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Abstract—Solid-state 13C and 15N CP-MAS NMR data adequately reflected the presence of four nonequiv-
alent PrDtc ligands in the tetranuclear lead(II) N,N-dipropyldithiocarbamate (PrDtc),
[Pb4{S2CN(C3H7)2}8] (I); the spin–spin coupling constants 3J(15N–207Pb) for the ligands were estimated. It
was shown by 13C MAS NMR that the chemisorption binding of AuCl3 from a solution in 2M HCl using
lead(II) dipropyldithiocarbamate is accompanied by complete redistribution of the PrDtc ligands from Pb(II)
to Au(III) coordination sphere; this gives the double complex of [Au{S2CN(C3H7)2}2][PbCl3] (II). Upon
crystallization from an acetone–toluene mixture (3 : 1), this complex was isolated as the solvated form
([Au{S2CN(C3H7)2}2][PbCl3] ⋅ 1/2CH3C6H5)n (IIa), which was characterized by X-ray diffraction (CIF file
CCDC no. 1978947). The cationic part of the complex is represented by non-centrosymmetric gold(III)
complex ions, [Au{S2CN(C3H7)2}2]+, which are combined by pairs of nonequivalent Au···S secondary bonds,
thus forming supramolecular pseudo-polymer chain ([Au{S2CN(C3H7)2}2]+)n. The 1D polymeric trichloro-
plumbate(II) anion, {[Pb(μ2-Cl)3]–}n, acts as the counter-ion. The C–H···Cl hydrogen bonds between the
anionic and cationic chains lead to formation of channels in the crystal lattice, which are occupied by solvat-
ing toluene molecules.
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INTRODUCTION
Despite their toxicity, lead and its compounds are

widely used in the manufacture of electric batteries;
they can also be used for fabricating highly efficient
solar cells [1] and as additives enhancing protection
against γ-radiation for some types of concrete [2]. In
addition, Pb2+ ions were found to be beneficial for
increasing the productivity of the bacteria Paenibacil-
lus polymyxa in the biosynthesis of antibiotics [3].
From the practical standpoint, lead(II) dithiocarba-
mates are of interest as precursors for the one-step
thermochemical syntheses of film and nano-scale lead
sulfides [4–7] (crystalline PbS exhibits semiconduct-
ing properties and, therefore, it can be used to design
optoelectronic devices). Lead(II) dial-
kyl(alkylene)dithiocarbamates that have been struc-

turally characterized to date are not numerous:
[Pb(S2CNR2)2] (R = CH3 [8], C2H5 [9], C3H7 [10],
iso-C3H7 [11, 12], C5H11 [13], cyclo-C6H11 [14]; R2 =
C2H5, iso-C3H7 [15], CH3, CH2−C6H5 [14, 16], C2H5,
C6H5 [16], and (CH2)4 [17]).1

Previously, we found that dithiocarbamates of
post-transition metal (Tl+, Bi3+) are able to efficiently
capture gold(III) from solutions, which results in the
formation of the corresponding Au(III)–Bi(III) [19,
20] and Au(III)–Tl(III) [21, 22] double complexes. As
a continuation of this research, here we studied the
reaction between freshly precipitated tetranuclear

1 The structure of [Pb{Se2CN(C2H5)2}2] incorporating diseleno-
carbamate ligands is also known [18].
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lead(II) dipropyldithiocarbamate, [Pb4{S2CN-
(C3H7)2}8] (I), and an AuCl3/2 M HCl solution. The
reaction afforded the double complex of [Au{S2CN-
(C3H7)2}2][PbCl3] (II) as an individual fixation mode
of gold(III) from solutions. The solvated form of this
complex, [Au{S2CN(C3H7)2}2][PbCl3] ⋅ 0.5CH3C6H5
(IIa), exhibits an ionic structure comprising alterna-
tion of anionic polymeric chains ([PbCl3]–)n and cat-
ionic pseudo-polymeric chains ([Au{S2CN-
(C3H7)2}2]+)n. Compounds I and II were characterized
by heteronuclear (13C, 15N) CP-MAS NMR spectros-
copy.

EXPERIMENTAL

Initial sodium N,N-dipropyldithiocarbamate
Na{S2CN(C3H7)2} · H2O was prepared by reactions of
equimolar amounts of (C3H7)2NH (Merck) and car-
bon disulfide (Merck) in an alkaline medium [23].

