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ABSTRACT: The Cu(II)-catalyzed oxidative and reductive
cleavage of the disulfide bond of N-(2-(2-(2-picolinamido)-
phenyl)disulfanyl)phenyl)picolinamide, L, is reported for the
first time. Aerobic oxidation with Cu(II) gives complete
oxidation of S−S bond to sulfonates, whereas Ag(I) gives only
partial oxidation up to sulfinates, in the absence of any other
oxidizing agent, in tetrahydrofuran/water solution. The in situ
generated sulfonate product forms a thermally stable, two-
dimensional H-bonded polymeric complex with Cu(II) ions in
two polymorphic forms. L in the presence of Cu(II), in an
inert atmosphere, results in a reductive cleavage of the disulfide
bond and an in situ formation of a new C−S bond. The latter
forms a unique tetranuclear complex with Cu(II) employing deprotonated amide groups and bridging thiol and chloride atoms.
The disulfide precursor and the products were characterized by X-ray crystallography and spectroscopic techniques.

■ INTRODUCTION
The disulfide bond plays an important role in the structure,
folding, and stability of the proteins as it is the only readily
reversible covalent cross-linking bond present in native
proteins.1 Thus, formation and cleavage of disulfide bonds is
known to be important for biological activity of several S-
containing proteins.2 The thiol−disulfide systems show a rich
redox chemistry3 that involves oxidation of thiols to disulfides4

or to sulfenates/sulfinates/sulfonates;5 reductive cleavage of
disulfides to thiols,6 occasionally followed by C−S or C−N
cleavage;7 oxidation of disulfide, with S−S preservation to form
any or a mixture of sulfenates/thiosulfenates/sulfinates/
thiosulfinates;8 or total oxidative cleavage to sulfonates.9 The
oxidation of thiols to disulfides can be achieved in a variety of
ways by using transition metals, metal oxides, hydrogen
peroxides, oxygen,10 or autoxidation.11 Commonly the peracids
are used12 to oxidize organo disulfides, but hydrogen peroxide
in acetic acid has also been used. However, the latter, in the
absence of a catalyst (molybdates and tungstates, methyltri-
oxorhenium(VII))13 warrants harsh conditions.14 The role of
transition metal ions in the disulfide chemistry, however, is very
versatile and interesting especially in the case of copper, which
itself has a good redox chemistry. When the facile oxidation of
2,2′-dipyridyl disulfide (2-pydi) to pyridine-2-sulfinate in the
presence of the Cu(II) ion and water under both aerobic/
anaerobic conditions was reported,15 it was believed that
further oxidation of disulfides or sufinate compounds to the
corresponding sulfonates would require a strong oxidizing
agent such as hydrogen peroxide or halogen. This was negated
by the unexpected, complete oxidation of 3-methyl-2-pydi to its

sulfonate (in low yield)16 and later of 2-pydi to its sulfinate/
sulfonate mixture,17 in the presence of Cu(II) ion, without any
other oxidizing agent in very mild conditions. Such an oxidation
phenomenon is akin to oxidative desulfurization and the
metabolism of sulfur in vivo.18 A similar case was later reported
for 4,4′-dipyridyldisulfide (4-pydi), which also gave direct
oxidation19 to sulfonate in the presence of Cu(II), albeit in
coexistence with the disulfide in some cases.
In our pursuit of studying amide-based complexes20 and

searching for new coordination complexes with in situ-formed
ligands, not easily accessible otherwise, we here present N-(2-
(2-(2-picolinamido)phenyl)disulfanyl)phenyl)picolinamide L
(Scheme 1). The reactions of L with Ag(I) and Cu(II), in
aerobic conditions, reveal the respective formations of sulfinate
L1 and sulfonate L2 indicating that these metal ions help in
oxidation of the S−S bond. The sulfonate L2 forms a thermally
stable, two-dimensional (2D) H-bonded supramolecular
complex with copper. L, L1, and the copper(II) complex of
L2 were characterized with X-ray diffraction (Supporting
Information, Table S1). The oxidation of L, in the case of
Cu(II), is complete forming two polymorphs (1) and (1a) of a
copper(II) complex of L2, whereas Ag(I) gives a mixture of L,
L1, and an uncharacterized complex of Ag(I). We also give X-
ray structural evidence for the new tetranuclear complex
[Cu4(L3)2Cl2] formed as a result of the reductive cleavage of
disulfide bond concomitant with in situ formation of a new C−
S bond, in the presence of Cu(II), under anaerobic conditions.
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Interestingly the ligand L was first prepared by a different
method6 by Tyler et al.,6a cleaved reductively (using NaBH4) to
its corresponding thiol, and then its Co(III) complexes were
oxidized by H2O2 to give sulfinates of the bound thiol. The
same ligand, in its anionic form, was also used by Wang et al.6b

to study reductive cleavage of the disulfide bond by V(IV).
However, neither L was structurally characterized in any of
these two reports nor was its oxidative cleavage studied in the
presence of Ag(I) and Cu(II) ions. This is also the first time
that a reductive cleavage of the disulfide bond has been found
for this by just using Cu(II) ions only.

