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Abstract—New crystalline pseudo-polymer complex [Au{S2CN(CH2)6}2]4[Ag5Cl9] (I) was obtained by bind-
ing gold(III) with silver(I) hexamethylenedithiocarbamate from an AuCl3/2.5 M NaCl solution. Complex I
was isolated in a preparative yield and structurally characterized. The X-ray diffraction (XRD) data (CIF file
CCDC no. 2205197) show that the isomeric cations of [Au{S2CN(CH2)6}2]+ (A : 2B : C) and complicated
pentanuclear anion [Ag5Cl9]4– are the main structural units of the compound. The supramolecular self-orga-
nization of the ionic structural units in complex I occurs due to multiple secondary interactions Cl···S and
Ag···S, hydrogen bonds C–H···Cl, and anagostic interactions C–H···Ag, resulting in the formation of the 3D
pseudo-polymer framework. The thermal behavior of complex I is studied by simultaneous thermal analysis
to find that the thermolysis of the double Au(III)–Ag(I) compound is accompanied by the quantitative
regeneration of the bound metals under comparatively mild conditions.

Keywords: double gold(III)–silver(I) complexes, pseudo-polymer compounds, supramolecular self-organi-
zation, secondary bonds (Ag···S, Cl···S), thermal behavior
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INTRODUCTION

Dithiocarbamates (Dtc) and their derivatives find
use in a number of practical fields: agriculture (pesti-
cides and fungicides) [1, 2] and medicine. For exam-
ple, tetraethyl thiuramdisulfide (trade mark Teturam
or Disulfiram) has been used widely for several
decades as an efficient therapeutic remedy for alcohol
addiction. However, a high anticancer activity of this
compound has been found rather recently [3, 4],
which is additionally enhanced in a combination with
Cu2+ ions (as it is believed, due to the formed cop-
per(II) diethyldithiocarbamate [5, 6]). The studies of
the silver(I) and gold(III) complexes comprising the
dithiocarbamate ligands also made it possible to reveal
their important, practically significant antibacterial,
anticancer, and antitubercular activities [7–14].

In addition, we have earlier found for dial-
kyl(alkylene) dithiocarbamates of the number of transi-
tion metals, particularly, silver(I), the capability of effi-
cient binding of gold(III) from solutions to the solid
phase with the formation of double pseudo-polymer
complexes, including the Au(III)–Ag(I) compounds
[15–18]. Continuing these studies, we prepared the

supramolecular complex: bis(N,N-cyclo-hexamethylen-
edithiocarbamato-S,S′)gold(III) nonachloropentaar-
gentate(I), [Au{S2CN(CH2)6}2]4[Ag5Cl9] (I), comprising
a new pentanuclear silver(I) anion along with gold(III)
cations. The synthesized compound was characterized in
detail by IR spectroscopy, XRD, and simultaneous ther-
mal analysis (STA).

EXPERIMENTAL
Gold(III) chloride was prepared as described pre-

viously [15] by the dissolution of metallic gold in aqua
regia followed by the evaporation of the solution.
Sodium hexamethylenedithiocarbamate (HmDtc)
was synthesized by the reaction of carbon sulfide
(Merck) with hexamethyleneimine (Aldrich) in an
alkaline medium [19]. Silver(I) hexamethylenedithio-
carbamate [Ag(S2CNHm)] was precipitated by the
interaction of aqueous solutions of AgNO3 and
Na{S2CN(CH2)6}·2H2O. To prepare the silver(I)
complex (100 mg), a solution of AgNO3 (0.060 g,
0.354 mmol) in water (50 mL) was poured with stirring
to a solution of Na(S2CNHm)·2H2O (0.087 g,
0.370 mmol) in water (50 mL). The prepared precipi-
21
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tate of [Ag(S2CNHm)] was separated by filtration and
washed on the filter. The IR spectroscopy data for the
initial sodium salt and silver(I) complex coincide with
the previously published spectral characteristics for
these compounds [20, 21].

Synthesis of [Au{S2CN(CH2)6}2]4[Ag5Cl9] (I) was
carried out by the reaction of freshly precipitated sil-
ver(I) hexamethylenedithiocarbamate with an
AuCl3/2.5 M NaCl solution: 10 mL of a solution of
Na[AuCl4] containing gold(III) (35.0 mg,
0.178 mmol) were poured to [Ag(S2CNHm)] (100 mg,
0.354 mmol), and the resulting mixture was stirred at
room temperature for 1 h. The degree of binding of
gold from the solution to the solid phase was 99.27%
indicating the formation of new compounds in the
studied system. (The residual gold content in the solu-
tion after extraction was determined on a Hitachi
(1 class, model 180−50) atomic absorption spectrom-
eter). The formed yellow-orange precipitate was fil-
tered off, washed with water, and dried on the filter.
The precipitate is characterized by the partial dissolu-
tion in acetone, and transparent yellow prismatic crys-
tals were grown for an XRD experiment from the
resulting solution by the slow evaporation of the sol-
vent at room temperature. The yield was 29.1%.
(The remained portion of the precipitate was dissolved
in chloroform, and crystals of the
[Au(S2CNHm)2]2[AgCl2]Cl complex we character-
ized previously [18] were obtained from the solution.)
The formation of complex I can be presented as fol-
lows:

