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ABSTRACT: The potential of thio and seleno germanones
[LPhGeE] (L = aminotroponiminate (ATI) ligand, E = S 3, Se
4) to function as ligands has been demonstrated through the
isolation of their silver(I) iodide complexes [{(t-Bu)2ATIGe(E)-
Ph}2(Ag2I2)] (E = S 5, Se 6) with a planar and discrete Ag2I2
core. Compounds 5 and 6 possess the hitherto unknown Ge
E→Ag−I moieties and the crystallographic data reveals the
presence of a strong argentophilic interaction (2.950(1) Å) in
complex 6, but is inconclusive in complex 5 (3.470(1) Å). Using
theoretical studies, proof for the presence and absence of
argentophilic interactions in complexes 6 and 5 was obtained,
respectively. Further, it is disclosed that the donor ability of the
chalcogen atoms in the GeE→Ag−I moieties dictate the Ag···
Ag interaction in these complexes.

■ INTRODUCTION

Like carbenes, germylenes form a number of complexes with
transition metals, and their coordination chemistry is very rich.1

Likewise, their oxidative addition products with polarized Ge
E bonds (E = O, S, Se, Te) can also be visualized as σ-donors
based on the chalcogen lone pairs of electrons; however, such
possibilities have never been reported.2 Even the germylenes
that possess a matured coordination chemistry have not
stabilized a silver(I) halide complex till date. This lacuna, if
addressed, may lead to interesting compounds of germanium in
view of the emerging importance of donor stabilized silver(I)
halide complexes.3 Therefore, to showcase the utility of
germylenes and their oxidative addition products with formal
GeE bonds as ligands to stabilize silver(I) halide complexes,
we explored the reaction of compounds [(t-Bu)2ATIGePh] (2),
[(t-Bu)2ATIGe(S)Ph] (3), and [(t-Bu)2ATIGe(Se)Ph] (4)
with AgI. Accordingly, we report here the first examples of thio
and seleno germanone (3 and 4) stabilized silver(I) iodide
complexes [{(t-Bu)2ATIGe(S)Ph}2(Ag2I2)] (5) and [{(t-
Bu)2ATIGe(Se)Ph}2(Ag2I2)] (6), respectively) with hitherto
unknown GeE→Ag−I moieties and their structural charac-
terization. The bonding features of the GeE → Ag−I
moieties in these compounds (E = S 5, Se 6) and the existence
of argentophilic interaction have been delineated and
substantiated through DFT calculations. AIM calculations
were also carried out for the additional corroboration of the

conclusions on argentophilic interaction obtained through DFT
studies.

■ RESULTS AND DISCUSSION

Synthesis and Spectra. Phenyl germylene complex [(t-
Bu)2ATIGePh] (2) was synthesized by reacting a suspension of
compound 1 in hexane with a solution of phenyllithium (1.9
M) in di-n-butylether at −78 °C (Scheme 1). The reaction of
compound 2 with AgI in tetrahydrofuran at room temperature
did result in a silver(I) iodide complex, nevertheless, its
insolubility in almost all the common organic solvents made its
unambiguous characterization impossible. Thio and seleno
germanone complexes 3 and 4 were prepared by the oxidative
addition reaction of elemental sulfur and selenium to
compound 2 at room temperature in tetrahydrofuran,
respectively (Scheme 1).
Reaction of these compounds 3 and 4 with stoichiometric