■ EXPERIMENTAL DETAILS
Materials and Methods. The solvents were distilled prior to use

following appropriate procedures.21 Under the N2 atmosphere dry
methanol is used as solvent. All the chemicals were purchased from
Aldrich and used as received. Elemental analyses (C, H, N, S) were
performed on a Perkin−Elmer model 2400 CHN analyzer. IR spectra
were recorded as KBr pellets on a Varian 660-IR FT-IR
spectrophotometer. Thermal analyses were carried out on a SII
6300 EXSTAR TG/DTA thermo analyzer in flow of N2, in the
temperature range from 20 to 800 °C, with a heating rate of 10 °C
min−1. The 1H NMR spectra were recorded on a 300 MHz JEOL FT
NMR spectrometer with tetramethylsilane as the reference compound
in CDCl3, deuterated dimethyl sulfoxide (DMSO-d6), or trifluoro-
acetic acid (TFA) as per needs. UV−vis spectra were recorded on a
Shimadzu Pharmaspec UV-1700 UV−vis spectrophotometer. The
powder X-ray diffration (PXRD) was carried out on Rigaku miniflex 2
in the range of θ = 2° to 60 °C. Cyclic voltammetric (CV)
measurements were carried out on a BAS CV 50W electrochemical
analyzing system (accuracy 1.0 mV). The CVs of (1) and (3) were
recorded in DMSO (dimethyl sulfoxide) with 0.1 M TBAP
(tetrabutylammonium perchlorate) as supporting electrolyte using a
three-electrode system under N2 atmosphere. CVs of complexes 1 and
3 displaying Cu2+/Cu+ (E1) and Cu

+/Cu0 (E2) couples in DMSO at Pt
working electrode; Pt wire as the counter electrode; and Ag/Ag+ as the
reference electrode. The potentials were corrected and reported versus
saturated calomel electrode (SCE), standardized for the redox couple
ferricinium/ferrocene. High-resolution mass spectra (HRMS) were
recorded on a Bruker microTOF-QII spectrophotometer. Magnetic
moment was carried out on a Johnson Matthey Catalytic Systems
Division Equipment, at room temperature, using the molecular weight
for the tetramer complex (3).
Caution! Perchlorate salts are explosive in nature. It could explode upon

heating and should be handled in small amounts with caution.

■ EXPERIMENTAL SECTION
(1). Synthesis of 2-(2-(2-aminophenyl)disulfanyl)benzen-

amine. The 2-aminothiophenol (2-amtp) (3 g) was dissolved in 25
mL of acetonitrile and was oxidized in air. Upon slow evaporation, the
crystals of 2-(2-(2-aminophenyl)disulfanyl)benzenamine (DSA) were
grown after a few days. Yield: 2.7 g (90%). 1H NMR [300 MHz;
CDCl3]: δ (ppm) 6.5 (d, 2H, ArH, J = 1.2 Hz), 6.7 (d, 2H, ArH, J =
1.2 Hz), 7.13 (t, 2H, ArH J = 1.5 Hz), 7.17 (t, 2H, ArH, J = 1.5 Hz,),
4.3 (s, 1H, NH).

(2). Synthesis of N-(2-(2-(2-picolinamido)phenyl)disulfanyl)-
phenyl)picolinamide, L. This ligand was prepared by mix anhydride
coupling reaction,22 which is an easy and convenient approach. To the
stirred solution of 0.734 g (5.9 mmol) of picolinic acid (2-pic) in dry
THF at −15 °C, N-methyl morpholine (NMM) (0.213 mL, 1.93
mmol) and ethylchloroformate (ECF) (0.213 mL, 2.2 mmol) were
added. After 20 min of stirring, 2-(2-(2-aminophenyl)disulfanyl)-
benzenamine (DSA) (0.37 g, 1.49 mmol) was added (in dry THF),
and the reaction mixture was stirred for 2 h at −15 °C. The stirring
was later continued at room temperature for an additional 10 h. The
reaction was monitored by using thin-layer chromatography (TLC).
On completion, the reaction mixture was concentrated to remove the
THF and then extracted into ethyl acetate. The organic layer was dried
over sodium sulfate and was concentrated under vacuum, to get crude
creamish solid, which was recrystallized from chloroform/acetonitrile
to get diffraction-quality crystals. Yield 0.60g (88%). mp 170−173 °C.
Anal. Calc. for C24H18N4O2 S2: C,62.48; H, 3.93; N, 12.22; S,13.87.
Found: C, 62.33; H, 3.99; N, 12.14; S, 13.59%. m/z: 459.09 [M + 1]+,
(calculated 459.09). IR (KBr/cm−1) 3272, 3060, 1699, 1572, 1428,
1299. 1H NMR [300 MHz; CDCl3, Me4Si] δ (ppm) 6.89 (t, 2H, ArH,
J = 7.5 Hz,), 7.21 (t, 2H, ArH, J = 7.5 Hz), 7.4 (d, 2H, ArH, J = 7.8
Hz), 7.48 (d, 2H, ArH, J = 7.5 Hz), 7.88 (t, 2H, PyH, J = 7.8 Hz), 8.24
(d, 2H, PyH, J = 7.8 Hz), 8.45 (d, 2H, PyH, J = 8.7 Hz), 8.56 (d, 2H,
PyH, J = 7.5 Hz), 11.01 (s, 1H, NH). 13C NMR [75 MHz; CDCl3] δ
120, 122, 123, 124, 126, 131, 136, 137, 139, 148, 149, 161.9.