IR (ATR; ν, cm−1): 2916, 2848, 1533, 1467, 1435,
1357, 1342, 1271, 1202, 1164, 1092, 1006, 994, 976,
960, 905, 878, 849, 824, 752, 621, 559, 506, 474, 464,
446, 430.

Elemental analysis was carried out on a Carlo Erba
EA 1108 С,H,N,S automated analyzer. IR spectra
were recorded on a Perkin-Elmer Spectrum 65 FT-IR
spectrophotometer by the attenuated total internal
reflectance (ATR) method in a frequency range of
400–4000 cm–1. A JSM 6390LV JEOL scanning elec-
tron microscope (Japan) equipped with an INCAPen-
taFETx3 analytical system of X-ray spectral micro-
analysis with energy dispersion (Oxford Instrument,
Great Britain) was used to determine dispersity, mor-
phological features, and qualitative elemental compo-
sition of the studied substances.

For C56H96N8S16Cl9Ag5Au4

Anal. calcd., % C, 22.12 H, 3.18 N, 3.68 S, 16.87
Found, % C, 22.48 H, 3.25 N, 3.79 S, 16.63
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XRD of single crystals of complex I was carried out
on a Bruker-Nonius X8 Apex diffractometer (CCD
detector, MoKα, λ = 0.71073 Å, graphite monochro-
mator) at 296(2) K. Data were collected using the
standard procedure: ϕ and ω scan modes of narrow
frames. An absorption correction was applied empiri-
cally using the SADABS program [22]. The structure
was determined by a direct method and refined by
least squares (for F 2) in the full-matrix anisotropic
approximation of non-hydrogen atoms. Positions of
hydrogen atoms in the HmDtc ligands were calculated
geometrically and refined using a riding model. The
calculations and structure refinement of compound I
were performed using the SHELXL 2018/3 program
[23]. The main crystallographic data and structure
refinement parameters are given in Table 1. Selected
bond lengths and angles are listed in Table 2. The geo-
metric parameters of the hydrogen and chalcogen
bonds, C–H⋅⋅⋅Cl and C–S⋅⋅⋅Cl, and anagostic interac-
tions C–H⋅⋅⋅Ag are given in Table 3.

The coordinates of atoms, bond lengths, and angles
were deposited with the Cambridge Crystallographic
Data Centre (CIF file CCDC no. 2205197;
deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).

The thermal behavior of compound I was studied
by STA for parallel detection of the thermogravimetry
(TG) and differential scanning calorimetry (DSC)
curves. The study was conducted on an STA 449C
Jupiter instrument (NETZSCH) in corundum cruci-
bles under caps with a hole providing a vapor pressure
of 1 atm for the thermal decomposition of the sample.
The heating rate was 5°С/min below 1100°С in an
argon atmosphere. The sample mass was 2.095–
7.840 mg. The accuracy of temperature measurement
was ±0.9°С, and that for the mass change was ±1 ×
10–4 mg. The correction file and the temperature and
sensitivity calibrations for the specified temperature
program and heating rate were used when recording
the TG and DSC curves. The independent determina-
tion of the melting point was conducted on a PTP(M)
instrument (OJSC Khimlaborpribor, Russia).

RESULTS AND DISCUSSION
Freshly precipitated silver(I) hexamethylenedith-

iocarbamate is a voluminous yellow-green precipi-
tate,1 whose energy dispersive spectrum exhibits char-
acteristic peaks of Ag, S, and N (Fig. 1a). The interac-
tion of the precipitate of the silver(I) complex with a
bright yellow solution of Na[AuCl4] results in the fast
change in its color from yellow-green to red-orange
already within the first minutes, and then the transi-
tion to a more saturated orange color is observed with

1 The solvated form of the hexanuclear silver(I) cluster
[Ag6(HmDtc)6]·2CH2Cl2 was earlier prepared by the recrystal-
lization of the complex from a dichloromethane solution and
structurally characterized [20].
OORDINATION CHEMISTRY  Vol. 50  No. 1  2024
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Table 1. Crystallographic data and experimental and structure refinement parameters for compound I

Parameter Value

Empirical formula C56H96N8S16Cl9Ag5Au4

FW 3040.63
Crystal system Triclinic

Space group

a, Å 12.6761(3)
b, Å 12.7445(4)
c, Å 15.8773(4)
α, deg 72.7100(10)
β, deg 70.7640(10)
γ, deg 72.2460(10)