amounts of AgI in tetrahydrofuran at 50 °C afforded reasonably
soluble thio and seleno germanone stabilized silver(I) iodide
complexes [{(t-Bu)2ATIGe(S)Ph}2(Ag2I2)] (5) and [{(t-
Bu)2ATIGe(Se)Ph}2(Ag2I2)] (6) in about 78 and 84% yields,
respectively (Scheme 2). Compounds 5 and 6 are stable under
an inert atmosphere of N2 and few solvents in which they have
limited solubility are tetrahydrofuran, chloroform, dimethyl
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sulfoxide, and so forth. They were characterized in solution by
multinuclear NMR (1H and 13C) spectroscopy.4 In the 1H
NMR spectra of compounds 5 and 6, a singlet for the t-butyl
groups is seen at 1.55 ppm. The two C4 protons (Figure 1) in
compounds 5 and 6 appear as a broad singlet (7.19 ppm) and
triplet (7.14 ppm), respectively. The signals due to other
protons of the seven-membered rings merge with the phenyl
signals and appear as (a) two broad singlets (7.53, 7.69 ppm) in
compound 5 and (b) a broad singlet (7.51 ppm) and multiplet
(7.60−7.71 ppm) in compound 6. Ten signals anticipated for
these compounds in their 13C NMR spectra were seen clearly.
From these studies, it can be inferred that the thio and seleno
germanone ligands in compounds 5 and 6 are symmetric in
solution state. This is in agreement with the crystallographic
data obtained for compounds 5 and 6 through single-crystal X-
ray diffraction studies (vide infra).
X-ray Structures of Compounds 3−6. Compounds 3 and

4 crystallized in the orthorhombic space group P212121 (see
Table S1 and Figure S1 in the Supporting Information).
Though compounds 3 and 4 are achiral they crystallize in a
chiral space group due to the lattice forces. Low values of the
Flack parameter5 in compounds 3 (0.010(9)) and 4 (0.002(8))
are suggestive of homochirality in their crystals. The helices
formed along the 21 axes are shown in Figures S2 and S3 (see

the Supporting Information). Compounds 5 and 6 crystallized
in the orthorhombic and monoclinic space groups Pbca and
P21/n, respectively (see Table S1 in the Supporting
Information). Their molecular structures (Figure 1 (5), 2

(6)) reveal the presence of GeE→Ag−I moieties (E = S 5,
Se 6). The germanium atoms in these compounds are
tetracoordinate with a carbon atom of the phenyl group, two
nitrogen atoms, and a chalcogen atom (S 5, Se 6)) and possess
distorted tetrahedral geometries. The silver atoms are
tricoordinate (with one chalcogen (S 5 and Se 6) and two
iodine atoms) and have trigonal planar geometries (the sum of
bond angles around them is very close 360°). Compounds 5
and 6 possess a planar and discrete Ag2I2 core with μ-bridged
iodine atoms. Compound [L2(Ag2I2)] (L = 1-((6-mesitylpyr-

Scheme 1. Synthesis of Compounds 2−4

Scheme 2. Synthesis of Thio and Seleno Germanones (3 and
4) Stabilized Silver(I) Iodide Complexes (5 and 6)

Figure 1. Molecular structure of compound 5. Thermal ellipsoids are
drawn at the 30% probability level. All hydrogen atoms are omitted for
clarity. Selected bond lengths (Å) and angles (deg): Ge1−N1
1.890(6), Ge1−N2 1.896(5), Ge1−C16 1.952(6), Ge1−S1 2.126(2),
S1−Ag1 2.421(2), Ag1−I1* 2.750(1), Ag1−I1 2.852(1); Ge1−S1−
Ag1 103.25(9), S1−Ag1−I1* 135.04(7), S1−Ag1−I1 121.23(7), I1*−
Ag1−I1 103.47(3), Ag1*−I1−Ag1 76.53(3). *Symmetry trans-
formation used to generate equivalent atoms: −x + 2, −y, −z + 1.

Figure 2. Molecular structure of compound 6. Thermal ellipsoids are
drawn at the 50% probability level. All hydrogen atoms are omitted for
clarity. Selected bond lengths (Å) and angles (deg): Ge1−N1
1.901(3), Ge1−N2 1.898(3), Ge1−C16 1.939(4), Ge1−Se1
2.267(1), Ag1−Se1 2.545(1), Ag1···Ag1* 2.950(1), Ag1−I1
2.739(1), Ag1−I1* 2.853(1); Ge1−Se1−Ag1 98.13(2), Se1−Ag1−I1
133.44(2), Se1−Ag1−I1* 110.20(2), I1−Ag1−I1* 116.35(1), Ag1−
I1−Ag1* 63.65(1). *Symmetry transformation used to generate
equivalent atoms: −x + 1, −y, −z.
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idin-2-yl)methyl)-3-methyl-1H-imidazol-2(3H)-ylidene) re-
ported by Liu and co-workers contains a similar Ag2I2 core
with tricoordinate silver atoms.6 The Ge1−S1−Ag1 and Ge1−
Se1−Ag1 bond angles in these compounds are found to be
103.25(9) and 98.13(2)°, respectively.
The observed I−Ag−I angles in compound 6 (116.35(1)°)