(3). Synthesis of [Cu(L2)2(H2O)2]·H2O (1). Copper(II) chloride
dihydrate (0.170 g, 1 mmol) in water and L (0.458 g, 1 mmol) in THF
were mixed with continuous stirring for 1 h. There was an immediate
color change from yellow to dark green. After stirring for 1 h, the
solution was filtered. Green crystals of (1) separated out from the
filtrate after several days. Yield: 0.40 g (61.5%). mp > 300 °C. Anal.
Calc. for C24H24CuN4O11S2: C, 42.80; H, 3.57; N, 7.90; S, 9.50.
Found: C, 42.43; H, 3.42; N, 7.45; S, 9.39%. m/z: 656.89 [M + 2]+

(calculated 656.13). UV−vis [λmax (DMSO)/nm (ε, M−1 cm−1)]: 697
(57.4), 290 (23540). IR (KBr/cm−1) 3428, 3029, 1631, 1586, 1444,
1359, 1219,1015. μeff (B.M.): 1.98.

(4). Synthesis of Bis-N-(2-(sulfonyl)phenyl)picolinamide, L1.
The ligand L was dissolved in THF and added into a solution of
AgNO3 in methanol. White precipitates, separated from the reaction

Scheme 1
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mixture after 15 min, were filtered out. The TLC of filtrate showed
that it contained both L and L1. To separate them, the filtrate was
evaporated and treated with CHCl3 to extract L, while L1 was left as a
solid product soluble in DMSO only. (% yields of L and L1 = 44 and
7.46, respectively). The crystals of L1 were obtained by vapor diffusion
method using DMSO/diisopropyl ether. Light yellowish crystals were
obtained after a month. Yield: 0.4 g (7.46%). mp 272−275 °C. Anal.
Calc. for C24H18N4O6S2: C, 55.16; H, 3.59; N, 10.72; S, 12.77. Found:
C, 54.96; H, 3.80; N, 10.80; S, 13.01%. m/z: 523.07 [M + 1]+

(calculated 523.07). IR (KBr/cm−1) 3438, 3096, 1696, 1588, 1300,
1440, 1215, 1012. 1H NMR [300 MHz; DMSO-d6; Me4Si] δ (ppm)
7.08 (t, 2H, ArH, J = 9 Hz), 7.36 (t, 2H, ArH, J = 9 Hz), 7.63 (t, 2H,
ArH, J = 8.4 Hz), 7.74 (d, 2H, ArH, J = 9 Hz), 8.03 (t, 2H, PyH, J = 9
Hz), 8.16 (d, 2H, PyH, J = 8.1 Hz), 8.49 (d, 2H, PyH, J = 7.2 Hz), 8.7
(s, 2H, PyH), 11.9 (s, 1H, NH).
(5). Synthesis of [AgL(NO3)(H2O)2] (2). The complex (2)

separated as a white precipitate (vide supra), and it is insoluble in all
solvents. This precipitate was washed with chloroform to remove any

untreated ligand and dried under vacuum. Yield: 0.28 g (32%). mp >
290 °C. Anal. Calc. for C24H22AgN5O7 S2: C, 43.38; H, 3.34; N, 10.54;
S, 9.65. Found: C, 43.23; H, 3.23; N, 10.14; S, 9.50%. m/z: 663.43 [M
− 1]+ (calculated 663.46). IR (KBr/cm−1) 3436, 3270, 1691, 1523,
1430, 1309. 1H NMR [300 MHz; TFA + CDCl3; Me4Si] δ (ppm) 7.3
(t, 2H, ArH, J = 8.4 Hz), 7.46 (t, 2H, ArH, J = 7.8 Hz), 7.57 (d, 2H,
ArH, J = 7.8 Hz), 7.72 (d, 2H, ArH, J = 7.8 Hz), 8.32 (t, 2H, PyH, J =
6.6 Hz), 8.6 (d, 2H, PyH, J = 8.1 Hz), 8.82 (d, 2H, PyH, J = 8.1 Hz),
9.96 (s, 2H, PyH, J = 6.6 Hz), 11.9 (s, 1H, NH).