V, Å3 2250.56(11)

Z 1

ρcalc, g/cm3 2.243

μ(MoKα), cm–1 8.232

F(000) 1448

Crystal size, mm3 0.24 × 0.14 × 0.10

Range of data collection for θ, deg 1.392–27.552
Ranges of reflection indices –16 ≤ h ≤ 15,

–16 ≤ k ≤ 16,
–20 ≤ l ≤ 14

Measured reflections 25179
Independent reflections (Rint) 10366 (0.0460)

Reflections with I > 2σ(I) 7073
Refinement variables 454
GOOF 1.041

R1, wR2 (F 2 > 2σ(F 2)) 0.0482, 0.1137

R1, wR2 (all reflections) 0.0809, 0.1238

Residual electron density (min/max), e/Å3 –2.324/1.877

1P
the simultaneous bleaching of the solution. The
observed changes directly indicate the binding of
gold(III) from the solution to the solid phase with the
formation of a new compound, which is confirmed by
the data of energy dispersive X-ray spectroscopy: the
corresponding spectrum of the prepared orange pow-
der expectedly contains the characteristic peaks of Au
and Cl along with those of Ag and S (Fig. 1b). In addi-
tion, the scanning electron microscopy data show that
the gold(III) binding is accompanied by the transfor-
mation of the precipitate of the initial complex with a
change in the particle size and shape (Fig. 1).

The characteristic absorption bands caused by
stretching vibrations of nearly all types of groups and
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
bonds in the HmDtc ligands were identified in the IR
spectrum of complex I. For example, the intense
group at 1533 cm–1 corresponds to vibrations of the
N–C bonds in the dithiocarbamate groups. Since the
discussed band is appreciably shifted to the high-fre-
quency range (which is characteristic of the double
gold–silver dithiocarbamate chloride complexes [15,
16, 18]) compared to the initial silver(I) complex
(1494 cm–1 [20]) and sodium salt
Na(S2CNHm)·2H2O (1485 cm–1 [21]), it can be con-
cluded that the contribution of double bonding to the
formally ordinary N–C(S)S bonds in compound I
increases. In addition, the –NC(S)S– groups are also
characterized by the absorption bands that reflect
  Vol. 50  No. 1  2024
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Table 2. Selected bond lengths (d) and bond (ω) and torsion (ϕ) angles in the structure of compound I*

Bond d, Å Bond d, Å

Cation А

Au(1)–S(11) 2.334(2) N(1)–C(7) 1.469(9)
Au(1)–S(12) 2.346(2) C(2)–C(3) 1.497(12)
S(11)–C(1) 1.715(8) C(3)–C(4) 1.516(12)
S(12)–C(1) 1.756(8) C(4)–C(5) 1.520(11)
N(1)–C(1) 1.288(10) C(5)–C(6) 1.513(8)
N(1)–C(2) 1.488(10) C(6)–C(7) 1.512(11)

Cation В

Au(2)–S(21) 2.337(2) N(3)–C(16) 1.448(9)
Au(2)–S(22) 2.327(2) N(3)–C(21) 1.477(10)
Au(2)–S(23) 2.332(2) C(9)–C(10) 1.518(8)
Au(2)–S(24) 2.336(2) C(10)–C(11) 1.509(8)
S(21)–C(8) 1.733(7) C(11)–C(12) 1.506(8)
S(22)–C(8) 1.721(8) C(12)–C(13) 1.516(14)
S(23)–C(15) 1.721(8) C(13)–C(14) 1.525(12)
S(24)–C(15) 1.727(7) C(16)–C(17) 1.539(12)
N(2)–C(8) 1.316(9) C(17)–C(18) 1.503(13)
N(2)–C(9) 1.473(10) C(18)–C(19) 1.545(13)
N(2)–C(14) 1.451(9) C(19)–C(20) 1.511(14)
N(3)–C(15) 1.310(9) C(20)–C(21) 1.511(8)

Cation С

Au(3)–S(31) 2.338(3) N(4)–C(28) 1.468(12)
Au(3)–S(32) 2.332(3) C(23)–C(24) 1.549(9)
S(31)–C(22) 1.734(10) C(24)–C(25) 1.523(8)
S(32)–C(22) 1.746(10) C(25)–C(26) 1.506(8)
N(4)–C(22) 1.280(12) C(26)–C(27) 1.511(9)
N(4)–C(23) 1.460(13) C(27)–C(28) 1.507(9)

Angle ω, deg Angle ω, deg

Cation А

S(11)Au(1)S(12) 75.55(7) Au(1)S(12)C(1) 85.9(3)

S(11)Au(1)S(12)a 104.45(7) S(11)C(1)S(12) 111.4(5)
Au(1)S(11)C(1) 87.2(3)