CP-MAS 13C NMR (δ, ppm) for Na{S2CN-
(C3H7)2} · H2O: 208.3 (–S2CN=); 59.4, 57.9 (1 : 1,
=NCH2–); 22.3, 21.5 (1 : 1, –CH2–); 12.6, 11.5 (1 : 1,
–CH3) [24].

Synthesis of I, II, and IIa. Tetranuclear lead(II)
complex I was prepared by precipitation of Pb2+ cat-
ions from the aqueous phase by sodium dipropyldith-
iocarbamate [10] and identified by 13C and 15N CP-
MAS NMR (δ, ppm): 204.6, 202.5 (1 : 3, –S2CN=);
56.5, 55.4, 51.1 (1 : 1 : 2, =NCH2–); 22.6, 21.4, 21.1
(1 : 1 : 2, –CH2–); 13.8, 13.5, 13.1, 12.8, 12.3, 12.0,
11.6 (–CH3); 144.1 (17)*, 141.4 (16)*, 139.6 (24)*,
138.3 (15)* (1 : 1 : 1 : 1, –S2CN=), where * denotes
spin–spin coupling constant 3J(15N–207Pb), Hz.

The double Au(III)–Pb(II) complex II was pre-
pared by chemisorption of gold(III) from a solution
into a solid phase by freshly precipitated lead(II)
dipropyldithiocarbamate according to the reaction

A solution of AuCl3/2 M HCl (5 mL) containing
gold (35.46 mg) was added to freshly precipitated
[Pb4{S2CN(C3H7)2}8] (100 mg), and the mixture was
magnetically stirred for 1 h. The resulting grayish-yel-
low finely crystalline precipitate was collected on a fil-
ter, washed with water, and dried on a filter. The resid-
ual gold content in the solution was determined using
an iCE 3000 atomic absorption spectrometer (Thermo
Electron Corporation, USA). The degree of gold
binding from the solution was 93.6%. Although
gold(III) sorbed from the solution to the solid phase
(33.20 mg) determined the yield of II in 94.4% (with
the expected weight of the complex of 145.54 mg), the
experimentally obtained yield was only 127.35 mg
(82.6%).
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According to 13C CP-MAS NMR data for II (δ,
ppm): 197.4, 195.0 (1 : 1, −S2CN=); 55.4, 53.7
(=NCH2−); 22.0 (−CH2−); 13.1, 11.8, 10.7 (−CH3).

IR spectrum of II (KBr; ν, cm–1): 2967 s, 2930 m,
2871 m, 1551 vs, 1464 m, 1449 m, 1439 m, 1361 m,
1308 m, 1274 w, 1252 s, 1194 m, 1161 m, 1103 m,
1086 m, 968 w, 895 m, 751 m, 608 m.

The single crystals for the X-ray diffraction experi-
ment were prepared by dissolving the dried finely crys-
talline precipitate of the Au(III)–Pb(II) complex in
an acetone–toluene mixture (3 : 1). The transparent
yellow needle crystals of bis(N,N-dipropyldithiocar-
bamato-S,S ')gold(III) catena-poly[tri(μ2-chloro)-
plumbate(II)] were formed in the solvated form IIa as
a result of slow evaporation of the solvents at room
temperature.

The 13C/15N CP-MAS NMR spectra were
recorded on an CMX-360 spectrometer (Agi-
lent/Varian/Chemagnetics InfinityPlus) operating at
90.52/36.48 MHz using a superconducting magnet
(B0 = 8.46 T) and Fourier transformation. Cross-
polarization (CP) from protons was used:
1H−13C/1H−15N contact time of 2.00/1.25 ms. Proton
decoupling for the suppression of 13C−1H/15N−1H
interactions using the radio-frequency field at the pro-
ton resonance frequency (400.21 MHz) was applied
[25]. Polycrystalline samples I and II weighing
~60/25 mg was placed into a 4.0 mm ZrO2 ceramic
rotor. The 13C/15N NMR measurements were per-
formed using magic angle spinning (MAS) at a fre-
quency of 5000–10100/3750(1) Hz; the proton π/2
pulse durations were 4.5–5.0/5.0 μs; 6100–
10000/12100 transients, spaced by relaxation delays of
2.0/3.0 s, were accumulated. The isotropic chemical
shifts δ(13C)/δ(15N) were referred to one of compo-
nents of the external standard, crystalline adamantane
(δ = 38.48 ppm relative to tetramethylsilane)/crystal-
line NH4Cl (δ = 0.0 ppm; –341 ppm on the absolute
scale [26]) with the correction for magnetic field drift
using a frequency equivalent of 0.051/0.018 Hz/h. The
magnetic field homogeneity was verified by monitor-
ing the adamantane reference line width (2.6 Hz).