(6). Synthesis of Complex [(Cu)2(L3)Cl]2 (3). This complex was
prepared from a reaction mixture containing equimolar amounts of
Cu(II) chloride dihydrate (0.170 g, 1 mmol) and ligand L (0.458 g, 1
mmol) dissolved in a minimal amount of acetonitrile under N2
atmosphere. A green colored solid separated out, which was filtered
and dried in vacuo. The solid obtained was redissolved in lukewarm
methanol and kept in an airtight container. Small blackish-green
colored crystals appeared in the solution after about a month, which
were suitable for the X-ray diffraction studies. Yield: 0.52 g (42.07%).

Figure 1. UV−vis spectra of complex (1) in DMSO showing (a) d−d bands, (b) CT band, and (c) diffuse reflectance spectra. The UV−vis spectra
of complex (3) (d) in DMSO, showing d−d bands (e) in DMSO, showing CT band, inset- expanded CT region (f) d−d band in the diffuse
reflectance spectra (g) showing d−d bands in methanol (h) CT band in methanol.
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mp > 290 °C. Anal. Calc. for C24H15Cu2ClN4O2S2: C, 46.64; H, 2.42;
N, 9.06, S, 10.38. Found: C, 46.30; H, 2.12; N, 8.77; S, 10.51%. m/z:
618.80 [M]+ (calculated 618.05). UV−vis [λmax (CH3OH)/nm (ε,
M−1 cm−1)]: 736 (47.6) and 302 (10570), [λmax (DMSO)/nm (ε, M−1

cm−1)]: 911 (48), 374 (1874). IR (KBr/cm−1) 3435, 3055, 1596,
1475, 1304. μeff (B.M.): 3.17.
X-ray Data Collection. The data for L, L1, (1), (1a), and (3) were

collected on a Bruker Apex-II CCD diffractometer. The data were
corrected for Lorentz and polarization effects as well as for the
absorption. The structures of all compounds were solved by direct
methods using (SIR97)23a and refined on F2 using least-squares
refinement methods by SHELXL-97.23b All non-hydrogen atoms were
refined using anisotropic thermal parameters. The hydrogen atoms
were included in ideal positions (unless specified) with a fixed Uiso
value and were riding on their respective non-hydrogen atoms. The
O5 and O6 in L1 showed disorder, which could be resolved by
splitting each of these atoms into two parts with their site occupancy
factors and thermal parameters refined as free variables. The
hydrogens of the water molecules in (1) and (1a) were located
from difference Fourier and were refined with their Uiso values 1.2
times that of the carrier oxygens and fixed O−H distance of 0.82(2) Å.
Similarly the amide hydrogens in L, L1, (1), and (1a) were located
from difference Fourier and were refined with their Uiso values 1.2
times that of the carrier nitrogen atoms with fixed distance of 0.88(2)
Å. The data measurement and other refinement parameters for these
five crystal structures are given in Supporting Information, Table S1.

■ RESULTS AND DISCUSSION

Infrared Spectroscopy. L shows the νN−H band at 3272
cm−1, strong amide I band at 1699 cm−1, and νC−N at 1299
cm−1 (Figure S1, Supporting Information). The corresponding
bands in L1 are found at 3438, 1696, and 1300 cm−1,
respectively. The bands due to νOSO(asym) and νOSO(sym) appear at
1215 and 1012 cm−1 (Figure S2, Supporting Information).
Complex (1) shows amide I band at 1631 cm−1 and νC−N at
1359 cm −1, which are shifted from L indicating the
coordination to copper through carbonyl oxygen and pyridine
N atom (Figure S3, Supporting Information). Additional bands
due to νOSO(asym) and νOSO(sym) appear in (1) at 1219 and 1015
cm−1, and the νO−H band at 3424 cm−1 is indicative of the
presence of coordinated and the noncoordinated water
molecules. Complex (2) shows amide I bands at 1691 and
νC−N 1309 cm−1 (Figure S4, Supporting Information) with a
very slight shift in the former indicating no coordination
through the amide group but only through the pyridine
nitrogen. The presence of −OH and −NH bands at 3436 and
3271 cm−1 indicate water and amide hydrogen. Complex (3)
shows νco amide I band at 1596 cm−1 and νC−N at 1304 cm−1