Cation В

S(21)Au(2)S(22) 75.57(7) Au(2)S(21)C(8) 86.1(3)
S(21)Au(2)S(23) 105.68(7) Au(2)S(22)C(8) 86.7(2)
S(21)Au(2)S(24) 175.96(8) Au(2)S(23)C(15) 86.6(2)
S(22)Au(2)S(23) 178.47(8) Au(2)S(24)C(15) 86.4(3)
S(22)Au(2)S(24) 103.59(8) S(21)C(8)S(22) 111.7(4)
S(23)Au(2)S(24) 75.23(7) S(23)C(15)S(24) 111.5(4)

Cation С

S(31)Au(3)S(32) 75.28(9) Au(3)S(32)C(22) 87.2(3)

S(31)Au(3)S(32)b 104.72(9) S(31)C(22)S(32) 110.0(6)
Au(3)S(31)C(22) 87.3(4)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50  No. 1  2024



SYNTHESIS, SUPRAMOLECULAR SELF-ORGANIZATION, AND THERMAL BEHAVIOR 25
vibrations in the –C(S)S– structural fragment:
νas(CS2) 1092 cm–1 and νs(CS2) 976 cm–1.

In turn, the absorption bands at 2848 and 2916 cm–1

are attributed to stretching vibrations (νs and νas,
respectively) of the methylene groups in the seven-
membered heterocycles –N(CH2)6. The weakly
intense band at 1467 cm–1 corresponds to bending
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
vibrations δs of the –CH2– groups, and the absorption
band at 1164 cm–1 is due to stretching vibrations of the
N–CН2 bonds. Finally, the band at 994 cm–1 was
attributed to stretching vibrations of the C–C bonds in
the cyclic fragments of the HmDtc ligands [24, 25].

The structural organization of complex I was deter-
mined by direct single-crystal XRD analysis. The
* Symmetry transforms: a 2 – x, 1 – y, 1 – z; b 1 – x, 2 – y, 1 – z; c 2 – x, 1 – y, –z.

Angle ϕ, deg Angle ϕ, deg

Cation А

Au(1)S(11)S(12)C(1) –179.5(5) S(11)C(1)N(1)C(7) 177.9(6)
S(11)Au(1)C(1)S(12) –179.5(4) S(12)C(1)N(1)C(2) 172.7(6)
S(11)C(1)N(1)C(2) –6.7(11) S(12)C(1)N(1)C(7) –2.8(11)

Cation В

Au(2)S(21)S(22)C(8) –178.2(5) S(22)C(8)N(2)C(9) 178.2(6)
Au(2)S(23)S(24)C(15) 174.1(5) S(22)C(8)N(2)C(14) –1.6(11)
S(21)Au(2)C(8)S(22) –178.4(4) S(23)C(15)N(3)C(16) 1.9(11)
S(23)Au(2)C(15)S(24) 174.7(4) S(23)C(15)N(3)C(21) –174.2(6)
S(21)C(8)N(2)C(9) –1.7(11) S(24)C(15)N(3)C(16) –177.3(6)
S(21)C(8)N(2)C(14) 178.6(6) S(24)C(15)N(3)C(21) 6.6(10)

Cation С

Au(3)S(31)S(32)C(22) –174.8(6) S(31)C(22)N(4)C(28) 176.8(8)
S(31)Au(3)C(22)S(32) –175.2(6) S(32)C(22)N(4)C(23) –178.7(8)
S(31)C(22)N(4)C(23) 0.2(15) S(32)C(22)N(4)C(28) –2.1(15)

Anion

Bond d, Å Bond d, Å

Ag(1)–Cl(1) 2.643(2) Ag(3)–Cl(2) 2.597(3)

Ag(1)–Cl(1)c 2.731(2) Ag(3)–Cl(4) 2.661(4)
Ag(1)–Cl(2) 2.457(2) Ag(3)–Cl(5) 2.426(4)

Ag(1)–Cl(3)c 2.633(3) Ag(3)···S(23) 3.304(3)
Ag(2)–Cl(1) 2.614(3) Ag(1)···Ag(2) 3.4064(15)
Ag(2)–Cl(3) 2.522(3) Ag(1)···Ag(2)c 3.1158(13)
Ag(2)–Cl(4) 2.406(4)

Angle ω, deg Angle ω, deg

Cl(1)Ag(1)Cl(2) 125.04(9) Cl(2)Ag(3)Cl(5) 138.99(12)

Cl(1)Ag(1)Cl(1)c 90.39(7) Cl(4)Ag(3)Cl(5) 105.67(13)

Cl(1)Ag(1)Cl(3)c 98.48(8) Ag(1)Cl(1)Ag(1)c 89.61(7)

Cl(2)Ag(1)Cl(1)c 114.70(9) Ag(1)Cl(1)Ag(2) 80.77(7)