are greater than same angles in compound 5 (103.47(3)°). But
the Ag−I−Ag angles in compound 6 (63.65(1)°) are smaller
than same angles in compound 5 (76.53(3)°). The Ge−N
(1.890(6) and 1.896(5) Å) bond distances are slightly
shortened while the GeS (2.126(6) Å) bond is elongated
in compound 5 in comparison to those in compound 3 (Ge−N
1.902(2) and 1.918(2), GeS 2.102(1) Å). These are
anticipated effects because of the donation of electrons by
sulfur atoms to the silver atoms and a similar trend is observed
in compound 6 also. The E1−Ag1 bond lengths in compounds
5 (E = S) and 6 (E = Se) are 2.421(2) and 2.545(1) Å,
respectively. These values are comparable to the lengths of the
same bonds in related donor stabilized silver(I) iodide
complexes.7 The Ag−I bond lengths (2.750(1) and 2.852(1)
Å) in compound 5 are comparable to the same values seen in
compound 6 (2.739(1) and 2.853(1) Å). The interatomic
distance between the two silver atoms in compound 5 is
3.470(1) Å and it is slightly greater than the sum of the van der
Waals radii of two silver atoms (3.40 Å). Therefore, a concrete
conclusion on the existence of argentophilic interaction cannot
be made using this data and requires further corroboration
(vide infra). However, there is a strong argentophilic
interaction between the silver atoms in compound 6 as the
distance of 2.950(1) Å between them is much shorter than the
sum of their van der Waals radii.8 This is the strongest
argentophilic interaction among the donor stabilized AgX (X =
Cl, Br, I) complexes with a planar and discrete Ag2X2 core.
Nevertheless, it should be noted that the compound
[Ag2(Me2pipdt)I2]n (Me2pipdt = N, N′-dimethyl-piperazine-
2,3-dithione) with an extended structure (reported by Serpe,
Marchio ̀, Deplano, and co-workers) has a further less
separation of 2.8139(9) Å between the two closest silver

atoms.9 To the best of our knowledge, there is no report on the
chalcogen dependent argentophilic interactions in donor
stabilized silver(I) iodide complexes. Therefore, to understand
the effect of chalcogen donations in the GeE→Ag−I
moieties to induce argentophilic interaction, theoretical studies
were performed.10−12

To find out the nature of chalcogen-silver bonds in these
compounds, NBO second order perturbation theory analyses
were carried out and the results are shown in Figure 3. It is
revealed that there are three major stabilizing interactions
between the chalcogen and silver atoms in these compounds (5
and 6) and their origin is due to the overlap of the spx-hybrid
orbitals of chalcogen (E = S 5, Se 6) and s- or p-orbitals of
silver atoms. Overlap between the sp4.05-hybrid orbital of sulfur
and s-orbital of silver atoms in compound 5 gave a maximum
stabilization of 50 kcal/mol (Figure 3a) to the S−Ag bond and
the stabilization due to the same type of interaction between
selenium and silver atoms in compound 6 is 53 kcal/mol
(Figure 3d). The second interaction (32 kcal/mol 5 (Figure
3b), 41 kcal/mol 6 (Figure 3e)) in these compounds result
from the head-on overlap of the spx-hybrid orbitals of
chalcogens (x = 4.05 (5), x = 3.62 (6)) and p-orbitals of silver
atoms. The third significant interaction (20 kcal/mol 5 (Figure
3c), 25 kcal/mol 6 (Figure 3f)) is due to the overlap of the
spx−hybrid orbitals of chalcogens (x = 0.65 (5), x = 0.59 (6))
and p-orbitals of silver atoms.
On the basis of these interactions, it can be understood that

