL) for 15 h.
The precipitate that formed was filtered off and dried in air.
A pale-yellow powder was obtained in a yield of 404 mg (84%),
m.p. 202 °C. Found (%): C, 64.55; H, 3.35; N, 5.70. C,cH(N,S,.
Calculated (%): C, 64.46; H, 3.31; N, 5.79. 'TH NMR (CDCl,),
8: 8.17 and 7.97 (both d, 2 H each, J = 7.9 Hz); 7.93 (dd, 2 H,
Jy =09 Hz, J, =79 Hz); 7.87 (dd, 2 H, J, = 1.3 Hz, J, =
7.7 Hz); 7.55 (dt, 2 H, J; = 1.1 Hz, J, = 7.6 Hz); 7.46 (dt, 2 H,
Jy=11Hz, J,=175Hz); 7.39 (dt, 2 H, J; = 1.5 Hz, J, =
7.2 Hz); 7.33 (dt, 2 H, J, = 1.3 Hz, J, = 7.5 Hz).

2,2’ -[Ethane-1,2-diylbis(thio-2,1-phenylene)]bis(1,3-benzo-
thiazole) (8). Compound 2 (604 mg, 2 mmol) and 2-amino-
thiophenol (0.431 mL, 500 mg, 4 mmol) were refluxed in EtOH
(15 mL) in the presence of glacial acetic acid (0.5 mL) for 15 h.
The precipitate that formed was filtered off and dried in air.
A yellow powder was obtained in a yield of 715 mg (70%), m.p.
128 °C. Found (%): C, 65.50; H, 3.70; N, 5.40. CygH,(N,S,.
Calculated (%): C, 65.36; H, 3.91; N, 5.47. 'H NMR (CDCl,),
6:8.13(d,2 H,J=28.0Hz); 799 (dd, 2 H, J, = 1.8 Hz, J, =
8.1 Hz);7.93(d,2H,/=8.0Hz); 7.53 (t,2H, J=7.4 Hz); 7.40
(m, 8 H); 3.10 (s, 4 H).

2,2"-[Propane-1,3-diylbis(thio-2,1-phenylene)]bis(1,3-ben-
zothiazole) (9). Compound 3 (316 mg, 1 mmol) and 2-amino-
thiophenol (0.216 mL, 250 mg, 2 mmol) were refluxed in EtOH
(15 mL) in the presence of glacial acetic acid (0.5 mL) for 15 h.
The reaction solution was passed through a silica gel filter col-
umn (2 = 3 cm), and the solvent was distilled off. A brown oil
was obtained in a yield of 0.28 g (52%). 'H NMR (CDCly), &:
8.13 (d, 2 H, J = 8.0 Hz); 7.99 (dd, 2 H, J, = 1.8 Hz, J, =
8.1 Hz);7.93(d,2H,/=8.0Hz); 7.53 (t,2 H, /= 7.4 Hz); 7.40
(m, 8 H); 3.10 (s, 4 H).

Synthesis of the complexes (general procedure 4). A solution
of the corresponding metal salt (0.02 mmol) in EtOH (1 mL)
was added to a solution of ligand 4—9 (0.02 mmol) in EtOH
(3—4 mL). The reaction mixture was refluxed for 15 h and then
cooled to —18 °C. The precipitate was filtered off, washed with
Et,0, and dried in air.

General procedure B. A solution of the corresponding metal
salt (0.02 mmol) in EtOH (1 mL) was slowly added along the
wall of the vessel to a solution of ligand 4—9 (0.02 mmol) in
CHCI; (1 mL) in such a way as to obtain a two-phase system.
The vessel with the reaction mixture was tightly closed and kept
until crystals formed. The precipitate was filtered off, washed
with Et,0, and dried in air.

Tetrachloro{bis[2-(3-pyridyliminomethyl)phenyl]disulfide}di-
copper(11) (10) was synthesized according to the method 4.
The yield was 70%. Found (%): C, 42.57; H, 3.90;
N, 8.20. Cy4H,4Cl14,Cu,N40S,. Calculated (%): C, 42.11;
H, 3.24; N, 7.56.

{2,2"-[Ethane-1,2-diylbis(thio)]bis[ N-(3-pyridyl)benzald-
imine] }nickel(11) diperchlorate (11) was synthesized according to
the method B. The yield was 34%. Found (%): C, 39.30; H, 3.90;
N, 7.05. CysH3(C1,N4NiO,S,. Calculated (%): C, 39.80;
H, 3.83; N, 7.14.

Dichloro{2,2"-[ethane-1,2-diylbis(thio)]bis[/NV-(3-pyri-
dyl)benzaldimine]}dinickel(1ir) (12) was synthesized according
to the method B. The yield was 83%. Found (%): C, 43.73;
H, 3.96; N, 7.81. C,3H,3CI4Ny4Ni,0S,. Calculated (%):
C,44.21; H, 3.68; N, 7.37.

{2,2"-[Ethane-1,2-diylbis(thio)]bis[ N-(3-pyridyl)benzald-
imine]}cobalt(1r) diperchlorate (13) was synthesized according to
the method B. The yield was 65%. Found (%): C, 39.10; H, 3.35;
N, 7.57. Cy4H;3(Cl,CoN40,S,. Calculated (%): C, 39.80;
H, 3.83; N, 7.14.

Dichloro{2,2"-[ethane-1,2-diylbis(thio)]bis[ N-(3-pyri-
dyl)benzaldimine]}cobalt(i1) (14) was synthesized according
to the method B. The yield was 65%. Found (%): C, 50.30;
H, 3.84; N, 9.21. CyH,4Cl,;Ny4NiO,S,. Calculated (%):
C, 50.32; H, 4.19; N, 9.03.

{2,2”-[Propane-1,3-diylbis(thio)]bis[ N-(3-pyridyl)benzald-
imine] }copper (1) diperchlorate (15) was synthesized according
to the method B. The yield was 92%. Found (%): C, 44.48;
H, 3.50; N, 7.81. C,;H,4Cl,CuN4O4S,. Calculated (%):
C, 44.35; H, 3.29; N, 7.67.

{2,2"-[Propane-1,3-diylbis(thio)]bis[ N-(3-pyridyl)benzald-
imine] }copper (1) diperchlorate (16) was synthesized according
to the method B. The yield was 56%. Found (%): C, 44.69;
H, 3.53; N, 8.01. CyyH;3,Cl,Cu,N,40S,. Calculated (%):
C, 44.44; H, 3.83; N, 7.15.

Dichloro{2,2"-[propane-1,3-diylbis(thio-2,1-phenylene)]-
bis(1,3-benzothiazole)}copper(ir) (17) was synthesized according
to the method 4. The yield was 85%. Found (%): C, 52.16;
H, 3.92; N, 4.32. C,yH,¢Cl,CuN,S,. Calculated (%): C, 52.37,
H, 3.91; N, 4.21.

{2,2"-[Propane-1,3-diylbis(thio-2,1-phenylene)]bis(1,3-ben-
zothiazole)}copper(i1) diperchlorate (18) 4. The yield was 85%.
Found (%): C, 43.99; H, 2.91; N, 3.72. C,9H,cCl,CuN,S,.
Calculated (%): C, 43.88; H, 2.77; N, 3.79.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 07-03-
00584-a).
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