(Figure S5, Supporting Information) signifying that a
deprotonated amide group6a,24 and pyridine are coordinating
to the metal ion, respectively. The νSO bands are conspicuous
by their absence, both in (2) and (3) ruling out any oxidation.
UV−vis Spectroscopy. The absorption spectrum of

complex 1 was measured both in the solid state and as well
as in DMSO. The solid-state diffuse reflectance spectrum of 1
displays a broad absorption band at ca. 700 nm suggestive of a
predominantly tetragonal geometry, in conformity with the X-
ray structural result. In DMSO solution, complex 1 displays a
band at 697 nm (14 347 cm−1, ε = 57.4 M−1 cm−1), which has
been assigned to Eg → T2g d−d transition (Figure 1); the
broadness is attributed to tetragonal distortion due to Jahn−
Teller effect.25 Another band at 290 nm (34 482 cm−1, ε = 23
540 M−1 cm−1) was assigned tentatively to a charge transfer
(CT) transition. The extinction coefficient values justify the
assignment of the transitions. Importantly, the DMSO solution

absorption spectrum is in complete similarity to that of solid-
state spectrum. This strongly suggests that the solid-state
tetragonal geometry around the Cu(II) ion is maintained in the
DMSO solution. However, it is likely that the coordinated
water molecules may dissociate in solution and be replaced by
the solvent molecules.
The absorption spectrum of complex 3 was measured both in

the solid state and in two solvents of different polarity (DMSO
and MeOH, Figure 1). The diffuse reflectance spectrum of 3
displays a broad spectral feature centered on 800 nm in
addition to ill-defined features at ca. 500 and ca. 400 nm. As the
crystal structure of this complex exhibits the presence of both
four- as well as five-coordinate cupric ions, the solid-state
absorption spectrum appears to be a bit complex. Interestingly,
the solution-state absorption spectrum is quite different from
that of the solid-state one implying that in going from solid to
the solution phase, a stereochemical change around Cu(II) ion
has occurred. In fact, it is likely that the tetranuclear structure
breaks in solution generating two dinuclear molecules. In
particular, MeOH solution displays transitions at 736 nm (13
586 cm−1) with low extinction coefficient of 48.6 M−1 cm−1 and
a high-energy feature at 302 nm (33 112 cm−1, ε = 10 570 M−1

cm−1). The DMSO solution, on the other hand, shows
transitions at 911 nm (10 976 cm−1, ε = 96 M−1 cm−1) and
374 nm (26 737 cm−1, ε = 1874 M−1 cm−1). In both solvents,
the low-energy feature can be assigned to d−d transition
considering its position and low extinction coefficient, whereas
the high-energy feature is tentatively assigned to ligand-to-metal
CT band. The presence of both thiolate and thioether
functional groups in complex 3 suggests the possibility of CT.6a

X-ray Crystal Structures. The X-ray crystal structure of L
(Figure 2) shows that in two halves of the molecule (about S−S

bond) the pyridine and the phenyl ring are forming very
different dihedral angles (24.9(1); 8.7(1)°) between them,
signifying that one-half is relatively more planar than the other.
Similarly the dihedral angles between the two pyridine rings
and two phenyl rings are rather unequal [7.5(1) and 26.3(1)°].
The torsion angle C12−S1−S2−C24 is 89.1° in the molecular
structure of L and shows a kink around the S−S bond making
the two halves out of plane with each other. The conformation
adopted gives π···π interactions between the pyridine ring (N1,
C1−C5) and phenyl ring (C19−C24) with centroid to centroid
distance as 3.89 Å, whereas the same between the other pair is
longer (4.12 Å) (Figure S6, Supporting Information).
The sulfinate ligand L1 (Figure 3) has four disordered

oxygens. Compared to L, the torsion angle C12−S1−S2−C24

Figure 2. ORTEP view of the final model of disulfide compound L at
50% probability.
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is slightly decreased to 82.8°. In each half of the molecule, the
dihedral angles between pyridine and the phenyl ring are
29.8(1) and 17.3(1)°, which are close to each other, showing
that now both halves are significantly nonplanar. Similarly the
two pyridine rings and the two phenyl rings are making
dihedral angles of 19.5(2) and 27.6(1)°, which are again
relatively close to each other compared to those found in L.
The orientation gives face-to-face π···π interactions between the
pyridine ring of one half and the phenyl ring of the other half
(centroid to centroid distance 3.3 and 3.9 Å, Figure S7,
Supporting Information). The amide nitrogens N2 and N4 are
intramolecularly H-bonded to pyridine nitrogens N1 and N3
and sulfinato oxygens O3 and O6, respectively. (Figure 3, Table
S2, Supporting Information).
In (1), the centrosymmetric Cu(II) ion has an octahedral

environment (Figure 4) from two water molecules and two

bidentate L2 ligand molecules, bonding through pyridine and
carbonyl oxygen. The charge neutrality in the complex is
maintained by the two sulfonate (SO3