the donations from selenium to silver atoms in compound 6 is
enhanced by 17 kcal/mol than the sulfur and silver interactions
in compound 5. Computed Natural Population Analysis (NPA)
charges on the silver atoms in compounds 5 (+0.228 e) and 6
(+0.152 e) also support this observation. The contributions of
the E atoms to the HOMOs of complexes 5 (E = S) and 6 (E =
Se) are 3 and 12%, respectively. These values support the
results obtained from NBO calculations. Whereas, the
contributions of the E atoms to the HOMOs of the
corresponding ligands 3 (E = S, 84%) and 4 (E = Se, 86%)
are almost the same. Further, it is to be mentioned here that the

Figure 3. NBO interactions between the chalcogen (E) and silver atoms in compounds 5 (E = S) and 6 (E = Se).

Table 1. Values of Intramolecular Ag···Ag distances, WBI, Electron Density (ρ(rc)), Laplacian of Electron Density (∇2ρ(rc)),
Kinetic Energy Density (G(rc)), Potential Energy Density (V(rc)), and Total Energy Density (H(rc)) between the Two Silver
Atoms in Compounds 5 and 6

compds Ag···Ag distancea WBI ρ(rc)
b ∇2ρ(rc)

b G(rc)
b V(rc)

b H(rc)
b

5 3.470 0.052
6 2.951 0.130 0.0185 0.0706 0.01734 −0.0170 0.0003

aIn Å. bIn a.u.
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donor−acceptor interactions shown in Figure 3 are not
reflected in MOs.
The closed shell d10−d10 interaction is dispersive in nature

and its origin can also be accounted through orbital mixing.13

Therefore, a greater degree of σ-donations to the 5s- and 5p-
orbitals of the silver by selenium justifies the stronger
argentophilic interaction in compound 6 than in compound 5
(found through structural studies).13 Wiberg Bond Index
(WBI) analysis also predicts a bond order of 0.130 between
the silver atoms in compound 6, which is in line with the
reported bond orders for argentophilic interactions.14 At the
same time a negligible bond order between the silver atoms has
been computed for compound 5. Thus, this WBI analysis
reiterates the presence and absence of argentophilic interaction
in compounds 6 and 5, respectively. Further, to support these
findings, AIM calculations were carried out and the results are
tabulated (Table 1).15

Electron density (ρ(rc)) at the bond critical point (rc) of two
silver atoms in compound 6 is 0.0185. This low and nonzero
value of ρ(rc) clearly indicates the accumulation of electron
density and substantiates the presence of argentophilic
interaction between them in compound 6 (Figure 4b).

A positive value of laplacian of electron density (∇2ρ(rc))
and total energy density (H(rc)) at the bond critical point
indicate that the interaction is noncovalent. Absence of a bond
critical point between the two silver atoms in compound 5 and
the node that passes through them in the 2D contour plot
(Figure 4a) indicates the nonexistence of argentophilic
interaction.

■ CONCLUSION
In conclusion, we successfully demonstrated the first utility of
thio and seleno germanones 3 and 4 as ligands for the isolation
of rare silver(I) iodide complexes (5 and 6) with GeE→Ag−
I moieties (E = S 5, Se 6). Compound 6 shows a strong ligand
supported argentophilic interaction and it is the shortest among
the silver(I) halide complexes with a planar and discrete Ag2I2
core. The role of chalcogen atom in inducing argentophilic
interaction has been explained by theoretical studies.

■ EXPERIMENTAL SECTION
All the manipulations involving air- and moisture-sensitive compounds
were performed under a dry N2 atmosphere using either standard
Schlenk or glovebox [Jacomex (GP Concept)-T2 workstation]
techniques. Sulfur, selenium, silver iodide, and phenyllithium (1.9 M
in di-n-butylether) were purchased from Sigma-Aldrich and Alfa Aesar,
respectively. Tetrahydrofuran and hexane were dried using potassium
mirror. Dichloromethane was refluxed over P2O5 and distilled prior to

use. Compound [(t-Bu)2ATIGeCl] (1) was synthesized according to
the literature procedure.16 Melting points of the pure compounds were
recorded using an Ambassador melting point apparatus by sealing the
samples in glass capillaries, and the reported melting points are
uncorrected. Elemental analyses were carried out on a PerkinElmer
CHN analyzer. Multinuclear NMR spectroscopic studies were carried
out on a 300 MHz Bruker Topspin NMR spectrometer using benzene-
d6 and dimethyl sulfoxide-d6. The chemical shifts δ are reported in
ppm and are referenced internally with respect to the residual solvent
(1H NMR) and solvent (13C NMR) resonances.17