FT-IR spectra were measured on an interferential
FSM-1201 spectrometer in the 400–4000 cm–1 range
(KBr pellets). The instrument control and processing
of the spectra were performed using the FSpec pro-
gram (version 4.0.0.2 for Windows, LLC Monitoring,
Russia).

X-ray diffraction study of complex IIa was carried
out for yellow needle single crystals on a Bruker-
Nonius X8 Apex CCD diffractometer (MoKα radia-
tion, λ = 0.71073 Å, graphite monochromator) at
150(2) K. The data were collected by the standard pro-
cedure: ϕ- and ω-scanning of narrow frames. The
absorption corrections were applied empirically using
the SADABS software program [27]. The structure
was solved by direct methods and refined by the least
  Vol. 46  No. 12  2020
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Table 1. Crystallographic data and X-ray experiment and structure refinement details for IIa

Parameter Value

Molecular Formula C17.5H32N2S4Cl3PbAu
M 909.20
System Orthorhombic
Space group Pbcn
a, Å 7.7670(7)
b, Å 25.885(2)
c, Å 28.276(2)
β, deg 90

V, Å3 5684.9(8)

Z 8

ρ(calcd.), g/cm3 2.125

μ, mm–1 11.655

F(000) 3416
Crystal size, mm 0.32 × 0.10 × 0.06
Data collection range of θ, deg 1.73–27.70
Ranges of reflection indices –10 ≤ h ≤ 10, –21 ≤ k ≤ 33, –36 ≤ l ≤ 33
Number of measured reflections 32209
Number of unique reflections (Rint) 6581 (0.0335)
Number of ref lections with I > 2σ(I) 5311
Number of refinement parameters 270
GOOF 1.070

R1, wR2 on F 2 > 2σ(F 2) 0.0325, 0.0572

R1, wR2 for all reflections 0.0459, 0.0603

Residual electron density (min/max), e/Å3 –2.350/1.776
squares (on F 2) in the full-matrix anisotropic approx-
imation for non-hydrogen atoms. The positions of
hydrogen atoms were calculated geometrically and
included in the refinement in the riding model. The
structure solution and refinement were carried out
using the SHELXTL program package [27]. The key
crystallographic data and structure refinement details
for IIa are summarized in Table 1 and selected bond
lengths and angles are in Table 2.

The atomic coordinates, bond lengths, bond
angles, and the thermal parameters for complex IIa
were deposited with the Cambridge Crystallographic
Data Centre (CCDC no. 1978947; deposit@
ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

The 13C CP-MAS NMR spectrum of the tetranu-
clear lead(II) complex [Pb4{S2CN(C3H7)2}8] (I)
exhibits resonance signals from the >NC(S)S–, >N–
CH2–, –CH2–, and –CH3 groups of the PrDtc
ligands (Fig. 1a). The most informative region corre-
RUSSIAN JOURNAL OF CO
sponding to dithiocarbamate groups shows two 13C
signals whose relative integral intensity ratio, close to
1 : 3, points to the presence of four nonequivalent
ligands in I. Owing to higher sensitivity of 15N CP-
MAS NMR spectroscopy to small structural differ-
ences of the >NC(S)S– groups [24], it was possible to
resolve resonance signals for each of the four structur-
ally nonequivalent PrDtc ligands of complex I
(Fig. 2). Each of the four 15N signals (1 : 1 : 1 : 1) had
two equidistant satellites due to the presence of 207Pb
nuclide (I = ½; magnetogyric ratio, γ = 5.58046 ×
107 rad/(T s)) in natural lead. Since the natural abun-
dance of 207Pb is 22.1 at %, each of 15N signals is a trip-
let (with calculated integral intensity ratio of 1 : 7 : 1),
because of spin–spin couplings between 15N and 207Pb
nuclei with 3J(15N–207Pb) = 15–24 Hz. Thus, the set
of 13C and 15N CP-MAS NMR data obtained for com-
pound I is fully consistent with structural data for
tetranuclear lead(II) dipropyldithiocarbamate [10].