−) units. Cu1−N1 and
Cu1−O1 distances are 1.967(8) Å and 1.998(7) Å, respectively,
whereas the Cu1−O1W distance 2.373(11) Å is rather long
showing the well-known Jahn−Teller distortion. The S1−O3
and S1−O4 distances are equal to 1.439(2) Å, whereas the S1−
O2 distance 1.448(2) Å is slightly longer as it is forming strong
intramolecular H-bonds with amide N2 (Table S2, Supporting
Information), which is also H-bonded with S1. The remaining
two sulfonate oxygens are engaged in strong intermolecular H-

bonding interactions with water molecule O1W, forming a 2D
H-bonded network running diagonally parallel to the ab plane
(Figure 5). This 2D structure consists of 12-membered rings of
H-bonded water and sulfonate groups, which are further joined
to each other through coordination of metal ions.
The ligand L when treated with Cu(ClO)4·6H2O gives the

same crystal structure with same space group but when treated
with Cu(NO3)2 in same reaction conditions forms complex (1),
which crystallizes in monoclinic P21/n space group, and thus is
a polymorph of (1), being referred to as (1a) henceforth. The
geometry around the central metal ion is the same as in (1).
The bond lengths of Cu1−N1 and Cu1−O1 of 2.006(3) and
2.294(3) Å, respectively, found in (1a) are longer than those
found in (1), whereas the Cu1−O1W distance in (1a) is
shorter (1.9732(3) Å) than the corresponding distance in (1)
(2.373(10) Å). These bond distances clearly show that Cu(II)
ion in (1) has a “z out” tetragonal distortion, whereas it is
having a “z in” tetragonal distortion in (1a) (Figure 6). The
bond angles N1−Cu1−O1 are 82.03(3) and 75.59(9)° in (1)
and (1a), respectively, showing that the bite angle of the ligand
is smaller in the latter. The dihedral angle between the
coordination planes passing through N1, O1, Cu1, N1i, O1i,
and the phenyl ring (C7 to C12) is 15.15(4)° in (1) and
12.97(9)° in (1a) further supporting that the molecule has
different conformations in the two crystal forms. The S−O
bond distances in (1a) are in the range from 1.383(4) to
1.392(5) Å, which are shorter than those found in (1). It may
be due to the unresolved disorder in the sulfonate group in
(1a).
As in (1), one of the sulfonate oxygens, namely, O3 is

forming intramolecular H-bond with the amide N2, which is
also donating a H-bond to S1 (Supporting Information, Table
S2). Similarly the remaining two oxygens O2 and O4 are
involved in strong intermolecular H-bonding interactions with
water molecules. The packing consists of undulating chains
formed of water molecules and the sulfonate groups only
which are further arranged in an antiparallel arrangement
running diagonally parallel to the ac plane, due to the
coordination of water to metal ions (Figure 7). The water···
sulfonate intermolecular H-bonding distances are shorter in
(1a) (Supporting Information, Table S2) indicating a relatively
strong H-bonding.
Complex (3) is a tetranuclear centrosymmetric complex

(Figure 8) that is formed by chloride bridging between two
dinuclear units, with two Cu(II) ions in different stereo-
chemistry. In each unit Cu1 is five-coordinated by one pyridine
N1, one deprotonated amide nitrogen N2, one thioether sulfur
S2, one bridging thiol S1, and one bridging chloride ion Cl1,
whereas Cu2 is four-coordinated by pyridine N3, amide
nitrogen N4, bridging thiol S2, and Cl1. Cu1 is in a square
pyramidal geometry with chloride in the axial position and Cu1
above the plane (0.36 Å) of the four equatorial donors, while
Cu2 is nearly in a square plane (lying 0.1 Å above the plane).
The tetranuclear complex has alternating, corner sharing of
square planes with square pyramidal polyhedra (Figure 8,
inset). Both chloride and thiol S1 show unsymmetrical bridging
(Table S3, Supporting Information) between two polyhedra
with relatively shorter bonds to the four-coordinated Cu2 ion.
The two halves of the carboxamide unit in L3 are almost
perpendicular to each other (dihedral angle 75.89(4)°), and
consequently the two coordination polyhedra are also forming
a dihedral angle of 62.4(1)° between them. Thus, the
tetranuclear moiety consists of two centrosymmetric L-shaped

Figure 3. ORTEP view of the final model of sulfinato compound L1 at
50% probability.

Figure 4. ORTEP view of complex (1); hydrogen atoms were
removed for clarity (50% probability).
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dinuclear units bridged by the Cl− ions. In the crystal structure
of (3) these tetranuclear units are weakly H-bonded to each
other (Table S2, Supporting Information) and also have π···π
interactions between pyridine and phenyl rings to build a 2D
H-bonded network in the (001) plane (Figure 9).