Synthesis of [(t-Bu)2ATIGePh] (2). To a suspension of compound
1 (1.00 g, 2.95 mmol) in hexane (60 mL) was added phenyllithium
(1.9 M in di-n-butylether) (1.55 mL, 2.95 mmol) dropwise at −78 °C,
and the resultant mixture was brought to room temperature. It was
stirred for 12 h and all the volatiles were then removed under reduced
pressure to yield a dark brown solid. This solid was dissolved in hexane
and filtered through a G-4 frit. Removal of solvent from the filtrate
under reduced pressure afforded an analytically pure sample of
compound 2 as a dark brown solid. Yield: 1.05 g, 94%. Mp: 81 °C.
Anal. Calcd for C21H28GeN2 (M = 381.10): C, 66.18; H, 7.41; N, 7.35
Found: C, 66.14; H, 7.38; N, 7.39. 1H NMR (300 MHz, C6D6): δ 1.28
(s, 18H, C(CH3)3), 5.99 (t, 3JHH = 9.0 Hz, 1H, CH), 6.40 (d, 3JHH =
11.4 Hz, 2H, CH), 6.55 (t, 3JHH = 11.4 Hz, 2H, CH), 7.19 (t, 3JHH =
7.2 Hz, 1H, Ph), 7.29 (t, 3JHH = 7.2 Hz, 2H, Ph), 7.86 (d, 3JHH = 6.6
Hz, 2H, Ph). 13C{1H} NMR (75 MHz, C6D6): δ 29.44 (CH3), 20.68
(C(CH3)3), 116.89, 117.47, 127.88, 128.22, 133.31, 135.45, 161.04,
161.72 (CAr).

Synthesis of [(t-Bu)2ATIGe(S)Ph] (3). To a solution of compound
2 (0.50 g, 1.31 mmol) in tetrahydrofuran (50 mL) was added sulfur
(0.04 g, 1.31 mmol), and the solution was stirred for 12 h at room
temperature. All the volatiles were then removed under reduced
pressure to yield a solid product. It was washed with hexane (10 mL)
and dried under reduced pressure to give an analytically pure sample of
compound 3 as a yellow solid. Single crystals of compound 3 suitable
for X-ray diffraction studies were grown by the slow evaporation of its
solution (in a mixture of dichloromethane and hexane) at room
temperature. Yield: 0.53 g, 98%. Mp: 244 °C. Anal. Calcd for
C21H28GeN2S (M = 413.17): C, 61.05; H, 6.83; N, 6.78. Found: C,
61.01; H, 6.78; N, 6.77. 1H NMR (300 MHz, (CD3)2SO): δ 1.51 (s,
18H, C(CH3)3), 6.95 (t, 1H, 3JHH = 8.7 Hz, CH), 7.44−7.58 (m, 7H,
CH), 7.67 (bs, 2H, CH). 13C{1H} NMR (75 MHz, (CD3)2SO): δ
29.27 (CH3), 57.40 (C(CH3)3), 119.79, 124.71, 128.60, 129.85,
131.77, 137.46, 145.72, 157.39 (CAr).