The 13C CP-MAS NMR spectrum of
[Au{S2CN(C3H7)2}2][PbCl3] (II), similarly to that of
I, exhibits resonance signals for the chemical groups
ORDINATION CHEMISTRY  Vol. 46  No. 12  2020
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Table 2. Bond lengths (d, Å) and bond (ω, deg) and torsion (ϕ, deg) angles in the structure of IIa*

* Symmetry codes: a 1 – x, y, 1/2 – z; b –x, y, 1/2 – z; c x – 1/2, 1/2 – y, –z.

Bond d, Å Bond d, Å

Cation
Au(1)–S(1) 2.3403(13) S(3)–C(8) 1.730(5)
Au(1)–S(2) 2.3474(12) S(4)–C(8) 1.737(5)
Au(1)–S(3) 2.3297(12) N(1)–C(1) 1.307(6)
Au(1)–S(4) 2.3492(13) N(1)–C(2) 1.479(7)
Au(1)∙∙∙S(1)a 3.4378(14) N(1)–C(5) 1.480(6)

Au(1)∙∙∙S(4)b 3.5686(14) N(2)–C(8) 1.311(6)
S(1)–C(1) 1.738(5) N(2)–C(9) 1.482(6)
S(2)–C(1) 1.725(5) N(2)–C(12) 1.484(7)

Anion
Pb(1)–Cl(1) 2.7496(13) Pb(1)–Cl(1)c 3.0549(14)
Pb(1)–Cl(2) 3.1920(13) Pb(1)–Cl(2)c 2.6830(12)
Pb(1)–Cl(3) 2.7640(12) Pb(1)–Cl(3)c 3.1401(13)

Toluene solvate molecule
С(15)–С(16) 1.409(18) С(16)–С(17) 1.331(19)
С(15)–С(17) 1.329(15) С(15)–С(18) 1.495(10)

Angle ω, deg Angle ω, deg

Cation
S(1)Au(1)S(2) 75.09(4) Au(1)S(1)C(1) 86.81(17)
S(1)Au(1)S(3) 103.71(4) Au(1)S(2)C(1) 86.89(17)
S(1)Au(1)S(4) 178.23(5) Au(1)S(3)C(8) 87.39(17)
S(2)Au(1)S(3) 177.47(5) Au(1)S(4)C(8) 86.61(17)
S(2)Au(1)S(4) 106.04(4) S(1)C(1)S(2) 111.2(3)
S(3)Au(1)S(4) 75.11(4) S(3)C(8)S(4) 110.7(3)

Anion
Cl(1)Pb(1)Cl(2) 81.34(4) Cl(2)Pb(1)Cl(3)c 112.35(3)
Cl(1)Pb(1)Cl(3) 87.16(4) Cl(3)Pb(1)Cl(1)c 96.49(4)

Cl(1)Pb(1)Cl(1)c 171.65(4) Cl(3)Pb(1)Cl(2)c 91.44(4)

Cl(1)Pb(1)Cl(2)c 87.40(4) Cl(3)Pb(1)Cl(3)c 168.57(4)

Cl(1)Pb(1)Cl(3)c 99.56(4) Cl(1)cPb(1)Cl(2)c 85.01(4)
Cl(2)Pb(1)Cl(3) 77.65(4) Cl(1)cPb(1)Cl(3)c 75.68(3)

Cl(2)Pb(1)Cl(1)c 106.75(3) Cl(2)cPb(1)Cl(3)c 79.72(4)

Cl(2)Pb(1)Cl(2)c 164.62(4)
Toluene solvate molecule

C(15)С(16)C(17) 116.4(12) C(16)С(15)C(17) 124.1(15)
C(15)С(17)C(16) 119.5(13) C(16)С(15)C(18) 118.0(16)