Cl(2)Ag(1)Cl(3)c 121.13(8) Ag(1)Cl(2)Ag(3) 120.47(10)
Cl(1)Ag(2)Cl(3) 107.22(8) Ag(2)Cl(1)Ag(1)c 71.27(6)
Cl(1)Ag(2)Cl(4) 117.25(11) Ag(2)Cl(3)Ag(1)c 74.34(7)
Cl(3)Ag(2)Cl(4) 129.69(11) Ag(2)Cl(4)Ag(3) 102.61(13)
Cl(2)Ag(3)Cl(4) 109.55(11)

Table 2. (Contd.)
  Vol. 50  No. 1  2024
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Table 3. Geometric characteristics of hydrogen and chalcogen bonds and anagostic interactions C–H∙∙∙Ag in complex I*

* Symmetry transforms: a 2 – x, 1 – y, 1 – z; b 1 – x, 1 – y, 1 – z; e x, y, –1 + z.

Contact D–X∙∙∙A
Distance, Å

Angle DXA, deg
D–X X∙∙∙A D∙∙∙A

C(2)–H(2A)∙∙∙Cl(5) 0.97 2.79 3.362(12) 118

C(2)b–H(2B)b∙∙∙Cl(5) 0.97 2.94 3.861(10) 158

C(7)e–H(7B)e∙∙∙Cl(3) 0.97 2.93 3.676(11) 135

C(9)b–H(9B)b∙∙∙Cl(4) 0.97 2.83 3.573(13) 134

C(10)b–H(10A)b∙∙∙Cl(3) 0.97 2.92 3.844(11) 159

C(14)e–H(14B)e∙∙∙Cl(1) 0.97 2.92 3.455(10) 116

C(16)–H(16B)∙∙∙Cl(1) 0.97 2.77 3.715(9) 164

C(23)b–H(23A)b∙∙∙Cl(2) 0.97 2.82 3.768(13) 166

C(14)e–H(14B)e∙∙∙Ag(2) 0.97 2.83 3.790(7) 169.6(5)

C(16)–H(16A)∙∙∙Ag(3) 0.97 2.71 3.556(9) 146.5(5)

C(23)b–H(23A)b∙∙∙Ag(3) 0.97 2.70 3.424(11) 131.6(7)

С(1)–S(11)∙∙∙Cl(2) 1.715(8) 3.392(3) 5.108(8) 179.1(3)

С(1)a–S(12)a∙∙∙Cl(2) 1.756(8) 3.315(4) 5.069(10) 178.9(3)

С(8)b–S(21)b∙∙∙Cl(5) 1.733(7) 3.193(6) 4.922(12) 174.6(3)

С(15)b–S(23)b∙∙∙Cl(5) 1.721(8) 3.443(4) 5.159(8) 175.5(3)
[Au{S2CN(CH2)6}2]+ complex cations and a polynu-
clear [Ag5Cl9]4– anion ares structural units of the stud-
ied compound (Fig. 2). The charge of the silver(I)
anion predetermines the presence of four gold(III)
cations in the structure among which are structurally
nonequivalent centrosymmetric cations А with the
Au(1) atoms, cations C with Au(3), and noncen-
trosymmetric cations В with Au(2) in the A : 2B : C
ratio (Figs. 3a–3c). When analyzing structural dis-
tinctions between the discussed gold(III) cations, it is
worth mentioning that in cations А and С the seven-
RUSSIAN JOURNAL OF C

Fig. 1. Particle size and shape and the energy dispersive spectra
complexes.
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membered cyclic fragments –N(CH2)6 of two HmDtc
ligands are localized at different sides of the mean
plane of the central [AuS4] fragment (trans conforma-
tion; Figs. 3a, 3c), whereas in cation В they are
arranged at one side from the plane (cis conformation;
Fig. 3b).

The series of common structural features is charac-
teristics of the HmDtc ligands:

– the arrangement of atoms in the C2NCS2 groups
is close to coplanar, and the highest deviation from the
plane is demonstrated by the С(2) and С(21) atoms in
OORDINATION CHEMISTRY  Vol. 50  No. 1  2024
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Fig. 2. Packing of structural units in the crystal of complex I (projection on the xz plane). Hydrogen atoms of the −CH2− groups
are omitted for clarity. Alternative positions of the Ag(3) and Cl(5) atoms in the [Ag5Cl9]4– anions are omitted.

x

z
Au(1)

Au(1)

Au(3)

Au(2)

Au(2)
cations A and B (for values of the torsion CNCS
angles, see Table 2);

– as expected from the IR spectroscopy data, the
formally ordinary N–C(S)S bonds (1.280–1.316 Å)
are characterized by an appreciable contribution of
double bonding (for comparison, the N–CН2 bond
length lies in a range of 1.451–1.488 Å);

– seven-membered heterocycles –N(CH2)6 adopt
the “twisted chair” conformation [26–28].