Synthesis of [(t-Bu)2ATIGe(Se)Ph] (4). To a solution of
compound 2 (0.50 g, 1.31 mmol) in tetrahydrofuran (30 mL) was
added selenium (0.10 g, 1.31 mmol), and the solution was stirred for
12 h at room temperature. All the volatiles were then removed under
reduced pressure to yield a solid product. It was washed with hexane
(5 mL) and dried under reduced pressure to give an analytically pure
sample of compound 4 as a pale yellow solid. Single crystals of
compound 4 suitable for X-ray diffraction studies were grown by the
slow evaporation of its solution (in a mixture of dichloromethane and
tetrahydrofuran) at room temperature. Yield: 0.59 g, 99%. Mp: 238
°C. Anal. Calcd for C21H28GeN2Se (M = 460.06): C, 54.82; H, 6.13;
N, 6.09. Found: C, 54.79; H, 6.11; N, 6.05. 1H NMR (300 MHz,
(CD3)2SO): δ 1.51 (s, 18H, C(CH3)3), 6.96 (t, 1H, 3JHH = 8.7 Hz,
CH), 7.44−7.58 (m, 7H, CH), 7.68 (bs, 2H, CH). 13C{1H} NMR (75
MHz, (CD3)2SO): δ 29.26 (CH3), 57.40 (C(CH3)3), 119.80, 124.71,
128.61, 129.85, 131.77, 137.47, 145.73, 157.38 (CAr).

77Se{1H} NMR
(57 MHz, (CD3)2SO, Me2Se): δ −216.97 (GeSe).

Synthesis of [{(t-Bu)2ATIGe(S)Ph}2(Ag2I2)] (5). A Schlenk flask
was charged with compound 3 (0.50 g, 1.21 mmol), AgI (0.28 g, 1.21
mmol), and tetrahydrofuran (50 mL). The resultant mixture was
stirred for 12 h at 50 °C and filtered through a G-4 frit (while it was at
the same temperature) to get a dark yellow solution. Removal of
solvent under reduced pressure afforded a yellow solid and it was
washed with hexane (10 mL). Finally, drying under reduced pressure
afforded an analytically pure sample of compound 5 as a yellow solid.
Single crystals of compound 5 suitable for X-ray diffraction studies
were grown from its dilute solution in tetrahydrofuran by slow

Figure 4. 2D contour plots that show the charge densities of the Ag2I2
cores in compounds (a) 5 and (b) 6.
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evaporation at room temperature. Yield: 0.61 g, 78%. Mp: 178 °C.
Anal. Calcd for C42H56Ag2Ge2I2N4S2 (M = 1295.88): C, 38.93; H,
4.36; N, 4.32. Found: C, 38.88; H, 4.33; N, 4.30. 1H NMR (300 MHz,
(CD3)2SO): δ 1.55 (s, 36H, C(CH3)3), 7.19 (bs, 2H, CH), 7.53 (bs,
6H, CH), 7.69 (bs, 12H, CH). 13C{1H} NMR (75 MHz, (CD3)2SO):
δ 29.60 (CH3), 58.04 (C(CH3)3), 121.92, 127.23, 129.22, 130.98,
131.59, 138.42, 142.40, 157.66 (CAr).
Synthesis of [{(t-Bu)2ATIGe(Se)Ph}2(Ag2I2)] (6). A Schlenk flask

was charged with compound 4 (0.50 g, 1.08 mmol), AgI (0.26 g, 1.08
mmol), and tetrahydrofuran (50 mL). The resultant mixture was
stirred for 12 h at 50 °C and filtered through a G-4 frit (while it was at
the same temperature) to give a dark yellow solution. Removal of the
solvent under reduced pressure afforded a yellow solid and it was
washed with hexane (10 mL). Finally, drying under reduced pressure
afforded an analytically pure sample of compound 6 as a yellow solid.
Single crystals of compound 6 suitable for X-ray diffraction studies
were grown from its dilute solution in tetrahydrofuran by the slow
evaporation at room temperature. Yield: 0.63 g, 84%. Mp: 169 °C.
Anal. Calcd for C42H56Ag2Ge2I2N4Se2 (M = 1389.67): C, 36.30; H,
4.06; N, 4.03. Found: C, 36.28; H, 4.03; N, 4.00. 1H NMR (300 MHz,
(CD3)2SO): δ 1.55 (s, 36H, C(CH3)3), 7.14 (t, 2H, 3JHH = 8.7 Hz,
CH), 7.51 (bs, 6H, CH), 7.60−7.71 (m, 12H, CH). 13C{1H} NMR
(75 MHz, (CD3)2SO): δ 29.66 (CH3), 58.13 (C(CH3)3), 121.99,
126.94, 129.04, 130.79, 131.51, 138.05, 143.19, 157.79 (CAr).
X-ray Data Collection for Compounds 3−6. Single crystals of