Cyclic Voltammetric Studies. The electrochemical
behavior of complexes 1 and 3 was studied by CV at platinum
working electrode. In DMSO solution, both complexes exhibit
two reductive responses; first for the Cu2+/Cu+ couple (E1) and
the second one for the Cu+/Cu0 couple (E2). The most
cathodic response (E2) was assigned to a Cu+/Cu0 process,
since an anodic scan following an initial cathodic scan is
associated with a sharp feature characteristic of desorption of
electrochemically generated Cu(0) species (Supporting In-
formation, Figure S8).
The electrochemical behavior of complex 1 is displayed in

Figure 10a, which represents two quasi-reversible reductive
responses with E1 value of 0.28 V versus SCE (ΔEP = 250 mV)
and E2 value of −0.44 V versus SCE (ΔEP = 225 mV). The
observation of large ΔEP (peak-to-peak separation = 220−250
mV) suggests a significant structural change during the course
of electron transfer, which is expected given the different
stereochemical preference for the Cu(II), Cu(I), and Cu(0)
states.26 In addition, the Cu(II) ion in complex 1 is ligated to
two water molecules, which are expected to be labile after the
reduction thus contributing to the large ΔEP values. The E1
value for complex 1 was observed to be fairly positive
suggesting a facile distortion of tetragonal geometry toward a
tetrahedral one upon reduction to Cu(I) state. This is not
unexpected considering the fact that the Cu(II) center is
coordinated to two chelating ligands and therefore provides
enough flexibility toward tetrahedral geometry.

Figure 5. Crystal packing diagram of (1) showing 2D network due to H-bonding interactions.

Figure 6. Showing z out and z in tetragonal distortions in (1) and (1a)
crystalline forms.

Figure 7. Crystal packing diagram of (1a) showing undulating chains of H-bonded water and sulfonates and the formation of 2D network by their
antiparallel arrangement via coordination bonds.
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The electrochemical responses for complex 3 (Figure 10b)
were of a very similar nature to that of complex 1, however,
with sizable potential difference, particularly for the E2

response. For this complex, the E1 response was observed at
0.31 V with ΔEP value of 330 mV. This response was assigned
to Cu2+/Cu+ couple, however, with a much larger structural

Figure 8. ORTEP view of complex (3) at 50% probability; hydrogen atoms were removed for clarity. (inset) Alternating corner sharing of square
planes with square pyramidal polyhedra.

Figure 9. Crystal packing diagram of (3) showing C−H···O H-bonding and π···π interactions to build 2D H-bonded network.

Figure 10. (a) CV of complex 1 displaying Cu2+/Cu+ (E1) and Cu+/Cu0 (E2) couples in DMSO at Pt working electrode; Pt wire as the counter
electrode; and Ag/Ag+ as the reference electrode. The potentials were corrected and reported vs SCE. (b) CV of complex 3 displaying Cu2+/Cu+

(E1) and Cu+/Cu0 (E2) couples in DMSO. The response at −0.48 V is due to some electrochemically generated Cu(I) species.
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change. We believe that the involvement of deprotonated
Namidate and Sthiolate in the coordination sphere must have
significantly disfavored the tetrahedral geometry after reduction
to Cu(I) state. Such a postulation is strengthened by the
observation of Cu+/Cu0 process at a considerably lower
potential of −0.81 V versus SCE (ΔEP = 390 mV) when
compared to −0.44 V noted for complex 1. This comparison
suggests that the copper centers in complex 3 are coordinated
to electron-rich donor groups, thus stabilizing the Cu(II) state
to a large extent.
Thermogravimetric Analysis. Complex (1) (Figure 11)

first shows loss of two and a half lattice water molecules, at 100

°C (expected weight loss = 6.4% and observed weight loss =
6.6%). Subsequent decomposition occurs only after 350 °C
when the organic part is lost in three consecutive steps; from
352 to 374, 400−500, and 500−900 °C, leaving a residue of
Cu2S, accounting for an observed residual weight of 23.33%
against the calculated 23.34%. The high thermal stability of the
complex is attributed to the 2D extended strong H-bonded
network of the compound. A high weight loss rate and the

sharp thermal decomposition threshold are the features
desirable for the compounds, which could be used as optical
recording materials.27

Complex (3) (Figure 11) shows first the weight loss of
chlorine (expected weight loss = 5.70% and observed weight
loss = 5.20%) at 200 °C. The loss of the organic ligand occurs
in two steps in the range of 210−900 °C with 63.48% weight
loss (observed weight loss = 63.68%). Finally above 916 °C,
CuS was left as final residue (expected weight loss = 30.9% and
observed weight loss = 31.4%).

NMR Spectroscopy. As (2) is insoluble in any solvent, its
spectrum was taken in TFA + CDCl3. The intensity ratio of
protons in 1H NMR of L in TFA + CDCl3 shows (Figure S14,
Supporting Information) that two phenyl rings have become
inequivalent and shift downfield (δ 7.03 to 7.79 and 8.06 to
8.22 ppm), and all the eight pyridine protons appear as a broad
signal at δ 8.72, whereas the amide protons appear much
downfield shifted at δ 10.46 ppm. That may be due to the
interaction of pyridine and amide nitrogens with TFA making
the two halves chemically inequivalent. The formation of
complex (2) is indicated (Figure 12) by the restoration of the
eight separate signals of L, with the phenyl protons shifted
upfield relative to L (δ 7.26 to 7.72), the Hh and He protons of
pyridine lying much downfield shifted at δ 8.81 and 9.01 ppm,
respectively, and amide signal at δ 9.9 ppm. The changes in
NMR indicate binding of Ag+ ion with the pyridine nitrogens.
The chemical analysis, including the molecular ion peak in the
HRMS spectrum (Figure S18, Supporting Information) for (2)
at the m/z value of 663.4305 for [(AgL(NO3)(H2O)2 − 1]+ ion
(calculated 663.4585) and the IR spectrum, corroborates the
characterization of (2) as a complex of Ag+ with the uncleaved
disulfide ligand L.