An almost S,S ′-isobidentate coordination of the
dithiocarbamate ligands (the difference in the Au–S
bond lengths does not exceed 0.5%) is accompanied
by the formation of four-membered metallocycles
[AuS2C], and in each of the cations the common gold
atom combines them into a bicyclic [CS2AuS2C] sys-
tem. The unusually short interatomic distances Au–C
(2.813–2.843 Å; for comparison, the sum of the van
der Waals radii of these atoms is 3.36 Å [29, 30])
assume the trans-annular interaction between the gold
and carbon atoms in the discussed metallocycles. It
should be noted that the values of the AuSSC and
SAuCS torsion angles (Table 2) indicate the coplanar
arrangement of the atoms in the cyclic [AuS2C] groups
of cation А, whereas in cations B and С the corre-
sponding angles somewhat differ from 180°: by 5.9°
and 5.3° (В) and 5.2° and 4.8° (С). In all complex
gold(III) cations, the [AuS4] polygons are character-
ized by the planar tetragonal geometry (or are close to
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
that), which indicates the low-spin dsp2-hybrid state of
the cental gold atom. The S–Au–S diagonal angles in
cations А and С are 180°, whereas in cations В they
somewhat deviate from 180°: 175.96(8)° and
178.47(8)° due to a minor tetrahedral distortion of the
gold(III) polygon. 

For cations A, B, and C, the complicated non-
achloropentaargentate(I) ion [Ag5Cl9]4– (Fig. 3d,
Table 2) is the single counterion. Its central moiety
contains two four-membered metallocycles [Ag2Cl2]
comprising the Ag(1)/c and Ag(2)c/ silver atoms, which
are combined due to pairs of the bridging chlorine
atoms Cl(1)c/ and Cl(3)c/. The Ag–Ag interatomic dis-
tance (3.1158(13) Å) in the cycles is essentially less
than the sum of the van der Waals radii of two silver
atoms (3.44 Å [30]), which indicates the manifestation
of the argentophilic ligand-supported interaction [31].
This conclusion is also confirmed by the rhombic
geometry of the [Ag2Cl2] cycles for which the distance
between the oppositely lying silver atoms is by 1.0186 Å
shorter than the distance between the chlorine atoms.
The ClAgCl angles at the silver atoms are obtuse:
100.83(8)° and 107.22(9)°, whereas those at the chlo-
rine atoms (AgClAg) are acute: 71.27(7)° and
74.36(8)°.

The mentioned structural features are also charac-
teristic of the previously described cyclic anions
[Ag2Cl4]2– [32–35], although in the [Ag5Cl9]4– anion
  Vol. 50  No. 1  2024
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Fig. 3. Structures of three nonequivalent complex cations (a–c) [Au(S2CNHm)2]+ and (d) the pentanuclear anion [Ag5Cl9]4–

(ellipsoids of 50% probability). Uncolored ellipsoids show alternative positions of the Ag(3) and Cl(5) atoms. Symmetry trans-
forms: a 2 – x, 1 – y, 1 – z; b 1 – x, 2 – y, 1 – z; c 2 – x, 1 – y, –z.
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the direct argentophilic interaction is more pro-
nounced. This does not exhaust the structural similar-
ity between the discussed silver(I) anions, since the set
of intracyclic Ag–Cl bonds is characterized, in both
cases, by an noticeably lower strength than that of the
bonds formed outside the cycles.

In the structure of [Ag5Cl9]4–, the cyclic [Ag2Cl2]
fragments are linked to each other by the pair symmet-
ric Ag(1)–Cl(1) and Ag(1)c–Cl(1)c bonds
RUSSIAN JOURNAL OF C
(2.643(2) Å). Thus, the Cl(1) and Cl(1)c atoms per-
form the μ3-structural function determining a four-
fold, distorted tetrahedral, environment [Cl4]2 for the
Ag(1) and Ag(1)c atoms, which have sp3-hybrid state.

2 The methodical approaches [36], which made it possible to
determine the 81% contribution of the tetrahedral component to
the geometry of the [AgCl4] polyhedra were used for the quanti-
tative characterization of the Ag(1) and Ag(1)c polyhedra.
OORDINATION CHEMISTRY  Vol. 50  No. 1  2024