Angle ω, deg Angle ω, deg

Au(1)S(1)S(2)C(1) 177.3(3) S(2)C(1)N(1)C(2) 178.8(4)
Au(1)S(3)S(4)C(8) –174.6(3) S(2)C(1)N(1)C(5) –0.6(7)
S(1)Au(1)C(1)S(2) 177.5(3) S(3)C(8)N(2)C(9) –0.2(6)
S(3)Au(1)C(8)S(4) –175.1(3) S(3)C(8)N(2)C(12) 178.4(4)
S(1)C(1)N(1)C(2) –1.1(7) S(4)C(8)N(2)C(9) –178.7(4)
S(1)C(1)N(1)C(5) 179.5(4) S(4)C(8)N(2)C(12) –0.1(7)
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Fig. 1.  13C CP-MAS NMR spectra of polycrystalline complexes (a) I and (b) II. Number of acquisitions/spinning frequency of
samples (Hz): (a) 6100/5000 and (b) 10000/10100. 
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Fig. 2. 15N CP-MAS NMR spectrum of polycrystalline
sample I: number of acquisitions/spinning frequency of
the sample (Hz): 12100/3750. 

140 137
δ, ppm

145
present in the PrDtc ligands (Fig. 1b). However, the
crucial decrease in the 13C chemical shift of
>NC(S)S– groups in II (197.4 and 195.0 ppm) in
comparison with that for I (204.6 and 202.5 ppm)
indicates that the synthesis of II is accompanied by
complete migration of PrDtc ligands into the gold(III)
coordination sphere, as we noted for the previously
prepared [Au{S2CN(C3H7)2}2]2[Cd2Cl6] (198.6 and
194.6 ppm) [28] and [Au{S2CN(C3H7)2}2][AgCl2]
(195.3 and 191.9 ppm) [29]. In addition, two equally
intense (1 : 1) 13C signals of dithiocarbamate groups in
the spectrum of compound II attest to the presence of
one non-centrosymmetric or two nonequivalent cen-
trosymmetric [Au{S2CN(C3H7)2}2]+ cations in its
structure. (Note that a weak 13C signal (189.8 ppm;
denoted in Fig. 1b by an asterisk) corresponding to an
unidentified impurity is also present in the region of
dithiocarbamate groups bound to gold.)

The most intense absorption band (1551 cm–1) in
the FT-IR spectrum of II corresponding to the ν(C–
N) stretching modes of the >NC(S)S– groups of
PrDtc occupies an intermediate position between the
regions of single bond ν(C–N) (1360–1250 cm–1) and
double bond ν(C=N) (1690–1640 cm–1) modes,
which is indicative of a partially double nature of the
C N bond in the dithiocarbamate groups. It is note-
worthy that the pronounced shift of this band to higher
frequency with respect to that of the initial sodium salt
Na{S2CN(C3H7)2} ⋅ H2O (1468 cm–1 ν(C–N) [19]) is
fully in line with the available data for complexes con-
taining dithiocarbamate ligands coordinated to
gold(III) in the S,S′-bidentate fashion [19, 30].

···
RUSSIAN JOURNAL OF CO
Absorption bands caused by asymmetric (νas) and
symmetric (νs) stretching vibrations of the –C(S)S–
groups were noted at 1161 and 968 cm–1, respectively
[31]. In turn, the most intense bands in the 2967–
2871 cm–1 range were assigned to the CH3– and
‒CH2– stretching modes of alkyl substituents [32]:
2967 νas(CH3), 2871 νs(CH3), and 2930 cm–1

νas(CH2).

The structure of the solvated form of the double
gold(III)–lead(II) ionic polymer complex was directly
established by X-ray diffraction. The unit cell of IIa
includes eight formula units [Au{S2CN-
ORDINATION CHEMISTRY  Vol. 46  No. 12  2020
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Fig. 3. Projection of the structure of IIa on the yz plane. The pseudo-polymer ([Au{S2CN(C3H7)2}2]+)n and polymer {[Pb(μ2-
Cl)3]–}n chains are extended along the x axis.