Cleavage of S−S Bond. The two main reactions of thiol−
disulfide systemscleavage of the disulfide bond and oxidation
of thiol to disulfidewere observed for L in the presence of
Cu(II) ions. Disulfide bond is known to be broken by metal
ions,28−31 but the mechanism of S−S bond cleavage is quite
complicated and may follow many pathways.15 In the metal-

Figure 11. Thermogravemetric plot of the complexes (1) and (3).

Figure 12. (a) The 1H NMR of complex (2) in TFA + CDCl3 and (b) the expanded aromatic region.
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assisted S−S cleavage, in water the mechanism is considered to
involve an initial electrophilic attack by the metal ions on the
S−S bond. Subsequent attack by the nucleophile (H2O) results
in a homolytic cleavage into RSH and RSOH. The formation of
sulfinate complex follows the disproportion of the unstable R−
SOH with water in the presence of oxygen.29 The thiol formed
reduces Cu(II) to Cu(I), and some disulfide is reformed. The
reaction products and their yields are found to be dependent on
synthetic conditions like solvent, counterions, aerobic/
anaerobic environment, and metal ions.29 The S−S bond
cleavage in bis(2-pyridylthio)methane was seen only with
copper(II), and Co(II) and Ni(II) did not give any cleavage
products, signifying the necessity of Cu(II)/Cu(I) redox
couple. In the present case, Cu(II) gives a higher oxidized
product, available after oxidative cleavage only, whereas Ag(I)
did not cleave the bond and gave sulfinates only in a very small
yield with a large amount of unreacted L or its (uncharac-
terized) Ag(I) complex. It may be because Cu(II), with higher
charge/radius ratio, is more electrophilic than Ag(I) and
polarizes the S−S bond to a greater extent.
In our system, all four kinds of products, that is, disulfide →

thiolate → sulfinate → sulfonate were observed, albeit under
different reaction conditions. The formation of thiolate, which
gave (3), was observed in the presence of copper(II) chloride
under anaerobic conditions in dry acetonitrile. The product was
crystallized in methanol in the presence of insufficient oxygen.
However, if the crystallization is kept in open the colorless
disulfide L crystallizes, which was confirmed by its crystal
structure. It is in concurrence with the reduction of Cu(II) by
thiol and its own oxidation back to disulfide (L) (vide supra). L
is always found to coexist with other products in different
amounts, even in the aerobic oxidation reactions. Thus, it
confirms the homolytic cleavage of the S−S bond as one of the
steps in oxidation. Lago et al.29 studied the effect of
counteranion on the oxidized product of 2,2′-dipyridyldisulfide
(dpds) and observed that weakly coordinating anions guide
such reactions toward more oxidized species. In our case also,
the reactions of L in aerobic conditions with copper(II)
chloride, copper(II) perchlorate, and copper(II) nitrate gave
sulfonates, thus endorsing their findings. Copper(II) chloride,
however, under anaerobic conditions gives thiol, which when
left with protic solvent methanol, in the presence of oxygen,
oxidizes back to disulfide. Similarly the formation of sulfonate
was observed in THF/water system corroborating the earlier
observation of the role of protic solvents in Cu(II)-catalyzed
S−S cleavage.30

■ CONCLUSION
In summary, we give a first report of both copper-catalyzed
oxidative and reductive scissions of the S−S bond of L. The
anion-assisted, oxidative cleavage in water, is complete and
reproducible with Cu(II) up to sulfonates but not with Ag(I),
which gives sulfinates, signifying the crucial role of copper(II)
salts. The reductive cleavage gives thiols, which undergo a
unique rearrangement to form L3, following a C−S bond
formation. The results are relevant for designing the reaction
conditions to obtain a desired product and generate in situ
ligands not easily accessible otherwise. Though the complete
mechanism cannot be commented upon, the results here
support the well-accepted view that the S−S cleavage is
facilitated by concomitant electrophilic and nucleophilic attack
by the metal ion and water/protic solvent, respectively.32 The
reaction scheme followed here covers a complete cycle starting

from auto oxidation of thiol to disulfide and then reduction of
disulfide to thiol on one hand or oxidation of thiol to sulfinate
and sulfonates on the other.
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