SYNTHESIS, SUPRAMOLECULAR SELF-ORGANIZATION, AND THERMAL BEHAVIOR 29

Fig. 4. Fragment of the supramolecular ribbon in the structure of compound I formed due to the secondary interactions Ag···S,
Cl···S, and Cl···Cl between the silver(I) anions and isomeric Au3+ cations B (shown by dash). Symmetry transforms: b 1 – x, 1 –
y, 1 – z; с 2 – x, 1 – y, –z; d 1 + x, y, –1 + z.
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In turn, the μ2-Cl(2) and μ2-Cl(4) bridging atoms
combiine the central moiety of the anion with the
peripheral silver atom Ag(3) (Fig. 3d). Note that the
Ag(3) and Сl(5) atoms are randomly distributed
between two structural positions with the same popu-
lation 0.5. The Ag(2) and Ag(3) atoms form a trifold
environment [Cl3] (sp2-hybrid state). Nevertheless,
the geometry of the distorted [AgCl3] polygons devi-
ates from the planar geometry due to some shift of the
central silver atom from the plane formed by the chlo-
rine atoms: the sum of the internal ClAgCl angles is
noticeably less than 360° (354.16° and 354.22°,
respectively).

The subsequent self-organization of the ionic
structural units in compound I into a complicated
supramolecular structure occurs due to the cation-
anionic nonvalent interactions Cl···S and Ag···S. Being
a binding node, each complex anion [Ag5Cl9]4– forms
nonsymmetric secondary bonds3 Cl···S with the sulfur
atoms in the inner sphere of noncentrosymmetric gold
cations В due to the statistically distributed terminal
chlorine atoms Cl(5): Cl(5)···S(21) 3.193(6) Å and
Cl(5)···S(23) 3.443(4) Å (Fig. 4); for comparison, the
sum of the van der Waals radii of the chlorine and sul-
fur atoms is 3.55 Å [29]. (According to published data
[38, 39], the discussed secondary interactions
(Table 3) should be classified as chalcogen bonds.) In
addition, the disordered Ag(3) atoms form secondary
bonds with the S(23) atoms of another pair of
cations В: Ag(3)∙∙∙S(23) 3.304(3) Å. This results in the
building up of the metal polyhedron to the elongated
trigonal pyramid [AgCl3S] (Fig. 4); the sum of the van
der Waals radii of the silver and sulfur atoms is 3.52 Å
[29, 30]. In addition, the interaction between the ter-
minal Cl(5) atoms of the nearest silver(I) anions
induces the formation of the interhalogen secondary

3 The concept of secondary bonds was proposed for the descrip-
tion of nonvalent type interactions between atoms at the dis-
tances comparable with the sum of their van der Waals radii [37].
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bond Cl(5)···Cl(5)b (3.198(7) Å) [13, 40–42] (for com-
parison, the sum of the van der Waals radii of
two chlorine atoms is 3.50 Å [29]), which also contrib-
utes to the overall stabilization of supramolecular
structure I. All of the discussed secondary interactions
(Cl···S, Ag∙∙∙S, and Cl···Cl) results in the formation of
the supramolecular ribbon {∙∙∙[Ag5Cl9]4–∙∙∙2В+}n,
which includes the alternating polynuclear silver(I)
anions and pairs of noncentrosymmetric gold(III)
cations В (Fig. 4).