z

y

(C3H7)2}2][PbCl3] ⋅ 0.5CH3−C6H5 (Fig. 3). As was to
be expected considering the 13C CP-MAS NMR data,
the cationic part of the complex is a non-centrosym-
metric gold(III) complex ion [Au{S2CN(C3H7)2}2]+,
which contains two nonequivalent PrDtc ligands. The
coordination of one of the ligands is similar to S,S'-
isobidentate one (Au–S, 2.3403 and 2.3474 Å),
whereas the other ligand is prone to S,S′-anisobiden-
tate coordination (Au–S, 2.3297 and 2.3492 Å). The
bidentate coordination gives rise to two planar small-
size four membered [AuS2C] metallacycles sharing the
gold atom: the AuSSC and SAuCS torsion angles are
close to 180° (Table 2); the Au∙∙∙C distances are
2.836–2.838 Å and the S∙∙∙S distances are 2.857–
2.852 Å (the sums of the van der Waals radii of the cor-
responding pairs of atoms are 3.36 and 3.60 Å [33]).
The proximate positions of the gold and carbon atoms
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
in the [AuS2C] rings indicate the presence of trans-
annular interaction between them. The diagonal SAuS
angles do not differ much from 180° (Table 2), which
attests to a coplanar arrangement of the atoms in the
tetragonal [AuS4] chromophore, which is due to the
low-spin intraorbital dsp2-hybrid state of gold(III).
The trapezoidal distortion of the discussed chromo-
phore reflects the inequality of the long sides (3.673
and 3.752 Å) and the corresponding arrangement of
obtuse (91.00°, 90.59°) and acute (89.07°, 89.33°)
interior angles.

The C2NC(S)S groups in the PrDtc ligands are vir-
tually planar: the SCNC torsion angles are close to
180° or 0° (Table 2). The dithiocarbamate groups are
characterized by stronger N−C(S)S bonds (1.307 and
1.311 Å) compared to N−CH2 (1.479–1.484 Å)
(Table 2). Both these features point to a partially dou-
  Vol. 46  No. 12  2020
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Table 3. Geometric parameters of hydrogen bonds in complex IIa

C–H···A contact
Distance, Å Angle

C–H···A, degC–H H···A C···A

C(6)–H(6A)···Cl(1) 0.99 2.71 3.632(6) 155

C(12)–H(12B)···Cl(1) 0.99 2.94 3.677(5) 132

C(9)–H(9A)···Cl(2) 0.99 2.86 3.628(5) 135

C(14)–H(14B)···Cl(2) 0.98 2.88 3.658(6) 137

C(5)–H(5A)···Cl(3) 0.99 2.75 3.652(5) 152

C(9)–H(9A)···Cl(3) 0.99 2.82 3.622(5) 139

C(13)–H(13B)···Cl(3) 0.99 2.93 3.836(5) 153
ble bond nature of the formally single N−C(S)S bond,
which is attributable to partial admixing of the sp2- to
sp3-hybrid state of the nitrogen and carbon atoms.

The structural self-organization of the cationic
subsystem of complex IIa is determined by the sec-
ondary2 non-valent Au···S interactions (Fig. 4b). For
each [Au{S2CN(C3H7)2}2]+ complex cation, asym-
metric interactions with two neighbors involve the
triad of atoms of the [S(1)–Au(1)–S(4)] linear struc-
tural moiety (Fig. 4a). This gives rise to two pairs of
nonequivalent secondary bonds: Au(1)···S(1)a,
Au(1)a···S(1) (3.4378 Å) and Au(1)···S(4)b, Au(1)b···
S(4) (3.5686 Å) (the sum of the van der Waals radii of
the gold and sulfur atoms is 3.46 Å [33]). These cat-
ion–cation interactions give rise to supramolecular
pseudo-1D-polymer chains ([Au{S2CN(C3H7)2}2]+)n

(Au(1)aAu(1)Au(1)b, 177.172(9)°; Au(1)–Au(1)a,
3.9140(5) Å; and Au(1)–Au(1)b, 3.8553(5) Å),
extended along the crystallographic x axis (Fig. 3).

In these pseudo-polymer chains, the difference
between the spatial arrangements of the alternating
cations can be quantitatively characterized by the
angle between the bisecting planes (that separate the
bicyclic [CS2AuS2C] moieties in the neighboring cat-
ions), which is close to a right angle (88.7(7)°). The
angle between the planes of the [AuS4] chromophores
of the neighboring cations is 19.19(3)°. The secondary
Au···S bonds complete the gold polyhedron to a dis-
torted, highly elongated [AuS4+2] octahedron
(S(1)a···Au(1)···S(4)b, 176.98(3)°), in which the axial
sulfur atoms are displaced from ideal positions, since
the S(1)a···Au(1)–C(8) (80.3(1)°) and S(4)b···Au(1)–
S(1) angles (81.70(4)°) markedly deviate from 90°.