compounds 3−6 suitable for X-ray diffraction studies were coated with
Paratone-N and mounted on a glass fiber. Data were collected using a
Bruker SMART APEX CCD diffractometer using Mo Kα radiation (λ
= 0.71073 Å).18 The data were integrated using SAINT and an
empirical absorption correction was applied using SADABS.19 The
structures were solved by direct methods and refined by full matrix
least-squares on F2 using SHELXTL software.20 All non-hydrogen
atoms were refined anisotropically. The positions of the hydrogen
atoms were fixed according to a riding model and were isotropically
refined. The important crystallographic data for compounds 3−6 are
summarized in Table S1 in the Supporting Information.
Computational Details. DFT calculations were performed using

B3LYP functional by using Gaussian-09 software. Coordinates
obtained from single crystal X-ray diffraction studies (to take care of
the dispersion interaction) were directly used for the Natural Bond
Orbital (NBO) analysis (using NBO (version 3.1) implemented in the
Gaussian-09) and Atoms in Molecules (AIM) calculation (by AIM
2000 (version 2)). For NBO analysis the following basis sets were
employed for different atoms: 3-21G* for carbon and hydrogen, 6-
311+G* for nitrogen, and LANL2DZ for germanium, chalcogens (E =
S 5, Se 6), silver, and iodine. AIM calculations were performed using
the following basis sets for different atoms: 3-21G* for carbon and
hydrogen, 6-311+G* for the nitrogen, and WBTS for germanium,
chalcogens (E = S 5, Se 6), silver and iodine. Chemcraft software
(http://www.chemcraftprog.com) was used for plotting the NBO
interactions.

■ ASSOCIATED CONTENT
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Crystallographic information file (CIF) for compounds 3−6,
data and structure refinement parameters for compounds 3−6
(Table S1), molecular structures of compounds 3 and 4 (Figure
S1), helix formation in compounds 3 (E = S, Figure S2) and 4
(E = Se, Figure S3) via C−H···E interactions, metric
parameters for the weak C−H···E interactions in compounds
3 (E = S) and 4 (E = Se) (Table S2), representation of bond
critical point between two silver atoms in compound 6, and
complete list of authors for ref 10. This material is available free
of charge via the Internet at http://pubs.acs.org
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(15) (a) Biegler-König, F.; Schönbohm, J.; Bayles, D. J. Comput.
Chem. 2001, 22, 545. (b) Bader, R. F. W. Chem. Rev. 1991, 91, 893.
(c) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; Oxford
University Press: New York, 1990. (d) Bader, R. F. W. In Encyclopedia
of Computational Chemistry; Schleyer, P. v. R., Allinger, N. L., Clark, T.,

Gasteiger, J., Kollman, P. A., Schaefer, H. F. S., III, Schreiner, P. R.,
Eds.; Wiley: Chichester, U.K., 1998; Vol. 1, pp 64−86. (e) http://
www.AIM2000.de.20.
(16) Siwatch, R. K.; Kundu, S.; Kumar, D.; Nagendran, S.
Organometallics 2011, 30, 1998.
(17) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.;
Nudelman, A.; Stoltz, B. M.; Bercaw, J. E.; Goldberg, K. I.
Organometallics 2010, 29, 2176.
(18) SMART, Bruker Molecular Analysis Research Tool, version 5.618;
Bruker AXS: Madison, WI, 2000.
(19) SAINT-NT, version 6.04; Bruker AXS: Madison, WI, 2001.
(20) SHELXTL-NT, version 6.10; Bruker AXS: Madison, WI, 2000.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5008389 | Inorg. Chem. 2014, 53, 10054−1005910059

http://www.AIM2000.de.20
http://www.AIM2000.de.20