The structural function of isomeric centrosymmet-
ric cations А is to combine the supramolecular ribbons
into the 2D pseudo-polymer network (Fig. 5). There-
fore, each of the discussed cations, localized in the
volume between the ribbons, is a double linker having
two pairs of nonsymmetric secondary bonds with the
chlorine atoms of the [Ag5Cl9]4– anions, which are
part of neighboring supramolecular formations:
Cl(2)···S(11) 3.392(3) Å and Cl(2)···S(12) 3.315(4) Å
(Fig. 5, Table 3). In turn, isomeric cations С localized
between the 2D pseudo-polymer layers participate in
their symmetric binding to form the 3D supramolecu-
lar architecture (Fig. 6). The symmetric C(23)b–
H(23A)b∙∙∙Cl(2) hydrogen bonds (distances H∙∙∙Cl
2.82 Å and C∙∙∙Cl 3.768 Å, angle C–H∙∙∙Cl 166°) and
anagostic interactions C(23)b–H(23A)b∙∙∙Ag(3) (dis-
tance H⋅⋅⋅Ag 2.70 Å, angle C–H∙∙∙Ag 131.6°) (Fig. 6,
Table 3) are the most significant interionic interac-
tions of each cation C. The latter fall on the corre-
sponding ranges (2.3–2.9 Å and 110°–170°) that char-
acterize secondary interactions of this type [43]. It
should be noted that cation В is also involved in the
anagostic interactions C(16)–H(16A)∙∙∙Ag(3) and
C(14)e–H(14B)e∙∙∙Ag(2): the H⋅⋅⋅Ag distances are 2.71
and 2.83 Å, and the C–H∙∙∙Ag angles are 146.5° and
169.6°, respectively. In addition, all silver atoms of the
[Ag5Cl9]4– anion and –CH2– group of the cyclic frag-
ments of the ligands interact via the system of the C–
H∙∙∙Cl bonds (Table 3).
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Fig. 5. Fragment of the 2D coordination network: joining of the supramolecular ribbons by isomeric cations А due to the pair
secondary interactions Cl···S (shown by dash). Symmetry transforms: a 2 – x, 1 – y, 1 – z; b 1 + x, y, –1 + z; с 3 – x, 1 – y, –z.
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Fig. 6. Steric orientation of isomeric gold cations С for binding the adjacent pseudo-polymer layers into the 3D framework. Ana-
gostic interactions C–H∙∙∙Ag and hydrogen bonds C–H∙∙∙Cl between the silver(I) anions and gold(III) cations C and B (shown
by dash). Symmetry transforms: a 2 – x, 1 – y, 1 – z; b 1 – x, 1 – y, 1 – z; с 2 – x, 1 – y, –z; d 1 + x, y, –1 + z; e x, y, –1 + z; f x,
–1 + y, z.
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The thermal behavior of compound I was studied
by STA in an argon atmosphere using parallel detec-
tion of the TG and DSC curves (Fig. 7). The studied
compound is thermally stable to ~140°С. The main
mass loss is detected on the TG curve in a temperature
range of ~140–403°С (Fig. 7a). The discussed part of
the TG curve contains two inflection points (at 235
and 294°С), which divide the curve into three sections
indicating a complicated character of the thermal
RUSSIAN JOURNAL OF C
transformations of substance I. Nevertheless, an over-
all loss of 49.72% (of the initial mass of the complex)
in the discussed temperature range directly indicates
the reduction of gold to the elemental state and the lib-
eration of AgCl (calculated 50.52%). The final f lat
region of the TG curve (~403–800°С) is due to the
continuing desorption of volatile thermolysis products
and the subsequent reduction of silver (from AgCl) to
the elemental state. At the end of thermolysis at
OORDINATION CHEMISTRY  Vol. 50  No. 1  2024
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Fig. 7. (a) TG and (b) DSC curves of complex I and (c) the photograph of the crucible bottom after the end of thermolysis.
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1100°С, light yellow round metallic particles of a
gold–silver alloy were found on the crucible bottom
(Fig. 7c), whose mass (42.40%) is somewhat lower
than the overall calculated value (43.65%) for the
reduced metals.

The DSC curve of complex I reflects a series of
thermal effects (Fig. 7b). The first endoeffect with an
extreme at 172.9°С is due to sample melting: the
extrapolated m.p. is 164.2°С. (As found by the inde-
pendent determination in a glass capillary, the melting
of complex I was established to occur in a range of
170–172°С.) The subsequent endoeffects with
extremes at 222.7 and 263.5°С are related to the
intense thermolysis stages of complex I, since they are
projected onto two regions of the main mass loss on
the TG curve. Finally, the endoeffect indicating the
melting of the metals reduced to the elemental state
(the extrapolated m.p. is 1026.7°С) was observed in
the high-temperature range of the DSC curve.

Complex I and, hence, the gold–silver alloy
derived from it are characterized by the atomic ratio
Au : Ag = 4 : 5 (1 : 1.25). Beside that, we previously
obtained  a series of the double complexes of
[Au(S2CNR2)2][AgCl2] (R = Et [16], Pr [17], iBu [15])
and [Au{S2CN(CH2)5}2]2[Ag2Cl4]·CH2Cl2 [44],
whose ratio Au : Ag = 1 : 1. A comparison of the
extrapolated m.p. values of the Au–Ag alloys formed
by the thermolysis of the aforementioned complexes
(1031.8°С [16], 1030.4°С [17], 1029.7°С [15],
1033.4°С [44]) and compound I shows the least value
in the last case (1026.7°С), which objectively indicates
a higher silver content in this alloy. An analysis of the
phase diagram of the Au–Ag binary metallic system
[45] suggests more certainly that m.p. = 1026.7°С cor-
responds to the atomic ratio of the components (Au :
Ag) in the prepared alloy, which is close to 1 : 1.25.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
CONCLUSIONS

To conclude, a new double Au(III)–Ag(I) pseudo-
polymer complex [Au{S2CN(CH2)6}2]4[Ag5Cl9] was
synthesized in a preparative yield and characterized in
detail by the XRD, IR spectroscopy, and STA data.
The compound was found to contain three isomeric
forms of gold(III) cations [Au{S2CN(CH2)6}2]+ (in
the ratio A : 2B : C) that perform different structural
functions and the pentanuclear silver anion [Ag5Cl9]4–.
The determining role of the multiple interionic sec-
ondary bonds Cl···S and Ag···S, hydrogen bonds C–
H···Cl, and anagostic interactions C–H···Ag in the
formation of the complicated three-dimensional
supramolecular architecture of complex I was shown.
The possibility of the quantitative regeneration of the
metals comprising the Au(III)–Ag(I) complex was
found by studying the thermal behavior of complex I.
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