2 The concept of secondary bonds proposed in [34] interprets the
interactions between two atoms located at distances compared
with the sums of their van der Waals radii.
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The anionic part of the complex is composed of 1D
polymeric tri(μ2-chloro)plumbate(II) ion, {[Pb(μ2-
Cl)3]–}n, in which the lead atoms are combined with
each of two nearest neighbors by three nonequivalent
μ2-bridging chlorine atoms (Fig. 5). The latter are
characterized by asymmetric coordination to neigh-
boring metal atoms, each forming two Pb–Cl bonds
with considerably different lengths (Table 2). The for-
mation of these bonds gives rise to a zigzag-like
anionic polymer chain (Pb(1)aPb(1)Pb(1)b,
175.746(6)°; Pb(1)–Pb(1)a 3.8862(4) Å) extended
along the crystallographic x axis. Each lead atom in
the chain has a six-chlorine [PbCl6] environment, thus
forming six nonequivalent Pb–Cl bonds, three of
which are shorter (2.6830–2.7640 Å) than the other
three (3.0549–3.1920 Å). The former are comparable
with the sum of empirical covalent radii of the lead and
sulfur atoms (2.46 Å [35]), while considerable weaken-
ing of the latter points to a pronounced contribution of
the ionic component [36]. The metal polyhedron can
be approximated by a highly distorted octahedron [36,
37] or a trigonal antiprism whose bases defined by the
Cl(1)–Cl(3) and Cl(1)a–Cl(3)a chlorine atoms
(Fig. 5) are not quite parallel: the angle between the
corresponding planes is 38.75(4)°.

The cationic pseudo-polymer and anionic polymer
chains interact via numerous C–H···Cl contacts
(Table 3). As a result, pairs of cationic and anionic
chains spatially determine channels occupied by sol-
vating toluene molecules in the crystal structure of IIa.
The molecules are randomly distributed between two
positions with equal occupancies and have methyl
substituents pointing to opposite directions (Fig. 3).

Thus, the Au(III)–Pb(II) double complex was
obtained an individual form of gold(III) binding from
solution by the tetranuclear lead(II) dipropyldithio-
cabmate [Pb4{S2CN(C3H7)2}8]; whereas, upon crys-
tallization from an acetone-toluene solution, the
ORDINATION CHEMISTRY  Vol. 46  No. 12  2020
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Fig. 4. (a) Structure of the non-centrosymmetric complex cation [Au{S2CN(C3H7)2}2]+, ellipsoids are drawn at 50% probability
level and (b) a three-membered fragment of the supramolecular pseudo-polymer chain ([Au{S2CN(C3H7)2}2]+)n. The double
dashed lines show secondary Au···S bonds between cations; symmetry codes: a 1 – x, y, 1/2 – z; b –x, y, 1/2 – z; c 1 + x, y, z; d 2 –
x, y, 1/2 – z. 
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Fig. 5. A three-membered fragment of the anionic polymer chain ([PbCl3]–)n. The ellipsoids are drawn at 50% probability level;
symmetry codes: a x – 1/2, 1/2 – y, –z; b 1/2 + x, 1/2 – y, –z; c 1/2 + x, y, z.
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resulting complex gives a solvated ionic polymer com-
pound of ([Au{S2CN(C3H7)2}2][PbCl3] ⋅ 0.5CH3−
C6H5)n. In the cationic subsystem, pairs of nonequiv-
alent secondary Au···S bonds combine non-cen-
trosymmetric gold(III) complex ions into supramo-
lecular pseudo-polymer chain ([Au{S2CN-
(C3H7)2}2]+)n. The trichloroplumbate(II) ion also
exists as a 1D polymeric form of {[Pb(μ2-Cl)3]–}n. The
system of C–H···Cl hydrogen bonds between the cat-
ionic and anionic chains promotes the formation of
channels in the crystal lattice occupied by disordered
solvating toluene molecules.
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